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the Kashiwazaki-Kariwa nuclear power plant (Japan) case.

based earthquake design (PBED) is the probabilistic evaluation of the system-level performance of structures due to earthquakes. To this aim, a framework was proposed by the PEER Center based on the convolution of all levels of ground motion, structural damage, and loss. One of the key components in this estimation of structural performance is related to the possible complexity of the wave-field motion to be defined as an input to the SSI analysis. Traditionally, the estimation of structural performance is decoupled in two separate steps: i) hazard analysis for GM estimation (generally defined in a single point at the site of interest), and ii) the SSI analysis based on the point-wise definition of the input. However, a limitation of this approach is related to the absence of the "local" geology in the consideration of the seismic input motion, possibly highly influencing the spatial variability of the seismic GM and thus the input signal to be defined.

With this regard, the aim of this thesis is to highlight the impact of each component on the seismic performance of critical structures, relying on state-of-the-art numerical tools for the prediction of earthquake ground motion as well as the assessment of damage for structural and nonstructural components (NSCs). The proposed approach makes use, on one hand of 3D PBS for source-to-site wave propagation to provide an accurate description of spatial variability of ground shaking and, on the other hand, of systemic approaches for the evaluation of advanced SSI analysis, accounting for a complex 3D input motion excitation. As a first step, and so as to be able to introduce a realistic 3D input motion to SSI analysis, a SEM-FEM weak coupling based on the Domain Reduction Method is implemented and verified for a canonical case study existing in the literature. The implemented version allows to account for both complex regional and local geology in SEM and FEM models, via a nothonoring approach. An optimization procedure, based on the decimation of SEM output signal, is proposed to accelerate the computational time of the coupled approach while maintaining an accurate prediction of numerical results.

The evaluation of seismic hazard in the first step of the PBED methodology is defined here as the numerical prediction of the ground motion for a site-specific application. The case of the Kashiwazaki-Kariwa nuclear power plant (KKNPP) is considered as the case study. Two rupture scenarios inspired by recorded aftershocks of magnitude M W close to 4 are numerically modeled via the RIK kinematic source model in order to investigate the effect of the dynamic excitation source. In addition, three geological models are examined for the region, allowing to evaluate the effect of regional and surface geology on the obtained surface ground motions. Comparisons are performed in terms of several IMs for the surface motion at the KKNPP site.

Following the hazard analysis, the structural and damage analysis are performed assuming the reactor building of Unit 7, a well-studied structure subject of the international benchmark of OECD/NEA Karisma. In addition to the identified geology effects, different SSI approaches are examined at first to evaluate the influence of a complex 3D input excitation imposed via the DRM instead of standard approaches (i.e., plane wave with vertical incidence or BEM-FEM coupling) on both the structural and NSCs responses.

The relative average spectral acceleration is later used as an efficient and sufficient IM for the evaluation of the dynamic response of a hypothetical electric cabinet situated in the structure of interest. Given the timeconsuming character of the 3D PBS, Synthetic Green's Functions are deployed in the last part in order to accelerate the computational chain and evaluate a series of plausible earthquake scenarios for the structure of interest. The CCDF is computed for the case of this hypothetical electric cabinet.
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Résumé: L'objectif principal de la conception parasismique basée sur la performance (PBED) est l'évaluation probabiliste de la performance des structures en cas de séisme. Dans ce but, un cadre a été proposé par le PEER Center, basé sur la convolution de tous les niveaux de mouvement du sol, de dommages structurels et de pertes. L'un des éléments clés de cette estimation de la performance structurelle est lié à la complexité éventuelle du mouvement du champ d'ondes à définir comme donnée d'entrer de l'analyse ISS. Traditionnellement, l'estimation de la performance structurelle est découplée en deux étapes distinctes : i) l'analyse de l'aléa pour l'estimation du mouvement du sol (défini en un seul point du site), et ii) l'analyse SSI basée sur l'input sismique du même point. Cependant, une limitation de cette approche est liée à son incapacité de la prise en considération de la géologie locale sur la définition du mouvement sismique, qui peut être influencée à cause de la variabilité spatiale des signaux sismiques.

Dans ce contexte, l'objectif de cette thèse est de mettre en évidence l'impact de chaque composant sur la performance des structures, en s'appuyant sur des outils numériques de pointe pour la prédiction des mouvements du sol lors des tremblements de terre ainsi que l'évaluation des dommages pour les composants structurels ou non. L'approche proposée fait appel, d'une part, à des simulations 3D PBS pour la propagation "de la faille à la structure" afin de fournir une description précise de la variabilité spatiale des secousses au sol et, d'autre part, à des approches avancées pour l'analyse ISS, tenant compte d'une excitation 3D. En premier, et afin de pouvoir introduire un mouvement 3D complexe dans l'analyse ISS, un couplage faible SEM-FEM basé sur la méthode de DRM est implémenté et vérifié pour un cas canonique existant dans la littérature. L'implémentation permet de prendre en compte la géologie régionale et locale complexe dans les modèles SEM et FEM, via une approche de type "not-honoring". Une procédure d'optimisation, basée sur la décimation du signal de sortie du SEM, est proposée pour accélérer le temps de calcul tout en maintenant une prédiction précise des résultats numériques.

L'évaluation de l'aléa sismique dans la première étape de la méthodologie PBED est définie ici comme la prédiction numérique du mouvement du sol pour une application sitespécifique (centrale nucléaire de Kashiwazaki-Kariwa -KKNPP). Deux scénarios sismiques inspirés de répliques enregistrées de magnitude proche de 4 sont modélisés numériquement via le modèle de source cinématique RIK afin d'étudier l'impact de la source d'excitation. De plus, trois modèles géologiques sont examinés pour la région, permettant d'évaluer l'effet de la géologie régionale sur les mouvements de sol en surface. Des comparaisons sont effectuées en termes de plusieurs IMs pour le mouvement de surface sur le site de KKNPP.

Suite à l'analyse de l'aléa, l'analyse structurelle est effectuée en supposant le bâtiment du réacteur de l'unité 7, une structure bien étudiée faisant l'objet de la référence internationale de l'OCDE/NEA Karisma. En plus des effets géologiques identifiés, différentes approches ISS sont examinées pour évaluer l'influence d'une excitation 3D complexe (DRM) au lieu des approches standard (onde plane à incidence verticale ou couplage BEM-FEM) sur la réponse de la structure et ses composantes.

L'accélération spectrale moyenne relative est ensuite utilisée comme un IM efficace et suffisant pour l'évaluation de la réponse dynamique d'une armoire électrique hypothétique, située dans la structure d'intérêt. Étant donné le caractère chronophage de la PBS 3D, les fonctions de Green synthétiques sont déployées dans la dernière partie afin d'accélérer la chaîne de calcul et d'évaluer une série de scénarios sismiques pour la structure d'intérêt. La CCDF est calculée pour le cas de cette armoire électrique hypothétique. I cannot express how grateful I am to you for this experience and for your support and trust.
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Introduction Industrial Context and Motivations

The Fukushima-Daiichi nuclear disaster in March 2011, consequence of the tsunami caused by the magnitude M W = 9 Tohoku earthquake on the Pacific coast of Japan is considered the most severe nuclear disaster in recent history after the Chernobyl catastrophe in 1986. The tsunami provoked by the M W = 9 Tohoku earthquake caused a great number of fatalities and important damages along with the complete meltdown of three nuclear reactors, was ranked level 7/7 on the International Nuclear Event Scale (INES) of nuclear and radiological accidents. On the aftermath of the earthquake, the international community involved in nuclear safety was immediately questioned about the reliability of its estimates, especially regarding external events (e.g., earthquakes, floods), the appropriateness of the deployed approaches, and the adequacy of the margins retained during the periodic assessment of existing nuclear facilities or in the design stage of new ones.

According to [START_REF] Berge-Thierry | Toward an integrated seismic risk assessment for nuclear safety improving current French methodologies through the SINAPS@ research project[END_REF], 2019) and the SINAPS@ project, in a French framework and based on existing regulatory practices, several important weaknesses were identified at that time in the evaluation of seismic analysis of nuclear infrastructures: i) the lack of consistent and explicit treatment of uncertainties, even if some uncertainties are taken into account in the form of conservatism (e.g., safety factor coefficients (see also [START_REF] Berge-Thierry | Toward an integrated seismic risk assessment for nuclear safety improving current French methodologies through the SINAPS@ research project[END_REF]), ii) the large gap between hazard assessment and the vulnerability analysis, and iii) the lack of a completed risk estimation i.e., combination of the probability of failure and the consequences of the hazard. In addition, existing nuclear safety approaches were mainly based on a purely deterministic framework [START_REF] Kang | Prediction of strong ground motion in moderate-seismicity regions using deterministic earthquake scenarios[END_REF][START_REF] Ameri | Deterministic groundmotion scenarios for engineering applications: The case of thessaloniki, greece[END_REF] especially according to the French conventional practices and standards, with the definition of a seismic scenario type, related to reference earthquakes from existing catalogs (i.e., historical/paleo-historical seismicity). The immediate consequence of this deterministic approach is that the seismic hazard analysis for a site-specific application cannot be characterized in a probabilistic framework and thus by confidence levels and uncertainty treatment is sum up by the reference to smoothed envelope spectra, losing their physical significance.

In the light of the aforementioned limitations/necessities, propositions for an appropriate evaluation of the performance design of critical structures were addressed in the framework of the SINAPS@ (Earthquake and Nuclear Facilities : Ensuring Safety and Sustaining) research project [START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF]. In this context, it was already identified the need for an integrated methodology accounting for the seismic wave-field propagation, from its nucleation point on the fault plane, through the complex geological medium in the regional/local scale of the site-specific application, and up to the structure's foundation and its transmission to the sensitive equipment of interest (e.g., electro-mechanical devices, piping systems, etc.). Among the recommendations by the SINAPS@ project [START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF], it has been pointed the relevance of the control of the seismic ground motion at the outcropping bedrock, or at depth at a specific bedrock reference level (rather than the conventional practice at the free field), to ensure an appropriate uncertainty treatment. With this regard, uncertainty quantification and propagation are explicitly taken into account, therefore guaranteeing consistency between the different interfaces (i.e., hazard estimation to structural response). The ultimate goal is to ensure that the seismic hazard outputs are adapted and appropriately used by engineering practitioners for failure thresholds of structural and non-structural components. In this context, numerical tools and methodologies were developed aiming to offer engineering practitioners the possibility to perform seismic margin assessment (e.g., definition of the hard core seismic level (HCSL), probabilistic safety analysis (ASN, Décision, 2017)), while provided recommendations focused in the improvement of the seismic design of nuclear facilities and the perspectives for further research needs.

From an engineering stand-point, assessment of the seismic response of critical structures (e.g., nuclear power plants, dams, bridges) and their components is performed based on numerical approaches considering the complex interaction of the structure with the surrounding subsurface soil. Soil-structure interaction (SSI) consists of a challenging task yet being of foremost importance to correctly estimate structural response [START_REF] Mylonakis | Seismic soil-structure interaction: Beneficial or Detrimental?[END_REF][START_REF] Jie | Benefits and Detriments of Soil Foundation Structure Interaction[END_REF]. Nevertheless, this step incorporates important sources of uncertainties, which need to be considered in accordance to the site effect analysis so as to evaluate a complete performance based design and account for the associated seismic risk. On the SSI numerical evaluation, the following conclusions emerge for a study of structural performance of critical structures, subjected to strong earthquake shaking:

1. The "state-of-the-art" SSI analysis is at a mature level with the existence of an abundance of studies presented in the literature, along with a series of commercial or openaccess numerical software allowing to account for the realistic interaction between the structure, its foundation, and the surrounding subsurface soil. With this regard, selection of the numerical approach depends on the finesse of the numerical analysis.

2. Nonlinear behavior, accounted for both soil and structure, plays a crucial role towards a more accurate description of the soil-structure system dynamic response [START_REF] Gazetas | Nonlinear soil-structure interaction: Foundation uplifting and soil yielding[END_REF][START_REF] Assimaki | Site effects and soil-structure interaction in the 1999, Athens earthquake[END_REF][START_REF] Pitilakis | Study of the Soil-Structure Interaction using an equivalent linear and an elastoplastic soil model : Comparative results[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Grange | A macro-element to simulate dynamic Soil-Structure Interaction[END_REF][START_REF] Sett | Effect of Uncertain Spatial Variability of Soils on Nonlinear Seismic Site Response Analysis[END_REF][START_REF] Sáez | Inelastic dynamic soil-structure interaction effects on moment-resisting frame buildings[END_REF][START_REF] Pecker | The role of non-linear dynamic soil-foundation interaction on the seismic response of structures[END_REF]Santisi d'Avila and Lopez-Caballero, 2018, among others). For nonlinear SSI, the finite element method (FEM) in time domain is considered the most adapted solution [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF].

Appropriate boundary conditions are necessary in order to account for:

• A realistic input excitation to the SSI model: For complex wave-fields (e.g., directivity effect, presence surface waves) it is essential to define a 3D input motion [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]Abell et al., 2018a;Zuchowski et al., 2018;McCallen et al., 2020a,b;Brun et al., 2021, among others), contrary to simplified 1D approaches based on single station input motions which are largely used in current practices.

• Wave propagation in a finite domain: Depending on the SSI approach, boundary conditions are necessary for the absorption of spurious outgoing waves arriving on the fictive boundary: simple dash-pot approach (e.g. [START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Kontoe | The domain reduction method for dynamic coupled consolidation problems in geotechnical engineering[END_REF][START_REF] Petropoulos | Soil-structure interaction analysis using high-performance parallel computation[END_REF], buffer zones or damping layers (e.g. [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF][START_REF] Semblat | A simple multi-directional absorbing layer method to simulate elastic wave propagation in unbounded domains[END_REF]Wang et al., 2017a;Abell et al., 2018a;McCallen et al., 2020a,b), PML [START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF]Poursartip and Kallivokas, 2018, among others).

These observations raise questions with regard to the choice of the adopted modeling strategy in order to perform the SSI analysis, as well as to the limitations and adopted assumptions. In this framework, this work attempts to answer or at least shed some light on these questions.

It makes use of 3D physics-based earthquake simulations (PBS) for the numerical modeling of source-to-structure wave propagation for a site-specific application. The application of interest focuses on the region of Niigata in Japan and the Kashiwazaki-Kariwa nuclear power plant (KKNPP) site. The considered structure is the Unit 7 reactor building of Kashiwazaki-Kariwa nuclear power plant, as it is a well studied structural model thanks to the OCDE/NEA Karisma benchmark [START_REF] Iaea | Review of Seismic Evaluation Methodologies for Nuclear Power Plants Based on a Benchmark Exercise[END_REF]. The different steps of the performance based design are followed for the analysis of structural response. With this regard, the following two sub-sections focus on the important key components of the adopted methodology.

At first, the performance-based earthquake engineering (PBEE) [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF]) methodology, as it was proposed by the Pacific Earthquake Engineering Research (PEER) center, is briefly discussed. Important elements of the 3D physics-based simulation approaches and underlying assumptions adopted in this work are presented.

Performance-Based Earthquake Design (PBEE)

The evaluation of seismic risk in the framework of the Performance-Based Earthquake Design (PBEE) [START_REF] Priestley | Performance based seismic design[END_REF][START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF]SEAOC, 2018) proposed by the Pacific Earthquake Engineering Research (PEER) center tries to estimate the performance of a site-specific structure of interest by means of an engineering model and for different design levels, according to the following objectives: i) risk of collapse, ii) repair costs, and iii) post-earthquake losses. In the general framework of seismic risk assessment, the probability of failure, P (f ailure), can be defined according to the total probability theorem as the convolution integral of the probability of the hazard P (Hazard), more precisely the annual rate of exceedance λ IM (im), according to a specific intensity measure im, dλ IM (im) dim , and the probability of the conditional consequences related to this hazard, P (consequences), as formulated by Eq. 1:

P (f ailure) = P (consequences) • dλ IM (im) dim • dim (1)
The philosophy of the PBEE is to enhance safety, not necessary by increasing the strength, but by a better distribution of the inelastic deformation capacity of structural elements, and by a relevant uncertainties treatment. Successive design objectives steps are defined, from full operationality to the total failure of structural or non-structural components (NSCs). In this framework, the main objective is to estimate the frequency of exceedance probability for a particular performance metric of the structural or NSCs (design objectives) and for a site-specific design. With this regard, the strategy for the evaluation of seismic risk is based on four different stages, namely, the hazard analysis, the structural analysis, the damage analysis, and the loss analysis. Each one of the four stages is completely described through a performance parameter that is conditioned by the analysis of the previous stage and conditions the analysis of the following stage.

To this aim, the probability of failure described by Eq. 1 is modified according to Eq. 2: In the first step of the PBEE methodology, a seismic hazard analysis needs to be performed for a specific site of interest in order to quantitatively (in a probabilistic framework or at least integrating uncertainty quantification) evaluate the seismic ground motion (GM) of the site. This evaluation is based on an a priori knowledge of different parameters for the region of interest, namely, historical seismicity, characteristics of the fault (e.g. magnitude, source-to-site distance, fault's mechanism) as well as the characteristics of the site (e.g. material properties, topography) [START_REF] Kramer | Geotechnical Earthquake Engineering[END_REF][START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF]. The description of this GM in the seismic hazard analysis is ensured via a predefined Intensity Measure (IM) that is supposed to completely characterize the magnitude of the motion, and whose estimation needs to be defined in a probabilistic framework, given that the input parameters of the analysis involve high uncertainty. With this regard, the Probabilistic Seismic Hazard Analysis (PSHA), initially proposed by [START_REF] Cornell | Engineering seismic risk analysis[END_REF], aims to account for the uncertainties of the analysis by providing the mean annual rate of exceedance, λ[IM |D], of any IM at the site of interest and for a given period of time [START_REF] Cornell | Engineering seismic risk analysis[END_REF][START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF].

λ[DV |D] = P [DV |DM ] • P [DM |EDP ] • P [EDP |IM ] • dλ IM [IM |D] dIM •dIM • dEDP • dDM ( 
In a PSHA framework, the four ingredients used in order to compute the hazard curve λ IM can be summarized as follows: i) a seismotectonic description (Gutenberg-Richter relation, seismic catalog -location,magnitude, depth etc.), ii) a recurrence law for the seismic source energy, iii) an attenuation relationships such as the Ground Motion Prediction Equations (GMPEs), and iv) a logic tree combining these ingredients in order to produce the mean annual frequency of exceedance. The use of GMPEs is largely developed over the last decades with important international projects aiming for the creation of global GMPE databases (e.g., GEM Project [START_REF] Douglas | Compilation and critical review of GMPEs for the GEM-PEER Global GMPEs Project[END_REF]Stewart et al., 2012), NGA-West2 Project [START_REF] Ancheta | Nga-west2 database[END_REF], SIGMA Project (RESORCE) [START_REF] Akkar | Reference database for seismic ground-motion in Europe (RESORCE)[END_REF], among others). Their formulation is based on proxies for source and site characterization (magnitude, source-tosite distance, local soil properties), as well as the variation of the IM from the predicted value [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Watson-Lamprey | Selection of ground motion time series and limits on scaling[END_REF][START_REF] Al Atik | The variability of ground-motion prediction models and its components[END_REF][START_REF] Rodriguez-Marek | A model for single-station standard Bibliography 206 deviation using data from various tectonic regions[END_REF][START_REF] Lin | Repeatable source, site, and path effects on the standard deviation for empirical groundmotion prediction models[END_REF][START_REF] Iervolino | Reliability of structures to earthquake clusters[END_REF]Stewart and Afshari, 2021, among others). GMPEs have been largely developed over the last decades for several IMs, the peak ground acceleration -PGA, peak ground velocity -PGV and the pseudo-spectral acceleration at a certain structural period -PSA(T) being some of the most famous ones.

The output of the hazard analysis is the so called hazard curve, which represents the evolution of the selected IM versus the mean annual frequency of exceedance [START_REF] Bommer | Why do modern probabilistic seismic-hazard analyses often lead to increased hazard estimates[END_REF]. A supplementary step involves a selection process in order to List of Tables identify the time-histories that are compatible with the obtained hazard curve and IM. The correct identification of these time-histories is of crucial importance for the next step of the PBEE methodology, where nonlinear dynamic soil-structure interaction analysis can be performed in order to estimate the dynamic response of structural and non-structural components as well as their interaction with the surrounding non-linear soil (JCSS, 2001;[START_REF] Schwab | Assessment of the seismic non-linear behavior of ductile wall structures due to synthetic earthquakes[END_REF]. Nevertheless, this selection process requires either selecting historical motions from large data sets (e.g., [START_REF] Bommer | The use of real earthquake accelerograms as input to dynamic analysis[END_REF][START_REF] Iervolino | Record Selection for Nonlinear Seismic Analysis of Structures[END_REF][START_REF] Iervolino | Eurocode 8 Compliant Real Record Sets for Seismic Analysis of Structures[END_REF][START_REF] Iervolino | A Note on Selection of Time-Histories for Seismic Analysis of Bridges in Eurocode 8[END_REF][START_REF] Iervolino | REXEL: computer aided record selection for code-based seismic structural analysis[END_REF][START_REF] Bozorgnia | NGA-West2 Research Project[END_REF][START_REF] Baraschino | Reconciling Eurocode 8 Part 1 and Part 2 Two-component Record Selection[END_REF] or obtaining synthetic motions, generated from signal processing techniques [START_REF] Boore | Simulation of ground motion using the stochastic method[END_REF][START_REF] Bazzurro | Post-elastic response of structures to synthetic ground motions[END_REF][START_REF] Pousse | Nonstationary Stochastic Simulation of Strong Ground Motion Time Histories Including Natural Variability: Application to the K-Net Japanese Database[END_REF][START_REF] Cotton | On the Discrepancy of Recent European Ground-Motion Observations and Predictions from Empirical Models: Analysis of KiK-net Accelerometric Data and Point-Sources Stochastic Simulations[END_REF][START_REF] Rezaeian | Stochastic modeling and simulation of ground motions for performancebased earthquake engineering[END_REF][START_REF] Zentner | Enrichment of seismic ground motion databases using Karhunen-Loève expansion[END_REF][START_REF] Causse | Eurocode 8-compatible synthetic time-series as input to dynamic analysis[END_REF][START_REF] Zentner | A procedure for simulating synthetic accelerograms compatible with correlated and conditional probabilistic response spectra[END_REF][START_REF] Zentner | Comparison of natural and synthetic spectrum compatible accelerograms obtained by ground motion selection and stochastic simulations[END_REF][START_REF] Hu | Stochastic procedure for the simulation of synthetic main shock-aftershock ground motion sequences[END_REF][START_REF] Trevlopoulos | Seismic Fragility Curve Assessment Based on Synthetic Ground Motions with Conditional Spectra[END_REF]. Selection process for existing data sets may present several issues: i) data sets are not always available for all regions of interest, ii) high magnitude earthquakes leading to soil non linear behavior are not sufficiently represented, iii) existing catalogs are poorly populated for hazard estimates for long return periods required for structures submitted to high safety standards. Finally, traditional GMPEs also fail to describe particular phenomena such as near-source effects, directivity effects or basin-like geologies [START_REF] Stewart | Ground motion evaluation procedures for performance-based design[END_REF][START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF][START_REF] Faccioli | Evaluation of Probabilistic Site-Specific Seismic-Hazard Methods and Associated Uncertainties, with Applications in the Po Plain, Northern Italy[END_REF][START_REF] Wang | Accounting for uncertainties of magnitude-and site-related parameters on neural network-computed ground-motion prediction equationsaccounting for uncertainties of magnitude-and site-related parameters on neural networkcomputed ground-motion prediction equations[END_REF][START_REF] Stupazzini | Physics-based probabilistic seismic hazard and loss assessment in large urban areas: A simplified application to Istanbul[END_REF][START_REF] Kenawy | Variability of near-fault seismic risk to reinforced concrete buildings based on high-resolution physics-based ground motion simulations[END_REF]Filippitzis et al., 2021, among others). To this aim, several alternative approaches to the traditional GMPEs have been developed in the framework of physicsbased simulations [START_REF] Pitarka | Basin structure effects in the kobe area inferred from the modeling of ground motions from two aftershocks of the january 17, 1995, hyogo-ken nanbu earthquake[END_REF][START_REF] Pitarka | Three-dimensional simulation of the near-fault ground motion for the 1995 hyogo-ken nanbu (kobe), japan, earthquake[END_REF][START_REF] Graves | Ground-motion amplification in the Santa Monica area: Effects of shallow basin-edge structure[END_REF][START_REF] Olsen | Site amplification in the los angeles basin from three-dimensional modeling of ground motion[END_REF][START_REF] Komatitsch | Simulations of Ground Motion in the Los Angeles Basin based upon the Spectral-Element Method[END_REF][START_REF] Graves | The seismic response of the san bernardino basin region during the 2001 big bear lake earthquake[END_REF][START_REF] Graves | Broadband simulations for mw 7.8 southern san andreas earthquakes: Ground motion sensitivity to rupture speed[END_REF][START_REF] Graves | Cybershake: A physics-based seismic hazard model for southern california[END_REF][START_REF] Smerzini | Broadband Numerical Simulations in Complex Near-Field Geological Configurations: The Case of the 2009 Mw 6.3 L'Aquila Earthquake[END_REF][START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF][START_REF] Molnar | Earthquake ground motion and 3d georgia basin amplification in southwest british columbia: Shallow blind-thrust scenario earthquakes[END_REF][START_REF] Riaño | Development of a first 3d crustal velocity model for the region of bogotá, colombia[END_REF]Gatti et al., 2018a,b;[START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF]Castro-Cruz et al., 2021a;[START_REF] Stupazzini | Physics-based probabilistic seismic hazard and loss assessment in large urban areas: A simplified application to Istanbul[END_REF][START_REF] Kenawy | Variability of near-fault seismic risk to reinforced concrete buildings based on high-resolution physics-based ground motion simulations[END_REF]Filippitzis et al., 2021, among others), as it will be discussed in the following.

The second step of the PBEE methodology involves the Structural Analysis, where the engineering model of the structure of interest is considered in order to estimate the dynamic response of structural and non-structural components (NSCs). In this step, the dynamic response of the structure (or equivalently of the NSCs) is described through an Engineering Demand Parameter (EDP), which is conditioned on the input seismic excitation for different levels of seismic intensity, P (EDP |IM ). In the general case, the structural model may involve a deterministic or probabilistic approach for the definition of structural components (i.e. mass, damping, stiffness) and the analysis will be performed in the time-domain in order to evaluate nonlinear behavior. In addition, the EDP parameter can be described as a local parameter for structural components, such as displacements, deformations or forces on a specific structural element, or global parameters such as the floor spectral acceleration, or inter-story drift [START_REF] Vamvatsikos | Developing efficient scalar and vector intensity measures for ida capacity estimation by incorporating elastic spectral shape information[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF][START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF][START_REF] Kohrangi | Site dependence and record selection schemes for building fragility and regional loss assessment[END_REF]. The latter are mainly used for the analysis of NSCs such as electro-mechanical equipment, piping systems etc. [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF], 2015;[START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF][START_REF] Wang | Seismic fragility analysis with artificial neural networks: Application to nuclear power plant equipment[END_REF][START_REF] Tran | Probabilistic seismic demand model and seismic fragility analysis of npp equipment subjected to high-and low-frequency earthquakes[END_REF].

Once the EDP parameter is dully identified and it's conditional probability computed, the PBEE methodology continues with the Damage Analysis. The purpose of this step is to estimate the physical damage or the functional failure at structural or non-structural components conditioned by the structural response model. With this regard, Damage Measures (DM) are defined as different damage levels (e.g light, moderate, severe) that correspond to the repair measures (e.g. epoxy injection, repair with jacketing, replacement) needed so as to restore the component/structure in its initial state [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF]. For instance, some failure criteria are: i) anchorage failure between an electric cabinet and the floor [START_REF] Tran | Probabilistic seismic demand model and seismic fragility analysis of npp equipment subjected to high-and low-frequency earthquakes[END_REF], ii) plastic deformation of beam-to-column connection [START_REF] Sáez | Effect of the inelastic dynamic soil-structure interaction on the seismic vulnerability assessment[END_REF][START_REF] Sáez | Inelastic dynamic soil-structure interaction effects on moment-resisting frame buildings[END_REF], iii) dam settlement in liquefiable soils [START_REF] Rapti | Liquefaction analysis and damage evaluation of embankment-type structures[END_REF][START_REF] Khalil | Survival analysis of a liquefiable embankment subjected to sequential earthquakes[END_REF], or iv) excessive cracking and radioactive leakage (ASN, 2017).

In order to compute the DM, the EDP is introduced as an input to fragility functions [START_REF] Saez | EFFECTS OF SSI ON THE CAPACITY SPECTRUM METHOD[END_REF][START_REF] Porter | Creating fragility functions for performance-based earthquake engineering[END_REF][START_REF] Sáez | Effect of the inelastic dynamic soil-structure interaction on the seismic vulnerability assessment[END_REF][START_REF] Sáez | Inelastic dynamic soil-structure interaction effects on moment-resisting frame buildings[END_REF][START_REF] Zentner | A general framework for the estimation of analytical fragility functions based on multivariate probability distributions[END_REF][START_REF] Tran | Probabilistic seismic demand model and seismic fragility analysis of npp equipment subjected to high-and low-frequency earthquakes[END_REF]Nieto et al., 2021, among others), and the probability of different Damage Measures (DM) is computed, conditioned on the structural response (EDP), P (DM |EDP ) [START_REF] Sanchez-Silva | Life-cycle performance of structures subject to multiple deterioration mechanisms[END_REF][START_REF] De Silva | Influence of soil-structure interaction on the site-specific seismic demand to masonry towers[END_REF][START_REF] Lopez-Caballero | Probabilistic seismic analysis for liquefiable embankment through multi-fidelity codes approach[END_REF].

The last step of the PBEE methodology, not considered in this work, is the Loss Analysis.

It consists in estimating the conditioned probability of a Decision Variable (DV) given the damage measure, P (DV |DM ) [START_REF] Medel-Vera | Seismic probabilistic risk analysis based on stochastic simulation of accelerograms for nuclear power plants in the UK[END_REF]Smerzini et al., 2018;Smerzini and Pitilakis, 2018;[START_REF] Riaño | Integration of 3D large-scale earthquake simulations into the assessment of the seismic risk of Bogota, Colombia[END_REF]. According to [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF]; [START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF] the most commonly used DV can be distinguished as follows:

• Fatalities: Deaths as a direct outcome of the structure's damage.

• Economic loss: Money spend for repairing operations.

• Repair duration: The repair time during which the facility is not operational.

• Injury: Injuries as a direct outcome of the structure's damage.

The different steps of the PBEE methodology were described here for reasons of completion and are schematically represented in Fig. 1. However, the Consequences of the hazard not being examined in the framework of this work, the present analysis focuses on the hazard and the structural/damage analysis for a site-specific application.

With this regard, Eq. 2 can be modified in order to provide the relationship between an EDP and its annual rate of exceedance λ(EDP ) [START_REF] Rathje | Probabilistic Seismic Hazard Analysis for the Sliding Displacement of Slopes: Scalar and Vector Approaches[END_REF]Iervolino et al., List of Tables 2015;[START_REF] De Silva | Influence of soil-structure interaction on the site-specific seismic demand to masonry towers[END_REF][START_REF] Lopez-Caballero | Probabilistic seismic analysis for liquefiable embankment through multi-fidelity codes approach[END_REF] as described by Eq. 3:

λ EDP (z) = P [EDP > z|IM = im] • dλ IM (im) dim • dim (3)
where, P (EDP > z|IM = im) is the probability that the EDP level z is exceeded given the ground motion intensity measure (IM) level im, and λ IM (im) is the mean annual rate that the IM exceeds a given level im.

For the definition of the hazard curve and for a site-specific application different seismic hazard scenarios (possible magnitude, distance etc.) are combined (hazard dissagregation [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF]Bommer, 2010, among others)) and the expression of the hazard curve λ IM is given as:

λ IM (im) = λ 0 • m r P [IM > im|m, r] • f M,R (m, r) • dm • dr (4)
where, λ 0 is the annual rate of earthquakes greater than the minimum magnitude (i.e., activity rate), P (IM > im|m, r) is the probability that the IM level im is exceeded for the given earthquake with magnitude (m) and distance (r), and f M,R (m, r) is the joint probability density function of magnitude and distance [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Bommer | Deterministic vs. Probabilistic seismic hazard assessment: An exaggerated and obstructive dichotomy[END_REF][START_REF] Rathje | Probabilistic Seismic Hazard Analysis for the Sliding Displacement of Slopes: Scalar and Vector Approaches[END_REF].

Finally, as already mentioned in the introduction of this part, the KKNPP facility located at the region of Niigata in Japan, is the application of interest and the hazard analysis and structural analysis for the KKNPP facility are examined in chapters 2 and 3, as presented in Fig. 1. 

Physics-based numerical simulations (PBS)

The development of physics-based 3D models for the simulation of earthquake ground motion has been largely increased over the last years due to the exponential increase of the computational power, the better knowledge and modeling techniques for the seismic sources, as well as due to the development of modeling strategies for efficient and acurate wave propagation simulation. According to the work of [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF], where a review of large-scale simulation for seismic wave motion is given, in the PBS framework, important aspects of the seismic wave propagation problem can be explicitly taken into consideration: i) earthquake source, ii) propagation path, iii) local site effects iv) non linear behavior of subsurface soil, all gathered in a high-fidelity predictive numerical model. The latter brings an indubitable benefit to the prediction of complex scenarios, especially for the case of a near-source field (e.g. the San Francisco bay area [START_REF] Rodgers | GPU-Based Simulation of Earthquake Ground Motions in the San Francisco Bay Area: Path and Site Effects from Suites of Ruptures and Evaluation of the USGS 3D Model with Moderate Magnitude Earthquakes[END_REF]) and in regions of moderate seismicity where earthquake catalogs for strong ground motions are poorly populated [START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF].

Nevertheless, even-though 3D PBS can be a powerful tool for the source-to-structure wave propagation analysis, several important aspects of the analysis need to be taken into account for their "setting-up". McCallen et al. (2020a,b), summarized them as follows:

• Multidisciplinary: need to account for geophysical (e.g., fault rupture, propagation in heterogeneous soil media), engineering (e.g., soil-structure interaction analysis), and numerical (e.g., performance, stability and robustness) aspects.
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• Multi-scale: wave propagation from the seismic source to the site in the regional scale (∼several kilometers), as well as interaction of these waves on the local scale of the soilstructure interaction model (∼several meters). Soil heterogeneities and attenuation are dependent to the examined scale.

• Coupled linear and non-linear systems: wave propagation in the regional scale is generally based on a linear elastic hypothesis, contrary to the local scale where it is important to evaluate the influence of non-linear soil and structure behavior under strong ground motions.

• Extreme computational demands: the size of the problem in conjunction with the desired maximum frequency (∼≥ 10 Hz) of the model in order to study structural response drastically increases the number of degrees-of-freedom of the numerical model.

Consequently, solutions need to be examined in a High-Performance Computing (HPC) framework.

In order to tackle the difficulties arising from the multi-scale character of the physicsbased simulations, alternative numerical approaches can be used in order to examine the wave propagation in separate scales. The choice of each numerical approach depends mainly on their numerical performance and the limitations introduced in the physical problem [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. For instance, the finite difference method (FDM) [START_REF] De Martin | Coupling of FDM and FEM in seismic wave propagation[END_REF][START_REF] Pitarka | Strong Ground Motion Simulations of the M7.1 Kumamoto, Japan Earthquake Using Characterized Heterogeneous Source Models[END_REF][START_REF] Rodgers | GPU-Based Simulation of Earthquake Ground Motions in the San Francisco Bay Area: Path and Site Effects from Suites of Ruptures and Evaluation of the USGS 3D Model with Moderate Magnitude Earthquakes[END_REF]McCallen et al., 2020a,b, among others) or the spectral element method (SEM) [START_REF] Faccioli | 2D and 3D elastic wave propagation by a pseudo-spectral domain decomposition method[END_REF]Komatitsch and Tromp, 1999a;Komatitsch et al., 1999;De Martin et al., 2011;[START_REF] De Martin | Verification of a spectral-element method code for the southern california earthquake center loh.3 viscoelastic case[END_REF][START_REF] Cupillard | RegSEM: a versatile code based on the spectral element method to compute seismic wave propagation at the regional scale[END_REF][START_REF] Mazzieri | SPEED: SPectral Elements in Elastodynamics with Discontinuous Galerkin: a non-conforming approach for 3D multi-scale problems[END_REF][START_REF] Chaljub | 3-d numerical simulations of earthquake ground motion in sedimentary basins: testing accuracy through stringent models[END_REF][START_REF] De Martin | Advanced seismic microzoning of the complex sedimentary basin of Martgny (Switzerland) by two-dimensional Aki-Larner method and three-dimentional spectral-element method[END_REF][START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF][START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF]Castro-Cruz et al., 2021a, among others) are two of the most popular approaches allowing to study the elasto-dynamic wave propagation problem in the regional scale. For the local scale analysis, the choice of the numerical tool is vastly constrained from the need to perform a non-linear soil-structure interaction analysis, the finite element method (FEM) being the most relevant solution [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF].

Based on the aforementioned, and in order to exploit the advantages of each approach in its respective scale, several coupling techniques have been proposed over the last decades allowing to perform the source-to-structure wave propagation analysis. They can be distinguished in two main categories based on their formulation and finesse of the wave propagation description: i) strong coupling approaches, and ii) weak coupling approaches. The former accounts for the simultaneous interaction between the different scales of the problem. The interaction formulated on the boundary interface between the two methods allows to compute the exact total wave field accounting for the incident wave arriving from the seismic source, as well as the diffracted wave from the presence of the structures or basin-like geologies [START_REF] Casadei | Implementation of a 3D Coupled Spectral Element/Finite Element Solver for Wave Propagation and Soil-structure Interaction Simulations: Numerical Examples[END_REF]Zuchowski et al., 2018;Brun et al., 2021, among others).

On the contrary, weak coupling approaches are based on the solution on two separate steps, and they do not account for the interaction of the incident wave field with the one diffracted from the structures. The weak coupling strategy is well embodied by the so called Domain Reduction Method (DRM) [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF], a two-step procedure where free-field ground shaking is computed via an auxiliary simulation on the whole simplified geological domain without structure, and then injected as equivalent nodal force distribution at the boundary of a small-scale domain including the structure (also named reduced domain) [START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Kontoe | The domain reduction method for dynamic coupled consolidation problems in geotechnical engineering[END_REF][START_REF] Jeremić | Time domain simulation of soil-foundation-structure interaction in non-uniform soils[END_REF]Solberg et al., 2016a;Wang et al., 2017a;Abell et al., 2018a;Luo et al., 2019, among others).

In addition to the aforementioned aspects, and given that the 3D PBS model is used in a PBEE framework, an uncertainty quantification analysis needs to be performed in order to provide the evaluation of seismic risk in a probabilistic framework. Important sources of uncertainty for the 3D PBS approach [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF] are related to:

• The definition of a realistic 3D geology (regional/local scale) and the mechanical properties of the structure [START_REF] Kawase | The cause of the damage belt in kobe: "the basin-edge effect," constructive interference of the direct s-wave with the basin-induced diffracted/rayleigh waves[END_REF][START_REF] Delavaud | Simulation numèrique de la propagation d'ondes en milieu géologique complexe: application à l'évaluation de la réponse sismique du bassin de Caracas (Venezuela)[END_REF][START_REF] Dupros | Highperformance finite-element simulations of seismic wave propagation in three-dimensional nonlinear inelastic geological media[END_REF]De Martin et al., 2011;[START_REF] Burjánek | Empirical evidence of local seismic effects at sites with pronounced topography: a systematic approach[END_REF][START_REF] Chaljub | 3-d numerical simulations of earthquake ground motion in sedimentary basins: testing accuracy through stringent models[END_REF][START_REF] Fathi | Full-waveform inversion in threedimensional pml-truncated elastic media[END_REF]Poursartip et al., 2017c,a;[START_REF] Glinsky | Numerical simulation of topographical and geological site effects. applications to canonical topographies and rognes hill, south esat france[END_REF][START_REF] Cushing | Building a three dimensional model of the active plio-quaternary basin of argostoli (cephalonia island, greece): An integrated geophysical and geological approach[END_REF].

• The characterization and modeling of the excitation source on the regional scale [START_REF] Luco | Probabilistic seismic demand analysis at a near-fault site using ground motion simulations based on a stochastic-kinematic earthquake source model[END_REF][START_REF] Guatteri | Strong ground-motion prediction from stochastic-dynamic source models[END_REF][START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF][START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]Dujardin et al., 2020, among others).

• The definition of the ground motion on the scale of the site (hazard analysis - (Smerzini et al., 2018;[START_REF] Odabasi | Scenario-Based Probabilistic Seismic Performance Analysis of an Archetypal Tall Building in Istanbul Using Real and Physics-Based Synthetic Earthquake Ground Motions[END_REF][START_REF] Stupazzini | Physics-based probabilistic seismic hazard and loss assessment in large urban areas: A simplified application to Istanbul[END_REF][START_REF] Riaño | Integration of 3D large-scale earthquake simulations into the assessment of the seismic risk of Bogota, Colombia[END_REF]).

• The constitutive model for the description of soil's or structure's behavior (structural analysis - [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Pecker | The role of non-linear dynamic soil-foundation interaction on the seismic response of structures[END_REF][START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]).

• The way that the dynamic excitation is imposed as an input to the SSI model [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF][START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF]Abell et al., 2018a;Zuchowski et al., 2018;[START_REF] Ghaemian | Assessment of Foundation Mass and Earthquake Input Mechanism Effect on Dam-Reservoir-Foundation System Response[END_REF]McCallen et al., 2020a,b;[START_REF] Brun | Hybrid asynchronous SEM/FEM cosimulation for seismic nonlinear analysis of concrete gravity dams[END_REF].

As it can be easily understood from the large number of uncertain parameters and due to the time-constraint of this work, the present analysis focuses on specific aspects of the source-to-structure wave propagation problem. The general framework is summarized in the following, and more detailed information concerning the different choices adopted in this study are provided in the corresponding chapters:
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• Numerical simulations at the regional scale are performed using the spectral element method and the numerical software SEM3D (CEA and CentraleSupélec and IPGP and CNRS, 2017).

• Uncertainty on the regional scale is examined in terms of the geological profile (i.e., evaluation of different profiles for the region of interest), and the excitation source (i.e., variability in terms of location, magnitude, earthquake scenario). A kinematic extended source model is used to represent the seismic source.

• Uncertainty concerning the GM prediction as an input to the SSI model is evaluated based on the seismic scenarios simulated at the regional scale (hazard analysis step).

• SSI analysis is performed using the finite element method and code aster (Code Aster, 2017a).

• Uncertainty with respect to the way the dynamic excitation is imposed on the SSI model is examined based on alternative SSI approaches: i) 1D vertically propagating plane wave, and ii) 3D complex wave-field. In order to construct the 3D input excitation on the boundary of the SSI model a SEM-FEM weak coupling based on the DRM is adopted as the modeling strategy.

Moreover, in order to provide structural and non-structural components seismic performance in a probabilistic framework, a large number of numerical simulations is necessary [START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF]. With this regard, and provided the computational expensive character of a 3D physics-based simulation, an accelerated solution allowing to perform the source-to-structure simulation in a faster yet accurate way is necessary. In this framework, at the last part of this work an opening is provided towards applying synthetic Green's functions (SGF) [START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF][START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF] in order to accelerate the computation a perform the damage analysis of NSCs for the application of interest.

Finally, it is essential to stress out that an important investment should be considered in the verification and validation (V&V) process of the proposed numerical approaches (e.g., [START_REF] Jongmans | Euro-seistest: Determination of the geological structure of the volvi basin and validation of the basin response[END_REF][START_REF] Pitilakis | Geotechnical and geophysical description of euro-seistest, using field, laboratory tests and moderate strong motion recordings[END_REF][START_REF] Hollender | Close to the lair of Odysseus Cyclops: the SINAPS@ post-seismic campaign and accelerometric network installation on Kefalonia Island[END_REF][START_REF] Sbaa | Analysis of rotation sensor data from the SINAPS@ Kefalonia (Greece) post-seismic experiment-link to surface geology and wavefield characteristics[END_REF][START_REF] Theodoulidis | The ARGONET (Greece) Seismic Observatory: An Accelerometric Vertical Array and Its Data[END_REF][START_REF] Cushing | Building a three dimensional model of the active plio-quaternary basin of argostoli (cephalonia island, greece): An integrated geophysical and geological approach[END_REF][START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF]. This would allow to increase confidence in the predictions of the simulations, and thus their acceptability as an important tool in the critical decision making [START_REF] Babuska | Verification and validation in computational engineering and science: basic concepts[END_REF][START_REF] Bradley | On-going challenges in physics-based ground motion prediction and insights from the 2010-2011 Canterbury and 2016 Kaikoura, New Zealand earthquakes[END_REF].

Objectives

Physics-based earthquake simulations are deployed in the framework of this work in order to perform a source-to-structure wave propagation for a site-specific application. The main objective of this thesis is to develop a robust numerical coupling tool, and a methodology allowing to perform a source-to-structure wave propagation based on 3D PBS, while combining the multiple ingredients of the large-scale simulation problem and ultimately identifying the influence of each ingredient on structural response.

With this regard, the adopted strategy focuses on the following aspects:

1. Definition of a 3D realistic excitation as an input to the dynamic soil-structure interaction model to be solved with the finite element method. The solution of the problem is presented through a spectral element method (SEM) -FEM weak coupling based on the Domain Reduction Method [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF].

2. Develop a modeling strategy in order to incorporate the uncertainty on the numerical model. The different steps of the PBEE methodology are examined in this framework for an industrial application on the Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP) site:

• Hazard analysis: Influence of regional geology and excitation source modeling for a series of plausible earthquake scenarios on the region of interest.

• Structural analysis: Influence of the SSI methodology on structural response.

Extension to non-structural components.

• Damage analysis: Use of a reduced-order model (Synthetic Green's Function -SGF) to speed-up the source-to-structure simulation and computation of the complementary cumulative distribution function (CCDF) for a given engineering demand parameter (EDP).

A schematic representation of this work's outline is provided in Fig. 2. 

Outline

This thesis is arranged in 3 chapters, each self-contained as a journal paper (under review or under preparation). The chapters are connected in sequence and follow the objectives previously described and schematically represented in Fig. 2.

Chapter 1 presents the SEM-FEM weak coupling strategy based on the domain reduction method (DRM) approach. This chapter consists of a preliminary step for the "setting-up" and numerical verification of the numerical coupling. Theoretical elements concerning the DRM approach and the paraxial element formulation are discussed in the light of the adopted SEM/FEM weak coupling strategy. Spatial and temporal discretisation hypotheses are also presented in this chapter. The numerical verification of the SEM-FEM weak coupling is presented for a canonical case-study proposed in the literature. A hypothetical yet realistic SSI analysis is presented in order to characterize the importance of a 3D input excitation definition. Finally in the last part, the adaptation of the coupling following a not-honoring approach for the definition of mechanical properties in the SEM and FEM models is discussed and implemented.

Chapter 2 focuses on the hazard analysis for the site of the Kashiwazaki-Kariwa nuclear power plant in Japan in order to characterize the influence of regional geology and excitation source on the numerical prediction of the surface ground motion (GM). With this regard, a description of the region of Niigata, and the KKNPP site are provided at first. Special attention is paid to the different geological models used in this study, as well as the considered earthquake events and the adopted source modeling strategy. A series of earthquake scenarios is simulated in SEM3D, in order to identify the influence of the excitation source for the specific geological profiles. Finally, the hazard estimated as the surface motion is presented for all geological profiles and earthquake scenarios, and a comparison concerning the influence of regional geology is discussed at the last part of the chapter. This hazard analysis expressed as the numerical prediction of the surface GM, is used in the next chapter as an input to the SSI model.

Chapter 3 focus on the structural and damage analysis for the reactor building of the Unit 7 of the KKNPP facility. Structural analysis is presented at first with respect to alternative approaches allowing to perform the SSI analysis. The full-FEM and BEM-FEM approaches are discussed in this part with a special attention on the comparison of the input excitation on the boundary of the SSI model i.e., 3D input motion vs 1D simplified vertical incidence plane wave. The choice of the appropriate intensity measure for the damage analysis of non-structural components is discussed in the following. The relative average spectral acceleration is adopted in this study for the case of a hypothetical electric cabinet located on the last floor of the structure. In order to be able to perform a large number of numerical simulations, the synthetic Green's function (SGF) are deployed in the last part of the chapter. A series of 100 earthquake scenarios are simulated with this approach and the complementary cumulative distribution function (CCDF) is computed based on the adopted SSI approach, the geological profile and the earthquake scenario location. 

Abstract

Realistic 3D physics-based earthquake simulation for source-to-structure wave propagation is a powerful numerical tool for seismic response prediction of critical structures subjected to high safety standards. Structural response considering soil-structure interaction (SSI) is usually estimated by Finite Element Method (FEM) approach, as it is considered as the most flexible numerical approach for nonlinear structural dynamics. However, current engineering practice considers seismic input motion as vertically incident plane waves, despite the fact that this assumption excludes wave passage effects for large infrastructures and surface waves appearing from possible local basin effects. In this framework, a realistic input excitation needs to be defined as an input excitation of the FEM model, accounting for : i) a realistic dynamic excitation, ii) wave propagation path in the regional scale, and iii) local site-effects.

The Domain Reduction Method (DRM), which allows for the imposition of a 3D complex incident wave field as an input to the SSI model is examined here in a Spectral Element Method (SEM) -FEM weak coupling approach. The framework and outline of the present chapter is given in Fig. 1.1. Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach

In the first part of this chapter (section 1.2 to 1.4), a numerical verification of the weak coupling is provided for a canonical case-study, and for an increasing complexity of the dynamic excitation: i) double-couple point-source, ii) extended fault. An application on the SSI problem is then presented in order to demonstrate the importance of the proposed methodology in structural response. In the last part (section 1.5.1), a complementary study treating the aspect of material property definition is presented in order to shed more light on the numerical verification approach. A not-honoring definition of the mechanical properties of the soil is examined in this case.

The first part of this chapter is adapted from a submitted publication. The last part is an extension from one of the case studies treated in the framework of an end-of-studies internship project at EDF R&D and CentraleSupelec. Finally, a more detailed presentation of the theoretical elements concerning the DRM and the paraxial elements is provided in Appendices A and B. These last chapters are parts of a submitted technical report at the Seismic Ground Motion Assessment project (SIGMA-2) project.
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Introduction

Seismic safety of lifelines and (infra-)structures such as nuclear power plants, dams, roads, railways, and bridges are of crucial importance from an economic and social point of view.

The complex interaction of these structures with the subsurface soil layers during an earthquake event represents an important phenomenon that needs to be taken into consideration so as to assess their performance. State of the art recommendations, based on recent research works, state that the seismic motion has to be controlled at the "reference bedrock" in depth, or at least at the outcropping bedrock, in order to reduce the consequences of geological formation and site-specific parameters uncertainties, instead of the free-field motion.

In such a way, the site effects can be easier analyzed separately from the analysis of the seismic hazard [START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF]. To this end, the development of physics-based 3D models for the simulation of earthquake ground motion has been largely increased with the exponential increase of the computational power. In this context, important aspects of the seismic wave propagation problem can be explicitly taken into consideration, such as i) the earthquake source, ii) the propagation path, iii) the local site effects as well as iv) the non linear behavior of the soil, all gathered in a high-fidelity predictive numerical model [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. The latter brings an indubitable benefit to the prediction of complex scenarios, especially for the case of a near-source field (e.g. the San Francisco bay area [START_REF] Rodgers | GPU-Based Simulation of Earthquake Ground Motions in the San Francisco Bay Area: Path and Site Effects from Suites of Ruptures and Evaluation of the USGS 3D Model with Moderate Magnitude Earthquakes[END_REF]) and in regions of moderate seismicity where earthquake catalogs for strong ground motions are poorly populated [START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF]). As a matter of fact, current outstanding computer power endows the scientific community with the power of solving a multi-scale Soil-Structure Interaction (SSI) problem, ranging from strong ground motion prediction at a regional scale (∼ several kilometers) to the prediction of the structural response at site/structure scale (∼ several hundreds of meters) including details that most conventional approaches have so far neglected (source directivity, spatial variability etc, see for instance [START_REF] Pitarka | Strong Ground Motion Simulations of the M7.1 Kumamoto, Japan Earthquake Using Characterized Heterogeneous Source Models[END_REF]. Several examples in the literature showcased successful end-to-end (fault-to-structure) earthquake simulations [START_REF] Ichimura | Performance enhancement of three-dimensional soil structure model via optimization for estimating seismic behavior of buried pipelines[END_REF]McCallen et al., 2020a,b;Zhang and Taciroglu, 2021;[START_REF] Zhang | A computational workflow for rupture-to-structural-response simulation and its application to istanbul[END_REF]. However, these improvements come with a price. From a computational standpoint, the most challenging aspect is represented by the semi-infinite nature of the Earth's subsurface, which implies i) the choice of non-reflecting boundary conditions adopted at the virtual domain boundaries [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF][START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Festa | The Newmark scheme as velocity-stress time-staggering: an efficient PML implementation for spectral element simulations of elastodynamics[END_REF] and ii) a meshing scheme assuring suitable interpolation of the heterogeneous mechanical properties with their high local spatial gradients, so to grant sufficient numerical accuracy for the desired minimum wavelength to be rendered. Moreover, the geo-statistical uncertainty [START_REF] Tarantola | Inverse problem theory and methods for model parameter estimation[END_REF] requires, for a specific seismic scenario, a sufficient knowledge of the seismic source, the geological layout, and the geotechnical properties of soft sediments as those of bedrock in depth [START_REF] Bradley | Guidance on the utilization of earthquake-induced ground motion simulations in engineering practice[END_REF]. The curse of dimensionality is easily encountered indeed: the finer the numerical modeling and the discretization, the more detailed the geotechnical, geological and seismological information required. The nonlinear material rheology of both structural components and soil deposits implies an even finer mesh to be correctly described [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Pecker | The role of non-linear dynamic soil-foundation interaction on the seismic response of structures[END_REF][START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. At the same time, a higher investment should be considered in the verification and validation (V&V) process, to increase confidence in the predictions of the simulations, for such critical decision making. [START_REF] Babuska | Verification and validation in computational engineering and science: basic concepts[END_REF] In engineering practice, the domain at stake is represented by a small soil chunk around the structural components, usually discretized via the Finite Element Method (FEM) and

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach solved either in the time or in the frequency domain. As far as the incident wave-field is concerned, according to Eurocode 8 [START_REF] Fardis | Designers' Guide to EN 1998-1 and 1998-5[END_REF] the so-called Free Field Boundary Condition (FFBC) (Zienkiewicz et al., 1989;[START_REF] Ghaemian | Assessment of Foundation Mass and Earthquake Input Mechanism Effect on Dam-Reservoir-Foundation System Response[END_REF][START_REF] Sotoudeh | Seismic analysis of reservoir-gravity dam-massed layered foundation system due to vertically propagating earthquake[END_REF]) is adopted, by first defining the free-field seismic response on the outcropping bedrock (recorded or simulated) and by de-convoluting it at the base of a horizontal soil stratification as a planewave motion. The de-convoluted incident wave-field is propagated through the layered soil domain up until the soil foundation [START_REF] Gajan | Application and validation of practical tools for nonlinear soil-foundation interaction analysis[END_REF].

With a similar approach, the free-field signal can be used in a Boundary Element Method -Finite Element Method (BEM-FEM) coupling framework for instance, where Green's functions for a layered visco-elastic half space are used to define the impedance matrices and the equivalent seismic forces in the BEM-FEM interface, usually placed in the vicinity of the structure [START_REF] Devésa | Use of coupled and regulatory method in Soil-Structure Interaction and Soil-Fluid-Structure Interaction for nuclear plants and dams[END_REF]. These seismic forces are then applied in a finite element (FE) framework as an excitation so as to estimate the structural response.

An alternative solution in the frequency domain consists of formulating the BEM solution via the Laplace transform and evaluating the impedance operator in the time domain by a convolution integral [START_REF] Nieto Ferro | On a hybrid Laplace-time domain approach to dynamic interaction problems[END_REF][START_REF] Alves Fernandes | Dynamic soil-structure interaction modeling strategies applied to Kashiwazaki-Kariwa nuclear power plant case-study[END_REF]. In this context, and in the special case where 3D physics-based simulations are used in order to define the outcropping free-field input motion, [START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF] proposed to enrich the frequency content of the seismic input motion using artificial neural networks (ANN) before calculating the dynamic impedance matrices with BEM.

All the aforementioned methodologies hardly adapt to complex site conditions (e.g. complex basin and topography effects) and seismic scenarios (near-source field directivity of a 3D incident wave field) [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF][START_REF] Abell | Earthquake soilstructure interaction of nuclear power plants, differences in response to 3d, 3× 1d, and 1d excitations[END_REF][START_REF] Ghaemian | Assessment of Foundation Mass and Earthquake Input Mechanism Effect on Dam-Reservoir-Foundation System Response[END_REF]. This drawback can be mitigated by adopting a substructuring approach, where the 3D excitation is obtained through wave propagation in a regional scale domain, applied as an input excitation of a smaller model on the scale of the site/structure of interest. The coupling strategy can be achieved in two alternative ways: a less intrusive weak coupling approach or a strong simultaneous coupling. The first strategy is well embodied by the so called Domain Reduction Method (DRM) [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF], a two-step procedure where free-field ground shaking is computed via an auxiliary simulation and then injected as equivalent nodal force distribution at the bounding interface of the small-scale domain. The DRM has the advantage of an easier off-line implementation and it can take advantage of different High-Performance Computing software, tailored for seismological and structural simulations respectively, coupling Finite Difference Method (FDM)

and FEM as in De [START_REF] De Martin | Coupling of FDM and FEM in seismic wave propagation[END_REF]; [START_REF] Abell | Earthquake soilstructure interaction of nuclear power plants, differences in response to 3d, 3× 1d, and 1d excitations[END_REF], FEM and FEM [START_REF] Quinay | Seismic Structural Response Estimates of a Fault-Structure System Model with Fine Resolution Using Multiscale Analysis with Parallel Simulation of Seismic-Wave Propagation[END_REF] and others [START_REF] Kontoe | The domain reduction method for dynamic coupled consolidation problems in geotechnical engineering[END_REF][START_REF] Jeremić | Time domain simulation of soil-foundation-structure interaction in non-uniform soils[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF]Solberg et al., 2016a;Wang et al., 2017a;[START_REF] Luo | A modified domain reduction method for numerical simulation of wave propagation in localized regions[END_REF]. This is why this approach has been adopted here.

The strong coupling approach [START_REF] Casadei | Implementation of a 3D Coupled Spectral Element/Finite Element Solver for Wave Propagation and Soil-structure Interaction Simulations: Numerical Examples[END_REF]Zuchowski et al., 2018;Brun et al., 2021, among others) instead aims at simultaneously solving the two problems exchanging the incident and diffracted wave energy at each time step. A well known algorithm for dynamic coupling was introduced by [START_REF] Gravouil | Multi-time-step explicit-implicit method for nonlinear structural dynamics[END_REF][START_REF] Combescure | A numerical scheme to couple subdomains with different time-steps for predominantly linear transient analysis[END_REF]. In this framework, [START_REF] Casadei | Implementation of a 3D Coupled Spectral Element/Finite Element Solver for Wave Propagation and Soil-structure Interaction Simulations: Numerical Examples[END_REF]Zuchowski et al., 2018;[START_REF] Brun | Hybrid asynchronous SEM/FEM cosimulation for seismic nonlinear analysis of concrete gravity dams[END_REF] successfully coupled the Spectral Element Method (SEM) and the FEM, via the standard mortar approach [START_REF] Bernardi | Coupling finite element and spectral methods: First results[END_REF], and for the dynamic soil-structure interaction (SSI) problem, an implementation however that adopts a sequential solution of the source-to-site wave propagation. In a similar context, [START_REF] Matsumoto | Multi-scale coupling simulation of seismic waves and building vibrations using ppOpen-HPC[END_REF] proposed FDM-FEM coupling. The core idea of the strong coupling to enforce the continuity of the solution at the interface, producing a real time exchange of information between the coupled models, leads to a definition of the 3D input excitation on the boundary of the finite element domain used in order to perform the dynamic SSI analysis that is the exact solution of the problem. This is the main difference with weak coupling techniques that only account for the complex incident motion without accounting for the diffracted waves [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]Abell et al., 2018a). In addition, in the strong coupling and given that each problem is solved simultaneously on the interface in general no need for absorbing boundary is necessary. In this framework, the size of the FEM domain can in principle be reduced at the soil-structure interface and only depends on the computational capacity of each methodology and as a result on the discretization of each domain. On the contrary, in a weak coupling approach the accuracy of the response is related to the size of the finite element domain as a result of the position of the absorbing boundary condition. Nevertheless, two major drawbacks of these strong coupling techniques are: i) the difficulty of the implementation in existing codes due to their intrusive character, and ii) the performance of the implemented solution on a High Performance Computing (HPC) framework, which are the main reasons why these types of solutions are not examined in this work.

Regardless the coupling scheme, the choice of the two numerical methods to be coupled depends on the scale of the problem (regional or site/structure) and on the rheology of the soil media (linear, nonlinear). In this regard, the FEM is traditionally well suited for structural elements and nonlinear behavior to be taken into account for the soil-structure interaction (SSI) problem [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. More recently, the FEM has been used in a large-scale domain earthquake simulation, due to its flexibility [START_REF] Ichimura | An elastic/viscoelastic finite element analysis method for crustal deformation using a 3-D island-scale high-fidelity model[END_REF][START_REF] Fu | 18.9-Pflops Nonlinear Earthquake Simulation on Sunway TaihuLight: Enabling Depiction of 18-Hz and 8-Meter Scenarios[END_REF]Ichimura et al., 2017a[START_REF] Ichimura | A fast scalable implicit solver with concentrated computation for nonlinear time-evolution problems on low-order unstructured finite elements[END_REF]. Another advantageous solution to solve regional scale numerical wave propagation is the SEM [START_REF] Faccioli | 2D and 3D elastic wave propagation by a pseudo-spectral domain decomposition method[END_REF]Komatitsch and Tromp, 1999a;Komatitsch et al., 1999;[START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF], belonging to the FEM family, with higher order polynomials as basis functions. The SEM displays a lower numerical

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach dispersion [START_REF] Cupillard | RegSEM: a versatile code based on the spectral element method to compute seismic wave propagation at the regional scale[END_REF]; De Basabe and Sen (2014), compared to the FDM (traditionally employed in seismology), as quoted by many authors for many decades, e.g. , [START_REF] Lax | Difference schemes for hyperbolic equations with high order of accuracy[END_REF]. [START_REF] Maday | Spectral element methods for the incompressible navierstokes equations[END_REF] proposed in the SEM context the use of Lagrange polynomials in conjunction with the Gauss-Lobatto-Legendre (GLL) quadrature, which leads to a diagonal mass matrix of the problem, allowing a faster solution of the system of equations. This diagonal matrix, in conjunction with the higher order shape functions allowing the choice of larger elements for the discretization of the physical domain in comparison to the FEM methodology.

The aim of this work is to apply the DRM method by employing a SEM kernel to solve the auxiliary wave propagation problem and a FEM kernel for the reduced domain problem. Compared to other implementations of the DRM strategy (Dello [START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF][START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF][START_REF] Sinha | 3-d non-linear modeling and its effects in earthquake soil-structure interaction[END_REF]Wang et al., 2017b, among others), the aim of the present work is two-fold and it resides in: i) the optimization of the transferred field between SEM-FEM in order to accelerate the source-to-structure wave propagation computation, and ii) the use of the paraxial boundary conditions [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF][START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] to both absorb outgoing waves impinging the fictive boundary and to apply the dynamic excitation (formulation proposed by [START_REF] Modaressi | Paraxial approximation for poroelastic media[END_REF]) on the reduced scale domain.

This paper is organised as follows: Section 1.2 focuses on a brief description of the DRM theory and of the paraxial element formulation used to reconstruct the dynamic excitation on the boundary of the reduced domain. Paraxial elements consist of a surface boundary condition and allow a simple and robust implementation while their consideration on the DRM framework lies in the fact that they provide a smaller computational domain comparing to other DRM applications where absorbing layers are taken into account [START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF][START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF][START_REF] Sinha | 3-d non-linear modeling and its effects in earthquake soil-structure interaction[END_REF][START_REF] Wang | 3D non-linear earthquake soil-structure interaction modeling of embedded small modular reactor (SMR)[END_REF]Wu et al., 2020, among others). Sub-section 1.2.3 focuses on the description of the adopted SEM/FEM weak coupling approach and discusses spatial and temporal discretization hypothesis used to optimize the weak coupling. Finally, the numerical verification of the coupling approach will be presented on section 1.3, and for a canonical case-study proposed in the literature.

Applications on the SSI problem will be discussed in section 1.4 in order to identify the importance of a realistic input excitation definition.

SEM-FEM Numerical Modeling

The key concept of the DRM approach lies in the use of a complex incident wave field to be imposed as an input excitation to the SSI model [START_REF] Herrera | Soil-structure interaction as a diffraction problem[END_REF][START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF]. In this context, the objective of the DRM is to transfer the dynamic 1. Auxiliary domain problem P 0 : it consists of a source-to-site simulation on a background soil configuration Ω 0 s , where local features (eg. geological aspects, structures, etc) of interest in Ω s are replaced with a simpler soil domain modeling as the one adopted for the soil in depth, see (Fig. A.2b). Coarser discretization can be chosen, based on a higher wave velocity of the soil media (soil in depth assimilated to rock) and the whole calculation is performed only once for the specified earthquake source and regional scale properties, so as to define the corresponding ground motion at the boundary of the interior domain; Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach Finally, it is important to remind here that in the DRM approach proposed by [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF], two key points must be treated: i) an external region with a suitable absorbing boundary condition around the reduced domain, and ii) the definition of the equivalent nodal forces on a region in the reduced domain boundary.

Concerning the former point, alternative approaches for suitable absorbing boundary conditions with the DRM methodology have been proposed in the literature: simple dashpot approach (e.g. [START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Kontoe | The domain reduction method for dynamic coupled consolidation problems in geotechnical engineering[END_REF][START_REF] Petropoulos | Soil-structure interaction analysis using high-performance parallel computation[END_REF], buffer zones or damping layers (e.g. [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF][START_REF] Semblat | A simple multi-directional absorbing layer method to simulate elastic wave propagation in unbounded domains[END_REF]Wang et al., 2017a;Abell et al., 2018a;McCallen et al., 2020a,b), PML [START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF]Poursartip and Kallivokas, 2018, among others). In the following (subsection 1.2.1), the adopted solution in this work for the boundary condition (i.e. paraxial approximation) will be briefly presented.

As far as the latter point is concerned, a DRM layer needs to be defined for the computation of the equivalent nodal forces. The way that these equivalent nodal forces are computed and implemented in the current weak SEM-FEM coupling is presented in subsection 1.2.3.

Paraxial Boundary Conditions

The seismic excitation from the auxiliary domain problem is then transferred (in terms of equivalent nodal forces [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF][START_REF] Cremonini | Implementation of effective seismic input for soil-structure interaction systems[END_REF][START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]) as an input excitation on the reduced domain problem on the scale of the site/structure to be studied with the FEM Code [START_REF] Aster | General public licensed structural mechanics finite element software, included in the Salomé-Méca simulation platform[END_REF] open-source software. The weak coupling SEM3D-Code Aster is ensured by the paraxial elements, capable to impose the dynamic excitation [START_REF] Modaressi | Paraxial approximation for poroelastic media[END_REF][START_REF] Aster | General public licensed structural mechanics finite element software, included in the Salomé-Méca simulation platform[END_REF] as well as to absorb the outgoing waves arriving on the boundary. The formulation of the paraxial elements was initially introduced by [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] and [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF] while the implemented version in Code Aster is based on a modification initially discussed by [START_REF] Modaressi | Paraxial approximation for poroelastic media[END_REF] allowing to take into account the dynamic excitation.

Starting from the general expression of the elastic equation of motion, the derivation of the spectral impedance on the boundary of the reduced domain Γ requires the projection of the equation of motion on a local tangent plane (e 1 , e 2 ), with outward normal e 3 . The solution of this projected equation, expressed in the Fourier wave number-frequency domain, û and û3 , leads to the derivation of the spectral impedance on the interface Γ, provided schematically with Eq. 1.2.1 .

t(ξ, x 3 = 0, ω) = a 0 e 3 + b 0 ξ + c 0 ξ × e 3 (1.2.1)
where a 0 , b 0 , and c 0 are functions of the wave number vector ξ associated with the local plane coordinate x and the pulsation ω. In order to obtain the expression of Eq. 1.2.1 in 1.2. SEM-FEM Numerical Modeling the physical domain, an inverse Fourier transform has to be applied.

t(x , x 3 = 0, t) = +∞ -∞ +∞ -∞ t(ξ, x 3 = 0, ω)e -i(ωt+ξ•x ) dωdξ (1.2.2)
Eq. 1.2.2 is not local in time and space. In addition, the computation of the double integral in Eq. 1.2.2 cannot be conveniently obtained for the general case of a complex geological domain and 3D excitation. In order to simplify the computation of the impedance, [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF][START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] proposed to develop the wave numbers for the transverse ξ s and longitudinal wave ξ P as a function of the ratio κ.

ξ P = ω C P 1 -C 2 P κ 2 ξ S = ω C S 1 -C 2 S κ 2 where κ = |ξ| ω (1.2.3)
where, C S , and C P are the shear and longitudinal wave velocity respectively, under the assumption of linear isotropic elasticity. The wave vectors ξ S and ξ P , can now be approximated through a Taylor expansion in the form of :

ξ a = ω Ca 1 -C 2 a κ 2 ≈ ω Ca 1 -1 2 C 2 a κ 2 + ... a = S, P (1.2.4)
The paraxial approximation of the impedance consists in assuming that the ratio κ is sufficiently small (κ 1 ), and thus the lower orders of the Taylor expansion are enough for the approximation of the values of ξ S and ξ P .

It is important to state here that this assumption of κ 1, is valid for large frequencies ω, or small ξ (propagation in the direction close to e 3 ). More precisely, based on Eq. 1.2.3, the wave vectors ξ S and ξ P take imaginary values (evanescent waves) for |C S κ| > 1, and thus stability problems appear in the solution. An easy modification that allows to eliminate the evanescent component of the solution is based on the restriction of the range of solutions to those waves that propagate within a cone of the e 3 vector (paraxial waves).

Here, the zero-order paraxial approximation is used in Code Aster [START_REF] Aster | General public licensed structural mechanics finite element software, included in the Salomé-Méca simulation platform[END_REF].

Consequently, the expression of the spectral impedance (Eq. 1.2.1) can be rewritten in the schematic form of Eq. 1.2.5, that can be assimilated to a distribution of linear viscous dashpots:

t(x , x 3 = 0, t) = A 0 (∂ t u) (1.2.5)
where, A 0 is a function of C S , and C P representing the shear and longitudinal wave velocity.

Finally, it is well-known that the accuracy of the paraxial approximation could diminish significantly due to soil material heterogeneity, the increased wave-field complexity, and the

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach angle of incidence of the arriving scattered wave field among others. Consequently, it is clear that when a more complex diffracted wave field with an angle of incidence far from the vertical one (e.g. surface waves, wave scattering) arrives on the boundary, the zero-order approximation present low absorbing performance [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF][START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF]. This phenomenon that might impact the size of the finite domain to be numerically modeled for the SSI problem is discussed in subsection 1.4.1. In order to amend for this inconvenience, [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF]; [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] proposed higher-order approximations in order to increase the performance of the boundary for higher incidence angles. In a similar way, higher-order approximations were used by [START_REF] Bamberger | Higher order paraxial wave equation approximations in heterogeneous media[END_REF] in order to account for material heterogeneity. These solutions however, increase the complexity of the numerical implementation (involvement of higher-order derivatives of the traction vector on the boundary) and might cause stability problems.

Variational formulation of the coupling

The variational formulation of the coupling is derived here in order to provide the expression of the external dynamic excitation. On the boundary surface of the reduced domain Γ, a continuity of the displacement and traction vector needs to be considered in order to ensure the equilibrium on the interface (Eq. 1.2.6).

u s -u s = 0

t s + t s (u s ) = 0 (1.2.6)
Based on the Sommerfeld radiation condition, the incident wave field u i has to be equal to the total wave field u s in infinity. Consequently, the diffracted wave field u r can be expressed following Eq. 1.2.7.

u s = u i + u r lim r→∞ u r = 0 (1.2.7)
The diffracted field u r , can now be completely described via the zero-order paraxial approximation and as a result the traction vector takes the following form.

t s = -t s (u s ) = -t s (u i ) -t s (u r ) ≈ -t s (u i ) -A 0 (∂ t u r ) ⇒ t s ≈ -t s (u i ) -A 0 (∂ t u s ) + A 0 (∂ t u i ) (1.2.8)
Finally, the variational formulation of the system can be expressed based on the expression of the traction vector.

Ωs

ρ∂ tt u s • wdΩ + Ωs σ s : (w)dΩ + Γ A 0 (∂ t u s ) • wdΓ = Γ (-t s (u i ) + A 0 (∂ t u i )) • wdΓ (1.2.9)
External forces representing the dynamic excitation are described from the right-hand side of Eq. 1.2.9 from where it is clear that in order to "transfer" the excitation of the fault close to the domain of interest, only the traction vector t s (u i ), and the viscous stress vector field from the incoming velocity A 0 (∂ t u i ) are required. This conclusion is of crucial importance as it demonstrates which are the necessary fields to be transferred from SEM to FEM in order to ensure the coupling.

Coupling procedure and comparison methodology

The traction vector t s (u i ) and the incident wave velocity field u i , are the necessary fields needed in order to correctly construct the transient dynamic impedance with the paraxial elements on the boundary Γ of the reduced domain. Nevertheless, special care needs to be taken in the definition of this traction vector for each one of the numerical solutions.

Kinematic fields such as displacement and velocity, are discrete fields directly obtained as the solution of the numerical time integration scheme in each one of the two computational software. On the contrary, the traction vector, is obtained after a post-processing procedure, which is fundamentally different between SEM and FEM, due to their differences in terms of formulation (shape functions, quadrature rules and degrees of freedom-dofs). In consequence, the approximation introduced from a direct transfer of a traction vector on the boundary of the reduced domain might lead to important errors in the definition of the dynamic excitation.

A remedy to this approximation, consists in reconstructing the traction vector on a FEM framework, based on the more accurate expression of the displacement fields directly obtained as the solution of the wave propagation problem in SEM3D.

Consequently, the necessary kinematic fields to be "transferred" between the two software are : i) the displacement field u, exported in an auxiliary layer neighboring to the reduced domain boundary so as to reconstruct the traction vector in a FEM framework, and ii) the velocity field u exported on the reduced domain boundary (Fig. 1. 3).

A schematic representation of the coupling between SEM and FEM is presented in Fig. 1.3

and the procedure of field transfer is executed as follows:

1. Define the surface boundary of the DRM interface and the neighboring auxiliary layer in SEM domain (Fig. 1.3a).

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach 2. Export displacement and velocity fields (u, u) on predefined sensor points on GLL points lying on the DRM boundary and auxiliary layer. These points are the nodes of the FEM mesh and the kinematic fields are obtained using the high order basis functions of SEM. No spatial interpolation is therefore needed at this interface, since a matching correspondence between SEM and FEM dofs is enforced.

3. On the auxiliary layer (Fig. 1.3b), impose nodal displacement field u and compute the traction vector solving the static problem with FEM. The traction vector defined on nodes is simply the nodal forces.

4. In the reduced domain (Fig. 1.3c), reconstruct the dynamic excitation from using the velocity field u directly exported from SEM, and the nodal forces F node computed in FEM from the auxiliary layer model.

All field transfer between the SEM and FEM codes was performed using MEDCoupling, an open-source SALOME1 tool used for mesh/field handling (MEDCoupling, 2019).

(a) Regional domain in SEM3D and zoom on the reduced domain. It is important to state here that the proposed methodology for the computation of the traction vector is based on the assumption of hexahedral 8-node linear elements within the FEM. One of the main advantages of the finite element method lies in the fact that quadratic elements as 10-node tetrahedral ones can be used in the numerical model so as to represent any more complex geometries as well as decrease the number of points per wavelength for a correct wave propagation. In this framework, the proposed methodology for the traction vector calculation has to be adapted to a reduced domain discretized with quadratic tetrahedral elements between step 3 and 4 of the coupling procedure.

As already discussed in the introduction, the difference of the proposed methodology, 

Strategy for the spatial and temporal discretization of the problem

The main hypothesis for the spatial and time discretization of the finite element model are presented hereafter. The presented assumptions are to be considered later in the numerical verification of the SEM-FEM coupling approach as well as in the numerical applications on the SSI problem.
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Spatial discretization

According to [START_REF] Seriani | Spectral element method for acoustic wave simulation in heterogeneous media[END_REF]; [START_REF] Faccioli | 2D and 3D elastic wave propagation by a pseudo-spectral domain decomposition method[END_REF]; [START_REF] Komatitsch | Introduction to the spectral element method for three-dimensional seismic wave propagation[END_REF], seismic wave propagation with the SEM can be accurately modeled when a number of N = 5 points per wavelength (or equivalently a 4 th order GLL approximation) is adopted for the spectral elements. Based on this assumption, the maximum size of the spectral elements on the basin, and the minimum shear wave velocity, the maximum frequency of the spectral element model can be estimated.

Element size for the FEM model is defined based on this maximum frequency of the SEM model. In a similar way as with the SEM, in FEM the empirical rule says that 10 points per wavelength are sufficient when linear elastic finite elements are used [START_REF] Watanabe | Discretization effects in the finite element simulation of seismic waves in elastic and elastic-plastic media[END_REF]. As a result, the element size in FEM can be fixed at ∆x

F EM = V min S 10×fmax
. This size corresponds to the spacing between the sensor points introduced in SEM3D in order to export the necessary kinematic fields. As explained in the description of the coupling procedure, the kinematic fields are exported directly on the sensor points after an interpolation inside SEM taking into advantage the high order basis functions of the spectral element method.

In a similar SEM-FEM weak coupling approach, Zhang et al. (2020a) stated that a ratio of 1/8 between the FE (∆x F EM ) and the SE element size is sufficient for a 4 th order GLL approximation. Nevertheless in this study we stick to a ratio of 1/10 in order to satisfy the assumption of 10 points per wavelength.

Time discretization

An explicit 2 nd order (leap-frog) time-integration scheme [START_REF] Festa | The Newmark scheme as velocity-stress time-staggering: an efficient PML implementation for spectral element simulations of elastodynamics[END_REF]) is used for the numerical time-integration in SEM3D, while an average constant acceleration implicit scheme is considered in the finite element context with Code Aster (2017a). One of the major difficulties when coupling explicit and implicit time-integration schemes lies in the difference of the computational time-step. In the explicit scheme smaller time-steps are usually necessary so as to ensure the stability of the time-integration scheme. This is not the case for the average constant acceleration implicit scheme which is unconditionally stable and thus larger time-steps can be chosen (without excess, to avoid a too large period distortion).

In this framework, an optimization procedure is proposed here in order to increase the efficiency of the coupling procedure in terms of computational time and memory demand.

This optimization consists of a re-sampling/decimation procedure to be applied to the initial signal exported from SEM before introducing it to the finite element computation. As already explained, the main goal is to obtain a larger time-step in the implicit solver than the one of the explicit one.

In the decimation/downsampling procedure in digital signal processing (DSP) the Nyquist 1.2. SEM-FEM Numerical Modeling 32 frequency, f N Q , plays a crucial role in aliasing effect. More specifically, any frequency component above the Nyquist frequency will cause aliasing of the final signal. In order to avoid aliasing special anti-aliasing filters need to be applied before re-sampling the signal.

The re-sampling steps are summarized as following:

1. Define the maximum frequency f max of the problem :

The f max is the frequency that the spectral element code can propagate for a given order of GLL approximation and mesh discretisation (section 1.2.4.1).

Define the Nyquist frequency f N Q :

The Nyquist f N Q (or cut-off frequency) is considered close to the maximum frequency of the problem. The Nyquist frequency is to be defined prior to the filtering.

Apply the anti-aliasing filter:

Low-pass filter the kinematic fields for the value of f N Q . The filter used in all of the presented cases is an order 8 Chebyshev type I filter.

Define the new sampling frequency f

S : Compute f S = 2 × f N Q . 5. Define the new time-step of the input signal ∆t input CA : Compute ∆t input CA = 1 f S
It is important to clarify at this level that the ∆t input CA of the input signal should not be confused with the time-step of the FEM computation. Even if the time integration is implicit in the FE solution, for reasons of accuracy a smaller time-step ∆t implicit is to be considered for the computation. A flow-chart of the aforementioned approach is given in the Anti-aliasing Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach 1.2.5 Comparison procedure: Goodness-of-fit (GOF) criteria

(low-pass) filter f N Q Nyquist Frequency f N Q > f max SEM Maximum Freq. f max Re-sampling ∆t input CA = 1 f S Sampling Frequency f S = 2 × f N Q FEM Input Signal ∆t input CA , f max
In order to compare the obtained solution with a solution of reference, efficient comparison criteria taking into account phase as well as amplitude errors should be considered. The current evaluation of numerical results is based here on the use of the goodness-of-fit criteria (GOF) proposed by [START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF][START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF]. The main advantages of these approaches is based on the time-frequency representation (TFR) of the seismic signal, which is obtained after a continuous wavelet transformation. In this context, the evolution of the frequency content of the signal with respect to time can be easily represented and thus local timefrequency differences can be identified. Based on the aforementioned, a single value goodnessof-fit (GOF) criterion, can be defined for the envelope and the phase of the signals to be compared. This single value GOF criterion will be used here so as to evaluate the solution obtained from the coupling approach. For the sake of simplicity, the expression of the GOF for the envelope and phase criteria is briefly provided here. For more information concerning alternative comparisons and a more detailed description of the theoretical background of the comparison methods, the reader should refer to [START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF][START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF].

The local time-frequency (TF) envelope and phase difference can be defined from Eq.

1.2.10 as follows :

∆E(t, f ) = |W (t, f )| -|W REF (t, f )| ∆P (t, f ) = |W REF (t, f )| {Arg[W (t, f )] -Arg[W REF (t, f )]} π (1.2.10)
where W (t, f ), and W REF (t, f ) are the continuous wavelet transforms (TFR) of the signal to be evaluated and the signal of reference respectively.

Based on these TFR the single value misfit criteria for the envelope and the phase are obtained from Eq. 1.2.11 :

EM = Σ f Σ t |∆E(t, f )| 2 Σ f Σ t |W REF (t, f )| 2 P M = Σ f Σ t |∆P (t, f )| 2 Σ f Σ t |W REF (t, f )| 2 (1.2.11)
Finally, based on these misfit-single value criteria, the GOF can be defined by Eq. 1.2.12:

EG = A exp{-|EM | k } P G = A exp{-|P M | k } where A > 0, k > 0 (1.2.12)
where A is a parameter that quantifies the correspondence between the signal of reference and the computed one and k determines the sensitivity of the GOF value. For the specific 1.3. Numerical verification for a canonical case-study 34 case of A = 10 and k = 1 the criterion is similar to the formula proposed by [START_REF] Anderson | Quantitative measure of the goodness-of-fit of synthetic seismograms[END_REF]. The result provided from this comparison is a score in the scale of 0 to 10 allowing to evaluate the similarity of the two signals: i) for a value of 0 there is no correspondence between the two signals while for a value of 10 a perfect correspondence can be observed.

Finally, according to [START_REF] Anderson | Quantitative measure of the goodness-of-fit of synthetic seismograms[END_REF], based on the GOF score, the correspondence between the two signals can be verbally quantified as presented in Table 1.1: 

Goodness-of-Fit Verbal Value

Numerical verification for a canonical case-study

For the numerical verification of the coupling procedure, the auxiliary domain problem propagation problem and their application on the reduced domain should generate a soil response, in the reduced domain, that is identical to the one obtained from the problem of reference. Numerical verification is provided here for the canonical case of CAN4 [START_REF] Hollender | Euroseistest verification and validation project: an international effort to evaluate ground motion numerical simulation relevance[END_REF][START_REF] Chaljub | 3-d numerical simulations of earthquake ground motion in sedimentary basins: testing accuracy through stringent models[END_REF], and the coupling is verified for an increasing complexity of the dynamic excitation source in order to evaluate the efficiency of the proposed approach.

Description of the numerical model

The geometry of the case-study to be modeled numerically in SEM3D is given in Mechanical properties of the numerical SEM3D model are given in Table 1.2. For the numerical verification purpose, no damping is considered in the numerical model. 

Thickness at O (0, 0, 0) C S [m/s] C P [m/s] ρ [kg/m

Dynamic excitation and absorbing boundary conditions

Perfectly Matched Layers (PML) [START_REF] Berenger | A perfectly matched layer for the absorption of electromagnetic waves[END_REF], is the adopted absorbing boundary condition ensuring the absorption of spurious waves arriving on the outer boundary of the SEM3D domain.

The dynamic excitation within the SEM3D domain will be introduced based on two different types of source models: i) a double-couple point-source, and ii) an extended fault excitation [START_REF] Ide | Complex source processes and the interaction of moderate earthquakes during the earthquake swarm in the hida-mountains, japan[END_REF].

The first type of dynamic excitation used in SEM3D is the one proposed in the canonical case of CAN4 [START_REF] Hollender | Euroseistest verification and validation project: an international effort to evaluate ground motion numerical simulation relevance[END_REF]. It consists of a double-couple point-source excitation 

No re-sampling approach

The numerical verification of the SEM-FEM weak coupling is provided at first and for the unprocessed SEM3D output (∆ output SEM 3D = 0.002s) where the proposed optimization procedure (re-sampling) is not adopted for the exported kinematic fields. The goal of this part is to numerically verify the coupling approach by a direct injection of the "recorded" signal obtained from SEM3D. Following the coupling description discussed in subsection 1. 2.4 and based on the mechanical properties of the soil domain ( Based on the value of f max = 10 Hz, the output signals at surface from both models are band-pass filtered between 0.1 -10 Hz. Comparison of the numerical results is provided according to the iso-surface of the GOF score of the criteria of [START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] presented in Fig. and for reasons of brevity. Consequently, an excellent correspondence is considered between the full-SEM3D response and the one from the DRM solution (see also Table 1.1).

- Finally, numerical results are also compared in terms of acceleration time-histories (Fig.

1.9) for several points at the surface of the reduced domain and along the BB' cut in Fig.

1.5. Similar to the conclusions obtained from the GOF score on the surface, this figure also shows a good agreement between the full-SEM3D simulation, denoted as "SEM3D" in Fig.

1.9, and the SEM-FEM coupled solution denoted as "DRM" on the same figure. 

Acce. [g]

Figure 1.9: Comparison of the acceleration time-histories between the "SEM3D"' solution and the "DRM" approach: X (left), Y (center), and Z (right) component.

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach 1.3.3 Optimization approach: re-sampling of the input signal

Following the analysis described in subsection 1.2.4, the optimization of the transfer of kinematics fields is adopted here. A parametric study on the Nyquist frequency definition is considered at first so as to evaluate the impact of this value on the accuracy of the coupling results. Five different cases are considered and summarized in Table 1.4 for both types of excitation source.

Starting Parameters

V For each one of the five cases, the re-sampled input signal is compared to the initial one (before re-sampling/obtained from SEM3D), in terms of GOF score. Comparison is provided everywhere on the boundary of the reduced domain and for the Y component of the displacement, velocity which are the kinematic fields of interest (see also section 1.2.3).

For the sake of brevity, only the case of the extended fault is presented hereafter. The score on the lateral boundaries is "flattened" and plotted on the same plane as the base of the reduced domain, in order to provide an easier visual presentation. For values of GOF < 9 the same color (gray) is used to represent each point (Fig. 1.10).

Based on the values of the GOF score (Fig. 1.10), the impact of the re-sampling process is more important for the velocity field, and practically vanishing for the displacement field, where higher scores are observed. In addition, according to the same Fig. 1.10 as the Nyquist frequency approaches the value of the maximum frequency of the problem (F N Q = 40 → 12.5Hz), the lower is the score of the GOF criteria. This effect is related to the low-pass filter applied before the re-sampling as the cut-off frequency of the low-pass filter (or equivalently the Nyquist frequency) does not consist of an exact limit value for the activation of the filter. with the point-source providing a higher score than the extended fault. For F N Q = 20 Hz (= 2 × f max ), GOF > 9 for all the control points points and all three directions, while for

F N Q = 12.5 Hz GOF < 8.5 in certain points.
Nevertheless, repeating the same exercise for a different f max = 6 Hz, generates higher scores even for a Nyquist frequency of F N Q = 12.5 Hz (Fig. 1.11b). As already expected, this

shows that the re-sampling procedure and the Nyquist frequency depend on the targeted maximum frequency that needs to be considered in the FE numerical model.

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach From a computational point of view, Fig. 1.12, presents the evolution of CPU time and file size of the input data (in FEM), with respect to the Nyquist frequency defined in the resampling approach. As expected, even for the lowest re-sampling value (case 2) the gain on the computation time is around 2.5, while the size of the input files to be read for the FEM solution is divided by 6. These elements maybe do not seem so important referring to the size of the current problem, nevertheless they could be of crucial importance for increasing number of dofs. In order to ensure the quality of the numerical solution, a score of GOF > 9 is required everywhere in the domain. As a result, the Nyquist frequency f N Q = 20 Hz is chosen for this case as it provides a balance between accuracy of the solution and numerical performance. 

An application on the Soil-Structure Interaction problem

The proposed methodology is tested here to define the dynamic excitation in a soil-structure interaction (SSI) analysis (Fig. 1.14). The study focuses at first on the impact of the reduced domain size to be used on the SSI model. Model size in terms of accuracy, and computational efficiency are presented at first in order to evaluate important elements in the coupling

Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach procedure. Once the size is fixed, an analysis of structural and site response are provided for the current case. 

Impact of the reduced domain size

One of the main advantages of the DRM approach being the decrease of the size of the problem in terms of degrees of freedom (DOF), a legitimate question that quickly comes in mind concerns the size to be used for the dimension of the SSI model domain. Several authors have been using the DRM approach to introduce a 3D dynamic excitation on the reduced domain, however in most of these cases, the size of the reduced domain seems to be arbitrarily chosen without any specific justification. One of the most common choices consists of considering the boundary where the forces are applied at a distance that is equal In addition, to represent the "perturbed" soil volume due to the presence of the structure, the GOF criterion is computed for the soil volume and for the three different sizes of the domain. The comparison for the Y component of the excitation is presented in Fig. 1.17, where it can be seen that in the small domain, the presence of the structure has an important impact on the perturbation of the neighboring soil domain. On the contrary, the medium as well as the large domain provide higher scores closer to the boundary and the perturbation is localized on the center near the structure. As a result, it can be said that the seismic input introduced in the medium and large model is almost equivalent as the diffracted waves from 

I = CP U F EM • F ile SIZE DOF • M emory F EM h • M b M b (1.4.2)
where CP U F EM is the computational time for the FEM resolution, F ile SIZE is the size of the transferred data between SEM-FEM, DOF is the degrees-of-freedom of the model, and

M emory F EM is the memory used in the FEM model for the resolution.

The idea here is to show the gain in terms of CPU time, memory demand on the FEM computation as well as the size of the input data for a specific size of the problem in terms of DOFs. The indicator I of Eq. 1.4.2, is plotted with respect to the evolution of the : i) an important decrease of the indicator I is observed using the decimation approach

(I F N Q =250 Hz ≈ 10 • I F N Q =40 Hz )
, and ii) for the same decrease in F N Q a coherent impact is observed among the different sizes of the model. For example,

I F N Q =40 Hz ≈ 2 • I F N Q =20 Hz
for all three Small-EF/PS, and Medium-EF. 

Structure and soil response

In practice, the most classical way to introduce the dynamic seismic excitation in the SSI problem is the plane wave excitation with vertical incidence (i.e. incident wave front is considered homogeneous at the base of the model). In order to highlight the differences of taking into account the complexity of 3D input excitation, the plane wave solution is compared here with the one obtained via the DRM approach.

So as to approximate the plane wave condition from the SEM3D simulation, a borehole condition will be used, for the boundary at the bottom of the reduced domain. With this regard, the incident wave field corresponds to the 3 components of the signal recorded in a unique sensor point located at the center and the base of the reduced domain. In addition, it is supposed that this signal corresponds to a vertically incident plane-wave front at the bottom boundary. Nevertheless, in order to properly define the equivalent response for the borehole boundaries it is necessary to satisfy the radiation condition for the incompatible outgoing (diffracted) waves. Consequently, an absorbing boundary needs to be added following an approach close to the one proposed by [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF]; [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]; McCallen et al. (2020a). As previously discussed, the paraxial elements, Based on the hypothesis of the previous section, the medium model size (520 × 520 × 205 m 3 box) is chosen in order to study the SSI in the reduced domain for the extended fault excitation. The impact is examined at first for a point at the top of the structure (blue point in Fig. 1.14c), and the comparison is made using the prediction residual of Eq. 1.4.1.

According to Fig. 1.19, the 3D input excitation introduced via the DRM generates a higher movement than the plane wave excitation (∆ P SA > 0). This is related to the fact that effects of a 3D excitation (e.g directivity effect, surface wave generation) cannot be represented with the simpler plane wave excitation of vertical incidence. Differences are observed in all three directions with higher values observed for the two horizontal X and Y components. It is well known that one of the most important aspects accounted in a 3D complex excitation is the presence of surface waves. In order to show the presence of these surface waves in the basin and their impact on the level of the structure, The surface wave component is "extracted" using the empirical approach proposed by [START_REF] Miura | Empirical models for surface-and body-wave amplifications of response spectra in the bogotá basin, colombia[END_REF] which is adopted here. According to this approach, the horizontal (XY plane) velocity time-histories are band-pass filtered for a period of 1-5 s and plotted in Fig. 1.20a. In addition, rocking is examined here based on the differential displacement computed for two opposite points on the foundation of the structure. This differential displacement is then normalized by the length of the foundation (distance between the two opposite points) and is presented as the rotation angle of the foundation. The same analysis is done along the X and Y axis of the foundation and plotted with respect to time. 

Complementary Studies

Numerical modeling of wave propagation in complex heterogeneous media can be quite a challenging task. One of the major difficulties is related to the uncertainty of the problem, when it comes to the definition of a regional geological structure, as well as the definition of an appropriate kinematic source model needed for a realistic representation of the rupture procedure. Both the aforementioned aspects are related to the availability of the site-specific necessary parameters to be introduced into the numerical model and are rarely available for the majority of the sites.

Nevertheless, even for the case of an existing site-specific, complex and realistic geological structure, another problem emerges rapidly and is related to the definition of these mechanical properties on the numerical model. More precisely, two are the main strategies of material definition when modeling wave propagation in heterogeneous media: i) honoring approaches, where mesh and material interface correspond with each-other, and ii) nothonoring approaches where mesh discretization is independent to the geological model. It is quite clear that the advantage of a not-honoring approach is related to a simpler construction of the numerical model in terms of mesh discretization [START_REF] Komatitsch | Simulations of Ground Motion in the Los Angeles Basin based upon the Spectral-Element Method[END_REF].

The weak coupling for the honoring case is already verified in the first part of this chapter (see also section 1.3). This last part focuses on the numerical verification of the SEM-FEM coupling for a not-honoring approach for mechanical properties definition. The described methodology, of a not-honoring approach is also to be considered in chapter 2 where the question of the uncertainty on the numerical model will be treated separately and more complex geological structures are to be examined for the realistic case of the Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP).

It is important to clarify at this level that the goal of this part is not to evaluate the "efficiency" or the appropriateness of a not-honoring approach for the spatial definition of material properties when in the numerical modeling of seismic wave propagation. The objective here, is to simply show the feasibility of the SEM-FEM weak coupling approach from a practical point of view even when material definition is done following a not-honoring framework.

1.5.1 SEM-FEM weak coupling for not-honoring interfaces

As it was already mentioned, the not-honoring approach for mechanical properties definition is based on the hypothesis that mesh discretization is independent to the geological structure.

The later is introduced in the numerical model as a material map with a spatial definition of mechanical properties (wave velocity, mass density, etc.). In SEM3D simulation, mechanical properties are retrieved on the level of the Gauss-Lobatto-Legendre (GLL) integration points through a spatial interpolation from a predefined material map. Following the same idea, the goal here is to mimic the SE code behavior on the level of the FE code. More precisely, besides the necessary kinematic fields, needed for the reconstruction of the 3D dynamic excitation on the boundary of the reduced domain, the material map exported on the level of the GLL points is also to be transferred in FEM. The values from this map are then to be interpolated on the level of the Gauss points in the finite element model for the definition of mechanical properties.

It is worth mentioning here that the current approach might be affected depending on the scale of the heterogeneity; small cracks or inclusions that are smaller that the minimum seismic wavelength on a local scale would demand a more important mesh refinement comparing to larger regional scale heterogeneities. In the former case the small size of the mesh governed by the size of the local heterogeneity will lead to an important increase of the computational cost on the numerical model. In order to overcome this difficulty and be able to propose a realistic soil media while ensuring a manageable mesh discretization, a solution has been proposed in the literature in the framework of the "non-periodic" two-scale homogenization technique [START_REF] Capdeville | Second order homogenization of the elastic wave equation for non-periodic layered media[END_REF][START_REF] Capdeville | 2-D non-periodic homogenization to upscale elastic media for P-SV waves[END_REF][START_REF] Cupillard | Non-periodic homogenization of 3-D elastic media for the seismic wave equation[END_REF].

Finally, for the cases treated in this work, only the major discontinuities of the geological model (on the regional scale) are taken into account [START_REF] Zahradnik | Testing four elastic finite-difference schemes for behavior at discontinuities[END_REF][START_REF] Komatitsch | Simulations of Ground Motion in the Los Angeles Basin based upon the Spectral-Element Method[END_REF]. In this framework, mesh discretization is already considered sufficient for a correct representation of the propagation medium. Figure 1.22: Case-study for the not-honoring approach: Zoom in the vicinity of reduced domain for the "Idealistic" sinusoidal basin in SEM3D.

Mechanical properties for the sinusoidal layers are given in Table 1.3 as for the case of the trapezoidal basin. Dynamic excitation, boundary conditions and the size of the reduced domain are considered the same as in the previous case. As in the previous case, the optimization of the transfer fields is adapted also here considering the same assumptions for

f N Q = 20 Hz.
As previously mentioned definition of mechanical parameters in SEM (GGL points) and FEM (Gauss points) is obtained via an interpolation from a given material map. The initial map is interpolated firstly in SEM3D. After the SEM computation, interpolated fields are directly exported as they were interpolated on the GLL points. The exported from SEM3D material map is then transferred in FEM for the interpolation on the level of Gauss points. Figure 1.24: Comparison of the acceleration time-histories between the "SEM3D"' solution and the "DRM" approach: X (left), Y (center), and Z (right) component.

The SEM-FEM weak coupling was numerically verified here for the case of an "idealistic" basin with sinusoidal layers. As already mentioned the goal of this part was to show the feasibility of the SEM-FEM coupling for regional scale heterogeneities and verify the methodology to be used in the following chapters.
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Conclusions and Perspectives

The numerical analysis of 3D dynamic soil-structure interaction for seismic risk mitigation of critical infrastructures such as nuclear power plants, dams and bridges is a quite challenging task that is of crucial importance from an economic and social stand point. Soil topography, characterization of soil geology, and the definition of the dynamic excitation are some of the main sources of uncertainty. In addition, when non-linearity needs to be taken into account, the finite element method consists of the most efficient approach to account for nonlinear behavior. Nevertheless, in the FEM framework, the size of the model in terms of degrees of freedom may rapidly impact the efficiency of the method, and thus in engineering practice FEM is used in a small/reduced soil domain in order to study 3D nonlinear soil-structure interaction. In this context the dynamic excitation used as an input in FEM solution needs to be a realistic 3D complex wave field, accounting for the: i) complexity of a realistic source, ii) wave propagation path, and iii) local site effects.

In this work, the domain reduction method approach introduced by [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF], is used in a spectral element method (SEM) -finite element method (FEM) weak coupling in order to ensure the input of a realistic excitation in a FEM framework. The first part of the work focuses on the numerical verification of the SEM-FEM weak coupling for a canonical case-study with a stratified trapezoidal basin and an increasing complexity of the dynamic excitation source: i) point-source, and ii) extended fault. Considering the different time integration schemes used by the two software, an optimization approach of the transferred kinematic fields is proposed here in order to obtain an equilibrium of accuracy and speed of the numerical solution. The obtained solution based on the proposed optimization approach shows a good correspondence with the solution of reference along with an optimization of the computational cost in terms of CPU time consumption and memory demand.

The proposed methodology is then further extended for the case of material definition using the not-honoring interfaces approach. In this framework, mechanical properties can be defined independently to the mesh discretization of the problem, something that simplifies the construction of the numerical model. For large scale heterogeneities where the major discontinuities of the soil media were considered the SEM-FEM coupling was numerically verified for an "idealistic" basin with sinusoidal layers. The optimization approach was directly deployed in this case-study.

Finally an application to the soil-structure interaction problem with an extended fault excitation, was presented in order to discuss the impact of the reduced domain size on structural response. In contrast to other published studies, no material or numerical damping is considered in this work. For the linear elastic case, a domain size with lateral boundaries larger than 4 × λ S where λ S the minimum wavelength inside the domain is considered sufficient to represent accurately the structural response. Once the size is fixed, structural response is examined in order to show the capacity of the SEM-FEM weak coupling to introduce a complex wave-field as an input on the FEM structural model.

The proposed methodology links the 3D physics-based geophysical simulations and the engineering approach of the dynamic analysis of structures. It is a powerful numerical tool, allowing the direct fault-to-structure wave propagation and can be applied in an earthquakehazard analysis for seismic risk mitigation. This study considers a linear elastic material behavior, with an horizontally stratified soil medium. Nevertheless, from a methodological point of view the proposed SEM-FEM weak coupling can readily incorporate an arbitrary heterogeneous soil geology, and account for a nonlinear soil behavior in order to ensure a more realistic site-specific SSI analysis. The aforementioned elements are to be examined in future works. 

Introduction

This chapter focuses on the first step of the PBEE methodology and examines the case of 3D physics-based simulations (PBS) as a numerical tool for the evaluation of seismic hazard expressed here via the numerical prediction of the ground motion (GM) in a site specific application (see also Fig. 2.1). In the following chapter 3, the next two step of the PBEE approach are examined for a relevant structural model. In this framework, the case-study of the Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP) situated at the prefecture of Niigata in Japan and largely examined in the framework of the international benchmark Karisma (IAEA, 2014), is chosen as the application of interest. In this first chapter, the analysis focuses exclusively on seismic hazard aspects and thus the GM numerical prediction on the KKNPP site. In the following one the reactor building of the Unit 7 of the KKNPP facility is examined via a dynamic soil-structure interaction (SSI) model, where different SSI approaches would be taken into consideration. Following the SSI analysis, the damage analysis for a hypothetical case of a non-structural component located in the structure is examined.

Figure 2.1: Thesis framework and outline: Hazard Analysis.

Seismic hazard analysis provides the quantitative evaluation of seismic ground motion (GM) for a specific site of interest. The evaluation of this hazard depends on several parameters of the source-to-site propagation (i.e., fault, path, and site), and requires an a priori knowledge of different parameters for the examined region, namely the seismicity of the region, the characteristics of the fault (e.g. expected magnitude, source-to-site distance, typology/geometry), and the characteristics of the soil (e.g. material properties on regional and site scale, topography) [START_REF] Kramer | Geotechnical Earthquake Engineering[END_REF][START_REF] Bommer | Deterministic vs. Probabilistic seismic hazard assessment: An exaggerated and obstructive dichotomy[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF].

Over the last decades, several techniques have been proposed in the literature for the estimation of these site and fault parameters via inversion techniques, laboratory, or in situ tests among others [START_REF] Causse | Frequency domain inversion of strong motions: Application to the blind test for kinematic source inversion (ec-project spice)[END_REF][START_REF] Satriano | Earthquakes location and stress field inversion for the 1984 seismic crisis at campi flegrei caldera (southern italy)[END_REF][START_REF] Causse | Source inversion validation-green's functions test[END_REF][START_REF] Hollender | Close to the lair of Odysseus Cyclops: the SINAPS@ post-seismic campaign and accelerometric network installation on Kefalonia Island[END_REF][START_REF] Mai | The Earthquake-Source Inversion Validation (SIV) Project[END_REF][START_REF] Ruiz | Nucleation Phase and Dynamic Inversion of the M w 6.9 Valparaíso 2017 Earthquake in Central Chile[END_REF][START_REF] Sbaa | Analysis of rotation sensor data from the SINAPS@ Kefalonia (Greece) post-seismic experiment-link to surface geology and wavefield characteristics[END_REF]Perron et al., 2018, among others). Nevertheless, given the complexity of this estimation, which incorporates important uncertainties for the definition of the aforementioned input parameters (i.e., epistemic uncertainty for material properties, aleatory variability for the rupture mechanism), it is necessary to treat their prediction in a probabilistic framework. With this regard, the Probabilistic Seismic Hazard Analysis (PSHA), initially proposed by [START_REF] Cornell | Engineering seismic risk analysis[END_REF], tries to account for the uncertainties of the problem by providing the mean annual frequency (MAF) of exceedance of any seismic Intensity Measure (IM) at the site of interest and for a given period of time [START_REF] Cornell | Engineering seismic risk analysis[END_REF][START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF]. This IM needs to be chosen carefully as it is supposed to fully characterize the GM in the examined region and it should be relevant to the failure mode of the structure of interest [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF], with some of the most commonly used IMs being the peak ground acceleration -PGA, peak ground velocity -PGV, the pseudo-spectral acceleration at a certain structural period -PSA(T) or the relative average spectral acceleration ASA R among others. can be linked through a single intensity measure (IM), In addition to scalar IMs, vectorial ones are currently being proposed in the literature (Baker andCornell, 2004, 2008;[START_REF] Bojórquez | Comparing vectorvalued intensity measures for fragility analysis of steel frames in the case of narrow-band ground motions[END_REF][START_REF] Gehl | Vector intensity measures for a more accurate reliability assessment of NPP sub-systems[END_REF]Dhulipala et al., 2018, among others).

In order to evaluate the hazard in a PSHA framework, a seismic source characterization and a GM prediction model are the two key components. In the seismic source characterization, all the earthquake locations along with their possible magnitude and the occurrence rate are identified for a region of interest. Once these parameters are defined, the GM prediction model is used in order to provide an estimation of the chosen IM. In practice, this estimation is provided through attenuation relationships known as Ground Motion Prediction Equations (GMPEs). Their formulation is based on the regional seismotectonic context and thus specific site and fault parameters, (earthquake magnitude, source-to-site distance, local soil properties, fault mechanism etc.), as well as in the variation ( ) of the chosen IM from the predicted value [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Watson-Lamprey | Selection of ground motion time series and limits on scaling[END_REF][START_REF] Al Atik | The variability of ground-motion prediction models and its components[END_REF][START_REF] Rodriguez-Marek | A model for single-station standard Bibliography 206 deviation using data from various tectonic regions[END_REF][START_REF] Lin | Repeatable source, site, and path effects on the standard deviation for empirical groundmotion prediction models[END_REF][START_REF] Iervolino | Reliability of structures to earthquake clusters[END_REF]Stewart and Afshari, 2021, among others). Over the last decades an important effort has been made in order to develop global open-access databases with GMPEs adapted for several regions around the world (GEM Project [START_REF] Douglas | Compilation and critical review of GMPEs for the GEM-PEER Global GMPEs Project[END_REF]Stewart et al., 2012), NGA-West2 Project [START_REF] Ancheta | Nga-west2 database[END_REF], SIGMA Project (RESORCE) [START_REF] Akkar | Reference database for seismic ground-motion in Europe (RESORCE)[END_REF], among others).

In the output of the seismic hazard analysis, the different seismic hazard scenarios (possible magnitude, distance and deviation from the mean) are combined (hazard dissagregation [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF]Bommer, 2010, among others)) in order to estimate the hazard of the site expressed as a hazard curve λ(IM |D)(im)) computed as in Eq. 2.1.1, and

showing the evolution of the selected IM (ground motion parameter) versus the mean annual frequency of exceedance [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Bommer | Why do modern probabilistic seismic-hazard analyses often lead to increased hazard estimates[END_REF][START_REF] Bommer | Seismic hazard assessment for nuclear power plant sites in the UK: Challenges and Possibilities[END_REF].

λ IM (im) = λ 0 m r P (IM > im|m, r) • f M,R (m, r)dmdr (2.1.1)
where λ(IM |D)(im) is the mean annual frequency of exceedance of the chosen IM given the design parameters D (earthquake magnitude, source-to-site distance, or soil properties etc.)

and for a given level im. λ 0 is the annual frequency of earthquakes greater than a predefined lower bound minimum magnitude, P (IM > im|m, r) is the probability of exceedance of the level im by the IM of a given magnitude m and distance r, and f M,R (m, r) is the joint probability density function of magnitude and distance.

Based on this hazard curve, a supplementary step involves a selection process allowing to identify the time-histories that are compatible with the obtained hazard. The correct identification of these time-histories is of crucial importance for the next step of the PBEE methodology where a nonlinear dynamic soil-structure interaction (SSI) can be performed in order to estimate the non-linear dynamic response of structural and non-structural components, as well as their interaction with the surrounding non-linear soil (JCSS, 2001;[START_REF] Schwab | Assessment of the seismic non-linear behavior of ductile wall structures due to synthetic earthquakes[END_REF]. Nevertheless, this selection process is not always simple, as it requires the existence of large databases with existing recordings suitable for the region of interest and for an adapted earthquake magnitude/scenario, especially for strong magnitude earthquakes that are mainly related to the nonlinear behavior of the structure and the surrounding soil medium. In addition, existing catalogs are poorly populated for hazard estimated for long return periods, which is the case of required return periods for structures submitted to high safety standards, e.g. , nuclear power plants, bridges, dams. Finally, an important difficulty is identified in the representation of particular phenomena related to near-source effects or basin-like geologies as GMPEs are unable to provide a distinction of local site-effects for the site of interest [START_REF] Stewart | Ground motion evaluation procedures for performance-based design[END_REF][START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF]Wang et al., 2020, among others). To this extend, an alternative approach to the traditional GMPEs has been largely developed in the framework of 3D physics-based earthquake simulations (PBS), adopting different numerical schemes for site-specific applications [START_REF] Pitarka | Basin structure effects in the kobe area inferred from the modeling of ground motions from two aftershocks of the january 17, 1995, hyogo-ken nanbu earthquake[END_REF][START_REF] Pitarka | Three-dimensional simulation of the near-fault ground motion for the 1995 hyogo-ken nanbu (kobe), japan, earthquake[END_REF][START_REF] Graves | Ground-motion amplification in the Santa Monica area: Effects of shallow basin-edge structure[END_REF][START_REF] Olsen | Site amplification in the los angeles basin from three-dimensional modeling of ground motion[END_REF][START_REF] Komatitsch | Simulations of Ground Motion in the Los Angeles Basin based upon the Spectral-Element Method[END_REF][START_REF] Graves | The seismic response of the san bernardino basin region during the 2001 big bear lake earthquake[END_REF][START_REF] Graves | Broadband simulations for mw 7.8 southern san andreas earthquakes: Ground motion sensitivity to rupture speed[END_REF][START_REF] Graves | Cybershake: A physics-based seismic hazard model for southern california[END_REF][START_REF] Smerzini | Broadband Numerical Simulations in Complex Near-Field Geological Configurations: The Case of the 2009 Mw 6.3 L'Aquila Earthquake[END_REF][START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF][START_REF] Molnar | Earthquake ground motion and 3d georgia basin amplification in southwest british columbia: Shallow blind-thrust scenario earthquakes[END_REF][START_REF] Riaño | Development of a first 3d crustal velocity model for the region of bogotá, colombia[END_REF]Gatti et al., 2018a,b;[START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF][START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF]Castro-Cruz et al., 2021a, among others). In this framework, a series of plausible seismic scenarios and geological models can be tested numerically in order to define the seismic GM for an application of interest.

It is worth mentioning that if dully validated [START_REF] Bradley | On-going challenges in physics-based ground motion prediction and insights from the 2010-2011 Canterbury and 2016 Kaikoura, New Zealand earthquakes[END_REF] with existing recordings for an application of interest, an important advantage of the PBS methodology lies in their capability to directly provide the site-specific time-histories (acceleration, velocity or displacement field) characterizing in this way the GM of the site of interest. With this regard, a non-linear analysis for the prediction of non-linear behavior of: i) the structure (plastic deformations, damage, sliding/contact failure), ii) non-structural components (e.g. anchorage failure of electromechanical devices or piping systems), as well as iii) the soil (e.g. liquefaction) can be directly performed. Nevertheless, uncertainties need also to be taken into account on a PBS framework. With this regard, two key components that may influence the evaluation of seismic GM for a site-specific application modeled in a PBS framework [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF] are:

1. A realistic excitation source (fault term):

The description of the earthquake source should account for the complex process of fault rupturing in order to generate plausible scenarios corresponding to existing historical events, fault activity and earthquake magnitude of the region of interest [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF][START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF][START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF], among others).

2. A detailed 3D geology at different scales (path and site term):

Naturally, when a source-to-site wave propagation is to be numerically modeled, it is clear that the regional geological structure to be defined should overtake: i) the region of the excitation source as well as, ii) the local presence of basin-like geological structures. [START_REF] Geli | The effect of topography on earthquake ground motion: A review and new results[END_REF][START_REF] Kawase | The cause of the damage belt in kobe: "the basin-edge effect," constructive interference of the direct s-wave with the basin-induced diffracted/rayleigh waves[END_REF][START_REF] Delavaud | Simulation numèrique de la propagation d'ondes en milieu géologique complexe: application à l'évaluation de la réponse sismique du bassin de Caracas (Venezuela)[END_REF][START_REF] Dupros | Highperformance finite-element simulations of seismic wave propagation in three-dimensional nonlinear inelastic geological media[END_REF]De Martin et al., 2011;[START_REF] Burjánek | Empirical evidence of local seismic effects at sites with pronounced topography: a systematic approach[END_REF][START_REF] Chaljub | 3-d numerical simulations of earthquake ground motion in sedimentary basins: testing accuracy through stringent models[END_REF][START_REF] Fathi | Full-waveform inversion in threedimensional pml-truncated elastic media[END_REF]Poursartip et al., 2017c,a;[START_REF] Glinsky | Numerical simulation of topographical and geological site effects. applications to canonical topographies and rognes hill, south esat france[END_REF][START_REF] Cushing | Building a three dimensional model of the active plio-quaternary basin of argostoli (cephalonia island, greece): An integrated geophysical and geological approach[END_REF][START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. Consequently a large number of geological information need to be available and introduced in order to correctly account for the wave propagation path in the regional scale and the nonlinear behavior and local site effects in the scale of the site/structure.

In these two important elements, the non-linear soil behavior and the choice of the constitu-tive law would also play a crucial role in the obtained GM. However this last part is outside of the scope of the presented work and as a result it is not further discussed here.

In the following, the evaluation of seismic GM for the specific region of the Niigata prefecture in Japan is examined in this chapter. Given the time consuming character of a regional scale PBS simulation, not all the existing earthquake scenarios of the region are considered in this study. Instead, the present analysis focuses on the important aspects of: i) the impact of regional and surface geology, and ii) the impact of the earthquake source modeling on the GM predicted for the region of interest. In this framework, and given the linear elastic character of the soil medium adopted in all the presented studies, two different aftershock locations of the 07/2007 earthquake are numerically modeled in SEM3D in order to evaluate the impact of the source model. Finally, for each earthquake scenario three different geological models are simulated in SEM in order to evaluate the impact of regional geology. Seismic GM (defined at a single station, or in terms of the complete 3D wave-field) obtained in this chapter, for all considered geologies and earthquake scenarios is imposed as a dynamic excitation in a soil-structure interaction (SSI) model in order to evaluate the dynamic response of structural and non-structural components. This aspect is examined in chapter 3.

This chapter is organised as follows:

Section 2.2 focuses on a brief description of the case study of interest. Necessary information for the following part of the work concerning the region of Niigata, and the KKNPP site are provided here. Special attention is paid to the description of the different geological models proposed in the literature over the last years for this specific case. Finally, information concerning the considered earthquake events are provided in the last part of this section.

Section 2.3 focuses on the description of the numerical model and the strategy used in order to consider the excitation source and the geology of interest are discussed. Given that the earthquake event is modeled using an extended fault excitation via the kinematic source model proposed by [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]; [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF], a brief description of the RIK model is provided in this section. the different models. In the next chapter, the analysis focuses on structural response of Unit 7 reactor building of the KKNPP facility. Consequently, a special focus is paid here on the KKNPP surface response only.

The Kashiwazaki-Kariwa Nuclear Power Plant site

The present analysis focuses on the region of the Niigata prefecture in Japan where it is located the Kashiwazaki-Kariwa nuclear power plant (KKNPP) facility, the largest nuclear generating station in the world.

Since the powerful earthquake of magnitude M W = 6.6 that occurred on July 16, 2007 in the northwest part on the Niigata region, several studies exist in the literature examining this region [START_REF] Cirella | Rupture process of the 2007 Niigata-ken Chuetsu-oki earthquake by non-linear joint inversion of strong motion and GPS data[END_REF][START_REF] Shinohara | Precise aftershock distribution of the 2007 Chuetsu-oki Earthquake obtained by using an ocean bottom seismometer network[END_REF][START_REF] Tsuda | Modeling 3d velocity structure in the fault region of the 2007 niigataken chuetu-oki earthquake with folding structure[END_REF][START_REF] Shiba | Source model of the 2007 chuetsu-oki earthquake based on precise aftershock distribution and 3d velocity structure[END_REF][START_REF] Spudich | Final Technical Report for Nuclear Regulatory Commission Job Code N6501 Task 4 Aleatory and epistemic uncertainties in interpolated ground motions -Example from the Kashiwazaki-Kariwa Nuclear Power Plant recordings of the July 16[END_REF][START_REF] Stewart | Nonlinear Site Response and Seismic Compression at Vertical Array Strongly Shaken by 2007 Niigata-ken Chuetsu-oki Earthquake Report to : National Earthquake Hazards Reduction Program[END_REF][START_REF] Pavlenko | Nonlinear Soil Behavior at the Kashiwazaki-Kariwa Nuclear Power Plant During the Niigata Chuetsu-Oki Earthquake[END_REF][START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF][START_REF] Aoi | Source process of the 2007 Niigata-ken Chuetsu-oki earthquake derived from near-fault strong motion data[END_REF][START_REF] Watanabe | Discretization effects in the finite element simulation of seismic waves in elastic and elastic-plastic media[END_REF]Gatti et al., 2018b,a;Castro-Cruz et al., 2021a, among others). This catastrophic earthquake was a powerful event and is responsible for the shut-down of the KKNPP facility (Gatti et al., 2018a).

As it was stated in the introduction of this chapter, the main idea here is to examine the earthquake-induced ground motion based on the use of physics-based simulations. In this framework, the area of interest considered for the numerical model is presented in Fig. 2.2, along with the location of the earthquake events considered in this study. Further details concerning these events are discussed in the following, and the main aspects of interest to be examined in this chapter are: i) the impact of the earthquake excitation source model, and ii) the impact of the regional geological model in spatial variability of seismic ground motion. A detailed description of the different geological models and earthquake scenarios to be considered in this study are presented in the following sub-sections. Nevertheless, before continuing further with the description it is important to mention at this level that the present work lies in the continuity of a series of studies already performed by the same research group (Gatti et al., 2018b,a;Castro-Cruz et al., 2021a) for the application of interest in order to evaluate similar aspects discussed here. To this extend, some numerical models and data are directly retrieved from these studies as basis for the numerical modeling conducted in this chapter.

Regional 3D Geology

The availability of a high-quality/fidelity geological model is of essential in order to be able to take into consideration the main aspects related to the geological structure for the site of interest. Some of these regional geological model parameters that need to be considered are related to: i) the local amplification/de-amplification due to superficial sedimentary basins, ii) the wave scattering due to topography and bathymetry, and iii) the nonlinear effects of softer soil layers.

Nevertheless, it is quite clear that the exact knowledge of the site-specific geological information is rarely available at all scales, therefore leading to the epistemic uncertainty of the numerical model. Specifically for the Niigata region, extensive studies have already been proposed in the literature adopting different 1D, 2D and 3D geological profiles [START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF][START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF][START_REF] Tsuda | Modeling 3d velocity structure in the fault region of the 2007 niigataken chuetu-oki earthquake with folding structure[END_REF][START_REF] Watanabe | Discretization effects in the finite element simulation of seismic waves in elastic and elastic-plastic media[END_REF]Gatti et al., 2018a;Castro-Cruz et al., 2021a, among others). [START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF] showed that with a simplified 1D model, presented in Fig. 2.3 along with other works, a good approximation on the incident wave field can be obtained for frequencies f < 1 Hz. (2009) attributed this spatial variability to the presence of a folding geological structure (Fig. 2.4) composed of 7 strata (Table 2.1), and located below the Units 1 and 5 of the KKNPP facility.

This folding structure was later adopted by other researchers [START_REF] Watanabe | Analysis of the strong motion records obtained from the 2007 Niigataken Chuetsu-oki earthquake and determination of the design basis ground motions at the Kashiwazaki Kariwa nuclear power plant (part2: Difference of site amplification based on the 2d FEM[END_REF]Tsuda et al., 2011, among others) in order to provide numerical verification for the KKNPP case study. Following a similar approach as the ones described in these works, Gatti et al.

(2018a) merged a regional scale model described with the simplified 1D geology proposed by [START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF], with a surface geology adopting the folded structure of Fig. 2.4.

The proposed model was validated with the SEM3D code for the two aftershock events of magnitude M JM A = 4.4 and 3.5 respectively, where the JMA stands for the Japanese Meteorological Agency. Finally, in the work of Castro-Cruz et al. (2021a) 2 different geological structures were added to the initial model presented by Gatti et al. (2018a) in order to study the impact of regional geology on the GM of the Niigata region. Following similar ideas, the same three geological models are examined in this study in order to evaluate the impact of regional and surface geology. However, as it will be discussed in the following a different approach is followed here: i) for the numerical modeling of the earthquake excitation source, and ii) the earthquake scenarios adopted for the study of the impact of the excitation source in conjunction with the local geology. In addition, it is important to keep in mind that the ultimate goal is to extended the impact of the seismic hazard of the region to the soil-structure interaction (SSI) problem presented later in chapter 3.

For reasons of simplicity, the three regional models are briefly described bellow, and for further information the reader may refer to [START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF]; Castro-Cruz et al. (2021a).

Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site

• Z-Model: It consists of a combination of two geological structures: i) a regional horizontally layered geology inspired by [START_REF] Aochi | Finite difference simulations of seismic wave propagation for the 2007 mw 6.6 niigata-ken chuetsu-oki earthquake: Validity of models and reliable input ground motion in the near-field[END_REF] (see also Fig. 2.4) and an extrusion of the SC cross section (see also Fig. 2.8). This geological structure contains a folded geology below the KKNPP installation and was used for the numerical verification of the KKNPP Unit 7 reactor building adopting a SEM-BEM-FEM coupling approach.

• R-Model: The R-model consists of a complex regional geology model that does not take into account the folding structure below the KKNNP facility, yet it introduces more complex geological features at the regional scale. The corresponding mechanical characteristics of this "zoomed" view of the surface model are provided in Table 2.2. Given the spatial variability of the mechanical properties, only the 1D profile along the Z direction and at the center of the "zoomed" domain is given in this table. It is important to mention here that in the current version of SEM3D there is no possibility to define a spatial variation of the attenuation parameters (Q S , Q P in Table 2.

2).

With this regard, a fixed value was chosen based on the mean value of the analysis presented in [START_REF] Nakajima | Anelastic properties beneath the Niigata-Kobe Tectonic Zone, Japan[END_REF].

Geology Depth [m]

ρ Models Z and ZR has an uniform value for V S 30 given that they are horizontally stratified and thus only the more complex R model is presented here.
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V S 30 = 30

30 0 dz V S (z)
(2.2.1) Figure 2.7: Spatial variability of the shear wave velocity (V S 30 ) for the complex regional R Model. The magenta star on the south east represents the location of the KKNPP facility.

Earthquake scenarios

As it was already mentioned in the description of the geological models that have been proposed for the region of Niigata, the folding structure below the KKNPP facility plays a crucial role in the accurate description of the spatial variability of seismic ground motion in the region. Another important finding concerning this folded geological structure is related to the position of the excitation source that struck the region. More precisely, [START_REF] Tsuda | Modeling 3d velocity structure in the fault region of the 2007 niigataken chuetu-oki earthquake with folding structure[END_REF] studied the impact of the folded geology for the main shock and the aftershock events, and found that the folded geology has an impact on the KKNPP site when the earthquake source position is situated on the northern part of the KKNPP site (see Fig. 2.2), an observation that was also later described by [START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF].

In this framework, the present analysis considers the two aftershock (AS) events named herein AS1 and AS2 with their hypocenter located on the north and south part of the KKNPP site, respectively, as it is presented in Fig. 2.8. Finally, Table 2.3 summarizes the characteristics of the two aftershock events with the magnitude M JM A (JMA stands for Japanese Meteorologic Agency), the strike rake, and dip (φ S ; λ; δ) and the hypocenter depth. The location of the two aftershocks is given on Fig. 

Description of the numerical model

The numerical model used to represent the Niigata region has a dimension of 48 × 48 × 22.5 km 3 discretized with a total of 8×10 6 hexahedral spectral elements and using five Gauss-Lobatto-Legendre (GLL) points in each direction of the element. The minimum element size is of 80 × 80 × 80 m 3 on the surface and increases with depth as it can be seen in Fig. 2.9. It is worth mentioning at this level that the same mesh discretization was used for all geological structures presented in Fig. 2.5. In addition, given the fact that several geological structures are to be used in this study, it was chosen to construct a SEM3D mesh that is independent to the geological model and as a result the mechanical properties for the soil media are to be imposed here via a not-honoring approach (see also Section 1.5.1 and the work of [START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF] for the not-honoring approach with SEM3D).

Based on this assumption as well as the minimum shear wave velocity of each geology, the theoretical maximum frequency propagating inside the SEM3D model is given in Table 2.4.

It is important to remind at this level that in order to correctly model the wave propagation with the SEM approach, a total number of N = 5 points per wavelength (or equivalently a 4 th order GLL approximation) are necessary [START_REF] Seriani | Spectral element method for acoustic wave simulation in heterogeneous media[END_REF][START_REF] Faccioli | 2D and 3D elastic wave propagation by a pseudo-spectral domain decomposition method[END_REF][START_REF] Komatitsch | Introduction to the spectral element method for three-dimensional seismic wave propagation[END_REF], among others):

Geology Nb of Elem. Nb of DoF ∆L min [m] N GLL V S min [m/s] λ [m] f max [Hz] Z-Model 8 × 10 6 3 × 10 9 80×80×80 5×5×5 700 88 8 ZR-Model - - - - 700 88 8 R-Model - - - - 400 80 5 
Table 2.4: Information concerning the numerical model.

Seismic source modeling in SEM3D

It is widely acknowledged in the scientific community, that the definition of a broadband strong ground motion is of crucial importance in seismic wave propagation and earthquake engineering, especially due to its influence on high-frequency components of the signal affecting structural response (see [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]; [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]; [START_REF] Otarola | Stochastic Generation of Accelerograms for Subduction Earthquakes[END_REF] Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site among others). This influence might be even more important for near-fault regions where:

i) the heterogeneity of slip distribution, ii) the variability of rupture velocity, as well as, iii)

directivity effects of the source model, might play a crucial role and influence even more the generated seismic motion [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]. In this framework, and given the magnitude of the two aftershock events M JM A = 4.4 and 3.5 respectively, a first representation of the source model is provided using a point-wise, double couple point-source excitation that was also used for the validation of the numerical model.

Nevertheless, as a point-source excitation does not allow to account for the aspects of directivity and slip heterogeneity, complementary source models need to be considered in the form of an extended fault excitation. In this framework, the Ruiz Integral Kinematic (RIK) source model, initially proposed by [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF] and later modified by [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF], is deployed in this study. The RIK modeled implemented in SEM3D was initially developed and validated in the work of [START_REF] Oral | 3D Spectral Element Modeling of Near Source Effects Including Kinematic Rupture and Finite-Fault Effects[END_REF].

For the sake of clarity, a brief description of the RIK model and the point-source modeling in SEM3D is provided in the following.

Double-couple point-source

The double-couple point-source excitation is the simplest source to be used in the regional wave propagation model with SEM3D. The main hypothesis is based on the fact that the source is represented by a couple of forces that must generate zero resultant force and moment. With this regard, the moment tensor generated by the point-discontinuity consists of two couples of two forces imposed as: i) two opposite shear forces on both side of the fault (Fig. 2.10a), and ii) two forces on both side edge of the fault to balance the moment induced by the two first (Fig. 2.10b).

The seismic moment tensor (M ij ) represented in a Cartesian coordinate system (i, j =

x, y, z) needs to be symmetric (M i j = M ji ) in order to ensure the conservation of angular moment. With this regard, the diagonal terms of the tensor illustrate linear vector dipoles, while the off-diagonal terms represent the force-by-arms couples. A point source is then called a double-couple source when an earthquake is composed of unidirectional slip on a plane which provide a pure deviatoric moment tensor. Each of these sub-sources produces a seismic radiation that can be computed using the Green function. The governing equation that relates ground motion displacement at an arbitrary position x to the motion on an extended fault is given by [START_REF] Madariaga | Seismic Source Theory[END_REF], according to Eq. 2.3.1:

u i (x, t) = t 0 dτ s µ (x 0 ) ∆u j (x 0 , τ ) G ij,k (x, t | x 0 , τ ) n k (x 0 ) d 2 x 0 (2.3.1)
where, µ(x 0 ) is the shear modulus as a function of the position x 0 on the fault plane, ∆u j (x 0 , τ ) is the slip across the fault of surface S as a function of position x 0 and time t, n is the fault normal vector and G(x, t) is the Green tensor which can be computed using simple layered models of the crustal structure or more complex finite difference simulations.

Eq. 2.3.1 allows to derive the spatio-temporal slip distribution on the fault plane from a variety of seismic data and using different methods to solve the inverse problem.

In the following, the kinematic model used in this work is the one proposed by [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]; [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF], with the goal being to evaluate the impact of the excitation source. However, an important aspect that needs to discussed here is related to the existing source models in SEM3D. In the general case it is desirable to start from a simple excitation represented as a point source and progressively move on to a more complex kinematic source model such as an extended fault in order to better understand the impact of each parameter on the numerical model. Nevertheless, this transition cannot be ensured in a smooth way due the fundamental differences between the point-source excitation and the extended source model.

Ruiz Integral Kinematic (RIK) source model

The Ruiz Integral Kinematic (RIK) source model is briefly presented here. For a more detailed description and explications considering the origin of certain choices in the RIK model the reader should refer to the original paper of [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF] as well as to the work of [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF], and [START_REF] Oral | 3D Spectral Element Modeling of Near Source Effects Including Kinematic Rupture and Finite-Fault Effects[END_REF].

The RIK model is an advanced kinematic-fractal model accounting for the generation of broadband signals via the fault rupture simulation. Source rupture is simulated as a series of multiple sub-events and each sub-event is modeled using circles (see also Fig. 2.12a) the distribution of which is based on a fractal distribution describing the number-size relation.

Comparing to the initial model, [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF] proposed a minor modification for the definition of the size of each circle (Eq. 2.3.2), which is also adopted in this study.

SU B = SU B M AX n=SU B M IN (2n -1) L W (2.3.2)
where 

∆u(r) = 24 7π ∆σ d µ √ R 2 -r 2 when r < R 0 otherwise (2.3.3)
where R is the radius of each sub-source (assumed to be a penny-shaped crack), µ is the rigidity, r is the distance from a point on the fault to its center, and ∆σ d is the stress drop of the sub-source. In the RIK source model the stress-drop of each sub-source is considered constant.

In order to model high-frequency ground-motion, a stochastic component is required in the kinematic source model. In the RIK model, this stochastic component is represented by a random distribution of overlapping sub-sources with fractal number-size distribution, and is constrained by a predefined low-frequency slip model. This slip model used to constraint the randomly generated slip for a new event can be obtained through an inversion process as in [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]. Nevertheless, in this case a slip model for an earthquake of similar magnitude (M JM A = 4.4) and seismic context in Japan was directly retrieved from the literature [START_REF] Ide | Complex source processes and the interaction of moderate earthquakes during the earthquake swarm in the hida-mountains, japan[END_REF]. A visual representation of the slip distribution and the total rise-time of the source is given here with Fig. 2.11. The rupture is supposed to propagate in the fault plane as a Brune's pulse with adjustable width L 0 [START_REF] Brune | Tectonic stress and the spectra of seismic shear waves from earthquakes[END_REF]). In addition, the rise time of the slip function is defined as a function of the sub-source radius R following Eq. 2.3.4:

τ (R) = α L 0 V R when 2R > L 0 α 2R V R otherwise (2.3.4)
where α is a free parameter, and V R is the rupture velocity. This rupture velocity is defined as a fraction of the S-wave velocity (V S ) in the vicinity of the fault's region and thus it depends on the local geology and position of the fault in the numerical model.

The importance of this formulation of the rise time function is two-fold:

1. Spectral omega-squared decay at high frequencies: Supposing a constant rise time would result to a spectral decay following ω -2 only up to the vicinity of the rise time.

For higher frequencies the filtering effect of the Brune's slip function would result to a faster decay. In order to obtain the necessary omega-squared decay in the complete Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site spectrum as in the case of real earthquake observations, the κ-dependent (wavenumberdependent) rise-time introduced by [START_REF] Bernard | Modeling directivity of heterogeneous earthquake ruptures[END_REF], is implemented in the RIK source model.

2.

Frequency-dependent directivity effect with adjustable strength: The directivity coefficient is defined as

C d = 1/(1 -β cos θ)
, where β is the ratio of rupture and shear wave velocity defined as an input parameter in the source model, and θ the angle between the source and a station in the model. Then according to [START_REF] Bernard | Modeling directivity of heterogeneous earthquake ruptures[END_REF] the spectral amplitude is proportional to:

• C 1 d : for frequencies higher than (1/τ max ) • C 2 d : between the corner frequency and the vicinity (1/τ max ).

In addition, a distinction is made in the RIK model between small, and large scale events (depending on the sub-source radius). Large events start slipping after the arrival of the rupture front the hypocenter and depending on the rupture velocity.

Small scale events have their own random point, and a small scale rupture is triggered after the rupture front reaches the random nucleation point of the small event.

Consequently, the directivity effect is even more weakened to C 0 d = 1.

Finally for illustration purposes, the generated sub-sources distribution and the equivalent slip for an arbitrary case are presented in Fig. 2.12. The RIK model is to be used here in order to evaluate the impact of source model in the numerical results of the KKNPP case. Parameters and further hypothesis concerning the RIK model are to be discussed later in this chapter. In order to provide some further insights concerning the validity of the obtain results, the GM obtained for each one of the three models is compared here with the results obtained from the Ground Motion Prediction Equation (GMPE). In this case, the chosen GMPE is the one proposed by [START_REF] Abrahamson | Summary of the ask14 ground motion relation for active crustal regions[END_REF] and based on the database of the well-known NGA-West2 project [START_REF] Ancheta | Nga-west2 database[END_REF]. The information introduced in the GMPE are summarized in Table 2.5. [START_REF] Abrahamson | Summary of the ask14 ground motion relation for active crustal regions[END_REF].

Geology

The 5%-damped spectral acceleration at the surface for several points in SEM3D model is retrieved and the geometric mean of the two horizontal components are compared with the results provided by the considered GMPE in Fig. 2.13 for AS1 (top) and AS2 (bottom)

and for periods T = 1 s and T = 3 s. A good correspondence can be observed between numerical results and the GMPE. Nevertheless, for several points at longer distances and the R-Model it can be observed that numerical results are not in the provided GMPE range, which can be explained from the fact that the V S 30 = 400 m/s corresponds mostly for the KKNPP site (blue star in Fig. 2.13). In the other regions of the model different values of V S 30 can be found at the surface (see also Fig. 2.7), nevertheless the V S 30 value of the KKNPP site was used as an input value of the GMPE for the complete domain. In addition, it is worth mentioning here that the considered GMPE was developed for earthquakes with a magnitude M JM A > 4.5 and thus the AS2 case of M JM A = 3.5 is outside of the validity of this GMPE. This might also be the cause why numerical comparison for the AS1 case is inside the provided GMPE results while for the AS2 case differences are observed between the GMPE and the numerical model. 

Influence of the excitation source

The influence of the excitation source model is examined here by deploying the advanced RIK [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF] kinematic source model (see also subsection 2.3.1.3) in order to account for directivity and slip heterogeneity effects of the ground motion. For the sake of brevity, the analysis focuses only on the aftershock AS1 and results are presented for the more complex regional model R. In the next section, where the impact of regional geology is examined, numerical results are presented for both AS1 and AS2 as well as for all three considered regional geology models.

General parameters used for the generation of the extended fault with the RIK kinematic source model are provided in Rupture Velocity (V R ) 0.7 × V S 0.8 × V S 0.9 × V S Table 2.6: General parameters of the RIK model for the representation of the excitation source.

In the following, the parameters of interest to be considered are: i) the surface response for a point situated in the KKNPP site, and ii) the spatial variability of the 5%-damped spectral acceleration on the soil surface for a given period of T = 0.2 s and T = 1.0 s.

In addition, and in order to be able to provide a comparison measure between the different earthquake scenarios generated by the RIK source model, the initial slip distribution for the Japanese region presented in Fig. 2.11 is considered here as the case of reference later to be compared with each slip distribution. With this regard, the 5%-damped spectral acceleration for a point at the surface and at the KKNPP facility location, as well as the Fourier spectral amplitude for a point next to the hypocenter of the extended source model are provided in Fig. 2.14.

It is important to remind at this level that the validity of the R Model is for a maximum frequency of f max = 5 Hz depending on the element size in the surface and minimum shear wave velocity. Nevertheless, at the region close to the extended fault the element size and the shear wave velocity allow to correctly propagate frequencies higher than the f max of the model. To this extend when results are presented close to the fault's region the representation is provided for frequencies going up to 10 Hz. This choice was made in order to better understand the generated motion in SEM and evaluate in this way the differences related to the simulated sources with RIK. In a similar way, and for the same extended source, the spatial variability of the 5%damped spectral acceleration for several points on the surface of the R Model, is presented in Fig. 2.15 for a period of T = 0.2 s and T = 1 s. In the same figure, the position of the KKNPP site is highlighted with a black star. According to Fig. 2.15, it can be observed that lower periods lead to a higher impact on the spatial variability of the seismic signal, while for the same period higher values of the 5%-damped spectral acceleration are located close to the fault rupture region, something that was well anticipated. In the following, the aspects of heterogeneity of the slip distribution, rupture velocity and directivity effects are to be evaluated separately for the R Model and for AS1 aftershock. where, ln (P SA REF ) is the natural logarithm of the case of reference, and ln (P SA SIM ) the natural logarithm of the simulated one, which in this case will be the response from a seismic scenario generated with the RIK model.

Heterogeneity of the slip distribution

The first parameter to evaluate concerning the seismic source is the heterogeneity of the slip distribution generated with the RIK model. For this purpose the rupture velocity (V R ) as In addition, the rise-time of the extended fault for each one of the four cases along with the rise-time of the reference case are presented in Fig. 2.17 (left side). Finally the Fourier amplitude spectra for a point close to the hypocenter of the fault is computed for each one of the four cases of slip distribution. In order to show the differences between the considered cases, the total residual between the reference case and the new scenarios is presented in the same Fig. 2.17 (right side). It can be seen that heterogeneity of the slip distribution affects all the frequency band of the spectral acceleration of the generated signal. This impact can also be observed on the level of the surface motion obtained for each seismic scenario. As expected, comparison of the total residual of the 5%-damped spectral acceleration for a point at the surface and on the level of the KKNPP site, presented in Similar conclusions can be drawn for the spatial variability of the total residual for specific periods of T = 0.2 s and T = 1 s (Fig. 2.19a and 2.19b), where an important difference can be observed between different seismic scenarios. Differences between each slip distribution are more important for lower periods. In addition, for both examined periods, T = 0.2 s and 1.0 s, the SEF1 case and at the KKNPP site (black star in Fig. 2.19a, and 2.19b) illustrate higher values for the PSA compared to the other three cases and for the same period. This observation is also reflected in Fig. 2.18, with the SEF1 case providing once again the higher values (negative residual meaning SEF>EF here) . 
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Directivity effect

The impact of the directivity effect is examined in this subsection. Following the same analysis presented in the previous subsection for the heterogeneity of the slip distribution, the directivity effect is examined here for the slip distribution presented in Fig. 2.16d, and a fixed rupture velocity V R = 0.8 × V S . On the contrary, the slip pulse width is modified in order to obtain: i) a weak directivity model (L 0 = 700 m), ii) a moderate directivity model (L 0 = 350 m), and iii) a strong directivity model (L 0 = 175 m). The values of the slip pulse on the RIK model are expressed as a ratio of the fault length. The same ratio proposed by [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF] for the definition of a weak, and moderate/strong directivity source model is adopted in this case.

In addition to the slip distribution, the total rise-time of the extended fault and the total residual of the Fourier amplitude for a point close to the fault center are given in Fig. 2.20 (left and right figures respectively). On Fig. 2.20 right, residuals lower than zero are mainly obtained for the low frequencies, as the three considered directivity cases lead to higher Fourier amplitudes.

As it was already discussed in [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]; [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF], stronger directivity is expected to influence higher frequency components of the signal, something that is also observed on the generated extended fault cases (Fig. 2.20). For lower frequencies f ≤ 5 Hz, which is the valid range for the surface motion, both moderate and strong dirrectivity models provide a similar motion. Consequently small differences are expected between the two aforementioned responses for the performed numerical simulations. Finally, similar observations are obtained via the comparison of the surface response for a point at the KKNPP site. The spectral acceleration (damping 5%) for this point is given in Fig. 2.23 where it can be seen that moderate and strong directivity models provide a different response comparing to the weak directivity model. total residual for the 5%-damped spectral acceleration.

Rupture velocity

The last parameter of the source model to be examined in this section is related to the impact of rupture velocity. As it was mentioned in the description of the RIK source model (see also paragraph 2.3.1.3), the rupture velocity is considered as a fraction of the shear wave velocity, observed locally on the region of the fault. In this part, the slip distribution (Fig. 2.24a) and the slip pulses width (L 0 = 350 m) are considered constant and the rupture velocity is equal to V R = 0.7/0.8/0.9 × V S . The total rise-time and the total residual for the Fourier spectra are given in Fig. 2.24b and 2.24c, respectively. As expected, a higher rupture velocity will generate a more brutal rupture (smaller rise-time) of the extended fault.

Concerning the influence on the frequency content of the source, here also the impact seems to be more present in higher frequency components, f > 6 Hz (Fig. 2.24c). Consequently, small differences are expected to be observed between the different cases for the R model with a maximum frequency of f max = 5 Hz. Spatial variability of the total residual for periods of T = 0.2 s and T = 1.0 s is provided in Fig. 2.25, where it can be seen that the rupture velocity has an impact on the surface response mainly for low periods. 

Partial Conclusions

The impact of the dynamic source excitation was examined in this subsection for the case of the KKNPP site and the aftershock AS1 (Table 2.3). For reasons of brevity results were presented here only for the R geological model (complex regional geology) and the aftershock AS1, but a similar analysis was performed for the other two geological models considered in this study (Z and ZR model) and position of the excitation source (AS2).

Earthquake excitation source was modeled here by deploying the RIK kinematic source model initially proposed by [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF] and later modified by [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]. The generated slip distribution of the RIK model is constrained from a predefined slip distribution. For reasons of simplicity, a slip distribution of a Japanese fault and for the same earthquake magnitude was directly retrieved from the literature [START_REF] Ide | Complex source processes and the interaction of moderate earthquakes during the earthquake swarm in the hida-mountains, japan[END_REF] and used in this study with the RIK model.

For the comparison of the numerical results, a reference case was considered the one simulated with the reference fault. Seismic scenarios generated with the RIK model are compared with respect to this reference case by means of total residuals (Eq. 2.4.1). The maximum frequency of the model for the surface motion is equal to f max = 5 Hz. In the region of the fault, local shear wave velocity and element size allow to accurately model higher frequencies and as a result the representation of the generated motion close to the fault's hypocenter is provided for a frequency range up to 10 Hz in order to examine the differences between the different earthquake scenarios.

The main findings of this part can be summarized as follows:

• Impact of slip heterogeneity: The stochastic component of the source model is repre-2.5. Influence of regional geology 92 sented in RIK by a random distribution of overlapping sub-sources with fractal numbersize distribution that compose the source model. In practice, the random generation of the slip distribution is defined via random seed parameter. Four different cases of slip distributions were used, which presented an important impact on all the frequency range of interest. These differences are also observed on the level of the surface motion and the spatial variability of the GM on the surface of the SEM3D model.

• Impact of source directivity: Directivity of the source is expected to impact higher frequencies of the obtained GM [START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF]. Three different cases were examined: i) weak, ii) moderate, and iii) strong directivity. As expected, higher directivity models provide a more concentrated wave front with an impact on higher frequency components. However, for the frequency range of interest (f ≤ 5 Hz) moderate and strong directivity provide similar surface results (see also Fi. 2.23) which that was also identified close to fault's hypocenter in Fig. 2.20. Compared to the weak directivity model they both provide a higher response.

• Impact of the rupture velocity: Rupture velocity describes the velocity that the rupture front propagates on the fault plane. Higher values imply a more brutal rupture (lower rise-time) impacting the generated motion. As in the case of directivity, the main differences are observed for high frequency components of the surface motion. This is true for the KKNPP site (Fig. 2.26) and the spatial variability of the obtained GM (Fig. 2.25).

The impact of the extended kinematic source parameters was examined in this section with the RIK kinematic source model. The same earthquake scenarios are used in the following section in order to study the impact of regional geology.

Influence of regional geology

Section 2.4 considered the impact of the excitation source on the spatial variability and surface ground motion for a given earthquake location (AS1) and a given geological model (R-Model). In the current section, the analysis focuses on the influence of the geological model on the surface ground motion and the spatial variability of seismic ground motion.

For this purpose, the three geological models described in subsection 2.2.1 (see also Fig. 2.5) are used here to represent the region of Niigata: i) Z model, which considers the presence of the folding at the surface and below the KKNPP site and a simplified stratified geology in depth, ii) R model, which considers the complex geological structure on the regional scale, and iii) ZR model, which is an intermediate case combining the presence of the folding at the surface (Z model) and the complex regional geology in depth (R model).

Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site Earthquake excitation is defined via the RIK source model for both aftershock locations AS1 and AS2. For this purpose, the previously defined cases (slip heterogeneity, directivity, rupture velocity) of AS1 are considered here along with another 12 cases for the AS1 location, summing up a total of 20 earthquake scenarios for AS1. These 12 new cases, consist of alternative sets of the parameters examined in the previous section 2.4 in order to investigate more the different plausible scenarios for the seismic event. In a similar way, 20 seismic scenarios were also generated for the AS2 location (see also Finally, in the following and before presenting the comparison between each geological model, the surface motion for each case is presented in terms of acceleration time histories as well as in terms of different intensity measures (IMs) at the surface of the KKNPP site.

As it was already mentioned in the introduction of this chapter, the numerical evaluation of the GM at the KKNPP site is to be later used in order to evaluate the impact of different seismic scenarios on the structure's response. With this regard, the SSI problem is examined using a reduced domain problem numerically simulated in FEM whose mesh is schematically represented in Fig. 2.27. Further information about the structural analysis discussed in 2.5. Influence of regional geology 94 chapter 3, nevertheless, in order to be consistent with the structural analysis the following comparisons are also provided based on the FEM domain considered in chapter 3. In addition to the analysis of the surface response, an analysis of the fundamental frequencies of the shallow layers of each model is presented in order to better understand dynamic behavior of the shallow layers. 2.5. Influence of regional geology 98 amplification for the X component for the AS2 location. Based on the same data, a higher dispersion is observed on both horizontal components of the signal for the AS1 aftershock, while a smaller dispersion of results is observed on the AS2 location. In addition, observations concerning the significant duration (D 5-95 ) of the signal show that for the AS1 location, both components have an almost constant significant duration without important alternations between the different earthquake scenarios. Similar results are observed for the Y component of the signal on the AS2 location. Nevertheless, for the X component of the AS2 simulations, a higher dispersion of the significant duration is observed. In order to examined this aspect, the acceleration time-histories for two extreme cases, C1 (AS1) and C2 (AS2) are presented in the bottom of Fig. 2.30. As expected, for the AS1 location both components generate comparable energy and for a similar duration of the signal leading to comparable significant duration (D 5-95 ). On the contrary, for the AS2 case, the X component has a distinct peak at the arrival of the wave that represents almost the complete energy of the signal leading to an estimation of a significant duration of D 5-95 = 0.7 s. For the Y component however, a smaller amount of energy is "spend" on the first peak on the arrival of the wave and as a result the estimation of the significant duration is higher for this case D 5-95 = 8.9 s.

Surface motion at the KKNPP site

Analysis response of shallow layers (Surface)

Based on the surface motion provided in the previous sub-section, an analyses of soil response on the KKNPP site is examined here in order to evaluate the fundamental frequencies of shallow layers. A linear elastic behavior is adopted for all the examined cases, and the analysis is based on the spectral ratio for the definition of the fundamental frequencies of the soil. With this regard, acceleration time-histories are filtered at the respective maximum frequency of the geological model (f max = 8 for the Z/ZR model and f max = 5 for the R model), and a baseline correction with a cosine tapper (5% width) is applied along with a Konno and Ohmachi (1998) smoothing function with a parameter b = 40.

The analysis for the soil response presented hereafter is based on the surface motion obtained directly from the SEM3D and for the earthquake scenarios presented in Fig. 2.30.

One of the major difficulties in realistic applications with a complex geology and dynamic excitation lies in the definition of the fundamental frequency of the soil medium. In this framework, the conducted analyses adopts two different approaches for the estimation of the fundamental frequencies of the soil: i) the horizontal-to-vertical spectral ratio (H/V) [START_REF] Theodulidis | Horizontal to vertical spectral ratio and geological conditions: an analysis of strong motion data from greece and taiwan (smart-1)[END_REF][START_REF] Theodoulidis | Empirical evaluation of the horizontalto-vertical spectral ratio technique: Results from the "sesame" project[END_REF][START_REF] Sylvette | H/V ratio: a tool for site effects evaluation. Results from 1-D noise simulations[END_REF][START_REF] Haghshenas | Empirical evaluation of microtremor h/v spectral ratio[END_REF][START_REF] Castro Cruz | Empirical prediction of seismic strong ground motion : contributions to the nonlinear soil behavior analysis and the Empirical Green's function approach[END_REF][START_REF] Rohmer | Combining borehole log-stratigraphies and ambient vibration data to build a 3d model of the lower var valley, nice (france)[END_REF], and the ii) amplification spectral ratio (ASR). Although, several expressions exists for the computation of the horizontal components (geometric mean, quadratic mean, etc. [START_REF] Albarello | Combining horizontal ambient vibration components for H/V spectral ratio estimates[END_REF]), in this work Eq. 2.5.1 is considered (Castro Cruz, 2018) as only the first H/V peak value is of interest.

H/V (f ) = F F T {Acce X } 2 + F F T {Acce Y } 2 F F T {Acce Z } (2.5.1)
where F F T {•} is the Fast Fourier Transform of the acceleration time-histories.

In a similar way, the amplification spectral ratio (ASR) is adopted according to Castro Cruz (2018) (Eq. 2.5.2). The ASR is computed for a point on the surface (FF) with respect to a second point on the borehole. Given that the dimensions of the FEM domain are fixed for the SSI problem, the borehole point is fixed at -190 m from the surface.

ASR = F F T {Acce F F X } 2 + F F T {Acce F F Y } 2 F F T {Acce Borehole X } 2 + F F T {Acce Borehole Y } 2 (2.5.2)
The H/V and ASR are computed for all earthquake scenarios and for four different points at the surface inside the FEM domain (P1, P2, P3 and P4 in Fig. 2.27) in order to evaluate the spatial variability of ground motions on the KKNPP site. Comparison of numerical results is provided in Fig. 2.31 for both H/V and ASR and for all three geological models and earthquake scenarios. Based on the H/V ratio (Fig. 2.31a and 2.31c), the fundamental frequency for the Z and ZR model is observed around ∼ 0.75 Hz for all three points in the surface and with a small variation between the AS1 and AS2 cases concerning the first peak value. On the contrary, the H/V ratio for the R model (Fig. 2.31e), is strongly dependent on the aftershock location.

More precisely, the AS2 location provides a first peak value around ∼ 0.75 Hz for all points that however is not always visible for the AS1 location. Nevertheless, a second peak value is observed around ∼ 1.2 Hz that corresponds for both aftershock locations.

The ASR for the Z and ZR models (Fig. 2.31b and 2.31d) shows a fundamental frequency around ∼ 1.2 Hz for all three points. Even though different from the estimation obtained from the H/V ratio, this frequency value corresponds to a second peak value found also on the H/V ratio (Fig. 2.31c and 2.31d). For the R model case (Fig. 2.31f), the fundamental frequency is observed around ∼ 0.85 Hz contrary to the values observed from the H/V ratio.

However, the ASR for the R model presents a close resemblance to the ASR expected from a vertical 1D propagation. This result is probably related to the quasi-horizontal stratification of surface soil layers in R model. On the contrary, the ASR for the Z and ZR model do not allow for a clear distinction of the fundamental frequencies after the first peak value with several points appearing and depending on the aftershock location as well as the position of the examined point on the surface. However, a common peak value between the different locations on the surface is observed around ∼ 3.2 Hz.

In order to summarize numerical results obtained from the H/V and ASR analysis, the fundamental frequencies for the soil medium are presented in Table 2.8. For the following, comparison of numerical results is conducted by means of total residuals for the 5%-damped spectral acceleration (PSA) of surface ground motions defined by Eq. 2.4.1. In addition, and as already discussed in the introduction of this section 2.5, a control point is also placed close to the hypocenter of extended fault in order to evaluate the generated motion near the source.

H/V ASR f 0 [Hz] f 0 [Hz] f 1 [Hz] Z Model 0.
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Comparison R vs ZR: Identical regional geology

The difference between the ZR and R model is examined first. In this framework, the geology in depth is identical in both models while geological properties at the surface differ significantly, allowing in this way to examine the influence of the surface geology. In the following, the R model is considered as the model of reference, and the ZR model is the "simulated" one in the definition of total residuals in Eq. 2.4.1.

Comparison is made in the valid frequency band of the two models. Given the differences in the minimum shear wave velocity between the two models, and the fact that the mesh discretization remains the same in both cases, the maximum theoretical resolved frequency of the model is different (see also Table 2.4): i) ZR model ≈ 8 Hz, and ii) R model ≈ 5 Hz.

Consequently, the analysis is conducted for a maximum frequency that goes up to 5 Hz for this case.

Aftershock AS1 -R vs ZR

The total residual of the 5-% damped spectral acceleration for each one of the excitation scenarios along with the mean value and the standard deviation for points next to the excitation source and for a point at the surface (center of FEM domain in Fig. 2.27) is presented in Fig. 2.32 for the AS1 aftershock location. For the two horizontal components of the signal, the two vertical lines represent the fundamental frequencies obtained through ASR analysis of the shallow layers. The magenta line corresponds to the frequency of the R model while the black line to the one of the ZR model as presented in Table 2.8. According to Fig. 2.32, it can be observed that the total residual concerning the point Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site next to the excitation source is almost zero for all the frequency band (0 -5 Hz) meaning that the generated source is nearly identical between the two geologies, which was well anticipated as the local geology in the fault's region is identical between the two models. In addition, surface response is highly influenced by the direction of the signal. For the two horizontal components (X and Y direction) a similar response is observed for low frequencies (f < 1 Hz), an amplification for the R model for intermediate frequencies (1 < f < 3 Hz) related to the fact that the fundamental frequency of the R Model is found around ∼ 2.2 Hz, and a similar response for frequencies f > 3 Hz. This alternation for the last part of f > 3 Hz might be related to the impact of the folded geology that is present in the ZR model and also can be explained from the fact that the ZR model has a fundamental frequency around ∼ 3.2 Hz. This change in the general tendency is also present in the vertical component Z where for a frequency f > 3 Hz surface response with the ZR model becomes predominant.

The same comparison between the R and ZR model is performed in terms of time histories as well as the criterion of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF]) that provides a time-frequency representation of the signal. Numerical results are presented in Fig. 2.33 for only one seismic scenario and for the two horizontal components along the X and Y direction. According to Fig. 2.33, the difference between the two models is related to the arrival time of the signal on the surface, the R Model providing a faster arrival due to higher values of the longitudinal wave velocity (V P ) at the upper layers (see also Table 2.1). A poor correspondence is observed between the two responses in terms of envelop Goodness-of-Fit (GoF) and phase, with values lower than 4 (see also Table 1.1). Finally main differences are observed for frequencies around ∼ 2 -3 Hz for the frequency envelop GoF (FEG) and for 2.5. Influence of regional geology 104 both components.

Finally, provided that the seismic source generates the same motion, the comparison of numerical results is also performed in terms of the IMs previously examined for the surface motion. Results are provided in 2.34, where it can be observed that based on the PGV values and the Arias intensity (I A ) the R model provides a higher response comparing to the ZR model and for the two horizontal components. On the contrary, the Z component of the signal is higher for the ZR case. Concerning the significant duration, the surface motion of the R model seems not to be influenced by the propagation path with the duration remaining unchanged for all three components. However, the ZR model has a higher dispersion concerning the significant duration of the GM for both horizontal components, while no dispersion is observed for the vertical Z component. 

Aftershock AS2 -R vs ZR

The same comparison is presented for the AS2 aftershock location. Once again the total residual of the 5-% damped spectral acceleration for a point close to the AS2 excitation source and for a point at the surface (center of FEM domain in Fig. 2.27) is presented in Fig. 2.35 for the AS2 aftershock location.

Contrary to results for the AS1 location, the generated earthquake source in AS2 does not provide a similar response between the R and ZR model as the total residual is different to zero (top left in Fig. 2.35). This difference is related to the local geology of the extended fault that differs, for some parts of the fault, between the two models. As a consequence, the generated motion is different between the two cases. In order to be able to compare both approaches, in addition to the surface response for the initial data presented in the top right Fig. 2.35, the relative response is also provided here in the bottom figure of Fig. 2.35. This relative response is defined as in Eq. 2.5.3:

∆ Relative = ∆ Simulated -∆ Source (2.5.3)
Comparison of the surface response shows that for the two horizontal components of R model provide a higher response for intermediate frequencies between 1.5 < f < 2.5

Hz (corresponding to the fundamental frequency of R Model provided with magenta line in Fig. 2.35) while the ZR model has a higher response for frequencies around ∼ 3.2 Hz corresponding to its fundamental frequency (green line in 2.35). On the contrary, the ZR has a higher response for the Z component and all the considered frequencies. In addition, the comparison is also presented in terms of time histories as well as the criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] as in the previous case of the AS1 location. Results are presented in Fig. 2.36 for a seismic scenario and for the two horizontal components along the X and Y direction. As in the previous case, the GM of the R model presents a faster arrival in the KKNPP site which once again can be explained from the higher values of the longitudinal waves on the upper layers of the geological model R (see also Table 2.

2). A

poor correspondence is observed between the two models while in this case the lower values of the GoF scores for the envelope and the phase are observed in lower frequencies around ∼ 1 -3 Hz. Figure 2.36: Comparison of the surface motion at the KKNPP site between the R and ZR model, for the aftershock location AS2 and using the criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.
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Comparison Z vs ZR: Identical surface geology

The Z and ZR geological models, with the same surface geology and the different deeper geology are compared in this part. Given that the lower shear wave velocity is identical, a maximum theoretical resolved frequency of ≈ 8.0 is adopted for both geological models. Comparison based on the mean value for the point on the surface shows a similar response between the two models with most of the cases providing higher response for the Z model (X and Z component). For the Y component the Z Model is amplified compared to the ZR mode. The analysis based on the time-histories and the criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] shows a similar time of arrival (same surface geology -V P values) for both cases in Fig. 2.38. In addition similar amplitudes are obtained for both cases while main differences for the envelope and phase GoF are mainly locate in higher frequencies and around ∼ 4 -7

Hz. [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.

Aftershock AS2 -Z vs ZR

Comparison for the AS2 aftershock is presented in Fig. 2.39 for the point next to the source and the surface motion. In this case the excitation source is almost the same between the different cases due to the fact that most part of the extended fault is situated on the upper part of the geological model (hypocenter at -5 km -Table 2.3), which is the same for both models. Small differences are related to the fact that a small part of the fault resides in the transition zone between the two geologies (Z -surface towards R in depth).

Following the same analysis as in the previous case, the relative response for the surface motion at the KKNPP site is presented along the initial GM on the same point. According to Fig. 2.39, both models provide similar results. However, for certain earthquake scenarios and certain frequencies, the ZR model has a higher response for the X and Y components.

On the contrary, along the Z direction and for frequencies higher than 3 Hz the Z model response is predominant compared to ZR. Similar results are observed with the criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] in Fig. 2.40,

where an important similarity between the Z and ZR response can be observed in the acceleration time-histories of the two horizontal components. In addition scores for the GoF of the envelope are higher in this case, designing a good correspondence between the two responses with main differences in frequencies observed around ∼ 5 Hz. [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.

Spatial variability between the different geological models

A comparison for the spatial variability for each one of the different geological structures is given in Fig. 2.41 and for each aftershock location. According to this figure, the R model presents a higher spatial variation of the earthquake GM as it consists of a more complex surface and regional model compared to the simplified models Z and ZR. The folded geological structure can be clearly distinguished in Z and ZR models for the AS1 aftershock location, something that it is not the case for the AS2 location. This observation was already discussed previously and is related to the path effect between the two locations; from AS1 the wave traverses the folding and then arrives in the KKNPP site, while AS2 is situated closer to the surface and thus the wave path arrives first on the KKNPP site. Tsuda 

Partial conclusions

The influence of the regional geological structure on the surface response of the KKNPP site was examined in this section. Three different geological models were examined for the Niigata region: i) Z model, which is a simplified horizontally stratified model with a folding at the surface and below the KKNPP site, ii) the R model, which is a complex regional 2.5. Influence of regional geology 112 geological model, and the iii) ZR which is an intermediate model combining the complex regional geology in depth and the folded geology on the surface.

In order to study the influence of regional geology on the obtained GM, two aftershock locations AS1 and AS2 were considered. The excitation source was modeled via the RIK kinematic source model and for each location and each geological model a series of 20 extended fault earthquake scenarios were generated and numerically simulated in SEM3D.

Comparison of numerical results was done in terms of total residuals defined by Eq. 2.4.1.

In this case, the total residual was presented for the 5-% damped spectral acceleration and for different points of interest in the numerical model.

An important difficulty identified in this part, is related to the fact that the generated motion from extended source model strongly depends on mechanical properties in the vicinity of the fautl's region. With this regard, for the same parameters of the RIK model, the generated motion would be different based on the local properties of the fault's region. In order to overcome this difficulty, a relative comparison is presented for cases where the source is not the same between the different models.

Important conclusions of this section are summarized as follows:

Comparison between R and ZR model:

• The surface response shows similar trends independently to the aftershock location, AS1 or AS2. For the two horizontal components, intermediate frequencies 1 < f < 2.5Hz are more amplified for the R model while for higher frequencies higher amplification is observed for the ZR model. This can be explained based on the fundamental frequencies of the shallow layers of the two models, providing an amplification of R model around its fundamental frequency of 2.2 Hz, and an alternation for frequencies > 3 Hz for the ZR with a fundamental frequency of 3.2 Hz. The vertical Z component of the surface motion is higher for the ZR model, and for both aftershock locations.

Specifically for AS1, a higher value of the vertical component is observed for frequencies > 3 Hz, probably related to the presence of the folded geological structure. This amplification is not present in the AS2 case where the response does not seem to be impacted from the folded structure.

• Analysis based on different IMs (PGV, I A , D 5-95 ) showed that the R model has a higher amplification for the two horizontal components, with the ZR amplifying more for the vertical one. In addition, the significant duration of the signal shows that the R model has lower dispersion compared to the ZR model meaning that the impact of the propagation path is less important. This is observed for all three components of the seismic signal of the R model. Comparison between Z and ZR model:

• For the AS1 case, the Z model tends to provide a higher amplification for the majority of the examined earthquake scenarios. This can be explained from the fact that higher velocities are found in depth of the Z model compared to the ZR case.

• For the AS2 case, and provided that the bigger part of the extended fault has the same material properties, a similar surface response is obtained for each model.

• As the shallow layers of the geological model are the same in both cases, wave time arrival is the same between both models, with peak acceleration values being quite

close.

An important finding of this part is related to the impact of the folded geology below the KKNPP site, which seems to affect the surface response for frequencies higher than f > 3

Hz and for the aftershock location AS1. On the contrary, for the AS2 location the site is not influenced by the folded structure as the location of the fault is closer to the soil surface and thus the wave path arrives in the KKNPP site before passing the folding. This observation is also visible looking at the spatial variability of the GM for each model, where for the Z and ZR model and for the AS1 location the presence of the folded geology is visible on numerical results. This is not the case for AS2. This observation was also discussed in the work of [START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF], where a double-couple point-source was used in order to model the two earthquake events. Finally, a higher spatial variability is observed for the more complex geology (R Model) compared to the simplified Z and ZR models (see also Fig. 2.41 for the AS1 location).

Discussion

The numerical analysis performed in this chapter is based on the following assumptions:

1. The seismic hazard is defined here as the numerically simulated ground motion (GM), obtained from a 3D physics-based simulation (PBS) with SEM3D, and the uncertainty of the PBS model focuses on the impact of the excitation source and the regional geology on the surface GM at the site of interest.

2. The influence of regional geology is examined for three different geological structures following a not-honoring approach, which allows to keep the same mesh discretization for all three geological profiles.

2.6. Discussion 114 3. Due to the time-consuming character of the 3D PBS, the hazard dissagregation [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Bommer | Seismic hazard assessment for nuclear power plant sites in the UK: Challenges and Possibilities[END_REF] is not performed for all the series of possible earthquake scenarios and earthquake locations of the region. Instead, only two aftershock locations are chosen in this case study.

4. Even though small earthquake scenarios were considered in this study, the influence of the excitation source was examined via the use of a kinematic source model proposed by [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF][START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF].

5.

A maximum resolved frequency of 5 and 8 Hz was fixed for the R and Z/ZR models, respectively. This maximum frequency is strongly related to the minimum wave velocity of the shallow layers of the model, which is a limiting parameter influencing the computational cost of the problem.

6. A linear elastic soil behavior is adopted for all the presented cases.

7. Numerical results are verified in terms of median value against traditional GMPE for the Japan region [START_REF] Abrahamson | Summary of the ask14 ground motion relation for active crustal regions[END_REF]. In order to be able to use the 3D PBS approach in a PSHA framework, it is essential to validate numerical with respect to the variability of the GM. This extensive validation remains however outside of the scope of the presented work.

The proposed model is highly flexible and can be easily adapted to the specific conditions of the problem at hand in order to provide a GM estimation in a probabilistic framework, as described in the PBEE methodology. With this regard, alternative geological profiles (assumption 2) can be readily used for the evaluation of the GM and it's spatial variability.

In this context, alternative approaches could be sought in the framework of homogeneization techniques for the definition of the regional geological model [START_REF] Capdeville | Second order homogenization of the elastic wave equation for non-periodic layered media[END_REF][START_REF] Capdeville | 2-D non-periodic homogenization to upscale elastic media for P-SV waves[END_REF]Cupillard and Capdeville, 2018, among others). Hazard dissagregation could be directly employed provided an apriori characterization of the seismicity of the region (assumption 3). In addition, higher magnitude earthquakes can be examined without any modifications of the numerical model (assumption 4). The latter would allow to better understand the influence of higher frequency components on the surface GM estimation.

From a computational standpoint, the present model makes profit of High-Performance computing clusters, and provided the necessary resources large scale simulations can be performed for the numerical propagation of higher frequency components (assumption 5).

The accuracy of the numerical model for higher frequencies is strongly related to the finesse of the geological model (assumption 2). In addition, non-linear analysis can be performed in order to evaluate the influence of non-linear phenomena on shallow layers (assumption 6).

Nevertheless, even if it is possible to be numerically implemented in SEM3D [START_REF] Régnier | Prenolin: International benchmark on 1d nonlinear site-response analysis-validation phase exerciseprenolin: International benchmark on 1d nonlinear site-response analysis-validation phase exercise[END_REF][START_REF] Gatti | Analyse physics-based de scénarios sismiques "de la faille au site[END_REF], non-linear analyses with the SEM would highly impact the performance of the approach comparing to the linear elastic case.

To all the aforementioned cases, a rigorous validation of the numerical model [START_REF] Bradley | On-going challenges in physics-based ground motion prediction and insights from the 2010-2011 Canterbury and 2016 Kaikoura, New Zealand earthquakes[END_REF] with existing recordings and GMPEs is necessary for the acceptance of the estimated response (assumption 1). In this framework, adapted GMPEs for the site and region of interest should be used for the validation (assumption 7). Finally, once validated 3D PBS could be used along with traditional GMPEs in order to decrease the epistemic uncertainty for a site of interest. In this framework, the PBS can be used as for a site-specific (nonergodic) application allowing to remove from the aleatory uncertainty the terms related to the siteto-site variability [START_REF] Al Atik | The variability of ground-motion prediction models and its components[END_REF][START_REF] Rodriguez-Marek | A model for single-station standard Bibliography 206 deviation using data from various tectonic regions[END_REF][START_REF] Lopez-Caballero | Probabilistic seismic analysis for liquefiable embankment through multi-fidelity codes approach[END_REF][START_REF] Stewart | Epistemic Uncertainty in Site Response as Derived from One-Dimensional Ground Response Analyses[END_REF]Stupazzini et al., 2021, among others).

Conclusions

This chapter addresses the issue of numerically evaluating the seismic hazard for a specific site of interest, a hazard which is expressed here in terms of ground motion (GM) for a site of interest. With this regard, physics-based 3D simulations with the spectral element method and the numerical code SEM3D were performed in order to evaluate impact of uncertainty on different source parameters and geological structures on the seismic hazard. The Niigata prefecture in Japan and the site of the Kashiwazaki-Kariwa nuclear power plant were chosen as a case study. Two aftershock locations of the 07/2007 earthquake and three different geological models were numerically modeled here in order to evaluate the impact of the excitation source and the regional geology on the surface response.

Despite the small magnitude of the earthquakes M JM A = 4.4 and 3.5 for AS1 and AS2

respectively, an extended source model based on the kinematic RIK source model is used in order to evaluate the aspects of directivity, slip heterogeneity and rupture velocity on the surface response. Comparison of numerical results focused to the AS1 aftershock location and the complex regional geology denoted herein as R Model [START_REF] Sekiguchi | 3d subsurface structure model of the niigata sedimentary basin[END_REF], and numerical results showed that all three aspects have an important impact on the surface motion and the spatial variability of the seismic signal.

Comparison with respect to regional geology was presented between the different geological models and for both AS1 and AS2. Based on the formulation of the RIK model, the generated motion of the fault is strongly dependent to the mechanical parameters of the soil in the region of the fault. This difficulty was identified in the numerically model and in order to provide the comparison between each model, surface response was "corrected" with respect to the differences of the source motion. Comparison between the different geological profiles showed an impact of the folding structure at the surface of the Z and ZR models Finally, as already mentioned in the introduction of this chapter, the numerical prediction of the GM obtained in this part will be used as an input excitation in the next chapter 3 so as to perform SSI analysis. In this chapter the analysis was mainly presented in specific points at the site of interest for reasons of comparison. Nevertheless, an important advantage of 3D PBS lies in the possibility to directly retrieve the 3D complex wave-field from the SEM3D simulation. In this framework, the 3D input motion can be introduced as an input excitation to the SSI analysis by taking into advantage the implementation of the SEM-FEM weak coupling, based on the domain reduction method approach [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF], presented and numerically verified in chapter 1.

Chapter 3

Structural analysis based on 3D

physics-based earthquake simulations:

The case of the Kashiwazaki-Kariwa

Nuclear Power Plant structure Contents 

Introduction

This chapter focus on the structural and damage analysis as part of the second and third step of the PBEE methodology [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF] (see also Fig. 3.1).

Traditionally, structural response relies on the definition of the engineering demand parameters (EDPs) that are conditioned by the predefined intensity measure (IM) defined in the hazard analysis and the ground motion (GM) prediction for the site of interest. According to this approach, the relationship between an EDP and its annual rate of exceedance (λ EDP ) can be computed as follows (e.g., [START_REF] Rathje | Probabilistic Seismic Hazard Analysis for the Sliding Displacement of Slopes: Scalar and Vector Approaches[END_REF][START_REF] Iervolino | Reliability of structures to earthquake clusters[END_REF][START_REF] De Silva | Influence of soil-structure interaction on the site-specific seismic demand to masonry towers[END_REF][START_REF] Lopez-Caballero | Probabilistic seismic analysis for liquefiable embankment through multi-fidelity codes approach[END_REF]:

λ EDP (z) = P [EDP > z|IM = im] • dλ IM (im) dim • dim (3.1.1) λ IM (im) = λ 0 • m r P [IM > im|m, r] • f M,R (m, r) • dm • dr (3.1.2)
where, P [EDP > z|IM = im] is the probability that the EDP level z is exceeded given the ground motion intensity measure (IM) level im, λ IM (im) is the mean annual rate that the 
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IM exceeds a given level im, λ 0 is the annual rate of earthquakes greater than the minimum magnitude (i.e., activity rate), P [IM > im|m, r] is the probability that the IM level im is exceeded for the given earthquake with magnitude (m) and distance (r), and f M,R (m, r)

is the joint probability density function of magnitude and distance [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF][START_REF] Bommer | Deterministic vs. Probabilistic seismic hazard assessment: An exaggerated and obstructive dichotomy[END_REF][START_REF] Rathje | Probabilistic Seismic Hazard Analysis for the Sliding Displacement of Slopes: Scalar and Vector Approaches[END_REF].

As it can be seen in Eq. 3.1.1, the annual rate of exceedance for the EDP is computed provided the hazard curve (λ IM ) estimated on the hazard analysis step, and based on hazard dissagregation [START_REF] Bazzurro | Disaggregation of seismic hazard[END_REF]Bommer, 2010, among others) for the sitespecific application. As it was already discussed in the introductory chapter of this thesis, 3D

physics-based simulations (PBS) are deployed in this work in order to analyze the response of the Kashiwazaki-Kariwa nuclear power plant (KKNPP) facility, in the Niigata prefecture in Japan.

In this framework, and given the time-consuming character of the 3D PBS, hazard dissagregation was not performed for all the seismic scenarios in the region of interest, and several plausible earthquake scenarios were numerically simulated only for two aftershock locations. Estimation of an IM based on the simulated earthquake scenario corresponds to the complementary cumulative distribution function (CCDF) described by the second

part ( m r P [IM > im|m, r] • f M,R (m, r) • dm • dr) of Eq. 3.1.2.
In order to compute the final product and the hazard curve (λ IM ), the annual rate of earthquakes greater than a minimum magnitude (λ 0 ) is necessary, which however is not know in this study. With this regard, results of the hazard analysis are expressed here in terms of CCDF and as a result the annual rate of exceedance for the EDP leads to the computation of a CCDF for the EDP of interest.

The structure of interest for the soil-structure interaction (SSI) analysis is the Unit 7

reactor building of the KKNPP facility and SSI analysis is conducted with respect to different engineering approaches used in order to evaluate the SSI phenomena and consequences on structural response. Traditionally, the most common approaches used by engineering practitioners in order to tackle SSI can be divided in three main categories [START_REF] Wong | Dynamic soil-structure interaction[END_REF][START_REF] Mylonakis | Seismic soil-structure interaction: New evidence and emerging issues[END_REF][START_REF] Stewart | Seismic soil-structure interaction in buildings. i: Analytical methods[END_REF][START_REF] Voldoire | Computational methods applied to the seismic margin assessment of power plants and equipments[END_REF][START_REF] Pitilakis | Numerical simulation of dynamic soil-structure interaction in shaking table testing[END_REF][START_REF] Clouteau | Calculation methods of structure-soil-structure interaction (3si) for embedded buildings: Application to nupec tests[END_REF] 2012, among others): i) full-FEM approaches, ii) coupled BEM-FEM approaches, and iii) simplified approaches. Simplified approaches are widely used and are based on a simplification of the soil medium representation (e.g., spring elements [START_REF] Wolf | Soil-structure-interaction analysis in time domain[END_REF][START_REF] Gerolymos | Development of Winkler model for static and dynamic response of caisson foundations with soil and interface nonlinearities[END_REF][START_REF] Anastasopoulos | Simplified Constitutive Model for Simulation of Cyclic Response of Shallow Foundations: Validation against Laboratory Tests[END_REF]Gazetas et al., 2016, among others), macroelement approach (e.g., [START_REF] Cremer | Cyclic macro-element for soil-structure interaction: material and geometrical non-linearities[END_REF][START_REF] Grange | 3D Macro Element for Soil Structure Interaction[END_REF][START_REF] Chatzigogos | Macroelement modeling of shallow foundations[END_REF][START_REF] Grange | A macro-element to simulate dynamic Soil-Structure Interaction[END_REF][START_REF] Chatzigogos | A macroelement formulation for shallow foundations on cohesive and frictional soils[END_REF]). An important disadvantage of the spring elements approach lies in their inability to account for the frequency dependence of the foundation impedance and damping since the springs must have constant stiffness characteristics Each one of the methods shows important advantages and disadvantages depending on the application. One of the major difficulties in these approaches is related to the definition of appropriate boundary condition allowing to correctly represent a realistic input motion excitation, which for complex wave-fields needs to be defined as a 3D input motion [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]Abell et al., 2018a;Zuchowski et al., 2018;McCallen et al., 2020a,b;Brun et al., 2021, among others), contrary to simplified 1D approaches based on single station input motions which are largely used in current practices. In addition, the boundary conditions needs to account for wave propagation in an infinite medium. In this context, absorbing boundary conditions are usually employed in order to account for the absorption of spurious outgoing waves arriving on the fictive boundary: simple dashpot approach (e.g. [START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Kontoe | The domain reduction method for dynamic coupled consolidation problems in geotechnical engineering[END_REF][START_REF] Petropoulos | Soil-structure interaction analysis using high-performance parallel computation[END_REF], buffer zones or damping layers (e.g. [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF][START_REF] Semblat | A simple multi-directional absorbing layer method to simulate elastic wave propagation in unbounded domains[END_REF]Wang et al., 2017a;Abell et al., 2018a;McCallen et al., 2020a,b), PML [START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF]Poursartip and Kallivokas, 2018, among others). The choice of the appropriate boundary condition concerns the full-FEM approach, where the finite soil domain is explicitly modeled, and does not concern the BEM-FEM approaches allowing to naturally consider radiation damping, i.e., Sommerfeld condition for the soil. For the full-FEM, an important difficulty is also related to the definition of the finite domain size considered in the SSI analysis. Finally, for the consideration of a non-linear soil behavior, the full-FEM approach remains the most convenient approach [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF].

Structural analysis is performed at first based on the aforementioned approaches, and then the analysis focuses on the intensity measure (IM) used in order to evaluate nonstructural components, in a traditional PSHA framework. The choice of this IM needs to be very careful and is of crucial importance as it provides the interface between the hazard model (seismology) via the GM prediction and the structural response (engineering) [START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF]. According to several studies in the literature, the two key components for the definition of this IM are: i) sufficiency, in order to provide structural response and failure criterion evaluation conditionally independent of the earthquake characteristics (e.g. magnitude, source-to-site distance), and ii) efficiency, in order to provide a reduced variability in the prediction of structural response and the evaluation of the failure criterion. In addition to these key properties, the chosen IM should be easily computed in a probabilistic framework, for example by traditional ground motion prediction equations (GMPE) [START_REF] Cordova | Development of a twoparameter seismic intensity measure and probabilistic assessment procedure[END_REF][START_REF] Vamvatsikos | Developing efficient scalar and vector intensity measures for ida capacity estimation by incorporating elastic spectral shape information[END_REF][START_REF] Bianchini | Prediction of inelastic structural response using an average of spectral accelerations[END_REF][START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF][START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF][START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF]Kohrangi et al., 2016aKohrangi et al., ,b, 2017aKohrangi et al., ,b, 2018;;Wang et al., 2018, among others). In this framework of a probabilistic definition of the IM, it can be used directly in the fragility model at the damage analysis step.

With these aspects in mind, and given the abundance of studies existing in the literature concerning the choice of appropriate IMs, the present analysis adopts the relative average spectral acceleration as initially proposed by De Biasio et al. ( 2014) for the analysis of structural and non-structural components. It is a well-know IM adapted for the analyses of non-linear structures, but also a robust measure even for the case of linear elastic structures [START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF]. Its main advantage is related to the fact that it is found to describe well both structural response as well as non-structural components [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF], 2015;[START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF][START_REF] Kohrangi | Ground-motion models for average spectral acceleration in a period range: Direct and indirect methods[END_REF][START_REF] Wang | Seismic fragility analysis with artificial neural networks: Application to nuclear power plant equipment[END_REF][START_REF] Mistry | Role of SSI on seismic performance of nuclear reactors: A case study for a UK nuclear site[END_REF], among others), and it is easily computed via the standard GMPE approach. The latter aspect is essential as it simplifies the computation and thus the acceptability of the IM. At the last part of this chapter, the average spectral acceleration is used as an IM for the evaluation of non-structural components.

Finally, one of the major difficulties related to the PBS 3D simulation is the numerical cost associated to available computational resources. This becomes an even more pressing matter when a large number of simulations need to be performed in order to account for a seismic hazard assessment in a probabilistic framework (e.g., [START_REF] Berge-Thierry | Challenges Ahead for Nuclear Facility Site-Specific Seismic Hazard Assessment in France: The Alternative Energies and the Atomic Energy Commission (CEA) Vision[END_REF].

With this regard, "reduced-order modeling" techniques could be powerful tools allowing to accelerate the source-to-site computational procedure in order to make the numerical model more easily manageable for a large number of simulations. For this purpose, an approach based on synthetic Green's functions is employed in this work, incorporating the regional geology modeled in SEM3D, while allowing to accelerate the computational chain. In this framework, a series of plausible scenarios are examined and the complementary cumulative distribution function (CCDF) is computed for the non-structural component.

This chapter is organized as follows: Section 3.2 focuses on the methodology used in order to solve the soil-structure interaction problem. Three different approaches are examined: i) time-domain full-FEM approach with a realistic 3D input motion excitation obtained via the SEM-FEM weak coupling and the domain reduction method (DRM) approach [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF] presented in chapter 1, ii) a time-domain full-FEM model with a plane wave excitation with vertical incidence imposed at the base of the finite domain and iii) a coupled BEM-FEM approach in the frequency domain. The impact of each approach on structural response is examined in subsection 3.2.4 and for all earthquake scenarios presented in chapter 2.

In the second part of the chapter, the choice of the intensity measure is discussed in order to better represent the dynamic response of structural and non-structural components (NSCs). In subsection 3.3.1, the theory of the relative average spectral acceleration (ASA R )

deployed in this study is presented. This IM is later used in subsection 3.3.2 in order to 123 Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure evaluate the dynamic response of a hypothetical electric cabinet in the last floor of reactor building of the Unit 7 of the KKNPP facility. With this regard, the impact of the SSI methodology as well as the impact of the regional geology are compared.

Finally, in the last section 3.4 a simplified approach allowing to accelerate the source-tostructure computational chain is presented as a "reduced-order modeling" technique. The synthetic Green's function (SGF), allowing to account for the detailed geology modeled in SEM3D while accelerating the computational procedure are employed in this study. In the first part of the section, numerical results obtained using the SGF approach are compared to the previous cases modeled in SEM3D. In the following sub-section 3.4.2, the SGF is used for a series of earthquake scenarios to estimate the relative spectral acceleration for the previously considered electric cabinet. The analysis is conducted in terms of the complementary cumulative distribution function (CCDF) and for different SSI approaches and geological models.

Deployed approaches for Soil-Structure Interaction (SSI) modeling

Soil-structure interaction modeling is an important step towards a more accurate description of structural behavior under seismic loading. SSI numerical analysis encompasses several sources of uncertainties related to: i) the definition of important parameters of the model, e.g., mechanical properties for the soil and the structure, as well as constitutive behavior, ii) the definition of the seismic excitation e.g., see for instance the hazard analysis in chapter 2, and iii) the methodology used in order to apply this dynamic excitation. The possibility to consider the uncertainty of these parameters strongly depends on the numerical approach used in order to perform the dynamic SSI.

With this regard, two alternative numerical methods for engineering applications accounting for SSI analysis [START_REF] Wong | Dynamic soil-structure interaction[END_REF][START_REF] Mylonakis | Seismic soil-structure interaction: New evidence and emerging issues[END_REF][START_REF] Stewart | Seismic soil-structure interaction in buildings. i: Analytical methods[END_REF][START_REF] Voldoire | Computational methods applied to the seismic margin assessment of power plants and equipments[END_REF][START_REF] Pitilakis | Numerical simulation of dynamic soil-structure interaction in shaking table testing[END_REF][START_REF] Clouteau | Calculation methods of structure-soil-structure interaction (3si) for embedded buildings: Application to nupec tests[END_REF] are considered in this work:

• Full-FEM approach: The full-FEM approach admits a finite domain including the soil media and the structure to be modeled with the finite element method. The solution of the problem is usually obtained in the transient domain with the main advantage of the method being the possibility to take into account a complex local geological structure, as well as a non-linear behavior for the description of soil and the structure. Nevertheless, full-FEM approaches are generally time consuming and special care needs to be placed in the definition of the soil domain size to be modeled numerically (see also subsection 1.4.1). In addition, special absorbing boundary conditions 3.2. Deployed approaches for Soil-Structure Interaction (SSI) modeling 124 need to be considered on the boundary of the soil domain in order to absorb outgoing waves arriving on the boundary of the finite domain [START_REF] Lysmer | Finite dynamic model for infinite media[END_REF][START_REF] Modaressi | Paraxial approximation for poroelastic media[END_REF][START_REF] Berenger | A perfectly matched layer for the absorption of electromagnetic waves[END_REF][START_REF] Semblat | A simple multi-directional absorbing layer method to simulate elastic wave propagation in unbounded domains[END_REF][START_REF] Fathi | Full-waveform inversion in threedimensional pml-truncated elastic media[END_REF][START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]. Several applications treating the SSI problem with a full-FEM approach can be found in [START_REF] Wolf | Soil-structure-interaction analysis in time domain[END_REF]; [START_REF] Kobayashi | Time history nonlinear earthquake response analysis considering materials and geometrical nonlinearity[END_REF]; [START_REF] Sáez | Non-linear SSI effects on the seismic performance evaluation[END_REF][START_REF] Sáez | Effect of the inelastic dynamic soil-structure interaction on the seismic vulnerability assessment[END_REF][START_REF] Sáez | Inelastic dynamic soil-structure interaction effects on moment-resisting frame buildings[END_REF].

• BEM-FEM coupling approach: The coupled boundary element method (BEM)-FEM [START_REF] Clouteau | Propagation d'ondes dans des milieux hétérogènes: application à la tenue des ouvrages sous séisme[END_REF][START_REF] Hall | Boundary element methods for soil-structure interaction[END_REF][START_REF] Semblat | Waves and Vibrations in Soils: Earthquakes, Traffic[END_REF] method is a widely used engineering approach based on the solution of boundary integral equation for the SSI model. As in the full-FEM case, the structure is modeled using the finite element technique, while the BEM is used in order to estimate wave propagation in the soil. For the latter, the solution is expressed on the SSI interface and the elementary solution for wave propagation in the soil medium is computed via the Green's function. The solution of the problem is done in the frequency domain and the soil response on the soil-structure interface is expressed in the form of the impedance matrix, where the real part represents the stiffness of the foundation while the complex part describes the radiation or dissipation of energy due to the foundation's existence. The evaluation of the impedance matrix in BEM is based on the solution of the balance moment of the structure on the SSI interface, where the nodal displacements of the interface are expressed as the sum of modal participation factors (i.e., a combination of the dynamic modes of the structure for a fixed boundary interface and the static modes of the interface). In the general case, a finite number of modes (generally << N , with N the total number of modes of the structure) is sufficient to correctly describe structural response [START_REF] Hall | Boundary element methods for soil-structure interaction[END_REF][START_REF] Semblat | Waves and Vibrations in Soils: Earthquakes, Traffic[END_REF] and as a result a reduced modal base for the structure can be deployed, which is also the adopted approach for this study. One of the major advantages of the BEM-FEM coupling lies in the fact that no special absorbing boundaries are necessary as the radiation condition is by default satisfied due to the formulation of the method. On the contrary, an important drawback of the BEM-FEM coupling is related to the limitation to a visco-linear soil behavior as well as to an horizontally stratified media for the soil [START_REF] Zentner | A methodology for soil-structure interaction analysis accounting for spatially incoherent seismic free field motion[END_REF][START_REF] Clouteau | Calculation methods of structure-soil-structure interaction (3si) for embedded buildings: Application to nupec tests[END_REF]Alves Fernandes et al., 2017, among others). An alternative approach in the BEM-FEM framework allowing for a nonlinear FEM domain was

proposed [START_REF] Nieto Ferro | On a hybrid Laplace-time domain approach to dynamic interaction problems[END_REF][START_REF] Nieto Ferro | Nonlinear dynamic soil-structure interaction in earthquake engineering[END_REF]. More information concerning the BEM-FEM coupling approach are provided in Appendix C.

One of the key differences for both approaches is the employed boundary condition, in terms of: i) input excitation, and ii) absorbing boundary. With this regard, the different • Full-FEM: DRM excitation (DRM) -Top left in Fig. 3.2: The SEM-FEM weak coupling implemented and numerically verified in chapter 1 is used in order to provide a complex 3D input motion for the SSI model. As previously stated, the transfer of the dynamic excitation is done in terms of equivalent forces constructed and imposed directly via paraxial elements.

• Full-FEM: Plane Wave excitation (PWave) -Top center in Fig. 3.2: The dynamic excitation is imposed in the numerical model as a plane wave excitation with vertical incidence at the bottom of the reduced domain. In order to define this excitation in FEM, the three components of the velocity field for a point at the center of the reduced domain base (borehole / "within-motion" condition) are directly retrieved from the SEM3D simulation and imposed simultaneously, as a plane wave excitation in FEM. Paraxial elements are imposed in the lateral sides of the domain in order to absorb the diffracted waves arriving on the boundary.

• BEM -FEM coupling (MISS3D) -Top right in Fig. 3.2: The dynamic excitation using the BEM -FEM coupling in the frequency domain is based on the surface motion retrieved from the SEM3D simulation. The three components of the acceleration field are directly de-convoluted using the MISS3D code [START_REF] Clouteau | MISS3D, Manuel Scientifique[END_REF][START_REF] Miss3d | General public licensed boundary element code, included in the Salomé-Méca simulation platform[END_REF].

Dynamic stiffness operator is constructed at the interface of the embedded zone of the building and used in order to compute the response of the structure.

A schematic illustration of the different cases examined here is given with Fig. 3.2.

Deconvolution

MISS3D

Surface Borehole EQ Source Regional Scale It is important to notice that contrary to the 3D input excitation described by the DRM, the plane wave solution and the BEM-FEM coupling take as an input the GM defined locally at a specific point. In practical applications, the recorded seismic signal to be used as an input is retrieved on the outcropping rock in order to more accurately account for local siteeffects, is de-convoluted on the borehole based on the assumption of an 1D wave propagation and then injected as a plane wave with vertical incidence in the numerical model. However, this 1D wave propagation assumption is only valid for the case where the surface signal is retrieved at the outcropping rock. For the examined application and geological profiles, the KKNPP site is located in a region where mechanical properties are homogeneous at the surface and for an important horizontal distance surrounding the KKNPP facility. In addition, given the mechanical properties at the surface V S = 400/700 m/s the outcropping rock condition does not stand for each model and as a result the de-convolution of the GM based on an 1D assumption is not expected to be valid.

In order to illustrate this aspect, a comparison between the surface motion obtained directly from SEM3D, and the one obtained from a FEM simulation with a plane wave excitation based on the borehole (or "within-motion") GM (top center figure in Fig. 3.2) retrieved from SEM3D is presented in Fig. 3.3. It can be seen that the obtained GM is fundamentally different and thus the 1D assumption does not stand in this more complex case. With this regard, and given that the input to the SSI model is retrieved from a SEM3D simulation, a clear distinction is made between the surface motion which is the input of the BEM-FEM simulation and the borehole motion serving as an input to the plane wave simulation (see also Fig. 3.2). Appendix C provides more information concerning the BEM-Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure FEM approach as well as a comparison between the plane wave solution and the BEM-FEM coupling when the input motion is provided at the same point.

Finally, except from the dynamic input excitation, other important differences between the full-FEM and BEM-FEM approaches are related to:

• The modal base of the structure in the BEM-FEM approach: As already mentioned in the description of the BEM-FEM approach, a reduced number of the dynamic modes of the structure [START_REF] Clouteau | Propagation d'ondes dans des milieux hétérogènes: application à la tenue des ouvrages sous séisme[END_REF][START_REF] Semblat | Waves and Vibrations in Soils: Earthquakes, Traffic[END_REF] is used to accelerate the computation of the impedance matrix on the interface. With this regard, structure's modes are projected to the SSI interface and combined along with the static modes of this interface. So as to ensure the convergence of numerical results and the independence of the number of considered modes, structural response for points at the top and bottom of the structure was compared in terms of the 5%-damped spectral acceleration for a series of an increasing number of modes. As a conclusion it was found that a number of 60 modes for structural response are sufficient for the convergence of numerical results.

• Damping of different components (i.e., structure and soil): Structural and soil damping in the full-FEM approach can be expressed either in terms of Rayleigh damping, or through a non-linear constitutive law. For the BEM-FEM case, modal damping is usually deployed for the structure and an hysteretic damping for the soil medium.

In addition to the differences related to the input signal, the aforementioned differences between the two approaches could lead to a different structural response depending on the SSI approach.

Description of the numerical model

Following the hazard analysis conducted in chapter 2 for the Kashiwazaki-Kariwa Nuclear Power Plant, the considered structure in this work is the Unit 7 reactor building of the NPP. This is a well studied structural model subject to the international OECD/NEA Karisma benchmark (IAEA, 2014). The same earthquake scenarios and geological models considered in the hazard analysis are also examined here for the evaluation of structural response based on the different SSI approaches. The location of the structure of interest in the Niigata region along with the location of the two aftershocks AS1 and AS2 are provided in Fig. 3.4. Structure's finite element model is composed of beam and plate finite elements and it has a total of approximately 90 × 10 3 degrees-of-freedom (dofs). Mechanical characteristics for different material properties for structural elements are presented in Table 3.1. Energy dissipation for the structure is represented using a proportional Rayleigh damping [START_REF] Chopra | Dynamics of structures: Theory and applications to earthquake engineering[END_REF]. The two frequencies used in order to anchor the average equivalent damping ratio 3.1: Mechanical properties for structural elements.

As already stated, structural response including SSI is evaluated for three geological models considered in chapter 2. For the sake of simplicity, Fig. 3.6 provides information concerning the upper "zoomed" part for each geological model (same between Z and ZR Model) as well as the location of the soil domain (white rectangle in Fig. 3.6) considered in the full-FEM approaches with the DRM and the plane wave excitation. Only the AA' cut (see also Fig. 3.4) is provided in this case. The FEM soil domain is represented with 663×10 3 hexahedral linear iso-parametric finite elements and a total of 2 × 10 6 dofs. Based on Fig. 3.6 as well as Table 3.2 (1D soil profile at the center ,of the FEM domain), the spatial evolution of the mechanical properties inside the FEM domain is not the same between the Z/ZR (homogeneous domain) and the R models (heterogeneous domain with inclined stratified layers). In addition, as already discussed in chapter 2, a not-honoring approach [START_REF] Touhami | A holistic approach of numerical analysis of the geology effects on ground motion prediction: Argostoli site test[END_REF] is employed for the definition of mechanical properties in SEM3D.

Geology Depth [m]

ρ With this regard, the only way to correctly define the mechanical properties for the FEM approach is to follow a not-honoring approach for the full-FEM approach via a direct interpolation from the data exported from the SEM3D simulation (see also subsection 1.5.1).

[m/s] V S [m/s] V P [m/s] R
Therefore, a material map containing the spatial variation of the shear (V S ) and longitudinal (V P ) wave velocities as well as the mass density (ρ) are directly exported from the SEM3D simulation. For the definition of this material map mechanical properties are retrieved after the SEM3D simulation and at the integration points of the spectral element approach (i.e.

Gauss-Lobatto-Legendre -GLL points). The material map obtained from SEM3D is then Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure used in the full-FEM approach in order to interpolate the mechanical properties on the Gauss points of the finite element mesh. The aforementioned approach is explicitly used for both the DRM and plane wave excitation and for the R model, while for the Z/ZR models that remain homogeneous a direct definition of the mechanical properties can be provided in code aster.

A visual illustration of the results of the interpolation of mechanical properties for the R model is given in Fig. 3.7 and for the case of the mass density ρ. As already discussed in the description of each approach, material dissipation for the soil domain is different between the FEM approach and the BEM-FEM coupling. For the FEM case and the DRM numerical results need to be coupled with the SEM3D computation.

However, provided that the modeling of damping is not the same between the two codes, no material damping is applied in the soil domain of the full-FEM approach. For the BEM-FEM case, it is necessary to define a value of the hysteretic damping in order to ensure stability and accuracy of the numerical results. With this regard, a value of 1% hysteretic damping was chosen for the soil in the BEM-FEM approach.

Finally, in all the following SSI studies time-integration is performed via the Newmark integration scheme and with parameters β = 0.25, and γ = 0.5. The time-step in all FEM simulations is dt SSI ≈ 0.01 s, a value that for a maximum frequency of 8 Hz (Z/ZR models), and 5 Hz (R model) is expected to lead to relative frequency error which is less than 2% according to [START_REF] Hilber | Collocation, dissipation and [overshoot] for time integration schemes in structural dynamics[END_REF].

Finally, the dynamic excitation considered in the SSI analysis is based on the earthquake scenarios examined for the hazard analysis and the numerical prediction of the GM on the KKNPP site presented in chapter 2. For each geological profile, a total of 20 earthquake scenarios were modeled for each aftershock location (AS1 -M JM A = 4.4, and AS2 -M JM A = 3.2. Deployed approaches for Soil-Structure Interaction (SSI) modeling 132 3.5). The geometric mean of the 5%-damped spectral acceleration at the surface (Fig. 3.5b) and at the KKNPP site (center of the FEM domain in Fig. 3.6) as well as the Fast Fourier Transform (FFT) for a point close to the fault hypocenter are provided in Fig. 3.8 (results already presented in chapter 2 and reprinted here to facilitate the following analysis). For the surface GM, the blue region in the left figure of Fig. 3.8, designs the region where the model is not valid i.e. periods smaller than 1/(f max = 8 Hz) for the Z and ZR model, and periods 1/(f max = 5 Hz) for the R model. Nevertheless, for the point close to the fault's hypocenter, the representation of the Fourier amplitude can cover a frequency band between 0 -10 Hz. This is related to the fact that in the region of the fault, the minimum shear wave velocity in conjunction with the element size lead to a higher maximum frequency. However, this observation is only valid in depth and not at the surface. 

Analysis of structural response

Provided the numerical prediction of the ground motion for the KKNPP site, the analysis of structural response is examined here for different SSI methodologies. It is essential to recall that both structure and soil medium remain linear elastic for all the examined cases.

In this context, the definition of the fundamental frequencies of the structure is obtained via the use of the amplification spectral ratio (ASR) (e.g., Castro Cruz, 2018) and presented in Eq. 3.2.1. Acceleration time-histories are filtered at the respective maximum frequency of the geological model, i.e. f max = 8 for the Z/ZR model and f max = 5 for the R model, and a baseline correction is applied along with a cosine tapper (5% width) and a Konno and Ohmachi (1998) smoothing function with a parameter b = 40.

ASR = F F T {Acce T op X } 2 + F F T {Acce T op Y } 2 F F T {Acce P 1/Bottom X } 2 + F F T {Acce P 1/Bottom Y } 2 (3.2.1)
where F F T {•} is the Fast Fourier Transform of the acceleration time-histories along the X and Y direction.

Computation of the ASR is provided for different points presented in Fig. 3.5c, i.e.

Top and Bottom points of the structure and P1 on the soil surface. The ASR between Top/Bottom is used in order to evaluate the dynamic behavior of the reactor building while the Top/FF (P1) is used in order to evaluate the interaction of the structure with the soil medium. Point P1 is chosen as the reference point at the surface, and as a result presented findings are related to this specific point for the following analysis. The sensitivity of results with respect to this point should be validated but it is not examined in this part.

Comparison of numerical results for the three geological models is presented in Fig. 3.9 for the DRM case (left column in Fig. 3.9) and the plane wave solution (right column in Fig. 3.9). For each case, the mean value of the SSI frequency (Top/FF in Fig. 3.9) is provided for all earthquake scenarios for each aftershock location (AS1 and AS2) as well as for the global case (both AS1 and AS2 combined). For the frequency of the structure (Top/Bottom in Fig. 3.9), the mean value for each case is provided directly without making the distinction between the aftershock location. In addition, in the plane wave solution (right column in Fig. 3.9) the ASR for the SSI, Top/FF and Top/Bottom, are compared with the solution obtained from the BEM-FEM computation (blue and black dashed lines in right column figures in Fig. 3.9). (i) RModel.

Figure 3.9: Amplification spectral ratio (ASR) for all three geological models: DRM excitation (left column), and plane wave excitation (right column).

According to Fig. 3.9, it can be observed that the plane wave or BEM-FEM approaches provide a structural response with distinct peak values (for Top/FF or Top/Bottom) compared to the DRM case, where a larger frequency band is excited for the structure and it's interactions with the surrounding soil. For both Z and ZR models and the DRM approach the SSI (Top/FF) is amplified compared with the structures (Top/Bottom) response, while the opposite happens for the plane wave or the BEM-FEM approaches. This could be justified from the fact that in the DRM case, the frequency band of the Top/Bottom ASR is larger than the one with the plane wave, leading to a reduced amplitude for this case. A similar observation can be found for the Top/Bottom ASR of the R model.

As expected, the geological profile plays an important role in the fundamental frequencies of each case, with the Z and ZR model providing similar results for the plane wave or the BEM-FEM solution. For the DRM case the response is similar in terms of the global mean values (AS1 and AS2) while differences are found between each aftershock locations and the SSI (Top/FF) case. In addition, comparison between Z/ZR models and the R model,

shows that the more complex shallow geology (R model) with the lower values of shear wave velocity on the surface has a larger frequency range of the SSI (Top/FF) frequency compared to the Z/ZR cases.

As expected, the BEM-FEM solution for models Z and ZR is close to the plane wave solution in terms of the fundamental frequency estimation with the BEM-FEM providing an lower response in terms of amplifications, which can be partly explained from the differences in the damping of each approach. The estimation of the frequency between the plane wave and the BEM-FEM approach is larger in the R model, contrary to the other two models, which can be explained from the fact that the soil medium in BEM-FEM is described as Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure scenario generated with the RIK model.

In addition, as previously discussed in chapter 2, numerical modeling of the seismic source with the RIK model [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF][START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF] and SEM3D strongly depends on the local mechanical parameters in the vicinity of the fault region meaning that the same extended fault model would generate two different motions if placed in regions with different mechanical properties. Findings of chapter 2 showed that this is the case for the comparison between the R and ZR model (AS2 case) and both AS1 and AS2 for the comparison between Z and ZR model. With this regard, and for the aforementioned cases the relative response (Eq. 3.2.3) is presented in the following comparisons.

∆ Relative = ∆ Simulated -∆ Source (3.2.3)

Comparison R vs ZR Model

The comparison between the R vs ZR model is examined at first. In this case, geology in depth is similar between the two models with differences located at the upper layers of the region (see also section 2.2.1). Numerical results for aftershocks AS1 and AS2 are presented on Fig. 3.10 with AS2 results provided as the relative response (Eq. 3.2.3) with respect to the generated motion.

According to Fig. 3.10, the AS1 case structural response at the top and the bottom of the structure are quite similar with the response obtained at the surface even if small differences exist. Amplification with respect to the ZR model is observed around 4.3 Hz for all three components, probably related to the fundamental SSI frequency. It is around this frequency that differences between the response on the top and the one at the surface are also greater for the two horizontal components. Finally, for the Z component an amplification is always found for the ZR model. Contrary to the AS1 case, the AS2 location provides more important amplifications between the surface motion and the response of the structure (top or bottom). A similar trend is observed between the surface motion and structural response for the X and Y components, with ZR model providing a systematically higher amplification with respect to the R model and for all three components. These differences between surface motion and structural response show the importance between the definition of the motion on a single point (FF) and the one obtained on structural level after considering the complete wave-field via the DRM approach. This last observation is discussed also in sub-section 3.2.4 where the influence of the SSI approach on structural response will be discussed.

Comparison Z vs ZR Model

The total residual for the 5%-damped spectral acceleration for the Z and ZR model (same surface geology with differences in depth) is provided in Fig. 3.11. As previously discussed, it consists of a relative comparison for both aftershock locations. According to numerical results presented in Fig. 3.11, Z model has always a higher response compared to the ZR model for AS2. Soil surface and structural responses are quite similar for both geological profiles, with small differences along the Z component and for f > 4 Hz.

For the AS1 location, the Y component provides a similar trend for the surface motion and the structure, with the Z geological profile generating a higher amplification. On the contrary, structural response along the X component is higher for the ZR model even if that is not the case for the surface motion estimated on the KKNPP site. This last observation is also the case for the Z component of the signal. 

Influence of the SSI approach

One of the main aspects affected by the numerical approach chosen in order to perform SSI analysis is related to the definition of the input excitation. In this framework, two different possibilities were identified: i) a 3D complex excitation with the DRM, or ii) a simplified motion utilizing recorded data at a single point station for the plane wave solution or the BEM-FEM coupling. With this regard, the main objective of this part is to focus on the comparison between the different approaches, and to examined the effect of a 3D excitation as an input motion to the SSI analysis.

To this aim, the more realistic DRM solution is considered here as the reference case, and it is compared in the following with the full-FEM plane wave solution and the BEM-FEM coupling. Numerical results are summarized here for all three geological models (Z, ZR, and R models) as well as the earthquake scenarios presented in Fig. 3.8.

Comparison between each approach is performed for a point at the top and the bottom of the structure, and using the total residual of the 5%-damped spectral acceleration within the frequency range of each geological model: i) 0 -8 Hz for the Z and ZR model, and ii) 0 -5 Hz for the R model. In addition, a distinction is made for structural response depending on the aftershock location with results related to AS1 presented with a solid gray line while results obtained from the AS2 case are presented with a dashed line. Finally, the fundamental frequencies identified in Table 3. The comparison between the plane wave excitation with vertical incidence and the 3D complex excitation is provided at first in Fig. 3.12. In the general case, the DRM solution provides a mean response higher than the plane wave. This is valid for all three numerical models as well as both points at the top and bottom of the structure.

In addition, for the point at the bottom of the structure and for both Z and ZR model, a higher amplification is observed around the SSI frequencies for the X and Y components, something that is not the case for the point at the top where the obtained mean response has a more "constant" evolution. For the case of the R model, and after the SSI (Top/FF) frequency (∼ 2.8 Hz) a change in tendency is observed with an amplification for the R model observed around ∼ 4.3 Hz for both X and Y components. Along the Z direction a similar response is observed for all three geological models.

Even though in terms of mean value the DRM provides a higher response compared to the plane wave, certain cases can be identified where the plane wave dominates compared to the DRM. In all of these cases, at the top or bottom of the structure the excitation is provided from the AS2 location showing a dependency on the location of the excitation source. Finally, the current comparison showing that the DRM response is generally higher than the plane wave approach, describes a tendency that is in contradiction with observations found in subsection 3.2.2 for the ASR, where in terms of amplifications and based on the mean value for both aftershock locations, the plane wave is higher than the DRM (blue line between right and left figure for each geological profile in Fig. 3.9). This last can be justified from the complexity of the 3D input motion with DRM, as well as from the fact that the analysis with the ASR only accounts for the horizontal components of the signal without considering the vertical one. The latter could be related to a more complex motion involving the rotation of the structure's foundation due to the 3D excitation (i.e., directivity effects, surface waves). Further analysis need to be carried out in order to verify the aforementioned.

DRM vs BEM-FEM coupled solution

Comparison of numerical results between the DRM and the BEM-FEM coupling via the MISS3D numerical tool available with code aster [START_REF] Clouteau | MISS3D, Manuel Scientifique[END_REF][START_REF] Miss3d | General public licensed boundary element code, included in the Salomé-Méca simulation platform[END_REF] is presented in Fig. 3.13. Contrary to the previous case, the comparison between BEM-FEM and the DRM does not show a clear tendency towards one of the two approaches.

For the point at the bottom of the structure and along the X and Y components, the 
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BEM-FEM coupling has a higher amplification for frequencies < 4 Hz, while the DRM amplifies more structural response around the SSI frequencies. This observation is also valid for the point at the top of the structure where the DRM has a higher response in the Top/FF SSI frequency while the BEM-FEM amplifies more in the frequency of the structure (Top/Bottom). The Z component of the signal for both points is higher for the DRM or equal to the BEM-FEM coupling solution.

For the case of the R model and along the X and Y components, the DRM solution is higher compared to the BEM-FEM solution for frequencies higher that 1 Hz with the amplification tending to increase towards the SSI (Top/Bottom) frequency equals to 5 Hz 

Partial Conclusions

This section examines the impact of different numerical approaches, used for SSI analysis, on the structural response. Three different approaches are taken into account: i) full-FEM approach with a 3D realistic input motion definition based on the DRM, ii) full-FEM approach with a simplified plane wave excitation with vertical incidence, and iii) BEM-FEM coupling with the numerical tool MISS3D. The application of interest focuses on the reactor building of the Unit 7 of the KKNPP facility.

In the first part of this section, the basic assumptions concerning the different SSI approaches are briefly discussed along with the description of the application of interest. Several important reminders deriving from the analysis presented on chapter 2 are also provided in order to facilitate the reader. In conjunction with this description, the analysis of the soilstructure interaction system is provided in order to identify the fundamental SSI frequencies.

Main findings of this analysis showed that:

• Structure's fundamental SSI frequency (Top/Bottom) has a higher amplitude with a distinct peak value for the simplified modeling techniques (plane wave, and BEM-FEM coupling), compared to the DRM excitation. This is related to the fact that in • Similar observations can be found for the SSI frequency (Top/FF), where the DRM excitation provides a more distributed response in a larger frequency band. Comparison in terms of amplitude shows that the plane wave is higher that the DRM case (blue solid line between right and left figures in Fig. 3.9), while the BEM-FEM coupling has a lower amplitude (blue dashed line between right and left figures in Fig. 3.9).

• In terms of frequency estimation, and for the Z and ZR models, BEM-FEM coupling and plane wave provide a similar prediction for the structure (Top/Bottom) and the SSI (Top/FF). Nevertheless, more important differences are observed between the two approaches for the R model. The latter might be related to the fact that in the BEM-FEM coupling, soil is represented via a 1D soil profile, without taking into account the spatial variation of mechanical properties considered in the full-FEM approach.

• The ASR analysis takes into account the horizontal components of the recorder signal in a specific point. The sensitivity of numerical results with respect to this point of reference needs also to be examined.

In the second part of this section the influence of regional geology on structural response is examined for different earthquake scenarios. Given that the SEM-FEM coupling with the DRM approach provides a more realistic 3D input excitation the comparison is presented based only on the DRM case. Numerical results showed that:

• Comparison R vs ZR model: Structural response for the ZR model is predominant compared to the one obtained from the R model for both aftershock locations and for a frequency higher than 3.5 Hz. In addition, structural response is amplified compared to the surface motion while the response on the top is higher or equal to the one obtained at the base of the model.

• Comparison Z vs ZR model: When both models have the same surface geology, the AS2 location generates a similar trend between the surface motion and the response at the top or the base of the structure. In this case the Z model provides a higher amplification compared to the ZR. This is also true for the Y component of the signal for the AS1 location, while for the other two components X, and Z the ZR has a higher amplification for frequencies larger than 5 Hz.

Finally, in the last part of this section the different SSI approaches were compared for all three geological models and earthquake scenarios. In this framework, the more complex 3D excitation obtained via the DRM approach is considered as the reference case and a • Comparison DRM vs Plane Wave: The obtained mean value for the simulated cases showed that the DRM provides a higher 5%-damped spectral acceleration compared to the simplified plane wave excitation for both points at the top or bottom of the structure. However, in the Y and Z components of the Z and ZR model, certain cases providing a higher response for the plane wave solution and related to the AS2 location were identified. This difference is related to the propagation path of each earthquake location as well as to the proximity of the source to the examined site. Numerical observations in this case are contradictory compared to the analysis based on the ASR, where the plane wave solution provides a higher amplitude compared to the DRM.

Further analysis needs to be performed in order to identify if these "alternation" of the response is related to the complex 3D excitation and to the impact on the vertical component of the signal (i.e., rocking due to directivity effect or presence of surface waves), not accounted for in the ASR analysis.

• Comparison DRM vs BEM-FEM: As in the previous case, the DRM provides a higher response compared to the BEM-FEM coupling for higher frequencies > 4 Hz (Z and ZR model), or > 1 Hz for the R model and for the point at the base. Amplifications or change in tendencies of the response are found in this case around the SSI frequencies.

Contrary to the point at the bottom, the one at the top shows a higher response for the DRM on intermediate frequencies 1 < f < 5 Hz for the Z and ZR model. For frequencies > 5 Hz the BEM-FEM solution is either higher or equal to the DRM.

For the R model, the DRM provides a higher response for the frequencies higher than > 1.5 Hz. The difference in this case can also be justified from the fact that a simplified 1D geology is used in the BEM-FEM framework instead for the spatial definition of mechanical properties explicitly defined in the FEM simulation.

Current comparisons were based on the total residual of the 5%-damped spectral acceleration between different seismic scenarios and virtual geologies. In the general case it is found that the complex 3D excitation with the DRM provides a higher amplification on structural level compared to the other two simplified solutions. This observation is in accordance with other studies in the literature, underlying the importance of a realistic 3D motion (e.g., [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF][START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]Abell et al., 2018a;Zuchowski et al., 2018;McCallen et al., 2020a,b). Nevertheless, it is important to stress out that the obtained results are valid for the current configuration of a highly embedded building and the particular case of a near-field source (distance of 6 -14 km). Therefore, it is difficult to extend the 146 findings of this study to more general cases of far field earthquake sources where the vertical plane wave incidence hypothesis is expected to have a greater validity.

Finally, up to the current stage, the analysis focused on the response of the structure. For the specific case of nuclear power plants, safety regulations demand a rigorous evaluation of both structural and non-structural components (NSCs) (e.g., piping systems, electromechanical devises), essential for the correct operation of the facilities. The analysis of a NSC is presented in the following.

Intensity Measures for structural and non-structural components (NSCs)

The core of the Performance-Based Earthquake Engineering methodology [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF] lies in the estimation of structural performance for various seismic scenarios accounting for different levels of seismic intensity. A strong hypothesis is made, assuming that the seismic hazard (seismology) and structural response, i.e. fragility model (engineering), can be linked through a single intensity measure (IM), although vectorial PSHA is currently being proposed (Baker andCornell, 2004, 2008;[START_REF] Bojórquez | Comparing vectorvalued intensity measures for fragility analysis of steel frames in the case of narrow-band ground motions[END_REF]Gehl and Rohmer, 2018, among others). Therefore, the IM needs to be carefully selected in order to account for the seismic hazard, i.e. the severity of the ground motion on the one hand, as well as to provide an accurate prediction of structural and non structural components failure on the other hand. The goal being to compute the To this extend, in order to compute the hazard curve for a specific IM (λ IM in Eq. 3.1.2), the PBEE approach denotes that the chosen IM should possess two key properties [START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF]: sufficiency and efficiency. An IM is considered sufficient if for a given value, it provides a structural response and consequently a damage measure that is conditionally independent to the characteristics of the earthquake (e.g. magnitude and source-to-site distance). On the other hand, efficiency describes the property of providing a reduced variability in the estimation of structural response. To this aim, and in relation with the latter, the IM should be easily computed in a probabilistic framework and it should provide a variability similar or lower to other IMs estimated in a PSHA framework using the usual GMPE approach.

In this framework, several IMs have been proposed in the literature for the implementation of the PBEE approach with the most traditional (and simple) ones being the peak ground acceleration (P GA), peak ground velocity (P GV ) or the spectral acceleration at a certain period (P SA(T )). Even if these IMs are quite straightforward to compute, and existing GMPEs are largely developed for their computation in several sites of interest, it Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure is proved by many researchers that they do not always meet the efficiency and sufficiency criteria, especially for cases of nonlinear structures, or for the case where higher modes need to be taken into account for a more accurate prediction of structural response [START_REF] Cordova | Development of a twoparameter seismic intensity measure and probabilistic assessment procedure[END_REF][START_REF] Vamvatsikos | Developing efficient scalar and vector intensity measures for ida capacity estimation by incorporating elastic spectral shape information[END_REF][START_REF] Bianchini | Prediction of inelastic structural response using an average of spectral accelerations[END_REF][START_REF] Luco | Structure-specific scalar intensity measures for nearsource and ordinary earthquake ground motions[END_REF][START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF][START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF]Kohrangi et al., 2016aKohrangi et al., ,b, 2017aKohrangi et al., ,b, 2018;;Wang et al., 2018, among others).

Moreover, one should also take into consideration the fact that most of these IMs are mainly developed in order to predict structural response and do not account for floor acceleration demand [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF][START_REF] Nguyen | Optimal Earthquake Intensity Measures for Probabilistic Seismic Demand Models of Base-Isolated Nuclear Power Plant Structures[END_REF][START_REF] Tran | Probabilistic seismic demand model and seismic fragility analysis of npp equipment subjected to high-and low-frequency earthquakes[END_REF]. Nevertheless, for specific applications such as nuclear power plants (NPPs) or hospitals, the design needs are also focused on non-structural components, which require similar performance as the structural ones e.g., electro-mechanical equipment, and piping system among others. These non-structural components (NSCs) are vital for the correct operation of the facilities at stake and are mainly impacted by different engineering demand parameters (EDPs) such as drift, roof displacement and floor spectral acceleration. Nevertheless, they are not described by traditional PGA, PGV, or PSA(T) IMs.

In this framework, the average spectral acceleration [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF] (ASA), an IM studied by several researchers and acknowledged for it's efficiency to provide a good prediction for structural and non-structural components, is adopted in this studied and examined in the following for the evaluation of NSCs on the reactor building of Unit 7 at the KKNPP facility. For the sake of completeness, Table 3.4 summarizes alternative IMs proposed in the literature that could be used for the structural and damage analysis steps with the goal to evaluate structural components.

Finally, as already discussed in the introductory section of this chapter, the computation of the hazard curve in (λ IM ), demands the a priori knowledge of the annual rate of earthquakes greater than a minimum magnitude (λ 0 ) in Eq. 

Average spectral acceleration as an efficient IM for the analysis of structural non-structural components

The average spectral acceleration is a well-known IM initially proposed by [START_REF] Cordova | Development of a twoparameter seismic intensity measure and probabilistic assessment procedure[END_REF] for the study of highly nonlinear structures. Since its apparition, it was implemented in several literature studies for engineering applications [START_REF] Cordova | Development of a twoparameter seismic intensity measure and probabilistic assessment procedure[END_REF][START_REF] Vamvatsikos | Developing efficient scalar and vector intensity measures for ida capacity estimation by incorporating elastic spectral shape information[END_REF][START_REF] Bianchini | Prediction of inelastic structural response using an average of spectral accelerations[END_REF][START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF], 2015;[START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF]Kohrangi et al., 2016aKohrangi et al., ,b,c, 2017aKohrangi et al., ,b, 2018;;Wang et al., 2018, among others) where it was shown that: i) it is better adapted to describe structural response compared to the simple spectral acceleration IM at a given period P SA(T ), one of the most widely used IMs, and ii) it is well adapted to describe structural response as well as the response of non-structural components (NSCs). The efficiency of the IM for NSCs can be obtained after an adaptation of the frequency range that is taken into account (see De [START_REF] De Biasio | Intensity measures for probabilistic assessment of non-structural components acceleration demand[END_REF].

One of the major advantages of the average spectral acceleration as an IM for structural analysis lies in the fact that for a given earthquake scenario, the hazard computation can be performed based on existing GMPEs by exploiting directly their known statistical distribution (given the mean and variance expressed in a logarithmic scale). This aspect is of great importance for the acceptability and the facility of this IM for structural and NSCs analysis.

In this framework, the definition of the relative average spectral acceleration (ASA R )

proposed by De Biasio et al. ( 2014) is considered in this study. It was previously mentioned

Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure that its development was mainly focused on the nonlinear aspects of the structure. However, according to [START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF], it can be used as a robust IM for the analysis of linear elastic structures, which is the case examined here.

3.3.1.1 Relative average spectral acceleration (ASA R )

The key idea behind the definition of the relative average spectral acceleration (ASA R )

proposed by De [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF] lies in the consideration of the frequency-drop interval for the description of the IM. To this aim, the fundamental frequency of the structure is taken as a reference point, and the frequency-drop interval is taken as a percentage (R) of this fundamental frequency as defined by Eq. 3.3.1.

ASA R (f str ) = 1 f str (1 -X f ) fstr X f •fstr P SA(f, ξ)df with X f < 1 (3.3.1)
where f str is the fundamental frequency of the structure, P SA is the spectral acceleration, ξ is the damping value (5% in this case), and X f is the factor accounting for the frequencydrop.

This last parameters X f is defined based on the amount R of the frequency-drop and according to Eq. 3.3.2:

X f = 1 - R 100 (3.3.2)
where R is expressed as a percentage.

It is worth mentioning that Eq. 3.3.1 can be re-written with respect to the period as follows: proposed an IM that is better adapted to the description of EDPs mostly related to the performance of non-structural components that are prone to acceleration demands, e.g., floor spectral acceleration.

ASA R (T str ) = T str (1 -X f )
In their analyses, in order to define an IM that is independent to the dynamic characteristics of the NSC (due to the difficulty of an a priori knowledge of these elements), they adapted the initial definition of the ASA R by considering a frequency band named as "dominant frequencies interval". More precisely, the authors identified that the aspects affecting non-structural components can be expressed by a factor λ i defined by Eq. 3.3.6:

λ i = α i • Γ i (3.3.6)
where α i are the dynamic amplification factors describing the dynamic interaction between the supporting structure and the NSC, and Γ i are the horizontal modal participation factors.

This factor λ i describes the influence of the ground motion on the floor spectral acceleration impacting the NSCs. For low values of λ i the impact is negligible while that is not the case for higher values of λ i .

In conjunction with the aforementioned, De [START_REF] De Biasio | Intensity measures for probabilistic assessment of non-structural components acceleration demand[END_REF] discussed that: i) the higher horizontal participation factors Γ i are generally linked to low frequency components of the signal, ii) the dynamic amplification would be more important when there is a resonance with the NSCs frequency, and iii) higher frequencies of the structure are less likely to be excited compared to lower ones based on the frequency content of earthquakes. In this framework, it is assumed that the frequency-band ("dominant frequencies interval") affecting the non-structural component can be identified as an interval based on the fundamental frequency of the structure.

With this regard, the equipment relative average spectral acceleration (E -ASA R ) can be defined based on the modification of the initial expression for the ASA R in order to account for the "dominant frequencies interval" as expressed by Eq. 3.3.7:

E -ASA R (f str ) = 1 f str (X f -1) X f •fstr fstr P SA(f, ξ)df with X f > 1 (3.3.7)
where the parameter X f = 1 + R 100 is now > 1 and is accounting for the dominant frequencies interval.

Finally, a graphical representation of the two IMs is presented in Fig. 3.14 where the two intervals: i) frequency-drop, and ii) dominant frequencies interval are visually illustrated with respect to the fundamental frequency of the structure. 

Application of ASA 40 for an hypothetical electric cabinet

Electric cabinets are critical non-structural components widely used in the nuclear industry [START_REF] De Biasio | Intensity measures for probabilistic assessment of non-structural components acceleration demand[END_REF][START_REF] Wang | Seismic fragility analysis with artificial neural networks: Application to nuclear power plant equipment[END_REF][START_REF] Tran | Fragility assessment for electric cabinet in nuclear power plant using response surface methodology[END_REF][START_REF] Nahar | Seismic capacity evaluation of firedamaged cabinet facility in a nuclear power plant[END_REF][START_REF] Tran | Probabilistic seismic demand model and seismic fragility analysis of npp equipment subjected to high-and low-frequency earthquakes[END_REF]. Their correct operation is of critical importance as a possible failure could lead to a larger failure of the entire electrical power system of the nuclear power plant. In this context, the present analysis assumes the presence of an electrical cabinet on the last floor of the reactor building of the Unit 7 (blue star in Fig. 3.5a).

Following the description previously presented for the relative average spectral acceleration ASA 40 , this IM is now used in order to evaluate the response of this cabinet. To this aim, the ASA 40 is computed as the geometric mean of the two horizontal components (X and Y direction) of the signal as denoted by Eq. 3.3.8: 

ASA L 40 = ASA L 40,X • ASA L 40,Y (3. 
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where the superscript L = Equipment/Surface is used in order to define the way that the ASA 40 is computed. For the Surface case, Eq. 3.3.4 is directly applied to the 5%-damped spectral acceleration obtained from the SEM3D regional simulation at the KKNPP site. The point of reference at the surface is located at the center of the FEM domain (left in Fig. 3.15)

and the fundamental frequency of the structure identified in Table 3.3 are directly used in this case.

On the contrary, for the computation of ASA 40 for the Equipment, the methodology described by Wang et al. ( 2018) is followed here. With this regard, a fundamental frequency for the electrical cabinet is supposed to be equal to f Equipment = 4 Hz, and the ASA Equipment Based on the aforementioned description, the case of a hypothetical electric cabinet is examined in the following, in order to evaluate the influence of the SSI approach as well as the effect of regional geology. Numerical results are presented for all earthquake scenarios examined previously for the analysis of structural response, which are events of small magnitude, M JM A = 4.4, and 3.5. In this framework, the obtained values are expected to be small for the EDP parameter.

Influence of the SSI approach

The alternative SSI approaches presented in section 3.2 are considered and numerical results are summarized in Fig. 3.16 for each SSI approach, geological model and aftershock location (circle points for AS1 and crosses for AS2).

According to Fig. 3.16, the DRM solution provides higher values for the EDP parameter compared to the BEM-FEM and plane wave solution. This is valid for the AS1 location and for the AS2 location for the Z and ZR model. Nevertheless, for the R model and the AS2 location the BEM-FEM coupling has a higher EDP value compared to the DRM.

As expected, the smaller magnitude earthquake event related to the AS2 location, provide lower EDP values compared to the stronger event of the AS1 location and for all seismic scenarios. For the same AS2 location, and models Z and ZR, the DRM provides a higher response compared to the other two approaches, which is not the case for the R model, where MISS3D has a higher value compared to DRM. For the AS1 location with higher EDP values, the DRM solution is always predominant for a given surface motion and compared to the other two cases. This is an important observation showing that a realistic 3D input motion excitation based on plausible seismic scenarios can lead to higher spectral accelerations.

Finally, as expected the plane wave solution and MISS3D solution provide close results with the MISS3D solution being closer to the DRM prediction than the plane wave. Differences between plane wave and MISS3D are smaller for the Z and ZR models and more important for the R model (heterogeneous FEM domain). 

Influence of regional geology

The impact of the regional geology model is examined with respect to the average spectral acceleration. The comparison between the different methodologies for SSI analysis showed that the DRM solution provides the higher response for the electric cabinet in terms of
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. With this regard, only the DRM solution is considered here and numerical results are compared with respect to the regional geology used in the SEM3D simulation.

Numerical results are presented in Fig. 3.17 for all cases. It can be observed that for the AS1 location, the ZR model has higher EDP values, followed by the Z model and then the R model. Contrary to AS1, at the AS2 location it is the Z model that has higher EDP values, followed by the R model and finally the ZR model. As already discussed in chapter 2, for the AS2 location the generated motion with the extended fault is not the same between the different geological profiles due to the differences of mechanical properties in the vicinity of .17: Average spectral acceleration (damping 5%) for the impact of regional geology on NSCs.

Partial conclusions

The description of the relative average spectral acceleration [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF] as an efficient and sufficient intensity measure (IM) for the evaluation of non-structural components was examined in this part. The hypothetical case of an electric cabinet was considered, in order to evaluate the impact of the SSI methodology as well as the impact of the regional geological model used to represent the region of interest.

Main conclusions of this part are summarized as follows:

• Impact of the SSI methodology: It is found that for the specific case of interest, the more complex 3D input excitation ensured via the SEM-FEM weak coupling and the DRM approach provides a higher response compared to the simplified solutions of a plane wave with vertical incidence and the BEM-FEM coupling. Once again, this finding is strongly related to the examined case of a near-field earthquake scenario with a highly embedded structure and it cannot be generalized to other cases without further investigation.

• Impact of regional geology: The response obtained via the DRM case, which provided the highest response between the examined approaches, was compared for the three geological structures. According to the obtained results, the ZR model with the more complex regional geology and the presence of the folded structure at the surface provides the higher response for most of the examined cases and for the AS1 location.

Up to now the analysis examined the impact of several important aspects: i) SSI approach, ii) geology of interest, and iii) complexity of the earthquake source model. The analysis was based on physics-based earthquake simulations for source-to-structure wave propagation with the main ingredient being the SEM-FEM weak coupling, based on the domain reduction method approach.

Based on the aforementioned description of the IM and the adopted SSI approaches, the CCDF for the engineering demand parameter can be computed for the electric cabinet.

Nevertheless, in order to compute this CCDF, a large number of numerical simulations is necessary. In the following, and given the time consuming character of source-to-structure 3D PBS (∼ 10 hours for the complete chain), a simplified approach based on synthetic Green's functions (SGF) is adopted in order to accelerate the source-to-structure computation.

3.4 Towards a simplified approach for a 3D seismic input DRM motion definition

Chapter 2 and the first part of the current chapter presented the analysis of several important aspects of 3D physics based simulations (PBS) related to the uncertainty of the sourceto-structure wave propagation. Parameters related to the fault rupture mechanism, the geological description of the soil medium as well as soil-structure interaction were identified and examined in order to evaluate the impact of each parameter on structural response and spatial variability of seismic ground motions. Nevertheless, even-though 3D PBS can be a powerful tool to tackle source-to-structure wave propagation, their "setting up" for everyday engineering applications is of crucial importance and might play a negative role in the willingness for the adoption of these type of approaches.

The main parameters incommoding this "setting up" of the numerical PBS model are related to: i) the availability of important information concerning the source and geological model, ii) the complexity of the numerical tools to be deployed for the numerical simulation, and iii) the availability of the necessary resources in terms of computational power and time.

The later becomes an even more pressing mater when a large number of computations needs to be deployed in order to account for a seismic hazard assessment in a probabilistic framework [START_REF] Berge-Thierry | Challenges Ahead for Nuclear Facility Site-Specific Seismic Hazard Assessment in France: The Alternative Energies and the Atomic Energy Commission (CEA) Vision[END_REF], 2019), which is also discussed in the PBEE methodology [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF].

In this framework, the need for high-fidelity and computationally efficient numerical tools appears to be of crucial importance for engineering applications. The main goal of this section focuses on an alternative approach allowing to estimate source-to-structure wave propagation by accounting for soil-structure-interaction in a more efficient yet accurate way. The fundamental idea lies in the use of classical Empirical Green's function (EGF) as it was proposed by [START_REF] Hartzell | Earthquake aftershocks as green's functions[END_REF]Irikura, 1986, among others) with the main difference being that in this specific context, the Green's function is generated based on a numerical simulation [START_REF] Kamae | A technique for simulating strong ground motion using hybrid Green's function[END_REF][START_REF] Causse | New approach for coupling k-2 and empirical Green's functions: application to the blind prediction of broad-band ground motion in the Grenoble basin[END_REF][START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF]Castro-Cruz et al., 2021b, among others). Following the denomination adopted by [START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF], the numerically simulated Green's function are to be called hereafter as Synthetic Green's Functions (SGF). The advantages of using a numerically generated Green's function are twofold: i) the incorporation of a complex geology and topography, presented in the regional numerical model, and ii) the acceleration of the computational time for the estimation of The traditional EGF theory, initially proposed by [START_REF] Hartzell | Earthquake aftershocks as green's functions[END_REF]; [START_REF] Irikura | Prediction of strong acceleration motions using empirical green's function. 157 JCSS[END_REF] was developed in order to provide an estimation of a broadband earthquake response based on actual recordings registered in a specific site of interest, and generated by low magnitude aftershocks. More precisely, the EGF method assumes that an earthquake response (Y weak (f ))

and the source term (S weak (f )) for a known point-wise weak event, can be related through an empirical Green's function as described by Eq. 3.4.1:

G emp (f ) = Y weak (f ) S weak (f ) (3.4.1)
In addition, it is assumed that an earthquake response related to a strong ground motion and another one related to a weak ground motion can be expressed as a fixed ratio R =

Ystrong(f ) Y weak (f ) . This ratio R is estimated based on scaling laws (e.g., [START_REF] Kanamori | Theoretical basis of some empirical relations in seismology[END_REF] and theoretical source spectra (Aki, 1967, among others) and it allows to provide an estimation of an unregistered broadband earthquake response at a site of interest. In the following, and in order to compute the SGF, a reference simulation is performed with SEM3D serving as the weak ground motion response. In this framework, the response of a strong event (Y strong,syn (f )), is provided based on Eq. 3.4.2:

Y strong,syn (f ) = G syn (f ) • S pulse (f ) • S strong (f ) S pulse (f ) = Y weak,syn (f ) • S weak (f ) S pulse (f ) (3.4.2)
where G syn (f ) is the Synthetic Green's Function (SGF) directly obtained from a SEM3D simulation, S pulse (f ) is the source term for a computation of reference simulated with SEM3D, S Strong/weak (f ) is the source term for the strong/weak events respectively, and (Y weak,syn (f ))

is the response of the weak event simulated in SEM3D. According to Eq. 3.4.2, the knowledge of Y weak,syn (f ) and the ratio S weak (f ) S pulse (f ) allows the computation the response for a new strong event Y strong,syn (f ). Nevertheless, the main hypothesis of the method lies in the fact that the earthquake is represented via a point-wise source. In order to use the methodology for the case of an extended fault, a correction needs to be made on the computation of the SGF for the different sub-sources on the fault plane.

This correction assumes that the solution for the extended fault case (Y ext,syn (f )) can be expressed as a summation of the "corrected" weak event response (Y c weak(j),syn (f )) for all the points j on the fault plane and following the expression of Eq. 3.4.2:

Y ext,syn (f ) = n j=1 Y c weak(j),syn (f ) • S strong(j) (f ) S weak(j) (f ) (3.4.3)
In addition, the corrected solution (Y c weak(j),syn (f )) proposed by [START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF], is provided with Eq. 3.4.4:

Y c weak(j),syn (f ) = Y weak(j),syn (f ) • A j • exp (2πf t j ) • exp -πf (R st(j)-ss -R t(j)-ws(j) ) Q S • f α • V S (3.4.4)
where t j is a lag-time to account for the different positions on the fault plane, A j is geometrical spreading factor, the product Q S • f α expresses the quality factor with α an adjustable parameter. The expression of the lag-time for the j sub-source is given by Eq. 3.4.5: 3.4.5) where D st(j)-ss is the distance between the j sub-source and the station of interest, and D st(j)-ws(j) the distance between the j sub-source and the position of the weak point-wise source. Finally, the parameter A j is defined by Eq. 3.4.6:

t j = D st(j)-ss -D st(j)-ws(j) V S ( 
A j = R st(j)-ws(j) R st(j)-ss γ (3.4.6)
where γ an adjustable parameter. For all the following cases the α, γ and Q S were chosen equal to 2, 0.5 and 400 respectively.

The SGF approach is deployed in the following in order to examine a series of earthquake scenarios for the KKNPP facility. However, the aforementioned correction consists of an approximation, introducing an error in the final estimation. This important aspect is discussed in the following. A more detailed description of the SGF is discussed in [START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF]Castro-Cruz et al., 2021b, among others).

Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure

Numerical verification of the SGF approach: A comparison with the SEM3D simulation

In order to get accounted with the SGF approach a numerical verification is presented in this part. In this framework numerical results between an SGF computation and a full SEM3D computation are examined for two different cases: i) double couple-point source, where a perfect correspondence is expected between the two numerical approaches, and ii) the extended fault excitation, where a difference is expected between the two numerical approaches. In addition, and in order to be consistent with the SEM-FEM coupling methodology adopted in the previous parts of this work, results obtained from the SEM/DRM coupling are to be compared with: i) a direct SGF approach for a point at the top of the structure, but ii) also to a response obtained adopting a SGF/DRM coupling. In this last part the SGF is used in order to replace the regional wave propagation with SEM3D, directly defining the kinematic excitation on the boundary of the reduced domain. A schematic representation of the different approaches is presented in Fig. 3.18. The interest in considering an SGF/DRM weak coupling instead of simply estimating structural response via a direct SGF is mainly related to the possibility of considering a nonlinear behavior for the soil domain. More precisely, the SGF approach may serve in order to define a 3D input motion as an input excitation to a nonlinear SSI model (mimicking this way the "auxiliary" domain problem in the first step of the DRM approach). For the linear case examined here, the SGF/DRM weak coupling and the SGF approach are expected to 3.4. Towards a simplified approach for a 3D seismic input DRM motion definition 160 provide similar response and thus a direct SGF can be used to estimate structural response.

Nevertheless, in the next part of the numerical verification, the case of an SGF/DRM coupling is also taken into account and compared with the SEM/DRM and the direct SGF approach in order to: i) demonstrate the feasibility of the SGF/DRM weak coupling, and ii) to verify that indeed SGF and SGF/DRM provide a similar response for the linear case.

Numerical verification of the SGF approach is presented for the application of the KKNPP previously studied in sub-section 3.2.1. Even though three geological structures were previously considered, the present verification focuses on the Z geological model for the description of material properties in SEM3D. In a similar way, the analysis only focuses on dynamic excitation sources presented in AS1 (see also Fig. 3.4 and Table 2.3).

Finally, as previously stated a reference simulation with SEM3D and for a pulse excitation needs to be realized for the generation of the SGF. The source time function as well as the source spectrum are provided in Fig. 3.19. The time shift of the pulse is chosen here equal to t 0 = 0.1 s and the characteristic time equal to τ = 5 s. 

Double-couple point-source excitation

The efficiency of the synthetic Green's function (SGF) coupled with the finite element method and code aster via the DRM approach is examined at first for the case of a doublecouple point-source numerically modeled in SEM3D. The characteristics of the point-source are the ones corresponding to the AS1 and given in Table 2.3. Numerical results obtained from the SEM3D simulation are coupled with code aster via the DRM approach in order to define the dynamic excitation as an input to the soil-structure interaction model (SSI) and evaluate structural response. In a similar way, the SGF method is used here in order to evaluate the dynamic excitation on the boundary of the reduced domain replacing in this way the first part of regional propagation with SEM3D.

Comparison of numerical results between the SEM/DRM weak coupling and the SGF/-DRM weak coupling for a point at the surface and the top of the structure are presented in Fig. 3.20 for the 5-% damped spectral acceleration. In addition, the direct response using the SGF for the same points is also given in this figure where a good agreement can be observed between the three different approaches. Similar conclusions can be drawn when structural response is compared in terms Goodnessof-Fit (GoF) and the criteria [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] (2006,2009).

Finally, in order to show the advantage of using the SGF instead of the SEM approach for regional wave propagation, the numerical performance of the regional computation with respect to the number of MPI processes used for the computation is presented in Fig. 3.22.

These results are valid for the case where the simulation of reference is already performed with SEM3D in order to compute the SGF. It can be seen that the SGF allow to divide the computational time by a factor of ∼ 7 for 600 MPI processes. Consequently, it is clear that the SGF approach for a point-wise excitation can provide accurate and exact results while ensuring at the same time an important acceleration of the computational time even for the case where the kinematic field is computed in all the points of the boundary of the reduced domain. However, this numerical performance is related to the specific size of the DRM domain, in terms of interface nodes where the kinematic fields are computed. For a larger domain, the SGF CPU Time is expected to increase while no particular impact is expected for the SEM3D simulation. Finally, it is worth mentioning that for the particular case where the SGF is used directly in order to estimate the response at a certain point of the structure, the computational time is decreased in the order of ∼ 5s. 

Extended fault excitation

The second verification case is based on the extended fault excitation. In this framework, an adaptation of the traditional SGF approach, initially developed for a point-wise excitation, is necessary in order to approximate the extended fault solution [START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF][START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF]. With this regard, the reference numerical model with SEM3D is performed for a point placed at the hypocenter of the extended fault. The estimation of the SGF for each sub-source on the plane of the fault is computed considering a correction based on the distance of each sub-source from the station of reference (top of the structure, surface or station on the DRM boundary), as well as the distance between the same sub-source and the location of the point-wise reference computation (fault's hypocenter in this case). Given that this correction is based on an approximation with distance, the estimated solution is not expected to be the exact solution of the problem.

The analysis for the point-source excitation showed that the SGF approach and the SGF/DRM approach provide similar results. Consequently, only the direct SGF is compared with the SEM-FEM results. Solutions at the surface (point at the surface and the center of the reduced domain -KKNPP site) and the structure (point at the top) are presented in Fig. 3.23 in terms of total residuals of the 5%-damped spectral acceleration and for all the earthquake scenarios already modeled in SEM3D. As expected, according to Fig. 3.23 direct SGF and the SEM/DRM do not provide the same solution either at the surface or the top of the structure, due to the approximations in the correction introduced on the estimation with SGF approach. To overcome these approximation errors, more than one reference point-source simulations should be numerically solved with SEM3D. This would allow to divide the extended fault plane and decrease the approximation error related to the distance of the several sub-sources and the solution of reference with the pulse. This configuration is outside of the scope of the present work but is to be evaluated in the future in order to increase the accuracy and performance of the method.

Partial Conclusions

The synthetic Green's function methodology was examined in this section for a case of a point-wise source excitation as well as for an extended source model. Important findings of this part are summarized as follows:

• Point-source excitation: As expected, the obtained response between the direct SGF, the weak coupling SGF-DRM and the SEM-DRM provide a good agreement for this simple case. Consequently and given the linear elastic soil behavior, in the following only the direct SGF approach was used for the comparisons of numerical results. In addition, comparison of the CPU time between the SGF approach and the SEM computation on the regional domain showed an acceleration with the SGF method up to ×7 faster for the case of a parallel computation with 600 MPI processes.

• Extended fault excitation: Estimation of numerical results via the direct SGF approach lead in this case to an overestimation at the surface and structural response. This Even if an important error is introduced by the approach for the extended fault case, the current methodology is used in the following as a type of "reduced-order model" in order to accelerate the source-to-structure computation.

Impact of the excitation source on NSCs: The SGF approach

In this last part of the chapter, the SGF approach is directly used as a reduced-order model in order to evaluate the dynamic impact of the electric cabinet previously studied in section 3.3, and for a series of plausible earthquake scenarios. It was shown in section 3.3 that the more important response was obtained for the AS1 aftershock location which is the one considered in this section. In addition, following the description provided in chapter 2, the advanced RIK kinematic source model is used in order to generate a series of extended fault earthquake scenarios. The parameters for the generation of these cases are provided in Table 3.5. According to Table 3.5, the parametric input values are related to the random seed impacting the heterogeneity of the slip, the slip pulse width and the rupture velocity. A total of 100 earthquake scenarios are simulated for each geological structure Z, ZR, and R Models. Given the extended number of the simulations, the examined approaches here are the direct SGF (via SEM/DRM) as well as the MISS3D solution.

Parameters Values

Fault

An important advantage of the BEM-FEM coupling lies in the fact that once the dynamic impedance is computed for a reference model, the last part of the computation for the estimation of structural response is much less time consuming (in the order of minutes). This is not the case for the full-FEM approach, where the computation is more time-consuming and thus prohibitive for the analysis of a large number of simulations. Consequently, only the MISS3D solution is compared here with the direct SGF approach. The input excitation for MISS3D approach is retrieved at the surface of the KKNPP site and via a direct SGF computation. Based on the comparison between the total residual of the 5%-damped spectral acceleration (Fig. 3.23), the estimation error between motion at the surface and at the top of the structure is supposed similar for both cases.

Impact of the SSI approach

The impact of the SSI approach is examined at first. As in section 3.3, the relative average spectral acceleration at the surface and the equipment are directly computed for the two different approaches and numerical results are presented in Fig 3 .24. It can be observed that the SGF solution incorporating a more complex soil-structure interaction (3D input excitation with the DRM approach) provides a higher response compared to the vertically propagating plane wave considered by the BEM-FEM coupling and MISS3D. This is in correspondence with previous findings obtained from a direct SEM3D analysis (see also Fig. 3.16). Finally, differences between the SGF and BEM-FEM solution are less important for the Z and ZR model compared to the R model, which is probably related to the simplification of the soil medium in the BEM-FEM approach (1D soil profile). 

Impact of regional geology

Following the comparison described for the impact of the SSI approach, the impact of the regional geology is examined here. As the direct SGF provide a higher response, numerical results are only presented for this case and for all three geological models. According to Fig. 3.25, the obtained response for the electric cabinet is predominant for the ZR model, lower for the Z model and less important for the R Model. 

Complementary Cumulative Distribution Function (CCDF)

Based on numerical results obtained from the different seismic scenarios simulated with the SGF, and as already discussed in the introductory section of this chapter, the complementary cumulative distribution function (CCDF) for the relative average spectral acceleration of the 

Influence of the AS2 magnitude

In order to conclude the analysis for the electric cabinet, the effect of the magnitude of the AS2 aftershock location is examined here. Given the characteristic dimensions of the extended fault model used in these studies, it is possible to numerically model an M JM A = 4.4 earthquake scenario for the AS2 location. In this framework, a series of 100 earthquake scenarios are generated via the RIK model as for the case of AS1 but for a magnitude of M JM A = 4.4. In addition, according to the previous analysis with the CCDF, the geological profile providing the higher CCDF value for the same threshold of ASA Equipment Nevertheless, a higher dispersion of numerical results is observed for the AS2 location compared to AS1. In terms of the probability function, CCDF for the AS1 location provides higher value (≈25%) compared to the AS2 (≈12.5%), meaning that for the given threshold the probability of failure is higher for the AS1 location compared to the AS2. 

Partial Conclusions

The impact of a series of 100 earthquake scenarios numerically modeled with the direct SGF approach were examined in this part. As in the previous cases, the earthquake scenarios were modeled with the RIK kinematic source model. The estimation of structural and surface responses were obtained by deploying the SGF approach. The BEM-FEM coupling was also used in this framework given its numerical performance compared to a full-FEM simulation.

To this extend, a comparison was examined in order to evaluate the dynamic response of the electric cabinet studied previously in the SEM-FEM coupling. Main findings of this section are summarized as follows:

• The direct SGF approach provides a higher response for the electric cabinet compared to the BEM-FEM coupling approach, meaning that in the specific framework of a near-field source the more complex excitation of the DRM (incorporated in the direct SGF) leads to a higher amplification for the electrical devise.

• The ZR geological model, combining the complex regional geology and the presence of the folded structure on the surface provides a higher response compared to the other two models.

• Both of the aforementioned observations are in accordance with the findings obtained when the analysis was performed with SEM3D instead of the SGF approach. In this framework, it is important to remind that a systematic approximation error is induced using the SGF approach due to the adaptation of the methodology for the extended fault case.

• Assuming a hypothetical damage level for an average spectral acceleration of the electric cabinet that is equal to ASA Equipment 40 = 0.5 g, the CCDF increases for the Z and ZR model with ZR presenting the highest values.

• For the ZR model, and assuming the same earthquake magnitude M JM A = 4.4 and a threshold of ASA Equipment 40 = 0.5 g, the AS1 location has a higher probability of failure compared to the AS2 aftershock location.

Finally, the main goal of this part was to propose an opening towards a simplified approach that combines both the incorporation of a detailed regional geology modeled in SEM3D and ensuring better numerical performance. Therefore, results presented in this section consider a hypothetical electric cabinet in order to demonstrate the capabilities of the proposed methodology.

Discussion

The numerical analysis performed in this chapter is based on the following assumptions:

1. Seismic ground motion is directly imposed from the numerical results obtained by hazard analysis in order to evaluate the structural response. Given that both scenarios are low magnitude earthquakes, the goal of this chapter is to present the methodology for the source-to-structure propagation and the estimation of CCDF for non-structural components of interest (e.g., electric cabinet). 3. The amplification spectral ratio (ASR) for each case and for each geological profile is computed in order to evaluate the fundamental frequencies of the system: i) SSI -Top/FF, and ii) structure -Top/Bottom. For the SSI (Top/FF) frequency the FF is chosen at a fixed point. Further investigations are necessary concerning the sensitivity of numerical results with respect to this point. 5. Synthetic Green's Function (SGF) are deployed here as a reduced-order modeling technique allowing to accelerate the source-to-structure computation. They are computed based on a SEM3D reference computation. Even if their initial formulation is based on a point-wise event, an adaptation is provided for the extended fault case [START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF][START_REF] Castro-Cruz | High-fidelity broadband prediction of regional seismic response: a hybrid coupling of physics-based synthetic simulation and empirical Green functions[END_REF]. This adaptation introduces important approximation errors due to a correction by distance for the extended fault source model, and further analysis needs to be performed in order to increase the accuracy of the method.

6. Based on the SGF formulation, a total amount of 100 earthquake scenarios are examined for the AS1 aftershock location in order to evaluate the dynamic response of the electric cabinet. The cumulative distribution function of the relative average spectral acceleration is computed in this case for each geological model and a direct SGF approach or the BEM-FEM solution. A threshold of ASA Equipment 40 = 0.5 g was chosen for this case.

7. The influence of the AS2 magnitude is examined by considering that an earthquake scenario equal to the one of the AS1 location (M JM A = 4.4). Since the ZR model is found to provide the higher response compared to the other two geological models, the analysis focuses only on the ZR geological profile. A total of 100 new earthquake scenarios are generated and compared to the results obtained for the AS1 location.

The CCDF is computed for this specific case.

As in the case of the hazard analysis, here also the goal is to propose a robust methodology allowing to estimate structural response and to perform damage analysis for structural or non-structural components. With this regard, based on the type of structure that needs to be examined, alternative IMs (assumption 4) can be examined based on the needs of the study.

The "setting-up" of the SEM-FEM coupling based on the DRM approach and extensively discussed in chapter 1 provides the possibility to account for a 3D complex wave-field as an input to the SSI model. With this regard, the spatial variability of the input signal can explicitly account for directivity effects, which is not the case for a GM defined locally at one single point and imposed via a vertical incidence wave field (assumption 2). In addition, the full-FEM approach allows for a direct integration of non-linear soil behavior, which can be more difficult to integrate in a BEM-FEM framework (assumption 2). Finally, a parametric study can also be performed on the sensitivity of numerical results depending of the point where the excitation is retrieved from the SEM3D simulation for both BEM-FEM coupling and plane wave solution.

SGFs are used here as a reduced-order modeling technique to accelerate the sourceto-structure computation. In order to correct the estimation for the extended fault case (assumption 5) more than one reference computations can be performed with SEM3D. In addition, based on current implementations, the SGF approach can be directly deployed for any seismic scenario identified in the region of interest (assumption 6). Depending on the position of interest the influence of the earthquake magnitude can be examined (assumption 7), provided that the dimensions of the modeled extended fault are adequate for the simulation of the rupture process. Provided a seismic GM corresponding to higher magnitude earthquakes, it is possible to identify a more realistic threshold value for the analysis of structural or NSCs (assumption 6). To this extend, the proposed approach can be directly applied for larger earthquake scenarios, necessary for high safety standard of critical infrastructures (nuclear power plants, dams, bridges, hospitals etc.).

Conclusions and Perspectives

In the second step of the performance based earthquake engineering methodology [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF], structural analysis is performed in order to evaluate different engineering demand parameters (EDPs) conditioned on a predefined intensity measure (IM) obtained from the hazard analysis of the first step. Following the ideas developed in chapter 2, where the seismic hazard of the region of Niigata was examined for different regional geologies and earthquake scenarios, this chapter focuses on the structural response of the reactor building from Unit 7 of the Kasiwazaki-Kariwa nuclear power plant and the damage analysis of a non-structural component (i.e., a hypothetical electric cabinet).

The first part of the chapter focuses on the most common engineering approaches used in order to perform soil-structure interaction (SSI). Three different cases were identified and compared in this work (see also Fig 3 .2):

• Full-FEM with DRM: The full-FEM approach with a 3D realistic seismic wave excitation obtained through a SEM-FEM weak coupling and based on the domain reduction method (DRM) approach.

• Full-FEM with plane wave: The full-FEM approach with a plane wave excitation imposed at the base of the finite element model. The borehole input motion was retrieved directly from the SEM3D computation at a regional scale.

• BEM-FEM coupling with MISS3D: The BEM-FEM coupling with a surface input motion excitation directly retrieved from the SEM3D regional simulation.

Comparison of numerical results between the different approaches was performed in terms of total residuals for the 5%-damped spectral acceleration and for points at the top and bottom (foundation) of the structure as well as at the surface. Numerical analyses showed that the presence of the folded surface geology plays a crucial role at the structural response, leading to a higher values for the 5%-damped spectral acceleration compared to the surface motion (Fig. 3.10). Comparison between the different SSI approaches shows that the DRM provides a higher response compared to the other two approaches. This aspect is clearer for the plane wave solution than the MISS3D simulation. The evaluation of structural response depends also on the location of the excitation source (AS1 or AS2), which was also identified for the surface motion.

Going back to the PBEE methodology, the second part of this chapter focuses on the intensity measures used for the analysis of structural response. The relative average spectral acceleration ASA 40 proposed by De [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF] and used in several studies [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF], 2015;[START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF]Wang et al., 2018, among others), is considered here in order to study structural response. Following the same comparison presented in the previous part of the chapter, the impact of the SSI methodology and the regional geology on the dynamic response of an electric cabinet is examined in terms of the more adapted IM, ASA 40 . Based on this comparison, the DRM approach provides once again higher values for ASA 40 for the case of the electric cabinet (Fig. 3.16), meaning that the 3D excitation has a higher impact on the seismic response of the cabinet. The latter could be expected provided the configuration of the problem, where the structure of interest is highly embedded and a stronger interaction is expected with the surrounding shallow layers of the soil.

Finally, in last section of the chapter an alternative approach presented as a "reducedorder modeling" technique is examined here in the framework of synthetic Green's function (SGF) used in order to replace the regional wave propagation. Their main advantage lies in the incorporation of the detailed geology modeled in SEM3D while providing a faster solution. In the first part of the section it was shown that similar numerical results are obtained from the SEM-FEM coupling, the SGF-FEM coupling and the direct SGF approach for the prediction of structural response subjected to a point-source excitation. As expected for the extended fault source model, an approximation error was identified between the SEM-FEM and the direct SGF. This error is related to the correction of the SGF approach in order to approximate the several sub-sources on the extended faults plane using only one point of reference.

Nevertheless, even if the approximation error was recognized in the last part of this chapter, the SGF approach was directly used in order to model a series of 100 plausible earthquake scenarios for the AS1 location. Comparison was presented for the case-study of the electric cabinet using the average spectral acceleration as in the previous case. Observed findings for the impact of the SSI approach and the regional geology correspond with the ones obtained from the SEM3D analysis: i) the DRM approach provides a higher amplification for this specific framework of a near-field excitation, and ii) the ZR model provides a higher response for the electric cabinet compared to the other two models. At the end of this chapter the complementary cumulative distribution function was also presented and showed similar trends as the ones previously discussed.

Some aspects of the model can be refined or modified when required to capture specific characteristics of the seismic environment or the used system. Finally, it should be noted that the above conclusions are based on the results corresponding to geological and structural model, and ground model adopted in this work.

Chapter 4

Conclusions and future research

This final chapter summarizes the findings and the conclusions of this work. Even if partial conclusions were already given through the dissertation, the main obtained results are highlighted herein and discussed in the light of their contribution to the main research objectives presented in the general introduction of this document. Future research directions are outlined in the last section of this conclusive chapter.

Summary and main conclusions

The main objective of this work was to develop a robust numerical coupling tool, and a methodology allowing to numerically quantify seismic ground motions (GM) and soilstructure interaction (SSI) in a finite element framework with code aster. To achieve these scientific and industrial objectives, the need to develop a high performance SEM-FEM weak coupling for the source-to-structure wave propagation was identified and addressed. The developed numerical coupling was then used in a performance-based earthquake engineering (PBEE) [START_REF] Porter | An overview of peer's performance-based earthquake engineering methodology[END_REF][START_REF] Günay | PEER performance-based earthquake engineering methodology, revisited[END_REF] framework for a site-specific application, in order to demonstrate the feasibility of the complete source-to-structure propagation chain using 3D physics-based simulations (PBS) in a industrial context.

The implementation and numerical verification of the SEM-FEM weak coupling based on the domain reduction method (DRM) approach [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF] was presented in chapter 1. Main conclusions of this chapter are summarized as follows:

• Numerical verification is provided for a canonical case, admitting a complex excitation source in the SEM domain (i.e., extended finite fault), and an heterogeneous soil medium on the SEM-FEM coupling domain (reduced domain problem).

• Verification is provided by comparing a full-SEM simulation towards the SEM-FEM coupling. Provided that the auxiliary domain problem is the same as the problem of reference, the computation of the equivalent nodal forces is the exact solution of the problem and as a result SEM-FEM and full-SEM provide the same free-field response.

• An optimization approach based on digital signal processing (i.e., decimation/re-sampling and anti-aliasing filter) allows to speed-up the computation in terms of CPU time and optimize storage needs for the source-to-site wave propagation, while maintaining the same level of accuracy of the numerical solution.

• The coupling was also verified for the case where mechanical properties are defined using a not-honoring approach both in SEM and FEM analysis.

• Concerning the size of the finite domain modeled for the SSI analysis, one of the most common choices consists of considering the boundary where the forces are applied at a distance that is equal to one time the size of the foundation as it was proposed by [START_REF] Sinha | 3-d non-linear modeling and its effects in earthquake soil-structure interaction[END_REF]Wang et al., 2017a;Wu et al., 2020, among others). Nevertheless, a starting point of all these studies is the adoption of an elasto-plastic soil behavior with an associated Rayleigh damping for the soil media. When no material damping is considered for the soil medium in the FEM analysis, it was observed that a domain size with lateral boundaries ∼ 4×λ S , where λ S the minimum wavelength inside the domain, is sufficient to represent accurately the structural response. This observation is also in accordance with findings presented by (Poursartip et al., 2017b, among others).

• For the examined case with a trapezoidal basin (based on CAN4 simowine [START_REF] Chaljub | 3-d numerical simulations of earthquake ground motion in sedimentary basins: testing accuracy through stringent models[END_REF][START_REF] Hollender | Euroseistest verification and validation project: an international effort to evaluate ground motion numerical simulation relevance[END_REF]), it was found that the 3D input excitation with the DRM provides a higher response and a more complex wave field (i.e., surface waves) compared to a 1D simplified plane wave with vertical incidence propagation. Similar observations were observed in (Abell et al., 2018a;McCallen et al., 2020a,b, among others) Using the SEM-FEM weak coupling simulation tool, a source-to-structure analysis is performed in the framework of the PBEE methodology. For illustration purposes, the case of the Kashiwazaki-Kariwa nuclear power plant (KKNPP) in Japan is considered as the site of interest. The analysis is performed in two separate chapters 2 and 3, for the hazard and structural/damage analysis respectively.

The hazard analysis for the region of Niigata is examined using the SEM approach for the numerical prediction of the free-field ground motion. The analysis considers different geological profiles and earthquake events in order to evaluate the influence of the regional/local geology and the excitation source on the estimated ground motion (GM). Seismic source is modeled using the RIK kinematic extended source model [START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF][START_REF] Gallovič | Modeling Velocity Recordings of the Mw 6.0 South Napa, California, Earthquake: Unilateral Event with Weak High-Frequency Directivity[END_REF] and numerical results are compared for the free-field motion on the KKNPP site. Main observations of this chapter are summarized as follows:

• The generated motion from the extended fault model strongly depends to local mechanical parameters in the vicinity of the fault region, meaning that the same parameters for the RIK model may result on a different source based on the region of the 3D domain. This is an important observation that hinders the comparison of numerical results at the surface.

• Variability of the source highly influences the free-field GM. Heterogeneity of the slip distribution is found to be an important parameter having an important impact to all the frequency band of interest [START_REF] Miyake | Source Characterization for Broadband Ground-Motion Simulation: Kinematic Heterogeneous Source Model and Strong Motion Generation Area[END_REF][START_REF] Causse | Source inversion validation-green's functions test[END_REF]Beresnev, 2017, among others). Rupture velocity and directivity influence mainly higher frequency components of the signal [START_REF] Bernard | Modeling directivity of heterogeneous earthquake ruptures[END_REF][START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]Gallovič, 2015, among others).

• Estimation of the fundamental frequencies of the soil is more complex for a realistic geology and a 3D complex excitation. Two approaches commonly used on experimental campaigns were used for the identification: i) horizontal-to-vertical (H/V) spectral ratio, and ii) amplification spectral ratio (ASR). They provided different results for all the examined cases. Similar difficulties were identified in [START_REF] Theodoulidis | Empirical evaluation of the horizontalto-vertical spectral ratio technique: Results from the "sesame" project[END_REF][START_REF] Sylvette | H/V ratio: a tool for site effects evaluation. Results from 1-D noise simulations[END_REF][START_REF] Haghshenas | Empirical evaluation of microtremor h/v spectral ratio[END_REF][START_REF] Bonnefoy-Claudet | Site effect evaluation in the basin of Santiago de Chile using ambient noise measurements[END_REF]Rohmer et al., 2020, among others) .

• Comparison between different geological profiles showed that higher responses observed in a specific geological profile can be explained based on the fundamental frequencies of the soil. As expected, wave time arrival is highly influenced by subsurface layers, where waves arrive faster for higher longitudinal wave velocities (V P ).

• Location and magnitude of the extended fault influence the spatial variability of the obtained seismic ground motion. With this regard, for the same geological profile the effect of the propagation path is represented in the spatial variation of the observed ground motion. For instance, for both Z and ZR models (folded structure at the surface), propagation path for the AS1 aftershock influences more the spatial variation at the KKNPP site compared to the AS2 aftershock, where the folding is not "seen" by the propagation front. Similar findings were discussed in [START_REF] Tsuda | Modeling 3d velocity structure in the fault region of the 2007 niigataken chuetu-oki earthquake with folding structure[END_REF][START_REF] Watanabe | Discretization effects in the finite element simulation of seismic waves in elastic and elastic-plastic media[END_REF]Gatti et al., 2018b, among others).

The numerically simulated GM in the hazard analysis step and based on different seismic scenarios (chapter 2) naturally incorporates the uncertainty related to the input excitation to be imposed on the SSI model. Based on this input GM, structural analysis and damage analysis were examined in chapter 3. For this purpose, the Unit 7 reactor building of Kashiwazaki-Kariwa nuclear power plant, a well studied structural model thanks to the OCDE/NEA Karisma benchmark [START_REF] Iaea | Review of Seismic Evaluation Methodologies for Nuclear Power Plants Based on a Benchmark Exercise[END_REF], was considered in this study. Structural response was compared at first based on the 5% damped spectral acceleration on different points of the structure (top and bottom), and alternative SSI approaches: i) full-FEM with 3D input motion (DRM), ii) full-FEM with simplified 1D plane wave with vertical incidence, and iii) BEM-FEM coupling. The example of a non-structural component (e.g., electric cabinet) was examined based on the relative average spectral acceleration ASA 40 .

Finally, provided the time-consuming character of the 3D PBS, and the necessity to perform an important number of computations in order to define the hazard in a probabilistic framework [START_REF] Berge-Thierry | Main Achievements of the Multidisciplinary SINAPS@ Research Project: Towards an Integrated Approach to Perform Seismic Safety Analysis of Nuclear Facilities[END_REF], a reduced-order modeling technique was proposed in the framework of synthetic Green's function (SGF). Main findings of this chapter are summarized as follows:

• Computation of the amplification spectral ratio (ASR) showed that the plane wave or the BEM-FEM solution present a clearer resonance peak value with higher amplification, compared to the DRM where structural response resonates in a larger frequency range leading to lower amplitudes.

• ASR comparison between the BEM-FEM and plane wave, showed a similar estimation of the resonance frequency for the case of an homogeneous soil domain, with higher differences for the heterogeneous case. This can be explained from the fact that the BEM-FEM adopts an 1D soil profile not accounting for the spatial variation of mechanical properties as in the FEM approach (either for plane wave input motion or DRM approach).

• Comparison between alternative SSI approaches shows that in terms of ASR, the plane wave solution is en-globing to the DRM response. Nevertheless, comparison based on the 5%-damped spectral acceleration at the top of the structure shows the opposite i.e., the DRM has a higher response compared to the plane wave excitation. Even if contradictory, this point can be explained due to the 3D character of the DRM input motion that might induce a higher rocking motion of the structure. Further analysis is necessary to verify this hypothesis. Finally, the sensitivity of numerical results with respect to the surface reference point for the ASR analysis needs to be examined.

• ASA 40 estimated for an electric cabinet and using the DRM approach, provides higher response compared to the other two approaches. Nevertheless, a sensitivity with respect to the fundamental frequency of the cabinet, or alternative intensity measures needs to be examined in future works.

• Comparison of the GM at the surface and the top of the structure, based on the SGF approach and for a double-couple point-source excitation, showed same results with the SEM-FEM coupling. As expected, differences were nevertheless observed for the extended fault case. These differences are related to the distance correction introduced for the extended fault in order to approximate the reference solution for a point-wise excitation.

• A series of 100 new earthquake scenarios for one location, were tested using the SGF approach in order to compute the ASA Equipment
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. Assuming a hypothetical damage level for an average spectral acceleration of the electric cabinet equal to ASA Equipment 40 = 0.5 g, the complementary cumulative distribution function (CCDF) is higher when combining the complex regional geology and the presence of the folded structure on the surface [START_REF] Pitarka | Simulation of Near-Fault Strong-Ground Motion Using Hybrid Green's Functions[END_REF][START_REF] Dujardin | Optimization of a simulation code coupling extended source (k-2) and empirical green's functions: Application to the case of the middle durance fault[END_REF]. Once again, the sensitivity of numerical results with respect to the location of the electric cabinet needs to be examined.

• In a similar way, the direct SGF provides higher CCDF for the same threshold compared to the ones obtained from the BEM-FEM coupling.

Future research

The proposed modeling strategy is highly flexible and can be easily adapted to capture specific characteristics of the seismic environment or the used system, for higher magnitude earthquakes which are of particular interest for critical structures such as nuclear power plants, dams, bridges etc. In this context, and for higher magnitude earthquake events, further research aspects can be established from this work and some of them are proposed in the following:

• Possibility to account for non-linear soil behavior, which is essential for stronger GM [START_REF] Gazetas | Nonlinear soil-structure interaction: Foundation uplifting and soil yielding[END_REF][START_REF] Assimaki | Site effects and soil-structure interaction in the 1999, Athens earthquake[END_REF][START_REF] Pitilakis | Study of the Soil-Structure Interaction using an equivalent linear and an elastoplastic soil model : Comparative results[END_REF][START_REF] Preisig | Nonlinear finite element analysis of dynamic soilfoundation-structure interaction[END_REF][START_REF] Grange | A macro-element to simulate dynamic Soil-Structure Interaction[END_REF][START_REF] Sett | Effect of Uncertain Spatial Variability of Soils on Nonlinear Seismic Site Response Analysis[END_REF][START_REF] Sáez | Inelastic dynamic soil-structure interaction effects on moment-resisting frame buildings[END_REF][START_REF] Pecker | The role of non-linear dynamic soil-foundation interaction on the seismic response of structures[END_REF]Santisi d'Avila and Lopez-Caballero, 2018, among others). In this context, the SEM-FEM weak coupling based on the DRM approach needs to be numerically verified for the non-linear case (see also [START_REF] Jeremic | Soil-Foundation-Structure interaction effects in seismic behavior of bridges[END_REF][START_REF] Solberg | Development of a generalized methodology for soil-structure interaction analysis using nonlinear time-domain techniquesneams program[END_REF][START_REF] Solberg | Nonlinear time-domain soil-structure interaction analysis of embedded reactor structures subjected to earthquake loads[END_REF]. This non-linear behavior will allow to more accurately account for material damping in the soil medium, and as a result, an appropriate constitutive law is necessary in this framework.

4.2. Future research 180 Provided the time-consuming character of the 3D PBS in conjunction with the need to perform a large number of simulations for a risk assessment in a probabilistic framework, further research can focus on the numerical performance of the existing tools:

• Extension of the SEM-FEM weak coupling to a massively parallel framework for the FEM resolution. The implemented version of the coupling assumes a sequential chaining and kinematic fields are transferred from SEM directly to the complete domain in FEM. In order to increase the numerical performance and make profit of the HPC architectures of code aster [START_REF] Tardieu | Modélisation des effets de site multidimensionnels par le calcul haute-performance avec code aster[END_REF], it is necessary to adapt the current implementation into a transfer based on the domain decomposition approach (i.e., each domain to be solved by a specific process).

• Improvement of the SGF approach for the extended fault. Perform a parametric analysis of the obtained results based on: i) the number of reference points, ii) the error with respect to the fault size, and iii) source-to-site distance.

Further studies should can be performed in order to confront the findings of the present thesis for different applications:

• Examine different types of structures (e.g., shallow foundations) and different geological conditions (e.g., basin-like structures) in order to consolidate the observed results with respect to the influence of the input excitation i.e., 3D complex wave-field compared to the 1D excitation (Abell et al., 2018a;McCallen et al., 2020a,b, among others).

• In a similar context, a more detailed analysis of the incident wave-field can help to better understand and link the observed GM with structural response (e.g., link between the presence of surface waves and rocking of the structure). Analysis of the GM could be performed based on different approaches presented in the literature (Meza Fajardo andPapageorgiou, 2018, 2019;Meza-Fajardo et al., 2021, among others).

to [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF]; [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF]:

1. Absorb outgoing waves arriving on the boundary : The necessity for efficient absorbing boundary conditions is naturally born from the fact that a finite domain is used to approximate wave propagation in an infinite domain. In order for this approximation to be the most accurate possible, spurious reflections on the borders of the finite domain must be eliminated and thus absorbing boundary elements are needed. It is important to state here, that this argument stands for numerical methods like the FEM, SEM while other techniques like the BEM, allow a more accurate description of wave propagation in unbounded media without the use of absorbing boundaries [START_REF] Bonnet | Boundary Integral Equation Methods for Solids and Fluids[END_REF].

2. Allow the transfer of a dynamic seismic excitation : The transient evolution of a spatially defined incident wave has to be introduced as an input in the numerical study so as to provide a realistic excitation for multidirectional site-effects, or soil-structure interaction studies [START_REF] Bouchon | Predictability of ground displacement and velocity near an earthquake fault: an example: the parkfield earthquake of 1966[END_REF], [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]). Nevertheless, this 3D definition of the input motion is not always available, and engineering practitioners often resort to reasonable considerations in order to simplify the problem. Such a simplification is based on the deconvolution of the seismic motion defined at a point on the outcropping rock later to be applied as a vertical incidence plane wave excitation on the numerical model (see also Zienkiewicz et al. (1989); [START_REF] Ghaemian | Assessment of Foundation Mass and Earthquake Input Mechanism Effect on Dam-Reservoir-Foundation System Response[END_REF]; [START_REF] Sotoudeh | Seismic analysis of reservoir-gravity dam-massed layered foundation system due to vertically propagating earthquake[END_REF]). However, this assumption is not always well adapted to all site conditions and seismic scenarios as it does not take into consideration the complexity and directivity of a 3D incident wave field [START_REF] Léger | Earthquake input mechanisms for time-domain analysis of dam-foundation systems[END_REF]; Dello [START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF]; [START_REF] Abell | Earthquake soilstructure interaction of nuclear power plants, differences in response to 3d, 3× 1d, and 1d excitations[END_REF]).

Focusing on this dynamic loading, a simple solution would be to impose to the model the free-field motion by neglecting the presence of the structure (civil engineering (buildings, bridges, dams, etc) or even the geological structure-basin). This assumption, that consists of the main assumption of the DRM methodology, is also known in the literature as the soil island approach [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF]. At this point, it is important to clarify that the interaction between the structure and the soil outside the boundary is completely neglected. This hypothesis is only valid under specific conditions :

• The boundary is far from the structure. This element has to be verified a posteriori;

• The intermediate soil medium provides a realistic energy dissipation by adopting a viscoelastic or nonlinear behavior;

• An absorbing boundary is applied on the borders in order to absorb the incompatible outgoing waves; Given the fact that, Eq. B.2.24 is defined for ξ, and ξ × e 3 , which are orthogonal vectors, a system of two separate equations is obtained. The second one, with respect to ξ × e 3 (SH component), is a completely decoupled equation that can be solved separately. By diagonalizing the differential system B.2.19 with respect to ξ and ξ × e 3 we obtain

A.3 Important Observations

Finally
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  2) where, λ[A|B] represents mean annual rate of exceedance of A provided B and P [A|B] represents the probability of A conditioned by the knowledge of B. The used abbreviations describe the: Intensity Measure (IM), Engineering Demand Parameter (EDP), Damage Measure (DM), Decision Variable (DV), Structural Design (D).
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 1 Figure 1: Performance Based Earthquake Engineering (PBEE) methodology (reprinted by Porter (2003)).

Figure 2 :

 2 Figure 2: The thesis framework and outline.

Figure 1

 1 Figure 1.1: Thesis framework and outline: Implementation of a SEM-FEM weak coupling based on the DRM approach.

2 .

 2 Reduced domain problem P r : The second step considers the interior domain where the local features of interest are accurately modeled (see Fig. A.2c). The input excitation expressed in terms of equivalent nodal forces obtained directly from P 0 and applied on the boundary Γ in a region that is slightly bigger than the local interior domain. The soil outside the boundary Γ is only used for absorbing the diffracted waves traveling out of the domain and incompatible with P 0 solution. In this case, for any change of system parameters inside the localized region of interest (interior and exterior domains), only this step has to be repeated so as to determine the variation of the wave propagation inside the interior domain.

Figure 1 . 2 :

 12 Figure 1.2: Schematic representation of the domain reduction method (adopted from Bielak et al. (2003)).

  (b) Auxiliary layer: computation of nodal forces in FEM. (c) Reduced domain.

Figure 1 . 3 :

 13 Figure 1.3: Schematic representation of the coupling procedure between SEM3D and code aster.

  comparing to the one proposed by several authors in the literature[START_REF] Russo | Near-source effects on the ground motion occurred at the Conza Dam site (Italy) during the 1980 Irpinia earthquake[END_REF];[START_REF] Poursartip | Seismic wave amplification by topographic features: A parametric study[END_REF];[START_REF] Sinha | 3-d non-linear modeling and its effects in earthquake soil-structure interaction[END_REF];[START_REF] Wang | 3D non-linear earthquake soil-structure interaction modeling of embedded small modular reactor (SMR)[END_REF];[START_REF] Wu | Evaluation of the domain reduction method applied to broad-band, near-fault earthquake ground motions with inter-code comparisons[END_REF] among others) lies in the fact that the dynamic excitation is imposed directly on the boundary of the reduced domain. This provides an important advantage deriving from the use of the paraxial elements. In this context no extra absorbing soil layers are needed so as to absorb outgoing waves and as a result the size of the FEM domain to model is less important.

Fig

  Fig. 1.4.

Figure 1 . 4 :

 14 Figure 1.4: Optimization procedure of the FEM input signal.

(

  Fig. A.2b) is considered identical to the initial problem of reference (Fig. A.2a). In this context, the equivalent nodal forces correspond to the exact solution of the seismic wave

Fig. 1. 5 .

 5 It consists of a 22 × 12 × 6 km 3 soil domain with a trapezoidal basin on the surface. In SEM3D, 11,800 spectral elements are used to model the problem, with five Gauss-Lobatto-Legendre (GLL) points in each direction of the element. The minimum element size is of 40 × 40 × 15 m 3 on the surface, and inside the trapezoidal basin. The reduced domain (DRM) consists of a 200 × 200 × 110 m 3 box represented with 78,700 finite elements. The center of the DRM domain is positioned in the beginning of the axis O (0.0, 0.0, 0.0) m (red box in Fig. 1.5).
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 115 Figure 1.5: Canonical case-study CAN4.

1. 3 .Figure 1

 31 Figure 1.6: Moment time history for the point-source (see also CAN4 and Hollender et al. (2010)).

  (a) Topography of the SEM3D model (A-A' cut from Fig. 1.5).

  Mo vs Time for different positions on the source.Chapter 1. Source-to-site physics-based earthquake simulation using a weak coupling approach Slip distribution and triggering time.

Figure 1 . 7 :

 17 Figure 1.7: Description of the extended fault excitation in the SEM domain.

1. 8 .

 8 According to this Fig. 1.8, the GOF score is equal to almost 10 everywhere in the soil surface of the reduced domain. Similar results are observed for both types of excitation source, however only the extended fault excitation is presented in Fig. 1.8

Figure 1 . 8 :

 18 Figure 1.8: Iso-surface of the GOF criteria for the extended fault excitation and on the soil surface of the reduced domain.

Figure 1 .

 1 Figure 1.10: Score of the GOF criteria on the boundaries of the reduced domain for the Y component. Comparison between the signal or reference (SEM3D) and the re-sampled one.Lateral sides of the reduced domain are flattened on the plane of the base.

  GOF score for an f max = 10 Hz.

  GOF score for an f max = 6 Hz.

Figure 1 . 11 :

 111 Figure 1.11: Evolution of the GOF score along the AA' cut on the soil surface of the reduced domain.

Figure 1 . 12 :

 112 Figure 1.12: Evolution of CPU time and file size with respect to the Nyquist frequency.

Figure 1 . 13 :

 113 Figure1.13: Comparison of the acceleration time-histories between the "SEM3D"' solution and the "DRM" approach: X (left), Y (center), and Z (right) component.

  model with reduced domain (red square) and the extended fault (EF) excitation. (b) Reduced domain with the structure.(c) Zoom on the mesh of the structure.

Figure 1 .

 1 Figure 1.14: Representation of the SSI model.

1. 4 .Figure 1

 41 Figure 1.15: Different sizes of the reduced domain.

Figure 1 .

 1 Figure 1.16: Comparison for different model sizes: acceleration time-histories (top row), and total residual for the 5%-damped spectral acceleration (bottom row).

1. 4 .

 4 An application on the Soil-Structure Interaction problem 46 the structure do not impact this zone. This last observation also explains why structural response from medium and large models is practically the same.(a) Small domain.(b) Medium domain.(c) Large domain.

Figure 1 .

 1 Figure1.17: GOF score on the soil volume for the 3 sizes of the reduced domain.

Chapter 1 .

 1 Source-to-site physics-based earthquake simulation using a weak coupling approach Nyquist frequency for the different values of F N Q and for the different sizes of the reduced domain model. Results are presented in Fig.1.18, for all the cases of the small model (point source -PS, and extended fault -EF) as well as for 4 cases of the medium model and one case for the large model. Two main conclusions can be drawn according to this Fig.1.18

Figure 1

 1 Figure 1.18: Performance indicator over the Nyquist frequency.
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 4 An application on the Soil-Structure Interaction problem 48 capable to impose the dynamic excitation as well as to absorb the outgoing(diffracted) waves are used in this study. Finally, concerning the lateral boundaries of the finite domain, paraxial elements are used only to absorb outgoing waves diffracted from the structure.

Figure 1

 1 Figure 1.19: Response prediction residual for a point at the top of the structure (damping ξ = 5%).

Fig. 1 .

 1 Fig. 1.14b) and the rocking of the building foundation in Fig. 1.20b.

  Band-pass filtered (T = 1 -5 s) velocity field. Foundation rocking along the X and Y axis.

Figure 1 . 20 :

 120 Figure 1.20: Impact of surface waves on the reduced domain.

  Figure 1.21: Deformed shape of the reduced domain (multiplication factor of 500 for visualization purposes).

  1.1 Numerical verification for an "idealistic" case-studyFor reasons of simplicity, the numerical model considered in this study is the one presented in the previous verification case (subsection 1.3.1). In order to evaluate the not-honoring approach, the basin-part of the geological structure in Fig.1.5 was replaced with an "idealistic case" of surface geology following a sinusoidal form as presented in Fig 1.22.

Fig. 1 .

 1 Fig. 1.23 presents the result of the interpolated field in SEM (right figure) and FEM (left figure), where a good correspondence can be observed between the definition on the two codes.

Figure 1 . 23 :

 123 Figure 1.23: Definition of Young's modulus: a) interpolated on the Gauss points (left), and b) exported from SEM after interpolation on GLL points (right).
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 2 3.2 briefly discusses the validation of the numerical model. As it will be discussed in the following the used SEM3D model was initially validated in the work ofCastro-Cruz et al. (2021a). With this regard, the comparison of numerical results towards the traditional approach of the Ground Motion Prediction Equations (GMPEs) is simply presented in this section. The GMPEs proposed by[START_REF] Abrahamson | Summary of the ask14 ground motion relation for active crustal regions[END_REF] and based on the well-known database of the NGA-West2 project[START_REF] Ancheta | Nga-west2 database[END_REF] is used in this part. Sections 2.4 and 2.5 present the comparison of numerical results for different plausible seismic scenarios as well as geological models. The comparison of numerical results is presented here for the surface response and the spatial variability of the ground motion between Chapter 2. Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site

Figure 2 . 2 :

 22 Figure 2.2: Niigata region with borders of the numerical model at the KKNPP site and the two earthquake events.

Figure 2 . 3 :

 23 Figure 2.3: Velocity profiles for different models at the KKNPP site in Fig. 2.2 (reprinted by Castro-Cruz et al. (2021a)).
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 2 The Kashiwazaki-Kariwa Nuclear Power Plant site 66 Layer V S [m/s] V P [m/s] ρ [kg/m 3 ] Geological properties of the folding structure underneath KKNPP. The ** corresponds to the interface where the regional modeled is plugged into the simplified 1D Aochi et al. (2013) soil profile allowing for a smooth transition between the two models (Reprinted from Gatti et al. (2018b)).

Figure 2 . 4 :

 24 Figure 2.4: Geological properties of the folding structure underneath KKNPP (Unit 1 and 5): Cross-section (SC) of the folded geology proposed by Watanabe et al. (2009); Tsuda et al. (2011) (Reprinted from Gatti et al. (2018b)).

  It was proposed by the GeologicalSurvey of Japan (GSJ -[START_REF] Sekiguchi | 3d subsurface structure model of the niigata sedimentary basin[END_REF]) and is an improvement of the previous NIED (National Research Institute for Earth Science and Disaster Prevention) model proposed by[START_REF] Fujiwara | A subsurface structure modeling of whole of japan for strongmotion evaluation[END_REF] for the Niigata area, based on several seismological observations.• ZR-Model: The ZR-model is a combination of the Z and R model allowing for the consideration of important aspects that are present in the previously mentioned geological structures. The upper part of the Z-model with the folded geology used by[START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF] is maintained and plugged into the more complex regional geology of the R-model for soil layers > 6 km. In this framework, the ZR-model accounts for both the regional complexity of the geological structure as well as the local geological features with the folded geology.A representation of the three geological structures is provided in Fig.2.5 and along the different "cuts", AA', and BB' presented in Fig.2.2. It is clear from Fig.2.5 that Z and ZR model have a corresponding surface geological structure, while the ZR and R model have a similar regional geology.

Figure 2 . 5 :

 25 Figure 2.5: Shear wave velocity profiles for the three geological structures. The profiles are presented along different "cuts" (see also Fig. 2.2) i) AA' cut -left column ii) BB' cutright column.

Figure 2 .

 2 Figure 2.6: "Zoomed" version of the local geology in the KKNPP site.

Figure 2 . 8 :

 28 Figure 2.8: Zone of interest in the Niigata prefecture (Reprinted by Gatti et al. (2018b)).

  (a) Dimensions of the SEM3D domain.(b) Mesh refinement along the vertical axis.

Figure 2 . 9 :

 29 Figure 2.9: View of the discretized domain in SEM3D.

Figure 2 .

 2 Figure 2.10: Equivalent forces generated by slippage along the active fault: a) shear forces, b) tensile and compression forces.

  SU B is the number of circular sub-sources, SU B M IN and SU B M AX are the minimum and maximum size of each sub-source and L and W are the length and width of the fault in the fault plane.Given the size-number relation the next step lies in the definition of the slip distribution considered in the source model. The particular distribution of the RIK sub-sources is constrained by a spatial probability density function with respect to a predefined normalized slip model and the total seismic moment defined for the seismic scenario. A circular crack is admitted for each sub-source and the description of the slip function is defined based on Eq. 2.3.3[START_REF] Eshelby | The determination of the elastic field of an ellipsoidal inclusion, and related problems[END_REF]) :

Figure 2 . 11 :

 211 Figure 2.11: Description of the initial extended fault model.

  (a) Distribution of sub-sources. (b) Maximum slip distribution.

Figure 2 . 12 :

 212 Figure 2.12: Generated extended fault excitation with the RIK (Ruiz et al., 2011) source model.
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 3232 Description of the numerical model 78 Validation of the proposed geological models for a point source excitationThe validation of the numerical model with existing recordings from the literature is an important step for the acceptance and validity of the proposed geological model considered in this work[START_REF] Bradley | On-going challenges in physics-based ground motion prediction and insights from the 2010-2011 Canterbury and 2016 Kaikoura, New Zealand earthquakes[END_REF]. As already mentioned, the present work is positioned in the continuity of previous studies conducted in the same team of researchers. In this framework, the presented numerical model for the three geological models was previously validated in[START_REF] Gatti | Broad-band 3-d earthquake simulation at nuclear site by an all-embracing source-to-structure approach[END_REF] Castro-Cruz et al. (2021a) and is directly used in this study.
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Figure 2 . 13 :

 213 Figure 2.13: Geometric mean of the two horizontal components of the 5% damped spectral acceleration compared with the GMPE prediction proposed by Abrahamson et al. (2014).

Chapter 2 .Figure 2 .

 22 Figure 2.14: Results of "reference" excitation source for the AS1 aftershock: a) 5% damped spectra acceleration for a point at the surface, and b) Fourier spectral amplitude for a point next to the faults hypocenter.

Figure 2 .

 2 Figure 2.15: Spatial variation of the 5% damped spectral acceleration for periods of: a) T = 0.2s, and b) and T = 1s.

2. 4 .

 4 Influence of the excitation source 82 Comparison of numerical results are conducted by means of total residuals for the 5%damped response spectral acceleration (PSA) defined by Eq. 2.4.1: ∆ P SA = ln (P SA REF ) -ln (P SA SIM ) (2.4.1)

  well as the Brune's slip pulse width (L 0 ) are considered fixed and equal to V R = 0.8 × V S and L 0 = 350 m respectively. From an application point of view, the random generation of the slip is defined in the RIK model through a seed parameter. Given this assumption, four different seeds are used and four cases of slip distribution are generated with the RIK model and presented in Fig.2.16.

Figure 2 .

 2 Figure 2.16: Generated slip distribution with the RIK source model with the nucleation point represented with the red star on the fault plane.

Figure 2 .

 2 Figure 2.17: Slip heterogeneity: a) total rise-time, and b) total residual for a point close to the fault's hypocenter.
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 422 Fig.2.18, shows that seismic motion on the level of the site is strongly affected by the slip distribution of the seismic source. Nevertheless, the induced residual is very large depending on the slip distribution.

Figure 2 .

 2 Figure 2.19: Impact of the slip heterogeneity: Total residual for the 5%-damped spectral-acceleration for several points on the soil surface (Y component of the signal).

Figure 2 . 20 :

 220 Figure 2.20: Directivity effect: a) total rise-time, and b) total residual for a point close to the faults center.

Figure 2 . 21 :

 221 Figure 2.21: Snapshots of the fault rupture for the three cases of directivity.

Figure 2 . 22 :

 222 Figure 2.22: Impact of the directivity effect: Total residual for the 5%-damped spectral-acceleration for several points on the soil surface (Y component of the signal).

Figure 2 . 23 :

 223 Figure 2.23: Impact of the directivity effect on the surface motion at the KKNPP site:total residual for the 5%-damped spectral acceleration.

Figure 2 .

 2 Figure 2.24: Properties of the RIK kinematic source: a) slip distribution, b) total rise time, and c) Fourier spectra amplitude obtained from the SEM3D analysis and for a point in the vicinity of the fault's hypocenter.

Figure 2 .

 2 Figure 2.25: Impact of the rupture velocity: Total residual for the 5%-damped spectral-acceleration for several points on the soil surface (Y component of the signal).
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 22 Figure 2.26: Impact of rupture velocity on the surface motion of the KKNPP site: Total residual for the 5%-damped spectral acceleration.

  An important point related to the generated seismic source needs to be taken into account for the comparison between the different geological profiles. For the case of a double-couple point-source the definition of the excitation is simple as the source is considered in a fixed point. Nevertheless, for a more advanced kinematic source model extending in a finite region of the numerical model, the definition of the seismic moment depends on the local parameters of the fault as it was already discussed in the description of the RIK model (sub-section 2.3.1.3). Consequently, the exact same source model positioned in two different geological regions with different geological properties, would generate a different kinematic motion. This point is essential for the following comparisons as it consists of a main difficulty for the quantitative comparison of the GM prediction on the surface. In order to compare the generated motion for each earthquake source simulated with SEM3D, a control station point is placed close to the fault's hypocenter, and the generated motion is compared for different models.

Figure 2 .

 2 Figure 2.27: Control points at the KKNPP site for the comparison of the surface response.

  This subsection focuses on the surface motion on the KKNPP site. With this regard, an example of the acceleration time-histories for the two horizontal components of the signal and for each geological model and one seismic scenario are provided in Fig.2.28. GM response is examined in different points inside the FEM domain of Fig.2.27: i) Point P4 at the center, ii) points P1 and P2 as well as their symmetric ones with respect to the X and Y axis in the same Fig.2.27. -based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site

Figure 2 .Fig. 2 .

 22 Figure 2.28: Spatial variation of acceleration time-histories on the KKNPP site.

Figure 2 .

 2 Figure 2.30: Comparison of the surface motion at the KKNPP site: a-b) Different IMs (PGV, Ia, and D 5-95 ) based on aftershock location, c)Acceleration time-histories for the particular cases C1 and C2.

  (a) Z Model: H/V ratio. (b) Z Model: ASR ratio. (c) ZR Model: H/V ratio. (d) ZR Model: ASR ratio. (e) R Model: H/V ratio. (f) R Model: ASR ratio.

Figure 2 .

 2 Figure 2.31: Horizontal-to-vertical spectral amplification ratio (H/V) and amplification spectral ratio (ASR) for several points at the surface and for all three geological models.
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Figure 2 .

 2 Figure 2.32: Total residual for the 5-% damped spectral acceleration. Comparison between the R model and the ZR model for the AS1 aftershock location.

Figure 2 .

 2 Figure 2.33: Comparison of the surface motion at the KKNPP site between the R and ZRmodel, for the aftershock location AS1 and using the criteria of[START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.

Figure 2 .

 2 Figure 2.34: Comparison between the R and ZR model based on different intensity measures (IMs).
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  Surface (KKNPP ste): Relative response.

Figure 2 .

 2 Figure 2.35: Total residual for the 5-% damped spectral acceleration. Comparison between the R model and the ZR model for the AS2 aftershock location.
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 5 Fig. 2.37 (bottom figure)

Frequency

  Relative response (Surface -Source).

Figure 2 .

 2 Figure 2.37: Total residual for the 5-% damped spectral acceleration. Comparison between the Z model and the ZR model for the AS1 aftershock location.
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 5 Influence of regional geology 108

Figure 2 .

 2 Figure 2.38: Comparison of the surface motion at the KKNPP site between the Z and ZRmodel, for the aftershock location AS1 and using the criteria of[START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.
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 2 Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site Surface (KKNPP ste): Relative response.

Figure 2 .

 2 Figure 2.39: Total residual for the 5-% damped spectral acceleration. Comparison between the Z model and the ZR model for the AS2 aftershock location.

Figure 2 .

 2 Figure 2.40: Comparison of the surface motion at the KKNPP site between the Z and ZRmodel, for the aftershock location AS2 and using the criteria of[START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] for the two horizontal components of the GM.

  et al. (2011); Watanabe et al. (2017); Gatti et al. (2018b) also found similar observations concerning the two aftershock locations.

Figure 2 .

 2 Figure 2.41: Spatial variability of the spectral acceleration (5% damping) on the soil surface for a period of T = 0.2 and 1 s.
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 2 Physics-based earthquake simulations for seismic hazard model prediction: An application to the Kashiwazaki-Kariwa Nuclear Power Plant site• The higher values of the longitudinal wave velocity (V P ) on the surface of the R model lead to an earlier arrival of the seismic wave for the R model compared to the ZR model.

  AS1 location. No influence was identified in the spatial variability of the signals for the AS2 location.
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 31 Figure 3.1: Thesis framework and outline: Structural Analysis.
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 3 Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure with respect to frequency. Nevertheless, these approaches are outside of the scope of this work and in the following only the first two approaches are considered to estimate structural response.
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 3 Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure comparison cases are:

Figure 3 . 2 :

 32 Figure 3.2: Alternative analyzed approaches for dynamic SSI.
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Figure 3 . 3 :

 33 Figure 3.3: Comparison of the surface GM obtained from the SEM3D propagation and a plane wave propagation with vertical incidence.

Figure 3 .

 3 Figure 3.4: Region of Niigata with the location of the KKNPP facility and the two aftershock location (reprinted from Gatti et al. (2018b).

  (a) Finite element model for the Unit 7 building. Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure (b) Regional scale domain in SEM. (c) Full-FEM domain.
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 35 Figure 3.5: Dynamic SSI model for the full-FEM case.

were determined as 4

 4 Hz and 20 Hz. A more detailed description of the structural model for the reactor building of Unit 7 can be found in IAEA (2014); Alves Fernandes et al.
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 36 Figure 3.6: Local geology at the KKNPP site.

Fig. 3 .

 3 7a corresponds to the definition of mechanical properties on GLL points, while Fig.3.7b shows the obtained interpolated values for the full-FEM case. Similar results are provided for the other two mechanical parameters i.e. shear (V S ) and longitudinal (V P ) wave velocities.

  Interpolated values on Gauss points of the finite mesh.
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 37 Figure 3.7: Definition of the mass density for the R-Model.
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 3 Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure (c) R Model.

Figure 3 . 8 :

 38 Figure 3.8: Hazard analysis (GM numerical prediction) for the Niigata region in Japan: Geometric mean of the two horizontal components for the surface 5-% damped spectral acceleration (left figure), and Fourier amplitude spectra for a point close to the faults hypocenter (right figure).

  /FF -AS1 Mean Top/FF -AS1 Observations -Top/FF -AS2 Mean Top/FF -AS2 Mean Top/FF -AS1+AS2 Mean Top/Bottom -AS1+AS2 (a) DRM excitation.
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 3 Figure 3.10: Mean response for the total residual of the 5%-damped spectral acceleration: R vs ZR model.
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 311 Figure 3.11: Mean response for the total residual of the 5%-damped spectral acceleration:Z vs ZR model.

3 (

 3 Top/FF -magenta line) and (Top/Bottom -black line), are presented along the X and Y components of the signal for all examined cases.
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 2 Deployed approaches for Soil-Structure Interaction (SSI) modeling 140 3.2.4.1 DRM vs Plane Wave solution

  (a) Comparison at the top of the structure. Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure (b) Comparison at the bottom of the structure.

Figure 3 . 12 :

 312 Figure 3.12: Total residual for the 5%-damped spectral acceleration: DRM vs Plane wave excitation.

  for the R model. The Z component of the signal is always higher for the DRM cases and both points (top and bottom) of the structure. Concerning the R model, it is important to stress out that the BEM-FEM solution adopts the approximation of the 1D definition of mechanical properties without accounting for the spatial variability of the mechanical properties included in a full-FEM computation with the DRM.

  (a) Comparison at the top of the structure.

Figure 3 . 13 :

 313 Figure 3.13: Total residual for the 5%-damped spectral acceleration: DRM vs BEM-FEM excitation.
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 2 Deployed approaches for Soil-Structure Interaction (SSI) modeling 144 the DRM case, the structure responds to a larger frequency band, leading to a lower amplitude in specific frequencies.
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 3 Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure comparison is presented for the other two cases. Main findings of this part are summarized as follows:

2

 2 [START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF] proposed a value of R = 40 for the relative average spectral acceleration (ASA 40 ). This value estimated after numerical sensitivity analyses was later adopted by De[START_REF] De Biasio | Intensity measures for probabilistic assessment of non-structural components acceleration demand[END_REF];[START_REF] Koufoudi | Empirical ground-motion models adapted to the intensity measure ASA 40[END_REF] and is also the one considered in this study. Based on the aforementioned, the final form of Eq. 3.3.1 for R = 40 is expressed in Eq. 3.3.4 with respect to the frequency: Eq. 3.3.5 with respect to the period:ASA 40 (T str ) = 2.5 • T str 1Equipment relative average spectral acceleration (E -ASA R )Following the same principle as for the definition of the ASA R , De[START_REF] De Biasio | Intensity measures for probabilistic assessment of non-structural components acceleration demand[END_REF] 
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 33 Figure 3.14: Description of the ASA R and E -ASA R (adapted from De Biasio et al.(2015)).
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  of the comparison for the study of the electric cabinet is presented in Fig.3.15.

Figure 3 .

 3 Figure 3.15: Schematic representation of the computed of the ASA Surf ace 40 (IM) and the ASA Equipment40
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 3 Intensity Measures for structural and non-structural components (NSCs)

Figure 3 .

 3 Figure 3.16: Average spectral acceleration (damping 5%) for the comparison of the SSI methodology on NSCs.
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 33 Figure3.17: Average spectral acceleration (damping 5%) for the impact of regional geology on NSCs.
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  structural response. Similar studies adopting the Green's Function on the first step of the DRM approach have already been discussed in[START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF];[START_REF] Jeremic | Soil-Foundation-Structure interaction effects in seismic behavior of bridges[END_REF];[START_REF] Jeremić | Seismic behavior of NPP structures subjected to realistic 3D, inclined seismic motions, in variable layered soil/rock, on surface or embedded foundations[END_REF];[START_REF] Luo | A modified domain reduction method for numerical simulation of wave propagation in localized regions[END_REF].

Figure 3 .

 3 Figure 3.18: Schematic representation of the SEM/DRM weak coupling (left side), the SGF/DRM and SGF approach (right side).

Figure 3 .

 3 Figure 3.19: Pulse of reference to be modeled in SEM3D so as to generate the SGF: a) Source time function, b) Source spectrum.
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  Point at top of the structure.

Figure 3 . 20 :

 320 Figure 3.20: Comparison of the 5-% damped spectral acceleration between: i) the SEM3D-DRM coupling, ii) the SGF-DRM coupling, and iii) the direct SGF response.

  Fig.3.21, both the SGF, and the SGF/DRM approaches provide excellent results with a score > 9 for both the envelope and the phase GoF.

  (a) SGF/DRM vs SEM/DRM. (b) SGF vs SEM/DRM.

Figure 3 . 21 :

 321 Figure 3.21: Comparison of structural response (top of the structure) along the Y component and based on the criteria of Kristeková et al. (2006, 2009).
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 3322 Figure 3.22: Acceleration of the regional simulation for the definition of the dynamic excitation on the boundary of the reduced domain: SEM3D vs SGF.
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 4 Towards a simplified approach for a 3D seismic input DRM motion definition 164 SGF vs SEM/DRM: structure.

Figure 3 . 23 :

 323 Figure 3.23: Comparison of the total residual for the 5-% damped spectral acceleration between the SGF and SEM3D-DRM approach for points on the top of the structure and the surface.
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 3 Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure difference was anticipated due to the approximation error introduced by the distance correction for the different sub-sources on the fault plane. To overcome this error requires more reference results with SEM3D in order to divide the fault plane and decrease the approximation error.
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 35 General parameters of the RIK model for the representation of the dynamic excitation.
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Figure 3 .

 3 Figure 3.24: Impact of the SSI approach on the estimation of the ASA Equipment 40

Figure 3 .

 3 Figure 3.25: Impact of the regional geology on the estimation of the ASA Equipment40
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 4 Towards a simplified approach for a 3D seismic input DRM motion definition 168 electric cabinet is computed and presented in Fig.3.26. Numerical results are presented for both cases of the direct SGF approach and the BEM-FEM coupling as long as for all three geologies.By considering an hypothetical damage level of ASA Equipment 40 = 0.5 g related to the electric cabinet failure, the distribution of ASA Equipment 40 increases with the different geological models with the ZR model presenting the higher value (25%) of CCDF, the Z Model being in the middle (12.5%) and the R Model remaining 0 for the SGF approach. Similar results are observed for the BEM-FEM approach, only in this case lower values of CCDF are observed for each model and for the same threshold of ASA Equipment 40 = 0.5 g, i.e., 12.5% towards 25% (ZR model), 6% towards 12.5% (Z model).

Figure 3 .

 3 Figure 3.26: Complementary cumulative distribution function (CCDF) of the relative average spectral acceleration for the electrical cabinet (ASA Equipment 40

  Fig. 3.27b. It is observed according to Fig. 3.27a that the values of ASA Equipment 40

  ASA 40 for the electric cabinet.

Figure 3 .

 3 Figure 3.27: Average spectral acceleration (5% damping) and CCDF for the electric cabinet and the ZR geological model.

2 .

 2 Three alternative SSI approaches for the definition of the dynamic excitation of the SSI problem are examined in this work: i) a 3D complex excitation imposed via the SEM-FEM coupling and the DRM approach, and ii) a simplified excitation based on the plane wave solution with vertical incidence solved in the transient domain with the FEM or the BEM-FEM coupling solved in the frequency domain. For the simplified solution, the excitation is obtained from a SEM3D simulation on a predefined sensor Chapter 3. Structural analysis based on 3D physics-based earthquake simulations: The case of the Kashiwazaki-Kariwa Nuclear Power Plant structure point either on borehole i.e. "within-motion" field (plane wave solution) or at the surface (BEM-FEM coupling).

4.

  Comparison of numerical results is performed at first for the structural response and for each methodology. The hypothetical case of an electric cabinet located in the structure of interest is examined based on the relative average spectral acceleration ASA 40[START_REF] De Biasio | A simple and efficient intensity measure to account for nonlinear structural behavior[END_REF].

F

  the vector of nodal forces exerted in the boundary Γ. In an equivalent way, the equations of motion in the initial whole domain can be obtained by adding equations (A.2we can now replace the expression of the nodal forces (A.2mass and stiffness matrices in equation(A.2.16) is the same with equation(A.2.11) while the difference between the two systems is that in the latter expression the external nodal forces have now been replaced by the effective nodal forces. the above expressions lies in the fact that the effective external nodal forces are expressed through the matrices M which are defined in the region of the boundary Γ and vanish in the rest of the domain Ω s . Consequently, the initial problem can now be reduced in a smaller one where the external excitation is expressed in terms of equivalent forces F ef f applied in a thin layer adjacent to the border Γ (Figure A.2c). This initial presentation of the Domain Reduction Method was introduced by Bielak et al. (2003) under the hypothesis a linear elastic behavior for the soil, and a single element layer for the Γ -Γ e where the equivalent forces are applied (Figure A.2c).

ω 2 -C 2 S |ξ| 2 + C 2 S ∂ x 3 (r 2 For r = + ω 2 C 2 S-|ξ| 2 , 2 C 2 S-|ξ| 2 . 2 C 2 P

 22223222222222 B.2.25 can be searched in the form of ûSH = Ae rx 3 . (ω 2 -C 2 S |ξ| 2 )û SH + C 2 S r 2 ûSH = 0 we obtain lim x 3 →∞ ûSH (ξ, x 3 , ω) → ∞ which has no physical meaning and thus is rejected. Finally, we obtain : ûSH = Ae -iξ S x 3 (B.2.27) where ξ S = ω In an equivalent way we define ξ P = ω -|ξ| 2 .

  

  

  

Table 1

 1 

		Numerical Value
	Excellent	8 -10
	Good	6 -8
	Fair	4 -6
	Poor	0 -4

.1: Verbal representation of the discrete GOF score (adapted from

[START_REF] Anderson | Quantitative measure of the goodness-of-fit of synthetic seismograms[END_REF] 
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 1 

	3 ]

2: Mechanical properties of the numerical model.

Table 1 .

 1 Table 1.2) spatial and time discretization of the SEM and FEM numerical models are gathered in Table 1.3.

	Model Parameters	
	V min S	[m / s]	400
	Element size FEM [m]	4 × 4 × 4
	Nb Nodes (Interface)	4 × 4 × 4
	Maximum targeted freq. [Hz]	10
	Time-step output signal (SEM3D) [s]	0.002
	Nyquist freq. [Hz]	250
	Sampling freq. [Hz]	500
	Time-step input signal (FEM) [s]	0.002
	Time-step computation (FEM) [s]	0.002

3: Spatial and temporal discretization -No re-sampling.

Table 1 .

 1 

	min S	[m / s]			400	
	Element size FEM [m]			4 × 4 × 4	
	Maximum targeted freq. [Hz]			10	
	Time-step output signal (SEM3D) [s]			0.002	
	Cases	1	2	3	4	5
	Nyquist freq. [Hz]	250	40	20	15	12.5
	Sampling freq. [Hz]	500	80	40	30	25
	Time-step input signal (FEM) [s]	0.002 0.012 0.024 0.032 0.04
	Time-step FEM computation (FEM) [s] 0.002 0.002 0.002 0.002 0.002

4: Spatial and temporal discretization -re-sampling approach.

Table 2 .

 2 .2. The Kashiwazaki-Kariwa Nuclear Power Plant site 70 Finally, a general view of the spatial variability of the V S 30 (Eq. 2.2.1) is given in Fig.2.7.

		-23	1990	400	1650	4.1	300	400
		-55	2000	500	1750	3.5	-	-
		-150	2050	600	1900	3.2	-	-
	R Model	-190 -240 -270 -400	2060 2080 2090 2120	700 800 900 990	2010 2010 2240 2350	2.9 2.5 2.5 2.4	----	----
		-490	2180	1300	2800	2.3	-	-
		-1250	2300	1800	3400	1.9	-	-
		-2000	2400	2200	4000	1.8	-	-
	Z-ZR Model	-320 -550 -1000 -1500 -2000	1700 1950 2100 2300 2400	700 970 1190 1700 2000	1900 2050 2200 3300 4200	2.7 2.1 1.8 1.9 2.1	-----	-----

2: 1D profile of mechanical parameters at the center of the "zoomed" domain. 2

Table 2 . 3

 23 2.8. 

	Event	M JM A M 0 [Nm] (φ S ; λ; δ) [ o ]	Hypocentral Distance [km]
	AS1 (07/16/07 -21:08)	4.4	52.1 × 10 14	187; 70; 54	11
	AS2 (07/16/07 -17:42)	3.5	2.09 × 10 14	309; 78; 37	5

: Parameters for the two aftershock (AS) events (adopted from

[START_REF] Spudich | Final Technical Report for Nuclear Regulatory Commission Job Code N6501 Task 4 Aleatory and epistemic uncertainties in interpolated ground motions -Example from the Kashiwazaki-Kariwa Nuclear Power Plant recordings of the July 16[END_REF] 

Table 2 . 5

 25 

		Magnitude	V S 30 [m/s]	Dip [deg]	Distance [km]
	Z/ZR-Model 4.4/3.5 (AS1/AS2)	700	54/37 (AS1/AS2) 5/10/20/30/40/50
	R-Model	4.4/3.5 (AS1/AS2)	400	54/37 (AS1/AS2) 5/10/20/30/40/50

: Information concerning the GMPE parameters

Table 2

 2 .6. As already mentioned the distribution of the RIK sub-sources is constrained by the slip model presented in Fig.2.11a.

	Parameters		Values	
	Fault Dimensions		3.48 km × 3 km	
	Fault Discretisation		60 m × 60 m	
	Number of subsources		2900	
	Parameter α (Eq. 2.3.4)		0.5	
	Directivity	Weak	Moderate Strong
	Slip pulse width (L 0 )	700 m	350 m	175 m

Table 2

 2 .3 and Fig. 2.8). The aforementioned cases are compared in the following for each geological model, meaning a total amount of 20 scenarios for each location and thus 40 scenarios per geological model and a total of 120 numerical simulations. In order to put this analysis in the perspective of required CPU time, the characteristics of the SEM3D simulations are presented in Table2.7.

	Nb of	Nb of	Nb of	CPU Time / Model	Nb of SEM3D	Total CPU Time
	MPI Processes	Dof	Time Steps	[h]	Simulations	[Days]
	600	3 × 10 9	30 × 10 3	5	120	25

Table 2 . 7
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: CPU Time for the SEM3D simulations.

Table 2 .

 2 8: Fundamental frequencies for the soil medium based on the geological model and the H/V and ASR techniques.

		75	1.2 3.2
	ZR Model	0.75	1.2 3.2
	R Model 0.75 / 1.2 0.87 2.2
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 3 2: Soil 1D profile of mechanical parameters at the center of the reduced domain for the full-FEM approach.
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  3.1.2, which is not known in this study. With this regard, results are presented here based on the 3D PBS and presented in terms of CCDF describing the second part ( m r P[IM > im|m, r] • f M,R (m, r) • dm • dr) of

	3.3. Intensity Measures for structural and non-structural components (NSCs)	148
	Type	IM		Definition	Reference
			Pseudo-Spectral Acceleration at T 1		P SA(T 1 )
	Frequency	response-based	Pseudo-Spectral Velocity at T 1 Effective Peak Acceleration Acceleration Spectrum Intensity Velocity Spectrum Intensity	P SV (T 1 ) EP A = 1 2.5 2.5 0.1 P SA(T, ξ)dT ASI = 0.5 0.1 P SA(T, ξ)dT V SI = 0.5 0.1 P SV (T, ξ)dT	-ATC (1978) Von Thun (1988) Von Thun (1988)
			Housner Spectrum Intensity	I H =	2.5 0.1 P SV (T, ξ)dT	Housner (1952)
	Amplitude	based	Peak Ground Acceleration Peak Ground Velocity Peak Ground Displacement	P GA = max|α(t)| P GV = max|v(t)| P GD = max|d(t)|	---
	Duration-based		Root-mean-square of acceleration Root-mean-square of velocity Arias Intensity Characteristic Intensity Cumulative Absolute Velocity	A rms = V rms = I A = π 2g I C = A 1.5 1 ttot 1 ttot ttot 0 ttot ttot 0 0 α(t) 2 dt α(t) 2 dt v(t) 2 dt rms √ t tot CAV = ttot 0 |α(t)|dt	Dobry et al. (1978) Kramer (1996) Arias (1970) Park et al. (1985) Reed and Kassawara (1990)
	Eq. 3.1.2.			

Table 3 .

 3 4: Earthquake Intensity Measures (IM).

  3.8) 3.3. Intensity Measures for structural and non-structural components (NSCs)

  Some important observations deriving from the aforementioned description are presented below : By replacing Eq. B.2.22 to the first equation of B.2.19 we obtain : × ξ) • e 3 |ξ| 2 ξ × e 3 + i∂ x 3 û3 ξ+ +C 2 S -|ξ| 2 + ∂ x 3 x 3Or after some mathematical operations and rearrangements we obtain Eq. B.2.24.{ (C 2 P -C 2 S )(-ξ) + (ω 2 -C 2 S |ξ| 2 ) + C 2 S ∂ x 3 x 3 û • ξ |ξ| 2 ξ + i(C 2 P -C 2 S )∂ x 3 û3 }ξ+ + ω 2 -C 2 S |ξ| 2 + C 2 S ∂ x 3

	(C 2 P -C 2 S ) -ξ	û • ξ |ξ| 2 ξ + (û û • ξ |ξ| 2 ξ +	(û × ξ) • e 3 |ξ| 2	ξ × e 3 +	(B.2.23)
	+ω 2	û • ξ |ξ| 2 ξ +	(û × ξ) • e 3 |ξ| 2	ξ × e 3 = 0
			|ξ| 2 (û × ξ) • e 3	ξ × e 3 = 0	(B.2.24)
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Finally, a comparison of numerical results for the surface motion (point P4 in Fig. 2.27) is also presented in terms of different intensity measures (IM), namely, the peak ground velocity (PGV), Arias Intensity (Ia) and the significant duration D 5-95 . For the sake of an 1D soil profile contrary to the plane wave approach where the spatial variability of soil properties is taken into consideration.

Finally, in companion to Fig. 3.9 and for reasons of simplicity, a summary of the estimated values for first fundamental frequencies of each case is provided in Table 3 

Influence of regional geology on structural response

Following the same ideas described in chapter 2 for the estimation of the GM in the region of Niigata, the present subsection focuses on the effect of the regional geology on structural response. In this context, only the DRM excitation is examined in this case as it is considered the most realistic input definition for the SSI problem. With this regard, the 3D complex wave-field numerically simulated in SEM3D (Fig. 3.5b) is directly injected as an input excitation to the finite element domain (Fig. 3.5c). In order to compare current findings with ones obtained for the surface GM at the KKNPP site, the current analysis examines points on the top and bottom of the structure (Fig. 3.5c), the surface motion of the KKNPP site as well as the motion generated by the simulated extended fault (point close to the fault's hypocenter in Fig. 3.5b).

In the following, numerical results are presented for both aftershock locations AS1 and AS2 and all the earthquake scenarios (Fig. 3.8). Comparison is performed in terms of the total residual (Eq. 3.2.2) for the 5%-damped spectral acceleration and for the sake of clarity, only the mean value for each point is presented here.

∆ P SA = ln (P SA REF ) -ln (P SA SIM ) (3.2.2) where, ln (P SA REF ) is the natural logarithm of the case of reference, and ln (P SA SIM ) the natural logarithm of the simulated one, which in this case will be the response from a seismic Zhang, W. and Taciroglu, E. (2021). 3d time-domain nonlinear analysis of soil-structure systems subjected to obliquely incident sv waves in layered soil media. Earthquake Engineering & Structural Dynamics, 50 (8):2156-2173. 20 Zienkiewicz, O. C., Bicanic, N., and Shen, F. Q. (1989). Earthquake Input Definition and the Trasmitting Boundary Conditions. In Doltsinis, I. S., editor, Advances in Computational Nonlinear Mechanics, pages Vienna. 21,216 Zuchowski, L., Brun, M., and De Martin, F. (2018). Co-simulation coupling spectral/finite elements for 3D soil/structure interaction problems. Comptes Rendus -Mecanique, 346 (5):408-422. 4, 12, 22, 121, 145 Appendices Appendix A

Domain Reduction Method

The "ideal" case of a source-to-site seismic wave propagation is presented in Fig. A.1, which represents quite a complex problem that has to be solved numerically. The main difficulty of a direct complete 3D wave propagation is related to the limiting maximum frequency (∼ lowest wave velocity) of the problem that rules the discretization of the numerical model [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]). Consequently, the size of the problem in terms of degrees-of-freedom (dofs) becomes rapidly unmanageable. In addition, when sophisticated rheological constitutive laws are used in order to describe soil behavior, the use of the finite element method often consists an one-way solution [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF]).

A quite popular solution for the seismic wave propagation problem, consists in focusing the analysis on a bounded domain to be analyzed in a FEM framework (Fig. A.1). In this context, the nonlinear behavior of an heterogeneous soil media with a realistic stratification can be adopted in the numerical model in order to provide a more accurate description of the site of interest. The "reduction" of the initial domain in a smaller one, is based on the use of an absorbing boundary at the borders of the domain that must possess two key characteristics according

In the aforementioned analysis, and independently of the absorbing boundary used on the borders of the domain, it is clear that the free-field motion is not compatible with the motion obtained with the presence of the structure. Consequently, the dynamic excitation must be expressed in terms of equivalent nodal forces [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF]; [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF]; [START_REF] Cremonini | Implementation of effective seismic input for soil-structure interaction systems[END_REF]) in order to correctly "impose" the free-field motion and avoid reflection on the boundary. Based on the aforementioned elements, the theoretical background of the domain reduction method (DRM) is presented in this chapter.

A.1 Methodology

The DRM methodology proposed by [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF] consists of a two-step dynamic approach that allows the resolution of the source-to-site wave propagation problem (Fig.

A .2a). The weak coupling approach is ensured via the "transfer" of the source excitation closer to the region of interest based on the following procedure: Those equivalent forces are applied on the boundary Γ in a region that is slightly bigger than the localized geological features and "idealize" the excitation of the seismic source.

Given that the initial input excitation (auxiliary domain problem) does not account for the presence of the geological structure, the diffracted wave from the structure are incompatible with the "free-field" excitation of the auxiliary domain problem and need to be absorbed. Consequently, the soil outside the boundary Γ serves only to absorb the incompatible outgoing waves that are diffracted from the geological structure. In this case, for any change of system parameters inside the localized region of interest, only this step has to be repeated so as to determine the variation of the seismic input et al. (2003)).

An important advantage of the DRM approach, is that each step of the dynamic procedure can be solved separately, using an adapted numerical methodology. The choice of each method is based on the advantages that they have to offer in the corresponding scale of the analysis of the problem. In the framework of this work, a weak coupling between a spectral element (CEA and CentraleSupélec and IPGP and CNRS, 2017) and a finite element code (Code Aster (2017a)) is to be presented. The SEM is more adapted for wave propagation in large scale problems and thus it will be used for a resolution in a regional scale, where the seismic source is explicitly modeled and the equivalent nodal forces are to be computed on the boundary of a reduced domain. The analysis on the site scale of the problem will be conducted using the FEM method, which is more well adapted when nonlinear soil behavior is taken into consideration as already stated before.

It is important to state here that, even-though the SEM/FEM coupling is proposed in this work, the DRM methodology is applicable for different combinations of numerical and theoretical approaches. In the initial presentation of the method [START_REF] Yoshimura | Domain reduction method for three-dimensional earthquake modeling in localized regions, part II: Verification and applications[END_REF] used 3D theoretical Green's functions for the first step of the method in order to compute the equivalent nodal forces on the boundary of a reduced model to be solved with FEM.

In a similar approach as the one described here, De [START_REF] De Martin | Coupling of FDM and FEM in seismic wave propagation[END_REF] proposed a weak coupling between a finite difference method (FDM) and a FEM code where seismic excitation is transferred via the paraxial elements. Other applications of the DRM approach can be found in [START_REF] Abell | Earthquake soilstructure interaction of nuclear power plants, differences in response to 3d, 3× 1d, and 1d excitations[END_REF]; [START_REF] Kontoe | An assessment of the domain reduction method as an advanced boundary condition and some pitfalls in the use of conventional absorbing boundaries[END_REF]; [START_REF] Díaz | Implementation of a modified domain reduction technique as an engineering tool for site response analysis : method validation and verification under incident SH waves Advisor[END_REF]; [START_REF] Solberg | Nonlinear time-domain soil-structure interaction analysis of embedded reactor structures subjected to earthquake loads[END_REF]; [START_REF] Luo | A modified domain reduction method for numerical simulation of wave propagation in localized regions[END_REF].

A.2 Formulation

The formulation of the domain reduction method is presented in this section. The continuum form of the SSI problem is examined at first in order to define the necessary and sufficient fields for the soil-structure interaction (SSI) analysis. This first part consists of the fundamentals of the DRM approach. Later, the analysis is extended for the 3D case on the discrete domain where the equivalent nodal forces are defined according to [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF].

A.2.1 Continuum formulation

In order to provide the continuum formulation of the SSI problem and define the necessary and sufficient fields needed as an input data to the numerical model, the SSI system can be studied as a diffraction problem according to the work of [START_REF] Bielak | On the effective seismic input for non-linear soilstructure interaction systems[END_REF]; [START_REF] Cremonini | Implementation of effective seismic input for soil-structure interaction systems[END_REF]; [START_REF] Herrera | Soil-structure interaction as a diffraction problem[END_REF].

The DRM approach assumes the definition of the dynamic excitation as a free-field excitation obtained from wave propagation in a simplified geology of the regional domain In this context, the main idea would be to determine the impact of the geological structure (diffracted waves), that in the general case will be described from different material behavior and soil properties, on the ground motion of the system. When presented in this way, the SSI problem has the form of a diffraction problem and the overall displacement field, u consists of the sum of: i) the free-field motion u 0 , incorporating the incident and the reflected (from the free surface) wave field, and; ii) the diffracted wave field u d (from the geological structure).

In order to define the necessary and sufficient fields needed for the computation of the equivalent nodal forces, the problem is decomposed in three domains as follows (Fig. A.2a):

• Exterior soil domain Ω s which remains linear elastic for the free-field wave excitation u 0 (incident and reflected wave in the absence of the geological structure).

• Interior soil domain Ω s that in the general case may be an relevant material with visco-elastic or nonlinear behavior.

• The boundary interface Γ that separates the linear elastic domain Ω s from the arbitrary domain Ω s . In the general case we will suppose that the nonlinear domain Ω s can be A.2. Formulation 220 included inside the boundary Γ of an "convenient" (in terms of simplicity, or efficiency for the construction of the numerical model) form.

A.2.1.1 The "traditional" problem

We suppose that for the time t ≥ 0 the interior domain is unperturbed as the excitation u 0

has not yet reached inside the boundary Γ. We search to determine the total motion u t and the corresponding stress tensor σ t in the domain Ω = Ω s ∪ Ω s . Based on Navier's equation of elastodynamics, the displacement u t , and the corresponding stress tensor must satisfy Eq.

A.2.1 in the absence of body forces:

where ρ is the mass density.

The constitutive relation is given with Eq. A.2.2 based on the behavior of each domain.

where C is the linear elasticity tensor and = 1 2 ∇u t + (∇u t ) T is the elastic strain tensor. The operator H [u t ] in Eq. A.2.2b is a symbolic way to represent the constitutive law of a nonlinear material that may include a flow rule.

In addition to Eq. A.2.1 and A.2.2 a traction free boundary condition has to be defined for the free surface (Eq. A.2.3a), and the initial conditions for the elastic domain Ω s (Eq. A. 2.3b and A.2.3c).

where n fs is the unit normal vector to the free surface ∂Ω.

Finally, a continuity condition regarding the displacement, u t , as well as the traction vector, t t = σ t n, has to be applied on the boundary interface Γ as described from Eq. A.2.4. 

A.2.1.2 The diffraction problem

In order to formulate the SSI problem as a diffraction one, we remind that the displacement u can be defined on Ω s ∪ Ω s as follows:

Equivalently, we define σ = σ t in Ω s and σ = σ tσ 0 = σ d in Ω s . We remind that the exterior domain Ω s is supposed to be linear elastic and as a result, the free-field displacement u 0 and the corresponding stress tensor σ 0 satisfy the same governing equations with u t and σ t in Ω s .

Based on the aforementioned, the Eq. A.2.1 to A.2.4 can be rewritten for u and σ in Ω = Ω s ∪ Ω s as follows :

At the interface Γ we define the continuity condition:

An important observation lies on the fact that the only field that is necessary in order to define the excitation on the interface Γ is the free-field displacement u 0 and traction vector t 0 = σ 0 n. In addition, given the fact that these fields are not independent on Γ the necessary field can be further reduced to the displacement field on the interface.

Consequently, the free-field displacement defined on the boundary interface Γ consist a necessary and sufficient field for the definition of the input dynamic excitation that we need to take into account in order to study the SSI problem.

Finally, supposing that u and σ represent a linear perturbation with respect to the reference motion u 0 , and thus u satisfies Eq. A.2.6, it can be shown that u 0 and σ 0 can be related through a nonlinear constitutive behavior.

A.2.1.3 Variational formulation of the diffraction problem

The solution of the problem in a FEM framework for the domain of interest Ω s can be obtained based on the variational formulation presented with Eq. A.2.8 :

Where δU and δW the virtual work of internal and external forces respectively and w the virtual displacement. In order to obtain the final fomulation of FEM, the virtual displacement can be expressed with the use of shape functions.

A.2.2 Discrete form of the 3D problem

The discrete form of the problem is examined in this section. In order to simplify the analysis we set [a] dom com , where [a] = K, M denote the stiffness, and mass matrices. The superscript dom = Ω s , Ω s denotes the domain where each matrix is defined and the subscript com = i, b, e denotes the position of the nodes that the matrix is defined, interior, boundary, and exterior domain respectively. In an equivalent way, the vector field are expressed as [b] com , where

[b] = u, or F for the displacement or force vector, respectively.

In this context, we define the equations of elastodynamics in the two separated regions Ω s and Ω s (Fig A.2a) as follows:

Now, considering the description of the DRM (section A.1) an auxiliary domain problem has to be defined so as to proceed with the computation of the forces on the boundary Γ. This auxiliary problem, is presented in Figure A.2b where the initial problem is modified in a way that the domain Ω s (initially including the localized geological features) is now replaced by a domain Ω 0 s which has a simpler background structure not including the geological features. Following the same assumptions described before we define for this auxiliary problem the equations of motion of the domain Ω s :

In this case, the matrices of mass (M), and stiffness (K) as well as the expression of the nodal forces (F e ) remain unchanged as in the previous case, as the material properties and the excitation in Ω s are the same. Given this equation, we can now express the excitation of the fault in terms of u 0 b and u 0 e :

The next and final step of the method supposes a change of variables by which we express the total displacement of u e as the sum of the free field displacement related to the background structure u 0 e , and the displacement related to the existence of the localized geological feature : .2.14) Adopting this transformation we can rewrite the equations of motion for the initially defined domain and thus the equation (A.2.11) now takes the form :

In the absence of the structure the exact solution for the seismic wave is reproduced within Ω and zero displacement is recovered within Ω s (assuming the seismic input corresponds to the exact solution for a seismic wave within Ω s ).

2. Given the expression of the equivalent forces (equation (A.2.17)) that have to be applied in the interface, it becomes evident that the application of the method demands the knowledge of the free-field movement u 0 b and u 0 e only in the region of the boundary Γ.

3. The need of effective boundaries at attenuating reflections (high-performance absorbing boundary) is greatly reduced (see also [START_REF] Bielak | Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory[END_REF] • As the material response within Ω s may include dissipation, and as a result of geometric attenuation, the magnitude of the scattered waves by the time they reach the outer boundary is small, even when compared with the magnitude at the structure (the source of the scattered waves).

In relation to the previous observation, the diffracted waves propagating inside Ω

s , can be considered as a linear perturbation of the free-field excitation u 0 . Consequently, a nonlinear formulation can be proposed for the case of the free-field input motion.

Nevertheless, one major difficulty in the specific SEM-FEM coupling is related to the existence of similar nonlinear constitutive laws in both numerical tools. It is quite clear that in order to ensure comparable results obtained from the SEM-FEM weak coupling the same nonlinear constitutive law needs to be implemented in both numerical software (code aster and SEM3D). Besides the fact that at the actual state no such similar constitutive law exists in both codes, it is also important to stress out that a nonlinear analysis with the SEM at the regional scale, knowing that in general the nonlinear phenomena appear only in the shallow layers demands an important mesh refinement so as to capture in an accurate way the nonlinear behavior. This refinement along with the size of the regional model in SEM (several kilometers) leads to an increase of the computational cost of the model. A possible remedy to this difficulty, could be to perform a strong or a weak coupling inside SEM, so as to transfer an accurate excitation to a smaller and more refined SEM domain adapted for a nonlinear analysis. In a next step the SEM excitation of the refined model can be transferred to finite element model in order to study nonlinear soil-structure interaction.

A.4. Conclusions
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A.4 Conclusions

In order to conclude the analysis on the DRM approach, the important elements of the afforementioned analysis are summarized as follows:

1. Absorbing boundary : A fictive boundary at the borders of the domain is necessary in order to avoid spurious reflections and apply excitation.

2. Dynamic excitation : The simpler and more realistic excitation to apply in the numerical model for the study of SSI and multidirectional site-effects is the free-field motion.

Under this context the applied excitation is incompatible due to the absence of the structure from the free-field motion. Consequently the excitation has to be applied in terms of equivalent nodal forces.

3. Complexity of incident wave field : Except from the reduction of the problem, in terms of size and dofs, the method allows to correctly impose a more realistic incident wave field that automatically takes into consideration the directivity of the input signal, an element of crucial importance for specific site conditions and seismic scenarios.

In this framework, the numerical tool to be used allowing to take into consideration the aforementioned points 1 and 2 are the paraxial elements implemented in Code [START_REF] Aster | General public licensed structural mechanics finite element software, included in the Salomé-Méca simulation platform[END_REF].

The theoretical background of these elements is developed in the following chapter.

Appendix B Paraxial element formulation Summary

The theoretical background and formulation of the DRM approach were presented in Chapter A in order to understand the general ideas and important assumptions of the method.

One of the main conclusions of this Chapter A lies in the need for fictive boundaries on the borders of the domain allowing to : i) absorb outgoing waves, and ; ii) let the input seismic excitation "pass" into the domain of interest.

In this chapter we focus our analysis on the specific case of DRM in a finite element framework, with the numerical tool Code Aster (2017a). In this context, the formulation of the "paraxial elements" as an absorbing boundary implemented in the finite element is going to be discussed here. The analysis followed in this work is based on the work of [START_REF] Modaressi | Modelisation numerique de la propagation des ondes dans les milieux poreaux anelastiques[END_REF] and [START_REF] Modaressi | An absorbing boundary element for dynamic analysis of two-phase media[END_REF], while the goal here, except from the examination of the theoretical background is also to understand the important components of "paraxial elements" formulation so as to be able to later implement the weak coupling procedure.

The problem of reference that we have to take into consideration in order to numerically analyze site-effects or soil-structure interaction problems, is schematically illustrated

B.1 Reference problem and basic assumptions

In order to study the problem, the domain

Some basic assumptions that are to be taken into consideration in the current analysis for the three domains are :

• Domain Ω snl consists of the domain of the interest e.g a sedimentary basin with/or • Domain Ω s consists an elastic domain that is generally simple. The response of this domain is going to be approximated via the paraxial approximation in order to construct dynamic impedance on the boundary Σ. These impedances consist of the input excitation to be applied later on FEM model described by the domain Ω snl ∪ Ω s ; Seismic excitation is applied via a distant fault and the goal is to define an equivalent excitation on the boundary Σ of the site of interest (Ω s ∪ Ω snl ). For this, the paraxial approximation is going to be used in order to build the transient evolution of dynamic impedances locally in space and time on the boundary interface Σ. The implementation of the paraxial approximation in a finite element framework was initially proposed by [START_REF] Cohen | SILENT BOUNDARY METHODS FOR TRAN-SIENT ANALYSIS[END_REF]. Later, the implementation by [START_REF] Modaressi | Modelisation numerique de la propagation des ondes dans les milieux poreaux anelastiques[END_REF] and [START_REF] Modaressi | An absorbing boundary element for dynamic analysis of two-phase media[END_REF] showed that the paraxial elements, not only allow the elimination of spurious outgoing boundaries arriving at the border of the domain, but they could also be used so as to apply seismic excitation. .

Before continuing with the formulation of the method it is important to state here that as a first hypothesis for the derivation of the paraxial approximation a linear elastic behavior is adopted for the soil. In order to examine the approximation for the case of heterogeneous and nonlinear media, the reader should refer to [START_REF] Bamberger | Higher order paraxial wave equation approximations in heterogeneous media[END_REF]. The current analysis focuses on the paraxial element formulation implemented in Code Aster (2017a).

B.2 Dynamic Impedance on the boundary

In order to study the paraxial approximation and build the spectral impedance on the boundary Σ (Figure B.1) our analysis is focused on the domains Ω s and Ω s .

B.2.1 Elastodynamic Equations of Motion

The elastodynamic problem is described by Eq. B.2.1 in each of the domains Ω s and Ω s .

where u is the particle displacement, f are the body forces and σ is the stress tensor. The stress vector in Ω s can be written as a summation of dynamic σ s (u s ) and static stresses σ 0 s :

In addition, for Ω s , the intial conditions of the problem are defined from Eq. B.2.3.

Finally, the equilibrium between Ω and Ω s , states that a continuity condition has to be applied in the displacement field u s and the traction vector t s on the boundary interface Σ (Eq. B.2.4):

u s -u s = 0

where the traction vector is defined by Eq. B.2.5 for a linear elastic behavior.

B.2.1.1 Linear elastic isotropic material

Equations B.2.1 to B.2.5 are the constitutive equations of the system to be solved in order to compute the spectral impedances on the boundary. In order to simplify the analysis, the hypothesis of a linear elastic material under small strains configuration is taken into consideration. 

where C is the small strain elasticity matrix, and the strain tensor.

If we also take into consideration an isotropic homogeneous material, the elasticity matrix is reduced to defining the two Lame coefficients, λ, µ. Consequently, the stress tensor can now be expressed as :

where δ ij is the identity matrix.

By replacing Eq B.2.7 and B.2.6 to Eq. B.2.1 we obtain the equation of elastodynamics for an isotropic homogeneous medium.

Which can be written in a vector notation as :

If we also remember that θ = ∂ i i = ∇ • u, the elastodynamic equation B.2.8 takes the following form :

Similarly, the traction vector for the isotropic homogeneous case takes the form of equation :

Decomposition in "P" and "S" waves

An alternative way, to rewrite Eq. B.2.9, and in order to facilitate the description that follows, we make use here the definition of wave propagation for longitudinal or "P" and tangential or "S" waves that consist of a decomposition of the 3D wave propagation. Wave velocities C P and C S are defined as follows :

Based on the aforementioned, and if we ignore the body forces f i , Eq. B.2.9 now takes the following form.

which yields the following form of the differential system to be solved.

On the boundary interface Γ, the 3D displacement vector u can be decomposed in two components: i) one that is contained in the tangential plane to the boundary u , and ii) one that is normal to the boundary u 3 . Consequently, the differential equation B.2.12 takes the form.

For u i = u :

For u i = u 3 :

Therefore,

Equations B.2.13 and B.2.14 can be rewritten in a matrix form.

0 1 1 0 , and

B.2.2 Estimation of the displacement u on the interface Σ

The solution of the differential system B.2.15 in it's current form is not straightforward as the computation of the second spatial and time derivatives have to be computed so as to obtain an expression for the displacement u. In order to overcome this difficulty, the solution of the problem can be searched in the frequency domain after the application of a Fourier Transform with respect to the time t and space variable x .

Fourier Transform with respect to time t :

The application of the Fourier Transform in Eq. B.2.12 :

where ω is the angular frequency.

Fourier Transform with respect to the space variable x :

Then a second Fourier Transform is applied to Eq. B.2.16 with respect to the spatial variable

x .

For u i = u :

which simplifies to Eq. B.2.17.

where ξ is the wavenumber related to x .

For u i = u 3 :

which simplifies to Eq. B.2.18.

The differential equations system after the application of the Fourier transform are assembled in Eq. B.2.19.

This system consists of differential equations with respect to the x 3 variable. In order to obtain the solution we can diagonalize it and solve it explicitly, or we can search the solution in the form of the P, SV, and SH decomposition of waves from seismology. In this framework, the tangential displacement u can be decomposed 1 as follows :

1 For a vector a, we define :

Every vector a can be decomposed in a vertical and tangential component as follows:

where n is a unit vector normal to the surface.

B.2. Dynamic Impedance on the boundary

the solution for the other two components of wave displacement :

In order to determine the constants A, A P and A S we suppose that we know û(ξ, 0) on the boundary interface Γ and thus we obtain û (ξ, 0) = û0 , û3 (ξ, 0) = û30 .

B.2.3 Spectral impedance on the interface Γ

Once the displacement vector is defined, we can proceed with the computation of the spectral impedance on the boundary Γ. In order to compute this impedance, the traction vector on the boundary has to be defined. For simplification reasons we suppose the vector e 3 normal to the interface where we will search to evaluate the traction vector for x 3 = 0.

Following the same approach as for the equation of elastodynamics, the same Fourier

Transform is applied to equation B.2.10, which yields an expression of the traction vector on the Fourier domain.

This expression of the traction vector involves the terms ∂ x 3 û and ∂ x 3 û3 that have to be computed beforehand. This computation is possible once the solution of the problem in terms of displacement u is obtained in Eq. B.2.28. We search ∂ x 3 û and ∂ x 3 û3 , in x 3 = 0 and we obtain :

By replacing Eq. B.2.30 in the expression of the traction vector (Eq. B.2.29), we obtain the final definition of the spectral impedance in the Fourier domain: .2.31) where a 0 , b 0 and c 0 are functions of |ξ| and ω.
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B.2.4 Paraxial approximation of the impedance on the interface

In order to obtain the expression of Eq. B.2.31 in the physical domain, an inverse Fourier transform has to be applied.

Equation B.2.32, consists of the exact definition of the traction vector on the physical domain that has to be applied in order to build the dynamic impedance on the boundary.

However, this expression involves ξ and ω which are connected to x and t, and thus the traction vector definition is not local in time and space. In addition, the computation of the double integral in Eq. B.2.32 cannot be obtained theoretically for the general case of an heterogeneous media subjected to a complex dynamic excitation.

In the numerical implementation of the absorbing boundary condition that we want to construct, two key factors have to be met in order to obtain an efficient tool:

• The boundary has to be local in time and space, so as to have a reasonable control on the numerical procedure ;

• The boundary must lead to a well-posed boundary value problem for the wave equation in order to ensure the stability of the numerical analysis ;

In this framework, and in order to simplify the computation of the impedance, [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] proposed to develop the wave numbers ξ s and longitudinal wave ξ P as a function of the ratio κ.

The wave vectors ξ S and ξ P , can now be approximated through a Taylor expansion in the form of :

The paraxial approximation of the impedance consists in assuming that the ratio κ is sufficiently small (κ 1 ), and thus the lower orders of the Taylor expansion are enough for the approximation of the values of ξ S and ξ P .

It is important to state here that this assumption of κ 1, is valid for large frequencies ω, or small ξ (propagation in the direction close to Here, the zero-order paraxial approximation is used which is also the one implemented in Code [START_REF] Aster | General public licensed structural mechanics finite element software, included in the Salomé-Méca simulation platform[END_REF]. Consequently, the expression of the spectral impedance (Eq. B.2.31) now takes the following form :

The inverse Fourier transform of Eq. B.2.35 can be computed in order to define the expression of the impedance in the physical domain:

Or in a more compact form, Eq. B.2.36 can be rewritten as:

B.2.4.1 Higher order approximations

The effectiveness of the absorbing boundary condition, can be evaluated based on the reflection coefficient on the boundary. [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF] and [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF] compared this reflection coefficient for different orders of the paraxial approximation.

Here we consider a wave traveling towards the x 3 direction of the form a(ξ, ω)e i(ξx +ωt+ξ a x 3 ) , that strikes the absorbing boundary at an angle of incidence θ. The reflected wave will be of the form :

The general expression of the reflection coefficient, r = b a , is given in Eq. B.2.39 (see [START_REF] Clayton | Absorbing boundary conditions for acoustic and elastic wave equations[END_REF]), and depends on the order of the approximation that we B.2. Dynamic Impedance on the boundary 238 consider.

where j is the order of the approximation. Based on this Figure B.3, it is clear that the higher the order of approximation, the more efficient is the absorption of the boundary. This difference is more important, especially when we change from the zero-to the 1 st -order approximation. Nevertheless, it is important to state here that for higher order approximations (> 1), numerical instabilities may appear when the approximation is based on the Taylor expansion. A remedy for this inconvenience, consists in considering the Padé expansion which leads to stable solutions even for higher order approximations. More information considering the stability control for the two approaches (Taylor or Padé expansion) can be found in [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF].

For reasons of completion, we provide here the expression of the traction vector when a 1 st -order approximation is considered. We recall that this approximation coincides for the first Taylor and first Padé approximation.

It is clear that Eq. B.2.40 involves in the computation the first derivative of the traction vector with respect to the time variable. This derivation may cause difficulties in the numerical integration of the absorbing boundary elements [START_REF] Engquist | Absorbing boundary conditions for the numerical simulation of waves[END_REF]) and thus here we are only focusing on the zero-order approximation as it was mentioned on the previous paragraph. 

B.3 Variational Formulation

In the previous section, based on the theory of the paraxial approximation, we have provided the expression of the traction vector, on the boundary interface Γ, necessary for the construction of the dynamic impedance. Here we are focusing on the variational formulation of the problem.

We remind that the domain close to boundary Γ remains elastic and a continuity on the displacement and traction vector has to ensured in the interface (Eq. B.2.4). In addition, based on the Sommerfield radiation condition, the incident wave field u i has to be equal to the total wave field u s in infinity. We introduce then the diffracted wave field u r as follows.

The diffracted field u r , can now be completely described via the zero-order paraxial B.4. Conclusions 240 approximation and as a result the traction vector takes the following form.

Finally, the variational formulation of the system can be expressed based on the expression of the traction vector.

Ωs

It is important to state here that in order to "transfer" the excitation of the fault close to the domain of interest, only the stress t s (u i ), and the incoming velocity field A 0 (∂ t u i ) are required.

B.4 Conclusions

The theoretical formulation of the paraxial elements implemented in the numerical code Code Aster was presented in this chapter. The main conclusions are summarized as follows:

1. The current formulation of the paraxial elements in Code Aster are used in order to apply the dynamic excitation and absorb the spurious waves.

2. The zero-order paraxial approximation is used in order to build the dynamic impedance on the fictive boundary and construct the dynamic excitation. The choice was based on: i) ease of implementation, ii) numerical stability, and iii) accuracy.

3. In order to build the dynamic impedance on the boundary, the necessary fields that we need to introduce to the paraxial elements are: i) the velocity field, and ii) the traction vector, on the nodes of the boundary.

Appendix C

The BEM-FEM coupling using

MISS3D

The BEM-FEM coupling is briefly described here for reasons of completion. A schematic representation of the BEM-FEM coupling proposed by Nieto Ferro ( 2013) is presented in 

where α d (t) and β s (t) are the modal participation factors.

These modal participation factors are the solution of the balance of momentum of the structure expressed using the principle of virtual work and provided by Eq. C.0.2:

where K IJ and M IJ are the stiffness and mass matrices of the structure projected on the basis of dynamic and static modes. The I, J = d, s subscripts representing the dynamic and static modes respectively. In a similar way, F d and F s are the generalized forces corresponding to the dynamic and static modes while K Σ and F Σ represent the impedance matrix on the interface and the seismic forces induced by the incident wave field.

The solution of the participation factors is obtained in the frequency domain because the impedance matrix is frequency depended. In addition, given that a finite number of modes (generally << N with N the total number of modes of the structure [START_REF] Semblat | Waves and Vibrations in Soils: Earthquakes, Traffic[END_REF]) is sufficient to describe structural response, the BE approach provides fast results through the condensed impedance matrix on the dynamic interface.

With this regard, an important aspect of the BEM-FEM methodology lies in the use of a reduced modal base projected on the SSI dynamic interface and aiming to reduced the computational cost of the impedance matrices, an approach that is also adopted in this work.

For a more detailed description of the method the reader should refer to [START_REF] Hall | Boundary element methods for soil-structure interaction[END_REF][START_REF] Semblat | Waves and Vibrations in Soils: Earthquakes, Traffic[END_REF][START_REF] Clouteau | Calculation methods of structure-soil-structure interaction (3si) for embedded buildings: Application to nupec tests[END_REF]Nieto Ferro, 2013, among others).

C.1 Comparison of the BEM-FEM coupling with the full-FEM plane wave approach

In practical applications, the recorder seismic signal to be used as an input to the numerical SSI model is rarely available in the region where it is needed to be applied in the numerical model i.e. borehole condition. With this regard, in most of the engineering applications, the outcropping seismic signal is retrieved for a region of interest and for the plane wave solution with full-FEM this signal needs to be de-convoluted at the borehole, adopting 1D

wave propagation in a soil column, before it is applied as an input in the numerical SSI model.

In a BEM-FEM framework with MISS3D, the free-field motion can be directly used as an input to the numerical model. A schematic representation of this procedure is illustrated in It is worth mentioning that given the assumption of a linear elastic behavior, the consideration of an homogeneous (or horizontally stratified heterogeneous) soil domain, and the hypothesis of the same input excitation defined on the outcropping rock, the MISS3D solution and plane wave solution after the de-convolution in a 1D corresponding soil column should provide the exact same structural response. This assumption is verified in this part.

More precisely, the present analysis focuses on the Z Model, the AS1 location and the extended source of reference presented in Fig. 2.11. In order to compare the two approaches, the free-field motion at the center of the full-FEM domain (without the presence of the structure) and at the KKNPP site is retrieved after a SEM3D simulation. In the BEM-FEM solution with MISS3D the acceleration time-histories at the free-field and all three components are directly used as an input motion for the SSI model. For the full-FEM case, the free-field motion is de-convoluted at the base of the full-FEM domain, and the velocity time-histories are computed directly from the de-convoluted motion. These velocity timehistories are then applied simultaneously for all three components as a plane wave excitation at the base of the full-FEM SSI model. It is worth mentioning that for the full-FEM case absorbing boundaries are used in the lateral sides of the model in order to absorb spurious wave arriving on the borders of the finite domain.
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Comparison of numerical results between the two approaches, are performed here for a point at the top of the structure and in terms of the multi-criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] and the 5%-damped spectral acceleration presented in Fig. C.3. According to this figure, and based on the scores of the criteria of [START_REF] Kristeková | Misfit criteria for quantitative comparison of seismograms[END_REF][START_REF] Kristeková | Time-frequency misfit and goodness-of-fit criteria for quantitative comparison of time signals[END_REF] an excellent correspondence can be observed between the two approaches (score > 8 see also Table 1.1).

The same conclusions can be drawn based on the response spectra comparison. It is worth mentioning that the minor differences between the two responses might be related to the fact that in the BEM-FEM simulation a small value of hysteretique damping (≈ 1%) was used for reasons of numerical stability. In the full-FEM no damping (material or numerical)

was used in the solution of the problem. The comparison between the two approaches showed that given the same input motion, the plane wave excitation for the full-FEM approach and the BEM-FEM coupling with MISS3D provide the same structural response for a point at the top of the structure. Nevertheless, it is important to emphasize that given that the input motion is provided from an a priori simulation with SEM3D there is the possibility to directly retrieve the kinematic field in the location where it is needed without resulting to a pre-treatment (de-convolution) of the seismic signal. With this regard, in the next section presenting the comparison between the different methodologies, the location where the input motion is retrieved from SEM3D differs for each one of the two approaches: i) velocity field at the borehole for the full-FEM with plane wave excitation, and ii) acceleration on the free-field for the BEM-FEM coupling.

Appendix D Synthèse en français D.1 Résumé et Principales conclusions

La conception parasismique a pour objectif principal l'évaluation probabiliste de la performance des structures en cas de séisme (PBED). Dans ce but, un cadre a été proposé par le PEER Center. Celui-ci permet de convoluer l'aléa sismique (mouvement du sol, etc.) et les dommages structurels engendrés pour calculer les pertes. L'un des éléments clés de cette estimation de la performance structurelle est lié à la complexité éventuelle du mouvement du champ d'ondes à définir comme donnée d'entrer de l'analyse ISS. Traditionnellement, l'estimation de la performance structurelle est découplée en deux étapes distinctes : i) l'analyse de l'aléa pour l'estimation du mouvement du sol (défini en un seul point du site), et ii) l'analyse SSI basée sur l'input sismique du même point. Cependant, une limitation de cette approche est liée à son incapacité de la prise en considération de la géologie locale sur la définition du mouvement sismique, qui peut être influencée à cause de la variabilité spatiale des signaux sismiques.

Dans ce contexte, l'objectif de cette thèse est de mettre en évidence l'impact de chaque composant sur la performance des structures, en s'appuyant sur des outils numériques de pointe pour la prédiction des mouvements du sol lors des tremblements de terre ainsi que l'évaluation des dommages pour les composants structurels ou non. L'approche proposée fait appel, d'une part, à des simulations 3D PBS pour la propagation "de la faille à la structure" afin de fournir une description précise de la variabilité spatiale des secousses au sol et, d'autre part, à des approches avancées pour l'analyse ISS, tenant compte d'une excitation 3D. En premier, et afin de pouvoir introduire un mouvement 3D complexe dans l'analyse ISS, un couplage faible SEM-FEM basé sur la méthode de DRM est implémenté et vérifié pour un cas canonique existant dans la littérature. L'implémentation et la vérification numérique du couplage faible SEM-FEM basé sur l'approche de la méthode de réduction de domaine (DRM) ont été présentées dans le Appendix D. Synthèse en français chapitre 1. Les principales conclusions de ce chapitre sont résumées comme suit :

• Un cas canonique, avec une source d'excitation complexe dans le domaine SEM (i.e., source étendue), et un domaine de sol hétérogène pour le domaine réduit du couplage SEM-FEM, est consideré pour la vérification numérique du couplage.

• La vérification est assurée par la comparaison d'une simulation full-SEM avec le couplage SEM-FEM. Sous condition que le problème du domaine auxiliaire soit le même que le problème de référence, alors le calcul des forces nodales équivalentes est solution exacte du problème, par conséquent, SEM-FEM et full-SEM donnent la même réponse en champ libre.

• Une approche d'optimisation basée sur le traitement du signal (décimation/ rééchantillonnage et filtre anti-repliement) permet d'accélérer le temps de calcul et d'optimiser les besoins de stockage tout en maintenant le même niveau de précision de la solution numérique.

• L'implémentation permet de prendre en compte la géologie régionale et locale complexe dans les modèles SEM et FEM, via une approche de type "not-honoring" L'évaluation de l'aléa sismique dans la première étape de la méthodologie PBED est définie ici comme la prédiction numérique du mouvement du sol pour une application sitespécifique (centrale nucléaire de Kashiwazaki-Kariwa -KKNPP). Deux scénarios sismiques inspirés de répliques enregistrées de magnitude proche de 4 sont modélisés numériquement via le modèle de source cinématique RIK afin d'étudier l'impact de la source d'excitation.

De plus, trois modèles géologiques sont examinés pour la région, permettant d'évaluer l'effet de la géologie régionale sur les mouvements de sol en surface. Les principales conclusions de ce chapitre sont résumées comme suit :

• La variabilité de la source influence fortement le GM en champ libre. L'hétérogénéité de la distribution du glissement s'avère être un paramètre ayant un impact important sur toute la bande de fréquence d'intérêt [START_REF] Miyake | Source Characterization for Broadband Ground-Motion Simulation: Kinematic Heterogeneous Source Model and Strong Motion Generation Area[END_REF][START_REF] Causse | Source inversion validation-green's functions test[END_REF]Beresnev, 2017, entre autres). La vitesse de rupture et la directivité influencent principalement les composantes haute fréquence du signal [START_REF] Bernard | Modeling directivity of heterogeneous earthquake ruptures[END_REF][START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k -2 , kinematic source model[END_REF]Gallovič, 2015, entre autres).

• La géologie courbe en dessous du site de KKNPP, influence la variabilité du mouvement sismique.

• L'estimation des fréquences fondamentales du sol est plus difficile pour certains scenarios sismiques et conditions du site. La CCDF est calculée pour le cas de cette armoire électrique hypothétique. Les principaux résultats de ce chapitre sont résumés comme suit :

• Une excitation 3D aux frontières du modèle ISS, imposée via l'approche DRM, donne une réponse de la structure supérieure par rapport à la réponse obtenue avec les approches classiques BEM-FEM et onde plane d'incidence verticale.

• L'influence de la géologie régionale est clairement identifiée au niveau de la réponse dynamique du cabinet électrique.