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Earthquake-Induced Building Pounding (EIBP) is a solicitation whose consequences are difficult to quantify, both with experimental set-ups and numerical models considering the important number of parameters involved and multiple possible configurations (non-exhaustively, modal behavior of the structures, impact location, elastic or inelastic behavior, separation distance, number of stories, etc.). Through the increasing world urban densification, this phenomenon spotted non-exhaustively in Mexico in 2017 for instance, could become more frequent. Furthermore, the continual updates of the regulatory seismic hazard maps could result in future structural checks. Nowadays, EIBP is scarcely addressed in building codes, and the recommendations focus on avoiding the contact, which is not realistically applicable in dense urbanized areas. Building Pounding (BP) is then likely to keep occurring in the future, the first chapter of the document detailing this matter. An important part of the literature and engineering methods focus on the parametrization of Kelvin-Voigt type contact-impact models to better treat the collision. Although yielding satisfying results, these models use two to three parameters whose calibration is subject to discussion as presented in the second chapter. Also, literature has only begun to achieve performance-based risk analysis (introduced in the third chapter) on this phenomenon in the 200 0's. The objective of the present work is to contribute to both aspects. Chapters 4 to 6 show and detail the relevant outcomes of the present work. To the knowledge of the author, the use of the Non-Smooth Contact Dynamics (NSCD) method is rare in civil engineering field, and more particularly in the building pounding analysis. This approach is numerically unconditionally stable (so large time steps can be chosen), and it only uses one scalar parameter called the coefficient of restitution e defined between 0 and 1. It represents the loss of energy of the system upon contact. First, test cases, whose analytical response are known, are applied to validate the method. Thereafter in the fourth chapter, e is assessed in the framework of BP, by comparing numerical and experimental data of 2.5m and 5m high steel-frame structures, either "launched" against one another or subjected to seismic solicitation, and pounding on their reinforced concrete slabs. These experimental data were made available by the EMSI laboratory at CEA Saclay in the frame of national project ANR SINAPS. e=0.6 yielded good and consistent results, both in terms of kinematics and spectra analysis. Then, after the experimental calibration of the e value, risk analysis are conducted. In engineering projects, risk analysis helps the decision makers by giving, considering the method used, either probabilities or occurrence of events of Engineering Demand Parameter (EDP) of interest (e.g. the interstorey drift or base shear), reaching a critical value. These risk analyzes usually need to use Intensity Measures (IM), which are indicators of the "importance" and destructiveness of a seismic event, (e.g. the Peak Ground Acceleration (PGA), or the Pseudo-Acceleration (Sa) at the fundamental period T of the structure (Sa(T ))), they are studied on linear single-storey structures in chapter five. IMs have properties called Efficiency and Sufficiency, that represent respectively their prediction capabilities and their unconditional use regarding ground motions parameters such as magnitude and source-to-site distance. First, commonly-used IMs properties are studied both with and without considering EIBP, to rank them and select the most appropriate ones. PGA, Sa(T ), and mainly the average pseudo-spectral acceleration (Savg(T )) present the best characteristics, although it is Sa(T ) that is used for further risk analyzes due to the deeper understanding and experience scientists have towards it. Then, based on Sa(T ), intensity-based and risk-based analyzes are conducted, which are the Conditional Scenario Spectra (CSS), and the Incremental Dynamic Analysis (IDA). These methods have both their respective advantages and drawbacks. For instance, both use very large, potentially non-realistic, scaling factors, and the IDA alone represents a considerable cost in computation runtime. Drift values, maximum Nomenclature

Introduction

This academic PhD thesis from the Université de Lyon was achieved between October 2018 and October 2021 at the GEOMAS (GEOmécanique, MAtériaux, Structures) laboratory of INSA (Institut National des Sciences Appliquées) in the french city of Lyon. It was fully funded by a CDSN (Contrat Doctoral Spécifique aux Normaliens) grant obtained from the Ecole Normale Supérieure Paris-Saclay school.

This study equally benefited from the collaboration of researchers from the UDD (Universidad Del Desarollo) and CIGIDEN (Centro de Investigación para la Gestión Integrada del Riesgo de Desastres) in the chilean city of Santiago, in the frame of the ECOS-Sud (Evaluationorientation de la COopération Scientifique) project. Friendly and scientific exchanges also took place with fellow researchers of INRIA (Institut national de recherche en sciences et technologies du numérique) group.

One of GEOMAS laboratory's scope is to develop not simple but simplified numerical tools with accuracy, ergonomics and quickness capabilities for civil engineering purposes. The relationship to industrial applications is therefore constantly in the center of the laboratory activity. Objectives of the present PhD was to increase the research team knowledge in the contact/impact solicitations in building design and conception. This allowed to keep improving the capabilities of ATL4S, the team numerical platform of structural analysis and modelling designed in the MATLAB environment. The phenomenon of earthquake-induced building pounding was then a natural topic to investigate as it is a matter of concern industrially speaking, and involving impact loads. The PhD also enabled to deepen the understanding and application of seismic hazard analysis by running several risk analyzes on linear and nonlinear structures subjected to both ground motions input and impacts. The following questions are attempted to be answered:

1. How damaging the earthquake-induced building pounding phenomenon can result on buildings?

2. What are the current impact-treating methods? Is there a need for potential alternatives?

3. What seismic risk analyzes show about this phenomenon ? How to conduct them? Is there a preferential approach?

and accumulated impact energies, and number of impacts are the EDPs of interest studied throughout chapters five and six, respectively for linear single-storey and two-storey structures, and for nonlinear single-storey and multi-storey structures. It showed and confirmed with the literature body that, considering what is analyzed, pounding can either be beneficial by strongly reducing the interstorey-drifts of the heavier structure, or damaging by increasing slightly these drifts and inducing impact energies and peaks of velocities and accelerations in floor response spectra. These elements are displayed by the means of Fragility Curves (FC) and Structural-Response Hazard Curves (SRHC) that can serve as a basis for future calculations using the NSCD method. When structures behave linearly and elastically, it showed that impact might indeed increase drift values et probabilities of reaching a damage state for the stiffest structure, but not as significantly as it reducing the drift for the more flexible one. CSS and IDA yield mostly similar results, especially in terms of interstorey-drifts and impact energies. In such configuration, preference would then go to CSS because averagely 10 times faster than the IDA. Thereafter, a 1D Kinematic-Isotropic Hardening (KIH) law on a SDOF model was used and compared with its homologous linear version. Unless reaching the highest damage states, nonlinearities do not have significant effects on fragility curves and structural responses. It showed that if residual displacements are output parameters of interest, IDA would this time suggested as main methodology, as only 87/178 ground motions of the CSS database lead structures to developing yielding. Overall, nonlinearities did not affect much the global structural response, either being beneficial as drifts decrease, or destructive only for high damage states (drift greater than 1.5%) and only for the stiffest structure. Afterwards, the numerical study of a 1/3rd scale multi-storey reinforced concrete structure named CAMUS1 (whose mass and stiffness were calibrated through experimental data) ends the report, by accounting for traction and compression damage of concrete, and steel yielding. using respectively the La Borderie and Menegotto-Pinto constitutive laws. A Multiple Stripes Analysis (MSA) in applied on CAMUS1 and an adjacent linear elastic structure. It showed that building pounding is more damaging for this type of structure, bringing it faster to damage states of drifts, but especially to crack opening, and increasing significantly the high frequencies of floor-response spectra.

Résumé en français

L'objectif de cette thèse est de réaliser des analyses de vulnérabilité et de risque sur des structures soumises à des charges d'impact ainsi que sismiques. La recherche d'outils numériques et de méthodes d'analyses efficaces et précises sont au coeur de ce travail. Le champ d'application s'est concentré sur le phénomène d'entrechoquement des bâtiments induit par les tremblements de terre. Une revue de la littérature sur le phénomène d'entrechoquement des bâtiments, abondante depuis le début des années 1990, a donc été réalisée au Chapitre 1. Elle a montré que ce phénomène est complexe à analyser dans son ensemble, de par le champ de paramètres envisageables qui créent autant de configurations distinctes à analyser. Non-exhaustivement, il est possible de citer le nombre de bâtiments accolés les uns aux autres, leur hauteur respective, le ratio de leurs périodes fondamentales, le type d'impact (plancher-plancher, planchercolonne, etc.). Ce rapport a donc concentré ses études sur le type de système suivant: deux structures adjacentes, de même hauteur, dont les planchers coplanaires sont les lieux choisis potentiels d'impact, et dont le rapport des périodes est approximativement de 0,55. Ces choix se sont dessinés suite à l'obtention de données provenant d'une campagne expérimentale d'entrechoquement par [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] qui remplissent ces caractéristiques, et permettront de procéder à une validation des modèles numériques. Par ailleurs, les bâtiments de même hauteur s'impactant via leur plancher sur un même plan sont la configuration la plus étudiée dans la littérature. La revue bibliographique a mis en évidence que la collision pouvait diminuer un paramètre d'ingénierie clé (e.g. le ratio de déplacement inter-étages ("drift") du bâtiment le plus souple), et en augmenter un autre (e.g. les valeurs des spectres de planchers, notamment à haute fréquence), sans oublier les forces d'impact elles-même. Cette double sollicitation est ainsi considérée par les scientifiques comme relativement peu dommageable structurellement dans la majorité des cas, mais aussi capable potentiellement d'accélérer significativement l'endommagement, voire l'effondrement, de bâtiments suivant leur configuration. Par ailleurs, la densification urbaine mondiale croissante, combinée à des codes de construction qui ne tiennent pas encore pleinement compte de l'entrechoquement, vont probablement amener de nouvelles occurrences de ce phénomène à l'avenir. Enfin, la littérature présente également de nombreuses études paramétriques et de sensibilité sur les méthodes de traitement du contact entre bâtiment. Jusqu'à présent, la méthode dite de pénalité est la plus communément employée. Elle implique un élément de type Kelvin-Voigt (i.e. une raideur et un amortissement en parallèle), par lequel la force d'impact est calculée en suivant une loi de contact (e.g. loi de Hertz, etc.). Chacune nécessite une calibration préalable et parfois subjective du coefficient de raideur, encore sujette à discussion quant à ses effets sur la réponse structurelle globale. Dans l'ensemble, à l'exception de la loi Visco-Elastique Linéaire en terme de temps de calcul, aucun réel consensus ne se détache du corps scientifique sur la question du choix d'une méthode plus précise et efficace. Étant donné que la modélisation de deux corps qui entrent en collision n'est pas triviale, des techniques numériques précises et rapides sont nécessaires pour interpréter avec confiances des résultats numériques. Enfin, à la connaissance de l'auteur, la littérature portant sur l'analyse de risque dans le cadre de l'entrechoquement de structures induit par séisme devrait bénéficier des résultats du présent rapport, i.e. des résultats obtenus par des approches spectrales et incrémentales en utilisant une méthode de contact dynamique non lisse avec un coefficient de restitution calibré par des résultats expérimentaux.

Le Chapitre 2 présente le développement et la résolution de l'équation de mouvement par des schémas d'intégration implicites et explicites, ainsi que la modélisation numérique par éléments finis de type poutres. Un Macro-Elément de type plancher appelé "Slab Macro-Element", dont le développement qui se base sur un mouvement de corps rigide est toujours en cours de rédaction par (Grange, 2021), est également introduit. Enfin, la méthode de dynamique de contact non lisse (NSCD) a été présentée. Elle consiste en une formulation par Multiplicateurs de Lagrange (i.e. la force d'impact est calculée à partir des variables cinématiques et paramètres matériaux lors de la résolution du système), basée sur un schéma d'intégration implicite de Moreau-Jean [START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF][START_REF]The non-smooth contact dynamics method[END_REF]Acary, 2001) combiné à une loi d'impact de Newton. Par conséquent, cette méthode n'utilise qu'un seul paramètre de calibration, le coefficient de restitution e, à la différence des méthodes classiques de pénalité qui en utilisent jusqu'à trois. L' algorithme associé à l'équation du mouvement généralisée avec l'approche non lisse (i.e. analyses non linéaires et/ou occurrences de contact simultanées) est présenté, ainsi que son alternative dégradée (i.e. analyses élastiques linéaires où il ne peut y avoir de collisions simultanées inter-bâtiments). Les deux algorithmes ont été mis en oeuvre dans la plateforme numérique ATL4S basé dans l'environnement MATLAB. À la connaissance de l'auteur, l'approche NSCD n'a pas encore été utilisée dans le cadre de l'entrechoquement de bâtiments. Au travers de cas tests dont les réponses étaient connues analytiquement (balle rebondissante) ou théoriquement (pilonnage perpétuel), cette technique a montré des capacités de précision très satisfaisantes, sans déphasage indésirable, et tout en conservant l'énergie du système. Des analyses complémentaires ont été menées, portant sur (i) l'effet du pas de temps sur la valeurs des impulsions et des énergies d'impacts ont été menées, et sur (ii) la différence entre les réponses structurelles entre les algorithmes généralisés et dégradés pour deux structures élastiques linéaires s'entrechoquant en de multiples points simultanément. Les analyses de sensibilité de (i) ont montré l'influence du pas de temps ∆t sur les déplacements des structures en collision, des impulsions, et des énergies d'impact. Les déplacements sont assez rapidement indépendants de la discrétisation temporelle (i.e., pour ∆t ≤ 5e-3s). En revanche, la sensibilité est plus grande en ce qui concerne les résultats de l'impact, où plus le pas de temps est grossier, plus les énergies et les impulsions de l'impact sont importantes. Ces différences semblent relativement constantes sur l'ensemble des contacts: e.g. calculées avec ∆t=1e-3s et ∆t=1e-4s pour trois collisions, successivement 10,3%, 9,4% et 9,9%. Cela permettrait, si l'on prend de grands pas de temps donnant néanmoins des déplacements acceptables e.g. 2e-3s, d'avoir une estimation des résultats si calculés avec un pas de temps plus fin. En perspectives, davantage de signaux sismiques devraient être utilisés pour confirmer ou non ces analyses, notamment si les impulsions et les énergies d'impact deviennent intéressantes à des fins de conception dans des projets d'ingénierie,et le cas échéant, de proposer des états de dommages associés. Enfin, les effets de la discrétisation temporelle sur les spectres de planchers en accélération ont été étudiés. Ils sont donc indépendants du pas de temps sur la gamme [0.03 2]s, des différences apparaissant pour de plus faibles périodes mais rapidement corrigées si ∆t est inférieur ou égal à 0.002s.

Le Chapitre 4 présente la validation de la méthode non lisse dans le cadre de l'entrechoquement inter-structures. Elle a été testée par (Langlade et al., 2021b) à l'aide de données expérimentales obtenues par [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] mettant en oeuvre deux structures nommées 1 et 2, adjacentes à échelle réelle, avec des diaphragmes coplanaires en béton armé montés sur des colonnes en acier, et sujettes aux mouvements de la table vibrante induisant de l'entrechoquement. Des capteurs installés sur chaque plancher et sur la table vibrante ont permis d'enregistrer déplacements et accélérations. Le cadre de l'étude reste élastique linéaire. En premier lieu, des modèles aux élément finis (soit à un seul degré de liberté, soit de type portique 2D ou 3D avec des éléments poutres Euler-Bernoulli) des deux structures sont calibrés suivant les données expérimentales sans collision. La validation de la méthode NSCD se fait ensuite en deux étapes, et la plateforme de calcul ATL4S est utilisée comme espace de modélisation. En premier lieu, le coefficient de restitution e est évalué par le biais des résultats d'essais expérimentaux de lâcher. Une structure, écartée progressivement de sa position d'équilibre, est relâchée et vient frapper librement sa voisine statique. La comparaison des déplacements et des spectres de réponse du plancher a permis de cibler e dans [0,5 0,7], pour finalement définir 0,6 comme valeur définitive. Ensuite, des essais sismiques numériques induisant des collisions ont été réalisés afin de reproduire les résultats expérimentaux. Des modélisations d'entrechoquement de structures à un étage (sept tests) et deux étages (cinq tests) ont été réalisés. Là encore, les déplacements expérimentaux et numériques, les occurrences d'impact, et les spectres de réponse de plancher ont montré une très bonne correspondance pour la quasi totalité des signaux. Le "Slab Macro-Element" a obtenu des résultats tout aussi intéressants, avec la particularité d'un système de taille plus réduite (seulement trois degrés de liberté par étage de bâtiments), mais nécessitant l'utilisation d'un algorithme de résolution interne. Lors de l'analyse des spectres de pseudo-accélérations de plancher, il est apparu que la collision pouvait entraîner des pseudo-accélérations du plancher allant jusqu'à 10g ou 20g à de faibles périodes, e.g. 13g à T=0,1s pour la structure 2 à deux étages pendant l'essai de Kobe à 0,25g. Ces résultats ont validé l'utilisation de la méthode NSCD dans les études de risques.

Le Chapitre 3 présente les concepts et méthodes d'analyse de risque sismique. Ces approches seront appliquées par la suite à l'entrechoquement de structures, et les résultats présentés dans les chapitres 5 (réponse globale de structures élastiques linéaires) et 6 (réponses globale et locales de structures non linéaires). Une analyse de risque vise à fournir des informations destinées à aider les responsables de projets d'ingénierie dans leur prise de décision, pour un emplacement géographique et une configuration structurelle donnés. Des informations telles qu'une (i) Courbe de Fragilité ("Fragility Curve") qui décrit la probabilité qu'un élément structurel atteigne un état de dommage spécifique, ou qu'un coût financier soit dépassé, ou une (ii) Courbe de Risque de la Réponse Structurelle ("Structural Response Hazard Curve") qui décrit le taux d'occurrence annuel d'un paramètre d'intérêt. Les étapes successives pour atteindre ces résultats sont condensées dans la méthode "Performance-Based Earthquake Engineering", présentée à la suite d'une introduction à la sismologie et aux études sismiques déterministes et probabilistes. La précision des résultats mentionnés ci-dessus est conditionnée par les deux aspects suivants. Le premier est l'importance d'avoir un modèle sismique réaliste, i.e. une description aussi précise que possible de la nature, taille, activité des failles sismiques, par rapport au lieu géographique de la structure étudiée. Un modèle sismique non fiable engendrerait des résultats de qualité non fiable également. Ce premier aspect est donc principalement lié au travail des sismologues et géophysiciens. Le second aspect est la nécessité que les indicateurs d'intensité utilisés, inhérents à toute analyse de risque sismique, aient des propriétés d'efficience (i.e. représentativité de la réponse structurelle) et de suffisance (i.e. indépendance de la réponse structurelle quant à la magnitude et à la distance source-site) jugées suffisamment satisfaisantes. Cet aspect doit donc être vérifié dans le cadre de l'entrechoquement de bâtiments induit par séismes, en utilisant la méthode NSCD. Six indicateurs d'intensité ont été testés (pseudo-accélération Sa à la période fondamentale T f de la structure Sa(T f ), PGA, ...), pour deux structures (toutes deux à un étage, puis à deux étages) acollées l'une à l'autre (11 écarts entre 0,1,2,...,10mm) et soumises à 1677 signaux sismiques de magnitudes supérieures à 5. L'efficience d'un indicateur d'intensité est caractérisée par le coefficient de détermination R 2 et le coefficient de variation COV . La suffisance des indicateurs d'intensité sont eux calculés pour la magnitude et la distance source-site au moyen de la "p-value" p et du coefficient de corrélation de rang de Spearman ρ. L'étude a montré que l'efficience des indicateurs Sa(T f ) et Savg(T f ) sont améliorés par l'entrechoquement. Pour les structures à un seul étage, l'indicateur Savg(T f ) présente ainsi globalement les meilleures capacités pour les deux structures avec R 2 et COV respectivement égales à 92% et 3,6% pour la structure la plus lourde, et 94% et 3,6% pour la plus légère. Savg(T f ) est suivie de près par Sa(T f ), puis par l'intensité d'Arias et PGA. La "Cumulative Absolute Velocity" et la "Standard Cumulative Absolute Velocity" ont tous deux présenté des résultats non satisfaisants. Des conclusions similaires ont été fournies concernant les structures à deux étages, où Savg(T f ) a donné des résultats encore meilleurs. En ce qui concerne la suffisance, notamment pour les structures à deux étages, le coefficient de Spearman ρ et la "p-value" n'ont pas donné de résultats convergents cohérents, le premier validant constamment les indicateurs presque inconditionnellement de la distance de séparation, tandis que le second les invalide. La suffisance est néanmoins supposée par considération des résultats de ρ. A la connaissance de l'auteur, cette double validation de la suffisance des indicateurs dans le cadre de l'entrechoquement de structures n'a pas encore été réalisée dans la littérature. Pour conclure sur ces études, Savg(T f ) devrait être désigné comme l'indicateur de choix pour les futures analyses de risque. Néanmoins, Sa(T f ) a finalement été utilisé car les courbes de risque de Savg(T f ) n'étaient pas disponibles, les scientifiques collaborant à cette thèse ayant plus d'expérience et de confiance à travailler avec Sa(T f ). Les milliers de calculs susmentionnés ont également permis de vérifier que, comme le décrit la littérature, le drift de la structure la plus rigide est plus susceptible d'augmenter (52% des cas) que celui de sa voisine plus souple (15% des cas). Les structures à deux étages ont fourni des conclusions similaires, avec des différences entre bâtiments moins extrêmes (respectivement 42% contre 21%). Des tracés de probabilité d'impact, puis les moyennes des nombre d'impacts détectés et des énergies d'impact en fonction de la distance de séparation, pour diverses plages de magnitude, et pour deux pas de temps ∆t 1e-2s et 1e-3s, sont également présentés. Comme attendu, plus la magnitude est grande, plus la probabilité d'occurrence des impacts, leur nombre et leur énergie sont élevés.

Toujours dans le Chapitre 5, deux types d'analyses de risque sont exécutés sur les structures linéaires élastiques adjacentes d'un étage et de deux étages, pour cinq distances de séparation [0 1 2 3 4] cm, ainsi qu'un cas additionnel où aucune collision n'est possible. Il s'agit de l'Analyse Dynamique Incrémentale ("Incremental Dynamic Analysis") et du Spectre de Scénario Conditionnel ("Conditional Scenario Spectra"). La première approche fait intervenir 113 signaux sismiques extraits de la base de données Siber-Risk, qui sont mis à l'échelle de façon répétitive, pour Sa(T 1 ) et Sa(T 2 ), de 0,1g à 3g par incréments de 0,1g. La deuxième méthode fait appel à 178 enregistrements, mis à l'échelle et affectés d'un taux d'occurrence de façon à représenter de manière holistique l'aléa sismique de la région de Valparaiso au Chili. Les deux méthodes permettent l'obtention des courbes de risque de réponse structurelle qui peuvent être comparées, tandis que la seule méthode incrémentale permet de produire des courbes de fragilité. Ces dernières confirment que l'entrechoquement diminue la probabilité d'atteindre le premier état de dommage structurel (i.e. valeur de drift égal à 0.5%) de la structure la plus souple quelle que soit la distance de séparation. En revanche pour la structure la plus rigide, les probabilités d'atteindre le premier état de dommage augmentent de 20% pour des distances égales à 2cm et 3cm. Quant à la comparaison des courbes de risque de drifts par les méthodes incrémentales et spectrales, toutes deux présentent une correspondance très intéressante, des divergences acceptables n'intervenant que dans des taux inférieurs à 1/100 évènements par année. Une préférence de choix pour la méthode spectrale est donc proposée car ici 10 fois moins onéreuse en temps de calcul. En ce qui concerne les énergies d'impact et leur nombre, les deux méthodes convergent de nouveau relativement bien pour les différentes distances de séparation, exception faite vis à vis du nombre d'impacts lorsque la distance est nulle. La méth-ode spectrale est généralement moins conservatrice que la méthode incrémentale pour les taux d'occurrence supérieurs à 1/100 événements par an, avant que la tendance ne s'inverse. L'étude des structures à deux étages a donné lieu à des conclusions similaires, les effets de l'impact étant moins bénéfiques qu'auparavant pour la structure souple et, surtout, passant d'un effet dommageable à un effet bénéfique pour la structure rigide. Ainsi, la méthode NSCD utilisée dans le cadre d'entrechoquement des bâtiments pour des analyses de risques incrémentales et spectrales donne des résultats similaires et en concordance avec la littérature pour les structures élastiques linéaires à un ou deux étages entrant en collision avec leurs dalles coplanaires. Globalement, l'entrechoquement n'a que peu d'effets négatifs à court terme, et aucun à long terme. En perspectives, après l'étude structurelle qui vient d'être réalisée, l'analyse des spectres de réponse des planchers des structures dans un objectif de dimensionnement/protection d'équipements placés à différents étages est envisagée.

Le Chapitre 6 présente les études non linéaires menées dans le but d'étudier les effets des non linéarités en les comparant aux résultats du Chapitre 5. La même configuration de structures adjacentes de même hauteur est utilisée avec, cette fois, une loi 1D à écrouissage cinématiqueisotrope utilisée en lieu et place d'un comportement purement élastique linéaire. Un déplacement plastique peut donc être généré dans cette nouvelle étude. Seuls les cas d'études à distance de séparation de 2cm ainsi que le cas où aucune collision n'est possible ont pu être lancés en raison de plus longs temps de calculs. Globalement, à l'analyse des courbes de fragilité, la prise en compte de la non linéarité n'est pas significative pour des drifts inférieurs ou égaux à 1.5%. Ils ne deviennent visibles et dommageables uniquement pour la structure souple quand le drift est supérieur ou égal à 2%, ce qui est alors déjà un état d'endommagement très avancé. Les courbes de risque structurel de drift sont donc relativement inchangées entre les deux types analyses. Vis à vis des courbes de risque de déplacements résiduels, les méthodes incrémentales et spectrales ont convergé relativement bien pour la structure souple, mais pas tout pour la plus rigide. Il est suggéré, si un tel paramètre plastique est d'intérêt en projet d'ingénierie, de privilégier les résultats de l'analyse dynamique incrémentale. Bien qu'elle soit considérablement plus longue en temps de calcul, elle contient une répartition de l'intensité sismique plus homogène et large que la méthode spectrale (i.e. respectivement 113 séismes mis à l'échelle sur 32 niveaux d'intensité, donc un total de 3616 signaux, contre seulement 178), donc plus de confiance peut y être placé. Enfin, les taux d'occurrence des énergies d'impact sont similaires entre les analyses linéaires et non linéaires, les premières étant légèrement plus conservative. Si de tels paramètres sont d'intérêt, le calcul de l'analyse linéaire pourrait alors être suffisant afin d'obtenir une première estimation des sollicitations d'impact potentielles. Conséquemment, la non linéarité sur cet exemple n'a majoritairement que des effets globaux positifs. La seconde partie du chapitre 6 présente une nouvelle structure multi-étagées en béton armé et nommée CAMUS1. Cette structure est à échelle 1/3, designée selon le code de construction (Eurocode 8, 2004), et présente une charge statique verticale similaire à celle des bâtiments réels (36 MPa). Plusieurs spécimens de cette structure ont été réalisés, avec des ratios d'armatures et conditions aux limites différents, au cours d'un travail coopératif comme présenté par (EMSI et d'Etudes de Mécanique SIsmique Commissariat à l'énergie atomique et aux énergies alternatives, 2001). Les données de leur campagne expérimental ont pu être récupérées, au moyen desquelles un modèle numérique non linéaire a été construit. Cela a permis d'avoir un modèle qui, à défaut de reproduire parfaitement les résultats expérimentaux, permet néanmoins d'être suffisamment réaliste pour étudier l'effet de l'entrechoquement sur une structure designée suivant un code de bâtiments. Des éléments de poutre multi-fibres de Timoshenko ont été utilisés, et les lois constitutives de La Borderie (incluant des variables d'endommagement en traction et compression) et de Menegotto-Pinto (incluant la plasticité) ont été choisies pour modéliser respectivement le béton et les armatures en acier sous chargement cyclique dynamique. Deux modèles numérique à différents niveaux de discrétisation ont été étudiés afin de sélectionner celui répondant le mieux en termes de précision et de rapidité. Le modèle simplifié nommé "M7" a été retenu. Une analyse à bande multiples ("Multi-Stripes Analysis") est appliquée sur CAMUS1 et une structure linéaire élastique placée à ses côtés. Il s'agit d'une analyse incrémentale dynamique plus réaliste car réalisée sans aucune mise à l'échelle des signaux, un point considéré difficilement justifiable par une partie de la communauté scientifique. L'indicateur d'intensité choisi est Sa(T C1 ), la pseudo-accélération spectrale à la période fondamentale de CAMUS1 T C1 . Deux distances de séparation ont été étudiées (1cm, et un cas sans collision), et 73 signaux sismiques déclenchant au moins un impact ont pu être réunis (ils couvrent une portée d'intensité de 0.1g à 1.5g). Il n'a pas été possible de réunir plus de signaux d'intensité supérieures à 1g, les fonctions de fragilité n'ont conséquemment pas été tracées. Néanmoins, les effets de l'entrechoquement sur les différentes variables d'endommagement de CAMUS1 ont pu être observés. Ainsi, les impacts ont amené le drift de CAMUS1 à dépasser le premier état d'endommagement établi pour des valeurs d'intensité supérieurs à 0.8g, contre 1g, voire 1.3g sans collision. Les spectres de réponse du plancher supérieur ont été tracés, mettant en évidence les effets négatifs du pilonnage qui augmentent significativement les accélérations que subiraient des équipements sur place. Des modes à haute-fréquence sont déclenchés, multipliant les accélérations par des facteurs compris entre 2 et 40 suivant le niveau d'intensité du séisme pour des périodes inférieures à 0.1s. Par ailleurs, pour les deux structures, il a été observé que ces accélérations résultantes étaient très similaires pour une large gamme d'intensité, Sa(T C1 )=[0.4 1]g. Des gammes de valeurs pour les périodes fondamentales d'équipements ont été proposées afin que ces derniers subissent le moins d'éffets néfastes possibles. Enfin, les variables d'endommagement en traction et compression ont été analysées le long de la hauteur de CAMUS1. Il est apparu que l'entrechoquement augmente significativement les dommages en traction, amenant la structure à l'ouverture de fissures pour des intensités sismiques plus faibles que sans collision, e.g. à 0.4g plutôt qu'à 1g pour un élément à mi-hauteur. La variable de compression et la déformation de l'acier ne sont pour leur part que guère augmentées, par exemple par un maximum de 10% dans le premier cas. En perspectives, réunir des signaux sismiques supplémentaires (notamment à intensité supérieures à 1g pour CAMUS1) permettrait de confirmer ou non les valeurs observées précédemment, leurs moyennes et écarts-types calculés par niveau d'intensité, et de tracer les courbes de fragilité résultantes. De même, il serait intéressant de réaliser le même type d'études avec des séismes de la région européenne sur la structure CAMUS3 par [START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF], réellement dimensionnée à l'Eurocode 8, permettrait d'acter les résultats précédents dans le cadre normatif européen. Egalement, un développement approfondi du macro-élément RB prenant en compte les petites déformations, voire même un comportement matériel non linéaire, est envisageable pour modéliser soit des planchers, soit des équipements non structurels. Etant ergonomiques, avec peu de degrés de liberté, et simples d'utilisation, ils sont adaptés aux analyses de risque. Est également envisagé d'utiliser non plus la pseudo-accélération Sa(T f ) comme indicateur de mesure mais au contraire Savg(T f ), ASA 40 (T f ), et L e .
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Voilà une phrase qu'un doctorant doit régulièrement se répéter. Bien qu'égaré dans les profondeurs des grottes de la Moria, Gandalf contemple les options qui s'offrent à lui avec calme et pragmatisme. il ne s'apitoie pas sur les erreurs et les circonstances du passé qui l'ont conduit là où il se trouve. De même, durant trois années de thèse, les erreurs arrivent inévitablement et les circonstances déplaisantes ne demandent aucune permission. Ainsi, fort d'un état d'esprit résilient, il est également bon d'avoir une communauté de collègues d'espèces de toutes sortes (doctorants, ingénieurs, secrétaires, chercheurs, etc.) sur laquelle s'appuyer, et auprès de laquelle se réconforter autour d'un café Carte Noire ou d'une pinte de Ninkasi Triple.(Excellente bière par ailleurs) En premier lieu, je remercie les membres du jury de ma soutenance. Vous avez donné de votre temps et de votre énergie pour venir de loin m'écouter, m'interroger, et me faire profiter de votre expertise. Sans avoir peur des mots, c'est un honneur, et l'opportunité pour moi de progresser. Merci également à l'ENS et à l'INSA, deux institutions qui ont respectivement financé et accueilli ma présence au laboratoire GEOMAS pendant ces trois années. "L'argent est le nerf de la guerre" disait Cicéron. Sans ces établissements et leur services, point de financement, point d'accueil, point de thèse.

A présent... Mes chers encadrants, Stéphane et David. Plus important que ce manuscrit lui-même, vous avez rendu ces trois années très humaines. Il est toujours bon d'avoir des superviseurs brillants et passionnés, et il est encore meilleur qu'ils soient à l'écoute, encourageants, compréhensifs, et curieux de la personne autant que du scientifique. Au grand plaisir de retravailler avec vous un jour. Merci également à Vincent Acary de l'INRIA qui a suivi mon travail de loin et avec bienveillance. Ta collaboration dans cette thèse est une nouvelle preuve que les mathématiques de pointe et l'ingénierie s'entendent. This is a sentence that a PhD student must regularly repeat to himself. Though lost in the depths of the caves of Moria, Gandalf contemplates his options calmly and pragmatically. He does not dwell on the mistakes and circumstances of the past that have brought him to this point. Indeed, during three years of thesis, mistakes inevitably happen and unpleasant circumstances do not require permission. Therefore, along with a resilient mindset, it is good to have a fellowship of colleagues of all kinds (PhD students, engineers, secretaries, researchers, etc.) to lean on, and to comfort oneself with over a Carte Noire coffee or a pint of Ninkasi Triple.(Excellent beer by the way) First of all, I would like to thank the jury members of my defense. You gave your time and energy to come from afar to listen to me, to question me, and to share your expertise with me. Without being afraid of words, it is an honor, and an opportunity for me to progress. Thanks also to the ENS and the INSA, two institutions that have respectively financed and welcomed my presence in the GEOMAS laboratory during these three years. "L'argent est le nerf de la guerre" said Cicero. Without these institutions and their services, no financing, no hosting, no thesis. And now... My dear supervisors, Stéphane and David. More important than the manuscript itself, you have contributed to make these three years very human. It is always good to have brilliant and passionate supervisors, and it is even better if they are listening, encouraging, understanding, and curious about the person as well as the scientist. I look forward to working with you again someday. Thanks also to Vincent Acary from INRIA who followed my work from afar and with kindness. Your collaboration in this thesis is a new proof that advanced mathematics and engineering get along.

Je mentionnais ci-dessus l'importance des institutions. Je dois citer et remercier le projet ECOS-SUD, qui m'a permis de voyager à Santiago du Chili et travailler aux côtés de Gabriel et Juan Carlos du CIGIDEN. Le Pisco Sour, la Patagonie, et les "asados" ont inspiré la publication de notre article dans Engineering & Structures. Gabriel, ton accueil était de première main, et j'ai pris grand plaisir à rencontrer ta famille. Enfin, à Vincent Crozet du CEA sans qui je n'aurais pu utiliser de données expérimentales pour enrichir ce travail, merci.

A tous les travailleurs indispensables du laboratoire et du département de génie civil (Sylvie, Hassna, Christine, Sophie, Marie-Christine, Stéphane, Corrine,...), merci. A tous bonjours et sympathiques conversations du couloir du 2ème étage (Claire, Nouredine, Florent, Fabien, Irini, Ali, Jean-François, Laurent,...), merci. A la machine à café Jura, merci. Plus particulièrement, à mes amis doctorants que j'ai pu rencontrer pendant ces années (vous êtes nombreux), merci. Adnan, Nour, Clara, votre présence dans notre bureau m'était très chère. José, un plaisir de jouer au football à tes côtés. A tous, il est triste que des travaux au laboratoire et des confinements m'aient privés de votre présence pendant 12 à 15 mois. Malgré cela, j'ai passé ici de très excellents moments.

Aux amis qui m'ont accompagnés dans mon enfance (Sébastien, Audrey, Bérangère), dans mes études toulonnaises et parisiennes (Sébastien, Christian, Antonin, Justin, Damien, Peter, Quentin, Jocelyn,...), et accueillis à Lyon (désolé, vous êtes trop nombreux), à ceux qui nous ont quittés et nous attendent, et à ma famille, merci de m'avoir aidé à en arriver là. Pour conclure... Ce manuscrit ne révolutionne pas le monde. Il n'explique en rien comment transformer de l'eau de mer en eau pure avec un rendement égal à 1. Je n'ai pas non plus créé moi-même les méthodes employées ex nihilo. Mais, à certaines problématiques industrielles actuelles sur l'entrechoquement des structures soumises à des séismes, il a le mérite de proposer des solutions et alternatives efficaces et ergonomiques. A minima, j'espère que la rédaction et l'organisation du document, les états de l'art, vous plairont. Mon souhait est qu'il soit accessible au plus grand nombre (d'où la rédaction en anglais), et pédagogique; j'espère que vous le ressentirez ainsi. Sur cette dernière citation, je vous souhaite une très, très belle journée. (Oui, j'aime le SDA) "C'est fait." Frodon Sacquet, Le Seigneur des Anneaux: Le Retour du Roi.

J.R.R. Tolkien

I talked above about the importance of institutions. I must mention and thank the ECOS-SUD project, which allowed me to travel to Santiago de Chile and work alongside Gabriel and Juan Carlos of CIGIDEN. The Pisco Sour, Patagonia, and the "asados" inspired the publication of our article in Engineering & Structures. Gabriel, your welcome was first hand, and I enjoyed meeting your family. Finally, to Vincent Crozet from CEA without whom I would not have been able to use experimental data to enrich this work, thanks.

To all the indispensable workers of the laboratory and the civil engineering department (Sylvie, Hassna, Christine, Sophie, Marie-Christine, Stéphane, Corrine,...), thank you. To all the hellos and nice discussions in the corridor of the 2nd floor (Claire, Nouredine, Florent, Fabien, Irini, Ali, Jean-François, Laurent,...), thank you. To the coffee machine Jura, thank you. More particularly, to my PhD student friends that I met during these years (you are numerous), thank you. Adnan, Nour, Clara, your presence in our office was very dear to me. José, a pleasure to play football with you. To all of you, it is sad that renovation work in the laboratory and confinements deprived me of your presence for 12 to 15 months. Despite that, I spent here some very excellent moments.

To the friends who accompanied me in my childhood (Sébastien, Audrey, Bérangère), in my studies in Toulon and Paris (Sébastien, Christian, Antonin, Justin, Damien, Peter, Quentin, Jocelyn,...), and welcomed me in Lyon (sorry, there are too many of you), to those who left us and are waiting for us, and to my family, thank you for helping me getting there.
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Introduction

Earthquake-induced building pounding (EIBP) is a solicitation whose consequences are difficult to quantify, both with experimental set-ups and numerical models considering the important number of parameters involved and multiple possible configurations (non-exhaustively, modal behavior of the structures, impact location, elastic or inelastic behavior, separation distance, number of stories, etc.). This phenomenon is thus highly complex, but literature came up over the years with some consensual statements on the issue.

Overall, building pounding might induce (i) gradually from superficial damage (concrete spalling), to non-structural but important damages (gas and water pipes, equipment, wiring, etc.), to a more rapid collapse of the structure (ii) to an increase in displacements, therefore shear stresses at the base of buildings (iii) to the appearance of impact forces, therefore acceleration forces greater than those of a purely seismic nature, and existence of local impact forces generally is not considered in design codes. Figures 1.1a and 1.1b display the damages and collapse that earthquake-induced pounding can trigger when neither mitigation measures nor cautious design (i.e., prevention of slab-column interaction as in Figure 1.1a) are considered. (a) Intermediate floor collapse (mid-story) of Hotel de Carlo in Mexico City (Mw 8.1 earthquake), probably caused by pounding against the shorter building to the left [START_REF]Pounding damage at hotel de carlo[END_REF] (b) Pounding damage to the reinforced concrete frame and masonry infill building observed during the Mw 7.4, Izmit earthquake, Turkey, 1999 [START_REF] Sezen | Note effect on pounding[END_REF] Figure 1.1 -Examples of building pounding damage during earthquakes Similar conclusions by [START_REF]Pounding of buildings in series during earthquakes[END_REF][START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF][START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF] show that the period ratio is in general the most influential parameter driving the maximum impact impulse and ductility demand responses. On the maximum impulse, the latter authors states that for two equal-height structures, the mass ratio is the most influential especially for structures of fundamental frequency below 2 Hz. Nevertheless, [START_REF]Pounding of buildings in series during earthquakes[END_REF] have also shown that pounding can have a beneficial effect on buildings depending on modal properties and configurations of structures. Although [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] showed that parameters of interest such as floor-spectra accelerations can increase due to impact, the drift ratio and maximum top displacement of structures can be reduced at the same time.

In-situ investigations

The earthquake-induced pounding between adjacent buildings has received an increasing attention from the scientific community since the 1990s. [START_REF]Building pounding re-examined: how serious a problem is it[END_REF] pioneering work on the matter summarizes twelve post-earthquakes field reports, starting with the Great Alaska Earthquake (1964) until the Kobe catastrophe (1995), concluding that reports signalled occurrence of pounding in the Northridge (1994), Kobe (1995) and Mexico (1985) events. Other impact between structures have been spotted over the years. Non-exhaustively, [START_REF] Kasai | Building pounding damage during the 1989 Loma Prieta earthquake[END_REF][START_REF] Jankowski | Non-linear FEM analysis of earthquake-induced pounding between the main building and the stairway tower of the Olive View Hospital[END_REF]Cole et al., 2010a) mention the events of Sequenay (1988), Loma-Prieta (1989), Cairo (1992), Athens (1999), Koaceli (1999), Darfield (New-Zealand 2010) and Gorkha (Nepal, 2015). But not all strong seismic events necessarily induce pounding. The analysis of the aftermaths of the infamous magnitude 8.0 Concepción earthquake ( 2010) by [START_REF] Westenenk | Analysis and interpretation of the seismic response of RC buildings in Concepcion during the February 27, 2010, Chile earthquake[END_REF] showed no signs of structural interaction.

Regarding the Mexico event (1985), the following striking quote from [START_REF] Scholl | Observations of the performance of buildings during the 1985 Mexico earthquake, and structural design implications[END_REF]) "In over 40% of collapsed or seriously damaged buildings, there was pounding with adjacent structures. Sometimes pounding caused minor local damage. In 15% of all cases, it led to collapse." has been many times quoted through literature, non-exhaustively [START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF][START_REF] Kasai | Building pounding damage during the 1989 Loma Prieta earthquake[END_REF][START_REF] Valles | Evaluation, prevention and mitigation of pounding effects in building structures[END_REF][START_REF] Jankowski | Non-linear FEM analysis of earthquake-induced pounding between the main building and the stairway tower of the Olive View Hospital[END_REF]Jankowski, , 2008b)). Nevertheless, this statement has been directly softened by the co-author Meli in 1994 according to [START_REF]Building pounding re-examined: how serious a problem is it[END_REF]. Most probably the rate of collapsed buildings due to pounding is much smaller (20-30% or smaller) than firstly estimated. This statement rejoins the one by (Cole et al., 2010a) when analyzing the aftermaths of the Darfield earthquake "Very crude estimates suggest roughly 5% of surveyed buildings were affected by pounding in some manner". Thus, pounding has mainly caused architectural and minor structural damage. Nevertheless, important damages did occur as described by [START_REF] Kasai | Building pounding damage during the 1989 Loma Prieta earthquake[END_REF][START_REF] Sezen | Note effect on pounding[END_REF][START_REF]Pounding damage at hotel de carlo[END_REF], especially on old multi-story unreinforced masonry buildings and structures with a slab facing an adjacent column. Considering that high dense urban areas tend to increase in number, these interactions are likely to keep happening in the future. Pounding is now a subject of attention in post-earthquake field investigations.

A trivial solution to structures collision is to increase their separation distance. Next section presents non-exhaustively the buildings codes provisions as well as the literature research on gap separation.

Gap separation in research and building codes

The goal of this section is to present succinctly the research led regarding the determination of adequate separation distance between adjacent structures. [START_REF] Valles | Evaluation, prevention and mitigation of pounding effects in building structures[END_REF] states that most building codes acknowledge the negative effects of pounding on structures and recommend a separation gap sufficient enough to avoid contact or to link the buildings, the Venezuela code being the only one in the late 1990s to accept potential contact if the floors are leveled. Each code addresses a particular country or region, where materials, construction techniques, factors (e.g. response modification factor) are different from each other, hence the impossibility to compare them. Nevertheless, for the majority of them, the recommendations are based on the following equations:

ABS : S ≥ X 1 + X 2 (1.1) SRSS : S ≥ X 2 1 + X 2 2 (1.2)
Where S is the separation distance. X 1 and X 2 are respectively the peak horizontal displacement response of the two adjacent structures 1 and 2 where the contact is supposed to happen. ABS and SRSS are respectively the ABsolute Sum method and Square Root Sum of the Squares rules.

The separation distance specified by many building codes does not always avoid collision, and some do not yet take into account the individual dynamic properties of the structures and soil. According to [START_REF]Building pounding re-examined: how serious a problem is it[END_REF], the Uniform Building Code of 1997 specifies a minimum separation for each building equal to 3Rw 8 times the displacement due to the forces of the reference earthquake (with R w the response modification factor, as in (International Building Code, 2018)). This recommendation is similar to the provision of (Eurocode 8, 2004), but [START_REF] Lin | Probability analysis of seismic pounding of adjacent buildings[END_REF] underlines that this poorly takes into account the vibration phase of the present structures. The pounding risks of buildings separated by minimum code-specified separation distance are not consistent for every configuration possible. Above all, there is a strong opposition from building contractors who want to use the maximum available area for better economic and technical performance. To support their point, they may mention the low rate of buildings severely damaged by impact, as well as the benefits buildings derive from impacts.

An approach for linear structures exists, developed by Kasai et al. (1996). It is called the Double Difference Combination (DDC) which is a combination of the Complete Quadratic Correlation (CQC) (Equation 1.3) with the cross-correlation coefficient ρ of the two structures (Equation 1.4).

S = X 2 1 + X 2 2 -2ρX 1 X 2 (1.3) ρ = 8 √ ξ 1 ξ 2 (ξ 1 +ξ 2 T 1 T 2 )( T 1 T 2 ) 3 2 [1-( T 1 T 2 ) 2 ] 2 +4ξ 1 ξ 2 [1+( T 1 T 2 ) 2 ]( T 1 T 2 )]+4(ξ 2 1 +ξ 2 2 )() T 1 T 2 ) 2 (1.4)
With ρ the cross-correlation factor representing the vibration phase between two elastic structures. ξ i and T i are the respective damping ratio and fundamental period of the structure i,

with i = [1:2].
The DDC approach is valid in the framework of elastic structures under the correct assumptions according to [START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF][START_REF] Lopez-Garcia | Separation Between Adjacent Nonlinear Structures for Prevention of Seismic Pounding[END_REF], and since it yields more accurate results than the ABS and SRSS methods. The recent work by [START_REF] Naderpour | Prediction of Critical Distance Between Two MDOF Systems Subjected to Seismic Excitation in Terms of Artificial Neural Networks[END_REF] seem to provide accurate estimations for linear structures. [START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF] studied the same basic DDC rule but with ρ expressed in four different manners among literature by various authors. They concluded that none of the propositions provided "consistently exact or somewhat conservative results". A significant amount of research has been carried out in order to apply it in the non-linear systems, with non-exhaustively the works by [START_REF] Filiatrault | Analytical prediction of experimental building pounding[END_REF]Penzien, 1997;[START_REF] Valles | Evaluation, prevention and mitigation of pounding effects in building structures[END_REF][START_REF] Lopez-Garcia | Separation Between Adjacent Nonlinear Structures for Prevention of Seismic Pounding[END_REF]Khatami et al., 2019b). According to the latter authors in 2019, their proposed formulation along with the SRSS rule are the most interesting approaches for non-linear structures. Research is still ongoing on the matter. [START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF] summarized the main configurations of buildings that could lead to aggravated consequences in case of pounding. The following six categories, additionally quoted from (Cole et al., 2010b), are consequently investigated by scientists through literature.

Critical buildings configurations

• Mid-column pounding: floors of adjacent buildings may be at different levels, therefore, the floors of one building collide into the columns of adjacent buildings, causing the failure of the impacted columns (see Figure 1.2a, and the photograph shown by Figure 1.1a). This dangerous configuration was acknowledged by [START_REF]Building pounding re-examined: how serious a problem is it[END_REF][START_REF] Kasai | Building pounding damage during the 1989 Loma Prieta earthquake[END_REF]. [START_REF] Karayannis | Earthquake-induced interaction between adjacent reinforced concrete structures with non-equal heights[END_REF] and (Favvata, 2017) additionally showed that the column higher ductility demand induced by mid-column pounding of an Eurocode-8 reinforced concrete multi-story numerical structure.

• Taller adjacent building pounding: adjacent buildings may have very different heights, therefore, the sway of the taller building is abruptly restricted by the shorter building and it suffers high story shear above the pounding location (see Figure 1.2b).

• Heavier adjacent building pounding: adjacent buildings may have very different floor masses, therefore, the lighter building will have significant lateral movement when pounded by the heavier building (see Figure 1.2c). This point was tackled notably by (Jankowski, 2008b;[START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF]. [START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF] and (Cole et al., 2010b) • End building pounding: for buildings in series, the pendulum effect causes large movement and damage to the buildings at the ends; conceptually, this might be considered as the end building pounded by collected heavy mass of all the other buildings in series (Figure 1.2d). The preliminary report of the Kobe earthquake quotes "Smaller buildings are typically built immediately adjacent to each other and interaction would often "push" the end or corner building out into the street". This matter was notably tackled by [START_REF]Pounding of buildings in series during earthquakes[END_REF]Cole, 2012;[START_REF] Raheem | Numerical simulation of potential seismic pounding among adjacent buildings in series[END_REF][START_REF] Elwardany | Seismic pounding behavior of multi-story buildings in series considering the effect of infill panels[END_REF].

• Torsional pounding: a building is pounded at one of its corners by an adjacent building, inducing torsional story movement and failure of the corner column (Figures 1.2e and 1.1b). This configuration has been studied by [START_REF] Jankowski | Non-linear FEM analysis of earthquake-induced pounding between the main building and the stairway tower of the Olive View Hospital[END_REF] on the Olive-View Hospital in Los Angeles, as well as by [START_REF] Karayannis | Earthquake-induced interaction between adjacent reinforced concrete structures with non-equal heights[END_REF][START_REF] Karayannis | Torsional behavior of multistory RC frame structures due to asymmetric seismic interaction[END_REF] and (Favvata, 2017).

• (Cole et al., 2010b) added also that pounding of brittle elements (Figure 1.2f), especially the masonry made buildings, is also to be considered as critical, due to their brittle behavior. This point was noticed in the aftermaths analysis of the Darfield earthquake (Cole et al., 2010a), and was also notified by [START_REF] Kasai | Building pounding damage during the 1989 Loma Prieta earthquake[END_REF].

Latter research by [START_REF] Favvata | Limit states of RC structures with first floor irregularities[END_REF] showed the need to avoid pounding with "pilotis" type buildings (soft-story), since it reduces the global structural capability by increasing the interstorey drift demands. One must also consider the particular case of sensitive structures such as hospitals, nuclear power plants, and nuclear waste repositories. Recent research has been carried out on the effects of building pounding on the floor pseudo-acceleration spectra, allowing potentially to have more accurate input on the design of anchored equipments. On that, it is possible to quote the works of [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF][START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] and (Ambiel et al., 2019a).

These critical configurations are drawn from the experience of field investigations, observations, and are sometimes validated by numerical studies. They lead to believe that if two structures with the same slab levels and relatively close periods of vibration are to shock, then the structural damages should be smaller than any of the situations displayed in Figures 1.2.

Experimental and numerical analyzes 1.5.1 Building Pounding experiments

As reminded by (Cole et al., 2010b) in 2010, "Due to the cost of destructive experiments, few major experiments have been performed. Even when experiments are performed, their forms are often restricted so that the specimens can be preserved.". Over the past 30 years, scientists experimented on the building pounding phenomenon, but mainly on small scale and not codecompliant structures (non exhaustively, [START_REF] Papadrakakis | Evaluation of building separation distance required to prevent pounding during strong earthquakes[END_REF][START_REF] Filiatrault | Analytical prediction of experimental building pounding[END_REF][START_REF] Chau | Experimental and theoretical simulations of seismic poundings between two adjacent structures[END_REF][START_REF] Masroor | Experimental simulation of base-isolated buildings pounding against moat wall and effects on superstructure response[END_REF][START_REF] Sołtysik | Problems of Collisions Between Adjacent Steel Structures under Earthquake Excitation / Problemy Zderzeń Pomiędzy Sąsiadującymi Konstrukcjami Stalowymi Poddanymi Obciążeniom Sejsmicznym[END_REF]). [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] discusses several tests on building pounding conducted on small scale structures (e.g., [START_REF] Chau | Experimental and theoretical simulations of seismic poundings between two adjacent structures[END_REF][START_REF] Masroor | Experimental simulation of base-isolated buildings pounding against moat wall and effects on superstructure response[END_REF]), none of which are code-compliant. To our knowledge, existing studies about pounding on code-based buildings are mostly numerical or forensic. For instance, (Favvata, 2017) studied pounding between an 8-story RC structure and a shorter much stiffer building, both designed according to the Eurocode 8 (EC8, 2004). The study concludes that the Eurocode provisions for gap separation are somewhat conservative. Additionally, the study shows that large plastic deformations may develop in the building columns in the case of impact against slabs. Later, [START_REF] Karayannis | Torsional behavior of multistory RC frame structures due to asymmetric seismic interaction[END_REF] showed that torsional pounding between a moment frame building and a rigid shear wall building might result in increased story shears along the two principal axis of the moment frame building, and severe damage to its columns.

Many of these studies intended to analyze the buildings response due to pounding and to validate numerical parameters of impact models such as the coefficient of restitution and the contact stiffness used in various Kelvin-Voigt type elements. For instance, [START_REF] Jankowski | Experimental study on earthquake-induced pounding between structural elements made of different building materials[END_REF] in 2009 studied the kinematics of a sphere bouncing on a plane surface; the author intended to formulate a relation between the coefficient of restitution2 and the relative velocity of the contact elements for various materials such as concrete, steel and wood. Despite the formulation of several trends for each material-type contact, their application in the building pounding field can be challenged by the fact that spheres bouncing on a rigid floor are not comparable to heavier reinforced concrete slabs colliding horizontally with adjacent floors or columns. These experiments involved different configurations of structures (equal and non-equal heights, two adjacent structures or more, various gaps, torsion study), so for space limitations, are not discussed in this work.

The PhD work by [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] in 2019 involved two structures, although not being codecompliant, of real-size scale whose reinforced concrete floors are mounted on steel columns. The author analyzed the effects of pounding on the floor response spectra for various gaps and ground motions, showing significantly increased peak responses due to pounding, apparition of global torsion motion and local bending mode of the first floor slab. The author confirmed the trend of coefficient of restitution versus relative velocities (the coefficient of restitution decreases when the relative velocity increase, [START_REF] Jankowski | Experimental study on earthquake-induced pounding between structural elements made of different building materials[END_REF]) but could not produce a definitive formulation due to a scatter in the results. This was probably due to small imperfections and uncertainties in the floor parallelism, on the longitudinal direction of the loading, and on the velocities measured despite several types of sensors.

Due to the inherent difficulties and considerable means necessary to experiment on building pounding, scientists turn to numerical modelling to analyze structures in any desired configuration and number. Body of literature in material behavior and capabilities of finite element software have increased significantly over the past twenty years, enabling to run more easily and quickly analysis on realistic, sometimes code-compliant, structures. Nevertheless, before modelling high discretized 3D-modelled sky-scrappers, scientists have focused on finding formulation to accurately and consistently treat the contact between structures. The three following questions summarize the next section: how to reproduce best building collision? Which parameters are the most influential on the pounding structures responses? How important the structure responses vary with the evolution of one parameter?

Numerical analyzes

The number of parameters to consider in BP is large, even for simple configurations, which makes the parametric (which parameters have an effect on the building response?) and sensitivity (how important is this effect relatively to other parameters?) studies more difficult. Dimensional analyzes are consequently used to enlighten objectively the relations between the system variables. A significant body of research involves these three types of analysis discussed in Section 1.6, the objective of this sub-section being to present an overlook of the numerical analyzes in the EIBP field.

To conduct dimensional, parametric, and sensitivity analysis, it is important to present which parameters of interest are to be scrutinized. Thereafter, they will be called the Engineering Demand Parameters (EDPs). In the building pounding area, they can be non-exhaustively the interstorey drift, maximal lateral displacements, accelerations, base shear, moment overturn, number of impacts, maximum impulse force and energy impact accumulated during the earthquake. Thereupon, in the linear material behavior case, the EDP of interest is mainly the interstorey drift. Also, the ductility demand ν (Equation 1.5) is the main EDP studied when non-linearity of material is taken into account.

ν = d max d y (1.5)
With d max the maximum displacement registered, and d y its plasticity threshold.

Figure 1.3 presents the parameters involved in a linear two SDOFs system prone to pound, where m i , ξ i , k i , and T i are respectively the mass, damping coefficient, stiffness, and period of the structure indexed i, with i = 1,2.
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3 -Parameters involved in a two linear SDOFs pounding-prone system Additional parameters from the impact treatment to take into account are introduced in next Section 1.6; at least one parameter can be added. Obviously, describing consistently the seismic excitation behavior is nearly impossible, due to the high complexity and variety of the frequency content, which makes it the main source of uncertainty, even if some features can be defined (Magnitude, time duration, PGA, etc.). By considering T i = m i k i , it is possible to discard either the mass or the stiffness of the problem. Overall, a minimum of eight parameters must be considered without even considering the ground motion input, and for a system much more trivial than the configurations of Section 1.4. For instance, (Dimitrakopoulos et al., 2009b) shows that 13 variables drive the system's response (maximum displacement) of three adjacent SDOF (nine structural variables) subjected to acceleration pulses (two seismic variables for amplitude and period) and prone to pound (two variables for distance separation and impact treatment). Two code-based nonlinear structures would result in more realistic outcomes, but also in increased complexity as shown in [START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF].

The high number of parameters of this problem, considering a very simplified linear and nonlinear SDOF system shows how hectic studying the matter can be. Variations brought to the heights, spatial dimensions, number of buildings, location of impact, soil-structure interaction lead to more and more distinct systems behaving in totally different ways. To keep this peculiar section readable and understandable, only the main outcomes are brought up in this manuscript.

Dimensional analyzes are a handy mathematical tool that breaks down a multi-variables system and extract relationships between its dimensionless products as described by (Dimitrakopoulos et al., 2009b[START_REF] Dimitrakopoulos | Dimensional analysis of the earthquake-induced pounding between inelastic structures[END_REF][START_REF] Dimitrakopoulos | Dimensional analysis of the earthquake response of a pounding oscillator[END_REF] for acceleration pulses and real ground motions (Dimitrakopoulos et al., 2009a;[START_REF] Vassiliou | Estimating time scales and length scales in pulselike earthquake acceleration records with wavelet analysis[END_REF]. The outcomes obtained are consequently objective and any given system of interacting elastic or inelastic SDOF can refer to it. The property of self-similarity is notably desired as it highlights a response invariance regarding the loading intensity and frequency content. Dimitrakopoulos and his coworkers showed that interacting buildings may exhibit larger responses when subjected to seismic input of main frequencies very different from their own respective eigenfrequency. However, dimensional analyzes do not allow an easy visual comparison of the importance of these parameters/ratios on the structural output according to [START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF] whom later consequently led a sensitivity analysis. They conclude that the frequency and mass ratios of the structures have the most influence on the displacement demand, especially the mass ratio if the oscillators have low frequencies (<2Hz). Furthermore, he concludes that the restitution coefficient e is the less influential parameter in every case studied, and that the floor response acceleration spectra is driven by the maximum impulse force. The authors conclude that on average the pounding amplifies the maximum displacement of the stiffest oscillator and reduces that of the softest oscillator.

Since the 1980s, the models have slowly but steadily increased in complexity. The SDOF system has remained through the years the baseline model on which researchers could start their investigations and test the contact laws, probabilistic, parametric, and sensitivity studies. Typically, many of the studies achieved to assess the critical gap between two buildings have been conducted with SDOFs (non-exhaustively, (Penzien, 1997;[START_REF] Maison | Dynamics of pounding when two buildings collide[END_REF][START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF][START_REF] Bilal | Analyse de l'entrechoquement entre bâtiments adjacents en béton armé[END_REF]). To illustrate this, [START_REF]Pounding of buildings in series during earthquakes[END_REF] used non-linear SDOFs, and thirty years later the sensitivity analysis led by [START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF] re-employs the same models and Kelvin-Voigt impact model. The complexity of the building pounding matter and the interdependence of some parameters rises quickly with the definition of the systems, especially if the non-linear material behavior is accounted for. Indeed, the SDOF already provides some important and interesting outcomes despite its apparent simplicity, hence its wide use through the years. Multi-Degrees Of Freedom (MDOF) systems were also consistently developed, either with MDOF lumped masses, or with planar frames of several heights, and widely used through the years [START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF][START_REF] Elwardany | Seismic pounding behavior of multi-story buildings in series considering the effect of infill panels[END_REF][START_REF] Tubaldi | A probabilistic performance-based risk assessment approach for seismic pounding with efficient application to linear systems[END_REF][START_REF] Tubaldi | Asta : Performance-based seismic risk assessment for buildings equipped with linear and nonlinear viscous dampers[END_REF]Jankowski, 2008b;[START_REF] Jankowski | Linking of adjacent three-storey buildings for mitigation of structural pounding during earthquakes[END_REF]Cole, 2012) notably to model and discretize the multi-storey buildings and floor masses.

The increasing development of the number and accuracy of software also helped to lead investigations with more sophisticated FE, for instance with the shell elements used to model the Olive-View hospital [START_REF] Jankowski | Non-linear FEM analysis of earthquake-induced pounding between the main building and the stairway tower of the Olive View Hospital[END_REF], or 3-D volumic finite elements (Ambiel et al., 2019a). The works by [START_REF] Favvata | Influence of exterior joint effect on the inter-story pounding interaction of structures[END_REF] in 2017 involved for instance Eurocode 2 and 8 code-based multi-story structures. Effects of specific structural elements can be studied such as the infill panels. For instance, [START_REF] Elwardany | Seismic pounding behavior of multi-story buildings in series considering the effect of infill panels[END_REF] concluded that infill panels may play a favorable role in preventing pounding, at the expense of increasing locally the building stiffness. Like [START_REF] Favvata | Limit states of RC structures with first floor irregularities[END_REF], they warned against the tall first story height and especially the pilotis type building configuration (open columns with no infills at the ground level), where pounding at an upper floor could significantly increase localized drift and shear demand. Regular distributed panels would not eliminate the risk, but at least reduce the frequency of these mechanisms. Also, [START_REF] Karayannis | Seismic behaviour of infilled and pilotis RC frame structures with beam-column joint degradation effect[END_REF] studied the effect of pounding on structures with infill and their effects on the external joints, either considered rigid, or modelled with a rotational spring element. The authors concluded that the exterior joints develop plastic hinges, with an undesirable increase of the interstorey-drifts ranging from 34% to 64%. These studies support [START_REF]Pounding of buildings in series during earthquakes[END_REF] assertion that pounding has negative effects, both on elastic and inelastic structures.

Overall, numerical models of code-designed buildings confirm the negative effect of collision on the structural capacity and engineering parameters of interest, both for elastic as well as inelastic buildings. Due to the increased amount of calculation time required by such tools, these work are so far outnumbered by the lumped masses models aforementioned, but they decrease the interpretation of results by obtaining direct realistic outcomes. Furthermore, the numerical analysis necessarily include a method to treat satisfyingly the structural collision, which next Section presents.

Contact models

A significant amount of research has been conducted on the proper calculation of the impact forces between two colliding buildings. It is possible to cite three main approaches:

1. Stereo-Mechanics: they are based on conservation of momentum by assuming the coefficient of restitution e to calculate the post-contact velocities of the masses. Contact in Stereo-Mechanics (SM) is considered only instantaneously which can only apply to rigid bodies; this discards the stress-strain relation of every material. Only post-impact velocities are considered, no contact forces are calculated (Cole, 2012;[START_REF] Muthukumar | A Hertz contact model with non-linear damping for pounding simulation[END_REF].

2. Penalty Method: these are Kelvin-Voigt elements and sometimes referred to as "gap" elements because set between two nodes prone to collide. Thereafter, this approach will be also called as "Penalty". Penalty Models (PM, also Penalty Method), are often used because of their simplicity if the parameters are chosen wisely, which is in fact the central issue of the method. A significant body in the building pounding literature involves parametric and sensitivity analysis led on various Penalty models to best calibrate their parameters to properly reproduce either the buildings responses to pounding [START_REF]Pounding of buildings in series during earthquakes[END_REF][START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF][START_REF] Jankowski | Experimental study on earthquake-induced pounding between structural elements made of different building materials[END_REF][START_REF] Jankowski | Non-linear viscoelastic modelling of earthquake-induced structural pounding[END_REF]Jankowski, , 2006a;;[START_REF] Khatiwada | A generic structural pounding model using numerically exact displacement proportional damping[END_REF], or the trend of the pounding force (Jankowski, 2006b;[START_REF] Naderpour | Numerical Study on Pounding between Two Adjacent Buildings under Earthquake Excitation[END_REF]Khatiwada et al., 2014a).

3. Lagrange Multiplier Method (LMM): [START_REF] Wriggers | Computational Contact Mechanics[END_REF] expresses the basic formulation of Lagrange-Multipliers (LM). It consists in expressing the contact forces (normal and/or tangential) and calculated from the direct equilibrium of the system. Thus, the inertial, damping and stiffness terms defining the structures directly lead to the calculation of the impact forces. If the integral scheme is of an explicit nature, the solution is found straightforwardly with one equation. If however it is implicit, an extra equation is needed to allow the solve of the equations system.

As an example, on can notably cite the works by (Dimitrakopoulos et al., 2009b[START_REF] Dimitrakopoulos | Dimensional analysis of the earthquake-induced pounding between inelastic structures[END_REF] on the dimensional analyzes of pounding elastic and inelastic structures. The motion equation and impact treatment is a LMM proposed by [START_REF] Pfeiffer | Multibody dynamics with unilateral contacts[END_REF] and described by [START_REF] Leine | Nonlinear dynamics and modeling of various wooden toys with impact and friction[END_REF]; it includes two Linear Complementary Problems3 (LCP) for the velocities during the compression and expansion phases of impact, and a potential additional one on the accelerations in case of continuous contact. These LCP are combined with a Poisson's contact law to solve the system. Reported applications of the PM to building pounding problems are significantly larger than LMM applications despite interesting conducted works [START_REF] Papadrakakis | A lagrange multiplier solution method for pounding of buildings during earthquakes[END_REF]Ambiel et al., 2019a,b;Dimitrakopoulos et al., 2009b), in part, because the implementation of LMM solutions can be found more cumbersome than Kelvin-Voigt elements, and there are much less experience and works with LMM applied to EIBP than with PM as underlined by (Cole, 2012).

PM are much more used in the building pounding field than SM and LMM. However the Non-Smooth Contact Dynamics (NSCD) [START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF][START_REF]The non-smooth contact dynamics method[END_REF]) is a LMM-based treating impact method using only the coefficient of restitution e as input parameter. Furthermore, [START_REF] Acary | Numerical Methods for Nonsmooth Dynamical Systems: Applications in Mechanics and Electronics[END_REF] stipulates that the NSCD method (further presented in Section 2) furnishes a reliable framework for simultaneous multi-contact occurrences, like it will be the case in this work. Moreover, the sweeping procedure developed by [START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF] that we will use in this work, allows to solve the equilibrium with the velocities in only one phase for the contact treatment. To the knowledge of the author, this peculiar method has not been tested so far in the building pounding framework. The utilization of the NSCD is appealing due to its simplicity of use and implementation, its rapidity and the use of the sole coefficient of restitution e (which has a simpler physical interpretation) make it an interesting candidate to conduct earthquakeinduced pounding studies. Kelvin-Voigt elements consists in using either a sole spring stiffness, k s , or mostly a coupled spring stiffness with a viscous damper ξ d in parallel. The figures 1.4a and 1.4b illustrate these two elements. Different contact laws are available and applied either to the sole spring stiffness (Hertz Non-Linear (HNL) and Hertz-Damp Non-Linear (HDNL) contact laws), or mostly to the Kelvin-Voigt element (Linear, Modified, Non-Linear Visco-Elastic models (respectively (LVE), (NLVE)), and (MLVE)). The differences between each law come generally in the definition of the damping coefficient ξ d and damping ratios ξ r functions of e. Table 1.1 presents these five respective laws, after a brief introduction to the coefficient of restitution.
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Coefficient of restitution e

The coefficient of restitution accounts for the energy dissipation during contact due to phenomenons such as cracking, plastic deformations, or friction. It allows linear systems to take into account energy loss upon contact. A value of e equal to 0 corresponds to a plastic perfect impact where the whole energy of the colliding system is consumed. A value of e equal to 1 corresponds to an elastic perfect impact, where the whole energy is preserved. The coefficient of restitution is of use in many developments of contact-impact laws, and remains subject to high controversy regarding its value and associated effects in the building pounding field.

As explained in the subsection 1.5.1 and to the knowledge of the author, no consensual formulation of e has been found in the building pounding context. Since [START_REF]Pounding of buildings in series during earthquakes[END_REF], e=0.65 is commonly used by the scientific community. (Cole et al., 2010b) also stipulates that the restitution coefficient is recommended to be taken between 0.4 and 1. Later, (Khatiwada et al., 2014a) showed that under a seismic excitation, the displacements of a pounding SDOF are nearly exactly the same with e equal to either 0.2 or 0.8, whatever penalty model was chosen to treat the impact. On the other hand, despite [START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF] concluding that e is the less influential parameter, the authors note that if non-linearity in the material behavior is accounted for, e has a direct impact on the engineering parameter of interest regarding the law considered. As a matter of fact, he stipulates that albeit e does not have a significant influence on the pounding force, it has on the contrary a different effect (diminishing or increasing) depending on the non-linear behavior law considered (elasto-plastic, bi-linear, and origin-centered laws).

Contact laws for PM Table 1.1 below presents the formulation of the five main contacts laws used in PM in the EIBP framework. [START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF] and Khatiwada et al. (2014a) both concluded in the mid 2010's that none of these models presented significant better capabilities than the others, hence the common choice to use the quicker LVE law in dynamic pounding analysis as in [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF]Favvata, 2017). [START_REF] Jankowski | Experimental study on earthquake-induced pounding between structural elements made of different building materials[END_REF] also concludes that the efficiency of each model depends on the type of analysis conducted. But as shown by [START_REF] Naderpour | Numerical Study on Pounding between Two Adjacent Buildings under Earthquake Excitation[END_REF], this contact law yields an unrealistic force of attraction when structures come out of the restitution period. Nonetheless, research is still ongoing on the matter. Non-exhaustively, it is possible to mention the recent work by [START_REF] Xu | A New Formula of Impact Stiffness in Linear Viscoelastic Model for Pounding Simulation[END_REF] presenting a formulation of the impact stiffness k s .

Several authors ( (Jankowski, 2008a;[START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF]Khatami et al., 2019a;[START_REF] Xu | A New Formula of Impact Stiffness in Linear Viscoelastic Model for Pounding Simulation[END_REF][START_REF] Crozet | Sensitivity analysis of pounding between adjacent structures[END_REF]) have studied the influence of the gap element parameters and the dynamic response of colliding bodies. For instance, [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] stipulates that the contact stiffness should be greater than ten times the stiffness of the most rigid impacting body, and that the maximum time step for a dynamic analysis should be limited to one-fourth of the smallest vibration periods of the two buildings. These simple rules allow minimizing the contact duration, preserve the system kinematics, and yield acceptable results and computational runtime. Studying the response of single degree of freedom (SDOF) systems, [START_REF]Pounding of buildings in series during earthquakes[END_REF] found that the contact stiffness has a large effect on the SDOF's accelerations and forces, 
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Restitution period : k s g 3 2 (t) * [START_REF] Hertz | Ueber die Ausbreitungsgeschwindigkeit der electrodynamischen Wirkungen[END_REF]Goldsmith, 1960) ** [START_REF] Ye | A modified Kelvin impact model for pounding simulation of base-isolated building with adjacent structures[END_REF] *** [START_REF]Pounding of buildings in series during earthquakes[END_REF]) **** [START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF] ***** (Jankowski, 2006a;[START_REF] Naderpour | Numerical Study on Pounding between Two Adjacent Buildings under Earthquake Excitation[END_REF]) m 1 and m 2 are nodal masses ; ξ d and ξ r are respectively the damping coefficient and damping ratio. "Approach period" means that ġ > 0, when relative velocity is positive, thus interpenetration is ongoing. "Restitution period" means that ġ ≤ 0, when relative velocity is negative, thus when bodies are departing from each other. but a marginal effect on their displacements. Later, based on experimental evidence, (Khatiwada et al., 2014a) concludes that the contact stiffness derived from small scale specimens cannot be applied to prototype scale buildings, hence the non-reliability of the induced contact force. The author acknowledges the PM limitations regarding the sensitivity of the building response to the value of the stiffness parameter k s . The contact force F (t) also depends on the damping parameter ξ d , which accounts for the energy dissipation during contact (e.g. Table 1.1). While [START_REF]Pounding of buildings in series during earthquakes[END_REF] showed that ξ d has a marginal influence on the building response, (Khatiwada et al., 2014a) showed that the displacement history of colliding SDOF does depend on ξ d for certain high values of k s .

As well as for k s , the contact force F (t) also depends on the damping parameter ξ d , which accounts for the energy dissipation during contact (e.g. Table 1.1). While [START_REF]Pounding of buildings in series during earthquakes[END_REF] showed that ξ d has a marginal influence on the building response, (Khatiwada et al., 2014a) showed that the displacement history of colliding SDOF does depend on ξ d for certain high values of k s . All [START_REF]Pounding of buildings in series during earthquakes[END_REF][START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF][START_REF] Maison | Dynamics of pounding when two buildings collide[END_REF] advanced the small contribution of the damping ratio in the structures response. Recent works by (Khatami et al., 2019a) and [START_REF] Barros | Damping ratios for pounding of adjacent buildings and their consequence on the evaluation of impact forces by numerical and experimental models[END_REF] intends to improve the damping formulation by comparing experimental and numerical outcomes.

Risk analyzes

Risk analyzes aim at providing useful information to decision-makers in engineering projects for a given geographical location and configuration of buildings. The objective of the present report is to yield outcomes such as (i) probabilities that a parameter of interest reach a specific damage state (Fragility Curve), or (ii) the annual rate of exceedance λ of such event (Structural Response Hazard Curve). These studies would allow, for a specific geographical location, to yield actual pounding-affected probabilities and rates of exceedance of structural global (i.e. the drift, the base shear) or local damage states (i.e. parameters of concrete spalling, crack opening), or non-structural components responses (e.g. floor response spectra peaks). These outcomes are obtained following the Performance-Based Earthquake Engineering methodology presented in Chapter 3 alongside the two approaches used in this report (Incremental and Spectral types). The outcomes for linear elastic and nonlinear structures are displayed respectively afterwards in Chapters 5 and 6. In this particular case, the seismic hazard models considered are from the region of Valparaiso in Chile. The Non-Smooth Contact Dynamics method, mentioned in previous Section 1.6 and further introduced in Section 2.3, will be tested and validated in the EIBP framework in Chapter 4, and used at these ends. As stated by Chase in 2014: "[...] there is a lack of a complete risk analysis that could be used to increase understanding of the risk for general cases and thus be used as a template to create guidelines.". The author's opinion is that literature will benefit from this report studies and outcomes as, to his knowledge, literature review on EIBP did not show any type of non-smooth approach applied to the generalized configuration of two pairs of SDOF and Double DOF (DDOF) systems, involving the comparison between spectral and incremental methodologies. After the validation of the NSCD method and assessment of the coefficient of restitution, this is the second expected benefit brought by the present report. For instance, the abovementioned spectral approach, named Conditional Spectra and presented in Section 3.3.4, was used in the nuclear field by [START_REF] Renault | Comparison of uniform hazard spectra and conditional spectra approach in the framework of fragility curve development[END_REF], but not considering any collision between buildings. Also, [START_REF] Tubaldi | A probabilistic performance-based risk assessment approach for seismic pounding with efficient application to linear systems[END_REF] proposed a methodology to assess the mean annual frequency of pounding occurrence, but it was achieved with Kelvin-Voigt contact elements.

Overall, literature is very prolific on probabilistic analyzes of EIBP, especially on assessing the critical separation distance between two buildings. Such element is the key to (i) avoid any contact and damages and (ii) benefit from a maximum of land space usage. The 2010's have been much prolific on the matter, none-exhaustively citing [START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF]Tubaldi et al., a;[START_REF] Barbato | A probabilistic performance-based approach for mitigating the seismic pounding risk between adjacent buildings[END_REF][START_REF] Chase | Probabilistic risk analysis of structural impact in seismic events for linear and nonlinear systems: Probabilistic risk analysis of seismic structural impact[END_REF][START_REF] Naderpour | Prediction of Critical Distance Between Two MDOF Systems Subjected to Seismic Excitation in Terms of Artificial Neural Networks[END_REF]Favvata, 2017;Khatami et al., 2019b). [START_REF] Chase | Probabilistic risk analysis of structural impact in seismic events for linear and nonlinear systems: Probabilistic risk analysis of seismic structural impact[END_REF] achieved notably a comprehensive study of pounding probability evolution with gap and vibration period ratios of structures, with stereomechanics models to treat contact. Like [START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF][START_REF] Lopez-Garcia | Separation Between Adjacent Nonlinear Structures for Prevention of Seismic Pounding[END_REF], he concluded that probability that structures collide increase as the gap between them diminishes, and structural period difference increases. The present structural period ratios are herein fixed to approximately 0.55, and similar conclusions were found in page 137 of this document. He found also that there are no correlations between increase in displacements due to pounding and gap ratios, for relatively small gap ratios values. This is indeed observable in page 155 of this document, as drift δ 2 for small gaps are all similar. (Tubaldi et al., a) studied the predictability properties of gap-based IMs to assess the separation distance between buildings. [START_REF] Barbato | A probabilistic performance-based approach for mitigating the seismic pounding risk between adjacent buildings[END_REF] proposes a methodology to assess the critical separation distance by analyzing three different iterative algorithms. Overall, probabilistic and risk analyzes on this peculiar field are still ongoing, but remain out of the scope of this report.

Summary

Overall, earthquake-induced building pounding is consensually considered potentially damaging for adjacent structures, even if they do not occur at each strong seismic event. Buildings are catching up with this phenomenon to prevent it, but the crescent urbanization and highly dense population makes the EIBP a loading structures will likely keep enduring in the near future. Critical configurations, such as a reinforced concrete slab prone to pound with a neighboring column or torsional pounding, are typically to avoid. Scientists have mainly worked to establish how important pounding affects the structural response, as well as the epistemic errors associated to their contact models. The Penalty approaches are simple and quick-to-implement methods. Given time and iterative process, it yields realistic results in terms of buildings kinematics and drifts (Cole, 2012), although not in terms of floor accelerations and impact force. The shortcomings inherent to the PM are partly answered in further Section 2.3 that presents a LMM-based method called non-smooth contact dynamics. An important amount of studies involved numerical SDOF and lumped-masses, as well as experimental reduced-scaled structures. Now, scientists are getting more interested in the vulnerability of realistic code-based structures, as the computation capabilities have strongly improved and as nuclear agencies start to study the matter. Real scale experimental studies are still rare because of the important economic and time cost they require. In the end, to the knowledge of the author, literature in the EIBP framework should benefit from the present report output, i.e. the risk assessments outcomes (presented in Chapter 5-6) yielded by two approaches (incremental and spectral, developed in Chapter 3), involving the Non-Smooth Contact Dynamics method with an experimentally-validated coefficient of restitution (in Chapter 4). This chapter aims to present first the numerical modelling of structures by the Finite Elements Method (FEM) and a Slab Macro-Element (SME). Then, to discretize temporally the motion equation, the integration schemes are introduced. Finally, the capabilities of the Non-Smooth Contact Dynamics (NSCD) method, a LMM-based method, are presented.

Finite Element Methods

This section presents the mains steps of the Finite Elements Method (FEM) formulation. First, the Principle of Virtual Power (PVP) is introduced. It allows to express the vectorial balanced mechanical equation in a scalar equation. From that, the frame of the dynamics equilibrium in continuum mechanics and its PVP treatment can be presented. Then, the discretization of a deformable solid, behaving either in linear or non linear fashion, in finite elements and its treatment and assembling are introduced. Euler-Bernoulli beam element formulation used in this manuscript work is briefly presented. Finally, the Slab Macro-Element (SME), a rigid block with intern mass and stiffness used to model rigid slabs of colliding structures, is also introduced.

Principle of Virtual Power

The Principle of Virtual Power (PVP) (also referred to as the Principle of Virtual Work) postulates a balance of power within a virtual movement. It can be used as basis of any finite element formulations and more generally for continuous media. A simple way to understand the PVP is to observe that if a solid has reached a mechanical balance (static or dynamic), the sum of the internal, external and inertial forces equals zero. Thus, if a "virtual" displacement field is applied to the solid, the sum of the powers of the forces and moments (internal, external and inertial) is also zero. As a first simple example, let's consider a material point M which has a mass m, with a rigid body motion (no internal forces). The dynamic motion of the point involves external (resp. inertial) forces F (resp. F I = m ü) where ü is the acceleration of M thought time. The Principle of Dynamics and the application of the PVP allow to write

F I = F (2.1) ∀ u⋆ m ü u⋆ = F u⋆ (2.2)
u⋆ is the virtual velocity of the material point M . It should be noticed that the last equation is valid whatever u⋆ . Note also that from a vectorial equation, a single equation is obtained. Thus, the PVP is a very powerful tool to project/derive/obtain the equations governing the mechanical balance of the system whatever its complexity (from material point mechanics to continuum nonlinear mechanics). One should notice that the PVP is equivalent to the PVW. Indeed, because u⋆ = du ⋆ dt , dt appears on each side of Equation 2.2.

∀du ⋆ m ü du ⋆ = F du ⋆ (2.3)
which can be also written as in a sake of simplicity as Equation 2.4, and in variational form as Equation 2.5

∀u ⋆ m ü u ⋆ = F u ⋆ (2.4) ∀δu m ü δu = F δu (2.5)

Problem position in continuum mechanics

Generalized three-dimensional equilibrium equations of an elementary volume can be written in terms of the components of the symmetric Cauchy stress tensor ( σ). A deformable solid having an arbitrary shape is considered and illustrated by Figure 2.1.

Figure 2.1 -Deformable solid. Ω is the volume occupied and ∂ its boundary where ∂Ω u (respectively ∂Ω f ) corresponds to the border where kinematics (respectively forces) is imposed (from (Grange, 2021)).

Within the framework of continuum mechanics, the mechanical balance in dynamic conditions of the solid leads to the following local Equation 2.6 (commonly called "strong" form). f is the vector of volumic forces, ρ is the volumic mass considered constant herein. BC stands for Boundary Conditions where u b and t are supposedly known.

div( σ) + f = ρü +BC : u = u b on ∂Ω u σ.n = t on ∂Ω f
σ is a function of the strain tensor ε which is computed from the displacements field u. From there, it is possible to apply the PVP on Equation 2.6 by multiplying it with a virtual field u ⋆ for each material point. Then, an integration by parts on each term, over the volume (Ω) and its boundary (∂Ω f ), and a transposition operation leads to the "weak" form (Equation 2.6) of the equilibrium equation, valid for non-linear as well as linear stress-strain (or stress-strain rate) relations.

∀u ⋆ KA, Ω u ⋆T ρü dΩ P ⋆ inertia + Ω ε⋆T σ dΩ P ⋆ internal = Ω u ⋆T f dΩ + ∂Ω f u ⋆T t dS P ⋆ external (2.6)
"KA" means "Kinematically Admissible", i.e. the virtual displacement field respects the displacement boundary conditions. It is not a mandatory condition, but it allows to reduce the size of the system by suppressing the reactions forces appearing on ∂Ω u . dS is the area derivative.

The leading idea of FEM is to partition the physical space by finite elements and to interpolate the unknown displacement field over the FE (Figures 2.1 and 2.2). The interpolation is based on the nodal displacement of the FE, each of them having a shape and a number of nodes defining its degree of interpolation. The displacement field over a FE can be expressed such as

u(M ) = N nodes i=1 N i (M ) U i = N e u e
where U i is the Degree Of Freedom (DOF), which become the vector of unknowns of the problem. N i is the shape (or interpolation) function related to node i, N e is the composite matrix of the shape functions. At a point M , the sum of shape functions should be equal to 1, each N i being equal to 1 at the node i and zero on the other nodes. u gathers all the nodal displacements of the system.

i j k Ω e u ⋆ i v ⋆ i j k Ω e u ⋆ i i f el i f el 1 i f el 2 i f el 3 i f el 4 i f el 5 i Figure 2.
2 -Space discretization by FEM and mechanical balance of a node i where nodal forces contributions coming from each surrounding FE are depicted, from (Grange, 2021).

Using the PVP, Galerkin proposed to consider the virtual displacement field u ⋆ with the same decomposition of the real one u. Under small strain assumption, the strain tensor is expressed on each FE such as where D is the derivative matrix. Theˆsymbol indicates the vector or matrix associated is elementary.

ε =           ϵ x ϵ y ϵ z γ xy γ xz γ yz           =           

Linear finite element method analysis (LFEM)

The stresses are computed considering the linear isotropic elasticity introducing the Hooke matrix C.

σ = C ε = CB e u e = C Be ûe
For legibility, the FEM is first presented assuming a quasi-static response of the solid (ü = 0). Starting from Equation 2.6, the assembling step is then performed (the total sum of the integral is equal to the sum of all integral over the FE). where appears the stiffness matrix (resp. the nodal force vectors) of the FE k e (resp. f e ). Finally, the assembling allows to establish the global system to solve shown by Equation 2.12, with K the global stiffness matrix, U g the global vector of nodal displacements, and F g the global nodal force vector.

K U g = F g 2.1.

Non Linear Finite Element Method analysis (NLFEM)

In the field of deformable solid mechanics, three main non linearities can be quoted. First, the geometrical non linearity which appears when the deformed geometry can not be supposed "close" from the initial one, for instance when buckling occurs. The second is the contact interaction between solid interfaces. At the contact point, the force-displacement relationship is no more linear if both interfaces are in contact or not. Last, the material none linearity is related to the constitutive material of the structure, e.g. when a steel beam is loaded and develops unrecoverable strains, the yield stress of the material has been exceeded and thus the response is no more linear.

In previous Section 2.1.3, the passage from Equation 2.9 to Equation 2.10 was achieved with the assumption of small displacements and linear material behaviour. Thus, the term p e = Ωe BT e σdΩ should be evaluated. The stresses are a non linear function of the displacement field and thus can not be expressed for instance such as σ = HB e u e where H is Hooke's law, hence the use of an iterative solution technique. Typically, such techniques, for instance the Newton-Raphson method which is frequently used in structural analysis, involve repeated linearisation of the governing equations. Hence, we must linearise the dependence of the stress increment ∆ σ on the displacement elementary increment ∆u e . In a sake of simplicity, Equation 2.12 can be resume as follows, where the residual R(U g ) is defined.

P (U g ) = F g ⇔ R (U g ) = -P (U g ) + F g (2.12)
Obviously, if U g is the solution of Equation 2.12 then the vector R(U g ) should be null. Figure 2.3 illustrates the Newton-Raphson (NR) linearisation process of a scalar system to find u cv solving R(u cv ) ≤ ε, with ε an arbitrary scalar chosen small relatively to how the convergence criterion is defined (e.g., either R ≤ ε, or ∥ R ∥≤ ε, etc.). For a multidimensional problem, the approach is the same.

Euler-Bernoulli beam formulation

The previous process can be used whatever the shape of the finite element (triangular, square). The beam finite element is presented because it is a very usual shape used in structural dynamics FEM. The main hypothesis of the EB beams is to suppose than cross section of beam remains

CHAPTER 2. FINITE ELEMENT METHODS & NON-SMOOTH CONTACT DYNAMICS u R u 0 u 1 u 2 u cv Figure 2.
3 -Newton-Raphson (NR) algorithm for a scalar function R and variable u from [START_REF] Bertrand | Vulnerability assessment of civil engineering structures subjected to earthquakes and impactsoptional lecture gcu-s8-m5 2021 -civil engineering and urban planning department: Insa-lyon (villeurbanne)[END_REF]. u cv is the cv-th times iterated displacement meeting the convergence criterion R(u cv ) ≤ ε.

plane and orthogonal to the mean fiber (mean longitudinal axis) of the beam (Figures 2.4a and 2.4b). Wrapping is supposed negligible which implies that shear energy is null. As a consequence, the displacement field of a cross-section can be expressed by Equation 2.13. β is the rotation of the cross-section which is equals here to β = dvo dx , L e is the length of the FE, and ξ e the standard space variable.

     u(x, y, z) = u o (x) -yθ z (x) + zθ y (x) v(x, y, z) = v o (x) -zθ x (x) w(x, y, z) = w o (x) + yθ x (x) (2.13)
where [u o v o w o ] are the displacements of the center of gravity of the cross-section, θ z (respectively θ y and θ x ) is the rotation of the cross-section around z axis (respectively y axis and x axis). Because of the EB kinematic, we have θ z (x) = dvo dx , et θ y (x) = -dwo dx . Finally, the strain tensor terms at any point (x,y,z) is given by Equation 2.14.

     ϵ xx = ∂u ∂x = duo dx -y d 2 vo dx 2 -z d 2 wo dx 2 γ xy = ∂u ∂y + ∂v ∂x = -z dθx dx γ xz = ∂u ∂z + ∂w ∂x = y dθx dx (2.14)
Within the beam theories, because σ yy = σ zz = τ yz = 0 are supposed null, Hooke's law can be simply written as displayed by Equation 2.15. E and G are respectively the Young and shear modulus.

     σ xx = Eϵ xx τ xy = Gγ xy τ xz = Gγ xz (2.15)
The PVP can be applied to obtain the stiffness and mass elementary matrices presented by Equations 2.16 and 2.17. Once computed, the assembly of the elementary matrices will yield the global stiffness and mass matrices. [START_REF] Bertrand | Vulnerability assessment of civil engineering structures subjected to earthquakes and impactsoptional lecture gcu-s8-m5 2021 -civil engineering and urban planning department: Insa-lyon (villeurbanne)[END_REF].
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k e = Le 0 B e
T CB e dx (2.16)

m e = Γe T N e C m N e dΓ (2.17)
where L e is the FE length along the x polar axis, Γ e the FE volume, B e the matrix of the derived beam interpolation functions M atN e . C is the Hooke matrix, and C m the constant terms of the elementary mass matrix as shown respectively by Equations 2.18 and 2.19. S, I Gz , I Gy , I G0 are respectively the area, quadratic moment around z, y and x axis of the beam cross section.

C =      ES 0 0 0 0 EI Gz 0 0 0 0 EI Gy 0 0 0 0 GI G0      (2.18) C m = ρ           S 0 0 0 0 0 0 S 0 0 0 0 0 0 S 0 0 0 0 0 0 I G 0 0 0 0 0 0 0 I Gy 0 0 0 0 0 0 I Gz           (2.19)

Slab Macro-Element (SME)

Present section presents briefly the outline behind the development of the Slab Macro-Element, a numerical tool used in this manuscript in the EIBP context. This macro-element is originally developped using the Rocking Block element, which is first introduced. Then the kinematic relationships involved are presented, before showing how a Rocking BLock can be used as a Slab Macro-Element to behave similarly as structural slabs interacting with each other.

Rocking Block element

The former section presented the FEM basic formulation and application to Euler-Bernoulli beam elements, allowing to apply the motion equation to a discretized system. The present section, on the other hand, introduces the element commonly called "Rocking Block" (RB) in the literature as in [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF] and whose formulation is used to represent the rigid floors/slabs of buildings. A report by (Grange, 2021) is currently in preparation to present thoroughly this element, so the present manuscript merely introduces the approach and the numerical results obtained in the EIBP application. Figure 2.5 illustrates the Rocking Block in its balanced and unbalanced position.

A 0 B 0 Ω L l X Y X Y A B G x y θ A 0 B 0 Ω Figure 2
.5 -Balanced and unbalanced Rocking Block, from (Grange, 2021) The Rocking Block formulation consists in translating its rigid body movement into a new DOF system at its corners (rather than at its centre of gravity). This makes it possible to define more naturally its contact interface with another system (rather than keeping the DOF of its center of gravity). Additional DOF can be added to take into account structural deformation (Grange, 2021).

The writing of its balance in this new DOF system is done by applying the Virtual Power Principle (VPP). ⃗ ΩG = u ⃗ X + v ⃗ Y is the displacement vector of the center of gravity. ⃗ θ = θ ⃗ Z is the rotation of the block. The displacements of the points A and B are noted:

⃗ U A = ⃗ A 0 A and ⃗ U B = ⃗ B 0 B
. These displacements are related by rigid body displacement to the DOF of the center of gravity u, v, θ. We can thus express the displacements of the point A and the point B by a bijective but non-linear relation. Moreover, to express the displacement of the whole block, it is necessary and sufficient to have three degrees of freedom. We can take for example the vertical displacements of the nodes A and B and a horizontal displacement (either that of A, or that of B, or that of the center of gravity G).

Kinematic relations

The expression of the kinematic relations between the displacements at points A and B and those of the center of gravity u, v, θ can be done by trigonometric relations. In the FEM, these kinematic relationships can be seen as shape functions of the element that connects the DOF of the system with the DOF at the nodes. First, are given:

ΩG = uX + vY (2.20) GA = -l 2 y -l 2 x GB = -l 2 y + l 2 x
(2.21)

x = cos θX + sin θY y = -sin θX + cos θY (2.22)
Then, by using the relationships between the bases, the following is obtained:

   ΩA = u + -L 2 cos θ + l 2 sin θ X + v + -L 2 sin θ -l 2 cos θ Y ΩB = u + L 2 cos θ + l 2 sin θ X + v + L 2 sin θ -l 2 cos θ Y (2.23) Finally, as A 0 Ω = L 2 X + l 2 Y and B 0 Ω = -L 2 X + l 2 Y
, the A and B nodes displacements are obtained:

                     U A = A 0 A = u + L 2 + - L 2 cos θ + l 2 sin θ u A X + v + l 2 + - L 2 sin θ - l 2 cos θ v A Y U B = B 0 B = u - L 2 + L 2 cos θ + l 2 sin θ u B X + v + l 2 + L 2 sin θ - l 2 cos θ v B Y (2.24)
From the data of (u

A , v A , v B ) (or (u B , v A , v B ) or (u, v A , v B
)) these expressions are inverted and the internal DOF of the center of gravity (u, v, θ) (for which it is simpler to express the equations of the dynamics) is found. Then, the application of the VPP* in a virtual field of the DOF of A and B will allow to "project" the equilibrium equations on these DOF (in other words, to move the dynamic tensor at these points).

In the EIBP framework, the RB element can also be used, acting as a rigid slab set horizontally and colliding with the slab of an adjacent structure. Figure 2.6 presents the scheme of the same RB elements, but set horizontally acting like rigid slabs, and prone to pound with its neighbour. Consequently, the formulation of the RB under these present form and purpose is named henceforth Slab Macro-Element (SME). The various springs k x , k y , and k θ are described thereafter. (Grange, 2021) implemented the SME in the ATL4S environnment based using MATLAB software.

•

•

k θ 1 k x 1 k y 1 • G 1 B 1 • A 1 • k θ 2 k x 2 k y 2 •G 2 A 2 • B 2 • X Y Z Figure 2.6 -Scheme of two adjacent Slab Macro-Elements
Three internal springs (two of translation k x i and k y i in the plane of the block and one of rotation k θ i out of plane) are attached in the block center of gravity of each structure i, with i=1,2. The stiffnesses of these three springs in the center of gravity are thus projected directly via the PVP at the three DOFs of the nodes A and B of the block. This projection thus makes it possible to calculate at each moment the stiffness (geometrically non-linear) at the nodes A and B of the block. Same operation is applied for three masses (two along the two plane axis, and one on rotation out of plane). The springs and masses are calibrated to reproduce the expected modal behaviour of a structure, and a damping matrix can also be computed. Despite the need of a solving iterative algorithm such as Newton-Raphson because of the non-linear geometric relation between the nodes A and B and the center of gravity G, only three DOF are needed to describe a structure with a rigid slab. Figure 2.6 above depicts two SME, with their springs applied to their respective centers of gravity (masses are not represented). The facing corners A i and B i , with i=1,2, will interact with their DOF treated with the NSCD method.

Overview of integration schemes

According to [START_REF] Geradin | Mechanical Vibrations: Theory and Application to Structural Dynamics[END_REF], two main approaches can solve the dynamic motion equation which are the modal superposition technique and the direct time-integration method. Equation 2.25 presents the generalized equation of motion of any structural system.

Mq + F int (q, q) = F ext (2.25)
Where M is the mass system matrix. F int (q, q) is the vector of damping and internal forces. q, q, and q are respectively the acceleration, velocity, and displacement vectors. F ext stands for the applied external forces, in this manuscript the gravity and the inertia forces induced by the ground motion. No contact forces are considered at this stage.

Géradin states that modal expansion approach is straightforward in solving the motion equation if the fundamental modes dominate drive the structural response, and if the system is linear. Nevertheless, building pounding can trigger high frequency modes of structures, and most importantly, scientists study both linear and non-linear systems. Thus, to solve the motion equation, only direct time-integration methods are used and described in this manuscript. Direct integration approaches rely on finite time differences where the time step ∆t drives the accuracy, the stability, and the control on the numerical damping. Solving the motion equation numerically by direct time-integration schemes is achieved by operating a time discretization using a time step ∆t = t i+1 -t i . Equation 2.26 presents the equation of motion for any linear structural system, where the internal forces vector F int (q, q) is separated into the two terms of damping and stiffness.

Mq i+1 + C qi+1 + Kq i+1 = F ext,i+1
(2.26)

Where C, and K are respectively the damping and stiffness system matrices.

The kinematic variables qi+1 , qi+1 , and q i+1 are the three unknowns for only one equation. Additional equations are needed to "close" the system and define the total system kinematics. It is mostly formulated in displacements, i.e., Equation 2.26 is expressed such as to find q i+1 vector, from which to deduce qi+1 and qi+1 , albeit it can either be formulated in velocities or acceleration. Methods such as the central differences and the acceleration variation allow to obtain the expressions of the position, velocity, and accelerations as function of the kinematics at different times t i , and/or t i+1 , and/or t i+1 . These time integration methods are either explicit or implicit integration schemes in regard to the way the unknowns qi+1 , qi+1 are expressed.

Explicit integration schemes

According to [START_REF] Wriggers | Computational Contact Mechanics[END_REF], explicit methods are simple to implement because the solution (q, q, and q) at time t i+1 depends only of upon known variables at time t i . It's even more efficient if the mass matrix is diagonal (case of the lumped masses), and no iteration matrix is needed in cases of non-nonlinearities. However, explicit schemes come with a stability condition on the time step value that must fulfill the Courant's Condition. The central difference scheme is an example of an explicit time integration scheme. As follows, by combining the Taylor expansions of q i+1 and q i-1 (Equations 2.27 and 2.28), and by neglecting the third order terms, it is possible to obtain two expressions of qi and qi , where q i is the only unknown remaining.

q i+1 = q i + ∆t qi + ∆t 2 2 qi + ∆t 3 6 qi + o(∆t 4 ) (2.27) q i-1 = q i -∆t qi + ∆t 2 2 qi - ∆t 3 6 qi + o(∆t 4 ) (2.28)
From there, these two equations are replaced in the discretized motion equation (Equation 2.26) at time i, to then obtain the explicit expression of q i+1 presented by Equation 2.29.

q i+1 = ∆t 2 2M (F i -C qi -Kq i ) + ∆t qi + q i (2.29)
Wriggers advise the use of explicit schemes to solve systems involving high frequency input and response, for instance explosions and impacts. Nevertheless, he adds that it is not the case for earthquake analysis where implicit schemes are recommanded.

Implicit integration schemes

Unlike the latter, implicit methods approximate time derivative t i+1 by quantities depending upon the former times t i and/or t i-1 , but also upon the still not calculated values at times greater than t i . Thus, the method needs the computation and inversion of an iteration matrix to solve the system equilibrium which is more time-consuming, especially for large models. Although it still requires an iteration process in cases of non-nonlinearities, it is relatively straightforward if the problem is linear. Moreover, implicit integration schemes can be unconditionally stable regarding ∆t value, which then only affects the accuracy of the results; time step can be much coarser than for explicit schemes.

The constant acceleration scheme and the linear acceleration scheme are examples of implicit integration schemes. The first assumes the acceleration remains constant over a time step, while the second supposes a linear variation. Both of them can notably be used through the Newmark generalized equations, which introduce two free parameters γ and β. Their values weight the kinematics variables in Equations 2.30 and 2.31 to select the user-desired scheme. For instance, γ = 1 2 and β = 1 4 yield the constant acceleration scheme, whereas γ = 1 2 and β = 1 6 yield the linear acceleration scheme.

q i+1 = q i + qi ∆t + [( 1 2 -β)q i + βq i+1 ]∆t 2 (2.30) qi+1 = qi + [γq i+1 + (1 -γ)q i ]∆t (2.31)
The Newmark generalized equations can be rearranged and set in the motion equation, with the position q i+1 chosen as the system unknown. Equation 2.32 presents the generalized form of the Newmark scheme, then Equation 2.33 its implicit form of constant-acceleration scheme, where γ and β respectively equal 1 2 and 1 4 .

K + γ β∆t C + 1 β∆t 2 M K q i+1 = f i+1            F ext,i+1 + γ β∆t C + 1 β∆t 2 M q i + C( γ β -1) + 1 β∆t M qi + C∆t γ β ( 1 2 -β) -(1 -γ) + 1 2 -β β M qi (2.32) K + 2 ∆t C + 4 ∆t 2 M K q i+1 = F ext,i+1 + 2 ∆t C + 4 ∆t 2 M q i + C + 4 ∆t M qi + Mq i f i+1
(2.33)

q i+1 = K-1 f i+1 (2.34)
Then, under a matrix form, Equation 2.34 is yielded and q i+1 is found. Velocities and accelerations can be henceforth calculated from Equation 2.30 and Equation 2.31 aforementioned. The Newmark constant-acceleration scheme will be used along with the Kelvin-Voigt type contact elements in Section 2.3 as Penalty Method to compare with the Non-Smooth contact dynamics Method.

Integration schemes for non-smooth mechanics

Non-smooth mechanics can be seen as curves with sharp edges, difficult to integer and derive. A rigid ball bounding on the floor has a non-smooth dynamics when impact occurs. An impact between rigid bodies can be defined as an instantaneous change in their respective velocities upon contact without any interpenetration, the impact force having the shape of a Dirac distribution. Consequently, the acceleration is not defined and can not be calculated via the fundamental theorem of calculus d q dt = q which raises a concern as it is present in the motion equation as part of the inertial forces, and also used in the integration schemes introduced above (i.e., they are all integration schemes of second order). [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF][START_REF] Acary | Numerical Methods for Nonsmooth Dynamical Systems: Applications in Mechanics and Electronics[END_REF] states that "standard schemes widely used in computational contact Mechanics, such as the Newmark scheme, the Hilbert-Hughes-Taylor scheme (HHT) or the generalized-α scheme cannot be directly applied to the simulation of systems with unilateral contact and impact" as the solutions (displacements, velocities, contact forces) are no longer smooth due to the "contact activation between finite-freedom mechanical models". He stipulates that these schemes exhibit numerical instabilities, and even energy blow-ups, an alternative solution being to design numerical schemes that conserve or dissipate energy. Thus, for a realistic and stable modelling of impact, other integration schemes are needed. Examples of first order integration schemes are the Euler schemes, either implicit or explicit, and illustrated respectively by the recurrence relationships in Equations 2.35 and 2.36, with Φ a continuous function of

R + x R into R. qi+1 = qi + ∆t Φ(t i , qi ) (2.35) qi+1 = qi + ∆t Φ(t i+1 , qi+1 ) (2.36)
The θ-scheme is a combination of the Euler explicit and implicit integration schemes, with θ in [0 1], displayed by Equation 2.37. θ equal 0 leads to the Euler explicit scheme, while θ equal 1 leads to the Euler implicit scheme. The particular case of θ = 1 2 is called the mid-point rule, which is both implicit and unconditionally stable.

qi+1 = qi + ∆t (θΦ(t i+1 , qi+1 ) + (1 -θ)Φ(t i , qi )) (2.37)
This section presents the NSCD approach illustrated by the case of two collision-prone linear Multi Degree Of Freedom (MDOF) systems as schematically shown by Figure 2.7. Although only coplanar diaphragms are shown in this figure in which contacts occur at story levels, the formulation presented is applicable to an arbitrary distribution of collision points such as column-diaphragm impacts. However, for simplicity in the presentation we consider here two planar moment resisting frames with lumped masses and net separation g 0 . Each structure is characterized by a constant mass matrix M i , and a vector of nonlinear internal forces P i (q i , qi ) defined in generalized coordinates q i , with i=1,2. Pounding forces may develop at n discrete locations along the contact interface (i.e., node-to-node contact) between pairs of point-masses on each building, henceforth a contact pair. The impact and energy dissipation on each contact pair are modelled using Newton's impact law and the conservation of linear momentum.

The equations of motion for both systems can be written in augmented form as Mq + P(q, q) -F ext = 0 (2.38) where q = q 1 q 2 , q and q the are the first and second time derivatives of q, respectively. The term P(q, q) = P 1 P 2 is the vector of internal forces, and the composite mass matrix M is the block-diagonal concatenation of matrices M 1 and M 2 . F ext is a set of external forces conjugated in work with q, which accounts for static and dynamic loads.

The NSCD approach developed by [START_REF]The non-smooth contact dynamics method[END_REF], presented herein, is used to solve Equation 2.38 in discrete time. The method uses the Moreau-Jean stepping algorithm [START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF] to step from time t i to t i+1 = t i + ∆t in addition to the Signorini-Moreau conditions for contact detection. The contribution of (Acary, 2001) allowed for the application of the method to deformable bodies, and highlighted its energy conservation properties [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF]. An important feature of the NSCD method is that it is completely independent of the acceleration term q, which makes it a first-order integration scheme.

The NSCD method has been implemented in a FEM calculation platform named ATL4S (A Tool and Language for Simplified Structural Solution Strategy) developed by (Grange, 2021) to be used in nonlinear dynamic and earthquake risk analysis.

Moreau-Jean stepping algorithm

After integrating Equation 2.38 from t i to t i+1 and approximating the integral of the nonlinear forces with the midpoint rule, the equation of motion can be written in incremental form as presented in Equation 2.40, where R k+1 stands for the residuals at time t i+1 , G i+θ ≊

t i+1 t i F ext dt ≊ θF ext,i+1 + (1 -θ)F ext,i+1
, and the sub-index i + θ denotes the time t i+θ = t i + θ∆t. External forces such as gravity and seismic loads are known at every time step. As explained by [START_REF] Acary | Numerical Methods for Nonsmooth Dynamical Systems: Applications in Mechanics and Electronics[END_REF], the NSCD is a not an event-driven method like the one by [START_REF] Pfeiffer | Multibody dynamics with unilateral contacts[END_REF] abovementioned in Section 1.6. It re-writes the dynamics under the form of measures; hence the acceleration increment qdt in Equation 2.39 being ultimately defined as the differences of velocities ( qi+1qi ) = ∆ q in Equation 2.40 by the Moreau Sweeping process with ∆ q representing the evolution, and potentially jumps, of velocity.

t i+1 t i Mqdt + t i+1 t i Pdt - t i+1 t i F ext dt = 0 (2.39) R k+1 = M( qi+1 -qi ) + P i+θ ∆t -G i+θ = 0 (2.40)
Expressions for q i+1 , qi+θ , and q i+θ are shown in Equations 2.41 to 2.43 based on the Euler-θ method. q i+1 = q i + qi+θ ∆t (2.41)

q i+θ = (1 -θ)q i + θq i+1 (2.42) qi+θ = (1 -θ) qi + θ qi+1 (2.43)
The Moreau-Jean algorithm by [START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF] embedded in the NSCD approach uses θ = 1 2 , which results in an implicit integration scheme unconditionally stable relative to ∆t, similar to the algorithms by Euler and Newmark. The unknown of the system is the velocity qi+1 . If no collisions occur between t i and t i+1 , the velocity qi+1 can be obtained solving Equation 2.40 (i.e., ∥R k+1 ∥ ≤ ε, where ε is a scalar arbitrarily taken close to 0) using the Newton Raphson algorithm, with k the iteration index. Then, the velocities in the (k + 1)-th NR iteration can be written as

qk+1 i+1 = qk i+1 -(J k ) -1 R k i+1 (2.44)
where the Jacobian

J k = ∂R k i+1 ∂ qk i+1
is defined in terms of the tangent damping and stiffness operators C t,k i+θ and K t,k i+θ , respectively, as

J k = M + C t,k i+θ ∆t θ + K t,k i+θ ∆t 2 θ 2 (2.45)

NSCD formulation for multi-contact and nonlinear cases

If the relative displacements between the buildings are sufficient to close the gap, a collision takes place and a set of impact forces must be added to enforce the no-penetration condition. The separation g i and its rate ġi at the n contact pairs is obtained from the linear relation

g i = Hq i + g 0 (2.46) ġi = H qi (2.47)
where

g 0 = [g 1 0 g 2 0 ... g n 0 ]
T is the initial separation along the contact interface, as shown in Figure 2.7, and H is a kinematic transformation matrix, used notably here for contact detection purposes between two buildings. It links the prone-to-pound pair of nodes, attributing to one the factor -1 and +1 to the other. H has as many lines as there are potential contact locations, and as many columns as the number of free degrees of freedom of the whole system. For instance, an adjacent pair of SDOF would yield H = [-1 1]. When stepping from t i to t i+1 , pounding will occur if the predicted gap at time t i+1 is less than zero at any of the contact nodes, as shown in Equation 2.48. In the current NSCD approach, the Signorini-Moreau contact condition is used to predict the separation at time t i+1 as a function of the separation rate shown in Equation 2.49, where the constant γ takes a value of 3/2. γ drives the contact detection and has been suggested by Acary. One should point out that NSCD does not consistently and perfectly prevent interpenetration which is still likely to happen over one time step duration (which remains an improvement over the PM) as the system solve is achieved on velocities, not displacements.

ĝi+1 ≤ 0 (2.48) ĝi+1 = g i + γ∆t ġi (2.49)
Let us denote Ω as the set of all contact pairs that satisfy Equation 2.48, and α an arbitrary contact pair that belongs to the Ω set. The kinematic condition on the rate of separation based on Newton's impact law can be stated as: ġi+1,α = -e ġi,α , where e is the coefficient of restitution. To compute the new velocities and enforce the contact kinematics, an impulse vector p i+1 is added to the equilibrium Equation (2.40) in addition to the linear constraints in Equations 2.51 and 2.52. Figure 2.8 illustrates graphically the contact detection and impulse calculation.

Rk+1 = M( qi+1 -qi ) + P i+θ ∆t -G i+θ -H T p i+1 = 0 (2.50) ġi+1 ≤ -e ġi (2.51) p i+1 ≥ 0 (2.52)
Solving the system's unknowns qi+1 and p i+1 from Equations (2.50) to 2.52 is equivalent to solving a linear optimization problem, for which a vast body of literature exists. Herein, we propose the Gauss-Seidel type solution introduced by (Acary, 2001), which uses a successive elimination of equations. Thus, the impulse p k i+1,α at the α-th contact pair within the k-th NR iteration is computed as 

p k i+1,α = 1 W k α,α -b k α + ġα - β̸ =α W k αβ p k i+1 + W k αα p k i+1,α ≥ 0 (2.53) ġα = -eH qi,α (2 
k = H(J k ) -1 R k + H qk i+1 (2.55) W k = H(J k ) -1 H T (2.56)
A residue on the impact force to ensure the validation of the impulse is introduced with the following formulation proposed by Acary in collaboration with the authors, with ρ a scalar superior or equal to 1.

R c k = p k i+1,Ωα -max 0, p k i+1,Ωα -ρ(W (Ωα,Ωα) p k i+1,Ωα + b Ωα + e ġi,Ωα ) (2.57)
The generalized algorithm of the NSCD, implemented in ATL4S (Grange, 2021) for nonlinear finite element dynamic analyzes, is presented in Table 2.1. Since this method is to use especially in simultaneous multi-contact occurrences, it is thereafter named Multi-Contact (MC) algorithm. Next subsection presents a degradation of the MC approach to linear studies is presented, it considers linear systems where only one impact can happen during a time step. 

(i) For the i-th time iteration k = 1 p k i+1 = 0 qk i+1 = qi ġk i+1 = ġi = H qi Eq. 2.49 DOF contact prediction : ĝi+1 = g i + γ∆t ġi Find Ω such as ĝi+1,Ω ≤ 0 (ii) Kinematic first estimation from Euler implicit + θ method Eq. 2.43 qk i+θ = (1 -θ) qi + θ qk i+1 Eq. 2.41 q k i+1 = q i + qk i+θ ∆t Eq. 2.42 q k i+θ = (1 -θ)q i + θq k i+1 (iii) Assembling of J k , Rk , and R c k Eq. 2.45 J k = M + C t,k i+θ θ ∆t + K t,k i+θ θ 2 ∆t 2 Eq. 2.40 R k = M qk i+1 -qi + C t,k i+θ qk i+θ + K t,k i+θ q k i+θ ∆t -G i+θ Eq. 2.50 Rk = R k -H T p i+1 R c k = 1 to force the entry in the Solving Algorithm (iv) Beginning of a Solving Algorithm to annihilate ∥ Rk ∥ and ∥R c k ∥ While ∥ Rk ∥ > ε and ∥R c k ∥ > ε c (v) Solving operators ġk i+1 = H qk i+1 Eq. 2.55 b k = H(J k ) -1 R k + ġk i+1 Eq. 2.56 W k = H(J k ) -1 H T (vi) Calculation of p k i+1 , (Eqs. 2.53,2.54) For α ∈ Ω ġα = -eH qi,α p k i+1,α = max 0, 1 W k α,α -b k α + ġα - β̸ =α W k αβ p k i+1 + W k αα p k i+1,α End For Loop (vii) New qk determination Eq. 2.50 Rk = R k + H T p k i+1 Eq. 2.44 qk+1 i+1 = qk i+1 -(J k ) -1 Rk (viii) Kinematics update as in (ii), (Eqs. 2.43,2.41,2.42) (ix) Update of C t,k i+θ , K t,k i+θ , J k (Eq. 2.45) and Rk , (Eq. 2.40) (x) Update of R c k (Equation 2.57) R c k = p k i+1,Ω -max 0, p k i+1,Ω -ρ(W (Ω,Ω) p k i+1,Ω + b Ω + e ġi,Ω ) k = k + 1 End While Loop qi = qk+1 i+1 & q i = q k+1 i+1
End For Loop

NSCD formulation for single-contact and linear cases

The following formulation is derived from previous Section 2.3 and can be used in systems behaving linearly and where only one single contact occurrence can happen during a time-step (e.g. typically, two structures having respectively one single floor facing each other, and not several floors as illustrated by Figure 2.7). Again, it has been computed in the ATL4S (Grange, 2021) environment. The formulation is even simpler and the absence of iteration algorithm leads to faster computing runtime. Since only a single contact can occur, it is further named Single-Contact (SC) algorithm (displayed below in Table 2.2).

The internal forces P i+θ in Equation 2.50 then becomes C qi+θ + Kq i+θ , with C and K the concatenated damping and stiffness matrices of the system.

M( qi+1 -qi ) + (C qi+θ + Kq i+θ )∆t = G i+θ + H T p i+1 (2.58)
From there, it is possible to apply the mid-point rule (Equations 2.41, 2.42, and 2.43) to remove qi+θ and q i+θ .

M + C ∆t θ + K ∆t 2 θ 2 qi+1 = ∆t G i+θ + H T p i+1 + M -(1 -θ) C ∆t + K ∆t 2 θ qi -K ∆t q i (2.59)
The known quantities M and F at time-step t i are then defined respectively in Equations 2.60 and 2.61, along with the final system to solve Equation 2.62).

M = M + C ∆t θ + K ∆t 2 θ 2 (2.60) F = ∆t G i+θ + M -(1 -θ) C ∆t + K ∆t 2 θ qi -K ∆t q i (2.61) M qi+1 = F + H T p i+1 (2.62)
The equation 2.62 shows two unknowns, qi+1 and p i+1 . It is then necessary to add a further equation in order to close the system. To do so, the Newton impact law is considered and defined in the previous section.

Newton Impact Law: 0 ≤ ġi+1 + e ġi (2.63) Using Equations 2.62 and 2.63, the following equation is obtained

ġi+1 = H M-1 F + H T p i+1 (2.64)
Which leads to

e ġi = H M-1 F + H T p i+1 (2.65)
Now, only one unknown remains in the equation. It is then possible to simplify the system and obtain the impulse expression.

W = H M-1 H T (2.66) b = H M-1 F (2.67) p i+1 = max(0, -W -1 b + e ġi ) (2.68)
The impulse can not be negative because constrained by the LCP, hence the inferior borne equal to 0 of the equation 2.68. Then, it is possible to return to the equation 2.62 to obtain the velocities at the time-step i+1 and solve the system

qi+1 = M-1 F + H T p i+1 (2.69)
The final step is to update the values of q i+1 , qi+θ and q i+θ before going further to the next iteration. The equations to solve, in the single-contact and linear case, are summarized below. As in the generalized version, it is again noticeable that the acceleration doesn't play any role into solving the integration scheme.

Constant parameters

M = M + C ∆t θ + K ∆t 2 θ 2
(2.70)

W = H M-1 H T (2.71)
Impulse calculation

F = ∆t G i+θ + M -(1 -θ) C ∆t + K ∆t 2 θ qi -K ∆t q i (2.72) b = H M-1 F (2.73) p i+1 = max(0, -W -1 b + e ġi ) (2.74)
Kinematics determination

qi+1 = M-1 F + H T p i+1
(2.75)

q i+1 = q i + ∆t qi+θ (2.76) qi+θ = (1 -θ) qi + θ qi+1 (2.77) q i+θ = (1 -θ)q i + θ q i+1 (2.78)
The NSCD algorithm for linear systems subjected to a single-contact occurrence in one time iteration is presented in Table 2.1. It is implemented in ATL4S (Grange, 2021) for linear dynamic analysis purposes. 

(i) Initial kinematics: q i , qi & Constant terms: M, C, K M = M + C ∆t θ + K ∆t 2 θ 2 W = H M-1 H T (ii) For the i-th time iteration p i+1 = 0 g i = Hq i + g 0 ġi = H qi Eq. 2.49 DOF contact prediction : ĝi+1 = g i + γ∆t ġi Find Ω such as ĝi+1,Ω ≤ 0 (iii) Calculation of the impulse p i+1 F = ∆t G i+θ + M -(1 -θ) C ∆t + K ∆t 2 θ qi -K ∆t q i b = H M-1 F p i+1,Ω = max(0, -W -1 Ω,Ω b Ω + e ġi,Ω (iv) 
Kinematics determination

qi+1 = M-1 F + H T p i+1 q i+1 = q i + ∆t qi+θ qi+θ = (1 -θ) qi + θ qi+1 q i+θ = (1 -θ)q i + θ q i+1 (v)
Preparation of time iteration i + 1 qi = qi+1 q i = q i+1 End For Loop

NSCD energy conservation & Validation test cases

First, the energy conservation of the system is presented and verified for a pull-back and a seismic test both inducing collision. Then, the NSCD is subjected to two test cases, the two first whose analytical and theoretical results are known, to assess its effectiveness. The first test consists in modelling a ball dropped from a given height and bouncing repetitively on the rigid floor. The second test case involves two identical adjacent SDOF with no damping properties; there respective velocities are set at -1m/s and +1m/s. Thereafter, both MC and SC algorithms are computed on two linear elastic MDOF with their six respective masses prone to collide simultaneously. This study aims at assessing if SC algorithm can yield satisfyingly accurate outcomes despite being used to treat contact occurrences at the same time iteration. Finally, the evolution of the impulses, the impact energies, and the floor response spectra with the time step ∆t are studied.

Energy conservation

Formulations of the input and output energies

The energy balance analysis for non-smooth systems can be found in [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF] and is written below. Let us first rewrite the dynamic equation of motion in the linear case and identify the terms yielding the kinetic K e , viscous V e , potential P e , external E e and impact energies I e . A case with earthquake-induced pounding between two structures is now taken.

M qi+1qi

Kinetic + C ∆t qi+θ Viscous + K ∆t q i+θ Potential = ∆t G i+θ External Forces + H T p i+1 Impact (2.79)
From [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF], the equation above can also be written such as this

M d q + (C q + K q) ∆t = G ∆t + d p (2.80)
It is then multiplied by ( qi+1qi ) and integrated between i and i + 1. The kinetic and potential energies are given by the following respective equations.

K e = 1 2 qT (M q)
(2.81)

P e = 1 2 q T (K q) (2.82)
These are energies whose values are defined at each iteration i while the viscous V e , impact I e and external E e energies accumulate through time. Equation 2.83 shows the external forces G i+θ composed of the seismic input A acc i+θ and the self weight SW i+θ . A, acc i+θ and SW i are respectively the projection matrix of the seismic forces along the horizontal axis of solicitation, the accelerogramm at the i + θ-th time step, and the constant self-weight forces.

G i+θ = -M A acc i+θ + SW i+θ (2.83)
Taking into account that qi+θ = 1 2 ( qi+1 + qi ), the integration process between two time-steps yields the following expressions of V e , I e and E e .

V e = V e + ( qi+θ ∆t) T C qi+θ (2.84)

I e = I e + (H T qi+θ ).p (2.85
)

E e = E e + ( qi+θ ∆t) T .(-M A acc i+θ + SW i+θ ) (2.86)
Where q, q, H T , and p are respectively the displacements, velocities, collocation matrix and impulse forces of the system.

The terms above are now to be divided in two categories: the output energies Output (dissipated within the system) and input energies Input (that are brought into the system from the exterior). The energy conservation of the system is respected only if either the Error equation: Output -Input or the Relative Error equation are negligible at each time step. It means that the integration scheme cinematic outcomes and the impact forces do not create energies inside the system. The output energies are consisted of the kinetic, viscous, potential, and impact terms. The input energies are consisted of the work brought by the external forces (here an earthquake), the initial energy state of the system Output( 1) that is considered as an input energy (a rigid body already in motion will have a non-null kinetic energy as input), and for instance, the constant term of self-weight (not taken into account here). Thus, to summarize:

Output = K e + V e + P e + I e
(2.87)

Input = Output(1) + E e (2.88) Error = Output -Input (2.89) Relative Error = |Output-Input| Input (2.90)

Energy Conservation of a pull-back test

A pull-back test consists in putting a structure in a deformed position and release it in its free motion. In this case, a second structure is set adjacent, so that the first one goes impacting its neighbor. Here, the system is composed of two 2D portal frames of one story and separated by a 2cm gap, as shown later in page 122. The structures keep oscillating in their free motion, pounding totally three times before slowly taking back their initial rest position. Figure 2.9a presents the evolution of the energies of the system starting at the release time. At the first time-step, the potential energy (in yellow) is different from the zero value due to the pulling of one structure away from its balance position, while the other energies are null. In this test-case, e=0.6. The three impacts (in purple) are distinctly observed, such as the rises and falls of the kinetic (in blue) and potential (in yellow) energies as the structures oscillate with less and less amplitude while regaining their balance position. Meanwhile, the viscous energy (in red) increases steadily, and the output and input and energies (respectively dotted-solid red and black) are equal at all time. Most importantly, the relative error between them is negligible as shown by Figure 2.9b, the maximum value of the relative error is less than 1e-3%. The energy conservation is verified for pull-back tests inducing collision.

Energy Conservation for a seismic test

The structures are submitted to a seismic test, Kobe scaled at 0.4g of Peak Ground Acceleration (PGA). The output and input energies are expected to be close to zero at the beginning since the accelerogram creates its main effect after eight seconds. Figure 2.10a shows the evolution of the different energies through time. The coefficient of restitution still equals 0.6. Once again, the output and input energies are considered equal since the maximum relative error is only 1e-4% (figure 2.10b). The energy conservation is verified for seismic tests inducing collision.

Validation test cases Bouncing Ball

The test case of a rigid ball bouncing on a rigid floor is illustrated by Figure 2.11. The analytical solution is known from [START_REF] Acary | Projected event-capturing time-stepping schemes for nonsmooth mechanical systems with unilateral contact and Coulomb's friction[END_REF], so the parameters used herein are the same. The ball has a mass m =1kg and is released from a height H=1m, with a zero initial velocity V o and vertical acceleration g=2m/s 2 .

The coefficient of restitution e equals 0.5, and the time-step equals 0.001s. Figure 2.12 presents on the same graphic both the displacements and velocities, analytical and numerical. It allows to observe the joint evolution of the displacements and velocities of the ball upon contact.

It is apparent that the Non-Smooth Contact Dynamics approach (red solid and dashed lines) provides the exact expected response (black lines). As opposed to the NSCD, it is highly difficult to reproduce the analytical kinematics with the PM since out-of-phase motion increases at each impact. It is noticeable in Figure 2.13 where the LVE and NLVE models (Table 1.1) were computed in grey dashed curves to reproduce the bouncing ball kinematics (black line), but fell short after the second impact. 

Perpetual pounding

Two similar SDOF named Structure 1 and Structure 2 with fundamental periods T 1 and T 2 both equal to 1s are set adjacent to one another with a null separation gap. They are both subjected to an initial velocity V 1 and V 2 of 1m/s shoving them away in opposite senses before going backwards and impact. Figure 2.14 presents the set-up. No damping is considered (ξ 1 =ξ 2 =0), and the coefficient of restitution equals 1. This way, structures are meant to collide perpetually every 0.5s. 

k 1 V 1 = -1m/s m 1 ξ 1 = 0 T 1 = 1s NSCD Treatment k 2 V 2 = 1m/s m 2 ξ 2 = 0 gap = 0cm T 2 = 1s

Comparison of MC and SC algorithms

The present study aims nonetheless at quantifying the differences between the impulses p M C and p SC computed respectively from the generalized MC algorithm (Table 2.1) or the SC algorithm, its degradation for linear single-contact analyzes (Table 2.

2). N.B.:

The SC algorithm can be used for simultaneous impact occurrences, but its solve will not be as exact as with the MC algorithm that ensures the system equilibrium. Two lumped-masses six-floor structures are set adjacent from each other. Two separation distances are studied, 0 and 1cm. Their period ratio is T 2 T 1 = 0.72 1.29 = 0.56, and behave linearly and elastically. Figure 2.16 displays the numerical model used, m 1 and m 2 standing for the floor masses, and Table 2.3 presents the model properties. A Rayleigh damping matrix is computed with damping ratios ξ 1 and ξ 2 both equal to 2% for both structures. They can collide along their six co-planar facing slabs. The strong Nice artificial record of PGA 0.71g (from (EMSI et d'Etudes de Mécanique SIsmique Commissariat à l'énergie atomique et aux énergies alternatives, 2001;[START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF]) is used to subject the numerical models to EIBP. Especially for the null separation distance, an important number of simultaneous impacts is expected. Regarding the null separation distance, the thick and thin curves superimpose very well, and there is only one impact occurrence difference (among a total of 1131) between both algorithms. The computed displacements are not influenced by the algorithm nature, even in a configuration where simultaneous impacts are forced. Furthermore, since the MC algorithm uses a equilibrium solving algorithm, in this particular case a Newton-Raphson's, its computation runtime is 149s against only 1s for the SC algorithm. Similar conclusions can be drawn for the 1cm separation distance study where 93 collisions occurred. Thereafter, the absolute Relative Differences (RD) between the impulses computed is studied. Equation 2.91 presents how RD is calculated, the MC outcomes being considered as the theoretical expected response.

m 1 m 1 m 1 m 1 m 1 m 1 m 1 Structure 1 Structure 2 m 2 m 2 m 2 m 2 m 2 m 2 m 2 X Z Figure 2.16 -Adjacent linear elastic MDOF Configuration Total height H (m) 15 Separation gap (cm) [0 ; 1] Structure 1 ξ 1 (%) 2 Mass m 1 (kg) 4600 T 1 (s) 1.29 Structure 2 ξ 2 (%) 2 Mass m 2 (kg) 3500 T 2 (s) 0.72
RD = |p SC -p M C | p M C (2.91)
Figure 2.18 presents the plot of RD along the seismic duration. This allows to estimate how different the impulses p SC , and consequently also the impact energies, are from p M C for the 1131 and 93 impact occurrences.

Regarding the null separation distance, the maximum error is smaller than 2% at the beginning of the record before decreasing to 1e-5 and 1e-8. The differences in the impulses computed from both algorithms is consequently small, and most of the times negligible. For later calculations involving simultaneous impact occurrences between linear elastic structures, it is justified to use the SC algorithm rather than the MC for significant computation time gains. Similar conclusions can be drawn from the 1cm separation distance study. Two impacts are detected for all time steps at 0.55s and 0.71s. Kinematics seems practically unchanged when ∆t is smaller than 0.002s since its related blue curve is barely noticeable behind ∆t=5e-4s (in black). The ∆t=0.005s data (in green) follows closely the displacements obtained from more refined calculations, but it is not the case of ∆t=1e-2s (in magenta) whose contact detection is very coarse. Nevertheless, p and E i values are more dependent on the time step refinement than the kinematics. Outcomes from large time steps are consistently greater than from smaller ones, although differences decrease with the time steps. Table 2.4 shows the relative differences considering ∆t=1e-4s as the theoretical solution. Globally, the impulses differences are smaller than the impact energy's. These observations should be accounted for if p and E i are/become EDPs of interest of engineers in the future, and in the perspective of obtaining short runtime. The same observations as in the previous section are observed, with coarse time steps outcomes being more conservative than finer time steps. Table 2.5 presents the relative differences of these EDPs for various time steps. The relative differences with the seismic loading show similar orders of magnitude than for the sinusoidal loading, respective of the considered timestep. Again, these observations should be accounted for if impulses and impact energies become EDPs of interest of engineers in the future, and in the perspective of obtaining short runtime. Also, in this specific example, the energies amounts are within J, which is small relatively to the structure size. To realize what these amounts can represent, 10J represents the amount of kinetic energy of Structure 1 (if the 4600kg mass is 100% effectively put into motion) launched at 0.066m/s, or 0.24km/h, so extremely slow. Sections 5.1.2 and 5.4.1 will present analyzes on impact energies involving hundreds of ground motions and different gap separations. The colored lines superimpose very well over all the period range for PSV and PSA spectra. Discrepancies appear for small periods (≤0.03s) in the PSA plots in Figure 2.26. This differences could arise either from the time step value, or from the number of collisions. Indeed, with a separation distance of 1cm, 57 impacts are involved between the two structures, except for ∆t=5e-3s and ∆t=2e-3s that detected 58 collisions. It was not easy to find a separation distance or a ground motion with the exact same number of impacts detected for all time steps. Nevertheless, as the curve of ∆t=2e-3s is closer to ∆t=1e-3s than to ∆t=5e-3s despite a different number of collisions, it is assumed that these discrepancies are due to the time step value more than to the number of collisions. Overall, it can be said that the floor response spectra, an important display in earthquake-engineering and equipment design, are relatively independent of the time step value (≤ 5e-3s), except for periods smaller than 0.03s. This corrects a contradictory assertion in (Langlade et al., 2021b).

Summary

The Finite Element Method presents a sound backbone for structural dynamic analyzes, the present report using Euler-Bernoulli finite elements and a macro-element tool to model structures floors colliding under earthquake loading. The contact detection and treatment is achieved by the non-smooth contact dynamics method that uses the sole coefficient of restitution e as input parameter and representing a loss of the system energy (e.g., friction, kinetic, plastic strain, ...) upon contact. This is an improvement towards the classical Penalty approaches where two to three input parameters are needed, with notably the contact stiffness which needs appropriate calibration. The NSCD single-contact and multi-contact algorithms were implemented in the ATL4S software for future vulnerability and risk analyzes. Two test cases, whose analytical and theoretical behavior are known, validated the accuracy and robustness of the method, with a conservation of the total system energy. In case of linear elastic systems likely to interact simultaneously on various locations, a comparative study showed that the single-contact algorithm provided outcomes practically similar as the ones yielded by the multi-contact algorithm. The floor response acceleration spectra of both algorithms also showed perfect equivalence. Detection and finesse of contact occurrence and the subsequent structural displacements are influenced by the time step, but as soon as it equals 5e-3s or smaller, which is still relatively large in an engineering perspective, the displacements are no more influenced. Also, an analysis of the time step on the impulses and impact energies was achieved; revealing that the finer the time step, the smaller their values, and the lesser the influence of the time discretizations. Further investigation on the matter with hundreds of records would be of interest to confirm these patterns. Finally, the effects of time step on floor velocity and acceleration spectra were investigated, showing that results are independent from the time discretization for periods in [0.03 2]s. Differences appear in smaller values of period, but are corrected if time step is smaller or equal to 2e-3s.

Chapter 3

Risk analysis frameworks applied to seismic hazard The risk analyzes are designed to help decision makers during structural projects. Generally it consists in running a high number of numerical simulations in order to analyse key engineering parameters (e.g. interstoreydrift, base shear, etc.), giving probabilities or rates of occurrence of scenarii, and ultimately link it to cost of repairs. Consequently, the objective is to produce (i) Fragility Curves (FC, probabilities for an EDP to reach a value of interest for a given seisimc intensity) and (ii) Structural-Response Hazard Curves (SRHC, plots of rates of occurrences of values of key structural parameters), detailed in page 100. The objective of this chapter is to present the seismic hazard analysis framework, beginning with basics on seismology, ground motions parameters also called Intensity Measures (IMs), and their properties called Efficiency and Sufficiency. Deterministic and Probabilistic approaches of risk studies are then introduced, establishing the frameworks and tools of seismic hazard analysis. Then, the process of ground motion selection based on matching a target spectrum is presented. Finally, two risk analyzes are presented for presentation of their results in the following chapters 5 and 6.

Introduction to seismology 3.1.1 Tectonic plates and seismic waves

Seismology is the scientific study of earthquakes and the propagation of elastic waves through the earth. Figure 3.1 illustrates the successive layers from the earth inner core to the external part of the lithosphere. Most earthquakes occur in the lithosphere, so in the upper 200km of the earth, none below about 1700km. According to Franke (2016), plate tectonics theory is credited to Wegener (1915), with seven major plates: Pacific, North American, Eurasian, South American, Indian-Australian, Antarctic, African, and seven minor plates still in debate. There are only theories on how the continents drift, no definite certitude. One of them is the convection phenomenon that most scientists accept, with hot material rising and cold material sinking, creating convection currents and motion due to friction with the lithosphere. Wegener's theory that plates move and interact was mocked until the 1960s when evidence began to pile up with earthquake locations, fossil records (to link with Pangaea, and fossils present in various continents, so they used to mechanically work together), magnetic sea floor mapping, hot spots (location of volcano activities, where mantle is quite close to the surface), geodetic mapping (more recently, high precision GPS trackers that capture the movements of the continents). Basically, one could say that locations of earthquakes indicate the forms and patterns of the plates. Figure 3.2a displays the seven major and seven minor plates on the earth surface, and Figure 3.2b presents the 1977-1992 world seismic map. Each dot represents a seismic event, drawing patterns of tectonic plates.

There are two types of seismic waves:

• The body waves are the principal waves of an earthquake. They travel through the earth and can also be produced from other events that release energy into the earth such as volcanoes. There are two types of body waves:

-The "primary" p-waves are compression waves that can travel at 6-8 km/s through fluids and solids. The propagation is in the same direction as the particle motion. -The "secondary" waves are shear waves that can only travel through solids. They are typically the most damaging in an earthquake. Because of their angle of incidence, they generate horizontal loadings on buildings. They are slower than the p-waves (e.g. in rock, around half slower). The wave propagation is in the two perpendicular directions as the particle motion.

• The surface waves are generated from body waves and travel on the surface of the earth as a ripple on water. When body waves reach the earth surface, they leave these waves trapped at shallow depths and travel around the crust. They cannot travel through liquids and fluids, where they can be reflected, but not refracted. They are two types of surface waves:

-The Love waves travel like a sidewinder snake, producing horizontal earth shifting. They are formed by the interaction of horizontal s-waves and soft surficial layer.

-The Rayleigh waves are alike rolling ocean waves. They are formed by interaction of p-and vertical s-waves. Scientists use geophysics and Rayleigh waves to assess and characterize the layers of soil.

According to (Franke, 2016), surfaces waves govern accelerations at distances greater than 50km horizontally from the source epicenter. Body waves will produce larger accelerations on sites closer than 50km. When a seismic event occurs, a seismograph records the arrivals of the various waves. The difference of time arrivals between the p-waves and s-waves at least three locations by using triangulation allows to assess the distance to the event.

Faults, Elastic Rebound Theory, and Magnitude

Considering the configuration of the faults and the motions of the tectonic plates, earthquakes are generated differently. Figure (3.3) illustrates various types of faulting. The type of the ground motion recorded is an additional parameter because depending on the faulting-type, ground motions records are different. For instance, the fault-normal direction creates generally greater ground motions than in the strike direction. Nevertheless, ground motions along the strike direction can cause critical damages in a 10km distance from the fault, particularly to high period structures. Also, the difference between interplate and intraplate events. The first presents for instance the thin oceanic crust going under the thick continental crust, generating strong earthquakes, while the second can occur way below the earth, also dangerous (e.g. Mexico 1985) even if they present smaller magnitudes. When movement occurs on one portion of a fault, stress gets transferred to the asperities and begins to lock-up again. Then the redistribution of the stresses across the asperities brings up aftershocks. This ground search of a new equilibrium can take weeks. The entire faults rarely rupture all simultaneously, but usually in small sections called segments, behaving either independently or not. If a long time passes before a certain segment ruptures, seismologists know that stress is building in the asperities and will eventually rupture. This is called a seismic gap. Rupture begins when one of the major asperities breaks. Then, it can go in one direction, or two directions along the fault.

Before seismograms could physically record earthquakes, scientists had to rely on subjective surveys from people to quantify the level (or "intensity") of shaking at various locations. For instance, it takes a very specific acceleration to make a pendulum clock stop, so this is an indicator of the survey. These surveys go back to the early 1800s but are strongly influenced by local site conditions. With the introduction of equipment to record and measure ground motions, the magnitude is an objective measure of the earthquake size. Seismologists began developing magnitudes scales to describe the size of the earthquake: for instance the Richter local magnitude. Nevertheless, no seismologist uses the Richter scale (1935) any more. It was based on the measurement of a pendulum moving mass on a piece of paper, but only based on Southern California of the United States of America. It did not distinguish between waves types, whether they are body waves or surfaces waves, and it was sensitive to periods up to 0.8s, maybe due to the natural period of vibration of the device. Finally, it saturated at magnitudes 6.5-7.

Many definitions of magnitude, for instance the surface-wave magnitude M S which corre-sponds to the logarithm of the maximum amplitude of the surface waves with periods equal to 20s. Elastic rebound theory also allows an estimation of the amount of "work" released in a seismic event. Seismic moment is M 0 = µA D, with µ the peak shear strength of the rock, A the rupture area along the fault, D the average displacement along the fault. A commonly-used magnitude today among scientists is the moment magnitude M w = log M 0 1.5 -10.7, which is not based on any instrument and does not saturate. Further mentions of magnitude in this work will implicitely refer to moment magnitude M w . The first strong earthquake ever registered with a seismograph is the magnitude 6.9 El Centro (1940) in the USA. Seismographs use displacements of a mass with a pen on it hanging from a spring that draws the waves on a rotation drum. Digital models are today widely used, and the sample frequency can reach 1000Hz. The process of breaking down and interpreting a wave is called signal processing.

One of the main causes of errors is the triggering error (the threshold over which the sensor starts to record). Because we integrate acceleration time histories to get velocity and displacement, a small error due to the triggering acceleration will result in a linear error in the velocity and a quadratic error in the displacement. Also, new ground motions instruments are quite sensitive and can record a lot of additional noise that can corrupt a record. A filtering applied allow to correct this. A high pass filter removes all low-frequency noise (usually below 0.1Hz) (for instance, a thousand kilometers distant thunderstorm). A low pass filter removes all highfrequency noise, usually above 25Hz (for instance, machinery). A band-pass filter, commonly named Butterworth filter, removes both high-and low-frequency noise. There was a need to develop ways to quantify the intensity of the ground motion, in order to estimate quickly its potential effects on buildings. Next section presents the intensity measures, or ground motions parameters.

Intensity Measures (IMs) or Ground Motion Parameters (GMPs)

An IM is in most cases a scalar extracted from a ground motion that can be found/inferred simply such as the PGA. IMs quantify the seismic hazard at a given geographical location, since the ground motion originates from a specific location. Three significant aspects describe a ground motion, based on which IMs can be extracted:

• The amplitude of the ground motion. It yields peak based IMs, which are measures of maximum absolute values of a ground motion's time history characteristics, e.g. PGA and Peak Ground Velocity (PGV). The main issue with relying only on amplitude is that the amount of energy released is not taken into account. One should also mention the energetic length scale L e , also named 'persistency', i.e. P GA ω 2 m described by (Dimitrakopoulos et al., 2009a[START_REF] Dimitrakopoulos | Dimensional analysis of the earthquake-induced pounding between inelastic structures[END_REF]. For accelerograms without distinct pulse characteristics, it consists in dividing the PGA with the parameter

ω m = 2π Tm with T m = i A 2 i /f i i A 2 i
, which is the average of the main accelerogram frequencies f i weighted by their respective amplitude A i in the [0.25 20]Hz range of the Fourier spectrum. (Dimitrakopoulos et al., 2009a) showed that this IM proved interesting predictability properties to describe the capability of seismic records to induce deformation in nonlinear structures.

• The time duration of the ground motion. There are two definitions of strong-motion duration. The first is the "bracketed duration": the time between the first and last crossing of a threshold acceleration, e.g. 0.05g. The second is the interval between the times when 5% and 95% of the total energy is recorded. The Arias Intensity (AI) and the Cumulative Absolute Velocity (CAV) are examples of time duration based IMs (Section 5.2.1 for details).

• The frequency content of the ground motion. It describes how the amplitude of a GM is distributed across a broad range of frequencies. While a Fourier spectrum focuses on the amplitudes and frequency content of the time history itself, preference goes to a spectrum related to the structural response instead. A response spectrum plots the maximum response of a family of SDOF oscillators with respect to frequency or period, with a specified level of damping (mostly 5%). Sa(T f ) is the pseudo-acceleration Sa (also named PSA) of an elastic oscillator with a fundamental period T f , and is an example of a frequency-based IM.

It is also worth mentioning the averaged frequency-based IMs such as the pseudo-average spectral acceleration Savg(T f ) described notably by (Eads et al., 2013a[START_REF] Eads | Average spectral acceleration as an intensity measure for collapse risk assessment: Average Spectral Acceleration as an IM for Collapse Risk Assessment[END_REF], and the relative average spectral acceleration ASA R by [START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF]. Both basically consist in averaging the spectral acceleration over a chosen frequency/period range around the fundamental mode, they are furtherly detailed in Section 5.2.1.

Because IMs are not equal regarding how they predict the intensity of a ground motions, it is necessary to chose the IM quantifying the best the GM effects on the EDP considered. Furthermore, pounding will induce change in the quantifying properties of the IM. For instance, an IM such as Sa(T f ) is perfect when considering linear elastic SDOF, but EIBP will change its predictability properties by changing the structure response. Sections 3.1.4 presents the indicators with which IMs can be classified.

Efficiency and Sufficiency indicators

This section presents the concepts and importance of efficiency and sufficiency properties of IMs. Two indicators of efficiency, the determination coefficient R 2 and Coefficient of Variation COV are first presented, with an example of how collision affects the predictability of IMs. It is followed by the two indicators of sufficiency, the p-value p from statistical F-test, and the Spearman correlation coefficient ρ.

Efficiency Indicators [START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF] writes: "An IM is defined efficient if it allows, for a given value, to obtain a reduced variability in the structural response". For instance, to put it plainly, Sa(T f ) is unanimously considered a more efficient indicator of intensity for a structure of period T f than the time-length of the ground motion. Present section summarizes the works by [START_REF] Baker | Choice of a vector of ground motion intensity measures for seismic demand hazard analysis[END_REF] and [START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF].

Following methodology is applied before evaluating the efficiency and sufficiency indicators. Let's consider N s the number of ground motions applied to the system. Consequently, N s pairs of any EDP and IM are computed. These values are changed to logarithmic form, and a linear least square regression is done. It yields the generalized Equation 3.1, also on The residuals e i (not to confound with the coefficient of restitution e presented in Chapter 4) of each ground motion indexed i are introduced in Equation 3.2 below, with i=1,2,...,N s . They are the scatter around the estimated ln( ÊDP ), for all records. N.B. : The validity of the linear least square regression requires a constant variance of the residuals e i along the IM range, to take advantage of the normality assumptions in the log scale.

ln(EDP

i ) = a 1 + a 2 ln(IM i ) + e i (3.2)
Thereafter, the logarithmic standard deviation β shown in Figure 3.4 is named σ. It is a first potential indicator of efficiency, as a large σ indicates a low efficiency, i.e. a weak prediction capacity, whereas small σ indicate high efficiency. Equation 3.3 displays the formulation of σ.

σ = 1 N s -1 Ns i=1 [ln(EDP i ) -ln( ÊDP i )] 2 (3.3)
Nevertheless, IM efficiency regarding a peculiar EDP will be assessed with two indicators: the Coefficient Of Variation (COV , shown in Equation 3.4) and the determination coefficient (R 2 ). The first represents the variability around the mean value of the distribution (i.e. Equation 3.3 where σ is the standard deviation, and µ the mean value of the distribution). Unlike σ, COV has no dimension which is useful when comparing the efficiency property between EDPs of different natures.

COV = σ µ (3.4)
R 2 represents how much the logarithmic EDP-IM correlation is linear, and is calculated directly from a calculation software. A R 2 = 100% value indicates a perfect linear relationship. Henceforth, an IM is arbitrary considered "efficient enough" if COV ≤ 10% and R 2 ≥ 90%.

For instance, for buildings with T f as their fundamental period and behaving perfectly as linear SDOF system, Sa(T f ) is a perfectly efficient IM because it predicts perfectly the maximum drift (or maximum top displacement, maximum base shear). The EDP-IM relation is perfectly linearly defined (R 2 =1) no matter how many ground motions with various values of Sa(T f ) are considered (COV =0). Nevertheless, if EIBP occurs, the perfect linearity and predictability is lost (R 2 ̸ = 1, and COV ̸ = 0) because the EDP value changes (i.e., drift decreases or increases) while Sa(T f ) stays the same. Figure 3.5 illustrates the changes in the efficiency indicators R 2 and COV of the drift δ 1 of one structure pounding against another, with Sa(T 1 ) as the IM studied, with T 1 as the fundamental period of the structure. Each dot represents a ground motion run on two adjacent structures. Two cases are presented, one where structures can collide, on where they cannot collide. As expected, when buildings do not interfere, drift and Sa(T 1 ) present a perfectly linear relationship with no scatter of magenta dots around the fitted green line. On the other hand, when they can physically interact, drift is either increased or mostly here decreased (blue dots) around the red fitted line, and R 2 downgrades from 100% to 89%.

Sufficiency indicators

De Biasio again writes: "A sufficient IM [...] is defined as the one that, for a given value, renders the structural response conditionally independent of earthquake magnitude and sourceto-site distance". So, the EDPs predicted by a given value or a range of value of the IM are not affected by magnitude and distance. The sufficiency of IMs is commonly calculated regarding the source-to-site distance (i.e., herein R, the distance to the rupture fault) and the magnitude M of the GM. Other parameters could be taken into account such as the soil conditions characterized by the shear wave velocities under 30m of soil V s30, but only M and R are considered henceforth. Two indicators are used to study the sufficiency of IMs on magnitude and distance.

p-value The p-value "p" delivers an assessment of the IM relative to its of value studied, considering it either sufficient if p ≥ 5% or not sufficient if p ≤ 5%. This parameter is found in statistical F-tests, and has been notably used by [START_REF] Luco | Structure-Specific Scalar Intensity Measures for Near-Source and Ordinary Earthquake Ground Motions[END_REF], (Tubaldi et al., b), and (Eads et al., 2013a[START_REF] Eads | Average spectral acceleration as an intensity measure for collapse risk assessment: Average Spectral Acceleration as an IM for Collapse Risk Assessment[END_REF] in the civil engineering field, with the 5% value commonly set the criterion threshold. It describes to what extent the difference observed between two groups of data is presumably explicable by variability alone. The p-value corresponds to the probability to observe the results obtained, and more extreme values as well, if the hypothesis H o is assumed true; H o stating there are no significant relationships between two groups of data, i.e. only variability explains the differences observed. If p-val< 5%, it means that there are less than 5% chance that variability alone can explain the difference observed (this is called "statistical significance"). If p-val > 5%, then the difference may be due to chance, or default measures for instance. The p-value is neither an error risk, nor the probability that H o is true, nor the probability to find the same results if H o is true. Henceforth, the two groups of data are the residuals e i abovementioned, and either the related magnitudes or distances. It measures the "trust" in the rejection of H o if the p-value is smaller than 5%, i.e. how significant the data is. Herein, values of p(M ) and p(R) greater than 5% are in fact desired, to justify that H o should not be rejected. [START_REF] Luco | Structure-Specific Scalar Intensity Measures for Near-Source and Ordinary Earthquake Ground Motions[END_REF] explain the definition of p in these terms: "The p-value is defined as the probability of finding an estimate of c at least as large (in absolute value) as that observed if, in fact, the true value of c is 0 (e.g. Benjamin and Cornell 1970). Hence, a small p-value (e.g. less than about 0.05) suggests that the estimated coefficient c on M or ln(R) is statistically significant, and therefore that IM is insufficient", with 'c' as the slope a 2 of the regression function abovementioned.

Spearman rank correlation coefficient This rank correlation coefficient ρ was developed by Spearman in 1925. Equation 3.5 shows its computation between two variables X and Y, herein respectively the residuals e i and either the magnitudes or the distance to rupture-fault.

ρ = 1 - 6 Ns i=1 D 2 N s (N 2 s -1) (3.5)
With D the differences between the ranks of corresponding values of X i and Y i , and N s the number of dataset couple values. ρ measures how much the data fits with a monotonic relationship. Here, X i is the logarithmic residuals e i relative to the prediction as in Figure 3.4. Y i are the related magnitudes or distances associated to the ground motion numbered i, with i=1,...,1677. ρ is between -1 and 1, representing respectively perfect negative and positive linear dependencies. Then a |ρ(M )| close to 0% denotes that the IM efficiency is conditionnaly independent regarding the magnitude, in the IM range considered, i.e. a plot of the e i against the magnitudes would show a horizontal slope.

To the knowledge of the author, no risk analysis of building pounding has been carried out with both p-value and Spearman coefficients. p(M ), p(R), ρ(M ), and ρ(R) are respectively the p-value and Spearman coefficients calculated for magnitude and distance for a set of EDP and IM pairs. Henceforth, an IM is considered sufficient if p(M ) and p(R) are, by definition, greater than 5% and if |ρ(M )| and |ρ(R)| are arbitrary less than 10% (N.B. : [START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF] considered the IM sufficient if |ρ| ≤ 20%, which makes the present criterion even more selective). Future results showed that most IMs comply with this 10% limit. Again, the present objective is to analyze and rank the IMs according to their capabilities, so the thresholds established herein have no consequences in this classification.

Deterministic versus Probabilistic Analysis

First, the Deterministic Seismic Hazard Analysis (DSHA) and its inherent limitations are presented. Then, the Probabilistic Seismic Hazard Analysis (PSHA) and the Performance-Based Earthquake Engineering (PBEE) framework, on which the risk approaches of the present work are based, are successively developed.

Deterministic Seismic Hazard Analysis (DSHA)

The goal of many dynamic analysis is to validate that a structure can withstand a level of ground shaking, and maintain a desired level of performance. The ground motion used to validate such claim should then be the most critical one likely to occur in the structure vicinity, corresponding to a "worst-case" scenario as presented by [START_REF] Baker | Introduction to Probabilistic Seismic Hazard Analysis[END_REF]. This yields what is called a Deterministic Seismic Hazard Analysis (DSHA) which stipulates the precise occurrence of a specified earthquake at a given geographical location, the engineers trying to design a building conservatively, but not too much. Nevertheless, taking only one earthquake to ensure the safety of one structure is generally not realistic.

For instance, if a structure is surrounded by more than one active source, the structure should be verified for all these sources. Furthermore, defining a source as being active is not trivial because a recurrence of earthquakes needs to be defined. The notion of a unique "worstcase scenario" can not be applied anymore, even if DSHA can still be applied for all the seismic sources individually. [START_REF] Vacareanu | Structural reliability and risk analysis[END_REF] recalls the four steps developed by Reiter (1990) and illustrated by Figure 3.6 (Kramer, 1996):

1. All the n sources with potential effect on the site are identified and characterized in terms of maximum magnitude, geometry, and distance, with n the number of seismic zones.

2. The various source-to-site distances R i (epicentral, hypocentral, etc.) are selected for all sources indexed i.

3. Prediction equations (detailed in Section 3.2.2) are used to compute the IMs produced at the site by earthquakes of magnitudes given in step 1, for each sources.

4. The seismic hazard at the site can now be expressed with various IMs. Engineers can analyse if there is a governing, or dominant, seismic source and corresponding IM (e.g. a source yielding by far the largest PGA). A ground motion whose IMs correspond with the seismic source magnitude and location (e.g. PGA=0.4g and magnitude = 6.5), can then be chosen to run a structural dynamic analysis.

There are important advantages in justifying and using a single "critical" earthquake on which basing its structural analysis, notably the gain of time and simplicity. Nevertheless, two major problems reside in DSHA. First, it does not explicitely consider the uncertainties regarding the magnitude and the distance at least. For instance, if a GMPE yields a median value of PGA of a given source, there is 50% chance that larger PGAs occur for a normal distribution. Furthermore, if the (median + standard deviation) value is considered, there is still a 16% chance that larger PGAs occur. These uncertainties are not taken into account in DSHA. There is also the scenario case of two or more seismic sources producing strong shaking for different ranges of periods of the structures. It is possible to take the envelop of these contributions, leading to give up the deterministic approach, with the possibility to oversize Figure 3.6 -Steps of DSHA, from [START_REF] Vacareanu | Structural reliability and risk analysis[END_REF] strongly the cost and dimensions of the structure. Secondly, DSHA deals with possibilities, but not with likelihood. (Franke, 2016) illustrates this by considering the cities of San Francisco and Memphis (USA). Both have experienced a magnitude eight earthquake, but San Francisco is much more likely to experience in the near future since it is located nearby much more active faults.

Overall, what differences mostly the concept of risk analysis from any regular deterministic analysis of a structure is the probabilistic aspect of this approach. As explained by [START_REF] Baker | Disaggregation of seismic drift hazard[END_REF] "The inherent uncertainties of earthquakes events (site location, magnitude, type of rupture, frequency content, etc.) make the deterministic approach of a "worst-case scenario" insufficient to accept the safety of a building over the years". The notion of "probabilities" and "risk" are absent.

Probabilistic Seismic Hazard Analysis (PSHA)

As explained in the previous section, computing DSHAs to ensure the performance of a building involves a lot of uncertainty considering the magnitude, distance, and resulting shaking intensity of future seisms. The Probabilistic Seismic Hazard Analysis (PSHA) was developed in the 1970s and aims to quantify these uncertainties to produce an explicit description of the IMs through time. After treating these aspects, a typical PSHA will give the Mean Annual rate of Exceedance (MRE) of the geometric mean of an IM (e.g. Sa(T), PGA, etc.). Such outcome is called a Hazard Curve (HC) and is often displayed in logarithmic scales as shown in Figure 3.7. Another typical output of a PSHA is the construction of a Uniform Hazard Spectrum (UHS), later developped in Section 3.3.1. As expected, small intensities occur far more than large ones. Analyzing historically the seismic history of a geographic location would allow to plot such curve, but (i) there are far less data on small rates of occurrence, and (ii) again, the uncertainties in size, location and shaking inherent to the earthquakes need to be considered. A Hazard Curve is only valid regarding the geographical region, seismic faults, IM, and Attenuation relationships (AR, detailed in page 94) that were considered to produce it. A hazard curve is mandatory in order to compute fragility functions and structural response hazard curves (Section 3.2.4 in page 100). Thus, IMs not only need to be efficient and sufficient, they also need to be easily described to produce satisfying hazard curves without which it is impossible to run any risk analysis. [START_REF] Baker | Introduction to Probabilistic Seismic Hazard Analysis[END_REF] recalls the five main steps developed notably by Cornell (1968) and illustrated by Figure 3.6 from (Reiter, 1990). Each step is more thoroughly described below after a brief summary on the probabilities used in PSHA.

1. As in the first step of the DSHA, the seismic sources likely to produce damageing earthquakes are identified and characterized.

2. Each fault seismicity is described, i.e., the rate of occurrence that an earthquake of a certain magnitude is exceeded.

3. The probability distribution of each potential rupture location within the source and source-to-site distance is obtained.

4. On each fault, attenuation relationships are used to produce the IMs distribution at the site depending none-exhaustively on magnitude and distance.

5. The uncertainties in earthquake magnitude and distance are combined. The outcome is the Hazard Curve of the specified site, illustrated above by Figure 3.7.

Accounting for the variability in space, magnitude, and the scatter in the IMs predictions is what differences the PSHA from the DSHA. This is possible by the use of the Total Probability Theorem. The final overall probability can be computed by keeping track of the individual conditional probabilities. Instead of applying a DSHA where a level of certainty is applied Figure 3.8 -Steps of PSHA, from [START_REF] Baker | Introduction to Probabilistic Seismic Hazard Analysis[END_REF] (for instance, chosing a PGA value equal to the 84% percentile, or the PGA median value), the PSHA, using the Total Probability Theorem, accounts for all possible ground motions and weights them accordingly.

Total Probability Theorem and Poisson Model

PSHA is based on the Total Probability Theorem, which states that we can compute the total probability of a system by summing the individual probabilities from each contributing part. Equation 3.6 presents the Total Probability Theorem, with X and Y independant random variables, with n their dimension, and i=1, 2, ..., n.

P [Y ] = n i=1 P [Y |X i ]P [X i ] (3.6)
Individual probabilities are computed with Probability Density Functions (PDF). Equations 3.7, 3.8 and 3.9 present respectively the uniform, the normal, and the log-normal PDF f .

f (x) = 1 b -a (3.7) CHAPTER 3. RISK ANALYSIS FRAMEWORKS APPLIED TO SEISMIC HAZARD f (x) = 1 σ √ 2π exp -(x-µ) 2 /2σ 2 (3.8) f (x) = 1 xσ ln x √ 2π exp -1 2 ( ln x-ln µ σ ln x ) (3.9) With x ∈ [a b],
with a and b scalars ranging the uniform distribution. σ stands for the standard distribution and µ for the mean value for the normal and log-normal distributions. Cumulative Density Function (CDF) F yields the probability of a random variable X being less (or greater) than a specific value x 0 , which is of great interest in case of seismic risk analysis. F corresponds basically to the integral of the PDF f , graphically to the air below the curve on the interval x ≤ x 0 (or ≥ x 0 ). Equation 3.11 presents F (x 0 ) and Equation 3.11 the probability of having X equal to a value in the range [a b].

F (x 0 ) = x 0 -∞ f (u)du (3.10) P (a < X ≤ b) = F (a) -F (b) = b a f (u)du (3.11)
Earthquakes occur infrequently relative to the lifetime of our designs, so they are treated as random and independent processes. Then the Poisson Probability Model, which is the same model of random occurrence of events that applies to rolling dice, is applied. It means that what happened in the last years has no link or dependency on what is likely to happen in the future, e.g. the numbers given by a rolling dice yesterday have no link, no effects, on the results of the present day. The same is supposed for earthquakes. Equation 3.12 presents the Poisson Model, with t f the time frame of interest, and y a scalar threshold of a random variable Y .

P [Y t f > y] = 1 -exp -λyt f (3.12)
For example, by assuming that with a Hazard Curve (Figure 3.7 computed from a PSHA), the MRE λ associated to Sa(T f )=0.26g equals 0.004 events per year, meaning a return period of 250 years. An engineering project aims to build a facility of fundamental period T f at the corresponding site. What would be then the probability of exceeding Sa(T f )=0.26g in the 60 years of lifetime of the building? The Poisson Model yields a 21,3% probability. It seems reasonable to question the validity of the random occurrence assumption of the Poisson Model, which ignores the concepts of seismic gaps and elastic rebound theory (Section 3.1.2). For instance, if at a specified site the seismic gap is 1,800 years ago, and the average earthquake occurrence is 1,400 years, would the occurrence probability be the same every future day? According to (Franke, 2016), seismologists concluded that the error is negligible in most cases, because the design lifetime of human facilities is very small compared to the average recurrence interval of the present earthquake. Nevertheless, there are three cases where the Poisson Model is not appropriate. The first is when structures have an unusually long design lifetime. The second when previous seismicity shows strong time-dependence between events. The third is when one or more of the significant sources is well overdue.

Step 1: Building a seismic source model (Franke, 2016) states that characterizing the seismic sources is the most difficult aspect to performing a PSHA. The collection of seismic sources and their corresponding magnitude and distance probability distributions is called the seismic source model of a PSHA. Having a good and reliable seismic source model means knowing the surrounding faults, their types, the frequencies and magnitudes of earthquakes released, various source-to-site distances, etc. It is the core point of any future analysis. On this seismic source model will depend the choice of the attenuation relationships (section below). Otherwise, no matter how sophisticated and complex the probabilistic calculations can be, outcomes can not be relied.

Engineering geologists and paleoseismologists evaluate the seismic sources with different types of evidence:

• The geologic evidence involves interpreting the history recorded in the ground and in the geomorphology by visiting the site (use of areal photos, remote sensing, surficial reconnaissance, fault trenching, geophysical methods).

• The historical evidence involves researching historical accounts of pre-instrumental earthquakes.

• The instrumental evidence involves gathering actual recordings back until the 1930s. With time, this type of evidence will naturally increase.

• The academic literature review involves reading through university projects, thesis, reports, because a strong amount of research on seismic source characterization was achieved through universities.

Steps 2 and 3: Recurrence Laws and source-to-site distribution

Recurrence Laws predict the Mean annual Rate of Exceedance λ m , which is the number of ground motions of magnitude greater than m that a seismic fault produces over a year. One can also cite the return period, which is the reciprocal of λ m , and that represents the number of years to pass before an earthquake of magnitude equal or greater than m occurs. There are three general types of recurrence laws:

1. The slip-dependant laws are governed by the regularity of slope slip. Engineers predict how much it will slip given how and when it slipped the last times. It is typically assigned to faults that are known to have an approximate annual slip rate. Neveretheless, very few faults fall into that category.

2. The Gutenberg-Richter law essentially states that the number of earthquakes occurring annually from a given source is a log-linear function of the magnitude. For a lengthy period of time (several decades), the number of earthquakes produced by one source are gathered, and a log rate versus magnitude plot will show a linear trend, just as : log λ m = a -b m, with a and b scalars.

The development of the Bounded Gutenberg-Richter law allowed to account for both a minimum and maximum magnitude. It was a welcome improvement because only scientists are mainly interested in earthquakes that may cause structural damage, so of magnitude greater than four or five. Also, certain seismic sources physically can not produce EQ above certain magnitudes, hence the upper boundary.

3. In the 1980s, paleoseismologists began to note that faults seemed to have a "characteristic earthquake" instead of a linear distribution of big earthquakes. Small earthquakes were still linearly distributed, but not the strong ones. The Characteristic Earthquake law considers a few small magnitudes earthquakes, a linear trend on the moderate magnitude ones, and a seismic gap until a bigger seismic event (characterized geologically).

Predicting inarguably and accurately where a future earthquake will occur is considered impossible, and is called Spatial Uncertainty. Unless site-specific paleo-seismic data is available and suggests otherwise, uniform probability functions are generally assumed regarding the potential future location of an earthquake. Sources are divided in small segments and the likelihood that it could come from each segment is computed. There can be point sources (e.g. volcanoes), linear sources, and areas sources.

Step 4: Attenuation Relationships or Ground Motion Prediction Equations Intensity indicators can be derived from real time histories earthquakes to describe them. By gathering data from past seismic events, it is possible to retrieve all information available (PGA, source-to-site distance, etc.), the recurrence of the events, and to fit statistically equations to predict these indicators considering some input. These equations are called "Attenuation Relationships" (AR), or Ground Motion Prediction Equations (GMPEs). The greater the size of the data set, the more robust the attenuation relationship. It is called "attenuation" because usually a ground motion parameter such as the PGA tends to be attenuated when plotted versus distance or magnitude. As distance increases, PGA diminishes. Figures 3.9a A natural scatter exists between the mean value of the predicted IM and an actual recorder ground motion, for a given distance and magnitude. Equations become more complex as researchers looked for ways to minimize the scatter. Modern attenuation relationships have terms that deal with complexities such as the fault type and geometry, (e.g. whether it is the hanging wall or the foot wall, Figure 3.3, the site response effects (how the local soil is amplifying, filtering, or de-amplifying the ground motion transmitted from below), basin effects (how deep is the bedrock from the basin, risks of having the waves reflecting around and around), whether also if the main shock or the aftershock effects are studied, R x the distance to the closest top extension of the rupture, etc.

More on attenuation relationships and spatial distribution Ideally, every geographic area experiencing earthquakes should have its own set of attenuation relationships, because scatter in the data could be minimized. But it is not realistic to produce site-specific attenuation relationships for sites that do not have frequent earthquakes, because of not enough recorded data. So there could be a combination of earthquake records from geographically different areas with the assumption that the GM should be similar despite the differences in location, because there is a need of data. This is called the Ergodic Assumption, where ground motions from a specific location are assumed to be applicable to a different site. This assumpation is applied in the wait of getting and analyzing more earthquakes. Seismic projects worlwide tend to collaborate and share their data to improve the robustness of their AR.

In the present work, the correlation models between spatially distributed ground motions IM, as described by [START_REF] Jayaram | Correlation model for spatially distributed ground-motion intensities[END_REF][START_REF] Baker | Intensity measure correlations observed in the nga-west2 database, and dependence of correlations on rupture and site parameters[END_REF][START_REF] Candia | Correlations of spectral accelerations in the chilean subduction zone[END_REF], are not considered. This means that only one unique site is studied, and not multiple, hence there is no need to use a correlation model between different IMs, e.g. What is the value of Sa(0.1s) at a given site considering the value of Sa(0.3s) at another location? These aspects are mandatory when studying multiple buildings such as a network of power facilities.

Step 5: Computation of the Hazard Curve

The computation of a Seismic Hazard Curve, based on the Total Probability Therorem, involves the four precedent steps and is layed out as below.

1. Computation of the probability P (IM ≥ x) of getting an IM to exceed a value x for every possible combination of magnitude and distance, for one source (Equation 3.14).

P (IM > x) = mmax m min rmax 0 P AR (IM > x|m, r)f M (m)f R (r)drdm (3.14)
With P AR inferred from the attenuation relationship (e.g. the Campbell Equation 3.13), depending on both magnitude and distance variables m and r. f M (m) and f R (r) are the PDFs associated respectively to magnitude and distance, integrated over the minimum and maximum possible values of magnitudes ([m min m max ]) and distance ([0 r max ]).

2. Multiplication by the rate of occurrence of the minimum magnitude m min of the respective same seismic source. This allows to get the rate of occurrence of the IM greater than x.

λ(IM > x) = λ(M > m min ) mmax m min rmax 0 P AR (IM > x|m, r)f M (m)f R (r) drdm (3.15)
3. All seismic sources are considered. This yields a summation over a number n s of sources. n s PDFs are then described for both magnitude and distance.

λ(IM > x) = ns i=1 λ(M i > m min ) mmax m min rmax 0 P AR (IM > x|m, r)f M i (m)f R i (r) drdm (3.16)
4. Convertion of the integrals P AR (IM > x|m, r), f M i (m), and f R i (r) respectively into discrete summations of probabilities P AR (IM > x|m, r), P (M i = m j ), and

P (R i = r k ) in respective n M and n R sections. λ(IM > x) = ns i=1 λ(M i > m min ) n M j=1 n R k=1 P AR (IM > x|m j , r k )P (M i = m j )P (R i = r k )drdm (3.17)
5. Do these steps again for as many values x of IM desired and credible to draw the total Seismic Hazard Curve.

Deaggregation distribution and ε parameter

From an Hazard Curve, it is possible to produce what is called as the Deaggregation Distribution at the local site. It consists in selecting an IM value at a return period of interest from the HC, and to break the probabilistic integration back to individual contributions on magnitude and distance. A deaggregation distribution is visually a 3D graphics with magnitude and distance in the planar axis, and in vertical axis the contribution to the specified hazard (specified IM and return period) in percentages of each of the individual sources. It provides the magnitude and distance combinations yielding the response of interest, allowing to better identify the responsible earthquake sources. Figure 3.10 is drawn from [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] and presents a deaggregation distribution for Sa(2s)=0.45g at the Riverside Valley of California for a return period of 2475 years.

The distribution presents the distance R, magnitude M, and also the ε parameter that contribute to the occurrence of Sa(2s)=0.45g. The ε parameter is the number of standard deviations by which the logarithm of Sa(T) differs from the mean predicted logarithm Sa(T) (here, 0.45g) value provided by an attenuation relationship for a given magnitude and distance. It represents the ground motion randomness, and is displayed by Equation 3.18.

ε(T ) = ln Sa(T ) -µ ln Sa (M, R, T ) σ ln Sa (M, R, T ) (3.18)
Deaggregation distributions allow engineers to focus on faults that dominate the seismic hazard, and to generate realistic spectra and time histories of motion. The are an useful outcome of PSHA and are used in ground motion selection to identify dominant earthquake scenarii, but they are neither used nor computed in the present report. [START_REF] Mcguire | Deterministic vs. probabilistic earthquake hazards and risks[END_REF][START_REF] Mcguire | Probabilistic Seismic Hazard Analysis and Design Earthquakes: Closing the Loop[END_REF], (Franke, 2016), and [START_REF] Bommer | Hazard-consistent earthquake scenarios[END_REF] agree that both DSHA and PSHA have roles to play in structural design and risk assessment, each having its useful applications. For instance, DSHA allows to verify directly a scenario of interest such as the largest magnitude of the most close or active fault. Projects involving critical structures such as nuclear power plants should be tested with deterministic approaches, as well as in high seismicity areas. On the contrary, if many seismic sources contribute to the hazard, or if the seismic activity of the geographical region is low or moderate, a PSHA would be preferred, rather than verifying the sites to the 10,000 year maximum deterministic earthquake. They complement one another, and building codes mostly suggest to conduct the two analyzes. [START_REF] Mcguire | Deterministic vs. probabilistic earthquake hazards and risks[END_REF] underlines the relevance of recursive analyses, which applies one or several deterministic scenario inferred from a deaggragation distribution to build a credible and accurate risk assessment. According to [START_REF] Baker | Introduction to Probabilistic Seismic Hazard Analysis[END_REF], the american Nuclear Regulatory Agency notably uses this approach.

To the opinion of the present author, this would indeed allow to make an informed decision that identifies and accounts for the local hazard. The level of detail deemed appropriate, driven by the importance of the facility (from regular storage halls to nuclear power plants) and the available budget, would be chosen by the project executives. Also, the choice of using a probabilistic (multiple scenario) rather than deterministic analyzes should be the decision of the chief-engineering analyst, notably it it is worth the additional analysis costs.

Performance-Based Earthquake Engineering (PBEE)

Performance-Based Earthquake Engineering, as described by [START_REF] Comerio | Peer testbed study on a laboratory building: exercising seismic performance assessment[END_REF], aims to ensure that a building can resist a specified seismic intensity, but also while maintaining a desired level of performance. PSHA can yield an estimation of the occurrence of the shaking intensity at a local site (plot of MRE versus IM value, Figure 3.7), but two questions remain: which ground motion(s) to select (Section 5.1), and to which level of performance the EDP value calculated correspond to? An answer to the second question is proposed below.

The PBEE was initiated by the Pacific Earthquake Engineering CenteR (PEER) by whose framework is illustrated by Figure 3.11, the PSHA corresponding to the first box on the left yields the MRE λ(IM ) of the considered IM obtained from Equations 3.14 to 4. Then, the damage, loss/downtime, and casualty analysis stages are successive steps where engineers extrapolate the "neutral" numerical values of EDP (e.g. drift equals 1%) into Damage Measure (DM, e.g. plasticity domain reached), then into Decision Variables (DV) more related to the project management (e.g. downtime or loss of operability, repair cost, and casualties), before coming up to the final decision stage (e.g. change of the design of D). [START_REF] Comerio | Peer testbed study on a laboratory building: exercising seismic performance assessment[END_REF] worked on various applied study-cases, taking the PBEE from the hazard analysis up until laboratory equipment damage assessments and recommandations to stackholders. Figure 3.11 -Overview of PEER-PBEE methodology, from [START_REF] Moehle | A framework methodology for performance-based earthquake engineering[END_REF] Every relationship of this process, from location and design to IMs, IMs to EDPs, EDPs to DMs and DMs to DVs, involves uncertainties. As in PSHA analysis, the PBEE steps are integrated using the Total Probability Theorem, and are expressed until the DM by Equation 3.19.

λ(DM ) = EDP IM p [DV |DM ] p [DM |EDP ] p [EDP |IM ] λ(IM ) dIM dEDP (3.19)
With p[ ] the Probability Density Function (PDF), λ(IM ) the MRE of events of a value of an IM, λ(DM ) the MRE of a damage measure. Each of the functions represent a element of the methodology: λ(IM) contains the results of the hazard analysis; p [EDP |IM ] represents the structural analysis; p [DM |EDP ] contains the damage analysis Table 3.1 presents an example of link between the structural and the damage phases of Figure 3.11, i.e. the extrapolation from a raw value λ EDP to an comprehensive information of damage λ DM .

Where OP, IO, DC, and CP respectively correspond to Operational, Immediate Occupancy, Damage Control, and Collapse Prevention. The interstorey-drift obtained from the structural analysis is linked to a level of performance of the building, for instance a 1.6% drift brings a concrete structure in a Life-Safety (LS) threat stage, which is a more adapted information to give to public authorities after an earthquake, compared to the raw 1.6% result. This table is extracted from [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF] who suggest it for Taiwan city based on various building codes such as in (IBC, 2018). In the present document where effects of pounding and gap with the NSCD approach is studied, the loss and decision phases are not addressed because they are directly linked with individual engineering projects. Consequently, no estimations of λ DV and λ DM are done, the analyzes stopping either at λ EDP or λ DM .

Focus on the Hazard Analysis The Hazard analysis lays the basis of the PBEE outcomes, as:

• The hazard levels of interest are chosen by the project chief executives and buildnig codes recommandations: e.g. as in [START_REF] Comerio | Peer testbed study on a laboratory building: exercising seismic performance assessment[END_REF], shaking with 50%, 10%, and 2% probability of being exceeded in 50 years, which corresponds respectively to commonlyused return periods of 100, 500, and 2500 years.

• With the available data on the site characteristics and seismology history, the IM of interest used throughout the study is chosen. Its values, that correspond to the preselected hazard levels, are then calculated from local ground motion models, e.g. 5%damped Sa(T f =0.4s) = 0.9g for a return period of 100 years. For instance, in their attempt of a holistic application of the PBEE, [START_REF] Comerio | Peer testbed study on a laboratory building: exercising seismic performance assessment[END_REF] chose the average value of three ground motion models output.

• Seismic records that (i) could actually or reasonably occur at the site, (ii) fulfill the target IM values abovementioned, and (iii) again reasonably match the magnitude, distance, fault-type, and site classification are selected. These records are confronted to a target response spectrum, further presented in Section 3.3, before being potentially modified, then chosen or discarded.

As highlighted by the second bullet point above, the IM is a key component of the PBEE methodology. The Damage analysis and successive stages are built on the engineers experience and decisions, but their analysis depend directly on the IM representativeness of the ground motion "intensity". As De Biasio states: The choice of IM has a deep impact on the simplifying assumptions and methods that can be used to evaluate accurately and efficiently the risk integral, which aggregates the results of the sub-tasks of the PBEE process. Previous section 3.1.4 presented the IMs efficiency and sufficiency properties that enables to establish the IMs capabilities to quantify the intensity of a ground motion. The next section defines the Fragility Curves (FC) and the Structural Response Hazard Curves (SRHC).

Fragility Curves (FC) and Structural Response Hazard Curves (SRHC)

Earthquakes are a significant source of uncertainty in dynamic analysis. Before analyzing structural response results or even selecting ground motions, it is important to define the objective of the structural analysis which is either to run (i) intensity-based assessments that yield FC or (ii) risk-based assessments that yield SRHC. The choice changes the ground motion inputs needed, and consequently the structural response.

Intensity-based assessments typically estimate the structural response considering ground motions with a specified level of intensity. They yield probabilities that an EDP overpasses x for different values of the chosen IM, without considering any seismic probability or rate of occurrence. This output is a Fragility Curve; it is obtained by dividing the number of cases where λ EDP ≥ x by the total number of cases, for each level of IM. Log-normal cumulative distribution functions are commonly used to describe fragility curves of structural collapse caused by earthquakes as detailed by (Eads et al., 2013a), its generalized formulation is described by Equation 3.20.

P (EDP ≥ x|IM = y) = 1 -Φ x ln(y/ζ) σ (3.20)
Where P (EDP = x|IM = y) is the probability that a ground motion with IM = y will cause an EDP to equal x; Φ x is the standard normal CDF; ζ x represents the IM level with 50% probability of EDP ≥ x (i.e., P(EDP ≥ x|IM=ζ)=50%); and σ x is the standard deviation inferred from the distribution. EDP = x is a threshold of interest (e.g. drift equals 1%). Basically, an intensity-based assessment is the introduction part of a risk-based analysis where only structural response is obtained without convolution with a hazard curve. The IM chosen needs to be efficient and sufficient enough, to predict accurately the EDP value, as presented in section 3.1.4.

Conversely, a risk-based assessment yields the MRE of an EDP, λ EDP ≥ x, with x a scalar taken from a list of various levels (e.g. taken between 0.1% and 3% interstorey-drift). It is the definite statement of the number of times that an EDP will exceed a given value x during a timespan, it is not a probability of exceedance. λ EDP is generally expressed in events/year, or in year -1. The risk-based result presented in this work is named the Structural Response Hazard Curves (SRHC), which displays λ EDP against EDP values. A direct read on the curve allows to read which level of damage the structure will face during a given time length, e.g., given a structural and geographical system, δ=1% is reached at least once for 100 years. SRHC are obtained by convoluting the FC abovementioned (for a given EDP, Probability of exceedance versus IM value) with the given IM Hazard Curve (Probability of exceedance versus IM value) of the local geographical site. Figure 3.12 presents three schemes examples of FC, HC, and SRHC. The colored lines could represent either the responses of different adjacent structures pounding, or the effects of various separation distances on the probability and rate of exceedance. (Lin et al., 2013c) stipulate in 2014 that building codes have recently presented a shift towards risk-based assessments. Understandbly, they yield more valuable information for decision makers by computing SRHC rather than FC that help understand behaviours, but are not directly applicable to engineering projects. The selection of ground motions is the mandatory and necessary step between assessing the site seismic hazard and getting the structural response. As the authors wrote: "there is an increased need for clear guidance on appropriate ground motion selection methods". The database build-up, in risk-based assessments, is mainly driven by the choice of a target response spectrum for ground motions to ideally match. Following Section 3.3 presents the most known target response spectra for Ground Motion Selection (GMS) as well as the risk analyzes used in this report.

Target Response Spectrum (TRS) and Ground Motion Selection (GMS)

First, the design spectra from building codes are presented. Then, the commonly-used Uniform Hazard Spectrum (UHS) is introduced, so as its limitations in representing realistic ground motion features. Then, the Conditional Mean Spectrum (CMS) designed to meet the improvements needed from the UHS and DRS, is presented. Then, basic steps of GMS, then techniques of record scaling and spectral matching are presented. Finally, the CS is presented, designed to make the GMS by the CMS more realistic.

Building Codes Spectra and Uniform Hazard Spectrum (UHS)

In risk-based approaches, the ground motions spectra distribution should ideally match a target response spectrum, to make sure the records are appropriate, and to do the selection on an objective basis, before eventually modifying the records by either scaling or spectrally-matching them. The Building Codes Spectra and the Uniform Hazard Spectrum (UHS) are commonlyused target spectra subsequently presented.

Design Earthquake (DE) and Maximum Considered Earthquake (MCE)

Former versions of buildings codes (2009 version of the International Building Code for instance) usually defined the Maximum Considered Earthquake (MCE) with the return period of 2475 years, and the Design Earthquake (DE) equal to the MCE multiplied by 2 3 . N.B. : the DRS corresponds to the DE spectrum of the pseudo-acceleration Sa(T). Nowadays, building codes such as ASCE-7 (ASCE, 2016) typically require the evaluation of the MCE and the DE based on collapse-risk, the focus is more centered on the consequences of the ground motions. The MCE must comply a 1% probability of collapse over 50 years, whereas the DE represents now a return period of 475 years, so a 10% chance of being exceeded in 50 years. The general code procedure in most codes consists in obtaining GM parameters to the specified hazard level from seismic maps given by local authorities. Then comes the determination of the site classification which drives the amplification of reduction of spectral accelerations. From there, the MCE and DE are computed by ranges of periods.

Uniform Hazard Spectrum

The UHS is one output of the PSHA. All the spectral-accelerations values have the same rate of exceedance. So, UHS is plotted with considering a single rate of occurrence, or "hazard level", for instance 2e-3, 8e-4, and 4e-4 events per year, which corresponds respectively to return periods of 475 years, 1250 years, and 2500 years. Once this rate is selected, the corresponding values of pseudo-accelerations are retrieved from Hazard Curves at various periods, and the UHS is drawn succequently. This spectrum is of real interest because it allows to obtain the spectral acceleration at a period of interest corresponding to the hazard level required. Figure 3.13 displays the methodology to build an UHS. Figure 3.13 -Methodology to build an UHS, from [START_REF] Baker | Introduction to Probabilistic Seismic Hazard Analysis[END_REF]. A target hazard level is fixed, herein 1/7000 events per year. Spectral accelerations are retrieved from the two different Sa(T) Hazard Curves (2.2g and 1.4g respectively in Figures 3.13(a) and 3.13(b)) and start to compose the UHS of the 1/7000 hazard level.

Limitations of using the Uniform Hazard and Design Response Spectra

Either the Uniform Hazard Spectrum or the MCE spectrum were widely used as target in risk-based projects. Nevertheless, they show both overly conservative structural response according to [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF]. Indeed, the UHS is constituted of distinct Sa(T) values and for distinct periods that may come from very different seismic sources, this enveloping multiple magnitude/distance scenarii. So it is built to represent a spectrum that no single earthquake can reproduce unless there is a single dominant scenario. Also, according to (Franke, 2016), real GM spectra are mostly below the UHS and DRS when plotted altogether, so they are under the required level of resistance. At least, they should equal the spectra around the fundamental period, or over the range of the main periods of the building. But even by matching the UHS at one desired period, real ground motions are not likely to match the UHS at other periods according to [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF]. This shortcomming does not question the full PSHA procedure whose UHS is merely an output with its advantages and shortcommings, but it is not representative of individual real ground motions spectra which makes it an unrealistic target spectrum. Figure 3.14 presents a comparison between the UHS and real ground motions spectra.

In this example, the UHS corresponds averagely to the median + 2σ spectrum, in black Figure 3.14 -Comparison between the UHS (averagely equal to the dashed black curve) and 20 real ground motion spectra (in thin green and thick blue) of magnitude and source-to-site distance respectively close to 7 and 12km, from [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF]. dashed line, with σ the standard deviation. The median spectrum is in solid black line. The 20 ground motions with approximately magnitude equal to seven and distance equal to 12km are represented in thin green curves. By plotting in blue one real record, it is apparent that despite fitting the UHS (notably at 1s), the real spectrum is significantly below the UHS. Next, two spectra are presented: the Condition Mean Spectrum (CMS), and the Conditional Spectra (CS). They are designed to improve the overly conservative structural responses demanded by using the UHS by breaking it down into realistic earthquakes.

Conditional Mean Spectrum (CMS)

Because the UHS is deemed unsuitable for ground motion selection, the Conditional Mean Spectrum (CMS) is proposed by the pioneering works of [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF], from which much of the information of this section is drawn. As stated by its name, it provides the Mean (i.e., statistically expected) response Spectrum at all periods, but Conditioned on the occurrence of Sa(T) value at one specified period T, to the difference of UHS that condenses the envelop of all seismic sources into one spectrum with no consideration of the randomness. According to (Franke, 2016) in 2018, scientists and engineers have fully enforsed the CMS that is now widely used. The following steps present the procedure for a CMS computation.

1. A Hazard Curve is issued by a PSHA. From there, considering a conditioning period T c (mostly the fundamental period of the structure) and at a given level of hazard, the value of Sa(T f ) is determined. From the subsequent deaggregation distribution, values of distance R, magnitude M, and the ε parameter are extracted. They either can correspond to the mean value issued by the distribution (for instance, R=14.7km, M=7.2, and ε=2.05), or to another deterministic scenario where ε would be then taken as the number of standard deviations by which Sa(T c ) is larger than the predicted median, often equal to 1. Or, for instance by considering the dominant scenario identified by the distribution in Figure 3.10, R=9.4km, M=6.81, and ε=2.18.

2. Given M and R, the mean µ ln Sa(M,R,T ) and standard deviation σ ln Sa(T ) of the spectrum are calculated by computing relevant attenuation relationships (also called Ground Motions Prediction Equations, or ground motions models). This predicted spectrum is called the Predicted Mean Spectrum and is generally much lower than the UHS. (Lin et al., 2013a) proposes a procedure using several GMPE and seismic sources models to compute a CMS consistant with the PSHA.

3. Given T c in ε(T c ) from step 1, ε(T ) is calculated at all other periods T by using hundreds of locally-relevant ground motions. This means plotting ε(T ) at different periods against ε(T c ) for hundreds of records. Herein, a linear regression is used. 4. The Conditional Mean Spectrum is computed by additionning to the Predicted Mean µ ln Sa(T ) (M, R, T ) the values ε(T ) multiplied by the standard deviations σ ln Sa(T ) (as explained in page 96, because ε(T ) corresponds to a number of standard deviations) at each period T . Figure 3.15b above is extracted from [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF], it presents the computation of the CMS from the predicted mean spectrum and the ε assessments. Equation 3.22 displays the final computation.

µ ln Sa(T )/ ln Sa(Tc) = µ ln Sa(T ) (M, R, T ) + r(T, T c )ε(T c )σ ln Sa(T ) (3.22)
The ground motions matching the CMS can now be considered representative because the spectrum is generated on the mean parameters issued from PSHA. Indeed, as stated by [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF]: "The structural responses from ground motions matching the more probabilistically consistent CMS are thus significantly smaller than the responses from ground motions matching the UHS and having the same Sa(T*) level. Unlike results obtained using a UHS, ground motions selected and scaled to match the CMS produce structural responses comparable to unscaled ground motions that naturally have the target Sa(T*)". The method allows the response spectrum remainder to better match what has been actually observed in real earthquakes than the UHS. Ideally, ground motions should match all the periods of the CMS, but this requirement is still found unrealistic. However, a period range centered around the first vibration mode is often considered, such as 0.2T f to 1.5T f or 2T f , notably for mid-rise buildings according to [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF]. Next section presents the basic steps of GMS, as well as record scaling and spectral matching that allow real ground motions to fit the CMS for risk analyzes purposes.

Time history scaling and spectral-matching before GMS First-step database selection

An adequate selection can be performed by selecting GM with magnitudes +1 or -1 the magnitude used to build the CMS, same with distances +70 or -70 kilometers, and with shear velocities that characterize the soil type. Also, the fault nature should correspond to the faults types around the site, e.g. subduction zones have longer time duration than crustal faults. Moreover, the pseudo-acceleration at the structure period should be also within [70% 130%] of the target Sa(T), if possible for more than one modal period. The closer from the target spectrum trend and characteristics the GM are, the easier the matching results, and the more justified the risk analysis is. Finally, the number of ground motions to select is left to be addressed. [START_REF] Bradley | Ground motion selection for simulation-based seismic hazard and structural reliability assessment[END_REF] and (Lin et al., 2013b) declare that the number of ground motions depends mostly on the type of analysis. Research studies will use several hundreds of records, while comprehensive global assessments will go down to a 100, and a engineering project will use only a few, at least seven, strong ground motions to run deterministic singleobjective analysis. [START_REF] Jayaram | A computationally efficient ground-motion selection algorithm for matching a target response spectrum mean and variance[END_REF] propose notably a GMS algorithm to match a TRS mean and its variance.

Sum of the Squared Errors

Once the CMS is built, a set of ground motions is examined to select those that most closely match its pseudo-acceleration value Sa CM S (T c ) at the conditioning period T c . [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] proposes the Sum of the Squared Errors (SSE) of the spectra logarithms to assess how similar they are in a period range of interest. From there, the ground motions presenting the smallest errors may be selected, or to the least the ones presenting the largest SSE may be discarded. Equation 3.23 presents the SSE formulation.

SSE = n j=1

(ln Sa(T j ) -ln Sa CM S (T j )) 2 (3.23)

Ground motions nonetheless pass mostly by an intermediate stage before final selection. They are modified to reduce as much as possible the SSE factor, by applying either the time history scaling, or the spectral matching. One can cite two other still in development such as the modelling of synthetic GM (questions regarding their representativeness), as well as the physics-based GM prediction that analyses non-exhaustively the rocks rupture, faults design, wave dissipation, to determine a resulting time history.

Time History Scaling

The time history scaling is the method used in the incremental dynamic analysis below (Section 3.4.2). It involves mostly changing the ground motion scale and/or timestep to match the TRS, here considered as the CMS. It is impossible that the scaled ground motions spectrum matches perfectly the entire CMS, so the matching aims at least the range around the fundamental period [0.2T c 1.5T c ] or [0.2T c 2T c ], with T c the conditioning period (often the first vibration period T f ). This method is easy to implement but takes a lot of time searching, selecting, and scaling the appropriate ground motions due to their inherent variability. [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] presents two ways of scaling in Equations 3.24 and 3.25. The first yields the exact expected Sa(T c ) value for a specified record. Nevertheless, this might not be enough to satisfyingly match the CMS by having a "small" enough SSE. The second equation, though more complicated, allows to apply a SF calculated by averaging the Sa values over the range of interest. Variable scaling is also possible, where individual scaling is applied only to portions of interest of the time histories, as used by [START_REF] Carlton | Issues and approaches for implementing conditional mean spectra in practice[END_REF]. Henceforth, only Equation 3.24 is used. Figure 3.16a is extracted from [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF], it presents ground motions scaled to match a CMS. The scaling method is a topic of high controversy in the earthquake engineering analysis. Scaling is indeed a direct modification of the time history that may appear unrealistic, notably if the SF is considered too small or too large. For instance, is a GM multiplied by a factor 20 still realistic and likely to be produced by nearby seismic sources? citepkwong3 recalls in 2016 that scaling remains a debateful matter, quoting '[...] ground motions provide 'limited if any information on the seismic performance of structural systems'. Extremely large values of pseudo-accelerations can be reached elsewhere than at T c . On the other hand, [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] underlines that scaled ground motions produce similar displacements than original ground motions that already fits the CMS at the conditioning period, so no consequences in the structural output should befall from the scaling operation.

Spectral matching

Spectral matching aims to modify the acceleration time history to make it compatible with the specified target spectrum, e.g. adding wavelets to a real record to obtain the desired value of Sa(T). Abrahamson (1993) and Hancock et al. (2006) proposed a code to have a real GM spectrum perfectly match the target response spectrum. Unlike the scaling method, this allows to eliminate the ground motion uncertainty from potential sources of errors, and consequently it requires less ground motions. Nevertheless, the resulting ground motions might be unrealistic. Thus, values and features of interest of the original record should be kept between the spectral matching operation. For instance, when comparing the pre and post spectral-matching time history records, spectra, and Arias Intensities (i.e., that represents the energy released by the earthquake) it is important to make sure that the main surges and trends remain as unchanged as possible. (Franke, 2016) states that even Norman Abrahamson, a pioneer scientist in the spectral-matching field, said in a conference in 2008 that he only kept 20% of the spectrallymatched ground motions, considering that the 80% left ones were non-satisfying.

Conditional Spectrum (CS)

A last development needs to be introduced before turning to the risk analyzes used in this manuscript. As explained above in Section 3.3.2, the CMS is a spectrum representing the mean response of the local seismic hazard, conditioned on a target risk level and period. Consequently, mean structural responses are expected. Nevertheless, the variability in the response spectrum (from peaks to troughs) for a given Sa(T c ) is not accounted for, consequently neither does the variability in the structural response. As shown by Figure 3.16b, the CMS can overestimate or underestimate the structural output if ground motions follow closely the CMS, by not considering the Sa(T) variability.

As detailed successively by [START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] and (Lin et al., 2013a,b), this variability in the spectrum is embodied by the ε parameter presented page 96. So far, the CMS was computed by using only a regression of σ ε(T )/ε(Tc) as presented by Figure 3.15a. Thus, as [START_REF] Jayaram | Statistical tests of the joint distribution of spectral acceleration values[END_REF]) considered a bivariate normal distribution of ε(T ) conditioned on a given ε(T c ), the standard deviation σ ε(T )/ε(Tc) at any period T has the following expression:

σ ε(T )/ε(Tc) = 1 -r 2 (T, T c ) (3.26)
With r the same regression coefficient as in Equation 3.21. Then, the standard deviation σ ln Sa(T )/ ln Sa(Tc) (M, T ), i.e. the conditional standard deviation of spectral acceleration at period T , conditioned on the value of Sa at T c , can be expressed as:

σ ln Sa(T )/ ln Sa(Tc) (M, T ) = σ ln Sa (M, T ) 1 -r 2 (T, T c ) (3.27)
Finally, Equation 3.27 is combined with Equation 3.22 and delivers, as described by (Lin et al., 2013b), "a distribution of Sa values at all periods (where the distribution at a given period is Gaussian", where the spectrum variability is computed. Final expression is displayed by Equation 3.28, as follows.

µ ln Sa(T )/ ln Sa(Tc) = µ ln Sa (M, R, T ) + r(T, T c )ε(T c ) + 1 -r 2 (T, T c ) σ ln Sa (M, T ) (3.28)
The CMS computation uses the mean ε issued from the deaggregation distribution, as in Section 3.3.2. On the contrary, multiple correlated ε values can account for the variability over a period range. Figure 3.17 is extracted from (Abrahamson et al., 2010a) illustrates how 10 ground motions spectra (colored lines) reproduce the spectral variability around the CMS (black line). Figure 3.17 -Scheme example of 10 CS (colored lines) reproducing the variability around the present CMS (black line), from (Abrahamson et al., 2010b) Among other valuable works, it is noteworthy to cite (Lin et al., 2013a) that proposes a mathematical procedure to compute a Conditional Spectrum by considering multiple causal earthquakes (issued from a deaggregation distribution from a PSHA) and multiple GMPE. Also, (Bradley) proposes a methodology to compute a CS with other IMs than the spectral acceleration Sa at various periods.

Risk approaches

Present Section will introduce two main approaches to assess risk in earthquake engineering. The first is the Conditional Scenario Spectra (CSS), it requires a target spectrum (herein, the CS), and various hazard curves (from PSHA). The second is the incremental dynamic approach, which contains itself three different analyzes: the Incremental Dynamic Analysis (IDA), the Truncated IDA (TIDA), and the Multiple Stripe Analysis (MSA). Both approaches can ultimately yield Structural Response Hazard Curves (SRHC) to compare and hopefully match.

Conditional Scenario Spectra (CSS)

The CSS, also named Conditional Spectra approach, was developed notably by (Abrahamson et al., 2010a,b) and later [START_REF] Arteta | Conditional Scenario Spectra (CSS) for Hazard-Consistent Analysis of Engineering Systems[END_REF][START_REF] Arteta | Methodology based on conditional scenario spectra to estimate engineering demand parameter risk[END_REF]. Overall, the CSS methodology involves a set of earthquake spectra and records. These authors enhance the CS approach by assigning rates of occurrence λ to ground motions to ensure the consistency of the target hazard, for Sa(T ) at various periods. Each of them is assigned a particular rate of occurrence λ, which allows to reproduce the hazard at a site over a given period of time (from 1e-2 to 1e-5 annual exceedance), and for various periods of pseudo-accelerations (from 0.1 to 2s). Thus, the structural output and risk becomes independent regarding the IMs. Consequently, the database represents historically the local hazard, and assess the return period of occurrence of EDPs values, as in Section 3.2.4 in page 100, e.g. the interstorey-drift building will exceed the critical threshold of 1% once every 120 years.

After computation of the TRS (the CS, or the CMS with the spectral variability taken into account), a set of candidate ground motions complying with the TRS margin is selected. One must point out that the ground motions should have realistic spectral shape, and issued from an acceptable scaling operation as mentioned in Section 3.3.3. From this database, multiple subsets of ground motions are selected via a Monte-Carlo sampling, and a penalty function is used to select the subset reproducing the most the spectral mean and variability. From there, rates of occurrence are assigned and adjusted to each record, using again a penalty function to minimize the differences between the computed CS spectra and the spectral acceleration hazard curves issued from PSHA, at all hazard levels considered. The detailed CSS procedure can be found in (Abrahamson et al., 2010a), and in [START_REF] Arteta | Conditional Scenario Spectra (CSS) for Hazard-Consistent Analysis of Engineering Systems[END_REF]. Figure 3.18 presents the comparison between Sa(T) HC at two distinct periods 0.15s and 0.28s, and the CSS-derived HC, for the region of Valparaiso in Chile. The curves overlap very well, wich means the database is hazard-consistent. N.B. : this database is presented in more details in Section 5.1.1 page 135.

The CSS estimates the risk directly without convolution of the hazard curves with fragility curves, as in Section 3.2.4. Thus, given a set of N s records and applied computations, the annual rate of occurrence of an EDP equal to a real value y can be obtained. It is named λ EDP =y , and is presented by Equation 3.29. By taking several values of y, a SRHC can be plotted (Section 3.2.4, page 100).

λ EDP =y = Ns i=1 λ i H(EDP i -y) (3.29)
where λ i is the rate of occurrence associated with the i-th record. H is the Heaviside (or step) function, such that H(x) = 1 if x > 0 and H(x) = 0 if x ≤ 0, for x any real scalar. x here equals EDP i -y, where EDP i is the list of N s EDP values extracted from the N s computations, with i=1...N s .

In the practical application of nuclear energy, [START_REF] Renault | Comparison of uniform hazard spectra and conditional spectra approach in the framework of fragility curve development[END_REF] states that, despite improving the CS approach by giving an objective method for structural and hazard analysis, the amount of ground motions needed (i.e., of computation runtimes) is greater than in former UHS-based hazard analysis. In the present report, 178 CSS-based GM are used, while the authors argues that UHS-based GM are merely up to 30. Also, to remain as realistic as possible i.e. with scaling factors as close to 1 as possible, it potentially requires a consequent database of ground motions. [START_REF] Renault | Comparison of uniform hazard spectra and conditional spectra approach in the framework of fragility curve development[END_REF]) also underlines the potential benefit of the CS in the hazard analysis applied to the nuclear energy domain. Furthermore, as (Abrahamson et al., 2010b) stipulated, it is important to point out that the decision to run analyzes with multiple ground motions fitted on CS, or several CMS, (rather than on the UHS or, back to a deterministic approach) represents an additional cost in time and resources, and therefore depends on the project chief analysts.

Incremental dynamic methods

The incremental dynamic methods all produce Fragility Curves (FC) (Section 3.2.4). They are intensity-based analyzes that help better understand the relationships between EDPs and IMs considering various levels of intensity. Ultimately, by convoluting FC with hazard curves, SRHC are produced. This risk-based output can be compared with the SRHC issue from the CSS. Fragility function specifies a structure's probability of reaching a limit state of interest (sometimes referred to as 'collapse'), conditioned on an IM value. Henceforth, the IM is the spectral acceleration at the first vibration mode period Sa(T f ). [START_REF] Baker | Efficient Analytical Fragility Function Fitting Using Dynamic Structural Analysis[END_REF] present the three types of approach.

A common approach to assess FC is the Incremental Dynamic Analysis (IDA). A set of ground motions is scaled steadily to different levels of intensity to find the IM level at which all ground motions induce collapse, or reach the target EDP value, as in [START_REF] Vamvatsikos | Incremental dynamic analysis[END_REF]. The concerns risen by the time history scaling are the same as presented in Section 3.3.3 page 106. IDA is used to assess the effects of EIBP in single-story and two-story structures modelled respectively as SDOF and lumped-masses, in linear and nonlinear analyzes. As abovementioned in Section 3.3.3 page 100, the incremental dynamic approachs typically falls in the category of comprehensive multi-objective performance assessment, where the general effects of IMs on EDPs are scrutinized, and the local hazard consistency is respected by scaling the GM repeatedly on the levels of intensity. Thus, the number of ground motions to compute for each level according to [START_REF] Bradley | Ground motion selection for simulation-based seismic hazard and structural reliability assessment[END_REF] is approximately 100. A major disadvantage of the IDA approach is the considerable amount of numerical simulations needed until collapse is reached, and until the complete draw of Fragility Curves. Also, because the high levels of intensity occur much less than the small to medium ones, so running analyzes for extremely small occurrences is debateful. Finally, as stated in Section 3.3.3, the relevance and justification of small-medium size earthakes scaled to very large levels remains a matter of concerns. Two answers to these interrogations are the TIDA and the MSA. Also, since EIBP concerns obviously two buildings, so two different structures, the analyzes need to be run two times: one considering incremented Sa(T 1 ) and the other Sa(T 2 ), with T 1 and T 2 the respective periods of the two structures, if both are studied. In this peculiar case, that happens to be one disadvantage of the Sa(T) compared to the PGA or AI that can be incremented independently of the vibration period.

A Truncated Incremental Dynamic Analysis (TIDA) is basically an IDA shorten up at a given level of intensity I max , before total collapse. The level I max could be set according to a hazard target level (e.g. λ = 1/475 years -1 ) relatively to the geographical site. Consequently, the fragility curves are not necessarily complete, i.e. they do not range from 0 to 1, but up until an intermediate value. A TIDA is then naturally less time-consuming than an IDA. Nevertheless, the concerns on scaling are still present.

To the difference of the IDA and TIDA, the dataset of the Multiple Stripes Analysis (MSA) is not repeatedly scaled until collapse. The dataset is this time selected so that the IM levels are uniformly represented. In other words, each IM level has its own ground motion database. It is then totally different from IDA's database. There is consequently no discussion regarding any unrealistic scaling for this approach. Nevertheless, it requires the availibility of a large database of ground motions to select GM from, especially in the largest, so rarest, intensities. MSA is used to assess the effects of EIBP on a MDOF reinforced-concrete structure. [START_REF] Baker | Efficient Analytical Fragility Function Fitting Using Dynamic Structural Analysis[END_REF] concludes that using MSA rather than IDAs is more efficient and also consistent with (Eads et al., 2013a). It eliminates the doubts on scaling ground motions by utilizing different ground motions at each IM level, which brings more accurate output.

Summary

An introduction to the theory of tectonic plates was presented, as well as what defines and characterizes an earthquake, including the intensity measures IMs that are deduced by a quick formula or reading of the signal and represent the intensity of an earthquake. The IMs characteristics of efficiency and sufficiency have been presented, they are respectively the ability to predict the structural response of the structure (e.g. interstorey-drift) and verify that it is not conditioned to values of magnitude and distance to the rupture zone. Efficiency will be evaluated by studying the coefficient of determination R 2 and the coefficient of variation COV . Sufficiency will be studied by means of two coefficients: the ρ rank regression coefficient developed by Spearman in 1925, and the p coefficient from the F statistical tests. Then, the differences between deterministic (DSHA) and probabilistic (PSHA) seismic studies were presented, highlighting the advantages and limitations of each. The development of a PSHA allows the production of risk curves, also called hazard curves, and through risk analyses, to develop fragility curves FC, and consequently plots of rates of exceedance of values of a structural parameter SRHC. The results of the risk analyses are strongly conditioned by the choice of the seismic database, the ground motions having to match a specified target spectrum. The Uniform Hazard Spectrum and the Conditional Mean Spectrum have been presented, the latter aiming to be more realistic than the former, which is very unconservative. The basics of the selection and scaling of seismic signals were introduced, before the introduction of the risk analyses used in this document. The CSS method uses here 178 target response spectra, from an extension of the CMS, scales them, and assigns them occurrence rates based on local hazard curves. It allows only to plot SRHC. The IDA method scales 113 ground motions to desired intensity levels, in order to have a structural response over a large range of data. This allows it to develop both FC and SRHC. In the frame of the PIA, ANR SINAPS1 project to improve knowledge on vulnerability and resistance of strategic buildings (e.g. nuclear power plants) against earthquakes, series of pull back and seismic tries to induce pounding between single-storey or two-storey structures were carried out at the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA) from Saclay. The present objective is to assess, in a real scale system, if the NSCD applied to BP provides satisfying outcomes by comparing them to the results of experiments by [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF][START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF]. First the structures and set-up of the experiments are presented. Secondly, the model parameters (i.e., eigenfrequencies, damping coefficients, and the coefficient of restitution e) are validated by means of pull-back tests. Efficiency and usability of the NSCD and PM are compared. Finally, the NSCD is used to model seismically-induced building pounding, with both finite elements and Slab Macro-Element models. The numerical outcomes are part of the work by (Langlade et al., 2021b).

Chapter 4 NSCD in building pounding application

CEA experimental campaign 4.1.1 Real scale steel-frame structure

The two steel-framed structures with rectangular reinforced concrete slabs were fixed side by side to the shaking table AZALEE of the EMSI laboratory2 . These structures are identified respectively 1 and 2 from left to right (Figure 4.1b, they can alternatively be set up as one storey high (2.5m), or two stories high (5m) by adding or removing additional elements. The gap separation is also adjustable from zero to five centimeters. Finally, to keep the structural motion only in the longitudinal axis, bracing systems (steel cables) are used to limit transverse and torsional displacements (Figures 4.3 and 4.1b). This scale 1:1 set-up prevents from the use and application of scale factors.

To ensure impact occurrences under seismic motion, the modal responses of both structures are different (Tables 4.1 and4.7). Thus, Structure 1 is heavier (9200kg versus 7000kg), while Structure 2 is stiffer (HEA140 versus HEA100 steel columns). Sensors are installed on the shaking table, slabs and columns to measure the accelerations with low frequency capacitive accelerometers (0-150Hz) and high-frequency piezoelectric accelerometers (up to 4000Hz). A low-pass filter with a cut-off frequency of 2000Hz was applied by [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] to the input ground motions to prevent any aliasing effect and prevent from spurious high-frequency content in the numerical comparison. 3) are applied to Structure 1 and 2. Four ground motions were used to excite both single-storey and two-storey structures, Cadarache (artificial acceleration), El Centro (1940), Northridge (1994) and Kobe (1995). Different amplification factors were applied to generate from these ground motions different PGA ranging from 0.1g to 0.45g, with g the acceleration of gravity.

Sources of discrepancies

Discrepancies and uncertainties are inherent to every numerical-experimental comparisons. In this particular experimental set-up, one can cite the following points.

• A one millimetre error of measure of the separation distance between Structure 1 and 2 can induce a missing/additional collision in the numerical model.

• The two structures are not exactly parallel on the shaking table in the present case.

Pounding would induce undesired torsion motion.

• The damping coefficients play an important role on the amplitude of the displacements.

For the single-storey structures, the fundamental modal damping coefficient has only been assessed with comparisons of the displacements with the numerical simulations (both are averagely in between 0,5% and 0,7%). For the two-storey structures, three types of tests were conducted: the shock hammer, the white noise and the white noise with decremental logarithmic. They permitted to obtain a value of damping for the first six vibration modes of Structure 1 and 2. Nevertheless, only the first four were obtained by the CEA team.

• The excitations are not perfectly directed along the longitudinal axis.

• [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] showed that pounding can excite the high frequencies of the buildings, here, the bending mode of the first floor of Structure 1.

• The sensors sensibility is an important factor. Regarding the frequency state of the structures, the displacements integrated from the piezoelectric (accurate until 4000Hz) or the capacitive accelerometers (0-150Hz) are not the same.

• All the small and cumulative unknowns (dissymmetries, non-perfect embedding of parts, loose motion of the shaking table) inherent to a scale 1:1 set up.

These elements are to be taken into account regarding the following comparisons between the numerical simulations and the experiments. Notably for the two-storey structures experimental tries, the repeatability of the experiments results is highly complex and difficult.

Validation of model parameters: Pull back tests

This subsection focuses on determining a value of the coefficient of restitution e from experimental pull back tests. It also compares results from the NSCD and PM in a real scale pounding system. Indeed, no consensual formulation has been delivered in the literature to calculate e before collision, and in most cases its value is defined constant and arbitrary between 0 and 1. [START_REF] Jankowski | Earthquake-Induced Structural Pounding[END_REF][START_REF] Jankowski | Experimental study on earthquake-induced pounding between structural elements made of different building materials[END_REF] worked on assessing the variation of e with the relative velocities by dropping balls on rigid floors made of different materials. However [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF], despite confirming the trend of Jankowski curves, pointed out the high difficulty to experimentally assess such value with monitored real scale structures. Thus, constant values of e are assumed in this article.

First, single storey structures properties and model along with the main phases of a pullback test are introduced. Because NSCD and PM are compared, the model parameters chosen and explored are also presented. [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] allowed to gather the material and dynamical properties of the structures and by that to run the simulations. The single storey structures 1 and 2 (or left and right) are submitted to pull-back and seismic tests. Both of them are 2.4m high and 2.2m wide, but the left structure is 1m longer than the right one (3.2m against 2.2m) which brings the first one to weigh more. Both structures are adjacent with a 2cm gap g 0 . The fundamental modal frequencies are obtained through series white noise and hammer tests. The damping coefficients have been inferred from simulations of pull-back tests (Section 4.2.2). These values presented in Table 4 As a first step, the structures are modelled as SDOF for the pull-back tests. Figure 4.2 depicts the SDOF system used as the initial phase of a pull-back test.

Single-storey structures properties and associated models

k 1 m 1 ξ 1 -U o X Structure 1 k 2 m 2 ξ 2 gap Structure 2 X Figure 4.2 -Pull back test SDOF model
Where m j , ξ j and k j are respectively the mass, damping coefficient, and stiffness of the SDOF j, with j = [1;2]. g 0 is the separation distance between structures, and -U o is the pull back distance along X of the left-hand side structure before its release. The longitudinal stiffnesses of structure 1 and 2 are respectively k 1 = 2.23e6N/m and k 2 = 5.93e6N/m.

Impact treatment and FE models

The pull back tests are done in four steps and only applied to the single-storey structures whose slabs are separated by a 2cm average distance S. First, Structure 1 is fixed to a reference frame by electric suction pads. Secondly, the shaking table is slowly moved longitudinally 2cm to 4cm apart, deforming the columns of Structure 1. The third step is a symmetry check, to verify that the pads each take the same load. Finally, the suction pads power supply is cut off, the left structure is released and is allowed to impact the right-hand side structure. The Linear Visco-Elastic (LVE) model is used herein using [START_REF]Pounding of buildings in series during earthquakes[END_REF] approach, as well as the Non-Linear Visco-Elastic models (NLVE) formulated according to (Jankowski, 2006a(Jankowski, , 2008a) ) and (Khatami et al., 2019a); e is fixed at 0.65. Regarding the contact stiffness, it is calibrated in a range centred around the maximum value of k 1 and k 2 . For the NSCD, results are analysed for values of e equal to 0.2, 0.6 and 0.9; the time step equals 10 -3 s. Tables 4.1 and 4.2 present the available data and the analytical parameters of the impact models of the structures. Results of the analytical models are then compared with the experimental outcomes. The contact stiffness k s is the multiplication of the coefficient of impact (here taken in [0.01,0.1,1,10,100]

) by max(k 1 , k 2 ). * The formulation ξ d = 2ξ r k s √ δ m 1 m 2 m 1 +m 2 with δ the interpenetration distance.
** [START_REF]Pounding of buildings in series during earthquakes[END_REF]: With ξ r and ξ d expressed in (LVE) in Table 1.1. *** (Jankowski, 2006a(Jankowski, , 2008a)): With ξ r and ξ d expressed as in (NLVE) in Table 1.1. **** (Khatami et al., 2019a): With ξ r = (1-e)e 0.204 e α+0.204 +3.351eπ and α = 1.05e 0.653 .

4.2.3

Assessment of the coefficient of restitution e [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] performed sixteen pull back tests, with pulling distances ranged from 2.1cm to 3.4cm, and six of them were modelled numerically. Different e values of 0.2, 0.6 and 0.9 were investigated. As a reminder of Sections 1.5.1 and 1.6, e will be assumed constant throughout the study, as no consensual formulation applied on real-scale same-size structures colliding on their parallel floors has been found so far. Figure 4.4(a) shows, for a pull back test of 2.4cm, the displacements of the two contact degrees of freedom compared with the experimental ones for an e value of 0.6. Matching of the curves is excellent, showing the three accurate impact occurrences, as well as a satisfying matching of the damping-influenced displacements. The two frequencies (3.50Hz ; 6.55Hz) and damping ratios (0.6% ; 0.5%) are consequently kept for the single-storey seismic tests presented thereafter. Figure 4.4(b) presents the acceleration of the degree of freedom of the contact node of Structure 2 for values of e= 0.2, and 0.6 and 0.9. It appears that the value 0.6 is the one giving the exact impact occurrence among the three propositions. The value 0.2 delivering a lower post-impact velocity, the next contact comes later than 0.6. On the other hand, the impacts with e = 0.9 land quicker than for 0.6 and 0.2. The differences are relatively small for the spectra of pseudo-displacements and pseudovelocities, even with really different values of e; the relative error is always lower than 10%. However, differences are significant in the high frequencies of the pseudo-accelerations spectra where both curves of e=0.2 and e=0.9 depart from the experimental curve.

Penalty approach and NSCD comparison

To improve legibility, only the Structure 1 responses are presented in Figure 4.6. For ∆t = 10 -3 s, the contact stiffness equal to 0.01max(k 1 , k 2 ) yields the best results for each model, but out-of-phase motion increases at each impact. The amplitudes and impact occurrences are afterwards less and less accurate. Taking a higher stiffness (10 times the highest value of contact stiffness would decrease the phase shift. Nevertheless, it also brings unrealistic displacement (e.g., large inter-penetration of slabs, or "explosion" of the displacements), unless one takes a much smaller time step and thus increasing the computation cost.

Figure 4.7 presents the displacements with both 10 -3 s and 10 -6 s time steps for (Jankowski, 2006a(Jankowski, , 2008a) ) and (Khatami et al., 2019a) models. Similar to the bouncing ball case, the contact stiffness may vary as much as two or three orders of magnitude if the time step is reduced by a factor of 1000. Even though the accuracy of the response is not improved significantly, the computation time is also increased by a 1000 times, which may be unjustified.

The value e=0.6 in the NSCD is assumed in all future calculations involving reinforced concrete coplanar diaphragms. On this particular study case, the NSCD has proven its accuracy and ergonomics capabilities into yielding outcomes and comparing them to experimental data. Good matching is also possible with PM, but the parameter assessment requires more time. Only the NSCD will now be tested with seismic tests on single-storey and two-storey frames. Only the translation DOF along the ⃗ X axis are considered, and the structure is embedded at its base. Because the SDOF and the plane frame models yielded similar results, the choice was made to present the outcomes of the plane frame FE model. The structures modal properties are the same as in previous Section 4.2. The time step equals 1-e3s. With a 2cm separation gap, collision is detected for seven ground motions (Cadarache 0.25g and 0.30g, El Centro 0.4g and 0.45g, Northridge 0.3g and 0.35g, and Kobe 0.4g). Table 4.3 presents for each case the damping coefficients ξ 1 and ξ 2 of both structures, and the number of impacts simulated numerically and detected experimentally. Damping coefficients ξ 1 and ξ 2 between [0.4;0.6]% computed inside a Rayleigh Damping matrix (Chopra, 2011) yield the best comparison with the experimental results and e still equals to 0.6. The Cadarache 0.25g test is now analysed and presented by Figure 4.9. It yields very interesting results, especially considering the important number of impacts for the Cadarache ground motions. Indeed, in this case, the number of impact is high ( 12) and the simulation with e=0.6 delivered 9 of them, always at right times, which shows the good treatment of the impact of the algorithm. Simulations with e=0.2 and 0.9 are not as good results as e=0.6 in terms of impacts numbers and occurrences. As a matter of fact, even after several collisions and potential sources of divergences, the model outcomes kept matching the real displacements. The resemblance of the curves is quite good, and the results are independent on the e values for periods equal and greater than the fundamental periods (0.29s and 0.15s respectively for Structures 1 and Structure 2). For PSV plots, matching is excellent in the full range of periods studied with e=0.2 and 0.6. For PSA plots, matching is better at low periods with e=0.2 (see also Figures A.3b and A.3d), but e=0.6 shows same or better agreement than e=0.2 in Figures A.1b, A.1d, A.2b, and A.2d. Overall, taking a constant value of 0.6 for e yields once again good results, both in terms of kinematics and floor-response spectral trends for most of the seven different ground motion comparisons (Cf. plots in Appendix). [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] again displayed the damping and modal properties of the two structures, which allowed to calibrate the models accordingly. Both structures are put next to each other with a 5cm gap. Again, the objective is to keep the movements and pounding in their longitudinal direction in order to remain in a planar system, which is more complex to achieve with twostorey than with the single-storey structures.
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One source of discrepancy comes from the correct evaluation of the damping and modal behaviour. During the experiments, three different tests were carried out to determine the real eigenfrequencies and damping coefficients of each fundamental mode of the structures. They are denoted from the Covariance Driven Stochastic Sub-Space Identification (SSI-COV) white noise analysis, a second one with a decremental logarithmic analysis (SSI-COV (DLA)), and a hammer test. The damping values relative to the same six modes are displayed by Tables 4.4 and4 These values of damping must be taken with caution. As a matter of fact, while these tests gave quite similar structure eigenfrequencies, the damping coefficients are on the contrary often really different depending on the technique employed. Indeed, as mentioned again by [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF][START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF], the different natures of each of the three tests provokes different types of structures responses, for instance with a displacement amplitude much greater in the case of the Hammer test rather than for the White Noise (DLA) tests. According to the author, the SSI-COV (DLA) values applied to their own model yielded the best comparisons. Unfortunately, in our case the damping coefficients of the second transverse and torsional modes could not be obtained. As a first approximation, they are taken here equal to the first transverse and torsional coefficient respectively, as displayed by Table 4 A damping matrix must be computed to apply appropriately the six damping coefficients to their respective modes. Three types of damping matrices C are tested in this work. The Caughey "modal" damping matrix that includes each of the damping coefficients into its computation, the Superposition Modal Damping matrix which is an alternative version of the Caughey matrix (3D-frame model), and the "standard" Rayleigh matrix for the RB model and for the SDOF and 2D-frame models in Sections 4.2, and 4.3. Rayleigh matrix is actually a specific case of the Caughey matrix. The following paragraphs present these three different damping matrices Caughey Matrix According to (Chopra, 2011), if damping ratios are available for more than two modes, the general form for a classical damping matrix can be written as this

C = M N -1 l=0 a l [M -1 K] l (4.1)
Where N corresponds to the number of degree of freedom of the system, and a l are scalars, with l = 1,...,N -1, e.g. 30 in the case of one 3D-frame structure model. Let's call J the number of the modes considered in the system response. Nevertheless, only J=6 damping values are known from Table 4.6, thus 24 values are missing. It is recommended that the damping ratios from modes n > J are computed to ensure that their values are reasonable, which implies an assumption of 24 damping coefficients to apply to the 24 remaining modes of the model. The modal damping ξ n are defined by Equation 4.2

ξ n = 1 2 N -1 l=0 a l ω 2l-1 n (4.2)
Where ω n is the pulsation of the n-th mode. With the values of the experimental damping coefficients, it is possible to determine a l by solving the equation 4.2 for the modes considered.

According to (Chopra, 2011), "[...], there are two problems associated with its use. First, the algebraic equations 4.2 are numerically ill conditioned because the coefficients ω -1 n , ω 1 n , ω 3 n , ω 5 n , etc. can differ by orders of magnitude. Second, if more than two terms are included in the Caughey series, C is a full matrix, although K is a banded matrix, and for a lumped-mass system, M is a diagonal matrix. Since the computational effort for analysing large systems increases significantly if the damping matrix is not banded, Rayleigh damping is often assumed in practical analyses.". Another type of damping matrix, called the Superposition matrix, is investigated. 4.3 is extracted from Chopra ( 2011) and presents the expression of the classical damping matrix computed on each structure as the modal superposition of modal damping ratios ξ n .

Superposition of Modal Damping Matrices Equation

Φ n CΦ T n = J n=1 2ξ n ω n M n (4.3)
With ω n , M n and Φ n respectively the frequency, the modal mass and the eigenvector corresponding to the n-th mode. According to (Chopra, 2011), "it is possible to consider the main J modes of a system into the equation 4.3 on the condition that a lumped mass matrix is employed and that time-step is unconditionally stable", which is the case herein. "The absence of damping for the modes J + 1, J + 2, ... does not create numerical problems like described in the previous section paragraph". However, the superposition technique provides blurred results, notably at the occurrence of impacts. The remaining damping coefficients are then assessed through a stiffness proportional damping with the equation 4.4 (a 1 assessed with further Equation 4.7).

ξ n = a 1 ω n 2 (4.4)
Rayleigh Matrix Equation 4.5 presents the Rayleigh Matrix, a specific case of the Modal Caughey matrix, where Equation 4.1 is taken with only the first two terms. It is commonly used in practical analyses because there are not ill-conditioned matrices and over-consuming calculation times. The six first modes are expressed and tuned along the experimental ones. A Superposition modal damping matrix is used and enables to impose each of the six damping ratio to the specified eigenmodes, and have a modal representation of the damping as close as possible to the experimental one. Also, set-up imperfections may create an non-planar motion of the frames. As spotted during the experimental campaign by [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF][START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF], the planar surfaces where pounding occurs are not perfectly aligned. The gap separations of the two ends are different, one being 5cm and the other 5.5cm. This one important parameter corrupt the experimental kinematic response, creating non-planar and torsional motion. To reproduce the torsional peaks of the experimental pseudo-spectra plots, different separation gaps in the range between 4.0cm and 6.0cm were chosen, with a maximum of ± 0.5cm difference between the two contact corners gaps. For the five tests involving pounding, Table 4.8 displays the asymmetric gap and the number of impacts simulated numerically and detected experimentally. The gaps displayed are the ones, inside the range [4.0;6.0]cm, yielding the best comparison with the experimental results. The time step stil equals 1e-3s.

C = a 0 M + a 1 K (4.5) a 0 = 2(ξ 1 ω 2 -ξ 2 ω 1 )ω 1 ω 2 ω 2 2 -ω 2 1 (4.6) a 1 = 2(ξ 2 ω 2 -ξ 1 ω 1 ) ω 2 2 -ω 2 1 (4.7)

Ground motion

Gaps (Figures A.4 and A.5 in pages 210 and 211). Four accelerometers on each slab, labelled Sensor n°5 to Sensor n°8, have their data both integrated and treated to obtain respectively the slabs displacements and spectra. They are compared with the numerical displacements of the four facing corners at the second floor, two of them called "Left", and two others "Right". For readability, only the displacements and accelerations of the left corner are plotted in Figure 4.12. Finally, the building response and pounding occurrences are in excellent agreement with the measured response as displayed above by Table 4.8, and shown for the Kobe 0.25g test below.

Figure 4.12 shows good agreement of kinematic responses and impact occurrences between experimental and numerical outcomes. One impact was not reproduced at 11s, and by checking the displacements, the timing of impact was missed only by a tenth of second. Figure 4.13 compares the numerical and measured 5% damped PSV and PSA floor-response spectra for the Kobe 0.25g ground motion.

Herein, the accelerometer data was not averaged to expose the torsional effects are apparent. Overall, the general trends of the curves are well reproduced for all ground motions, especially around 0.48s and 0.27s (the fundamental periods of Structures 1 and 2, respectively). Also, peak amplitudes, especially of PSV, match well the experimental curves for the Kobe 0.25g as well as for the four other ground motions (see Figures A.4b,A.4d,A.5b,and A.5d). Nevertheless, despite the good kinematics matching, one can notice that the second bending mode of Structure 1 (0.17s) is not apparent as expected. 4.10. The two structures are perfectly tuned with the experimental frequencies. Furthermore, it is much easier to reach the exact eigenfrequencies for the slab macro-element model than for the 3D-frame model. Acting only on the value of the sole six masses and six springs of each structure enables more easily to get the desired modal behaviour. It is more burdensome for the 3D FE model and its 40 degrees of freedom per structure. The PSV spectra shows very good reproduction in the full frequency range of study. For PSA, the two bending modes are also well reproduced. Small discrepancies start to appear at the second torsion modes (periods at 0.04s and 0.032s respectively for Structure 1 and 2), but the general trend of the experimental curves is correctly followed. Experimental and numerical PSA curves of Structure 1 and 2 come close to 10g at respectively 0.04s and 0.03s, which is considerable. They go beyond 20g for lower periods, so for higher frequencies. The uncertainty on the asymmetry of the structures for each test, taken arbitrary at 5mm herein, is a major reason to these discrepancies. Overall, the analysis of the PSV and PSA of the Cadarache 0.45g can be applied to the four others ground motions spectra in Figures A.6c,A.6d,A.7b,and A.7d. It can be concluded that the Slab Macro-Element model yields really interesting fits with the experimental data for an acceptable time-calculation.

Two-storey slab macro-element model
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Discussion and Perspectives

Discussion This section presents a numerically efficient algorithm for solving the equations of motion of structural systems subjected to pounding, herein referred to the NSCD. The algorithm is an implicit Moreau-Jean integration scheme combined with Newton's law of impacts, which relies on the coefficient of restitution e and accounts for energy dissipation upon contact. To illustrate the accuracy and robustness of the NSCD approach, two application examples are presented: (i) a bouncing ball test, and a (ii) building collision test, where NSCD-based solutions are compared with shaking table test results. From this study, the following conclusions can be drawn:

• The NSCD matched the experimental results very well for the two buildings in terms of amplitude and phase of the displacement histories, as well as timing of pounding events. These observations are valid for the seven single-storey structures and the five two-storey structures studied. For instance, in the Cadarache 0.25g test, the numerical model reproduces the displacement history on both structures and the timing of impacts with remarkable accuracy (Nine impacts successfully reproduced, refer to Figure 4.9). The 5% floor response spectra (e.g. PSV, PSA) around the fundamental frequency of each buildings is well captured by the numerical scheme with accelerations up to [10-20]g well reproduced; however, some differences are apparent in higher frequencies. Among several factors, these differences can be attributed to small accidental slab misalignments observed in the experiments, and the inferred modal damping values. These numerical simulations relied on a constant e value, which is also a source of uncertainties.

• A sensitivity analysis was performed and a e = 0.6 resulted in very good agreement between the numerical and experimental response. Some comparison indicated that a lower value of e contained between [0.2 0.6] could yield also interesting matching in spectra analysis. With high quality experimental data, and under the assumption of a constant value for e, this calibration process is straightforward as the number of empirical parameters is significantly reduced. In contrast, finding the correct stiffness coefficient, damping ratio, and integration time step on a PM implementation is cumbersome.

Perspectives Overall, the NSCD is a very useful tool for building pounding analyses and a good complement to traditional penalty method approaches. The next chapters 5 and 6 will present its use in the context of performance-based design and risk analysis.

Chapter 5

Risk Analysis on linear structures subjected to building pounding

Contents

In this chapter dedicated to study linear single-and two-storey structures, three Ground Motion Selections (GMS) are used. One serves for a comprehensive study on the effects of time steps and gap on impact EDPs, as well as for Efficiency-Sufficiency analysis (properties introduced in Section 3.1.4). The two remaining correspond to the CSS's and IDA's. Henceforth, each analysis output is presented for single-storey structures. Finally, their patterns are compared with the output from the two-storey structures studies. Only the structural response is analyzed in this Chapter 5, by means of the maximum drift calculated. The effects of pounding on non-structural components (by studying the floor response spectra notably) and local damage variables are looked into future Chapter 6. The seismic hazard data in each of these studies (e.g. the hazard curves at disposal) corresponds to the Valparaiso region of Chile. Throughout this chapter, the linear elastic SDOF models are the same than in Section 4.2.

Ground Motion Selections (GMS) & Sensitivity analyzes 5.1.1 Ground Motion Selections (GMS) for risk analyzes

GMS for Efficiency-Sufficiency and sensitivity analyzes 1677 GM are extracted from the Siber-Risk database developed by [START_REF] Castro | A consistently processed strong motion database for chilean earthquakes[END_REF], under submission to the present date. Only ground motions of magnitude greater than five are selected, because it is considered that no significant damages are produced with smaller magnitudes. Figures 5.1a and 5.1b present respectively the pairs of magnitude and source-to-site distances, and the distribution of magnitudes by section of 0.2 moment of magnitude. The 1677 time histories comply with the properties presented by Table 5.1. This selection is consistent with the geographic location of the Valparaiso city in Chile. Interface types earthquakes (rupture zone located above 60km under the earth surface) are the most frequent, and the shear velocity in 30 meters below the ground surface Vs30 is a class C type soil (very dense). Thus, the numerical simulations outcomes will be independent of the soil conditions and the earthquakes nature, chosen only of subduction type. 

GMP

GMS for CSS analysis

The CSS database contains 178 ground motions scaled to match the CS, and to be altogether consistent with the hazard curves of Sa(T), with ranged between 0.1s and 4s. Figure 3.18 in page 111 showed the hazard consistency of the CSS database for pseudo-accelerations at various periods. Figures 5.2a and 5.2b show respectively the 178 spectra and scaling factors associated with the database built for replicating the hazard at the Valparaiso region of Chile. Many scaling factors are over 10, often even reaching the hundreds, leading sometimes to very large Sa(T) values. This drawback is necessary to the achievement of the CSS, which again is an objective method coming with its advantages and shortcomings. A larger database of available ground motions could allow a more suitable selection of ground motions that would lead to smaller scaling factors. Narrowing the number of conditioning periods, 14 herein between 0.001s to 2s, to a range appropriate to the study, could also help in this matter. 

GMS for IDA analysis

For IDA analyzes, 113 earthquake records are selected from the Siber-Risk database [START_REF] Castro | A consistently processed strong motion database for chilean earthquakes[END_REF]. This amount of time histories matches the recommendations by [START_REF] Bradley | Ground motion selection for simulation-based seismic hazard and structural reliability assessment[END_REF]. It was checked that these ground motions need a scaling factor smaller than 10 and larger than 0.1 to scale them at PGA values of 1g, which is a relatively important level of intensity in earthquakes. Such verification allows to know the results are kept as relevant as possible regarding the concerns on scaling at least in this range of intensity. These 113 records are scaled, both according to Sa(T 1 ) and Sa(T 2 ), from 0.01g, 0.05g, 0.1g, until 3g with steps of 0.1g. Figure 5.3 displays the scaling of Sa(T 1 ), with T 1 =0.28s. All 113 GM are successively scaled to pinch all the target intensity levels from 0.01g to 3g at T 1 =0.28s. Scaling to same levels of intensity are applied separately to Sa(T 2 ), results for single-storey structures are presented pages 155. 

Effects of time steps, magnitude, and gaps on impact EDPs

For potential engineering purposes, this section aims at studying how impact EDPs evolve for various time steps and gaps. The 1677 ground motions from the Siber-Risk database are computed for various distances ranging from 0 to 10mm every millimeter, then for 2, 3, 5, 8 and 11cm where no collision happens. Since the plot is in log scale, the null distance is approximated to 0.1mm. The magnitudes of the 1677 ground motions range from 5 to 8.9. Consequently, they are divided into six sections of magnitude (as displayed by the legend of Figure 5.4 below) to analyze the output according to its intensity. Two time steps are computed, 1e-2s and 1e-3s, to observe the influence of temporal discretization. Following the probability of impacts, the number of impacts N imp , the maximum impact energy E m , and the cumulative impact energy E c are studied similarly. For simplicity, these three parameters are henceforth called "impact EDPs". Pounding SDOF system is the same as in Section 4.2, the left hand-side structure being heavier and more flexible than the right hand side structure, period ratio T 2 T 1 equals 0.53. As expected, earthquakes with large values of magnitudes have higher chances to make structures collide. As [START_REF] Chase | Probabilistic risk analysis of structural impact in seismic events for linear and nonlinear systems: Probabilistic risk analysis of seismic structural impact[END_REF][START_REF] Lopez-Garcia | Evaluation of current criteria in predicting the separation necessary to prevent seismic pounding between nonlinear hysteretic structural systems[END_REF][START_REF] Lopez-Garcia | Separation Between Adjacent Nonlinear Structures for Prevention of Seismic Pounding[END_REF]) stipulated, diminishing the gap values leads to higher probabilities of collision occurrence. It appears that the differences between time steps is not large, ∆t=1e-2s overestimating by less than five percents the probabilities. This should be accounted for in engineering projects if estimations are demanded in short notice.

Probability of impact

Number of impacts N imp Figure 5.5 presents the means µ of the number of impacts for various ranges of magnitude, separation gaps, and for ∆t equal to 1e-3s (solid lines) and 1e-2s (dashed lines). As in the previous section, since the plot is in log scale, the zero centimeter distance is approximated to 0.1mm. For legibility, the standard deviations σ are presented in Annexes page 214. Unlike the probability of impact, the effects of ∆t are more important when counting the number of impacts for all ranges of magnitudes, when gap=0m. For instance regarding the largest intensities in grey lines, almost 5000 collisions are detected with ∆t=1e-3s against barely 2000 for ∆t=1e-2s. As gap increases, the collisions logically decrease in number, and the influence of ∆t becomes more difficult to interpret. Also, we observe that the smallest range of magnitudes [5-5.2] (in black lines) induce at several times more impacts between 2mm and 10mm separation distance than larger magnitudes (blue and red lines, sometimes even closing the green curves of magnitudes [5.9-6.5]).

It is surprisingly apparent however that for some ranges of intensities, a gap exists where the number of impacts is slightly greater than for a smaller gap. [5.9-6.5[ (green) 5.9 6.4 (7mm) (8mm)

[6. 5-7.2[ (violet) 13.9 14.4 (7mm) (8mm) These peculiar behaviors all seem to appear in the [6-8]mm range for moderate and high intensities. These increases in number of impacts, although small, might originate from the following course of actions. As separation distance increases, the pre-impact structures velocities, shaken by the ground motion, might do as well. The resulting relative velocity and impact force/energy would consequently increase as well, leading to greater post-impact velocities, and possibly to more impacts coming sooner and stronger than for smaller gaps. Globally, E m increases along with the gap and the magnitude. This could be explained by the fact that as the gap increases, such as the pre-contact velocities. Consequently, the resulting impulse p i+1 and impact energy are stronger. The drop of the red curves when gap=9mm corresponds to a single contact occurrence as shown in Figure 5.5 above. Structures probably then barely touched at their end of courses with low velocities, so low impact energy. Also, except for the strongest magnitudes, E m changes significantly from gap=0mm to 1mm. Nevertheless, for separation distances less than 1cm, there is mostly no major differences between the time steps 1e-2s and 1e-3s, but they grow as the gap reaches several centimeters.

Maximal impact energy E m

Cumulative impact energy E c

Figure 5.7 presents the accumulated impact energy E c for various ranges of magnitude, separation gaps, and time steps. The mean values are plotted with the solid lines. Again, since the plot is in log scale, the zero centimeter distance is approximated to 1e-4m. For legibility, the standard deviations σ are presented in Annexes page 214.

As for the maximum impact energy, E c increases with the gap and the magnitudes, even though not with the same slope as in Figure 5.6. Again, the effects of ∆t are more important 

Single-storey structures: effects of pounding and gap on

IMs efficiency-sufficiency

List of IMs

Seven IMs are investigated, the pseudo-acceleration at the fundamental period T f of the structure S a (T f ), the P GA, the Arias Intensity (AI), the Cumulative Absolute Velocity (CAV ) and Standard CAV (SCAV ), the averaged pseudo-acceleration S avg (T f ), and the relative average spectral acceleration ASA 40 (T f ). They are listed by Table 5.3. The five first were previously introduced in Section 3.1.3. Time step equals 1e-3s.

The pseudo-average acceleration spectra Savg(T) corresponds to an average of Sa(T) over a period range, [c 1 T f c N T f ]. [START_REF] Eads | Average spectral acceleration as an intensity measure for collapse risk assessment: Average Spectral Acceleration as an IM for Collapse Risk Assessment[END_REF] states that several researchers have found Savg(T f ) to be a more efficient, and likely more sufficient, IM for non-linear structural displacements and collapse risk estimates of moment resisting frame and reinforced concrete structures. The average is achieved using a number N (equal arbitrarily to 27 herein) of periods over the specified range [c 1 T f c N T f ]. c i terms are positive scalar, with i=1,..,N herein. (Eads et al., 2013b) typically recommends c 1 and c N to be respectively equal to 0.2 and 3 because yielding interesting results regarding the prediction of collapse. Nevertheless, interesting results were already found herein with c 1 and c N respectively equal to 0.5 and 2 for EIBP application, they are kept throughout the study.

The ASA R (T f ) is proposed by [START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF] because showing better efficiency capabilities than standard IMs such as Sa(T f ) and PGA for nonlinear structures subjected to drops of their fundamental frequency. De Biasio showed that R=40%, i.e. X f =0.4 yielded the better prediction for several types of nonlinear structures and also by accounting for soil-structure interaction. The idea is to capture the frequency drop that the structure will experience due to the ground motion. 

IM

S avg (T f ) N i=1 S a (c i T f ) 1/N T f : fundamental period Positive scalars c i N : number of periods used for S avg (T f ) ASA R (T f ) T f 1-X f T f X f T f Sa(T,ξ) T 2 dT T f : fundamental period X f = 1-R 100 with R=40 thereafter Table 5.3 -List of IMs studied
Because EIBP necessarily involves two buildings, S a (T f ), S avg (T f ), and ASA 40 (T f ) are studied for T f equal both to T 1 and T 2 , the respective fundamental periods of the adjacent structures named 1 and 2. Consequently, the six efficiency-sufficiency coefficients are computed for each structure.

N.B. :

The two structures subjected to the 1677 unscaled GM of the Siber-Risk database are the same SDOF used in the validation of the NSCD in Section 4.2.1 page 117. Henceforth, the EDP of interest is the interstorey-drift δ, named respectively δ 1 and δ 2 for Structure 1 and Structure 2. This study focuses on adjacent, almost stuck against each other, buildings behaving as SDOF system.

Structural response to pounding before computing the indicators

A first glance at the results yields the following Figures 5.8a and 5.8b. Blue bars indicate the number of ground motions inducing collision, and the red bars the number of cases where the drifts increased due to pounding. In red characters, the ratio of these two numbers is indicated for each gap above the respective bars.

As expected for a gap null, all 1677 simulations induce impact, then their number decreases as the gap increases. At 10mm the number drops to 106 which was decided to be the larger and last gap computed since (i) it is almost the same number as for gap=9mm (i.e. 113) and (ii) it is less than 10% of the totality of the database. One can observe that the portions of GM where drift values with collision (in red) are greater than without collision (in blue) are relatively constant over the gaps, i.e. about 15% for Structure 1 and 52% for Structure 2, except when the gap is null. This results converge towards [START_REF]Pounding of buildings in series during earthquakes[END_REF] One can notice that the increases in drift values happen mostly for the small-medium parts of the pseudo-acceleration ranges, and drifts values of Structure 1 are greater than the ones of Structure 2 (i.e. side by side with the same axis limits, the blue and red dots of Figure 5.9a are mostly above the ones in Figure 5.9b). The ground motions affects more Structure 1 than Structure 2, but pounding increases more often and more importantly the drifts of Structure 2. Indeed, δ 1 values are often reduced, whereas δ 2 are subjected sometimes to significant increases by factors two or more. An attempt is done to assess quantitatively the evolutions of the drifts when subjected to impact, in a concise way. Indeed, representing all 11 systems (i.e. the 11 gaps) would mean plotting 11 times Figures 5.9a and 5.9b, which is long and cumbersome to analyze. Let's denote now α s,g the factor by which the drift value with no collision is multiplied when structures are subjected to impact, for any GM s and separation distance g. Equation 5.1 presents how α s,g is defined, so that α s,g ≤ 1 indicates decreases of drift caused by EIBP, while α s,g > 1 indicates increases of drift. The sub-index N C means No-Collision, a free-contact case, with which to compare the outcomes influenced by the collision (sub-index C).

α s,g = δ C,s,g δ N C,s,g (5.1)
3D plot of the results of each structure are presented by Figures 5.10a and 5.10b. For each gap g, the portions (in percentages) of GM per sections of α s,g are plotted. The sections of α s,g chosen for graphic representation when there is a decrease of drift values (i.e. α s,g ≤ 1) are from 0 to 0.33, from 0.33 to 0.66, and from 0.66 to 1. When pounding leads to drifts increase (i.e. α s,g > 1), sections of α s,g are from 1 to 1.33, from 1.33 to 1.66, from 1.66 to 2, from 2 to 4, and from 4 to 6. For legibility, the α s,g [0 0.33] and [0.33 0.66] sections are not displayed. Occurrences of large values of α s,g (i.e. greater than 1.66 in green and golden bars) are relatively rare for Structure 1, they correspond to less than 2-3% of the GM inducing collision for each gap. They are on the contrary much more likely to happen for Structure 2, where it can reach 15% of cases. Overall, the aggravating effects of pounding are much more important and likely to happen for Structure 2 than for Structure 1. Between gap=2mm and 6mm, there are as much or more α s,g in [2 4] than in [1.66 2].

Computing these data for each of the 11 gaps allows subsequently to compute the two efficiency and four sufficiency indicators for each structure. This represents a considerable amount of data that can be difficult to embrace and analyze. Next section presents the analysis of the efficiency indicators for Structure 1 over all the gaps, and the geometric mean applied over all the gaps to condense and reduce the amount of data while still capturing and ranking the IMs properties. Efficiency analysis : R 2 and COV values of Sa(T 1 ) N C (black solid line) equal respectively 100% and 0% as expected when no collision happens, because this IM has perfect efficiency properties when the system is a linear elastic SDOF (as displayed in Figure 3.5 in page 86). Also, it is visible that most IMs present better capabilities when impact occurs rather than without, e.g. except for Sa(T 1 ) in COV curves of Figure 5.12, the thin cross-doted lines are under the thick solid lines. One can also observe that Sa(T 1 ), Savg(T 1 ), PGA, and ASA 40 (T f ) present the smallest, so the best, COV values, mostly under 5%, and constant over the gaps.

Regarding R 2 values, again, the IMs inferred from calculations with contact present higher R 2 than without collision, except for Sa(T 1 ) and S avg (T 1 ). It is also noticeable that, as the gap increases from 0mm to 10mm, and as less and less GM induce impact, R 2 values steadily decrease, at least dropping a 10 to 20% absolute value. To the difference of COV plots, the determination coefficient is more sensible to gap variations. Similar patterns and conclusions are drawn from the analysis of the determination coefficient and the coefficient of variation for δ 2 of Structure 2, in Figures A.9 Sufficiency analysis : p-value indicators are highly sensitive to the gap variations, (i.e. to the number of ground motions inducing impact considered for its computation), it is difficult to identify any pattern. Spearman indicators comply more with their respective criterion, but lesser and lesser as the gap increases. Differences between indicators with and without collision are relatively small, and only vary by maximum 10% for the "best" IMs such as Sa(T ), Savg(T ), and ASA 40 (T f ). More importantly regarding IM sufficiency, conclusions are not the same from one indicator to the other. For instance, PGA (in blue) never complies for p(M ) for all gaps, Figure 5.14 -Single-storey Structure 1: Evolution of ρ(M ) of δ 1 with the separation distances and for the seven IMs studied but only for gaps=3, 6, and 7mm for ρ(M ). Also, the p-value can be subjected to a sudden drop or peak, so of criterion validation, by only a 1mm gap difference, leading the author to put less trust in the results despite presenting them. For instance in Figure 5.13, Savg(T 1 ) passes suddenly from sufficient enough (p(M ) ≈43%) to insufficient (p(M )«5%) from gap=2mm to gap=3mm. In terms of orders of magnitude, the differences observed for ρ(M ) millimeter by millimeter are relatively less important. Same observations, with different values of gaps, are observed for the other IMs over distance R, and for Structure 2. p(M ), p(R), ρ(M ), and ρ(R) outcomes from both δ 1 and δ 2 are displayed from Figures A.12 to A.16 in pages 216 and 217.

Decision towards a geometric average : : Presenting all the efficiency and sufficiency outcomes for the two structures and 11 gaps represents an important amount of data. It is possible to observe if the IMs are more or less relevant than others for peculiar ranges of separation distances, but the holistic display is only possible with 12 graphics. It has been decided subsequently rather to obtain a general overlook by averaging geometrically the efficient-sufficient coefficients over all the gaps, than to observe the evolution individually gap by gap. It leads obviously to a loss of information. This can be justified by two points. First, the evolution of R 2 , COV , and Spearman coefficient ρ with gap all behave similarly for all IMs as displayed by the above Figures 5.11 (slow decrease), 5.12 (globally uniform), and 5.14 (globally increasing with peaks and troughs), while the average application on the p-value is indeed doubtful. Secondly, in real situation of buildings under construction in sites, the uncertainty on distances must be between a few millimeters and one centimeter. Then, this study investigates globally and comprehensively the adjacent buildings separated by 0 to 10mm distance.

In the end, the amount of data to analyze and present is divided by 11, the outcomes and conclusions to draw from them fit into two tables rather than in 12 graphics. p values are averaged, but also indexed with a *symbol as a warning for not yielding seemingly consistent outcomes over the gaps, as the scatter of data is large for each gap. An example of this weighted average is given below with the coefficients R 2 and COV of S a (T 1 ) for Structure 1, while further section will present all coefficients for both structures.

Example of geometric average of the indicators

Table 5.4 presents the values of R 2 g and COV g computed from the drift δ 1 , for the 11 systems indexed g, for S a (T 1 ). These values can be seen also following the black crosses in Figures 5.11 and 5.12. N GM g is the number of GM that induce collision for the gap indexed g, with g=1,2,...,11. The results by (Langlade et al., 2021a) All R 2 g and COV g are averaged geometrically by N GM g , the number of ground motions that actually induced collision for the gap number g; let's note the results respectively R 2 avg and COV avg . Equations 5.2 and 5.3 present respectively the formulations used.

R 2 avg = N =11 g=1 R 2 g N GM g N =11 g=1 N GM g (5.
2)

COV avg = N =11 g=1 COV g N GM g N =11 g=1 N GM g (5.3)
Equations 5.4 and 5.5 present respectively the numerical application of both R 2 avg and COV avg for S a (T 1 ). This way, an integrated response of efficiency is given for structures separated from 0mm to 10mm. This weighted average is computed for all IMs, for the seven indicators, and for the two SDOF. This allow to present the outcomes in the two Tables 5.5 and 5.6 in next section. R 2 avg =90% and COV avg =4.3% are notably present in the Sa(T 1 ) column of Table 5.5. Efficiency: For both structures, Savg(T ) is the most efficient IM, its respective R 2 avg and COV avg respectively plainly greater and smaller than all the other IMs coefficients. ASA 40 (T f ), Sa(T f ), PGA, and AI show also good efficiency properties, although not consistently as none of them validate the criteria for the two structures as Savg(T ) does. CAV and SCAV fall short.

Sufficiency: As aforementioned in Section 5.2.3, the results on sufficiency are often contradictory for the structures and IMs, Sa(T ) excepted. The Spearman correlation coefficient and the p-value values do not lead to consistent and converging conclusions, as the first always validates plainly the independence of the results over magnitude M and distance R, whereas the second contradicts it in many cases, often changing or order of magnitude of values by only 1mm gap difference (for instance, Savg(T ) from 2mm to 3mm goes from 40-50 to 1e-2). p-values should consequently be analyzed gap by gap rather than averaged, hence the *symbol for warning in the tables above. Nevertheless, to the knowledge of the author, this joint check has not yet been done in the civil engineering and EIBP frameworks. Furthermore, Figures 5.13 and 5.14 above showed for Structure 1 that both p-Sa(T ) (in black crosses) and p-Savg(T ) (in pink crosses) complied with the magnitude sufficiency criterion for respectively 9 and 8 out of 11 separation distances. Both IMs seem to fall short over most of the gaps only regarding the source-to-site distance for Structure 2 as shown by Figure A.14 in page 216. Overall, Sa(T ) affected by pounding complies consistently, followed closely by Savg(T ) that sees p val,avg (M ) fall short only in Structure 2. Sufficiency is assumed validated by the ρ output, even if additional and further investigation on p-value should be made.

Discussion: Savg(T ) distinguished itself as more efficient and almost as sufficient as Sa(T ) when linear elastic structures are subjected to EIBP. ASA 40 (T f ) showed similar capabilities but only for the stiffer structure. Despite this, risk analyzes require IMs with satisfying efficiency and sufficiency properties, but also seismic data scientists have experience working with. Since only hazard curves of Sa(T ) were available in the framework of this report, and since Sa(T f ) proved to be the second best ranked IM in terms of efficiency and sufficiency, it will be used for running CSS and IDA analyzes in further sections. Nevertheless, it is suggested to use Savg(T) in case of EIBP if reliable recurrence laws are available for running a PSHA and obtaining related Savg(T ) hazard curves. 5.7. The periods ratio equals 0.57, so it is close to the single-storey period ratio's, 0.53. Time step equals 1e-3s. Again, as expected, due to the enhanced slenderness of the two-storey structures, they are involved in more collision cases than single-storey structures, respectively 222 against 106 at gap=10mm for instance. Also, the damage brought by pounding are now more uniform in the DDOF model than previously for the SDOF's. Indeed, the ratios are now greater for Structure 1 and smaller for Structure 2, respectively increased from about 15% to 22% and decreased from about 52% to 42%. Two-storey structures 1 and 2 respectively suffer more and less often.

Comparison between

Ground Motion

The 3D distribution and comparison of the α s,g for each structure is presented respectively by Figure 5.17 to assess quantitatively how much the drifts are affected by pounding for the DDOF system (in lower Figures 5.17c and 5.17d) compared to the SDOF (in upper Figures 5.17a and 5.17b). Again, the sections of α s,g equal to [0 0.33] and [0.33 0.66] are not displayed for legibility.

By comparing Figures 5.17a and 5.17c, the additional ratios of α s,g > 1 for Structure 1 between SDOF and DDOF models are mainly concentrated in the ranges [1 1.33] and slightly Again, R 2 is more sensible to gap variations than COV ; the first tends to decrease as gap increases, whereas the second remains mainly constant. Also, most IMs have better capabilities when impact occurs rather than without, e.g. except for Sa(T 1 ) in COV curves of Figure 5.18d, the thin cross-doted lines are under the thick solid lines. One can notice that Sa(T ) N C is no longer perfectly efficient, as expected from a system not behaving as SDOF. Looking at R 2 , it decreased from 100% in Figure 5.18a to about 98% in Figure 5.18b along all the gaps. COV also passes from 0% in Figure 5.18c to about 2% in Figure 5.18d. The same decreasing and uniform patterns (respectively for R 2 and COV ) with the gaps are observed. A noticeable feature is that R 2 values of Savg(T ) and Sa(T ) in DDOF structure are greater over all the gaps than in the SDOF system's, while the remaining IMS all observe losses of efficiency capabilities, also for COV . Indeed, they comply with the efficiency criterion (i.e. R 2 greater than 90%) for all gaps, which was not the case in SDOF systems. No noticeable changes are observed in COV values. Similar patterns and conclusions are drawn from the analysis of R 2 and COV for δ 2 of Structure 2, in Figures A.17 The results are again averaged geometrically except for CAV and SCAV because falling short in both SDOF and DOF systems, and also for the p-values because deemed unsuitable for average operation as aforementioned. The DDOF system average indicators are displayed in Tables 5.8 and 5.9 for comparison with the SDOF system. As in the previous section, the IMs complying with a criterion have their cell colored in green. Efficiency: For both structures, Savg(T ) is the most efficient IM, its respective R 2 avg and COV avg respectively plainly greater and smaller (around 95% and 3%) than all the other IMs coefficients. ASA 40 shows results as good as Savg(T ), but only for the stiffest structure. Sa(T ) follows closely behind with good efficiency properties (around 92% and 5%). PGA and AI have gone out of the criteria zone with significant loss of efficiency.

Geometric average of the indicators

Single-storey

Sufficiency: Results on sufficiency are more difficult to interpret for the structures and IMs, as shown in pages 218 to 221. The Spearman correlation coefficient and the p-value values do not lead over all the gaps to consistent and converging conclusions, as the first always validates plainly the results independence over M and R, with values constantly ranged below 10% over all the gaps, whereas the second contradicts it over distance R for both structures, and also over magnitude for Structure 2. As for SDOF systems, sufficiency is assumed validated by the ρ output, even if additional and further investigation on p-value should be made. By considering only the Spearman rank coefficients that seem to have the most consistent evolution despite their ups and downs, all IMs comply comfortably with the sufficiency criteria Discussion: Same as for single-storey structures, Savg(T ) distinguished itself as more efficient and similarly sufficient than Sa(T ) and the other IMs when structures are subjected to EIBP. For the same reasons again as for Sa(T ) (recurrence laws, or hazard curves not available for Savg(T )), future risk analyzes of two-storey structures are run with Sa(T ) as the conditioning IM. It is suggested that, in the future developments in seismic hazard analysis involving EIBP, Savg(T ) should be investigated because showing better predictability capabilities than other IMs in case of adjacent single-storey and two-storey structures of equal height.

Risk Analyzes on single-storey structures

The objective of this section is to present the outcomes of the CSS and IDA analyzes on the pounding single-storey structures. The interstorey-drift of each building is studied, as it represents the global structural response and columns states affected or not by pounding. First, the drifts δ 1 and δ 2 versus respectively Sa(T 1 ) and Sa(T 2 ) are drawn from the IDA analysis to observe the effects of pounding on the EDP-IM relationship of both structures. From there, the fragility curves are drawn, and are further convoluted with the hazard curves to obtain the SRHC of drifts δ 1 and δ 2 . These SRHC curves are compared with the ones obtained from the CSS analysis, for the drifts, and also for the impact EDPs, i.e. the maximum impact energy E m , the accumulated impact energy E c , and the number of impacts N imp . As a reminder, for simplicity these three parameters are called "impact EDPs". 5.19a and 5.19b present respectively the evolution of the mean values of drifts δ 1 and δ 2 with the respective IMs Sa(T 1 ) and Sa(T 2 ) for separation distances equal to [0 1 2 3 4]cm. Figures have the same axis scale for easier comparison. The free-collision case is drawn in a black solid lines. The pseudo-accelerations Sa(T 1 ) and Sa(T 2 ) of the 113 database GM are scaled from levels 0.01g, 0.05g, and 0.1g to 3g with steps of 0.1g. For legibility, the standard deviations σ δ 1 and σ δ 2 are plotted in page 155. The first observation is that the drifts of the more flexible Structure 1 are much more sensible to the pseudo-acceleration than for Structure 2's (i.e. the slopes on Figure 5.19a are more tilted), with and without collision. Also, an interesting feature is that when gap is null (red curves), the response of both structures are perfectly linear, contrary to when the separation distance is different from zero. In Figure 5.19a, the drift δ 1 are significantly decreased due to pounding, and this no matter the gap and Sa(T 1 ) level of intensity. As the gap increases, stronger levels of intensity are needed to induce impact (i.e. the colored lines depart from the black curves at increasing values of intensity) which is logical, and they happen to be parallel, especially when gap=2cm, 3cm, and 4cm. There is then a beneficial effect of pounding relative to δ 1 . Furthermore, Figure 155 shows that the standard deviations is approximately two times more important for the heavier structure than for the stiffest. One can even notice that pounding reduces the scatter, as colorful curves are below the black lines. In Figure 5.19b, δ 2 is affected by the collisions when gap̸ =0cm and for specific intensities. Gap values have small influence on the structural response, as [START_REF] Chase | Probabilistic risk analysis of structural impact in seismic events for linear and nonlinear systems: Probabilistic risk analysis of seismic structural impact[END_REF]) also found out. There is a level of intensity for which pounding turns from destructive to beneficial as the colored lines cross the black line from its right side (i.e. more destructive) to its left side (i.e. more beneficial). For instance, pounding is desirable starting Sa(T 2 ) equal to 0.8g and 1.5g for respectively the gaps 1cm and 2cm. Quantitatively, δ 2 increase at the most by 0.2% (in absolute) when gap=4cm.

δ and impact EDPs relationships with Sa(T ) from IDA analysis

Impact EDPs relations are now plotted versus both Sa(T 1 ) and Sa(T 2 ). Figure 5.20 presents the plots of the average maximum impact energy, cumulative impact energy, and number of impacts. The standard deviations are displayed for legibility in page 223.

One shortcoming of the IDA analysis is visible through the three Figures 5.20a,5.20b,and 5.20c. The impact EDPs are conditioned by the IM chosen, either Sa(T 1 ) in solid lines or Sa(T 2 ) in dashed lines. Solid lines and dashed lines do not superimpose, especially when gap is not null. This fact was expected since for one ground motion, scaling Sa(T 1 ) and Sa(T 2 ) at one level yields necessarily two different seismic input, so two different EDP values. This could have also been shown by studying the drifts values for various levels of intensity of both Sa(T 1 ) and Sa(T 2 ) above, but for legibility, it is shown and underlined here with these impact EDPs. This shortcoming is notably absent from the CSS approach (next Section 5.4.3) which integrates many IMs, herein up until 14 different pseudo-accelerations Sa(T ) with T =0.01s,...,4s. Despite this inherent drawback of the IDA, envelops of values, patterns and trends are obtained, and can be of relevance if impact EDPs are of interest in project design phases. Thus, one can observe that the impact EDPs values are constantly greater for Sa(T 1 ) than for Sa(T 2 ). Similar observations are made, but less importantly, for the cumulative impact energy E c . Also, effects of gaps and IM nature on E m are smaller for high intensities as curves start to superimpose around Sa(T) ≥ 1.5g. Quantitatively, when Sa(T 1 ) equals 1g and 2g, E m respectively equals 500J and 2000J approximately for any gap (n.b., 1g and 2g respectively correspond to return periods of Sa(T 1 ) of 100 years and 500 years). To realize what these values can represent, by considering that the whole 4600kg mass of Structure 1 are effectively put into motion, it represents kinetic energy amounts where Structure 1 velocity equals respectively 0.5 m/s (1.7 km/h) and 0.9 m/s (3.4 km/h).

Unlike the two types of impact energies, the number of impacts N imp between gap=0cm (red curve) and gap=1cm (blue curve) is extremely different by a factor 10 to 100). It is assumed that real structures with close to zero separation distance will likely behave more closely to the output of gap=1cm in blue than with 0cm in red, as perfect null separation distance between two buildings is not perfectly achieved along their whole facing fronts. One can notice that for very high intensities, there are slightly lesser impacts when gap=0cm than for smaller intensities. This could be explained by the fact that post-colliding floors are launched in opposite directions more strongly, then stay away longer times.

Fragility curves of the interstorey-drifts δ 1 and δ 2 are obtained for each structure from the IDA. The level of damage presented thereafter correspond to the OPerational (OP) state, i.e. δ 1 =0.5%, and to the Immediate Occupancy (IO) state, i.e. δ 1 =1%, which are respectively the first and second damage states of importance described by [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF]. The plots corresponding to the three remaining damage states are presented by (c) δ 1 and (d) δ 2 exceed 1%) according to [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

Probabilities that δ 1 exceed 0.5% and 1% are unchanged or even strongly lowered by pounding, especially when gap≤1cm. For instance, for both damage states in Figures 5.21a and 5.21c, intensity levels must be doubled when gap is null (red curve) to reach the same probability than the free-collision curve (in black). Unlike Structure 1, pounding has a destructive effect on Structure 2 for gaps equal to 2cm, 3cm, and 4cm. For instance in Figure 5.21b, for an intensity level of 1g, the pounding increases from 40% to 60% the probabilities that δ 2 reaches 0.5%. Similar observation is made for the IO state, but only for stronger intensities and 3-4cm distances. Again, the same observations are made for higher damage states shown in page 222. Thus, getting farther away does not necessarily imply that the "collision" curves immediately superimpose with the "no-collision" black curve. Again, as explained in Section 5.1.2 regarding the number of impacts increasing along with gap, the drifts might suffer from the greater pre-impact velocities that benefited from the larger separation to grow bigger. Consequently, the impact force/energy increases, such as the resulting structural response. The [2][3]cm range seems here to be the distance to avoid for this given configuration of two steel-framed 2.5m height structures with frequency ratio of 0.55. In the future, it would be of interest to inves-tigate the possibility to formulate such critical range for a given structural configuration and seismic loading. Fragility curves of impact EDPs are not displayed because relevant levels of damage due to impact should be fixed first, for instance to give a value of impact energy corresponding to a damage state of steel yielding or concrete spalling.

SRHC of δ and impact EDPs with CSS and IDA approaches

The fragility curves of Sa(T 1 ) and Sa(T 2 ) of drifts and impact EDPs are convoluted through their respective hazard curves to obtain the Structural Response Hazard Curves. They can be plotted alongside the SRHC from CSS approaches for comparison. Figure 5.22 presents for Structure 1 and 2 the comparison of CSS (in grey) and IDA (in black) issued δ 1 and δ 2 SRHCs, for separations distances equal to 1cm, 2cm, 3cm, and 4cm. For legibility, the output of the 4cm gap are displayed in page 228. Two hazard levels, 1/100 and 1/475 events/years, are plotted with horizontal thick red lines, and the envelops of drift values obtained are indicated by the red vertical thinner lines and writings. λ i,j stands for the return period for the Structure i and the return period j, with i=1,2 and j=1/100,1/475. These return periods are chosen because of interest in building design, 100 years corresponding averagely to a building lifetime, and 475 years being the time span of the design earthquake in building codes, for instance (Eurocode 8, 2004).

For all gaps, CSS and IDA approaches yield very similar results for both structures as λ 1,j and λ 2,j superimpose very well for j > 1/100 years -1 , especially for Structure 1. Differences start to grow bigger between the solid curves (respectively dashed) when j < 1/100 years -1 . Effects of pounding are significant when gap ≤ 1cm, and mostly beneficial, as the drifts calculated at the two specified target hazard levels are never increased due to pounding (i.e. the superior borders of the envelops never correspond to collision-cases in dashed lines). Only for large rates of exceedance (greater than 1/50 events per year) does pounding increase these annual rates for Structure 2 and gaps ≥ 1cm, and not significantly. Overall, EIBP has relatively small damaging effect on Structure 2 during the lifetime of the structure, and it becomes beneficial for rates of occurrences smaller than 1/100 years. The impact EDPs SRHC from CSS (solid lines) and Sa(T 1 )-issued IDA (dashed lines) approaches are now presented by Figure 5.23. SRHC from Sa(T 2 )-issued IDA yields similar results than Sa(T 1 ), with a matching slightly less satisfying, and are presented in Annexes page 224. First, for the impact energies displayed by Figures A.29a and A.29b, the CSS and IDA curves superimpose well for all the gaps, which is an interesting feature. The greater differences correspond to the smaller gaps, especially gap=0cm at large rates of exceedance, λ > 1/10 events per year. While still being close to each other, IDA's maximum impact energy E m output is mostly more conservative than CSS's if λ ≥ 1/100 events per year, before becoming equal, or less conservative than CSS for smaller λ (dashed curves superimpose, or go under the solid ones). For the cumulative impact energies E c , the same patterns are observable, but for at a larger threshold λ = 1/50 events per year. An other interesting feature of the maximum and cumulative impact energies is that λ where gap effects almost decrease greatly, i.e. solid and dashed lines respectively start to gather and superimpose, notably for λ ≤ 1/300 events per year in both Figures A.29a and A.29b. If these impact energies become EDPs of interest, it is noteworthy that CSS and IDA provide similar outcomes for most of the gaps and range of exceedance rates studied. One could opt then for the faster CSS approach.

Number of impacts-issued CSS and IDA methods superimpose well for gap distances equal to 1cm, 2cm, and 3cm. Differences are greater at gap=0cm and gap=4cm. In the first case, the outcomes of gap=0cm (red curves) and gap=1cm (blue curves) are different by orders of 100 to 1000 depending on the λ considered. This difference is relatively very important, and caution should be taken when applying these outcomes to real life configurations. Indeed, there is uncertainty of the dimension of the dilatation joints in construction sites, i.e. buildings may not be perfectly 0cm distant from each other, and not consistently over all their facing walls. The expected number of impacts in real life of these red curves is probably closer to the blue ones. At gap=4cm, differences are more important, probably due to the fact that lesser records induce collision in the CSS method (87/178 ground motions), bringing less data. IDA is less affected by this aspet, as it describes the intensity consistently from 0.01g to 3g with 113 records at each intermediate steps of 0.1g. In such a configuration (relatively large gap) and studying N imp , preference should consequently go towards the IDA approach.

Risk analyzes on two-storey structures

The present section presents the risk analyzes results of the two-storey structures and confront them with the single-storey's. First, IDA curves and fragility curves are presented, before SRHC of drifts and impact EDPs. Because they present a greater slenderness, so possibly larger responses, the IDA study involves two more separation distances 5cm (in golden yellow) and 6cm (in pale blue). The same patterns than for the single-storey structures (previous Section 5. 4.1) are visible here, and are even more marked. Maximum and accumulated impact energies become practically independent from the separation distance at respectively 0.5g (for both Sa(T 1 ) and Sa(T 2 )) and [0.75 and 1.5]g (respectively for Sa(T 1 ) and Sa(T 2 )). Their values are approximately 10 times superior to single-storey's output, which was expected due to the greater slenderness and masses involved in the structures.

Fragility curves from IDA analysis

The Operational and Immediate Occupancy states FC (i.e. δ 1 equals to 0.5% and 1%) of Structure 1 are first presented by Figure 5.26. This allow to compare the evolution of the FC between single-and two-storey's. according to [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

The colored lines are closer to each other (i.e. effects of gap are less important) for the two OP and IO damaging states. The same tendencies towards an attenuation of the gap effects and minimization of the building response for Structure 1, observed in previous Section 5.5.1, are present here. Pounding seems to have consequently not much negative effects on the heavy structure.

The Operational and Immediate Occupancy states FC (i.e. δ 2 equals to 0.5% and 1%) of Structure 2 are now presented by Figure 5.27.

Again, the tendency towards a decrease in pounding destructiveness for Structure 2 is observable. For the OP state in Figure 5.27b, pounding increases the probabilities of damaging it by merely 10% only for a short range of Sa(T 2 ) values ([0.3-0.6]g) if gap ≥ 3cm. On the contrary for single-storey's in Figure 5.27a,g. The same observations can be made while analyzing the IO state between Figures 5.27c .5% and 1% according to [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

There does not seem to be a critical gap for which the probabilities would be consistently greater. The 3cm distance in the OP state is the most likely to yield δ 2 =0.5%, followed by the larger gaps. In IO state, it switches to gap= [5][6]cm. Nevertheless, again, the increases in probabilities are relatively small, less than 10% in absolute compared to the free-collision case. As for single-storey structures, CSS and IDA produce very similar results for the two-storey Structure 1, the solid black curves (respectively dashed black) superimposing very well with the solid grey curve (respectively dashed grey), as well for single-storey than for two-storey structures. Regarding Structure 2, patterns of CSS and IDA are similar, all curves being almost parallel, but differences are more important than for Structure 1. IDA produces more conservative outcomes for Structure 2. This time, there are no clear damaging effects of pounding visible, even for large rates of exceedance. The SRHCs of impact EDPs are now presented respectively in Figure 5.30. CSS and Sa(T 2 )-issued IDA output are compared and presented herein, while the comparison with Sa(T 1 )-issued IDA (matching a bit less) are in Annexes page 226.

SRHC of δ and impact EDPs with CSS and IDA methods

While CSS and IDA methods curves superimpose relatively well for single-storey structures, the differences are more important for two-storey structures. However, patterns of CSS and IDA ar very similar, and IDA remains the method yielding the most conservative outcomes. Again, for each risk analysis, a λ comes where the effects of the gaps are much less important, i.e. solid (respectively dashed) colored lines gather altogether starting approximately at the same λ=1/80 events per year, which shows the convergence of both methods. Also, probably due to their greater slenderness, the relative velocities before contact of the two-storey structures must be larger, inducing larger impact energies (e.g. about 1e4J for two-storey structures against 3e3J for single-storey's when λ=1e-3 events per year, for any gap). The CSS-output comparison between the linear elastic SDOF and DDOF models are compared in Annexes in page 228 to better measure the differences between pounding structures with one floor or two floors. 

Discussion and Perspectives

Discussion EIBP affects the structural response of buildings, e.g. interstorey-drifts. To run future seismic hazard analysis, one needs IMs proven to be both efficient (i.e. able to predict accurately the structural response) and sufficient, (i.e. the predictability, for a given range of the IM, is not conditioned on magnitude and distance). Two adjacent pairs of SDOF and DDOF (representing pairs of single-storey and two-storey structures) of periods ratio of 0.55 were subjected to 1677 GM with 11 different separation distances ranging from 0mm to 10mm. Efficiency-sufficiency and CSS-IDA analyzes showed that:

• Savg(T f ) showed better efficiency and at least same sufficiency as Sa(T f ), PGA, and ASA 40 (T f ) with T f as the first vibration period. Caution should be taken, especially regarding two-storey structures, regarding the values averaged of the p-value (one of the two sufficiency indicators) that, unlike the Spearman rank correlation coefficients, shows much consistency even when gap changes only by 1mm. Sufficiency is nonetheless assumed validated considering Spearman coefficient output. Overall, although Savg(T f ) should be logically used for seismic hazard analysis, the seismic data available, herein from Valparaiso region in Chile, involved the sole IM Sa(T f ). Sa(T f ) hazard curves were consequently used as the IM of choice for CSS and IDA computation.

• The stiffest structure involved in EIBP suffers more often, but less significantly, than the more flexible and heavy structure that rather sees its displacements decreasing. It also allowed to draw the probabilities of occurrence of contact, the mean values of number of impacts, and the maximum and cumulative impact energies, considering the separation distance, time step, and the magnitude range.

• EDP versus Sa(T f ) curves, FC, and SRHC could be plotted.

-First, pounding reduces the drift of the heavier structure, and slightly increases the lighter one's. Also, there is an intensity level for which the maximum impact energy registered is independent from the gap separation, especially for the twostorey configuration.

-Secondly, the probabilities of the drift to reach 0.5% (first damage state) are increased by 20% at the most by EIBP for the stiffest structure, while the other sees either no change, or even a strong reduction of the probabilities for separation distance ≤ 1cm. For single-storey structures, there seems to be a "critical" gap for which the increases are maximum, e.g. [2][3]cm here. This observation is not convincingly confirmed with the two-storey studies where pounding was much less detrimental to the structural response.

-Thirdly, the SRHC of the flexible structure drift showed very good matching between CSS and IDA methods with and without accounting for pounding loading. Differences are more important for the lighter structure, albeit both methods yield similar patterns, the IDA being mostly the most conservative. Its drifts are slightly larger due to collision for large rates of exceedance, i.e. λ > 1/50 events per year, but not significantly. Otherwise, response is diminished. Regarding SRHC of impact energies, CSS and IDA results superimpose very well for both configurations. This could allow to run CSS analysis rather than IDA for a gain of computation time (almost 10 times longer for the incremental technique). Again, a specified rate of exceedance exists for each structure upon which impact energies are almost not influenced by the separation gap. Pounding brings different effects to the buildings responses; thus, depending on which EDP is observed, a structure checked against EIBP does not necessarily imply it is also validated against the sole seismic case, and vice-versa.

Perspectives As underlined by (Franke, 2016), the knowledge and description of the site seismic model (i.e., number of faults, types, activity, recurrence laws, attenuation relationships, etc.) is central to provide reliable hazard curves on which to build SRHC. To the knowledge of the author, earthquake specialists are more used and experienced working on Sa(T f ) than Savg(T f ), this experience bringing more trust when analyzing the risk analysis output. Consequently, Savg(T f ), which should have been designated to be the IM of choice at least for EDP-IM and FC plots, was discarded. An interesting perspective would be to focus on the seismic models of Savg(T f ) and run risk analyzes with it. Also, if the maximum and cumulative impact energies, and number of impacts become parameters of interest in engineering design (both for structural global, local, and non-structural behavior), the outcomes of this chapter could be of interest. For equipment located on structures floors, the effects of pounding on the floor-response spectra should be investigated, notably because pounding can trigger higher frequency modes and increase the peaks. This point is tackled in the following Chapter 6.

Chapter 6

Risk Analysis on nonlinear structures subjected to building pounding The present chapter aims at analyzing how much the nonlinearities have effects on the structural response and floor response spectra of buildings subjected to building pounding. It is divided in two main sections. The first one presents the comparison between the linear elastic responses from the previous chapter with a nonlinear model of the same adjacent structures. The model is calibrated to account for the potential steel yielding in a realistic way. The two risk analyzes of Conditional Scenario Spectra and Incremental Dynamic Analysis are run, and both linear and nonlinear output are confronted. The second section presents the effects of pounding on non-structural components, equipments, located on the floors of prone-to-pound buildings. This part sees the numerical modelling and calibration of a structure named CAMUS1, built during an experimental campaign by (EMSI et d'Etudes de Mécanique SIsmique Commissariat à l'énergie atomique et aux énergies alternatives, 2001). It is a 1/3rd scaled and 5.1m high structure of reinforced concrete. Multi-fibers Timoshenko beams and constitutive laws for concrete and steel are used to analyze various parameters of damage. A linear elastic MDOF structure is positioned adjacent to CAMUS1, and an Multi-Stripes Analysis is applied to observe the effects of pounding on the structural response and floor response spectra of both specimens.

Comparison between linear and nonlinear single-storey structures

The objective of this part is to analyze the differences between linear (from Chapter 5) and nonlinear systems subjected to EIBP. Two modelling approaches of the structures are studied: a 1D Kinematic Isotropic Hardening (KIH) model using two stiffness parameters k kin and k iso , and a 2D modelling with 32x128 TRI3 elements (triangular form with three Gauss integration points) and using a plane stress plasticity model named J2. Both approaches are described by [START_REF] Simo | Computational inelasticity[END_REF]. The J2 approach (more discretized) will eventually serve as calibration for the KIH approach (faster) that will be used to run CSS and IDA methodologies.

J2 and Kinematic-Isotropic Hardening (KIH) model properties

Present section introduces the J2-plasticity material model used on two embedded beams whose modal behavior match the single-storey structures of Chapters 4 and 5. This 2D approach is too much time consuming and could not be realistically used for nonlinear risk analyzes. Instead, it serves as benchmark to calibrate the stiffness parameters k kin and k iso of the KIH model, less complex, but faster. J2 model is used on beams which are discretized with 32x128 TRI3 elements, in order to have a structural response independent of the mesh refinement.

J2-plasticity material model

The J2-plasticity material model used for these simulations is based on an integration method developed on the basis of classical plasticity theory under plane stresses conditions. This model is applied to two planar embedded beams modelled with 32x128 TRI3 beam elements behaving in their linear state similarly to the single-storey structures of the two previous chapters. The cross sections of the beams are rectangular and calculated to match the real structures stiffness. Figure 6.1a presents the imposed displacement statically applied to each of the 32x128 TRI3 beams (Figure 6.1c). The final state of deformation is presented and magnified by three for a better visualization. The structural responses are presented for both structures in Figure 6.1b, one can observe the second structure is stiffer and will enter plasticity later than the first structure, as expected. Structure 1 and Structure 2 will develop yielding at different levels of imposed displacement loading, respectively 8.1e4N and 1.4e5N. Next step describes the KIH model calibration of its parameter k kin and k iso based on the outcomes of the J2 model in Figure 6.1b. Because the J2 model and risk analyzes are costly in terms of computation runtime, the two stiffness k kin and k iso of the 1D model, much faster, will be calibrated to reproduce the 2D approach output. 

1D Kinematic Isotropic Hardening (KIH) model properties

Isotropic hardening means that the yield surface is irreversibly enlarged in all directions perpendicular to its tangent, the enhancement is controlled by the stiffness parameter k iso . Kinematic behavior means that the center of the yield surface is motioned in the plastic flow direction when plasticity is reached. The stiffness parameter k kin drives the displacement of the yield surface with respect to the origin. According to the sections 1.2 to 1.4 in [START_REF] Simo | Computational inelasticity[END_REF], metallic materials under cycling loading are well represented rather by kinematic hardening laws than if they were purely isotropic or perfectly plastic ones.

Because Structures 1 and 2 are steel-made, a KIH model is used, which utilizes both features of kinematic and isotropic laws with the possibility to calibrate their relative importance with their respective stiffness parameters k kin and k iso . As expected, the linear state stiffness k is similar as in Chapter 4. The post-elastic stiffness k har is driven by the three other parameters, k, k kin and k iso . The two latter values were searched and finally chosen when matching with the J2 curves of Figure 6.1b is satisfying enough. Equation 6.1 below displays its formulation.

k har = k(k iso + k kin ) k + k iso + k kin (6.1)
Table 6.2 presents the input parameters of the KIH models that allowed satisfying comparison with the J2 benchmark model. Figures 6.2a and 6.2b present respectively the comparison between the J2 results (blue and red curves) with the KIH ones (black lines) respectively for Structure 1 and Structure 2. There seemed to be a wide range of k kin and k iso values and combination for which the curves superimposed. These values have a phenomenological purpose, hence the arbitrary choice of the subsequent values, the satisfying matching of the plots validating the KIH input parameters. Due to the increasing cost of time in running nonlinear calculations, the number of analyzes has been reduced. Only two separation distances are studied, i.e. one with gap=2cm (because it corresponded to increased probabilities of damage in Sections 5.4.1 and 5.4.2), and a case free of any possible collision. Also, unlike before where both Sa(T 1 ) and Sa(T 2 ) were analyzed for their respective structure, only Sa(T 2 ) is scaled from 0.01g to 3g. Consequently, the δ 1 outcomes presented below are obtained from the Sa(T 2 ) studies, not Sa(T 1 ), hence the "Sa(T 2 ) (g)" in ordinates axis of Figures 6.3a and A.36a.

Taking into account a nonlinear behavior has significant effects on the more flexible Structure 1. From 0.5g, it starts consistently reducing δ 1 in the no-collision case. When effects of collision appear at about 0.4g, they also tend to reduce δ 1 although less significantly than in the linear case, i.e. the dashed curves are much closer than the solid ones, they even realign again around Sa(T 2 )=3g, which is a tremendous value with a rate of exceedance smaller than 1/1000 events per year for the Valparaiso region. Regarding the stiffer structure, the effects of pounding are much less significant as the grey curve (respectively red) stay relatively close to the solid black one (respectively solid red). Nonlinearity either does not have much influence compared to the linear case, the red and blue curves being relatively very close to the solid ones. Similar conclusions as in the linear case analysis in Section 5.4.1 can be drawn, that is there is a relatively small damaging effect of pounding on δ 2 until a certain intensity, 1.6g here for gap=2cm. The fragility curves related to the Damage Control and Life Safety states are plotted and confronted in Figure 6.4 in order to observe how nonlinearities and gap influence the results at various damage states. The three other damage states are presented in page 177. [START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

The effects of pounding and gaps on the linear black and grey fragility curves have been described in Section 5.4.2. Here, the effects of nonlinearities (i.e. the blue and red curves) are not significant when compared to the linear case (black and grey curves) for drifts smaller than 1% because Structures 1 and 2 respectively develop yielding when δ 1 =1.4% and δ 2 =1.1% (Table 6.2 above). They become only important and damaging for Structure 1 starting δ 1 =1.5% and notably 2% (Figure 6.4c). Only then can be observed an increase of 10-20% of the probabilities brought by taking into account the non linearity, and only for intensities greater than 1.5g. Regarding Structure 2 drifts, they mostly do not overpass 1.5% as shown by the IDA curves in Figure 6.3b, hence the fragility curves become flatter and flatter in Figures 6.4b and 6.4d. These drops in probabilistic values joins the findings by [START_REF] Chase | Probabilistic risk analysis of structural impact in seismic events for linear and nonlinear systems: Probabilistic risk analysis of seismic structural impact[END_REF] that also included nonlinearities in the columns of his study. Overall, if engineering projects are focused on lower damage states, outcomes brought by linear systems yield similar results than for nonlinear's, in these configuration of steel-framed structures pounding on reinforced concrete slabs, with periods ratio T 2 T 1 = 0.53.

SRHCs of residual displacement and impact EDPs

The effects of EIBP on the residual displacements U Conclusions are not alike from one structure to an other. Regarding Structure 2, CSS and IDA output present totally different behaviors, the CSS being much more conservative (e.g. at λ=1e-4 events per year, three to six times larger than IDA's). The no-collision curves in solid lines do not superimpose, the same applies for the pounding dashed curves. The matching is better, even if not perfect, for Structure 1 where again CSS is more conservative. For both structures, the analyzes present similar patterns, pounding decreases mostly the plastic displacements until λ ≤ 1e-3 events per year where the trend reverses. Conclusions are then much more different from when studying SRHC of δ 1 and δ 2 that presented a better comparison of the two analyzes. It is suggested that, if plastic deformation are studied, to rather use the IDA approach than the CSS. Developing plastic deformation happens respectively for Structure 1 and 2 only for 48 and 37 records among the 178 ground motions of the CSS database that describe the entire seismic hazard (to the least, from λ=[1/1000 1/10] events per year). Consequently, there is a small amount of data on plastic deformation, this could challenge the relevance of the CSS approach when studying U 1,p and U 2,p . It is different from the IDA method that sees all the 113 GM scaled repeatedly and finely from 0.01g, 0.05g, 0.1g to 3g of intensities. It corresponds to 113x32=3616 different ground motions ranged uniformly in terms of intensity. This brings more trust in the results interpretation as all intensity values are accounted for. Nevertheless, present results show that CSS is more conservative. Probably, a few ground motions are scaled at extremely levels of intensity, leading these greater values of U 1,p and U 2,p . Figure 6.6 presents the CSS comparisons between the impact EDPs (i.e., maximum and cumulative impact energies, number of collisions) of the linear analysis (in solid lines) with the KIH nonlinear analysis (in dashed curves) for various separation distances.

As shown previously by the IDA curves, nonlinear displacements are smaller than linear displacements, as the plastic deformations must dissipate partly the seismic energy. This consequently results in smaller amounts of collisions and impact energies. This is corroborated by the Figures 6.6 where both modelling approaches superimpose for "small" rates of exceedance λ (i.e., lesser than 1/50 years, so for "small" intensity ground motions), until the nonlinear output (in dashed lines) part from the linear output (in solid lines) towards smaller values. The green curves of the 4cm separation gap output are not superimposed from the beginning since only rarer and stronger earthquakes induce both yielding and collision at this distance. For λ ≤ 1/100 events per year, differences are less important for maximum impact energies than for the accumulated ones. Regarding the number of impacts, both modelling approaches yield similar results for gap= [1 2 3]cm. For gap=0cm, since the displacements are smaller in nonlinear analyzes (in dashed blue), the number of impact becomes greater than for linear output (in solid blue), the structures being less often motioned towards opposite directions. The impacts of the gap=0cm studies are almost 100 times greater than the studies with gap=1cm. Since the dilatation joints in construction sites are not precise to the millimeter, (i.e. structures may not be perfectly 0cm distant from each other, but rather 0.5cm to 1cm), the expected number of impacts in real life for the blue curves is probably similar to the red curves. The objective of this section is to run a Multi-Stripes Analysis (MSA, described in Section 3.4.2 page 111) on a multi-storey structure model, which behavior is calibrated on data extracted from an experimental campaign. In the framework of both the French CAMUS research program and the ECOEST II European program, three specimens with different reinforcement ratios were designed and built as described by [START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF]. They are called successively CAMUS1 (slightly reinforced), CAMUS2 (barely not reinforced) and CAMUS3 (reinforced according to (Eurocode 8, 2004). CAMUS1 is displayed by Figure 6.7a and is the structure studied in this report, whose experimental data will serve to calibrate the numerical model used for MSA. 

CAMUS1 experimental campaign

The specimens are 1/3rd scaled, and composed of two parallel 5-floor reinforced concrete walls linked by six square floors. A heavily reinforced concrete footing anchors the specimen to the shaking table. The total height is 5.1m and the total mass, footing included, is estimated at 39 tons. All walls are 1.7m long and six centimeters thick, and are cast separately along with the floors and footing. To reproduce the construction joint at each slab level, the walls are cast in two parts. An interesting feature of the CAMUS specimens is that the vertical stress at the structure foot is 1.6MPa, a common value for such structures, which improves the relevance and applicability of the study. The two first vibration periods T C1 and T C2 of CAMUS1 respectively correspond to a bending and a vertical mode, with T C1 =0.14s and T C2 =0.05s according to [START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF]. CAMUS1 was designed using reinforcement bars of 4.5, 5, 6 and 8mm of diameter Φ. Table 6.3 displays CAMUS1 main characteristics, as well as the steel rebars at each floor. The total area changes with each floor to obtain steel yielding rather at multiple locations than located only at the base.

CAMUS1

Total height (m) Five seismic tests were performed on the CAMUS1 structure, including the recorded San Francisco at PGA 1.11g, and the Nice artificial signal scaled two times at 0.24g, then 0.40g and 0.71g finally. Fiber carbon retrofitting was applied to the CAMUS1 structure. It appeared that the accelerations applied to the shaking table matched the reference signals only for the high intensity tests. Hence, the Nice artificial 0.71g experimental outcomes are chosen to compare and calibrate the numerical output with.

Numerical model calibration

This section presents successively the concepts of multi-fiber and Timoshenko beam elements, as well as the constitutive laws by [START_REF] Borderie | Phénomènes unilatéraux dans un matériau endommageable: Modélisation et application à l'analyse de structures en béton[END_REF] and [START_REF] Pinto | Method of analysis for cyclically loaded reinforced concrete plane frames including changes in geometry and non-elastic behavior of elements under combined normal force and bending[END_REF] used respectively for concrete and steel in the CAMUS1 modelling.

Timoshenko beam and multi-fiber finite elements

For the multi-fiber beam elements, and unlike the EB types, one scale is added: the behavior law is calculated by analyzing a cross section, placed at the integration point of the beam element. This allows to know a discretized behavior inside the section rather than a generalized behavior. Figure 6.8 is extracted from [START_REF] Capdevielle | Introduction du gauchissement dans les éléments finis multifibres pour la modélisation nonlinéaire des structures en béton armé[END_REF], a PhD thesis detailing the development of Timoshenko and multi-fiber beam modelling. The difference between the Euler-Bernoulli and Timoshenko beam elements lies in the fact that the section, while still planar, is no longer perpendicular to the beam axis, allowing to account for shear strains. The fibers deformations ϵ in the section are calculated from the generalized deformations of the beam, allowing the calculation of the stresses σ (with the behavior laws specified for each integration point). Finally, the integration of the stresses on the section allows the calculation of the generalized forces P s at the integration point of the beam. Capdevielle states that the multi-fiber finite element modeling method has proven to be effective to study structures with slender structural elements subjected to bending. Figure 6.8 -Principles of the multi-fiber beam elements, scheme by [START_REF] Capdevielle | Introduction du gauchissement dans les éléments finis multifibres pour la modélisation nonlinéaire des structures en béton armé[END_REF]. U and F, e s and P s , σ and ϵ stand respectively for the nodal displacements and forces, generalized strains and forces, and fiber strains and forces.

La Borderie and Menegotto-Pinto laws for reinforced concrete

Constitutive laws with satisfying responses under cyclic loading are chosen to represent the concrete and steel behavior of CAMUS1. The constitutive model of [START_REF] Borderie | Phénomènes unilatéraux dans un matériau endommageable: Modélisation et application à l'analyse de structures en béton[END_REF] was desired because it represents realistically the concrete behavior under cyclic loading. Notably, this law accounts for phenomena such as the decrease in material stiffness due to cracking, the stiffness recovery that occurs when the crack closes. To simulate this behavior, a damage model is used with two scalar variables of tension and compression, respectively named d 1 and d 2 . They are both contained within [0 1], with 0 indicating an undamaged state, and 1 a totally cracked concrete of null modulus. They will be referred to as "damage" variables of interest, or damage EDPs. Thereafter, the critical damage threshold is arbitrary considered at 0.8. La Borderie accounts also for inelastic strains brought by damage. Figure 6.9a illustrates the La Borderie response under cyclic loading with the successive stages of concrete states. Tables A .2 and A.4 in page 232 present the various La Borderie parameters and their values associated with the CAMUS1 model. [START_REF] Pinto | Method of analysis for cyclically loaded reinforced concrete plane frames including changes in geometry and non-elastic behavior of elements under combined normal force and bending[END_REF]'s constitutive law models steel as elasto-plastic, with kinematic strain hardening. Thus, It was chosen to represent the steel uni-axial cyclic behavior. The shape of its cyclic response is similar to the KIH model presented by Figure 6.2. Tables A. 3 and A.4 in page 232 present the various Menegotto-Pinto parameters and their values associated with the CAMUS1 model. The inelastic strain ε s,pl is used henceforth as an EDP for steel, similarly as the d 1 and d 2 damage variables for concrete.

Models description and properties

Structure 1 adjacent to CAMUS1 The adjacent structure prone to pound with CAMUS1 is chosen to behave elastically and linearly to reduce the computation times. It is henceforth named Structure 1. The objective is to reproduce a configuration as similar as possible with the previous chapters, i.e. ratio of periods CAMUS1 models M7 and M19 The experimental time history, the top displacement, as the bending moment and shear force at the 1st storey level, are used to validate the numerical models. The objective is to reproduce realistically the behavior of CAMUS1, with a satisfying computation runtime. Two numerical models with different numbers of finite elements and time steps are tested and confronted to the experimental data to assess the influence of the time and space discretization on the results. The "simplified" model is named subsequently "M7", because its contains totally 1 EB beam element (acting with the springs stiffness k v and k θ ) for the shaking table, and 6 multi-fiber beam elements for CAMUS1. Each beam element section is discretized in 2x5 and 5 fibers modelling respectively concrete and steel rebars. Figure 6.11 displays the schemes of the two models, with Element 1 is the EB beam element representing the shaking table. Its rotational stiffness k θ aims at calibrating the first bending mode at T C1 =0.14s, while the vertical stiffness k v calibrates the pumping mode at T C2 =0.05s. The "refined" model is named "M19" because it contains again 1 EB beam element for the shaking table, and 18 multi-fiber beam elements. Each beam element section is discretized in 2x8 and 11 fibers modelling respectively concrete and steel rebars. Model M19 is then much more discretized than M7, and the time step is also finer (1e-3s for M19 against 2e-3s for M7). Table 6.5 presents the model properties used for M7 and M19. The stiffness parameters k v and k θ allowed to obtain the known first bending and pumping periods, T C1 and T C2 . The material parameters for La Borderie and Menegotto-Pinto laws can be found in Table A.4 in page 233 along with the rebars disposition. The two main vibration periods match the ones experimentally measured. m Cj represent the masses at each floor of CAMUS1, with j=1,...,7 (m C1 is the mass of the footing) as used by [START_REF] Capdevielle | Introduction du gauchissement dans les éléments finis multifibres pour la modélisation nonlinéaire des structures en béton armé[END_REF]. They are attributed to each of the seven nodes of M7. For M19 that contains 20 nodes, they are divided by averagely three and distributed along its 20 nodes. The next paragraph presents the comparison of the experimental and M7 and M19 numerical displacements of CAMUS1 in order to choose the more appropriate. Comparison between experimental and numerical M7 and M19 output According to the synthesis report by [START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF], fundamental frequency of CAMUS1 varied between 7.24Hz and 6.60Hz in low levels of seismic excitation, but no information was found for strong levels. It was first decided to set the two numerical models fundamental frequency at 7.24Hz before comparison with the Nice 0.71g. The comparison with the experimental outcomes shown by Table 6.6 is not satisfying, as the peak displacements is not reached by both models (relative differences of 16% for M7 and 44% for M19). Similar conclusion is drawn from the internal forces analysis. Also, on Figure 6.12, the oscillations at the end of the experimental displacement (in black) are not reproduced by the numerical outcomes. These differences may originate from the lack of information on the structure (e.g. exact CAMUS1 modal state before the Nice 0.71g test) and preparation (e.g., search for information on the potential displacements of the shaking table) achieved 
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GMS for Multiple Stripe Analysis (MSA)

As a reminder, the ground motions are not scaled in a MSA, each of them corresponding to its own level of intensity. Consequently, a large database is necessary to find enough records to assess the risk along the considered range of intensity. The intensity levels of Sa(T C1 ) range from 0.1g to 1.5g, by steps of 0.1g, Sa(T C1 ) being chosen because the study is preferentially focused on CAMUS1 rather than Structure 1. Because no scaling is applied, the ground motions pseudo-accelerations values do not perfectly equal 0.1g, 0.2g, ..., 1.5g. They were selected allowing a small tolerance above and below these target levels.

Tens of records were available in the Siber-risk database for "small" intensities (≤ 0.3g) as they are much more numerous than for higher levels (≥ 0.4g), 22 records were eventually chosen for the fours stages from 0.1g to 0.4g. No more were selected as they mostly do not induce impact at this point. All the ground motions available above this level were selected. Totally, 154 time histories were gathered. Figure 6.14 presents the histogram of the 154 records and their distribution in the [0.1 1.5]g range. Among them, 73 induced collision in the system by Structure 1 and CAMUS1 displayed above by Figure 6.13. The blue bars indicate the number of time histories selected per level of intensity, and the red bars indicate the portion that triggered collision.

As expected, the "small-intensity" ground motions are less likely to induce collision compared to the "strong-intensity" ones. The study would definitely benefit from a larger database to obtain more results and strengthen the conclusions. Further analyzes select only the outcomes brought by the 73 collision cases ground motions. Because of lack of strong intensity time histories, fragility curves are not plotted. 

EDPs of interest analyzed in the MSA

This section presents and summarizes the EDPs analyzed after the computation of the MSA. While Chapter 5 focused on the structural response by analyzing the evolution of the drifts, the present section studies also the effects of pounding on the floor response spectra of both structures compared to a No-Collision (NC) case. The objective is to quantify the collision effects on the triggering and amplification of spectral values. First, to better present the EDPs investigated herein, a ground motion inducing EIBP is applied on the numerical model, and the resulting floor-response spectra are plotted and analyzed. Figure 6.15 presents the 5%damped top and mid-height floor responses pseudo-spectral acceleration (PSA), computed from the building responses subjected to a single ground motion of intensity Sa(T C1 ) = 0.3g that induced 52 impacts. CAMUS1 traction damage variable d 1 at the foot-base element passed from 0, in the NC case, to 0.62 when subjected to pounding. As [START_REF] Wolf | PE Skrikerud : Mutual pounding of adjacent structures during earthquakes[END_REF][START_REF]Pounding of buildings in series during earthquakes[END_REF][START_REF] Kasai | Maison : Seismic pounding effects-survey and analysis[END_REF] and more recently [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] stated, EIBP can trigger high frequency modes. In the latter particular case of [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF], the first-floor bending mode at 128Hz of a real scale reinforced concrete structure is triggered, which potentially affects the anchorage and function of an equipment settled there. The treatment by the NSCD approach yields similar observations for this example. Globally, the top floor endures stronger effects from pounding than mid-height one. Subsequently, only the top-floor responses will be studied since they are the ones subjected the most to impact. Regarding the linear Structure 1 output, displayed by Figure 6.15a, PSA increases significantly due to pounding by factors 5 to 10 for periods lower than 0.1s. For higher periods on the contrary, pounding either decreases PSA, or has no effect. Regarding CAMUS1 output displayed by Figure 6.15b, similar observations can be provided regarding the lower periods, with stronger amplifications compared to the NC case. Unlike Structure 1, for periods greater than 0.25s, pounding this time also increases slightly the spectra response. The fact that pounding also damaged CAMUS (i.e. d 1 =0.62 at the foot-base element), by making the specimen less stiff, may also be responsible of this phenomenon.

The top-floor PSA values are investigated regarding the level of seismic intensity. Four levels of intensity are chosen, i=1,...,4, they correspond successively to Sa(T C1 )=[0.1 0.4]g, [0.4 0.7]g, [0.7 1]g, and [1 1.5]g. For each level i, the mean values PSA are calculated over the period range T . These mean vectors are denoted µ P SA,S1,i (T ) and µ P SA,C1,i (T ) respectively for Structure 1 and CAMUS1. Their respective standard deviations are denoted σ P SA,S1,i and σ P SA,C1,i and are presented in Annexes, as well as floor pseudo-spectral velocities (PSV) responses.

It is also desired to quantify the increase or decrease of the floor response spectral values of Structure 1 and CAMUS1, at different periods T , relatively to the NC case, according to the seismic intensity. For ground motions belonging from a given range of intensity i aforementioned, let's denote µ α,S1,i (T ) and µ α,C1,i (T ) the mean non-dimensional values coming from the ratios α of top-floor response PSA, with and without pounding, along the period range T , respectively of Structure 1 S1 and CAMUS1 C1. They are displayed respectively by Equations 6.2 and 6.3. Their respective standard deviations are denoted σ α,S1,i and σ α,C1,i . By analyzing these parameters, one can conclude on which period ranges EIBP will more likely damage any equipments (e.g. if µ α,C1,i (T ) > 1) or on the contrary lower the induced accelerations (e.g. if µ α,C1,i (T ) ≤ 1). As an example, the next section will notably highlight the period ranges to target in order to contain both floor responses ratios µ α,S1,i (T ) and µ α,C1,i (T ) under 1.2. The grey circles representing the 81 GM inducing no collision are mainly concentrated in the range [0.1 0.8]g. However, one can find also a case up to 1.2g. Regarding Structure 1, one can observe that, as in the previous Chapter 5, the heavier structure suffers relatively less importantly and less often from pounding than the stiffer structure. Indeed, δ S1 increased 33 times against 50 times for δ C1 . It is even beneficial to Structure 1 in most cases, preventing it to enter higher damage states, i.e. red circles are mostly shifted to the left of the black ones, going down of a damage state in five occasions and going up only at Sa(T C1 )=1.25g. Moreover, when δ S1 increases due to pounding, it is for relatively insignificant values, i.e. less than 10% increase for all records. Results are here consistent with what has been displayed in Chapter 5 for linear elastic structures. On the other hand, EIBP makes CAMUS1 enter the OPerational damage state (i.e. δ C1 =0.5%) in three occasions for Sa(T C1 )=[0.8 1]g, and almost in two occasions for Sa(T C1 )=[0.5 0.6]g. The Immediate Occupancy state (i.e. δ C1 =1%) is crossed due to pounding in one occasion at Sa(T C1 )=1.51g, and also almost at Sa(T C1 )=1.32g. Finally, the Collapse Prevention state is crossed at one occasion at 1.37g. Totally six cases bring the red dots to another higher damage state, and none towards lower ones.

µ α,S1,i (T ) = µ α S1,i = P SA S1,i (T ) P SA S1,i,N C (T ) (6.2) µ α,C1,i (T ) = µ α C1,i = P SA C1,i (T ) P SA C1,i,N C (T ) (6.3)
Compared to Structure 1, EIBP is here more likely to affect the structural response of CAMUS1, even if only six cases out of 50 actually decisively harmed the structure. For an EDP such as δ and this configuration, EIBP has significant effects on CAMUS1 structural response starting 0.8g, but running additional unscaled ground motions would allow to ensure even more the present observations and allow a more precise assertion of critical intensity thresholds. Furthermore, the local damages at the impact location are not described. Consequently, next subsection presents the effects of pounding on floor-response spectra, and the following on the traction and compression damage variables. Figures 6.17a and 6.17b present respectively µ α,S1,i (T ) and µ α,C1,i (T ), the means of the topfloor PSA non-dimensional ratios, with and without pounding, respectively for Structure 1 (S1) and CAMUS1 (C1). The dashed lines represent the means added with their respective standard deviation. The standard deviations of Structure 1 σ α,S1,i and CAMUS1 σ α,C1,i are displayed in page 235. Two ground motions of intensities 1.9-2g are not displayed here for legibility. The first three vibration periods of both structures are displayed by vertical green lines as complementary information. A global comprehensive study of the effects of EIBP on equipments settled at the top-floor of both structures is given. The rectangles in pale yellow represent the period range where, for any intensity levels, both µ α,S1 (T ) and µ α,C1 (T ) < 1.1, i.e. pounding does not increase floor accelerations by more than 10% compared to the NC case, and even potentially reduces them. This 1.1 value threshold is set arbitrarily and purely for this particular example.

Pounding multiplies the spectral values of higher modes by significant factors. For Structure 1, it goes from approximately 1.5 at T=0.1s to 8-9 at T=0.01s. For CAMUS1, it goes also from 1.5 at T=0.1s up until 12-13 at T=0.01s. One can also observe the peaks at the second and third periods of vibration of the linear elastic Structure 1, which are not as marked for CA-MUS1 because (i) the second mode is a vertical pumping motion, and (ii) CAMUS1 concrete endures significant traction damages for most of the records involved (see Figure 6.19), leading to a reduction of the global stiffness, increasing the eigenperiods to unpredictable values. Also, one can observe that µ α,S1,i (T ) are relatively independent from the levels of intensity i, i.e. ground motions of "small" intensities Sa(T C1,i )=[0.2 0.4[g have similar increasing and decreasing effects on spectral responses than stronger intensities. For instance, µ α,S1,1 (T = 0.05s) ≈ µ α,S1,4 (T = 0.05s) ≈ 3), and for CAMUS1, µ α,C1,1 (T = 0.05s) ≈ µ α,C1,4 (T = 0.05s) ≈ 2.5. N.B.: this does not mean that the resulting absolute spectral values are the same, but that the effects of pounding are similar along the period range [0.01 2]s, almost independently from the level of intensity i. Also, the standard deviations (displayed in page 235) are relatively small (i.e. smaller than 1 for T≥0.1s, except for very high frequencies), which brings trust in the output observed. It is noted that ratios, dependency on the intensity, and scatter around the means are larger for CAMUS1 than Structure 1.

Let's set an arbitrary threshold of increase of the ratios µ α,S1,i (T ) and µ α,C1,i (T ) at 10% maximum. N.B.: these are not conception steps for equipments design. At this end, one should better look at the absolute values of PSA (in g) and PSV (in g.s) thereafter, rather than at the above non-dimensional ratios that serve only for this comprehensive study. The yellow rectangles highlight the period range of interest, [0.15 0.20]s or [5 6.7]Hz, where EIBP has the lesser effects on top-floor response spectra of both structures. It happens to correspond to the range in between the respective fundamental periods of CAMUS1 and Structure 1, 0.14s and 0.26s. If damage is induced to any equipment, its fundamental period will endure a shift to the right, towards higher ratios. Consequently, in the present example, it is preferable to choose a period closer to 0.15s rather than 0.20s. No period ranges existed where both µ α,S1,i (T ) and µ α,C1,i (T ) were together smaller than 1. These yellow rectangles are also plotted in the standard deviations figures in page 235. Figure 6.17 -Mean ratios of spectral values, with and without pounding, (a) µ α,S1,i (T ) for Structure 1 and (b) µ α,C1,i (T ) for CAMUS1, at various levels i of Sa(T C1 ). The means µ are represented by the solid lines, while the mean plus standard deviation (µ+σ) by the dashed curves. The horizontal black line represents the case where pounding has no effects, i.e. µ α,S1,i (T ) and µ α,C1,i (T ) equal 1. The yellow area highlights the target period range where EIBP has "small" destructive or even beneficial effects, i.e. both µ α,S1 (T ) and µ α,C1 (T ) < 1.1 (threshold set arbitrarily for this example). Figures 6.18a and 6.18b present respectively the mean floor response spectra of pseudo-accelerations µ P SA,S1,i (T ) and µ P SA,C1,i (T ), respectively for Structure 1 and CAMUS1, for the four ranges of intensities i. The dashed lines represent the means added their respective standard deviation, for each intensity. Two ground motions of intensities 1.9-2g are not displayed here for legibility. The sub-index N C indicates cases where collision is not accounted for. The standard deviations of Structure 1 σ P SA,S1,i and CAMUS1 σ P SA,C1,i are displayed by Figure A.42 in page 235, while the PSV plots are in page 234. A brief example of vulnerability assessment of the effects of EIBP on equipments settled at the top-floor of both structures is given. The areas in pale violet represent the three period ranges where, for any intensity levels, both µ P SA,S1 (T ) and µ P SA,C1 (T ) < 5g, i.e. pounding does not induce floor accelerations larger than 5g. This 5g value threshold is set arbitrarily and purely for this particular example. A smaller value could have been chosen, which would have narrowed the violet areas.

The second and third vibration periods of Structure 1 are respectively T S2 =0.08s and T S3 =0.05s (Table 6.4). EIBP triggers these bending modes, as surges within [5][6][7][8][9][10]g can be observed in Figure 6.18a at these periods. Non-structural components set at this floor should not have fundamental periods similar as Structure 1. Regarding CAMUS1, the second vertical and third bending modes have respectively T C2 =0.05s and T C3 =0.027s as vibration periods (Table 6.5). There is no noticeable peak either for T C2 or T C3 , notably because CAMUS1 is not solicited vertically, and the eigenperiods increase due to damage as shown thereafter in Figure 6.19. Consequently, unlike Structure 1, a violet area (i.e. the second) superimposes with the initial fundamental vibration period T C1 .

One can observe that the stronger the intensity of the earthquake, the larger the post-impact pseudo-acceleration spectrum, the larger also the associated standard deviation, and finally the larger the shift towards the right of the peak at the fundamental period for CAMUS1. Furthermore, the [0.4 0.7[g and [0.7 1[g intensity spans produce very similar results over the entire observed period range (i.e., the red and gold curves are extremely close), for Structure 1 and CAMUS1. Computing additional ground motions would allow to affirm or not the patterns observed, the standard deviations that can be significantly large for strong intensities, and the resulting values of accelerations. If a non-structural component is present on the top-floor of each of the colliding structure, and by considering a critical PSA value of 5g (set arbitrary for this example), its fundamental period is suggested to be within the three violet areas, respectively [0.055 0.066]s, [0.095 0.2]s, and [0.29 2]s. Preferably, this last range is advised as structural damage can shift the fundamental period to higher values. Various limit conditions (simple support, anchorage, base-isolation of vibration periods up 1s-3s, etc. as described by (Jaimes et al., 2018b) who studied the toppling of electrical equipment) could allow to target a desired range. Studying the effects of EIBP on these elements is a future perspective of this work. Only the 73 cases inducing collision are displayed (in red circles) along with their related collision-free output (in black circles). The top-height and base-foot elements 8 and 13 are rather presented in Annexes page 237 than right thereafter for better legibility. As a reminder, d 1 and d 2 greater than 0.8 are arbitrarily considered here as critical, indicating a cracked and significantly damaged concrete. Thus, horizontal blue arrows indicate the cases where pounding led one of the variables to cross this specific limit. Finally, plots of steel plastic strain ε s,pl are displayed page 236.

For the traction variable d 1 on the left hand side figures, EIBP has noticeable damaging effects. One can observe that the lower the element, the higher the damages, with and without pounding. Around half of the ground motions increase d 1 over the whole intensity range [0.2 2]g (see the numbers indicated by the legends on the left hand side), many times in a significant manner. The low-height element 9 is the most damaged among CAMUS1 discretization, pounding has almost no influence for intensities greater than 0.4g where the seismic input alone damaged it. Nevertheless, it is clearly harmful in 10 occasions in lower intensities, as the 0.8 threshold is crossed. Also, in the element 10 in intensities [0.4 0.8]g, pounding increases dangerously d 1 over 0.8 in 12 occasions against only 1 without impact; or over 0.6 in 16 occurrences against two. d 1 increases repeatedly by values of 0.3 to 0.5, and even went straight from 0 to 0.91 for a record of intensity 0.4g. Higher elements like 11 and 12 are strongly damaged more quickly, even if only for intensities greater than 1.2g.

The compression damage variable d 2 is affected more often than d 1 (i.e. almost all GM increased d 2 for the top-elements as displayed by the legends of the right hand side figures, while only half for d 1 ), but it does not affect as significantly the damage state of CAMUS1, i.e. the increases are all smaller than 0.1, and never cross the 0.8 critical threshold.

Regarding ε s,pl in Annexes, it is affected only very punctiliously (i.e. for four records at the most out of 73) and not significantly by collision. 

Discussion and Perspectives

Discussion The nonlinear behavior of structures subjected to EIBP in a PBEE framework has been studied. The parameters of a 1D elastoplastic law with kinematic-isotropic hardening are calibrated by using a 2D modelling with stress-planned J2 law. An IDA was applied only with the IM Sa(T 2 ) and for gap=2cm and a free-collision case, as the computation runtime are higher. The CSS approach on the other hand could be applied for gaps 0cm to 4cm. The FC of drifts damage states have been computed and compared with the ones obtained during linear studies in Chapter 5. It showed that:

• Nonlinearities either strongly lowered Structure 1 drift, and very slightly increased Structure 2's only for very high values (i.e. δ 2 ≥ 1.5%). It brought consequently no significant changes in the lower damage states of FC (i.e., from drifts values smaller than 1.5%) because structures develop yielding only at drifts equal to 1.4% and 1.1%. It only becomes both significant and damaging (probabilities increase by 20%) for gap=2cm for higher damage states. Similar conclusion can be drawn when studying the rates of exceedance reached for different values of drifts.

• Regarding the SRHC of residual displacements, CSS and IDA produce similar patterns for the heavier structure, but not for the stiffer one. It is then suggested to follow the IDA output, considering it involves more ground motions more consistently over the intensity range. The SRHC of the impact energies in nonlinear analyzes are equal, or smaller than for linear analyzes, as yielding must absorb part of the seismic input energy rather than the kinetic energy. Computing linear analysis could then be sufficient for risk assessment.

A MSA was computed on CAMUS1, a 1/3rd scaled reinforced concrete structure whose numerical model was calibrated using notably seismically-induced experimental displacements. The comparison was not excellent, but satisfying enough to have a realistic model upon which to study building pounding effects. Timoshenko multi-fiber beam elements with La Borderie and Menegotto-Pinto constitutive laws were selected to model respectively the concrete and the steel rebars under cyclic loading. The database involved a total of 75 unscaled ground motions whose Sa(T C1 ) ranged from 0.1g to 1.5g.

• Pounding did increase the interstorey-drifts, sometimes more significantly than in the linear analyzes, bringing CAMUS1 to much closer to damage states. Traction and compression damage variables were analyzed along the multi-fiber elements of CAMUS1.

Pounding increased significantly the damages by traction, bringing quicker the structure to crack opening. Regarding compression and steel yielding variables, they are barely increased.

• Top-floor response spectra were plotted, highlighting the dangerous effects of pounding that significantly increase the solicitations on non-structural components. It was observed that pounding effects were very similar for a wide range of intensity, Sa(T C1 )=[0.4 1]g. Period span was suggested for equipment to suffer the least from collision.

Perspectives Computing additional ground motions would allow to affirm or not the patterns observed during the Multiple Stripes Analysis, as well as the means and standard deviations computed. This would allow to compute their associated Fragility Curves. As well, studying other types of earthquakes such as crustal types, or pulse-dominant ground motions would be of great interest.

Chapter 7

General Conclusions and Perspectives

Conclusions

Literature review

The objective of this thesis is to achieve vulnerability and risk analyzes on structures subjected to Earthquake-Induced Building Pounding phenomenon, with efficient and accurate numerical tools. A literature review showed that this matter is highly complex due to the multiple possible configurations, e.g. none-exhaustively the number of adjacent buildings, their height, the ratio of their fundamental periods. The present report consequently focused on two equal-height structures with periods ratio equal approximately to 0.55, pounding on co-planar reinforced slabs because, (i) same-height buildings is the configuration most studied throughout literature and (ii) data from an experimental campaign involving structural pounding was obtained and fulfilled these features. The review highlighted that collision could either decrease the Engineering Demand Parameter (e.g. the interstorey-drift of the more flexible building), or increase an other (e.g. high-frequency floor response spectra values). Also, the main technique to treat contact is by Penalty Method, which involves a Kelvin-Voigt element and a contact law involving up to three parameters linked by two formulations. These parameters are the stiffness parameter, damping coefficient, and damping ratio, the first one being not easy to justify straightforwardly from a physical point of view. The main shortcomings of the PM lies on the calibration of the stiffness parameter for each specific system. Finally, the crescent world urban density, combined with building codes not yet fully accounting for EIBP, will likely keep this phenomenon happening in the future. Consequently, because modelling EIBP is not straightforward, efficient and reliable numerical methods are required. To the knowledge of the author, literature on EIBP should benefit from the present report output, i.e. the risk assessments outcomes yielded by the incremental and spectral approaches, involving the Non-Smooth Contact Dynamics method with an experimentally-validated coefficient of restitution.

Non-Smooth Contact Dynamics in the EIBP framework

Chapter 2 presents the development and solve of the motion equation by implicit or explicit integration schemes, along with the formulation of finite elements for dynamic analysis modelling purposes. A macro-element named "Slab Macro-Element", whose development is still ongoing, was also presented for EIBP analyzes purposes. Then, the Non-Smooth Contact Dynamics method, not yet used in the EIBP framework to the knowledge of the author, was introduced. It consists in a Lagrange-Multiplier formulation (i.e. pounding force is calculated from kinematics and material variables through the system solve), based on an implicit integra-tion scheme of Moreau-Jean [START_REF]The non-smooth contact dynamics method[END_REF][START_REF] Moreau | Standard Inelastic Shocks and the Dynamics of Unilateral Constraints[END_REF]Acary, 2001) combined with a Newton impact law (using only one parameter, the coefficient of restitution e, to the difference of the PM that uses up to three parameters). The algorithm of the generalized motion equation with the non-smooth approach is presented (i.e. for nonlinear dynamic analyzes and simultaneous contact occurrences cases), along with its shorter alternative for linear analyzes involving only one possible contact location. Both algorithms were implemented into the numerical platform ATL4S developed by (Grange, 2021) and based on MATLAB environment. Also, a sensitivity analysis showed the dependency of impulses (in N.s), and impact energies (in J) with the time step ∆t. The larger ∆t, the larger the impulses and impact energies. The relative differences between the impact energies can reach 10% between ∆t=1e-3s and ∆t=1e-4s. Nevertheless, these differences are relatively constant over several pounding occurrences. For instance the relative differences between the impact energies calculated with ∆t=[1e-3 1e-4]s for three collisions are successively 10.3%, 9.4%, and 9.9%. This would allow, if taking large time steps yielding nonetheless a proper kinematics output, to have a more accurate assessment of impact outcomes if calculated with a finer time step.

NSCD in the EIBP context is studied in Chapter 4. Through test cases whose responses were analytically (bouncing ball test) or theoretically (perpetual pounding test) known, this technique showed very satisfying speed and accuracy capabilities, with no induced out-of-phase motions, and a conservation of the total system energy. The NSCD was tested in (Langlade et al., 2021b) with experimental data obtained from [START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF], where two scale 1:1 adjacent structures with co-planar diaphragms were subjected to collision. Multiple sensors set on each structure floor and shaking table allowed to record displacements and accelerations. The NSCD validation in the present framework came in two steps after calibration of the linear elastic numerical models (either Single Degree Of Freedom, or 2D-, or 3D-frame with Euler-Bernoulli beams) on the experimental data. First, e is assessed by applying a pull-back test, i.e. a structure in free-motion comes pounding its neighbor. Comparison of displacements and floor response spectra allowed to narrow [0.5 0.7] range for e, to finally take 0.6 a definitive value. Then, seismic tests inducing collisions were run to reproduce the experimental output. Displacements comparisons, impact occurrences, and floor spectra responses yielded very good matching for almost all tests, showing that collision leads floor response PSeudo-Accelerations up to 10-20g at low periods, e.g. 13g at T=0.1s during the Kobe 0.25g test. Pounding brings different effects to the buildings responses; thus, depending on which EDP is observed, a structure checked against EIBP does not necessarily imply it is validated against the sole seismic case, and vice-versa. Finally, the SME obtained equally interesting results, with both the benefit of smaller system size (only three DOF per slab), but requiring the use of an internal solving algorithm within the element formulation. Also, the floor response spectra, computed from a NSCD impact-influenced kinematics, are independent of the time step value, which is a great asset for structural design.

IMs efficiency-sufficiency properties for EIBP risk analyzes purposes

A review of seismic risk analyzes was achieved in Chapter 3. Such studies aim at providing useful information to decision-makers in engineering projects for a given geographical location and structural configuration, such as (i) probabilities that an EDP reach a specific damage state (Fragility Curve), or (ii) the annual rate of exceedance λ of such event (Structural Response Hazard Curve). The steps to reach these outcomes are condensed in the Performance-Based Earthquake Engineering methodology. For accuracy of the FC and SRHC (efficiency), and their conditional independence upon magnitude and source-to-site distance for the intensity range considered (sufficiency), the importance of (i) having a accurate seismic model and (ii) assessing the efficiency and sufficiency of Intensity Measures, were highlighted. While the first is the expertise of seismologists, the second needed to be asserted in the EIBP framework, here by using the NSCD previously justified with e equal to 0.6. Six IMs were tested, for two adjacent structures (single-storey, then two-storey high) close from each other (11 gaps between 0,1,...,10mm) and subjected to 1677 of as-recorded ground motions originated from the Valparaiso region of Chile. The efficiency indicators are the determination coefficient R 2 and the Coefficient Of Variation COV ; the sufficiency indicators are the p-value p and the Spearman rank correlation coefficient ρ. It showed that pounding increases the efficiency properties of several IMs, notably the pseudo-Sa(T f ) and pseudo-averaged Savg(T f ) spectral acceleration, with T f the structure fundamental period. A geometric mean was applied along the 11 gaps, only considering the records actually triggering contact. For both single-storey elements, Savg(T f ) showed the best capabilities with R 2 and COV , respectively equal to 92% and 3.6% for the heavier one, and 94% and 3.6% for the lighter one. It was followed by Sa(T f ), Arias Intensity, and PGA. The Cumulative Absolute Velocities fell short. As for sufficiency, p and ρ did not yield consistent converging results especially for two-storey structures. The first contradicted the second validating outcomes over almost all the separation distances. Sufficiency is assumed nonetheless due to the Spearman coefficient outcomes. As a reminder, this jointed check has not yet been done in the EIBP literature to the knowledge of the author. Overall, Savg(T f ) should be designated as IM of interest for future risk analyses. Nevertheless, Sa(T f ) was used instead because hazard curves of Savg(T f ) were not available. Overall, similar conclusions were provided regarding the two-storey structures, where Savg(T f ) yielded even better efficiency capabilities. These thousands computations also allowed to verify that, as depicted in literature, despite drifting less in terms of absolute values, the stiffest structure is more likely to suffer from pounding than its heavier neighbor. It also allowed to plot the probability of impact, and the means and standard deviations of the number of collisions, and impact energies against the separation distance, for various magnitude and time steps ranges.

Risk analyzes on pairs of linear single-and two-storey structures

Chapter 5 shows the Incremental Dynamic Analysis and Conditional Scenario Spectra output on the linear elastic single-storey and two-storey adjacent structures, for five separation distances [0 1 2 3 4]cm, in a PBEE framework. The first method involves 113 ground motions extracted from the Siber-Risk database, they are repeatedly scaled, for both Sa(T 1 ) and Sa(T 2 ), from 0.1g to 3g with steps of 0.1g. FC and SRHC are computed from the results. The second method only yields the SRHC, and involves 178 records, scaled and assigned with a rate of occurrence to represent holistically the Valparaiso local seismic hazard. Both approaches are run and compared. It confirmed that pounding is beneficial when studying the drift of the heavy structure, but might not be depending on the gap value for the other structure. Probabilities might increase by 20% chance to reach the first damage state established (i.e. drift equals 0.5%). Regarding CSS-and IDA-issued SRHC, they yield a very interesting matching especially for the heavier structure, with discrepancies growing slowly when pounding intervenes and for λ ≤ 0.01 events per year. As for the impact energies and number of impacts, both methods match well for the different separation distances. IDA is mostly more conservative than CSS for rates of exceedance greater than 1e-2 events per year, before the tendency reverses. CSS is recommended because of its faster computation time, at least 10 times faster than for the IDA in this particular case. The study of the two-storey structures yielded again similar conclusions, with effects of pounding less beneficial for the heavy structure, but becoming more beneficial for the light structure. It appeared that at a given level of intensity (in EDP-Sa(T f ) curves from IDA) or given rate of exceedance (in SRHC), outcomes become close to independent from the separation distance, especially for two-storey structures. Thus, the NSCD used in the EIBP framework for CSS-IDA methodologies seem to yield relatively consistent outcomes for linear elastic pairs of single-and two-storey structures colliding with their co-planar slabs. Thus, EIBP has relatively very small damaging effects (for λ>1/70 years -1 ) and mostly beneficial effects (for λ<1/70 years -1 ) on the global structural response of linear elastic single-storey structures. Risk analyzes results are always beneficial for two-storey structures.

Risk analyzes on pairs of nonlinear single-and multi-storey structures

The nonlinear behavior of structures subjected to EIBP in a PBEE framework has been studied in Chapter 6. The parameters of a 1D elastoplastic law with kinematic-isotropic hardening are calibrated. An IDA was applied only with the IM Sa(T 2 ) and for gap=2cm and a freecollision case, as the computation runtime are higher. The CSS approach on the other hand was applied for gaps 0cm to 4cm. Nonlinearities either strongly lowered the structures drifts of Structure 1, or very slightly increased it for Structure 2, only for very high values (i.e. δ 2 ≥ 1.5%). It brought no significant changes in the lower damage states of FC (i.e., from drifts values smaller than 1.5%) because structures develop yielding only at drifts equal to 1.4% and 1.1%. It only becomes both significant and damaging (probabilities increase by 20%) for gap=2cm for higher damage states. Regarding the SRHC of residual displacements, CSS and IDA did not superimpose at all for the stiffer structure. It is then suggested to follow the IDA output, considering it involves more ground motions more consistently over the intensity range. The SRHC of the impact energies in nonlinear analyzes are equal, or smaller than for linear analyzes, as yielding must absorb part of the input energy. Computing linear analysis could then be sufficient for risk assessment. Again, EIBP has reasonably small damaging and mostly beneficial effects on the global structural response, this time of nonlinear structures. Nevertheless, it has significant negative effects on local responses (such as damage variables) and on non-structural components as shown by the subsequent CAMUS1 analysis. A Multiple Stripes Analysis was computed on CAMUS1, a 1/3rd scaled reinforced concrete structure whose numerical model was calibrated using notably seismically-induced experimental displacements. The comparison was not excellent, but satisfying enough to have a realistic model upon which to study EIBP effects. Timoshenko multi-fiber beam elements with La Borderie and Menegotto-Pinto laws were selected to model respectively the concrete and the steel rebars under cyclic loading. The database involved 75 unscaled ground motions whose Sa(T C1 ) ranged from 0.1g to 1.5g. Pounding did increase occasionally the interstorey-drifts, bringing CAMUS1 closer to damage states. Traction and compression damage variables were analyzed along the multifiber elements of CAMUS1. Pounding increased significantly the damages by traction, bringing quicker the structure to crack opening. Regarding compression and steel yielding variables, they are barely increased. Top-floor response spectra were plotted, highlighting the dangerous effects of pounding that significantly increase the solicitations on non-structural components. It was observed that pounding effects were very similar for a wide range of intensity, Sa(T C1 )=[0.4 1]g. Period span was suggested for equipment to suffer the least from collision.

Perspectives

To the knowledge of the author, the NSCD method has not yet been applied in EIBP circumstances and PBEE framework. The work of this thesis was to assess its potential use in such framework, validate it if conceivable, and achieve risk assessments with it. Because the NSCD method proved to be an efficient and reliable tool in this context, affirming literature outcomes on the matter, several perspectives of work are conceivable to follow the present work.

Short term perspectives

• Chapter 5 focused on the effects of EIBP on the global response of linear elastic structures with the non-smooth approach, using 1677 ground motions issued from the Siber-Risk database by [START_REF] Castro | A consistently processed strong motion database for chilean earthquakes[END_REF]. The effects of EIBP on floor-response spectra have been studied in Chapter 4 and 6 for linear/nonlinear structures, but in smaller quantity (respectively 12 and 73 ground motions). It would be of interest to achieve also this type of analysis with a larger database. Also, it is considered to run dimensional analyzes with the NSCD method and the restitution coefficient already set to 0.6.

• Chapter 6 presents a Multiple Stripes Analysis run on CAMUS1 structure. The numerical model used was calibrated on the experimental displacements and spectral analysis. It showed similar and realistic behavior as in the experimental campaign, but not as much as desired. Finally, additional unscaled records should be obtained to affirm or not the patterns and conclusions drawn for the analysis. Indeed, there was a lack of records available for intensities Sa(T C1 )=[0.9 1.5]g. This would also allow to draw associated fragility curves.

• Realistic test cases could be studied, in the purpose of design/conception/anchorage of equipments set on buildings floors. This would involve the development of macro-models such as the Rocking Block element (on process of development by (Grange, 2021)) to model the behavior of these non-structural components, as (Jaimes et al., 2018b,a) did.

The development of the Rocking Block macro-element (behaving originally with a rigid body motion) by also accounting for small deformations and a nonlinear material behavior is considered. Such elements could both represent either the structures floors or the equipments located on them. Having a small amount of degree of freedom and simple of use, they are suitable for risk analyzes purposes.

Mid-long term perspectives

• The study of design-code buildings would be greatly beneficial to the knowledge of the building pounding phenomenon, as CAMUS1 analysis showed, as well as [START_REF] Favvata | Influence of exterior joint effect on the inter-story pounding interaction of structures[END_REF][START_REF] Karayannis | Torsional behavior of multistory RC frame structures due to asymmetric seismic interaction[END_REF][START_REF] Karayannis | Seismic behaviour of infilled and pilotis RC frame structures with beam-column joint degradation effect[END_REF]. Notably it is considered to use the data of the CAMUS3 structure built by (EMSI et d'Etudes de Mécanique SIsmique Commissariat à l'énergie atomique et aux énergies alternatives, 2001) according to European Standards (Eurocode 8, 2004), as in comparison, CAMUS1 was only slightly reinforced.

• Subduction earthquakes, typical of the Chilean region, were selected for the present study.

It would be of great interest to study ground motions of different natures (e.g. crustal) and regions (e.g. Europe region and its seismic database Resorce). Notably, aiming at ground motions with dominant pulse excitation to investigate how badly they could induce structures by forcing the contact between them.

• Risk analyzes of Chapters 5 and 6 were achieved with Sa(T f ) as the conditioning Intensity Measure. Nevertheless, in the EIBP framework, the efficiency and sufficiency study showed that Savg(T f ) presented better capabilities of predictability, and similar capabilities of sufficiency. Renewing these studies with trustworthy seismic data on Savg(T f ) would bring additional accuracy on the output data to interpret. The energetic length scale IM, L e , should also be investigated, especially regarding earthquakes with dominant pulse excitation. Also and especially for the two-storey structures, there is a need to investigate and understand the p-value sufficiency output, as they mostly contradict the Spearman coefficient outcomes over all the separation distances.

• The sensitivity of the impulses and impact energies outcomes with time discretization has been studied for one ground motion. It would be of interest to achieve a more thorough investigation, with hundreds of records classified upon their intensity, to affirm or not the patterns obtained in Chapter 2. This would allow a more enlightened choice when coming to select a time step.

• The study of the EIBP with the NSCD method in a more critical configuration as shown by [START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF]Cole et al., 2010b), for instance different-height buildings, or a column-slab case. This could be achieved by (i) assuming that e=0.6 can be applied also in this different system, or (ii) re-assessing a value, but this would need associated experimental data to calibrate e with.

• If impulses and/or impact energies become parameters of interest in the engineering field, it would be of importance to establish related damage states either for the colliding elements (slab, columns), e.g. establishing that, for a given system, an impact energy amount corresponds either to concrete spalling, or material failure. 

A.3.2 Two-Storey Structures
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 12 Figure 1.2 -Critical configurations of structures described by[START_REF] Jeng | Assessment of seismic pounding hazard for Taipei City[END_REF] and(Cole et al., 2010b) 
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 1 Figure 1.4 -Penalty Models

  DN e u e = B e u e = Be ûe(2.7) 

( c )

 c Physical and standard spaces
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 24  Perspective view of a beam having a rectangular cross-section, (b) EB kinematic assumptions, and (c) physical and standard spaces for an EB beam. Figure reproduced from[START_REF] Bertrand | Vulnerability assessment of civil engineering structures subjected to earthquakes and impactsoptional lecture gcu-s8-m5 2021 -civil engineering and urban planning department: Insa-lyon (villeurbanne)[END_REF].
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 2 Figure 2.7 -Idealized structures with coplanar diaphragms in deformed configuration; solid circles represent the contact pairs along the contact interface.

Figure 2

 2 Figure 2.8 -Signorini-Moreau Conditions under velocity constraints

( a )

 a Figure 2.9 -(a) Energy distribution and (b) its Relative Error for a pull-back test run on two 2D-frame adjacent structures (Figure 4.8)

  (a) Energy distribution (b) Relative Error
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 2 Figure 2.10 -(a) Energy distribution and (b) its Relative Error for Kobe 0.4g test run on two 2D-frame adjacent structures (Figure 4.8)
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 2 Figure 2.11 -Bouncing Ball test case

XFigure 2 .

 2 Figure 2.14 -Perpetual pounding test case

Figure 2 .

 2 Figure 2.15 -Impacting structures : test case with no damping

Figure 2 .

 2 Figure2.17 compares the top-floor displacements of both structures obtained with the MC (thick lines) and SC (thin lines) algorithms, for both gaps. The number of impact detected and the calculation times are displayed on each figure.

  (a) gap = 0cm (b) gap = 1cm

Figure 2 .

 2 Figure 2.17 -Comparison of the structures displacements computed from the MC (thick lines) and SC (thin lines) algorithms for gaps (a) 0cm and (b) 1cm

Figure 2 .

 2 19 below presents the comparison of the floor response spectra with the MC and SC algorithms for the two same separation distances. The no-collision spectra in black solid and dashed lines are plotted only for information purposes. The colored curves (MC algorithm) (a) gap = 0cm (b) gap = 1cm

Figure 2 .Figure 2 .

 22 Figure 2.18 -Absolute relative difference RD (%) between the MC and SC computed impulses p i+1 for a separation distance of (a) 0cm and (b) 1cm

Figure 2 .

 2 Figure 2.22 -Sinus: effects of ∆t on the two impulses and impact energies

Figure 2 .

 2 Figure 2.20b shows the ground motion (extracted from the Siber-Risk database[START_REF] Castro | A consistently processed strong motion database for chilean earthquakes[END_REF]) applied to the SDOF. The objective of this subsection is to analyze the effects of ∆t on the kinematics, N imp , p, and E i considering a seismic loading. Figure2.23 shows only the displacements for ∆t = 0.001s for legibility reasons, and because all time steps discretizations from ∆t=5e-3s to 1e-4s produced similar displacements. Three impacts are detected at 19s, 23s, and 26s. ∆t=1e-2s is discarded from the study since showing irrelevant results from the precedent study.

Figure 2 .

 2 Figure 2.23 -Seism: three impacts induced by the shaking

Floor

  response spectra of velocities (PSV) and accelerations (PSA) of both SDOF are plotted and displayed respectively by Figures 2.25 and 2.25. Four values of time steps ∆t and their effects on each spectrum are investigated, 5e-3s, 2e-3s, 1e-3s, and 1e-4s. A free-collision case in black is plotted. (a) Structure 1 (b) Structure 2

Figure 2 .

 2 Figure 2.25 -Effects of ∆t on velocities floor response spectra (PSV)

Figure 2 .

 2 Figure 2.26 -Effects of ∆t on accelerations floor response spectra (PSA)
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 31 Figure 3.1 -Earth core and layers, from (Science-Sparks, 2021)
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 3 Figure 3.2 -(a) Tectonic Plates, from (Wikipedia, 2021) (b) World Seismicity be-tween 1977tween and 1992tween , from (Kolvankar, 2011) ) 
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 33 Figure 3.3 -Various faults natures, from[START_REF]Reverse, strike-slip, oblique, and normal faults[END_REF] 

  Figure 3.4 -Efficiency: regression/standard deviation of residuals by[START_REF] Biasio | Phd thesis: Ground motion intensity measures for seismic probabilistic risk analysis[END_REF] 
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 35 Figure 3.5 -Example of efficiency indicators with collision (blue dots and red line) and without collision (golden dots and green line) for a gap=1mm.

Figure 3 .

 3 Figure 3.7 -Example of pseudo-accelerations Sa(T) Hazard Curves at periods T=[0.01;0.15;0.4;1.5]s

  and 3.9a present respectively a seismic database and the related scatter around the median line of the PGA values which decreases as distance increases. Today, according toLin et al. (2013a), "modern PSHA calculations are performed with multiple GMPMs using a logic tree that also includes seismic source models".

Figure 3

 3 Figure 3.9 -(a) Magnitude and Distance of earthquake events (b) Scatter obtained around the associated PGA Attenuation Relationship, from[START_REF] Moehle | A framework methodology for performance-based earthquake engineering[END_REF] 

Figure 3 .

 3 Figure 3.10 -Example of a deaggregation distribution, from[START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] 

Figure 3 .

 3 Figure 3.12 -Schemes examples of (a) Fragility Curve obtained from intensity-based assessments, (b) Hazard Curve issued from a PSHA, and (c) SRHC computed from the convolution of (a) and (b). The colored lines could represent either the responses of different adjacent structures, or various separation distances.
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 33 Figure 3.15 -(a) Example of correlation assertion (black line) of ε(T=2s) conditioned by ε(T c =1s) inferred from hundreds of ground motions (in blue dots), and (b) Computation of the CMS (in dashed red line) by adding to the Predicted Median Spectrum (black thick line) the ε(T) values conditioned by ε(T c ), with T c =1s the conditioning period, from[START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] 

Figure 3 .

 3 Figure 3.16 -(a) Real ground motions (in green) matching a CMS (in dashed blue) over the [0.2 2]s range of period after scaling procedure, and (b) Highlight of the spectral variability around the CMS, either underestimating or overestimating real ground motions spectra, from[START_REF] Baker | The Conditional Mean Spectrum: A tool for ground motion selection[END_REF] 

Figure 3 .

 3 Figure 3.18 -Example of the CSS-derived Hazard Curves (colored dots). The ground motions scaled and rated according to the original hazard curves (solid lines) reproduce accurately and consistantly the hazard for various periods on the intensity range [0.05 2]g.

  Figure 3.19 illustrates IDA curves of mean values of drifts δ with and without pounding for a set of 113 GM repeatedly scaled.

Figure 3 .

 3 Figure 3.19 -Example of IDA mean curves of Drift versus Sa(T). 113 GM are repeatedly scaled between 0.05g and 1g, and run on two adjacent and interacting structures. Pounding shows either detrimental or beneficial effects depending on the separation distance.
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 a Upper View (b) Structures on the shaking table
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 41 Figure 4.1 -CEA Saclay -AZALEE ShakingTable -Pounding Experiments
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 443 Figure 4.3 -Scheme of a pull-back test on single storey structures
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 44 Figure 4.4 -NSCD : assessment of e through numerical/experimental comparison of pull-back tests

Figure 4 .

 4 5 presents the floor-response spectra of pseudo-velocities (PSV) and pseudo-accelerations (PSA) for Structure 1 (left column) and 2 (right column), and different values of e. They are compared to the experimental averaged pseudo-accelerations in red dots.
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 45 Figure 4.5 -5% damped pseudo-velocity and pseudo-acceleration floor response spectra for different values of e

Figure 4 . 6 -

 46 Figure 4.6 -Structure 1: comparison of PM output with experimental values : k s = 0.01max(k 1 , k 2 ), ∆t = 10 -3 s

Figure 4 .

 4 Figure 4.8 presents the plane frame FE model, each structure constitued of five nodes and four elements. Only the translation DOF along the ⃗ X axis are considered, and the structure is embedded at its base. Because the SDOF and the plane frame models yielded similar results, the choice was made to present the outcomes of the plane frame FE model. The structures modal properties are the same as in previous Section 4.2. The time step equals 1-e3s. With a 2cm separation gap, collision is detected for seven ground motions (Cadarache 0.25g and 0.30g, El Centro 0.4g and 0.45g, Northridge 0.3g and 0.35g, and Kobe 0.4g). Table4.3 presents for each case the damping coefficients ξ 1 and ξ 2 of both structures, and the number of impacts simulated numerically and detected experimentally. Damping coefficients ξ 1 and ξ 2 between [0.4;0.6]% computed inside a Rayleigh Damping matrix (Chopra, 2011) yield the best comparison with the experimental results and e still equals to 0.6.

Figure 4 .

 4 9(a) displays the numerical and experimental comparison in displacements and Figure4.9(b) the accelerations peaks due to collisions. The six remaining ground motion comparisons are presented from pages 207 and 209.

Figure 4 .

 4 Figure 4.9 -Cadarache 0.25g: numerical versus experimental comparison -e=0.6

Figure 4 .

 4 Figure 4.10 presents the 5% damped PSV and PSA floor-response spectra of Structure 1 and Structure 2 for the Cadarache 0.25g record.The resemblance of the curves is quite good, and the results are independent on the e values for periods equal and greater than the fundamental periods (0.29s and 0.15s respectively for Structures 1 and Structure 2). For PSV plots, matching is excellent in the full range of periods studied with e=0.2 and 0.6. For PSA plots, matching is better at low periods with e=0.2 (see alsoFigures A.3b and A.3d), but e=0.6 shows same or better agreement than e=0.2 in FiguresA.1b, A.1d, A.2b, and A.2d. Overall, taking a constant value of 0.6 for e yields once again good results, both in terms of kinematics and floor-response spectral trends for most of the seven different ground motion comparisons (Cf. plots in Appendix).
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 4 Figure 4.10 -5% damped Cadarache 0.25g floor-response spectra with different values of e

Figure 4 .

 4 Figure 4.11 -Two-storey 3D-frame model

Figure 4 .

 4 Figure 4.14 depicts the slab macro-element mdel (first introduced at page 50 of Section 2.1.6). Each structure is composed of two slab macro-elements acting as the two slabs of a two-storey structure. The slab macro-element model contains only six masses and springs per structure, so it makes a total of 12 DOF.

Figure 4 .

 4 Figure 4.12 -Two-storey (Kobe 0.25g) : numerical versus experimental comparison

Figure 4 .

 4 Figure 4.15 presents the displacements comparison of Cadarache 0,45g between the SME model and the experimental data.

Figure 4 .

 4 Figure 4.13 -Two-storey (Kobe 0.25g) floor response spectra : numerical (Num Right and Left) versus experimental (Sensors) comparison

Figure 4 .

 4 Figure 4.14 -Scheme : two-storey Slab Macro-Element model

Figure 4 .

 4 16 presents the 2nd floor response PSV and PSA spectra of Cadarache 0,45g comparison between the SME model and the experimental data.

Figure 4 .

 4 Figure 4.15 -Cadarache 0,45g -Kinematics -Slab Macro-Element
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 51 Figure 5.1 -(a) 1677 GM Spectra and (b) Magnitudes distribution

( a )

 a Figure 5.2 -(a) 178 GM spectra of the CSS database and (b) 178 scaling factors
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 53 Figure 5.3 -Scaling of the 113 GM for Sa(T 1 =0.28s) from 0.01g to 3g

Figure 5 .

 5 Figure 5.4 presents the probability of pounding for various ranges of magnitude, separation gaps, and time steps.
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 54 Figure 5.4 -Effects of ∆t, magnitude, and gap on the probability of impact
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 55 Figure 5.5 -Effects of ∆t, magnitude, and gap on the means µ of number of impacts N imp

Figure 5 .

 5 Figure 5.6 presents the maximum impact energy E m for various ranges of magnitude, separation gaps, and time steps. The mean values are plotted with the solid lines. Again, since the plot is in log scale, the zero centimeter distance is approximated to 1e-4m. For legibility, the standard deviations σ are presented in Annexes page 214.

Figure 5 .

 5 Figure 5.6 -Effects of ∆t, magnitude, and gap on the means µ of maximum impact energy

Figure 5 .

 5 Figure 5.7 -Effects of ∆t, magnitude, and gap on the means µ of accumulated impact energy

Figure 5 Figure 5

 55 Figure 5.8 -Single-storey Structures: The blue bars indicate the number of ground motions inducing contact for several gaps. In red bars, the number of ground motions where pounding induced an increase of (a) δ 1 for Structure 1 and (b) δ 2 for Structure 2. In red writings, the ratio of the two latters numbers.

Figure 5 .

 5 Figure 5.10 -Single-storey structures: Number of GM s per various α s,g ranges and gap g for (a) δ 1 and (b) δ 2

Figures 5 .

 5 Figures 5.11 and 5.12 present respectively the evolution of the COV and R 2 , for the 11 values of gaps and the seven IMs, only for Structure 1 to begin with. Only the ground motions inducing collision are considered in the computation of the efficiency-sufficiency coefficients. The golden thick dashed line represents the criterion threshold, chosen arbitrarily, according to each coefficient.

Figure 5 .

 5 Figure 5.11 -Single-storey Structure 1: Evolution of R 2 of δ 1 with the separation distances and for the seven IMs studied

  and A.10 in page 215, with indicators showing better efficiency capabilities. Regarding sufficiency analysis relative to magnitude and distance, the conclusions to draw from both indicators do not converge often. As an example, Figures 5.13 and 5.14 compare the two sufficiency indicators over magnitude along the gaps for Structure 1.

Figure 5 .

 5 Figure 5.13 -Single-storey Structure 1: Evolution of p(M ) of δ 1 with the separation distances and for the seven IMs studied

  * 1677 + 0.04 * 1020 + ... + 0.03 * 106 1677 + 1020 + ...5 and 5.6 present respectively the integrated outcomes of the efficiency and sufficiency indicators for Structure 1 and Structure 2. The criteria introduced in page 84 are indicated on the left column. The IMs complying with a criterion have their cell colored in green. This allows to notice more quickly the IMs presenting satisfying capabilities, and subsequently classify them.

Figure 5 .

 5 Figure 5.15 presents the numerical model of the two Double DOF (DDOF) systems. Models properties are presented by Table5.7. The periods ratio equals 0.57, so it is close to the single-storey period ratio's, 0.53. Time step equals 1e-3s.

Figure 5 .

 5 Figure 5.15 -DDOF system of the two-storey structures

Figure 5 .Figure 5 .

 55 Figure 5.16 below compares the single-storey (upper Figures 5.16a, 5.16b) and two-storey structures (lower Figures 5.16c and 5.16d). The blue bars are the number of ground motions among the Siber-Risk database inducing collision, while the red bars indicate the number of ground motions where drifts are increased for each gap (i.e. the number of cases where α s,g > 1), and the ratio of these two numbers is indicated in red characters above each bar.

( a )Figure 5 . 2 [ 1 .

 a521 Figure 5.17 -Comparison of single-and two-storey structures: Number of GM s per various α s,g ranges and gap g for (a) δ 1 and (b) δ 2

Figure 5 .

 5 Figure 5.18 compares the evolution of the efficiency coefficients R 2 and COV computed from the maximum drift δ 1 with regards to gap variations. The golden thick dashed line represents the criterion threshold, chosen arbitrarily, according to each coefficient. Structure 2 results are displayed in Figures A.17and A.18.

  Figure 5.18 compares the evolution of the efficiency coefficients R 2 and COV computed from the maximum drift δ 1 with regards to gap variations. The golden thick dashed line represents the criterion threshold, chosen arbitrarily, according to each coefficient. Structure 2 results are displayed in Figures A.17and A.18.

( a )

 a Figure 5.18 -Comparison of single-and two-storey structures: Evolution of R 2 and COV of δ 1 with the separation distances and for the seven IMs studied

  and A.18, with indicators showing better efficiency capabilities. Again, the Spearman correlation and p-value indicators are displayed gap by gap from Figures A.19 to A.26 in pages 219 and 221.

Figures

  Figures 5.19a and 5.19b present respectively the evolution of the mean values of drifts δ 1 and δ 2 with the respective IMs Sa(T 1 ) and Sa(T 2 ) for separation distances equal to [0 1 2 3 4]cm. Figures have the same axis scale for easier comparison. The free-collision case is drawn in a black solid lines. The pseudo-accelerations Sa(T 1 ) and Sa(T 2 ) of the 113 database GM are scaled from levels 0.01g, 0.05g, and 0.1g to 3g with steps of 0.1g. For legibility, the standard deviations σ δ 1 and σ δ 2 are plotted in page 155.

Figure 5 .

 5 Figure 5.19 -Single-storey structures: Mean µ IDA curves for various gaps for (a) δ 1 and (b) δ 2 and (c) the standard deviations σ associated for Sa(T 1 ) (in solid lines) and Sa(T 2 ) (in dashed lines).

  (b) Cumulative impact energy E c (c) Number of impacts N imp

Figure 5 .

 5 Figure 5.20 -Single-storey structures: Sa(T 1 ) in solid lines and Sa(T 2 ) in dashed lines relationships for various separation distances with mean values of (a) maximum E m and (b) cumulative E c impact energies, and (c) Number of impacts N imp .

Figure 5 .

 5 Figure 5.21 -Single-storey structures: Fragility curves related to the OPerational state (i.e. (a) δ 1 and (b) δ 2 exceed 0.5%) and the Immediate Occupancy state (i.e. (c) δ 1 and (d) δ 2 exceed 1%) according to[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

Figure 5 .

 5 Figure 5.22 -Single-storey Structures: SRHC of drifts with a CSS-IDA comparison for gaps=[0 1 2 3]cm.

( a )

 a Maximum impact energy E m (b) Cumulative impact energy E c (c) Number of impacts N imp

Figure 5 .

 5 Figure 5.23 -Single-storey structures: Comparison between CSS and IDA (Sa(T 2 )) analyzes -SRHC of Impact EDPs.

5. 5 . 1 δ

 51 and impact EDPs relationships with Sa(T) from IDA analysis

Figure 5 . 2 Figure 5 .

 525 Figure 5.24 compares from left to right the mean values of drifts δ 1 and δ 2 of single-storey structures (respectively Figures 5.24a and 5.24c, as in Section 5.4.1) and two-storey structures (respectively Figures 5.24b and 5.24d). For legibility, the standard deviations of the drift are in Annexes page 225

Figure 5 .

 5 Figure 5.25 presents the impact EDPs of the two-storey structures. For legibility, the standard deviations of the impact EDPs are in Annexes page 225.

Figure 5 .

 5 Figure 5.25 -Two-storey structures: Means µ for (a) maximum and (b) cumulative impact energies E m and E c , and (c) number of impacts N imp .

( a )Figure 5 .

 a5 Figure 5.26 -Comparison between single-and two-storey Structure 1: Fragility curves related to the OPerational state (OP) (i.e. (a)(c) δ 1 =0.5% and (b)(d) δ 1 =1%) according to[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

  and 5.27d, and the following ones in page 227.

( a )Figure 5 .Figure 5 .

 a55 Figure 5.27 -Comparison between single-and two-storey Structure 2: Fragility curves related to the OPerational state (OP) (i.e. (a)(c) δ 2 =0.5% and (b)(d) δ 2 =1%) according to[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].

Figure 5 .

 5 Figure 5.29 presents the CSS-IDA SRHC of the two-storey structures drifts, respectively δ 1 and δ 2 , from 0 to 3cm. The free-collision cases are displayed in solid curves, the collision cases in dashed curves. For legibility, the output of the 4cm gap study is displayed in page 228.

( a )

 a Figure 5.30 -Two-storey structures: Comparison between CSS and IDA (Sa(T 2 )) analyzes -SRHC of Impact EDPs.
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 61 Figure 6.1 -(a) Imposed horizontal displacement applied to two (b) base shear versus displacements curves obtained for Structure 1 and Structure 2 and (c) planar base-embedded beam modelled with 32x128 TRI3 elements (only one beam in a deformed shape is represented). The deformation state is enlarged by a factor three.

Figure 6 . 2 -

 62 Figure 6.2 -Comparison between J2 and KIH model for (a) Structure 1 and (b) Structure 2
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 63 Figure 6.3 -Comparison between linear (black and grey lines) and nonlinear (blue and red lines) single-storey structures responses: Mean µ IDA curves of drifts (a) δ 1 and (b) δ 2 . The envelops µ +/σ are plotted in dashed lines and highlighted here by the associated colored double arrows. NC stands for No-Collision case. L and NL stand respectively for Linear and Nonlinear analyzes. The golden lines represent the drift value of plastic threshold.
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 64 Figure 6.4 -Comparison between linear and nonlinear single-storey structures: Fragility curves related to the Damage Control (DC) state (i.e. (a) δ 1 and (b) δ 2 both equal to 1.5%) and to the Life Safety (LS) state (i.e., (c) δ 1 and (d) δ 2 both equal to 2%) according to[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF].
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 65 Figure 6.5 -Comparison of CSS and IDA analyzes, with gap=2cm, of nonlinear single-storey residual displacement (a) U 1,p for Structure 1 and (b) U 2,p for Structure 2
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 1 COMPARISON BETWEEN LINEAR AND NONLINEAR SINGLE-STOREY STRUCTURES180 (a) Maximum impact energy (b) Cumulative impact energy (c) Number of impacts

Figure 6

 6 Figure 6.6 -Comparison between linear (solid lines) and nonlinear (dashed lines) single-storey structures: SRHC of impact EDPs

  Figure 6.7 -(a) The photograph of the CAMUS3 specimen and (b) the reinforcement profile of CAMUS3 are similar to CAMUS1 (actual rebars of CAMUS1 are displayed in Table6.3 below), from[START_REF] Ens | Electricité de France et INSA Lyon : Camus iii international benchmark -synthesis of the participants reports[END_REF] 

  Figure6.9 -Cyclic response of (a) La Borderie model for concrete (from[START_REF] Borderie | Phénomènes unilatéraux dans un matériau endommageable: Modélisation et application à l'analyse de structures en béton[END_REF][START_REF] Grange | Numerical modelling of the seismic behaviour of a 7-story building: Nees benchmark[END_REF]) and (b) Menegotto-Pinto model for steel rebars (extracted from[START_REF] Pinto | Method of analysis for cyclically loaded reinforced concrete plane frames including changes in geometry and non-elastic behavior of elements under combined normal force and bending[END_REF][START_REF] Grange | Numerical modelling of the seismic behaviour of a 7-story building: Nees benchmark[END_REF] 

  Figure 6.12 -CAMUS1: Comparison of M7/M19 models with experimental data

  Figure 6.13 -Linear elastic Structure 1 and nonlinear CAMUS1 "M7" schematic numerical models. Element 7 acts as the shaking table. The light grey squares and the red circles represent respectively the fibers of concrete and the rebars. Details on these elements are displayed in Table A.1 page 232.

Figure 6 .

 6 Figure 6.14 -MSA: Pseudo-accelerations of the GM database

( a )

 a Figure 6.15 -Effects of EIBP by a Sa(T C1 ) = 0.3g ground motion on the 5% damped PSA floor response spectra of (a) Structure 1 and (b) CAMUS1, at their top (solid lines, masses m 6 and m C7 ) and middle floors (dashed lines, masses m 4 and m C4 ). CAMUS1 d 1 variable passes from 0 to 0.62 due to pounding.

( a )

 a Figure 6.16 -Drift values of (a) Structure 1 δ S1 and (b) CAMUS1 δ C1 calculated from the 154 GM of the MSA database. 81 GM were collision-free (grey circles), while the 73 remaining induced collision. The horizontal blue lines link the associated drifts with and without collision, that actually cross a damage threshold, meaning a potential consequence in the structural diagnosis. Impacts either decrease the drift (shift to the left) or increase it (shift to the right).

( a )

 a Structure 1: Top-floor ratios µ α,S1,i (T ) (b) CAMUS1: Top-floor ratios µ α,C1,i (T )

( a ) 2 Figure 6 .

 a26 Figure 6.18 -Top-floor pseudo-acceleration response spectra PSA (a) µ P SA,S1,i (T ) for Structure 1 and (b) µ P SA,C1,i (T ) for CAMUS1, for various levels i Sa(T C1 ) intensity. Comparison with the NC case. The means plus standard deviations (µ+σ) are represented by the dashed curves and dots. The violet areas highlight the three period ranges where both µ P SA,S1,i (T ) and µ P SA,C1,i (T ) < 5g (threshold set arbitrarily for this example).

  Figure 6.19 -CAMUS1: Maximum values of Traction d 1 (figures on the left side) and Compression d 2 Damage Variables (figures on the right side) from (a)(b) Element 12 to (g)(h) Element 9 for the 73 GM that induced collision among the 154 of the database

A. 1 (Figure A. 3 -

 13 Figure A.1 -Cadarache 0.30g and El Centro 0.45g on single-story structures

Figure A. 8 -

 8 Figure A.8 -Effects of ∆t, magnitude, and gap on the standard deviations σ of the (a) maximum and (b) cumulated impact energies, and (c) the number of impacts

Figure

  Figure A.15 -Single-Story Structure 1: Evolution of p val (R) of δ 1 with the separation distances and for the six IMs studied

Figure

  Figure A.25 -Two-story Structure 1: Evolution of p val (R) of δ 1 with the separation distances and for the six IMs studied

Figure A. 28 -

 28 Figure A.28 -Single-story structures: Standard deviations σ for Structure 1 (Sa(T 1 ): solid lines) and Structure 2 (Sa(T 2 : dashed lines) of respectively Structure 1 and Structure 2, computed from the IDA analysis. σ is shown for (a) the maximum and (b) cumulated impact energies E m and E c , and (c) the number of impacts N imp .

Figure

  Figure A.30σ: Interstorey-drift

(a) δ 1

 1 Figure A.33 -Two-storey structures: Fragility curves related to the Damage Control (DC), Life Safety (LS), and Collapse Prevention (CP) states for Structure 1 δ 1 and Structure 2 δ 2 drifts values described by Qiang et al. (2008))

Figure A. 38 -A. 5

 385 Figure A.38 -Comparison between the base shear forces issued by CSS analyzes between SDOF linear and nonlinear KIH models for (a) Structure 1 and (b) Structure 2

A. 5 .

 5 Figure A.39 -Top-floor velocity response spectra PSV (a) µ P SV,S1,i (T ) for Structure 1 and (b) µ P SV,C1,i (T ) for CAMUS1, for various levels i Sa(T C1 ) intensity. Comparison with the NC case. The means µ + standard deviations σ are represented by the dashed curves and dots.

( a )

 a Figure A.41 -Standard deviations (a) σ P SV,S1,i (T ) for Structure 1 and (b) σ P SV,C1,i (T ) for CAMUS1, from their respective ratios of PSV values µ P SV,S1,i (T ) and µ P SV,C1,i (T ).

( a )

 a Figure A.42 -Standard deviations (a)σ P SA,S1,i (T ) for Structure 1 and (b) σ P SA,C1,i (T ) for CAMUS1, from their respective ratios of PSA values µ P SV,S1,i (T ) and µ P SV,C1,i (T ).

(a) d 1 :

 1 Figure A.44 -CAMUS1: Traction d 1 (figures on the left side) and Compression d 2 Damage Variables (figures on the right side) from (a)(b) Element 13 to (c)(d) the lowest Element 8 for the 73 GM that induced collision among the 154 of the database
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 2 

1 -NSCD: Multi-Contact (MC) algorithm

Table 2 .

 2 2 -NSCD: Single-Contact (SC) algorithm

Table 2 .

 2 

3 -Parameters of the linear elastic adjacent structures

  Figure 2.22 shows the values of impulses and impact energy respectively in upper and lower figures.

		2300								
												t=1e-2s
												t=5e-3s
	Impulse (N.s)	1000 1200 1400 1700									t=2e-3s t=1e-3s t=5e-4s t=1e-4s
			800								
			700								
			0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
								Time (s)			
			360								
												t=1e-2s
	Impact Energy (J)	50 100 130 190									t=5e-3s t=2e-3s t=1e-3s t=5e-4s t=1e-4s
			40								
			30								
			0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
								Time (s)			
			0.04								
	Displacements (m)	-0.01 0 0.01 0.02 0.03	t=1e-2s	t=2e-3s						
		-0.02	t=5e-3s	t=5e-4s						
			0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
								Time (s)			
			0.4								
	Velocities (m/s)	-0.2 0 0.2								
			-0.4	t=1e-2s	t=2e-3s						
				t=5e-3s	t=5e-4s						
			-0.6								
			0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
								Time (s)			

Figure 2.21 -Sinus: effects of ∆t on displacements and velocities
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 2 

 

differences between the two impulses and impact energies

Table 2 .

 2 

5 -Seismic solicitation: differences between the 3 impulses/impact energies

Table 3 .

 3 1 -Performance-levels based on interstorey-drift, from[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF] 

	Structural system	OP	Performance-levels IO DC	LS	CP
	Systems with masonry shear walls	0.005	0.007	0.007	0.007	0.009
	Other systems	0.005	0.010	0.015	0.020	0.025

Table 4 .

 4 .1 are the ones yielding the better comparison of the structures real displacements. A Rayleigh matrix (Chopra, 2011) is computed.

		Structure 1	Structure 2
	Mass (kg)	4600	3500
	Columns	HE100AA	HE140AA
	Fundamental Mode (Hz)	3.50	6.55
	Fundamental Period (s)	0.29	0.15
	Transversal Mode (Hz) Not obtained Not obtained
	Torsional Mode (Hz)	Not obtained Not obtained
	Damping coefficient (%)	0.4 to 0.6	0.4 to 0.6

1 -Elements and Parameters of single-storey structures

Table 4 .

 4  

	Models	k s (N/m)	ξ d (%)	ξ r (%)	e
	NSCD	/	/	/	[0.2;0.6;0.9]
	PM**		8.46e4	0.136	
	PM***	[0.01;0.1;1;10;100]max(k 1 ,k 2 )	*	0.373	0.65
	PM****		*	0.0428	

Table 4 .

 4 3 -Single-storey structures seismic response

Table 4 .

 4 .5.

			ξ Damping Coefficient (%)
		Hammer White Noise (SSI-COV) White Noise (DLA)
	1st Flexion Mode	0,3	0,5	0,7
	2nd Flexion Mode	0,6	0,2	0,2
	1st Transversal Mode	0,5	0,7	1,3
	2nd Transversal Mode	0,4	1,1	Not Obtained
	1st Torsional Mode	0,3	0,6	2,0
	2nd Torsional Mode	0,2	0,4	Not Obtained

4 

-Structure 1: damping coefficients

[START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF] 

  .6.

		ξ Structure 1 (%) ξ Structure 2 (%)	Provenance Test
	1st Flexion Mode	0,7	1,0	
	2nd Flexion Mode	0,2	0,2	
	1st Transversal Mode 2nd Transversal Mode	1,3 1,3	1,0 1,0	White Noise (DLA)
	1st Torsional Mode	2,0	3,0	
	2nd Torsional Mode	2,0	3,0	

Table 4 .

 4 

6 -Damping Coefficient ξ of the two-storey structures models

  4.3.3 Two-storey structures with 3D FE modelTwo models are used to reproduce the two-storey structures (photopgraphed and displayed in Figure4.1 in page 115). The first model is a 3D-frame FE one as displayed by Figure4.11 below. Because the experimental transverse and torsional eigenfrequencies of these structures are available, a 3D beam element model is used for a more accurate representation. It contains 14 nodes and 32 elements. The feet are embedded, and the vertical translations, the rotations around the X and Y axis are blocked, which results in 40 DOF per structure modelled, so a total of 80 free DOF. The second model uses the slab macro-element introduced in page 50 ofSection 2.1.6, and presented in next Section 4.3.4. Figures 4.11 present the 3D FE model.

	3.2m	2.2m
	2.2m	Structure 2
		7000kg
	Structure 1 9200kg	HEA140
	HEA100	
	Z	
	X	
	Y	
		gap=5cm

Table 4 .

 4 7 presents the matching of the numerical eigenfrequencies with the experimental ones. L.B., Tr.B., and To. signify respectively Longitudinal Bending, Transverse Bending, and Torsion modes. The structures are perfectly tuned with the experimental frequencies.

		1 st L.B.	2 nd L.B.	1 st Tr.B.	2 nd Tr.B.	1 st To.	2 nd To.
	Structure 1 Exp (Hz)	2.10	5.60	6.10	17.5	8.60	24.4
	Structure 1 Model (Hz)	2.10	5.60	6.11	17.5	8.60	24.4
	Structure 2 Exp (Hz)	3.70	10.4	8.20	25.2	10.1	28.0
	Structure 2 Model (Hz)	3.69	10.4	8.20	25.2	10.2	28.0
	Table 4.7 -Two-storey 3D-frame model: experimental and numerical eigenfrequencies

Table 4 .

 4 8 -Impact occurrences For leibility, only the Kobe 0.25g second floor results are presented here below. The structure response to Cadarache 0.45g, El Centro 0.30g, Northridge 0.20g and Kobe 0.20g, are included in the Appendix

Table 4 .

 4 

	9 -Slab Macro-Element model: experimental and numerical eigenfrequencies
		1 st L.B.	2 nd L.B.	1 st Tr.B.	2 nd Tr.B.	1 st To.	2 nd To.
	Structure 1 Exp (Hz)	2.10	5.60	6.10	17.5	8.60	24.4
	Structure 1 Model (Hz)	2.10	5.60	6.10	17.5	8.60	24.4
	Structure 2 Exp (Hz)	3.70	10.4	8.20	25.2	10.1	28.0
	Structure 2 Model (Hz)	3.70	10.4	8.20	25.2	10.1	28.0
	Signal	Asymmetric Gaps (cm) Impacts simulated/measured	
	Cadarache 0,45g		4.5 / 5		3 / 3		
	El Centro 0,3g		5 / 5.5		3 / 3		
	Northridge 0,2g		5.2 / 5.7		1 / 1		
	Kobe 0,2g		4,2 / 4.7		3 / 3		
	Kobe 0,25g		4.9/ 5,4		3 / 4		

Table 4

 4 

.10 -Seismic Tries with Impact : Slab Macro-Element

Table 5 .

 5 

1 -GM selection for Valparaiso region (Chile)

Table 5 .

 5 

	2 presents the occurrences

Table 5 .

 5 

2 -Occurrences of increases in both number of impacts and separation distances

  ,...,N t f with N t f the record length

		Formulation		Notes
	S a (T f )	pseudo-spectral acceleration at period T f	T f : fundamental period
	P GA	max(|a(t)|)		a(t) : acceleration time history
	AI	π 2g	t f 0	a(t) 2 dt		g = 9.81 m/s2 t f : seism time duration
	CAV	t f	|a(t)|dt		t f : record time duration
		0			
	SCAV	SCAV = CAV i +	t i	|a(t)|dt	a(t): acceleration in 1s interval where at least one value is greater than 0.025g
					t i-1	i = 1

Table 5 .

 5 are part of the following results.

	Gaps (mm)	0	1	2	3	4	5	6	7	8	9	10
	Index g=1,...,N =11	1	2	3	4	5	6	7	8	9	10	11
	N GM g	1677 1020 575 395 297 227 182 148 128 113 106
	S a (T 1 ): R 2 g	0.90 0.91 0.91 0.91 0.91 0.89 0.88 0.85 0.82 0.79 0.82
	S a (T 1 ): COV g	0.06 0.04 0.04 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.03

4 -S a (T 1 ) : R 2 and COV values of Structure 1

Table 5 .

 5 CriteriaSingle-storey Structure 1 Sa(T 1 ) PGA AI CAV SCAV Savg(T 1 ) ASA 40 (T 1 ) 5 -Efficiency-Sufficiency averaged indicators from δ 1 output of single-storey Structure 1. The green cells indicate that the corresponding IM (in the column) validates the associated criterion (in the row). The *symbol indicates the results of p should be taken cautiously (since p varies strongly with the gap), and better refer to the outcomes presented in Annexes starting page 215.

	Efficiency	COV avg ≤ 5% R 2 avg ≥ 90%	4.3 90	4.6 87	4.3 89	5.5 82	5.4 82	3.6 92	4.8 87
		ρ avg (M ) ≤ 10%	3.5	3.8	4.0	4.6	3.5	3.6	2.6
	Sufficiency	p avg (M ) > 5% ρ avg (R) ≤ 10%	43* 3.4	5e-4* 22* 6.6* 3.2 2.7 5.6	23* 1.3	4.1* 4.2	18* 3.1
		p avg (R) > 5%	65*	12* 45* 0.30* 0.30*	1.1*	13*
	Criteria	Sa(T 2 ) PGA	Single-storey Structure 2 AI CAV SCAV Savg(T 2 ) ASA 40 (T 2 )
	Efficiency	COV avg ≤ 5% R 2 avg ≥ 90%	4.8 88	4.2 91	4.4 90	5.9 81	5.7 82	3.4 94	3.5 93
		ρ avg (M ) ≤ 10%	3.3	2.3	5.3	2.1	2.9	4.5	3.1
	Sufficiency	p avg (M ) > 5% ρ avg (R) ≤ 10%	65* 3.2	0.70* 0.01* 0.03* 0.02* 4.0 3.4 2.1 2.1	84* 3.1	2.7* 4.4
		p avg (R) > 5%	53*	34* 0.10* 5e-3* 4e-3*	39*	0.31*

Table 5 .

 5 6 -Efficiency-Sufficiency averaged indicators from δ 2 output of single-storey Structure 2. The green cells indicate that the corresponding IM (in the column) validates the associated criterion (in the row). The *symbol indicates the results of p should be taken cautiously (since p varies strongly with the gap), and better refer to the outcomes presented in Annexes starting page 215.

Table 5

 5 

		4.26e6	2.19e6
	Stiffness k i2 (N/m)	1.05e7	5.77e6
	Fundamental Frequency (Hz)	2.1	3.7
	Fundamental Period (s)	0.48	0.27
	Second Frequency (Hz)	5.6	10.2
	Second Period (s)	0.18	0.1
	Damping coefficient ξ i1 (%)	0.7	1
	Damping coefficient ξ i2 (%)	2	2

.7 -Elements and Parameters of two-storey structures. Frequencies and damping coefficients are extracted from the synthesis report

[START_REF] Crozet | Shake table tests of structures subject to pounding[END_REF]

.

Table 5 .

 5 Table 5.8 -Comparison between Efficiency-Sufficiency averaged indicators from δ 1 output of two-storey Structure 1. The green cells indicate that the corresponding IM (in the column) validates the associated criterion (in the row). Sa, Savg, and ASA 40 are calculated at period T 1 . 9 -Comparison between Efficiency-Sufficiency averaged indicators from δ 2 output of two-storey Structure 2. The green cells indicate that the corresponding IM (in the column) validates the associated criterion (in the row). Sa, Savg, and ASA 40 are calculated at period T 2 .

					Structure 1		Two-storey Structure 1
		Sa PGA AI Savg ASA 40	Sa PGA AI Savg ASA 40
	COV avg 4.3 4.6 4.3 3.6	4.8	4.6 6.8 5.7 3.3	5.2
	R 2 avg	90	87	89	92	87	92	81	87	95	89
	ρ avg (M ) 3.5 3.8 4.0 3.6	2.6	3.1 6.4 3.0 2.2	2.3
	ρ avg (R) 3.4 3.2 2.7 4.2	3.1	2.2 3.5 3.5 4.6	2.7
			Single-storey Structure 2		Two-storey Structure 2
		Sa PGA AI Savg ASA 40	Sa PGA AI Savg ASA 40
	COV avg 4.8 4.2 4.4 3.4	3.5	4.6 6.1 5.4 3.3	3.4
	R 2 avg	88	90	89	94	93	92	86	89	96	96
	ρ avg (M ) 3.3 2.3 5.3 4.5	3.1	5.2 4.6 2.0 2.4	3.5
	ρ avg (R) 3.2 4.0 3.4 3.1	4.4	3.4 2.9 2.6 2.9	4.3
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Table 6 .

 6 1 presents the input parameters of the J2 benchmark analysis.

		Structure 1 Structure 2
	Beam length (m)	2.5	
	Section base (cm)	17.7	22.3
	Section height (cm)	3.0	4.0
	Young modulus (GPa)	210	
	Yielding stress (MPa)	355	
	Table 6.1 -J2-plasticity material input parameters for Structure 1 and 2

Table 6 .

 6 2 -KIH material input parameters for SDOF Structure 1 and 2 models

Table 6 .

 6 3 -CAMUS1 characteristics, from (ENS et al., 2001) and (EMSI et d'Etudes de Mécanique SIsmique Commissariat à l'énergie atomique et aux énergies alternatives, 2001)

  Figure 6.11 -M7 and M19 schematic numerical models. Element 1 is the EB beam element representing the shaking table. The light grey squares and the red circles represent schematically the fibers of concrete and the rebars. Details on the rebars are displayed in Table A.1 page 232.

	Model M19 (18 multi-fiber beams)

  Table6.6 below presents the experimental versus numerical comparison of the outcomes of interest and main vibrations frequencies. Figure6.12a below presents the experimental and numerical displacements, while Figure6.12b does the same with the top-floor pseudo-acceleration spectra.

		Experimental data Model M7 Model M19
	Peak displacement (cm)	4.33	3.63 (16%) 2.41 (44%)
	Bending moment (kN.m)	345	293 (15%) 154 (47%)
	Shear force (kN)	111	63 (43%)	34 (43%)
	Calculation time (min)	/	21	224
	Table 6.6 -Main outcomes/relative differences of CAMUS1 M7 and M19 models. Bending
	moment and shear forces are taken at the 1st storey as done by (ENS, 2001).

Table 6 .

 6 7 summarizes the EDPs of interest computed subsequently from the MSA output, and indicates the page they are displayed. S1 and δ C1 Figures 6.16a and 6.16b present respectively the interstorey-drift δ S1 and δ C1 for Structure 1 and CAMUS1. Among the 154 GM of the MSA database, distributed along the [0.1 2]g range, 73 induced collision, 81 did not (grey circles). The horizontal blue lines link the drift values with collision (red circles) and without (black) for cases where pounding actually makes the red circles cross a damage state. Collision either decreases the drift (shift to the left) or increases it (shift to the right). Even if building pounding significantly modified the drift, bringing it very close to change the structural damage state, for instance, at Sa(T C1 =1.32g) in Figure6.16b, it is decided not to highlight it with blue lines nonetheless, for legibility. The five drift damage states defined by[START_REF] Qiang | The draft code for performance-based seismic design of buildings in taiwan[END_REF] are highlighted with vertical colored lines, enabling to analyze how and where pounding has damaging or beneficial structural effects. The horizontal blue lines link the associated drifts with and without collision, that actually cross a damage threshold either beneficially (from right to left) or detrimentally (from left to right), meaning a potential consequence in the structural diagnosis.

		EDPs presented thereafter		Page
	Structure 1	Interstorey-drift (%)		δ S1 δ C1	191
	(S1) & CAMUS1	Ratio of Top-floor PSA with/without impact	µ α,S1,i (T ) µ α,C1,i (T )	193
	(C1)	Top-floor PSA (g)		µ P SA,S1,i (T ) 195 µ P SA,C1,i (T )
	CAMUS1	Traction and Compression damage variables d 1 and d 2	197
		EDPs presented in Annexes		Page
	Structure 1	Top-floor PSV (g.s)		µ P SV,S1,i (T ) 234 µ P SV,C1,i (T )
	(S1) &			σ α,S,i (T )	
	CAMUS1	Standard Deviations σ	(S = [S1;C1])	σ P SV,S,i (T )	235
	(C1)			σ P SA,S,i (T )	
	CAMUS1	Steel plastic strain		ε s,pl	236

Table 6.7 -Summary of the EDPs of interest studied. The ranges of intensity i of Sa(T C1 ) studied are successively [0.1 0.4]g, [0.4 0.7]g, [0.7 1]g, and [1 1.5]g over the period range T . µ corresponds to the mean.

  Table A.1 -CAMUS1 M7 model: Rebars areas and disposition

					5/0.15 31.8/0.79
	4th ( 12 )	56.5/-0.79 78.5/-0.15	0/0	78.5/0.15 56.5/0.79
	3rd ( 11 )	189/-0.79 78.5/-0.15 63.6/0 78.5/0.15 189/0.79
	2nd ( 10 )	378/-0.79 78.5/-0.15 120/0 78.5/0.15 378/0.79
	1st ( 9 )	579/-0.79 78.5/-0.15 120/0 78.5/0.15 579/0.79
	Footing ( 8 )	579/-0.79 78.5/-0.15 120/0 78.5/0.15 579/0.79
	Young Modulus (Pa)	E c	
	Volumic mass (kg/m 3 )	ρ c	
	Poisson Coefficient Initial threshold for traction Initial threshold for compression Y 02 ν Y 01 Damping for undamaged material ξ um Damping for damaged material ξ dm Crack closure stress (Pa) σ cc		Young Modulus (Pa) Volumic mass (kg/m 3 ) ρ s E s Yield stress (Pa) F y Yield Strain b a s1 a s2
	Governing parameters of damage 1st parameter of traction 2nd parameter of traction	a t1 a t2		Calibration parameters	a s3 a s4 R 0
	1st parameter of compression	a c1		c R1
	2nd parameter of compression	a c2		c R2
	Table A.2 -Laborderie Parameters			Table A.3 -Menegotto-Pinto Parameters

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI072/these.pdf © [T. Langlade],[2021], INSA Lyon, tous droits réservés

They consist in acting on two buildings to either strengthen their capabilities, or to dampen or avoid contact

The coefficient of restitution (e) represents the loss of energy during the collision; it is a parameter commonly used in contact treatment (cf. Section 1.6).

An LCP is an equation of the form y = Ax + b, for a given matrix A and vector b, and with y and x as the unknowns, herein the acceleration and the LM contact forces. Vectors y and x verify the following inequalities: y ≥ 0, x ≥ 0, and y T x=0.
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A.2.3 Efficiency-Sufficiency indicators for two-storey structures