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Ambient vibrations, spectral content and seismic damages : new approach adapted to the urban scale.

Application on Beirut

Résumé

Il a été observé maintes fois dans les enquêtes post-sismiques que les structures ayant des fréquences similaires à celles du sol de fondation présentent des dommages beaucoup plus importants (Caracas 1967, Mexique 1985, Pujili, Equateur 1996;L'Aquila 2009). Cette observation de bon sens n'est cependant que très peu, ou de façon très indirecte, prise en compte d'une part dans les réglementations parasismiques (échelle du bâtiment), et d'autre part dans les études de risque et de scénario à l'échelle urbaine. On assiste ainsi souvent à un niveau de précision incohérent entre les études d'aléa, qui sont maintenant à même de cartographier de manière fiable les fréquences de sol, les possibilités actuelles en matière d'analyse du comportement dynamique des bâtiments, et les cartes de vulnérabilité et de risque finales. Une analyse numérique complète pour étudier l'effet de coïncidence entre les fréquences du sol et du bâtiment est effectuée. Un ensemble de 887 profils de sol réalistes est couplé avec un total de 141 oscillateurs élastoplastiques à un degré de liberté, et leurs réponses combinées (non linéaires) sont calculées à la fois pour un comportement de sol linéaire et non-linéaire, pour un grand nombre (60) de signaux d'entrée avec différents niveaux de PGA et contenu fréquentiel. Les dommages associés sont quantifiés sur la base du déplacement maximal comparé à la fois par rapport aux déplacements élastiques et ultimes, selon les recommandations du projet européen RISK-UE [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF], et par rapports aux dommages obtenus dans le cas d'un bâtiment similaire situé sur le substratum rocheux. La corrélation entre les incréments de dommages entre sol et rocher et un certain nombre de paramètres simples mécaniques et de chargement est ensuite analysée en utilisant une approche de réseau neuronal. Les résultats soulignent le rôle clé joué par le rapport de fréquence bâtiment/sol, même lorsque le sol et le bâtiment se comportent de manière non linéaire; d'autres paramètres importants sont le niveau de PGA, le contraste d'impédance sol/rocher et la ductilité du bâtiment. Une enquête numérique spécifique basée sur la simulation du bruit ambiant pour l'ensemble des 887 profils indique également que l'impact du contraste d'impédance sol/rocher peut être cohéremment remplacé en utilisant l'amplitude du rapport H/V. Aussi l'effet de coïncidence apparaît comme une observation importante, non seulement dans la réponse de l'analyse des sites linéaires, mais aussi dans la réponse d'un site non-linéaire: en dépit d'un niveau important de non-linéarité atteint la coïncidence spectrale se produit, mais à un rapport de fréquence décalé vers des valeurs inférieures. La méthode élaborée permet une mise en oeuvre très facile, en utilisant des mesures de vibrations ambiantes, tant au niveau du sol et à l'intérieur des bâtiments. Un exemple d'application très illustratif est représenté pour la ville de Beyrouth (Liban).

Abstract

It has been observed repeatedly in post-seismic investigations that structures having frequencies close to foundation soil frequencies exhibit significantly heavier damages (Caracas 1967, Mexico 1985, Pujili, Ecuador 1996;L'Aquila 2009). However, these observations are generally not taken directly into account neither in present-day seismic regulations (small scale), nor at large-scale seismic risk analysis. We thus encounter frequently an incoherent precision level between hazard studies that are capable of reliably mapping the ground frequency, the actual possibilities of analyzing the dynamic behavior of the building, and the final vulnerability and risk maps. A comprehensive numerical analysis to investigate the effect of coincidence between soil and building frequencies is performed. A total of 887 realistic soil profiles are coupled with a set of 141 elastoplastic oscillators with a single degree of freedom and their combined (non-linear) response are computed both for linear and non-linear soil behavior, for a large number (60) of input signals of various PGA levels and frequency contents. The associated damage is quantified on the basis of the maximum displacement as compared to both yield and ultimate post-elastic displacements, according to the RISK-UE European project recommendations [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF], and compared with the damage obtained in the case of a similar building located on bedrock. The correlation between this soil/rock damage increment and a number of simplified mechanical and loading parameters is then analyzed using a neural network approach. The results emphasize the key role played by the building/soil frequency ratio even when both soil and building behave non-linearly; other important parameters are the PGA level, the soil/rock impedance contrast and the building ductility. A specific numerical investigation based on simulation of ambient noise for the whole set of 887 profiles also indicates that the impact of soil/rock impedance contrast may be satisfactory replaced using the amplitude of H/V ratio. Moreover the effect of coincidence appears to be an important observation not only in the linear site analysis response but also in the nonlinear site response: in spite of a large nonlinearity level reached spectral coincidence occurs, however at a shifted frequency ratio towards lower values. The elaborated method allows a very easy implementation, using ambient vibration measurements both at ground level and within buildings. A very illustrative example application is shown for the city of Beirut (Lebanon). 4.1: Relationships between maximum acceleration on soil and on rock for various site conditions (Seed et al. 1976). The acceleration are expressed as fractions of g. Deamplification is manifested for all site characteristics when acceleration exceeds 0.1g, except for rocky sites. .......... 130 Fig. 4.2: Kelvin-Voigt model used in the equivakent linear approach [START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF]. .......... 133 Fig. 4.3: Equivalent-linear model: a) Hysteresis stress-strain curve; b) Variation of secant shear modulus and damping ratio with shear strain amplitude [START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF] [START_REF] Yoshida | Equivalent linear method considering frequency dependent characteristics of stiffness and damping[END_REF]. .... 135 Fig. 4.6: Hyperbolic model of a stress-strain curve for a soil under cyclic loads. The thick line represents the stress-strain curve known as backbone curve based on the hyperbolic model. The loading and unloading branches have also the same shape but translated as described by the Masing rules. The dashed straight line slope is G0, and for large strains the stress goes to 𝜏0. The point (𝛾𝑟; 𝜏𝑟) represents the point where the path reverses from loading to unloading [START_REF] Bonilla | NOAH: Users Manual[END_REF] Tectonic setting of the study: a) Regional sketch map of the Levant fault system, b) focused map of the main active faults in Lebanon (Daëron et al. 2007). ............................................ 174 Fig. 5.3: Probability of occurence on the Yammouneh fault since the last major earthquake in 1202 based on [START_REF] Rotstein | Gaussian probability estimates for large earthquake occurrence in the Jordan Valley, Dead Sea rift[END_REF] method [START_REF] Pico | Géographie et assurance: le risque sismique dans les espaces urbains mal documentés: le cas de Beyrouth[END_REF] .9: Location of 330 buildings measured in Beirut on rock and soft sites on an interpolated map of the fundamental soil frequencies [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF][START_REF] Cornou | Shear-wave velocity structure and correlation with n-spt values in different geological formations in Beirut, Lebanon[END_REF]. Soil frequency is given in Hertz. Mapping using the UTM (Universal Transverse Mercator) coordinate system (Zone: 36). 181 5.15: Comparison between experimental period obtained with ambient vibration method and theoretical period in: a) PS92 (Eq. ( 4)), b) UBC97/EC8/Lebanese code (Eq. ( 6)), c) experimental linear correlations obtained in Peru (in blue), France (in red), and Chile (in grey) (T = αN). ............ 187 Fig. 5.16: Measured damping versus fundamental period in Beirut compared to other relations based on ambient vibration method. The dashed line represents the constant value equal to 5% considered in seismic codes. The dash-dotted lines correspond to the 95% confidence interval for the Beirut buildings trend. . .. 190 Fig. 5.19: Comparison between the experimental periods based on ambient vibration method on rock and soft sites and the theoretical periods used in large-scale empirical methods for vulnerability estimation Hazus (FEMA 1999), Risk-UE [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF] c) the ratio between them d) and the H/V amplitude respectively for the three typology classes considered. .................... 199 Fig. 5.28: The architecture of the Artificial Neural network relating the damage increment (and the absolute damage on soil) with respect to the 3 typology classes (Class 1 to 3), and as a function of the frequency ratio between soil and structure, the PGA for discrete values from 0.05 g to 0.50 g, and the interpolated H/V amplitude computed at the base of each building. . Table 2- ............................................................................................................................................ 161 Table 5-1: Summary of existing linear relationships and power-laws between dynamic and geometric characteristics in all regions of the world based on ambient vibrations method. ............... 173 For a life protection goal, the only socially and economically sustainable way is actually to reduce the damages resulting from earthquakes. So, it is essential to reinforce buildings and primordial facilities. Earthquakes are responsible of thousands to hundred thousands of victims (average over the last decade: around 50 000 fatalities per year), billions of Euros of damages (average over the last decade: 10 to 20 billion Euros per year) affecting not only the cities hit by the earthquake but also the entire country through social and economic consequences. Earthquakes are the deadliest, most dangerous natural disasters; they cannot be avoided because it is the life sign of the earth. Even if the earthquake prone areas can most often be reliably identified, the occurrence time of large events is still unpredictable in spite of the very active research in the seismology field [START_REF] Bouchon | Extended nucleation of the 1999 Mw 7.6 Izmit earthquake[END_REF]; when it occurs in an urban area, it may leave behind, within a few seconds to tens of seconds, a huge number of structural damage resulting in many casualties. The drastic growth of world population and its concentration in urban areas with forced occupation of "bad lands" and expected high seismic hazard increases the exposition to this natural disaster. Assessing the seismic risk consists in quantifying the expected impacts that could affect a system following an earthquake. It is measured in a probabilistic way with the expected social and economic losses during a reference period for a given site or area. It results from the convolution between different terms: the threat or seismic hazard, the exposure (i.e., all material and immaterial goods exposed to this threat), and their vulnerability (i.e., their sensitivity as a function of the hazard level). In other terms it can be expressed as the product of the probability of occurrence of a seismic event (the hazard), the conditional probability of exceeding a specified damage as a function of ground motion level (vulnerability) and the inventory of the buildings typology, the occupants and their economic activities exposed to the hazard (exposure):
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Risk = Hazard x Vulnerability x Exposure

In the desert, the seismic risk is negligible even if the hazard is high because no population is exposed. For example: the 1998 earthquake in Balleny Islands, Antarctica had a magnitude of 8.1; however no fatalities or damages were noted. On the opposite, if the earthquake occurs in a city, as it has been the case for the moderate Agadir earthquake (Morocco, 29/02/1960, M w =5.7), the consequences may be disastrous (15000 fatalities, 25000 injured in Agadir). Therefore, the seismic risk could be very high even if the hazard is moderate to low; this phenomenon is in particular present in areas with a high population density and precarious constructions (for example earthquakes in Basel, Switzerland in the 14 th century or in Lisbon in the 18 th century). The lack of resilience which is the capacity to cope and recover from the earthquake at the social and economic levels contributes also in aggravating the seismic risk effect.

From a scientific point of view, most of the destructive effects of an earthquake come from vibrations associated with waves generated by the sudden slip of the two sides of the causative fault. These vibrations are characterized by their frequency, amplitude and duration; the associated waves are characterized by their type (body -compression or shear waves, and surface waves-Rayleigh and Love waves), and propagation velocity. The latter, relatively stable deep in the earth's crust is however strongly variable near the surface, as it is directly related to the age and compactness of soil and rocks: for instance, the shear wave velocity may vary from 3 km/s to less than 500 m/s in the same granite, depending on its exposure to weathering, and from around 1000 m/s in highly compacted sediment, to less than 50 m/s in soft mud or peat. Therefore, the propagation of these waves is strongly affected by 1 . 1 : M o t i v a t i o n o f t h e t h e s i s | 19 the surface heterogeneities, and the same applies to the spatial distribution of the amplitude of the associated seismic vibrations. This spatial variability linked to surface geology is typically called site effects. Assessment of seismic hazard should thus take into account the impact of the geological characteristics of the site on which the buildings are located: in Mexico City, the soft lacustrine deposits of the old lake on which the city is built served as a resonator to amplify the earthquake shaking, which resulted in extensive damage during the 1985 earthquake. Fig. 1.3 shows a representation of the damages caused to buildings with respect to their height following the 1985 earthquake in Mexico City; the low and high rise buildings suffered less damage than the ones exhibiting a fundamental frequency close to that of soil. The reliefs may also amplify seismic vibrations: in Provence, in 1909 (Lambesc earthquake), or in Italy in 1980 (Irpinia earthquake), the buildings located at the top of the hills were more damaged than others. In Kobe, Japan, during the 1995 earthquake, the heavily damaged zones were located in narrow zones called "damage belt" due to the basin-edge effect where constructive interference between the incident and diffracted waves cause strong amplification [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]. The list of earthquakes where site effect was observed is very long; I will simply indicate here some "historical" earthquakes that happened on a doomed day:

 July 29, 1967

Where: Caracas; the fault is located at 48 km west of the city When: 8.00 pm, lasted 35 seconds How big: Magnitude 6.5

Victims: 240 people killed, hundreds injured and 80000 displaced Damage: $100 million Important learning and consequences: site resonance, 1D equivalent linear modeling [START_REF] Semblat | Seismic site effects in a deep alluvial basin: numerical analysis by the boundary element method[END_REF].

Enormous amount of damages, huge numbers of fatalities, site effect phenomena combined to high seismic risk are the main motivation of the present thesis. In particular it focuses on the combination of site-specific hazard and building characteristics on the damage level. In any case, whatever the reason for building collapse (too high PGA [at rock], source directivity or site effects) the responsible for induced deaths is still the building behavior.

The presently used vulnerability estimation methods oscillate between two extremes:

1. empirical methods applied at large-scale level; these methods generally do not take directly into account the quantitative soil and building parameters such as soil frequency, nor realistic building frequency (they are most often based on basically qualitative classification of soils and buildings: for instance classes of frequencies/heights); 2. mechanical methods that consider the specific characteristics of the building and its foundation site; such approaches involve most often numerical modeling applied generally 1 . 2 : O u t l i n e o f t h e t h e s i s | 21 to a single structure, and cannot be easily applied on large areas.

Large scale vulnerability assessment in low to moderately active seismic areas, has been recently improved with new empirical methods using remote sensing information and data-mining approach [START_REF] Riedel | Seismic vulnerability analysis of existing buildings loss estimation and uncertainty analysis for deterministic earthquake scenarios[END_REF]). These methods are essentially based on the typology criteria and geometrical characteristics. The scope of this thesis is to contribute to the improvement of large scale risk assessment, taking into account not only the characteristics of the buildings but also the one corresponding to the soil, so as to better consider the site effects described above. More specifically, the issues addressed in this thesis are the following:

 What is the impact of the coincidence between soil and structure frequencies on the damage level, compared to other well-identified parameters (impedance contrast, V s30 …), building typology (number of floors, ductility), and seismic input (PGA, magnitude..);  Is there an affordable, reliable and physically relevant proxy to the soil parameters that would be well suited for large-scale studies? This proxy should be easily measurable in the field (economically and instrumentally), and should not involve detailed S-wave velocity measurements, for example;  How to consider nonlinear site response in large-scale risk assessment studies? And what is the impact of this nonlinearity on the damage level?  Is it possible to apply this new, mechanically derived, large-scale approach at a city scale?

The city of Beirut (Lebanon), represented by the red circle on the map of global seismic hazard and world population (Fig. 1.2) has been selected for an example application. Beirut is one of those capital cities located near major faults, which thus face a high seismic hazard. Mitigating the damages during the next major event in Lebanon thus requires raising the awareness in the whole society, from individual citizens to decision makers and professionals, in order to improve the construction practice.

The above-mentioned issues have been investigated through relatively simple site and building models, and a comprehensive parameter study leading to a huge number of results, which have been analyzed statistically using a Neural Network approach, in order to provide direct, data-driven correlations between damage estimates (output) and a few, simple, site and building proxies taken as input.

Outline of the thesis

The main challenge of this thesis is to propose and test improvements in large-scale damage assessment methods that could better account, though in a simple way, for the spectral contents of the ground motion, and of the dynamic behavior of the buildings. The challenge comes from the fact that these characteristics exhibit a very large spatial variability, due to building heterogeneities (height, material, age, …) and geological conditions, while the goal is to obtain reliable estimates for a whole urban area. For this purpose this thesis is organized into 4 main chapters (Chapter 2 to 5) before reaching the conclusion and perspectives part (Chapter 6).

The Chapter 2 constitutes the base chapter for the entire thesis: first we review the two main vulnerability estimation methods described in section 1.1: (i) the mechanical analytical methods that take indirectly into account quantitative information about the soil but require intensive computation and (ii) the macroseismic empirical methods which only consider semi-quantitative information like typology and geometrical characteristics as aforementioned. This chapter focuses on finding a compromise between the two approaches. In other terms, how to elaborate a damage assessment method that could be applied on a city-to-nation level, while having a solid physical basis and using relevant, quantitative parameters for both soil and structural response? To that end we started our C h a p t e r 1 : | 22 analysis with a simple mechanical problem consisting of a single degree-of-freedom elasto-plastic oscillator at the surface of a soil with one single layer overlaying an elastic half-space, and shaken by various seismic inputs. This simple model outlines the impact of the spectral coincidence on the oscillator displacement. The robustness of this result is then tested with a comprehensive parameter study involving about 7 million, simple but realistic models coupling a wide variety of structures founded on nearly one thousands of realistic site profiles, for 60 input signals spanning a wide range of magnitude, distance and PGAs. A simple damage index has been defined on the basis of the oscillator displacement thresholds established by the Risk-UE project in relation to the EMS98 damage grades [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. The huge set of results has been analyzed using a Neural Network Approach to correlate the damage increment between soil and rock sites, to several simple, macroscopic explanatory input variable linked to soil behavior (PGA, fundamental frequency, velocity contrast) as well as building characteristics (frequency, ductility), without any a priori information on the functional form of such relationships. What are the respective impacts of these various parameters (loading, site, building) on the damage increment? Is there a predominant one? One of the "physical" input parameter used in Chapter 2 is the velocity contrast within the soil (i.e. the contrast between the stiffer layerthe underlying bedrockand the softer onegenerally the surface layer, but not always -. This parameter is a natural, physical proxy for the site amplification, but is not easy to measure, especially in the case of deep bedrock. Chapter 3 is thus dedicated to use the same results and the same neural network approach, to investigate the performance of other site amplification proxies, which be easily available and economically affordable. A good candidate for such a proxy is "A 0HV " amplitude, i.e. the amplitude of the H/V ratio derived from microtremor recordings. In order to test its performance, noise synthetics have been computed for each of the 887 velocity models using the discrete wavenumber approach originally developed by [START_REF] Bouchon | Discrete wave-number representation of seismic-source wave fields[END_REF][START_REF] Bouchon | Discrete wave number representation of elastic wave fields in three-space dimensions[END_REF]Bouchon et al. ( , 1981[START_REF] Bouchon | A review of the discrete wavenumber method[END_REF] and adapted by [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF], and the random source generation developed within the SESAME project [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF]. The so obtained A 0HV values are compared with the velocity contrast and the actual amplification as obtained with the transfer functions for vertically incident plane S waves. Its performance as a site amplification proxy to explain the damage level, is then investigated and compared to other different, simple well-known proxies: V s30 , V s10 , V bedrock /V s30 , V bedrock /Vs10. What is the best proxy to use for the estimation of the damage increment? Chapter 4 is exploring the changes brought by the consideration of non-linear site response to results obtained in Chapter 2 with linear site response. After a brief review of nonlinear analysis methods, non-linear parameters are assigned to the various layers of each site on the basis of the correlations with S-wave velocity proposed by [START_REF] Kamai | Nonlinear horizontal site response for the | 230 NGA-West2 project[END_REF], and the nonlinear site response is computed for the 887 soil columns and 60 different input accelerations, with the NOAH code [START_REF] Bonilla | NOAH: Users Manual[END_REF]. This large set of results has first allowed to investigate the impact of some parameters on the non-linear site response, and to investigate the performance of several strain proxies: What is the effect of PGA, V s30 , V s10 on nonlinearity? How does nonlinearity affect the fundamental frequency of the soil? What is the performance of some strain proxies? Then the numerous oscillators representative of various building classes already considered in Chapter 2, are then excited with the new, non-linear surface acceleration time series and the resulting damage levels are compared with the corresponding damage levels obtained on rock. New Neural Networks are built for the newly obtained rock-to-soil damage increment, and the results are compared between linear and nonlinear cases. How does the structure behave when the site enters into nonlinearity? How is modified the ranking between the various explanatory parameters?

The Chapter 5 is an application of the model developed in Chapters 2 and 3 to an example case study, the downtown area of Beirut. We first describe results coming from an ambient vibration measurement campaign held on soil and structures in Beirut (within the framework of the Libris ANR project), and elaborate specific correlations between building dynamic parameters and their geometrical characteristics; we then compare these relations to the newly introduced Lebanese seismic code. Is the Lebanese seismic code on the conservative side or should it be adapted? Finally we apply the Neural Network constructed in Chapter 3 using H/V amplitude, frequencies of soil and structure, for the range of PGA values that is considered in the new Lebanese regulations. The ultimate step is to 1 . 2 : O u t l i n e o f t h e t h e s i s | 23 map the expected damage in Beirut, in terms either of rock to soil damage increment, or of absolute damage, for various reference rock PGA values, and to compare such values with those expected with the Lebanese code. What does the damage increment map show? What is the proportion of buildings that suffer extensive damage in Beirut? Once again is the Lebanese code in good agreement with the present results?

Finally the conclusion (Chapter 6) summarizes all the results obtained in the previous chapters, while trying also to assess their limitations and the improvements that could / should be brought to this work, from both conceptual and numerical viewpoints, and regarding practical applications as well.

Introduction

The most spectacular example of site effects is that of Mexico City1985 where site amplification was studied by [START_REF] Singh | The Mexico earthquake of September 19, 1985-A study of amplification of seismic waves in the valley of Mexico with respect to a hill zone site[END_REF]. The sites effects were also observed in many recent earthquakes such as Caracas 1967 [START_REF] Papageorgiou | Study of the propagation and amplification of seismic waves in Caracas Valley with reference to the 29 July 1967 earthquake: SH waves[END_REF]), Lima 1974, Mexico 1985, San Francisco 1989, Northridge 1994, Kobe 1995[START_REF] Pitarka | Three-dimensional simulation of the nearfault ground motion for the 1995 Hyogo-ken Nanbu (Kobe), Japan, earthquake[END_REF]), Armenia 1999, Izmit 1999, Athens 1999, Gujarat 2001, Bam 2003. Seed et al. (1976) analyzed the effect of the soil for 107 earthquake records for different soil categories showing amplification in spectral acceleration in the soft to medium clay and sand. [START_REF] Borcherdt | On the characteristics of local geology and their influence on ground motions generated by the Loma Prieta earthquake in the San Francisco Bay region, California[END_REF] recorded average spectral amplification vs. Vs-30 during the 1989 Loma Prieta earthquake. Stewart et al. (2002) and [START_REF] Graves | Modeling three-dimensional site response effects in the Marina District Basin, San Francisco, California[END_REF] discussed basin effect in flat layer (1D effect) and basin case (2D effect: Kinoshita et al. 1992 in Tokyo plain;Semblat et al. 2005). [START_REF] Geli | The effect of topography on earthquake ground motion: a review and new results[END_REF] studied the effect of surface typology on the site amplification. The amplitude and frequency characteristics of ground shaking obviously impact the behavior of the man-made structures. As a very first approximation, a building can be considered as an inverted pendulum, or as a column embedded into the soil: its vibratory behavior is very similar to that of an oscillator with one or several degrees of freedom, and one or several vibration modes, characterized by their frequencies, modal shapes, and modal damping: under seismic excitation, the vibratory motions of the buildings are distributed on these different modes, with respect to the incident energy. We can admit that the damage in a building is primarily associated to the internal deformations that it undergoes. The latter are connected to the total displacement imposed by the earthquake and the natural frequencies of the structure. If therefore one of the frequencies of the soil coincides with one of the frequencies of a building, and that the incident energy at that frequency is sufficient, the corresponding mode will be particularly activated, and the resulting deformation will be more important. This resonance effect was investigated by [START_REF] Takewaki | Remarkable response amplification of building frames due to resonance with the surface ground[END_REF] on a 15-storey moment-resisting steel building frame. Therefore coupling between resonators is a key element in the spatial distribution of damages during an earthquake, based on the respective distribution of soil and buildings frequencies, and the level of associated resonances directly linked to the damping in soils and structures, and the stiffness contrast (at depth for the soil, and between soil and structure for the building). This theoretical concept of a double resonator has actually been observed repeatedly in post-seismic investigations (Castillon 1887 in connection to surface topography; Caracas 1967, deep sediments; Mexico 1985 very soft sediments; Pujili 1996 shallow sediments): buildings having fundamental frequencies coinciding with the site resonance frequencies did suffer larger damages because amplitude of vibration and thus displacement is much larger when soil and building frequencies are quite similar (Fig. 2.1). However this observation is generally not taken directly into account neither in present-day seismic regulations (small scale analysis), nor in seismic vulnerability and risk analysis (large-scale analysis). There often exists a lack of consistency between seismic hazard studies which do take into consideration the actual soil frequencies, and the large-scale vulnerability estimation and seismic risk maps which pay only poor attention to building frequencies. The latter follows generally a statistical approach because of the lack of information about existing buildings and use more traditional specifications such as structural typology, age of the building and maintenance level to establish empirical formulas relating damage to macroseismic intensity on a large scale: a large part of local hazard analysis results is therefore kept aside. These empirical methods for vulnerability estimation are essentially based on feedback and structural characteristics from visual inspections. One must mention however recent trends in building-specific vulnerability estimations, that take into account the spectral content of the input motion around the building fundamental frequency. These mechanical models are essentially based on the Capacity Spectrum Method [START_REF] Freeman | Evaluations of existing buildings for seismic risk-A case study of Puget Sound Naval Shipyard[END_REF][START_REF] Fajfar | A nonlinear analysis method for performance-based seismic design[END_REF]. In fact [START_REF] Duco | Méthodologies d'évaluation de la vulnérabilité sismique de bâtiments existants à partir d'une instrumentation in situ[END_REF] studied in his thesis a methodology to predict vulnerability of a building based on instrumentation. De Biasio (2014) confirms that spectral acceleration at the fundamental frequency is an optimal intensity measurement for the structural demand estimation and established a new intensity measurement by averaging the response spectrum between the fundamental frequency f 1 and 60%f 1 Moreover several research projects for the risk and vulnerability assessment were elaborated based on different approaches in many countries with high seismic activity: HAZUS implemented by the Federal Emergency Management Agency (FEMA 1999) in the United States, Gruppo Nazionale per la Difesa dai terremoti [START_REF] Gndt | Instruzioni per la Compilazione della Sceda di Relivamento Esposizione e Vulnerabilità Sismica Degli Edifici. Gruppo Nazionale per la Difesa dai Terremoti. Regione Emilia Romagna y Regione[END_REF] in Italy, Risk -EU adapted to European context [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF], CAPRA developed in Central and Latin America [START_REF] Cardona | Comprehensive approach for probabilistic risk assessment (CAPRA): international initiative for disaster risk management effectiveness[END_REF]. Most often, C h a p t e r 2 : | 26 the practice of seismic hazard estimation includes a modulation of seismic actions as a function of local geological conditions, through some "site proxies": the most widely used is presently the average S-wave velocity down to a depth of 30 m (parameter "Vs30") (Brocherdt and Glassmoyer 1992). A consistent series of recent publications [START_REF] Bard | The SESAME project: an overview and main results[END_REF][START_REF] Bard | From noise measurements to site effects : main perspectives after the SESAME project and ESG2006 blind test[END_REF][START_REF] Zhao | An empirical site-classification method for strong-motion stations in Japan using H/V response spectral ratio[END_REF], Guillier et al. 2008, Chatelain et al. 2008[START_REF] Haghshenas | Empirical evaluation of microtremor H/V spectral ratio[END_REF][START_REF] Luzi | Proposal for a soil classification based on parameters alternative or complementary to Vs, 30[END_REF]) emphasize the relevancy of the site fundamental frequency as another possible "site proxy", especially as is can be easily measured through H/V method based on ambient vibrations [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]. However most of the recent studies do not use the fundamental frequency of building for the damage estimation and vulnerability and risk assessment, although it is quite easy to be estimated [START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF]. The goal of this chapter is thus to focus on the effects of coincidence between fundamental frequencies of soil and buildings, in order to derive damage increase estimates that could be applied on real sites where a lack of information about soil or structure does not allow an appropriate modeling of their response or interaction. In that perspective, a combination between input seismic signal, structural and foundation soil response, with due consideration to the coincidence of frequencies, is examined in order to improve a physical understanding and establish a quantitative relationship between the expected damage and the various physical parameters. We then investigated the damage ratio quantified as the ratio between the maximum displacements on soil and rock; the elastoplastic model having a displacement that exceeds the yield limit is considered as damaged. The theoretical approach is initiated with a simple model of one horizontal soil layer over a half space combined to an elastoplastic oscillator, then the robustness of the analysis is studied by considering a set of 887 realistic multilayer linear soil profiles. In this case a new damage index is introduced and computed for two configurations: on soil and on the outcropping bedrock. The huge amount of combinations obtained is analyzed with Artificial Neural Networks (ANN) method instead of classical regression tools. Indeed this approach inspired by biological neural networks acquired a growing impact in the earthquake engineering field; [START_REF] Poulton | Computational neural networks for geophysical data processing[END_REF] collected cited journal articles, conference proceedings, reports, thesis applying neural network approach in the geophysical field from 1989 till 1998 and tracked the evolution of their number over a decade: the number of publications has drastically increased between 1989 and 1994. This highlights the importance of the neural network tool in analyzing geophysical problems. In fact this method does not require any prior knowledge of the database and the functional forms [START_REF] Dreyfus | Neural networks: methodology and applications[END_REF], thus it is considered as an optimal method to deal with the big dataset of soil, structure and seismic signals combinations and examine the effect of the resonance between soil and structure on the damage. Fig. 2.1: Concept of a double resonator: structure defined by its stiffness K and mass M based on a horizontal layer defined by thickness, density, Vs and quality factor; the total transfer function TF of soil and structure shows amplification of the amplitude of vibration at the soil/structure frequencies coincidence.

Seismic risk and vulnerability assessment

As defined in Chapter 1 the seismic risk is the convolution between the vulnerability, the hazard and the exposure. In this section we will develop the seismic hazard estimation and the vulnerability and damage estimation methods; the exposure being the inventory of number of buildings, people, economic businesses exposed to the hazard.

The seismic hazard estimation

It is the evaluation of the probability of exceedance of a given ground motion in a specific region at a given period of time. First a zonation of seismicity is realized based on the tectonic and seismotectonic analysis of the region and characterizes the activity of these regions (magnitude, intensity, depth or return period). The main objective of this analysis is to establish a connection between seismicity and actual active faults to estimate the effects that can be generated on a defined site. In other terms transform the seismic event to ground motion. There are two approaches to estimate the seismic hazard [START_REF] Giovinazzi | The vulnerability assessment and the damage scenario in seismic risk analysis[END_REF]):

 Deterministic Seismic Hazard Assessment (DSHA): It determines the characteristics of the most important historical earthquakes that occurred in a specific seismically active area. It does not involve the return period. Four basic steps for this approach are: 1) Identify the sources (faults and seismotectonic zones) within the area of study, 2) Identify source-to-site distance: the shortest distance is selected, 3) Select the controlling earthquake that is characterized by its strongest level of shaking, 4) Seismic hazard is usually described by peak acceleration, macroseismic intensity, response spectra and other motion parameters. The ground motion spectrum is C h a p t e r 2 : | 28 computed using a ground motion prediction equation with respect to the site conditions.  Probabilistic Seismic Hazard Assessment (PSHA): It was established by [START_REF] Cornell | Engineering seismic risk analysis[END_REF] and describes the future occurrence of ground motion based on probability distribution equations that determines the annual occurrence rates of specific parameters related to the ground motion; the most commonly used is the Peak Ground Acceleration (PGA), but other parameters may also be used such as the velocity, the displacement or the Arias Intensity. Four preliminary steps are important in this approach: 1) Identify the sources (faults and seismotectonic zones) within the area of study, 2) Identify the distribution of earthquake magnitudes and source-to-site distances, 3) In each source zone, model a recurrence curve from the earthquake catalog: this recurrence curve describes the possible magnitudes and annual rates of occurrence, 4) Select a ground motion prediction equation suitable for the area of study as a function of earthquake magnitude and distance; to combine with the recurrence and spatial distribution of earthquakes; it provides a probability of exceeding ground motion level on a defined site.

Rock hazard is then evaluated by deriving UHS (Uniform Hazard Spectrum) from PSHA. UHS is constructed based on spectral accelerations having the same probability of exceedance whatever the oscillator period, extracted from PSHA curves.

Vulnerability and damage estimation methods

The vulnerability of a building is defined by its damage level when subjected to different seismic scenarios and depends on the physical and geometrical characteristics of the system. The seismic vulnerability method contributes in the measurement of a specific parameter that describes the consequences of a seismic loading on one building or a group of constructions in a specified region and its tendency to be damaged. Several methods are developed to estimate the seismic vulnerability and damage level of a structure [START_REF] Duco | Méthodologies d'évaluation de la vulnérabilité sismique de bâtiments existants à partir d'une instrumentation in situ[END_REF]): There are mechanical and analytical method that requires Peak ground accelerations or spectral values, and the macroseismic method that adopts the macroseismic intensity hazard maps. These methods follow the same procedure in estimating the vulnerability of structures:

 Building typologies  Damage definition  Fragility curves construction and damage probability computation Therefore the primordial step in any vulnerability estimation method is defining the typology and assigning the vulnerability attributes. Then each of the mechanical and macroseismic method is described separately by detailing: 1) the steps corresponding to each method; 2) the evaluation of the damage or displacement with respect to a damage scale specific to each method; 3) the fragility curves construction and the damage probability computation.

Building typologies

In each vulnerability analysis method, the first step is to classify the buildings into a relevant typology categorized into type of the structure, its height and seismic design level used for its conception; all these parameters are introduced in the seismic vulnerability estimation. In Europe, the European Macroseismic Scale EMS 98 sets a scale with 15 types of buildings, including 7 masonry, 6 reinforced concrete RC, 1 wood and 1 steel. The Risk-UE European project proposes a typology close to that of the EMS98, but more detailed, with 23 types of buildings adding the RC3 type (dual system) and RC_p to take into account pilotis, and the following sub-typologies: wood slabs, M_w, masonry vaults, M_v, composite steel and masonry slabs, M_sm, reinforced concrete slabs M_ca. In the United States, the Hazus method defines 36 typologies of buildings, with a concept of seismic design level 2 . 2 : S e i s m i c r i s k a n d v u l n e r a b i l i t y a s s e s s m e n t | 29 added to the typology:  Pre Code: without any seismic design. In the regions with high seismic risk (such as California), this level of design is assigned to a building constructed before 1940. 2 . 2 : S e i s m i c r i s k a n d v u l n e r a b i l i t y a s s e s s m e n t | 31

Macroseismic methods

The macroseismic methods are generally empirical methods that can be applied on a building or group of buildings. In the majority of these methods, vulnerability is estimated based on indices that are correlated to damage scale: they are determined based on damage observed following earthquakes that occurred in the past with respect to the macroseismic intensity, and the return of experience made by experts during post-seismic missions. However, the ground motion that generated the observed damage is rarely recorded; it is generally represented by the macroseismic intensity estimated from damage and that represents the key parameter to describe the hazard in these empirical methods: this causes an inconsistency which is one of the limitations of this method; furthermore, the relationship between structural parameters and damages are estimated statistically. These vulnerability methods are applicable on a large scale at a city to nation level. We cite among them: EMS-98 (Gruenthal 1998) and Risk-UE (Milutinovik and Trendafiloski 2003;[START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF] 2.2.2.2.1. Damage evaluation EMS 98 or Risk-UE methods consider 5 damage levels that describe the observed damage for structural and non-structural components:

 D1 slight  D2 moderate  D3 heavy  D4 very heavy  D5 destruction
D0 is assigned when there is absolutely no damage observed. The correlation between the seismic input (I) and the expected damage (𝜇 𝐷 ), is described by the following analytical function (Eq. ( 2.1)) and mapped using the vulnerability curves [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]) (Fig. 2.3a):

𝜇 𝐷 = 2.5 [1 + tanh ( 𝐼 + 6.25𝑉 -13.1 𝑄 )] (2.1)
where I is the a macroseimic intensity, and V and Q are, respectively, the vulnerability and the ductility index, The mean damage value 𝜇 𝐷 of the expected damage distribution varies from 0 (no damage) to 5 (severe damage or destruction) and is given by:

𝜇 𝐷 = ∑ 𝑝 𝑘 𝑘 5 𝑘=0 (2.2) 2.2.2.2.

Damage probability computation and fragility curves construction

The probability pk of each damage level D k (k=0-5) is computed using the probability mass function PMF or the binomial distribution (Eq. (2.3)) to obtain the fragility curves for a considered typology as a function of the expected damage derived from the equation (2.3) (Fig. 

Mechanical methods

Mechanical methods are analytical methods that estimate the seismic vulnerability assessment of the structure using nonlinear analysis for seismic performance. These methods model the structural response of the system based on the capacity curve linked to fundamental information such as stiffness, global resistance and maximum ultimate capacity. One approach among others is the Capacity Spectrum Method (CSM) (Freeman et al. 1975, Chopra and[START_REF] Chopra | Capacity-demand-diagram methods based on inelastic design spectrum[END_REF] similar to that adopted by HAZUS (FEMA 1999) and Risk-UE [START_REF] Mouroux | Presentation of RISK-UE project[END_REF] where the vulnerability curve of the considered building is elaborated by superposing two curves: the capacity curve related to the structure and the seismic demand related to the hazard are superposed and the performance point is obtained. We will develop 1) the steps to obtain building response or the performance point; 2) the evaluation of the damage or displacement with respect to a damage scale; 3) the evaluation of the damage probability and the construction of fragility curves.

Building response calculation

The most precise method to compute the building response under seismic loading is the nonlinear dynamic method computed step by step in the time domain, that reproduce accurately the structure behavior and its performance at each step during earthquake; however this method is complex and intensive computation and time execution are needed, especially for complex models. An alternative is the Pushover analysis: it is a static nonlinear procedure where lateral forces are applied on the structure based on a predefined model by increasing progressively the loading intensity until ruin stage is reached. The performance of the building defined by the maximum displacement is evaluated by superposing the capacity curve (described in 2.2.2.3.1.1) and the seismic demand (defined in 2.2.2.3.1.2). As aforementioned, the CSM method is considered and described in this section following the same procedure of [START_REF] Chopra | Capacity-demand-diagram methods based on inelastic design spectrum[END_REF] The pushover analysis is based on the response of a real multi-degree of freedom structure MDOF, assimilated to a single-degree of freedom system SDOF controlled by a single mode of vibration with a constant mode shape during the earthquake phase and it is described by a capacity curve. The latter that links the base shear to the horizontal displacement at the top of the system is obtained following the application of a static lateral and monotonous increasing loading and depends directly on modal response of the structure. The pushover analysis is based on the following steps:  Pushover curve construction (base shear Vb vs. maximum displacement on the top of the structure u N ). It is obtained using a lateral incremental loading that is terminated when the structure reaches the rupture state or a certain target displacement (Fig. (2.4)

𝑀 1 * = effective mass of the structure related to the first fundamental mode of vibration and concentrated masses mi at level i; Γ 1 = modal participation factor for the fundamental mode; 𝜙 𝑁1 = amplitude of the mode shape at the N th floor corresponding to the fundamental mode (Eq. (2.5).

Γ 1 = ∑ 𝑚 𝑖 𝜙 𝑖1 𝑁 𝑖=1 ∑ 𝑚 𝑖 𝜙 𝑖1 2 𝑁 𝑖=1 𝑀 1 * = (∑ 𝑚 𝑖 𝜙 𝑖1 𝑁 𝑖=1 ) 2 ∑ 𝑚 𝑖 𝜙 𝑖1 2 𝑁 𝑖=1
(2.5) m i = concentrated mass at level i; N=number of floors; 𝜙 i1 = amplitude of the mode shape at the i th floor corresponding to the fundamental mode (Fig. 2.4). 

The seismic demand

The second step is to introduce the seismic demand described by the distribution of the spectral acceleration S a as a function of spectral displacement S d imposed by an earthquake (S a -S d format diagram or ADSR Acceleration-Displacement Response Spectrum): it is derived from the 5 % standard S ae -T damped elastic response spectra identified by the peak ground acceleration a g , the zeroperiod value, the control periods T B and T C , the lower and higher period limits of the constant spectral acceleration plateau respectively, and T D , the period limit defining the constant spectral displacement range. Then it is converted to the S a -S d demand diagram format based on the following equation (Eq. (2.6)) (Fig. 2.5c).

𝑆 𝑑𝑒 = 𝑇 2 4𝜋 2 𝑆 𝑎𝑒 (2.6)
where S de = Pseudo elastic displacement spectrum; S ae = Pseudo elastic acceleration spectrum; T= 2 . 2 : S e i s m i c r i s k a n d v u l n e r a b i l i t y a s s e s s m e n t | 35 natural period.

The ductility and dissipation of energy is taken into account by modifying the seismic demand which has to be decreased based on one of the two approaches: the American approach based on the damping method (as in ATC 40 (ATC 1996)) or the European approach based on the ductility method (as in EC8 (EC8 2004)); in the CSM method the American approach is considered: the 5% damped elastic spectrum is reduced by factors that depend on the effective damping of the structure (β eff ); the inelastic seismic demand is thus obtained . 2.2.2.3.1.3. The performance (or demand) point

The performance point is the intersection between the capacity curve and the reduced seismic demand to evaluate the maximum displacement of the structure (Fig. 2.5d). To reduce the seismic diagram the capacity curve and the initial 5% damped elastic spectra are superposed: if the seismic demand is low, the ADSR curve intersects the capacity spectrum at the linear part, thus the structure follows an elastic behavior and is not subjected to any damage (Fig. 2.6a); in this case the seismic demand is not subjected to any reduction in terms of damping; the performance point is the intersection between the capacity curve and the elastic spectra. However in a strong demand case (Fig. 2.6b) the yield limit displacement dy of the capacity spectrum occurs below the seismic demand; in this case structure is loaded by exceeding its elastic limit and starts to experience damages; thus its damping increases. The ductility and dissipation of energy is taken into account by reducing the 5% damped elastic spectra: the effective damping (β eff ) is thus the sum of an equivalent damping (β 0 ) and the initial viscous damping of 5 % already taken into account. Finally the performance point is defined by the intersection of the capacity spectrum with the reduced seismic demand, where structure's damping is consistent with the ductility level reached d/dy.

The performance point has a role of predicting the behavior of a structure subjected to a seismic excitation and will participate in quantifying expected damage; it is then compared to damage thresholds fixed by each model to evaluate the damage level of the considered structure. These analytical methods take into account the spectral information of the soil however they require numerical modeling and intensive computation and thus they are not a practical and simple enough to investigate a large set of buildings and estimate vulnerability on an urban scale. 

Damage evaluation

Hazus and Risk-UE adopt similar mechanical methods in the vulnerability estimation assessment by using the capacity spectrum method to determine the performance point. However the damage evaluation and the damage threshold differ from one method to the other.

HAZUS Method

HAZUS method considers 4 levels of damage: slight, moderate, extensive, complete.

It is defined as the interstory drift (ISD) which is the difference between the lateral displacements of two consecutive stories, and computed based on the following equation [START_REF] Perrault | Évaluation de la vulnérabilité sismique de bâtiments à partir de mesures in situ[END_REF]) (Eq. (2.7)):

𝐼𝑆𝐷 𝑖 = 𝑈 𝑖+1 -𝑈 𝑖 𝑧 𝑖+1 -𝑧 𝑖 (2.7)
Ui and zi are respectively the horizontal displacement and the vertical position of the story I; i ∈ [0; 𝑁] where N is the total number of floors. Interstory drift for the different buildings typologies at threshold of damage state are given in Table 

A-1, Table A-2, Table A-3, Table A-4, in Appendix A. 2.2.2.3.2.2. Risk-UE Method
The damage is defined by the maximum displacement of the last story, and the damage level suffered by the building is identified on the capacity curve with respect to 4 damage thresholds, defined with respect to the yield limit dy and the ultimate limit du (Fig. 2.7):

 S d1 = 0.7dy; slight  S d2 = 1.5dy; moderate  S d3 =0.5(dy + du) ; extensive  S d4 =du; complete C h a p t e r 2 : | 38 Fig. 2.7: Damage thresholds identified on the capacity curve based on the Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]).

Damage probability computation and fragility curves construction

The fragility curve is defined for a specific typology of structure and represents its probability to be damaged based a certain level of damage. Hazus and Risk-UE methods adopt a similar assessment for the fragility curves construction.

The probability of exceeding a certain damage level is given by the following analytical lognormal function (Eq. (2.8)) where the seismic input is represented by the displacement spectrum Sd:

𝑃[𝑑𝑠|𝑆 𝑑 ] = Φ [ 1 𝛽 𝑑𝑠 ln ( 𝑆 𝑑 𝑆 ̅ 𝑑,𝑑𝑠 )]
(2.8)

 𝑆 ̅ 𝑑,𝑑𝑠 is the mean value of spectral displacement threshold S d where the building reaches the damage level threshold ds  β ds the standard deviation of the natural logarithm of the spectral displacement threshold S d,ds for a damage level ds; this parameter takes into account uncertainties linked to the capacity curve properties, damage thresholds and movement of the soil.  Φ the standard normal cumulative distribution function  S d is the displacement at the performance point Fragility curves are constructed based on this equation for the four levels of damage: slight, moderate, extensive and complete: an example of the fragility curves according to HAZUS method is displayed in Fig. 2.8. 

Intermediate approach: Oscillator with single-degree-of-freedom over a horizontal layer

Our study started with a simple model in order to better understand the physics and identify suitable parameters for this analysis: the seismic excitation consists of a series of 60 synthetic, realistic accelerograms generated with the Sabetta and Pugliese (1996) approach corresponding to various scenarios (parameters: Magnitude, distance, PGA). The soil is assimilated to a horizontal layer lying over a stiffer half-space with fixed shear wave velocity Vs=1000m/s (parameters: thickness, Vs, quality factor=Vs/10). The structure is assimilated to a SDOF elasto-plastic oscillator (parameters: fundamental period, damping, elastic limit dy, ultimate limit du). The parameters of soil/bedrock, the structure associated and the seismic input are detailed in section 2.3.4.

Elastoplastic SDOF oscillator

The system considered is a SDOF oscillator with elastic properties: the mass m, the rigidity k and its damping coefficient. The base shear V is related to the oscillator displacement (d) based on a perfect elastoplastic model (Fig. 2.9). The stress-strain graph is represented by a bilinear curve: the first slope until dy corresponds to an elastic behavior where the structure returns to its initial position when movement stops; (dy) is the yield limit associated to the shear Vy. Beyond this limit, plastic deformation begins giving a plateau shape for the curve that reaches a maximum of displacement (du) where rupture occurs. The ductility factor that refers to the ability of a material to deform plastically without breaking is given by the ratio between the ductility limit (du) and the yield limit (dy) based on the Eq. (2.9):

𝜇 = 𝑑𝑢 𝑑𝑦 (2.9)
C h a p t e r 2 : | 40 Fig. 2.9: SDOF system defined by its mass m, its rigidity k, its damping c and a perfect elasto-plastic behavior.

Seismic waves propagation through the soil: reflectivity method

A seismic signal is introduced and is modified while propagating through the different earth layers due to reflection and transmission properties at all mechanical interfaces (Kennet, 1983) (Fig. 2.10). The response of the horizontally layered structure to 1D incident vertical plane waves is computed; thus P-wave does not have any effect, only Vs contribute to the modification of the signal. Energy dissipation in a layer is defined by a parameter called quality factor Q linked to material damping ratio D (O'connell and Budiansky 1978):

𝑄 = 1 2𝐷 (2.10)
In the absence of any information about the quality factor we assume Qs=Vs/10 [START_REF] Aki | Quantitative Seisimology: Theory and Methods[END_REF][START_REF] Bertil | Modeling crystal phases in southeast France for focal depth determination[END_REF]. A Fortran 77 code is developed and computes the response of a stratified medium to excitation by a source in the frequency-wavenumber domain at the surface of each soil profile considering the soil profile as a pile of horizontal homogeneous layers over half-space; each of the layer is characterized by its reflection and transmission coefficients. The computation algorithm to synthetize signals follows the basic steps below:

 Computation of the response in the frequency domain; the Fourier transfer function FTF is obtained for unit amplitude vertically incident plane wave in the bedrock.  Multiplication of the FTF by the Fourier transform of the bedrock acceleration time series  Inverse Fourier Transform to retrieve the surface acceleration time series.

In our study SH-wave propagation into a 1-D medium along the vertical direction is considered; the transfer functions and the modified signals in the time domain on the surface of the soil are computed (Fig. 2.10). The amplified signal will then be injected at the base of the oscillator (section 2.3.3). 

Response of the damped oscillator

The amplified signal arriving on the surface of the soil is then injected on the building base. We solve the equation of motion Eq. ( 2.11) of a damped oscillator under a seismic excitation with a damping of 5 %, by using the step by step method of Newmark:

𝑚𝑥̈+ 𝑐𝑥̇+ 𝑘𝑥 = -𝑚𝑥̈𝑔 (2.11)
where m, c , k are respectively the mass (kg), the damping coefficient (N.s/m) and the rigidity (N/m) of the oscillator; 𝑥, 𝑥, 𝑥 are respectively the acceleration (m/s 2 ), the velocity (m/s) and the displacement (m) of the system; 𝑥̈𝑔 is the ground acceleration (m/s 2 ).

We obtain the maximum displacement at the top of the oscillator noted d max . If it is less than the elastic yield displacement then the structure is not damaged; in this case the motion is purely elastic; otherwise if the maximum displacement exceeds the yield displacement, it enters the plastic domain with irreversible drift and damages.

C h a p t e r 2 : | 42 2.3.4. Theoretical model: Soil and structure combined A SDOF structure is associated to a simple soil profile with one horizontal and homogeneous layer. A total of 116640 combinations of soil, structure and seismic signals have been considered (Table 2-2):  60 accelerograms (Magnitude 3 to 7, distance 5 km-100 km, PGA 0.0224 m/s 2 -8.6 m/s 2 ).

We considered 8 ranges of Peak Ground Acceleration on the surface of the bedrock (m/s 2 ): <=0.0625; ]0.0625,0.125]; ]0.125,0.25]; ]0.25,0.5]; ]0.5,1]; ]1,2]; ]2,4]; >4) (Fig. 2.11). These artificial accelerograms have been simulated using Sabetta and Pugliese (1996) approach that has the particularity of (i) reproducing the real ground motion, by taking into account the nonstationarity of its amplitude and frequency and (ii) generating multiple time histories having the same magnitude and distance source to site with a different random seed.  36 soil profiles with 4 impedance contrast (2 -8) and fundamental frequency f soil (1-9 Hz).

The impedance contrast ratio between the soil and bedrock c is defined by: 𝑐 = 𝜌 1 𝑉 𝑠2 𝜌 2 𝑉 𝑠1 (2.12) with V s1 , ρ 1 and V s2 , ρ 2 are the shear wave velocities and densities of medium 1 (upper medium) and 2 (lower medium) respectively. We fixed the density ρ= 2000 kg/m 3 , and the shear wave velocity in the bedrock V s2 = 1000 m/s. The soil fundamental frequency f 0 is related to the soil thickness H (in meters) and the shear wave velocity Vs (m/s):

𝐻 = 𝑉 𝑠 4𝑓 0 (2.13)
We assumed a quality factor Qs=V s /10.  54 buildings (SDOF) with 6 displacement elastic limits dy (0.005 m -0.05 m) and fundamental frequencies f struct (1 -9 Hz). The database parameters of the seismic input, the soil/bedrock, and the associated structure are compiled and detailed in Table 2-2. In each case, the maximum displacement undergone by the structure is computed both on the soil and on the bedrock: in the latter 3240 combinations of 60 seismic input and 54 structures are considered. The ratio of the peak displacements on both sites, soil and rock, is then evaluated and considered as an indicator of the increased structural damage due to soil amplification. Its dependence as a function of various relevant parameters (ratio of structure/soil frequencies, impedance contrast, peak ground acceleration (PGA), elastic limit dy) is then investigated though statistical analysis.

Synthetic Signal

Magnitude We used as a first step traditional statistical tool to analyze the entire dataset and find correlations between damage ratio and input parameters. We selected a few a priori mechanically relevant parameters, i.e. the structure/soil frequencies ratio f struct /f soil , the impedance contrast controlling the surface amplification at the resonance frequency, the yielding limit and the PGA on bedrock. We started by investigating the impact of each of the input parameters (f struct /f soil , contrast, PGA) on the time series displacement of the structure.

Impedance contrast effect

We started our statistical study by investigating the impact of the impedance contrast ratio on the peak displacement ratio by fixing the seismic signal (PGA=3.35 m/s 2 ), the soil and the building frequencies, and the yield limit. The response of the structure in the time domain (displacement vs time) is shown in Fig. 2.12. We notice that in the cases considered, the structure entered in the plasticity phase highlighted by the residual displacement when movement stops. Another observation is that the higher the impedance contrast the higher are the residual displacement and the maximum displacement reached. Fig. 2.12: Impedance contrast effect: Variation of the top displacement (m) in function of time for c=2, c=4 and c=8 with a fixed PGA=3.35 m/s 2 , soil frequency (fsoil= 3Hz), structure frequency (fstruct=4 Hz) and ductility limit (dy=0.005 m).

The soil and structure frequencies ratio effect

We investigated the impact of f struct /f soil ratio on the peak displacement. As a preliminary analysis, our goal is to try to detect the influence of the resonance between soil and structure (f struct ~fsoil ). We fixed the seismic signal (PGA=1.78 m/s 2 ), the impedance contrast, and the building yield limit. We vary the frequencies of soil and structure in order to have f struct <f soil (case1), f struct =f soil (case 2), and f struct >f soil (case 3). Fig. 2.13 shows that when the 2 frequencies of soil and structure coincide, the top displacement and the residual displacement is the highest which is consistent with resonance effect. However displacements are smaller when the structure frequency is larger or smaller than the soil frequency. Fig. 2.13: Freqeuncy ratio effect: Variation of the top displacement (m) in function of time for fstruct/fsoil<1, fstruct/fsoil>1and fstruct/fsoil~1with a fixed signal (PGA=1.78 m/s 2 ), impedance contrast (c=8), and structure ductility limit (dy=0.005 m).

PGA effect

Finally we investigated the impact of PGA on the peak displacement. We fixed the soil parameters (c=8, f soil =6 Hz) and the structure parameters (f structure =1Hz, dy=0.005 m) and we considered 3 cases with various seismic signal at a same distance but increasing magnitudes having various PGA: 0.64 m/s 2 (case 1); 1.78m/s 2 (case 2); 3.25 m/s 2 (case 3); Fig. 2.14 shows that when the higher the PGA, the higher are the top displacement and the residual displacement which is consistent with resonance effect. PGA=3.35 m/s 2 , with a fixed soil (fsoil=6 Hz, c=8), and fixed structure (fstruct=1Hz, dy=0.005 m).

Discussion

The analysis of peak structural displacements for soil (noted dmax (soil)) and rock conditions (noted dmax (roc)) has thus been done in the first step with a simple case of one layer overlying the bedrock and an oscillator with one degree of freedom. We investigated the variation of the peak displacement ratio 𝑑 𝑚𝑎𝑥 (𝑠𝑜𝑖𝑙) 𝑑 𝑚𝑎𝑥 (𝑟𝑜𝑐𝑘) with respect to the input parameters discussed above: structure/soil frequency ratio, impedance contrast, PGA. This ratio is obviously related to the damage increment but in some cases for very low displacement there is no damage at all. We kept only the cases where the dmax(soil)/dy is less than 10 leading to 114579 out of 116640 combinations. Fig. 2.15 displays the variation of the peak structural displacements ratio between soil and rock conditions as a function of structure/soil frequency ratio for various impedance contrasts c in the horizontal layer over half-space case and for 8 PGA classes (Fig. 2.11) considering the case of dy=0.005 m. We can notice as a first observation that 𝑑 𝑚𝑎𝑥 (𝑠𝑜𝑖𝑙) 𝑑 𝑚𝑎𝑥 (𝑟𝑜𝑐𝑘) is:

 in almost all cases greater than 1. In other terms the maximum displacement of the structure considered on soil is larger than that on the bedrock. This is in a good agreement with the fact that the presence of the soil amplifies the seismic signal, thus the excitation at the base of the structure will be greater than if it is considered on bedrock which obviously does not modify the signal and does not have a resonance frequency.  maximum when the frequency of the structure is equal to the frequency of soil. This is the consequence of the double resonance effect. Resonance effect is also noticed not only at the soil fundamental frequency but also at the soil overtones: in fact a second clear but smaller peak is observed at f struct /f soil ≈3. This can be explained by a coincidence between the fundamental frequency of the structure and the first harmonic of the soil defined by f n = (2n+1)f 0 with n=1.  increasing with increasing impedance contrast. In fact this can be explained by the relation that links the soil amplification factor to the impedance contrast given in Eq. (2.14) [START_REF] Kramer | Geotechnical earthquake engineering[END_REF]:

𝐴 0 = 𝑐 1 + 0.5𝜋𝜀𝑐 (2.14)
where c is the impedance contrast ratio between the soil and the bedrock and ε is the damping factor in the soil taken as 5/Vs. Thus when the impedance contrast increases, the soil will amplify more the seismic signal, leading to a larger displacement at the top of the structure.  Another clear observation is that for small PGA the curve is clearly Gaussian with multiple peaks corresponding to the different frequencies of the soil, but when the PGA increases the sharp peak defining the ratio of damages broadens toward higher frequency ratios as illustrated on , in particular for values of PGA exceeding 1 m/s 2 : in fact when a building enters the plastic phase under strong excitation, its frequency decreases and the frequency coincidence can thus occur for originally stiffer degrading buildings.

All these conclusions are consistent with the observations of the individual cases regarding each parameter by itself: the impedance contrast in section 2.3.5.1, the structure/soil frequency ratio in section 2.3.5.2, and the PGA in section 2.3.5.3.

In the next section we will test the robustness of the results, considering realistic soil profile with many layers overlaying the bedrock and a possibility of low velocity zone, and realistic structures with combinations of fundamental frequency and yield limit taken from the Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF].

C h a p t e r 2 : | 48 Fig. 2.15: Variation of the maximum structural displacements ratio between soil and rock conditions as a function of structure/soil frequency ratio for various impedance contrasts c in the horizontal layer over half-space case; for different PGA classes for dy=0.005m. The next step consists in testing the robustness of the model and analyzing more realistic, hence more complex models of soil. First we described the entire database used for this parametrical study by defining the set of structure, the realistic multilayer profiles. We also define damage increment to better quantify the actual damage of the structure from the peak displacement compared to the elastic and ultimate displacement limits. Then we begin analyzing the huge set of combinations using the classical statistical tools. In this section, the same synthetic accelerograms as used in the simple case model with one horizontal layer (section 2.3) are considered, and a similar categorization in terms of PGA (8 ranges of PGA on the surface of the bedrock (m/s2): <=0.0625; ]0.0625,0.125]; ]0.125,0.25]; ]0.25,0.5]; ]0.5;1]; ]1,2]; ]2,4]; >4) is adopted (Fig. 2.11).

Structure database

A set of 141 SDOF elasto-plastic oscillators having realistic properties derived from Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF] was used. They cover a wide range of elastic limit, ductility capacity coefficient, and fundamental periods (or equivalent elevation): for masonry and reinforced concrete buildings (Appendix A). The height of the building in terms of the number of floors is defined in Table 2-6.

Number of floors

Masonry

Reinforced concrete [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF].

Low-Rise 1-2 1-3 Medium-Rise 3-5 4-7 High-Rise ≥6 ≥8
They are grouped into 5 major typology categories: Masonry, non-designed reinforced concrete, reinforced concrete with Low, Medium, and High Ductility class defined in Table 2-7 with respect to the number of samples in each class, period, frequency, yielding displacement dy, and ultimate displacement du ranges. The term Reinforced concrete will be noted as RC. The distribution of the yielding displacement dy (in meters) with respect to the period (in seconds) is shown in Fig. 2.16 considering the 141 structures: Fig. 2.16a represents a classification in terms of 2 categories: 51 Masonry and 90 Reinforced concrete; Fig. 2.16b represents a classification in terms of the five major categories. Fig. 2.16 c and d display the variation of the ductility capacity or du/dy in function of the period with respect to the 2 main categories and the five typology classes respectively. [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. In this section a realistic soil profile is used: first we describe the large dataset compiled and its origin, then we apply numerical computation to extract fundamental frequency and amplitude, and present some statistical distribution of the parameters that characterize these profiles: the fundamental frequency f 0 and amplification factor A 0 , the shear wave velocity over a depth of 30 m V s30 and 10 m V s10 , the impedance contrast c. 614 Japanese sites from KIKNET (Kiban-Kyoshin Network); KIKNET data were collected at http://www.kyoshin.bosai.go.jp. ii.

Class

Description of the database

251 Californian sites from BOORE [START_REF] Boore | A compendium of P-and S-wave velocities from surface-to-borehole logging; summary and reanalysis of previously published data and analysis of unpublished data[END_REF]; Boore data were collected at: http://quake.usgs.gov/~boore. iii.

22 European sites from NERIES [START_REF] Di Giulio | Exploring the model space and ranking a best class of models in surface-wave dispersion inversion: Application at European strong-motion sites[END_REF].

They consist of surface-to-downhole VSP measurements where S-wave and P-wave velocity profiles have been systematically derived from downhole measurements for each site: this method implies measuring the time demanded for a signal to travel between the source and receivers placed at various depths in the borehole. Thus the average velocities of P and S waves are computed by determining the propagation time between the emission and the reception, knowing the distance between the source and the receiver. Each soil profile is then defined by the number of layers, the thickness, Vp, Vs, the density for each layer based on the format:

 number of layers including half-space  thickness (m); Vp (m/s); Vs (m/s); Density (kg/m 3 ) for each layer

The profiles having Shear wave velocity V s <800 m/s in the deepest layer were modified as in Eq. (2.15) in order to reach the bedrock where Vs is at least 800 m/s:

𝑉 𝑠𝑛 = 𝑚𝑎𝑥(800, 2𝑉 𝑠(𝑛-1) ) (2.15)
where V s(n-1) and V sn are respectively the shear wave velocity in the layers n-1 and n; n is the deepest geological unit (underlying half-space). In the absence of any information about the quality factors Qp and Qs, we assumed Qp = 2Qs = V s /5 [START_REF] Aki | Quantitative Seisimology: Theory and Methods[END_REF][START_REF] Bertil | Modeling crystal phases in southeast France for focal depth determination[END_REF]).

Computation of fundamental frequency f 0t and the amplification factor A 0t

Frequencies and amplitudes corresponding to each soil profile are extracted using the theoretical approach that was described in section 2.3.2 implemented in the Fortran code based on the [START_REF] Kennet | Seismic wave propagation in stratified media[END_REF] numerical reflectivity method where a seismic signal is introduced and is modified while propagating through the different earth layers. SH-wave propagation into a 1-D medium along the vertical direction is considered. Then the actual fundamental frequency f 0t and the corresponding amplitude A 0t are extracted from the transfer functions. Fig. 2.17 shows the frequency distribution of the fundamental frequency f 0t and the amplification factor A 0t corresponding to the first peak on the transfer functions. We note that this peak is not necessarily the one having the largest amplitude.

C h a p t e r 2 : | 52 Fig. 2.17: Frequency distribution of a) the fundamental frequency, b) and the amplification factor extracted from the transfer functions.

The theoretical relation that links the fundamental frequency f 0 (Hz) to the depth to bedrock H (m) is 𝑓 0 = 𝑉 𝑠 4𝐻 for 1 layer structure, when applied to multilayer soil profile the Vs value should be replaced by an equivalent Vs value averaged over the whole sedimentary thickness H. Fig. 2.18 shows a coherency between the data set parameters and the theoretical relation: the fundamental frequency extracted from the 1D numerical modal of Kennet method, is correlated to the bedrock depth which was computed as the thickness of soil summed up until Vs=800m/s. The frequency decreases with the depth and a power-law form correlates f 0 to H bed with a good coefficient of determination R 2 ~0.7. The dashed lines represent the constant velocity Vs in m/s for the values 200, 400, 600, 800. 

Computation of impedance contrast

As defined in Eq. (2.12), the impedance contrast is the ratio between the density multiplied by the shear wave velocity between rock and soil. We computed the impedance contrast for the 887 multilayer profiles as the ratio between the two layers with maximum and minimum shear wave velocities, the density being constant; we grouped them into 4 categories: : <=5; ]5,10]; ]10,20]; >20. The minimum contrast is 1.14, and the maximum is 48.5.

The distribution of the sites with respect to the impedance contrast categories is displayed in Fig. 2.19. A linear regression between amplification factor identified on the transfer function (A 0t ) and the impedance contrast (c) seems to exist and shows that the amplification increases with increasing impedance contrast. The solid line corresponds to the linear regression and the dash-dotted lines to 95% confidence interval (Fig. 2.20). This conclusion is in a good agreement with the equation (2.14) that links the amplitude to the impedance contrast and exhibits an ascending trend between the two parameters.

C h a p t e r 2 : | 54 Fig. 2.19: Distribution of the sites with respect to the impedance contrast categories. Fig. 2.20: Linear regression between amplification factor identified on the transfer function (A 0t ) and the impedance contrast (c). The solid line corresponds to the linear regression and the dash-dotted lines to 95% confidence interval.

Low Velocity Zone

299 profiles contain one or more LVZ (Low Velocity Zone), i.e. zones where Vs is lower than in the upper layer; for example the site WKYH09 from KIK-net exhibit an LVZ at 108 m (Fig. 2.21). The number of LVZ ranges between 1 and 9; the depth between shallow levels at 2 m and deepest levels at around 1575 m; the thickness of LVZ ranges from 2 m until 460 m, and the local contrast as indicated on (Fig. 2.21) span a range between 1.022 and 5; the local contrast is the maximum contrast that exists among all LVZ for a given site. The distribution of the number of sites exhibiting 1 or more LVZ is shown in the histogram Fig. 

Computation of Vs30 and Vs10 and their distribution

Many seismic codes such as the American Uniform Building Code (UBC 1997) and the European code EC8 (EC8 2004) adopt V s30 as a parameter for the soil type characterization. V s30 is defined as the harmonic average shear-wave velocity between 0 and 30 meters and is based on the travel time from a depth of 30 m to the ground surface. V s,30 in m/s is given by the following equation:

𝑉 𝑠,30 = 30 ∑ ℎ 𝑖 𝑉 𝑖 𝑁 𝑖=1
(2.16)

Where h i and V i are respectively the thickness and the shear-wave velocity of the i th layer, N is the total number of layers existing in the top 30 m. According to the Eurocode 8 (EC8 2004) sites are divided into seven categories (Soil Profile Types A through E, and types S1 and S2) as shown in Table 2-8. UBC 97 in a similar way classifies soil into 5 categories with respect to V s30 (Table 23456789). In our study we will consider the European provisions to be consistent with the choice of the European Risk-UE project when defining the structure database.

2 . 4 : R e a l i s t i c C a s e : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-f r e e d o m o n a m u l t i -l a y e r e d p r o f i l e | 57 Some authors (Gallipoli and Mucciarelli 2009;[START_REF] Kawase | Site amplification factor and their characterization: proposal of VS 10 m[END_REF]) find an economical and reliable tool having the same performance as V s30 , which is the average shear wave velocity over the top 10 m. Fig. 2.23 shows the number of sites as a function of the average shear wave velocity over a depth of 10 m (V s10 ) and 30 m (V s30 ), considering the 887 real soil profiles: The mean value for V s30 is 531.3 m/s with a standard variation of 281 m/s, whereas it is 346.1 m/s for Vs10 with a standard variation of 192, which is consistent with the assumption that average velocity increases with depth. Fig. 2.24 displays the distribution of the number of sites based on the EC8 soil classification: 155 sites are categorized as class A considered as rock formation with V s30 > 800 m/s, the majority of sites (452 sites out of 887) belong to class B considered as dense sand or stiff clay (360<V s30 < 800), 258 sites are considered as class C with deep layer of dense sand or stiff clay (180<V s30 < 360), 14 sites correspond to class D (V s30 <180 m/s), and finally few sites (8/887) are considered as class E having a surface alluvium layer between 5 and 20 m of class C or D and overlaying a stiffer material of V s30 >800 m/s. Fig. 2.24: Distribution of the sites with respect to the EC8 soil classification according to V s30 .

Definition of Damage increment index (DI)

In order to quantify the damage increment from rock to soil for such "realistic" combinations of soil and structure, a new index has been designed for quantifying the damage increase based on proposals from the Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. This index (DI) is a real number varying from 0 to 4 describing the damage state on the basis of the comparison of the maximum structural displacement with various displacement thresholds (Fig. 2.25):

 D0: dmax < 0.7dy, DI = dmax/(0.7dy); no damage  D1: 0.7dy < dmax < 1.5dy, DI = 1+ (dmax -0.7dy)/(1.5dy -0.7dy); slight  D2: 1.5dy < dmax < 0.5(dy + du), DI = 2+ (dmax -1.5dy)/[0.5(dy + du) -1.5dy]; moderate  D3: 0.5(dy + du) < dmax < du, DI = 3+ [dmax -0.5(dy + du)] [du -0.5(du -dy)]; extensive  D4: dmax > du, DI = 4; complete collapse where dy is the yield displacement (m), du is the ultimate displacement (m).

Such damage index allows comparing the damage of different building classes with common metrics, which is analogue to the EMS98 damage grades. The damage increment index between both sites is computed Δ(DI) = DI(soil)-DI(rock). A total of 7504020 combinations corresponding to 887 soil profiles combined to 60 seismic signals and 141 types of structures. Computations were again performed for maximum structural displacement both on soil (d max (soil)) and on the corresponding bedrock (d max (rock)), and for each case a damage index is assigned depending on the value of d max . The cases where d max (soil) and d max (rock) are less than the ultimate limit du are the combinations of soil/signal/structure where the oscillator didn't reach failure; on the opposite, when the maximum displacement exceeds the ultimate limit, then the structure has reached damage D4 and is considered as destructed. The number of models with destructed (D4 damage level) and not destructed structures (D0 to D3 damage levels) obtained in each typology class (class 1 to class 5) is given by the histogram in Fig. 2.26. We eliminated cases D4 on soil and bedrock reducing the number of combinations to 6501701 instead of 7504020 (only the cases with no building collapse neither on rock nor on soil were considered (DI(rock) and DI (soil) < 4)).

C h a p t e r 2 : | 60 Fig. 2.25: Damage index definition based on the damage state and displacements thresholds of [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. The black line is the capacity curve, the red line corresponds to the new defined damage index.

Fig. 2.26: Number of models with destructed and not destructed structures both on soil and the corresponding bedrock obtained in each typology class.

Traditional statistical analysis

The next step is to link the damage increment observed to any of the main parameters: (1) the ratio between structure and soil frequencies, (2) the impedance contrast, (3) the PGA and ( 4) the elastic limit. We started our study with a traditional statistical analysis by taking the damage increment Dsoil-Drock as defined in section 2.4.3 and representing it as a function of the struct/soil frequencies, the impedance contrast with the 8 ranges of PGA; this representation is established for each typology class defined: Fig. 2.27 is an example of this representation for the class 5 (high ductility class). Many observations can be concluded from this figure:

 For very small PGA (<0.06 m/s 2 ) the structural displacement remains very low (damage level D0), and the damage increase is very limited. On the other hand at higher PGA, the damage level reaches much higher values up to PGA about 2 m/s 2 where it saturates and beyond which the damage increment may decrease: this can be explained by the effect of nonlinearity of the structure that is created due to high PGA. The structure has an elastoplastic behavior, thus at high PGA we can explain that the displacements on rock and soil are not in the elastic phase and the oscillator has exceeded the yielding limit: in this range it does not behave linearly which explains that the damage increment between soil and rock is smaller.  For a fixed PGA, we can notice once again the increase of the damage increment with impedance contrast similar to the observation in the case of one layer overlaying bedrock. The increase of the impedance contrast leads to an increase of the soil amplification, thus the damage increment becomes greater.  A maximum is observed for coinciding soil and structure frequencies at moderate PGA, similarly to the one observed in the simple case with one layer, while damage increase can still be observed for structural frequency exceeding the soil frequency.

The peak structural displacement is usually bigger on soil than on rock, because of soil amplification; however Fig. 2.27 exhibits some negative values at high PGA (>1 m/s 2 ). These cases were investigated with respect to the presence or absence of a Low Velocity Zone LVZ in the realistic soil profiles. Around 100000 cases correspond to combinations with a soil having one or more LVZ at some depth; this layer interbedded between 2 consecutive layers with larger velocities may act like a seismic isolator and filter out the frequencies beyond the soil fundamental frequency depending on the velocity decrease, so that the actual oscillator response is decreased compared to the rock condition case, and this explains the negative value of Dsoil-Drock for that case. However 60000 (1%) cases have the same situation of Dsoil<Drock without exhibiting any LVZ in its soil profile; 0.02 % of the dataset have Dsoil-Drock exceeding 15 %, therefore we will consider this difference as negligible and the reason for a larger displacement on rock may be caused mainly by the presence of LVZ. Another 3D histogram is plotted to better understand the effect of spectral coincidence on the damage level. Fig. 2.28 displays the proportion distribution of the structures damaged on soil that belong to the D4 damage class, i.e. collapse. The percentage of collapsed structures on soil (Fig. 2.28) is displayed as a function of the 𝑓𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑓𝑠𝑜𝑖𝑙 ratio and PGA (m/s 2 ) for different RISK-UE building classes. This representation indicates that, as expected:

 the percentage of collapsed buildings increases when PGA increases  lower for lower structure frequencies  it is also higher for the most vulnerable class (masonry)  it decreases when the ductility increases (DCL: low ductility, DCM, medium ductility, DCH: high ductility).

Fig. 2.28: Percentage of collapsed structures (D4) on soil as a function of fstructure/ fsoil, PGA (m/s 2 ) and for different classes of buildings as defined by [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF].

The huge number of models (~7.5 millions) is not that easy to analyze using the classical statistical tools. Therefore an Artificial Neural Network approach explained in section 2.5 was used to find quantitative correlations between all the parameters introduced without having any prior knowledge about functional forms. The output is the damage increment between the soil and structure already defined; and the parameters that could explain this damage increment and have an impact on it are related to the soil, structure and seismic signal:  seismic signal: the PGA on the surface of the bedrock has been considered as an explanatory variable related to the input signal and that affects the displacement, thus damage increment of the structure. Other parameters could have been considered to characterize seismic loading such as PGV, spectral ordinate at the frequency of the building, but we considered PGA was simpler to use in vulnerability study at urban scale.  soil: V s30 , f 0 and the impedance contrast C characterize the soil and can explain our output parameter. In this chapter we will focus on the impedance contrast as a proxy to the soil amplification rather than V s30 especially that the bedrock differs among the set of realistic soil profiles compiled in this study. V s30 will be introduced as in input parameter to the neural network in Chapter 3.  structure: typology class and the fundamental frequency affects the behavior of the C h a p t e r 2 : | 64 structure, thus the damage increment based on the elastoplastic model. Different ANN could have been built for every building type but we preferred general robust results.

Artificial Neural Network (ANN) approach

Considering the huge amount of results, the neural network approach is considered as a suitable approach to guide the interpretation in correlating all the parameters together without having any prior knowledge on the functional forms that describe eventual dependences between parameters. First we will define and explain the Neural Network approach, how to create it, use it and validate it. Then we will apply this technique on the database formed by the combinations of realistic soil, structure and seismic signals in order to estimate the damage increment with respect to the 1) structure/soil frequency ratio, 2) impedance contrast 3) typology class and 4) PGA.

What is the ANN approach?

The Neural Network method is a statistical learning algorithm elaborated in the middle of the twentieth century. We will first shortly describe this approach and its main properties, and then we will develop all the steps needed to create a neural network: 1) the learning paradigms, 2) the types, 3) the training algorithms, 4) the normalization; 5) the ANN architecture. In a second stage we will present how to validate the network by defining the performance measurement parameters with a special attention to the problem of overfitting that can occur, and solutions to avoid it. Finally we will discuss how to use the neural network and interpret it.

Definition and properties of a Neural Network

The Neural Network method is a statistical learning algorithm represented by a series of interconnected neurons that was inspired between 1940 and 1970 by biological neural networks, especially the brain and "the all-or none" character of nervous activity to estimate and predict functions with no a priori knowledge about the functional forms relating outputs and inputs [START_REF] Mcculloch | A logical calculus of the ideas immanent in nervous activity[END_REF][START_REF] Minsky | Perceptron: an introduction to computational geometry[END_REF]. However the term is a metaphorical representation rather than a scientific one: mathematical methods are applied to the modeling of biological neural system; however the real developments of artificial neural network are essentially mathematical and statistical without any link to biology. [START_REF] Dreyfus | Neural networks: methodology and applications[END_REF] in his book describes neural networks as an excellent nonlinear modeling tool; the concept of supervised training comes out as a nonlinear version of classical statistical modeling methods. A formal neuron constitutes a single unit of the neural network; it is a nonlinear parametric algebraic function with bounded values defined by the following form:

𝑜 𝑗 = φ (∑ 𝑤 𝑖𝑗 𝑛 𝑖=0 𝑥 𝑖 ) = φ (𝑤 0𝑗 + ∑ 𝑤 𝑖𝑗 𝑛 𝑖=1 𝑥 𝑖 ) (2.17)
where o j is the output of j th neuron. This function representing the artificial neuron is composed by the elements represented on the diagram of Fig. 2.29 which are:

 the inputs values (x1,x2,…xn) that can be the input parameters for the considered neuron or the output of other neurons in the same neural network, n is the number of inputs, for i=0 x 0 input is assigned a value +1 with a weight 𝑤 0𝑗 called bias, noted b.  a transfer function ∑ which is a linear combination that sums up the inputs {x i } weighted by the parameters {w ij } commonly known as weights or synaptic weights in reference to the biological inspiration for the neural network, and with an activation threshold or bias b, a fictive unit that regulates the level of activation of the neuron; in other terms when the sum of inputs is equal or greater than the bias the neuron output becomes active, if not it is inactive.

2 . 5 : A r t i f i c i a l N e u r a l N e t w o r k ( A N N ) a p p r o a c h | 65  an activation function φ which is nonlinear or linear function that transforms the weighted input signal in the neuron into an output signal (or response). The most commonly used functions are: Unit step (threshold), sigmoid with 2 types logistic and tangential, piecewise linear, and Gaussian (Table 2345678910).  the output function o j corresponds to the overall activity of the j th neuron with respect to its level of activation.

In simplest ANN architectures, there are three types of layers: Input, Hidden and Output. The information arrives at the input layer and is summed up using weights and bias taking into account the magnitude of the information transmitted. Then the information is modified based on the activation functions of each of the hidden and output layers until it reaches the output node (Fig. 2.30). 

Activation Function Type Equation Graph

Unit

Step

Logistic Sigmoid Tangent Sigmoid Linear Gaussian 𝑦 = 1 1 + -ℎ 𝑦 = ℎ --ℎ ℎ + -ℎ 𝑦 = y h +1 𝑦 = 0 𝑓 0 1 𝑓 0 𝑦 = 1 2𝜋 -(ℎ-) 2 +1 y h 2 . 5 : A r t i f i c i a l N e u r a l N e t w o r k ( A N N ) a p p r o a c h | 67 2.1.1.1. Creating the ANN
Various parameters are needed to be chosen in order to create an optimal ANN: the type of ANN, the learning paradigms, the training algorithms and the number of hidden neurons are identified. In addition the samples in the dataset should be normalized by the minimum and maximum values. We will develop in this section all these steps in detail in order to create an optimal network. 2.5.1.1.1. Types of Artificial Neural Network An individual neuron is already defined as nonlinear, parametrized function of its input variables. Therefore the neural network, formed by a set of neurons, is the composition of the nonlinear functions of the neurons [START_REF] Dreyfus | Neural networks: methodology and applications[END_REF]. There are two classes of neural networks:

 Feedforward neural network: proposed by [START_REF] Hu | Handbook of neural network signal processing[END_REF]: it is a set of neurons connected together and where the information travels only in the forward direction from the inputs to the outputs, and cannot return to its starting point.  Recurrent neural network: a network which inputs are connected to the outputs forming a cycle; it is governed by nonlinear discrete time recurrent equations.

In our study we will consider the first class.

Learning paradigms

The learning paradigm is the process of computing in order to update the values of the weights: the Artificial Neural Network training phase consists in minimizing a cost function using optimization algorithms. The cost function is related to the discrepancy between the data and the target values. Two types of learning paradigms are the most commonly used:  Supervised learning: In this technique inputs and target outputs are provided to the network, and an algorithm method is provided where the network is forced to converge to a final target given. In this case the nonlinear function or a finite number of its parameters is known and the computation proceeds by updating the network weights to minimize the error between the generated output and the desired target.  Unsupervised learning: In this technique the data and a cost function are provided to the network. Targets are not known so the network is free to converge to any final state. The objective is to minimize the cost function; network weights stop updating when it reaches an optimal value.

In our study we will consider the supervised learning technique.

Normalization

This step is important to improve the efficiency of neural network training and accelerate the computation process. The goal is to ensure that the extreme bounds of values for each net input and output are the same -1 and +1 [START_REF] Meenakshi | Knowledge management in edaphology using self organizing map (SOM)[END_REF].In fact if values are large without being normalized, the activation functions will become saturated and the gradient at the beginning of the training process will be too small thus the computation time will be too long. Input (I) and target output (T) are scaled between -1 and +1 using Eq. ( 2.18) to obtain normalized Input I n and Target T n :

I 𝑛 = 2 × 𝐼 -𝐼 𝑚𝑖𝑛 𝐼 𝑚𝑎𝑥 -𝐼 𝑚𝑖𝑛 -1
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T 𝑛 = 2 × 𝑇 -𝑇 𝑚𝑖𝑛 𝑇 𝑚𝑎𝑥 -𝑇 𝑚𝑖𝑛 -1 (2.18)
I min and I max , T min and T max are respectively the minimum and maximum values for the input I n and the target T n . 2.5.1.1.4. Choice of the number of hidden neurons An optimal number of hidden neurons is determined based on Akaike's information criterion (AIC) proposed by [START_REF] Akaike | A new look at the statistical model identification[END_REF]: It is a statistical measurement of the model quality based on the following equation:

𝐴𝐼𝐶 = 𝐿 𝑙𝑛(𝑀𝑆𝐸) + 2. 𝑚 (2.19)
L: number of samples in the dataset used for the training; m: number of synaptic weights in the network= (input+output) x hidden neurons; in other terms it is the number of degrees of freedom of the ANN. MSE: mean square error. The synaptic weights and bias of an ANN are computed by minimizing an error function equal to the sum of the squared residuals (MSE) in the output layer [START_REF] Rajasekaran | Generation of artificial earthquake motion records using wavelets and principal component analysis[END_REF]:

𝑀𝑆𝐸 = 1 𝐿 ∑(𝑑 𝑙 -𝑦 𝑙 ) 2 𝐿 𝑙=1 (2.20)
where d l is the normalized target value for the sample l and y l is the normalized generated output by the ANN for the sample l.

The first term of AIC defines the performance of the model: the lower the difference between the computed output and the desired target, the higher is the performance and the lower is the value of its logarithm. The second term is related to the complexity of the model and proportionate to the number of parameters. The lower AIC the better is the model in the neural network (Fogel 1990;[START_REF] Murata | Network information criterion-determining the number of hidden units for an artificial neural network model[END_REF][START_REF] Panchal | Searching most efficient neural network architecture using Akaike's information criterion (AIC)[END_REF]. The optimal number of hidden neurons is also chosen based on the optimal performance that corresponds to the lowest root mean squared error RMSE which is a standard deviation of the MSE given by:

𝑅𝑀𝑆𝐸 = √𝑀𝑆𝐸 = √ 1 𝐿 ∑(𝑑 𝑙 -𝑦 𝑙 ) 2 𝐿 𝑙=1 (2.21)
The optimal number of hidden neurons corresponds to the lowest AIC and lowest RMSE.

Choice of activation function

An activation function is chosen for both the hidden and output layers (Table 2345678910). The optimal combination of activation functions is identified by the optimal performance; in other terms it corresponds to the lowest value of MSE and the highest value of the coefficient of determination R 2 . Sigmoid output neurons are often used for pattern recognition problems, while linear output neurons are used for function fitting problems. , where W i is the synaptic weight and E is the cost function to be minimized:

𝐸 = 1 𝐿 ∑(𝑑 𝑙 -𝑦 𝑙 ) 2 𝐿 𝑙=1 = 𝑀𝑆𝐸 (2.22)
d l is the desired target and y l is the computed output from the ANN.

4. The backward propagation is done to the output layer then to the hidden layer and W i is updated by subtracting a percentage 𝛼 between 0 and 1 of the gradient from the weight, and W i becomes W i -ΔW i :

∆𝑊 𝑖 = 𝛼 𝜕𝐸 𝜕𝑊 𝑖 = 𝛼∇𝐸 (2.23) 5.
Steps 2 and 3 are repeated until discrepancy between value of W i of two consecutive iterations is small enough, thus we reach a satisfactory performance

Conjugate gradient:

It is an iterative method initiated by the search of the steepest descent direction because the gradient decreases the most rapidly at this direction, then it searches for conjugate directions to find the most optimal distance to move along. This method is known for its fast convergence and modest capacity of stocking data.

Second order derivatives algorithm:

It takes into account the second order derivatives of the cost function instead of the first order. These methods are quasi-Newtonian, in other terms it generalizes the Newton method which is based on:

𝑊(𝑞 + 1) = 𝑊(𝑞) + [∇𝐸 2 (𝑊(𝑞)] -1 . ∇E(W(q)) (2.24)
where [∇𝐸 2 (𝑊(𝑞)] -1 is the inversion of the Hessian matrix (second derivative) of the cost function E, computed at each iteration q. These methods converge in fewer iterations but requires a huge amount of computation due to the inversion of the Hessian matrix at each iteration. The quasi-Newtonian method comes as a solution to this problem by approximating the inverse of the Hessian matrix instead of computing the exact value. We can cite two methods that fall within this category:  Broyden-Fletcher-Goldfarb-Shannoare (BFGS). This algorithm is used because it is more efficient then back-propagation [START_REF] Gill | Practical optimization[END_REF]Rumelhart et al. 1986).

C h a p t e r 2 : | 70  Levenberg-Marquardt algorithm is a standard for the optimization of the quadratic error due to its fast convergence and robustness. However it demands voluminous computation [START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF]).

Validating the ANN: Performance measurement

The targeted values of the database and the results generated by the neural network approach must be compared to evaluate the performance of the network model, and to optimize the error between them. The statistical parameters are generally used to measure the reliability of the model and subsequently validate it are: the Mean squared error (MSE) and Coefficient of Determination R 2 .

MSE and Overfitting problems

One of the parameters that evaluate if the network is performing well is the MSE defined in Eq. (2.20). However the overfitting problem can occur during the training process: it takes place in mathematical methods and supervised machine learning such as neural networks, in case of poor design of the structure used to classify. A structure has the ability to store too much information, so in an overfitting situation it will be difficult to generalize the characteristics of the data (Fig. 2.31). The objective of the training is not to learn exactly the database; so if the function trained by the neural network is precisely adjusted to the data, it learns the particularities of the database and loses its predictive capacity and generalization on new samples. To avoid overfitting problems in neural networks, the user must choose an adequate small enough number of hidden neurons and layers which is usually hard to determine in advance. Two types of methods are used to obtain a well-fitted model: early stopping and regularization. c. The test set is used in order to estimate how well the model has been trained, and gives a realistic estimate of the performance: it confirms the predictive power of the network.

The network is evaluated simultaneously for the three subsets, and performance is monitored during training phase. When the error in the validation set begins to increase at a certain number of iterations, the network is in this case overfitted and the training is stopped; the weights and biases obtained at the minimum of the validation error are used. The test set is also used to evaluate the quality of the network: if the test error reaches a minimum value at a different iteration than the validation error, then this suggests an inadequate division of the 3 subsets.

To validate the neural network model, we study the evolution of the train, validation and test performances with respect to the number of iterations. We can conclude from Fig. 2.32 at a certain number of iterations, the error starts to increase in both the validation and test sets; at this point an early stopping is executed to avoid overfitting. The test and validation sets behave in a similar way in terms of performance: this observation suggests that the division of the 3 subsets is adequate. 

Regularization

This method consists in adding some supplementary information on the weights evolution such as penalizing the extreme values of the parameters based on the following equations [START_REF] Demuth | Neural Network Toolbox™6: User's Guide[END_REF]:

𝑀𝑆𝐸𝑅𝐸𝐺 = 𝛾. 𝑀𝑆𝐸 + (1 -𝛾). 𝑀𝑆𝑊 (2.25)
where 𝛾 is the regularization parameter and MSW is the mean of the sum of squares of the network weights and bias 𝑤 𝑗 with j=1 to W, W being the total number of connexions.
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𝑀𝑆𝑊 = 1 𝑊 ∑ 𝑤 𝑗 2 𝑊 𝑗=1 (2.26) 2.5.1.2.

Coefficient of determination

The next step is to investigate the regression plot that shows the correlation between outputs and targets for the three subsets considered: the more R 2 is close to the value 1 the better is the fit and the better is the model. In Fig. 2.33, the regression plot helps in validating each neural model constructed. The output values computed by the network for the training, validation and test sets are correlated to the target values. The dotted lines represents the perfect fit between the two values (R 2 =1), the solid lines represents the real correlation between the computed output and the initial target. 

Interpreting and using the ANN

When convergence occurs the ANN is ready to be used; we compute the synaptic weight ratio for each input, and establish correlations between outputs and inputs based on the weights and biases matrices and on the activation functions in each of the hidden and output layers; finally we unscale the normalized values of the inputs and outputs.

Total percentage of synaptic weights

Synaptic weight ratio is the proportion of the weight of each of the inputs introduced in the ANN with respect to the sum of the total weights in the network: C h a p t e r 2 : | 74

𝑃 𝑖 = ∑ |𝑊 𝑖𝑗 ℎ | 𝑁 ℎ 𝑗=1 ∑ ∑ |𝑊 𝑖𝑗 ℎ | 𝑁 ℎ 𝑗=1 𝑁 𝑖=1 (%) (2.27)
Where N: number of inputs , N h : number of hidden neurons and 𝑊 𝑖𝑗 ℎ synaptic weight between the i th node of the input layer and the j th node of the hidden layer. 2.5.1.3.2. Correlations between the outputs O n and the inputs I n

The ultimate goal of the neural network is to derive a mathematical model describing a relation between the outputs O n (normalized) and inputs I n (normalized). Both of them will be correlated based on the matrices of weights and biases and on the activation functions:

𝑂 𝑛 = 𝜑 2 [𝑏2 + [𝑤2] × 𝜑 1 [𝑏1 + 𝑤1 × 𝐼 𝑛 ]] ± (2.28)
where 𝜑 1 , 𝜑 2 are respectively the activation functions in the hidden and the output layers; w 1 , b 1 , w 2 , b 2 are respectively the matrices of weights and bias in the hidden and output layers.

Denormalization

In the post-processing phase, Input I n and Output O n are unscaled using the same preprocessing settings based on the equations Eq. ( 2.29):

𝐼 = 1 2 × (𝐼 𝑛 + 1) × (𝐼 𝑚𝑎𝑥 -𝐼 min ) + 𝐼 𝑚𝑖𝑛 𝑂 = 1 2 × (𝑂 𝑛 + 1) × (𝑇 𝑚𝑎𝑥 -𝑇 min ) + 𝑇 𝑚𝑖𝑛 (2.29) 2.5.2

. Application of ANN approach in the present study

The Neural Network approach is adopted in this study to correlate the increment of damage Δ(DI) to the soil/structure and earthquake parameters: elastic limit dy, frequency ratio f structure /f soil , peak ground acceleration PGA, impedance contrast c. The basic steps are 1) Creating the Neural Network; 2) then validating it based on the performance measurement, 3) and finally interpreting and analyzing the found correlations between outputs and inputs.

Creating the Neural Network

The Neural Network architecture for seismic risk and vulnerability assessment is created based on a similar procedure followed by [START_REF] Derras | Adapting the neural network approach to PGA prediction: an example based on the KiK-net data[END_REF] and adopting MATLAB ® (R2013a) Neural Network Toolbox™.

1) Data collection: Input, Output

The first step is to define the input and output layers; we introduced the dataset formed by the 141 structures defined by their fundamental frequency and their ductility capacity, the 887 realistic soil profiles defined by their impedance contrast and their fundamental frequency, and the 60 synthetic seismograms defined by the PGA on the bedrock. Thus the input layer contains 4 input neurons listed in Table 2-11 with their minimum and maximum values as preprocessing (normalization) and postprocessing (denormalization) parameters. We could have chosen some more parameters to describe the input motion (e.g. M, R or PGV, Sa (f 0 ), V s30 , H 800 ), but as our goal is simple, large-scale 2 . 5 : A r t i f i c i a l N e u r a l N e t w o r k ( A N N ) a p p r o a c h | 75 The output layer is constituted with only one output neuron the damage increment Dsoil-Drock already defined and having a range between -1. 982 and3.3691 (Table 2-11). The cases where the maximum displacements on soil and rock are less than the ultimate limit are only considered. Neural Network trains more effectively when inputs and outputs have normal or near-normal distribution [START_REF] Bishop | Neural networks for pattern recognition[END_REF]. The frequency ratio, the impedance contrast and PGA are checked and have a lognormal distribution in our study; therefore we applied logarithmic function on the inputs before starting training. We took a number of hidden neurons equal to 15 so the architecture is 4-15-1, the training algorithm is BFGS (Broyden-Fletcher-Goldfarb-Shannoare) and the activation functions are tangent sigmoid in the hidden layer and linear in the output layers. Creating this neural network architecture, we investigated the percentage of synaptic weights corresponding to each of the 4 inputs; the results are displayed on the histogram (Fig. 2.34). Two major observations can be concluded from the synaptic weights percentage:  f struct /f soil has the largest percentage (~58%), thus the frequency ratio has the biggest influence in estimating the damage increment. This comes in a good agreement with the fact that the spectral coincidence has an important effect in estimating damage.  Another observation is the lowest percentage (~4%) affected to the ductility capacity.

In the rest of the study, we will consider that this parameter does not have a significant influence in the percentage of the synaptic weights, thus the ANN will be constructed based on three inputs: the struct/soil frequencies ratio, the impedance contrast and the PGA. The model will be reproduced for each of the five typology classes, and thus the matrices of weights and bias will be reduced making the computation more practical.

To avoid the problem of overfitting, we used the technique of early stopping by dividing our database into 3 subsets randomly: 70% training set, 15% validation set and 15% test set for the 5 ANN constructed. The preprocessing and the post-processing of the 5 neural networks corresponding to each typology class are compiled in Table 2-12: the number of cases, the minimum and maximum C h a p t e r 2 : | 76 values for the inputs and outputs, and the standard deviation of the initial and normalized output are displayed for the 5 typology classes. 2) Feed-forward using learning technique:

Inputs

In our study, we adopted a feedforward network because our database is a static one and does not vary with time and a supervised learning because inputs and target outputs are provided to the network. A training algorithm is then used to progressively reduce the total network error by iteratively adjusting the weights. We used the quasi Newton method of Broyden-Fletcher-Goldfarb-Shannoare (BFGS) algorithm: it is more efficient than the original method of back-propagation because it uses the second derivatives (Rumelhart et al. 1986). It generally converges in fewer iterations so it constitutes an optimal algorithm for our analysis.
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3) Choice of hidden neurons: Fig. 2.40 highlights that the optimal number of hidden neurons regarding the lowest AIC and RMSE is 10. Once the number of hidden neurons is chosen the neural network architecture can be established: Fig. 2.41 is a representation of the neural network considering in the input layer the struct/soil frequencies ratio, the impedance contrast and the PGA; the hidden layer is a set of 10 neurons and the output layer consists of the damage increment Dsoil-Droc. This neural network is established for each of the five typology classes of the Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. 

4) Choice of the activation functions

The choice of functional forms described in Table 2-10 is based on the optimization of the performance parameters. The combination between a tangential sigmoid function in the hidden layer and a linear function in the output layer gives the optimal MSE and R 2 (Table 2345678910111213). These two activation functions will be used in the construction of the neural networks. This is also in a good agreement with the fact that linear output neurons are used for function fitting problems [START_REF] Masters | Practical neural network recipes in C++[END_REF].

Activation Function Validation Test

Hidden Training is executed 10 times to ensure a good accuracy for the neural network due to the change in the initial conditions (weight and bias) at each training in the 3 data sets: training, validation, and test sets. 

Validating the Neural Network

An architectural model was analyzed for the 5 typology classes : Masonry, Non-designed RC, DCL, DCM, DCH; the neural network training was done for each of the category and weight matrices and biases were extracted to elaborate a correlation between the output (Damage increment) and corresponding inputs according to each category. Table 2-15 summarizes the statistical parameters measuring the performance of the network (MSE and R 2 ) with respect to the 5 typology classes. The performance was computed for all the dataset taken together, and for each of the subsets: training, validation, set. ) with respect to the 5 typology classes. The performance was computed for all the dataset taken together, and for each of the subsets: training, validation, set.

Standard

The performance of the neural network is evaluated based on statistical indicators [START_REF] Longhi | Neural network modeling as a tool for forecasting regional employment patterns[END_REF]: Correlation coefficient (R), mean square error (MSE) and coefficient of determination (R 2 ). An example is shown on Fig. 2.42 for the class 2 and exhibits value of R 2 about ~0.8 for the training, validation and test sets, therefore this is an indication of a good fit and the model is thus validated. The huge number of points (418000 for class 2) does not show clearly the good regression between generated outputs and targets; another representation would be more consistent and that is investigating the errors and their distribution around 0. We displayed the histogram of errors for the class 2 (Fig. 

Using the Neural Network

The optimal neural network chosen for this database is a network composed of 3 inputs: log (f struct /f soil ), log PGA, log (impedance contrast); 1 output: Δ (DI); and 1 intermediate ("hidden") layer of 10 neurons. The activation functions are: tangent sigmoid for hidden neurons and linear for the output layer. The algorithm used is BFGS quasi-Newton backpropagation. The dataset was divided randomly into: 70% for training, 15% for validation and 15% for testing. The results are given in the section below. In this case the Neural Network approach is used to predict models without any prior knowledge on the dataset and the significant influence of each parameter. When convergence occurs, synaptic weight ratio is computed for each of the parameter introduced as in Eq. (2.27). The correlations between output and input, based on weight and bias matrices and activation functions, can be mathematically deduced (Eq. (2.30)):

𝑇 𝑛 = purelin[𝑏2 + [𝑤2] × tansig[𝑏1 + 𝑤1 × 𝐼 𝑛 ]] ± (2.30)
The corresponding values of matrices of weights (W1, W2) and bias (b1, b2) for the 5 networks are listed in Appendix C. Purelin and tansig are respectively the linear and the tangent sigmoid functions in the output and sigmoid layers. The final step is denormalizing the initially scaled inputs and generated outputs before using the values obtained. The computation of the synaptic weights for each of the inputs (Fig. 2.44) shows that the most important one corresponds to the structure to soil frequency ratio (~45%) whatever is the typology class considered; this confirms the relevancy of this parameter for predicting the damage increase. One may notice however that the second largest parameter is the PGA (~30%), i.e., the excitation level, and the last parameter having the lowest synaptic weight percentage is the impedance contrast (~20%). Using the final weights and biases and replacing them in the activation functions, we can compute the output (damage increment between rock and soil conditions) with respect to each of the considered input variable. The resulting graphs displayed in Fig. 2.45, Fig. 2.46, Fig. 2.47, Fig. 2.48, Fig. 2.49 exhibit the variation of the increment of damage between soil and rock for each class as a function of the structure and soil frequencies ratio and the a) impedance contrast, b) and for c=2, c=5, c=10 and c=20, for different ranges of PGA (m/s 2 ) and considering class1 to 5 respectively.

The first clear observation for all the typology classes 1 to 5 is the effect of frequency coincidence that is obvious on the rock to soil damage increment. The peak is well pronounced at intermediate PGA for all classes; however we can notice that for low ductility it is shifted towards high ratio of f struct /f soil at PGA >2 m/s 2 : this can be explained by the fact that at high PGA the structure enters the plasticity domain: when a building enters the plastic phase under strong excitation, its frequency decreases and damping increases and the frequency coincidence can thus occur for originally stiffer degrading buildings.

A second observation that was also obtained in the case of a simple layer and in the case of the basic statistical tools is that when the impedance contrast increases the damage increment increases because of the increase of the soil amplification. We can notice that this increase is very clear around 0.05 m/s 2 for masonry, then the curves becomes closer and the difference between them is lower at high PGA (>2 m/s 2 ). This is explained by the nonlinearity effect in the structure which has a smaller ductility capacity compared to the other classes. At low PGA (0.05 m/s 2 ) the effect of the impedance contrast is not clear because the damage increment is too small for the Reinforced concrete category.

A conclusion can also be made about the importance of the typology class: in fact just by comparing the classes 3 to 5 that have similar structure frequencies ranges but differs in term of the ductility capacity (class 5 has a ductility capacity larger than class 3), we can notice that the damage increment in the class 3 (DCL) is bigger that the damage increment reached for the class 5 (DCH); this is due to the larger plateau-shape in the elastoplastic behavior: the structure can go further in the elastic phase in the DCH category before entering the plastic phase.

When the PGA increases, we can notice for the 3 classes Masonry, Non designed RC and DCL that the damage increment increases due to the level of excitation. This fact is not observed for the classes with higher ductility where at higher PGA (>4m/s 2 ) a reverse conclusion is made: the damage increment decreases. This can also be explained by the nonlinear behavior of the structure that acts in a different manner and this is due to the various ranges of yielding displacements and capacity factor as the damage increment values span larger displacement range in the high ductility case for a given damage level (Fig. 2.21).

Analysis based on impedance contrast classification:

The impedance contrast and the PGA having close synaptic weights proportion, a similar analysis is made, however based on a classification in terms of the impedance contrast for c=2, c=5, c=10 and c=20, we investigated the variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and c) the PGA, d) and for discrete values of PGA, for different ranges of c. Fig. 2.45, Fig. 2.46, Fig. 2.47, Fig. 2.48, Fig. 2.49 highlights this variation for classes 1 to 5 respectively. In this configuration, we can clearly see once again the effect of the structure/soil resonance that appears at moderate to high impedance contrast for all typology classes. The damage increment increases with increasing impedance contrast displaying some nonlinearity in the structure at high impedance contrast (c>20) where the damage increment does not increase linearly with PGA or even displaying some value where Dsoil-Drock is less for a PGA 4 m/s 2 than a PGA 2 m/s2 in the medium and high typology classes.

A final major conclusion is made by comparing the standard deviation of the desired normalized targets in Table 2-12 and the standard deviation RMSE of the generated output from the ANN in Table 2-15: we can notice for all typology classes that the initial standard deviation was reduced to almost 30~50% of its value; this confirms the performance of the Neural network to better fit the data C h a p t e r 2 : | 88 available.

The results for real soil profiles and realistic structures are therefore qualitatively similar to the ones obtained in the simple case with one horizontal layer. Moreover, the neural network allows estimating the damage increment from the knowledge of 4 parameters: PGA on rock (i.e., a proxy to the scenario earthquake), the building typology, the velocity contrast (a proxy to soil amplification) and the frequency ratio. The latter is relatively easy to measure or predict, as is shown in the next section; the former (velocity contrast) requires expensive efforts to be measured. One important next step is to look for a more easily available proxy to the site amplification, namely the amplitude of the H/V peak derived from ambient noise measurements. C h a p t e r 2 : | 94

Conclusion

The effect of coincidence between soil and structural frequencies is studied using two approaches. First, from a conceptual viewpoint, the response of a simple case with a perfectly elastoplastic oscillator (defined by two parameters: elastic limit and fundamental frequency) at the surface of one mono-layered site (characterized by two key parameters: impedance contrast and fundamental frequency) is investigated for a series of accelerograms replicating earthquakes with a variable range of distance and magnitude (and hence peak ground acceleration and spectral contents). The structural damage is characterized by the ductility demand (ratio of peak structural displacement to elastic limit), and the damage increase due to the soil amplification is quantified by comparing the ductility demand when the same EP oscillator is on the soil or on the outcropping bedrock. For such a simple case, the specific effect of the spectral coincidence between soil and structural frequencies appears very clearly at low and moderate PGA, with a pronounced peak in this damage increase around f struct /f soil = 1. For higher PGA levels, this peak broadens towards higher f struct /f soil values, because of significant structural stiffness degradation. The same analysis is then extended to more complex models; several hundreds of realistic soil profiles are considered to explore the effects of spectral coincidence on damage for a wide range of conventional building typologies compiled in the European project Risk-UE. A "damage increment index" has been introduced to quantify the increase of damage due to soil amplification. The huge number of results (over 7.5 million) is first analyzed with classical statistical tools but it was complicated to extract some correlations between all the parameters of the dataset. This led us to use a neural network approach to investigate the dependency of the damage on the soil and building parameters categorizing our dataset with respect to typology classes defined in Risk-UE. Despite the absence of any a priori functional form, it was confirmed that the leading parameter controlling the damage increase is the f struct /f soil ratio, with a synaptic weight of 45% in any typology class considered; the parameter that follows is the PGA. This work has led to many conclusions concerning the soil structure frequencies coincidence and its effect on buildings:

The real case scenarios earthquakes, where larger damages were observed on buildings having similar frequencies to that of soil, is justified theoretically using realistic models that represent almost perfectly the real site where earthquakes occurred. An interesting tool (Neural Network), which is not only used in Seismology but in many other fields, was proved to be an ad hoc tool to analyze the large dataset of soil/structures/signals and to highlight the most impacting parameter (the coincidence of frequencies) in the estimation of the buildings "damage". The reduction of the standard deviation in the target set by almost 30~50% when computing the generated output, highlights the efficiency of the Neural Network and its high capacity of performing and fitting the model. This efficiency is also demonstrated by investigating the mean squared errors MSE and the coefficient of determination R 2 which show very good values and the relevancy of the selected parameters as well.

Another conclusion is related to the increment damage by itself: this parameter study shows that the increment of damage increases when impedance contrast increases and this can be explained by the increase of amplitude of vibration. On the other hand, it acts in an opposite way when PGA increases: at this stage the structure enters into nonlinear state and thus the damage increment can decrease at high motion [while however still existing!].

A major conclusion is detecting the highest increment damage for coinciding soil and structure frequencies, a conclusion that is not always taken into account in the seismic risk and vulnerability assessment especially at an urban scale. In this huge parameter study, we introduced a simple method that can cover city-to nation scale if inputs are available.

However some limitations have to be improved: i.

The matrices of weights and biases are not practical to use due to their large size and the complex non-physically based activation functions, however a way to implement would now be an excel sheet or any processing language that computes the output as function of inputs based on the activation forms, matrices of weights and bias. An optimal way to find some practical mathematical equations that model the correlations between outputs and inputs. Based on our observation we can notice that this parametric equation can be decomposed into 2 sections (Fig. 2.50):  A smooth heaviside like or ramp like curve controlled by PGA  A Gaussian shape centered for f struct /f soil =1 and which amplitude is controlled by the impedance contrast C, and the standard deviation is controlled by the level of PGA. ii.

The impedance contrast that requires reaching the bedrock is not always easy to acquire. An important next step would be to find a proxy for the amplification of soil and that would be more easily measurable, i.e. the amplitude H/V obtained from ambient noise measurement replacing the impedance contrast that was used in this chapter that needs geotechnical testing which is less economic and more difficult to acquire. This option will be discussed in Chapter 3.

Chapter 3: Testing a convenient proxy for site amplification: H/V amplitude 

Introduction

The previous chapter presented the development of a large-scale vulnerability method that can estimate the damage increment to an elasto-plastic 1DOF oscillator resting on a multilayer soil profile as a function of a small number of explanatory variables: PGA for seismic loading, the structure/soil frequency ratio and the impedance contrast for double resonance effects, and the 5 typology classes. The impedance contrast is indeed a velocity contrast defined as the ratio between the smallest velocity within the soil profile and the underlying bedrock shear wave velocities, considering that density contrast plays only a marginal role in the site amplification. Measuring it on a real site actually requires the use of geotechnical / geophysical techniques such as in-hole seismics (down-hole, crosshole or suspension logging) to retrieve the shear wave velocity profile until reaching the deepest layers the "seismic" bedrock, i.e., the deepest geological unit that controls the fundamental frequency. Such techniques are not easy to implement at a large urban scale because of their invasive aspect, environmental impact, and high cost (especially for deep bedrock…). The motivation of this chapter is therefore to try to find a suitable alternative for this velocity contrast parameter that was used in Chapter 2 as a proxy to site amplification to estimate the damage increment, that could be determined much more easily with less invasive, more practical and simple method. Surface geophysical techniques have several advantages over conventional methods of geotechnical investigations (boreholes, penetration testing): non-invasive, light, capacity of being used on relatively steep topographies, economically affordable (Whatelet 2005;[START_REF] Cadet | Utilisation combinée des méthodes basées sur le bruit de fond dans le cadre du microzonage sismique[END_REF]), easily reproducible. The use of seismic ambient noise has known an important development over the last decades, with different application fields: landslides, seismic hazard, structural health monitoring and environmental issues (Fig. 3.1). For instance, changes in resonant frequencies of structures, or the evolution of velocity within shallow layers are directly related to environmental fluctuation [START_REF] Larose | Environmental seismology: What can we learn on earth surface processes with ambient noise[END_REF]. Monitoring of seismic waves, and in particular of ambient noise vibrations, is a useful tool to analyze the changes on the surface of the Earth, such as to apprehend the impact of temperature on structure and soil properties, the evolution of water table level, the prediction of landslide or failure phenomenon such as rock falls based on the change in the rigidity of soil or a drop in the rock column natural frequency. Here we focus only on the H/V spectral ratio, which was first introduced by [START_REF] Nogoshi | On the amplitude characteristics of microtremor (part 2)[END_REF] and then developed and expanded worldwide following the appealing earthquake engineering applications proposed by [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]. Since then researchers and engineers became increasingly interested in this method. For instance, [START_REF] Lachet | Numerical and Theoretical Investigations on the Possibilities and Limitations of Nakamura's Technique[END_REF], Malichevsky and Scherbaum (2004) or [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF], among many others, investigated the origin of the H/V peak and discussed the interpretation of the H/V curve showing that the peak frequency observed on the H/V curve is a correct estimation of the resonance frequency for a 1D stratified soil profile exhibiting a large enough velocity contrast. It was repeatedly shown however that the H/V peak amplitude cannot be considered a good estimate of the actual site amplification, while it represents a lower bound C h a p t e r 3 : | 98 estimate of the latter [START_REF] Haghshenas | Empirical evaluation of microtremor H/V spectral ratio[END_REF][START_REF] Luzi | Proposal for a soil classification based on parameters alternative or complementary to Vs, 30[END_REF]). In addition, [START_REF] Guillier | Use of ambient noise: from spectral amplitude variability to H/V stability[END_REF], using long duration recordings of ambient noise on three sites (over a month), conclude at the robustness of H/V technique in terms of measurement of the site fundamental frequencywhich proves to be very stable and robust over time -, while the H/V amplitude was found to exhibit a large variability, that could be explained by the noise source locations and intensities as proposed by Bonnefoy-Claudet et al. (2006).

In this section we first briefly review the historical evolution of the measurements and use of ambient vibrations since the onset of instrumental seismology at the end of the nineteenth century, with a special focus on the origin of seismic noise. Then we explain how to generate synthetic ambient noise for the existing realistic soil profiles that were compiled from KIK-net, BOORE and NERIES profiles based on the Fortran code developed within the SESAME project making use of the discrete wavenumber approach elaborated by [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF][START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF], and how the corresponding fundamental frequency f 0HV and peak amplitude A 0HV are extracted from the H/V curve. Next the architecture of three new neural network models is established: the PGA and the structure/soil frequencies ratio are kept as input parameters, in combination of a third parameter replacing the impedance contrast: V s10 , V s30 or A 0HV respectively for the three neural models. V s10 , V s30 are the average shear-wave velocity over the topmost 10 m and 30 m of subsoil, respectively, are often considered as a proxy to site amplification, which do not need to get information about the bedrock (neither its depth nor its velocity). Borcherdt andGlassmoyer (1992, 1995) were the pioneers in promoting the use of V s30 as a proxy to site response [START_REF] Luzi | Proposal for a soil classification based on parameters alternative or complementary to Vs, 30[END_REF]. Many seismic codes such as the American Uniform Building Code (UBC 1997) and the European code EC8 (EC8 2004) also adopt V s30 as the key parameter for site classification. Gallipoli and Mucciarelli (2009) showed that shallow shear-wave profiles (V S10 ) could be a more economical tool for site classification having the same performance as V s30 . [START_REF] Kawase | Site amplification factor and their characterization: proposal of VS 10 m[END_REF] justifies the use of V s10 based on the data of K-net, KiK-net and JMA networks in Japan showing a high correlation between V s10 and V s30 .

The huge database obtained in the previous chapter is thus analyzed using the same neural network approach, but different sets of input parameters to avoid the use of the velocity contrast because of its practical unavailability. In addition to A 0HV , V s30 and V s10 , two more proxies are also considered, V bedrock /V s30 and V bedrock /V s10 ; those parameters are difficult to acquire because of the need of reaching the bedrock level, but they are tested here simply to investigate whether getting them leads to a significantly better prediction performance, and whether the hard work needed to get the associated funding and field measurements, would be worth. After defining the number of hidden neurons, the activation functions, the optimal algorithm, the final neural network results show that the H/V amplitude could be an optimal proxy to estimate the damage increment as a function of the following parameters: PGA, the structure/soil frequency ratio and the H/V amplitude, for a defined typology class.

Ambient noise vibration

The use of ambient vibrations has been proposed as early as in the late nineteenth century, i.e., since the beginning of instrumental seismology, and has evolved over the years up to now. A short outline of the major phases that have marked the development of this technique is explored, followed by a presentation of the origin of ambient vibrations as it is essential for the simulation of noise recordings addressed in the next section.

More than a century of research

The history on the ambient noise vibration exploration and its evolution over the decades was summarized by [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF]. It can be categorized into three major periods: Prior to 1950Prior to , 1950Prior to -1970Prior to , from 1970 up to now. The development of researchers' works in this field is compiled and a list of some representative papers that marked each epoch is given.
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A m b i e n t n o i s e v i b r a t i o n | 99 3.2.1.1. Prior to 1950 At that time, studies about ambient noise vibration were more qualitative than quantitative, due to the poor portability of sensors and recording instruments, and the absence of computers -and programming languages-. Bertelli is considered to be the pioneer of the ambient vibration observation: in 1872, he installed a pendulum and noticed that it is in continuous movement despite the lack of any clear excitation; this led him to establish correlations between these "microseisms" and disturbed air pressure. [START_REF] Gutenberg | Die seismische bodenunruhe[END_REF] reviewed the origin and nature of ambient noise. [START_REF] Banerji | Microseisms associated with the incidence of the south-west monsoon[END_REF] monitored noise evolution in relation to Indian monsoon and correlated it to Rayleigh waves generated at the bottom of the ocean. One of the major accomplishments in this period has indeed been the establishment of relations between oceanic waves, meteorological conditions and noise contents, with in particular the works by Bernard (1941a, b) and [START_REF] Longuet-Higgins | A theory of the origin of microseisms[END_REF] who related the predominant period of microseisms and the predominant periods of ocean swelling waves: .2.1.2. 1950-1970: The period 1950-1970 is associated with a very significant progress in instrumentation technology (sensors and acquisition systems) and signal processing capabilities, which paved the way for major theoretical breakthroughs. This period is in particular marked by the development and application of array techniques to retrieve the surface wave dispersion characteristics, and their link to shear wave velocity profile:  In the spatial domain: Development of SPAC (SPatial AutoCorrelation) method [START_REF] Aki | Space and time spectra of stationary stochastic waves, with special reference to microtremors[END_REF][START_REF] Aki | A note on the use of microseisms in determining the shallow structures of the earth's crust[END_REF]:

𝑇 𝑚𝑖𝑐𝑟𝑜𝑠𝑒𝑖𝑠𝑚𝑠 = 1 2 𝑇 𝑤𝑎𝑣𝑒𝑠 (3.1) 3 
The basic assumption of this approach is to consider that ambient noise is constituted of surface waves, locally plane, stationary in time and space and having an isotropic azimuthal distribution, with noise sources equally distributed in all directions. The basic operation of this analysis is to calculate the correlation between two simultaneous recordings on two separate sensors located at a distance r and oriented along an azimuth θ: the autocorrelation curves obtained are related to the dispersion curves and therefore provide information on the characteristics of the soil; they allow to obtain P and S wave velocity profile through inversion.

 In the frequency domain: Development of F-K (frequency-wavenumber) method [START_REF] Capon | Multidimensional maximum-likehood processing of a large-aperture seismic array[END_REF][START_REF] Capon | High-resolution frequency-wavenumber spectrum analysis[END_REF]Lacos et al. 1969):

The basic idea ("beam-forming") is to add the energy propagating at a particular wave number k (i.e., corresponding to a specific direction and phase velocity), and retain the directions and speed corresponding to the maximum energy. This analysis is performed on different time windows (similar to SPAC analysis) of noise signals band-passed in narrow frequency bands, and results ultimately in statistics of azimuths and phase velocities for each frequency allowing to identify the main surface wave modes present in the wavefield. This approach makes use of the coherence between all sensors and is therefore not limited to the use of only pairs of sensors as in the SPAC method. The major assumptions considered are:

-Dominance of surface waves -1D Homogeneous medium -Plane wave

Moreover numerous advances about characterization of noise are explored:

 Analysis of particle motion to characterize noise [START_REF] Toksöz | Microseisms and an attempted application to exploration[END_REF])  Measurement of noise at depth through borehole procedure coupled to array measurement C h a p t e r 3 : | 100 [START_REF] Douze | Rayleigh waves in short-period seismic noise[END_REF] The development of these techniques increased in-depth understanding of i) the origin of the noise (oceanic, meteorological, human, etc.) and b) the nature of the noise wavefield nature (Bonnefoy-Claudet et al. 2006a). 3.2.1.3. 1970 

up to now

Since 1970 the ambient noise vibration topic has known a drastic development and the number of publications in this field has increased rapidly, coupled to an in-depth understanding of the noise, its origin (natural or anthropogenic), and nature.

Progress in the array technique developed in the previous decades is noticeable, as a result of the development of 3 component sensors, digital acquisition systems, and of the dazzling explosion of computing capabilities. Array technique is applied for hazard studies [START_REF] Asten | Array estimators and the use of microseisms for reconnaissance of sedimentary basins[END_REF][START_REF] Malagnini | Site amplification estimates in the Garigliano Valley, Central Italy, based on dense array measurements of ambient noise[END_REF]Chavez-Garcia et al. 2005;[START_REF] Singh | Seismic hazard evaluation in Anjar city area of western India: Microtremor array measurement[END_REF]). [START_REF] Endrun | On the repeatability and consistency of threecomponent ambient vibration array measurements[END_REF] confirmed repeatability and consistency of three-component array measurements.

But the most impressive is the appearance and development of new analysis techniques, and their use for very different applications. The first one, historically, was the H/V technique, but the widest applications came from the development of cross-correlation techniques which allow to recover the "Green's function" between two different locations, which can span a huge range of distances (from a few centimeters to thousands of kilometers) and correlatively of frequency ranges (from MHz to mHz).

Compiling an exhaustive list of published works achieved using ambient noise vibration is outside of the scope of the present summary, and we will only cite some of them: 1) Reconstruction of the surface wave part of the Earth response and tomographic images by correlating seismic noise at stations separated by distances of hundreds to thousands of kilometres and detect temporal changes related to inner deformations [START_REF] Shapiro | Emergence of broadband Rayleigh waves from correlations of the ambient seismic noise[END_REF][START_REF] Shapiro | High-resolution surface-wave tomography from ambient seismic noise[END_REF][START_REF] Campillo | Seismic, ambient noise correlation[END_REF]); 2) Imaging caves such as Kenaan cave (Lebanon) [START_REF] Nehme | The use of passive seismological imaging in speleogenetic studies; an example from Kanaan Cave, Lebanon[END_REF]; 3) Mass movement survey [START_REF] Meric | Application of geophysical methods for the investigation of the large gravitational mass movement of Séchilienne, France[END_REF]) such as landslide [START_REF] Jongmans | Geophysical investigation of landslides: a review[END_REF][START_REF] Renalier | Shear wave velocity imaging of the Avignonet landslide (France) using ambient noise cross correlation[END_REF][START_REF] Mainsant | Shear-wave velocity as an indicator for rheological changes in clay materials: Lessons from laboratory experiments[END_REF]) and rockfall [START_REF] Panzera | Seismic site response of unstable steep slope using noise measurements: the case study of Xemxija Bay area, Malta[END_REF][START_REF] Burjánek | Instrumental evidence of normal mode rock slope vibration[END_REF]) 4) Monitoring of water table depth variation [START_REF] Voisin | Seismic Noise Monitoring of the Water Table in a Deep Seated Slow Moving Landslide[END_REF][START_REF] Larose | Environmental seismology: What can we learn on earth surface processes with ambient noise[END_REF]. 5) Measurement of buildings to extract dynamic parameters and verify seismic codes [START_REF] Farsi | Identification des structures de Génie Civil à partir de leurs réponses vibratoires et vulnérabilité du bâti existant[END_REF][START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF][START_REF] Michel | Vulnerabilite Sismique de l'echelle du batiment a celle de la ville-Apport des techniques experimentales in situ-Application a Grenoble[END_REF][START_REF] Guillier | Establishing Empirical Period Formula for RC Buildings in Lima, Peru: Evidence for the Impact of Both the 1974 Lima Earthquake and the Application of the Peruvian Seismic Code on High-Rise Buildings[END_REF][START_REF] Salameh | Dynamic properties of Beirut buildings: Instrumental results from ambient vibrations[END_REF]) 6) Monitoring of the structure to study the effect of temperature on dynamic parameters (Clinton et al. 2006;[START_REF] Guéguen | Wandering of the modal parameters in existing building: application to structural health monitoring and seismic vulnerability analysis[END_REF][START_REF] Mikael | The Analysis of Long-Term Frequency and Damping Wandering in Buildings Using the Random Decrement Technique[END_REF][START_REF] Guillier | Building frequency fluctuations from continuous monitoring of ambient vibrations and their relationship to temperature variations[END_REF]) 7) Monitoring of the structure to investigate damages following an earthquake [START_REF] Ivanović | Ambient vibration tests of a seven-story reinforced concrete building in Van Nuys, California, damaged by the 1994 Northridge earthquake[END_REF][START_REF] Dunand | Utilisation du bruit de fond pour l'analyse des dommages des bâtiments de Boumerdes suite au séisme du 21 mai 2003[END_REF]) 8) Monitoring of the structure before and after a retrofit to validate the effectiveness of the retrofit method [START_REF] Celebi | Before and after retrofit-response of a building during ambient and strong motions[END_REF]Farsi et al. 2009); 9) Use of H/V method for microzonation [START_REF] Gaull | The microzonation of Perth, Western Australia, using microtremor spectral ratios[END_REF][START_REF] Konno | Ground-motion characteristics estimated from spectral ratio between horizontal and vertical components of microtremor[END_REF][START_REF] Mucciarelli | Reliability and applicability of Nakamura's technique using microtremors: an experimental approach[END_REF][START_REF] Lebrun | Site effect study in urban area: experimental results in Grenoble (France)[END_REF]Uebayashi 2003;[START_REF] Navarro | Local site effect microzonation of Lorca town (SE Spain)[END_REF]); 10) Inversion of H/V curve to estimate shear wave velocity profile (Timokatsu et al. 1998;[START_REF] Arai | S-wave velocity profiling by joint inversion of microtremor H/V spectrum[END_REF][START_REF] Lontsi | Full microtremor H/V (z, f) inversion for shallow subsurface characterization[END_REF].

The development of 2 techniques marked this period of time: site-to-reference spectral ratio and Horizontal to vertical spectral ratio (HVSR) ratio. The latter was first introduced by [START_REF] Nogoshi | On the amplitude characteristics of microtremor (part 2)[END_REF] and then was extensively expanded and developed by [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]. This method, on the other hand, presents numerous advantages: easy to apply, fast, economically affordable. Therefore many authors were encouraged to apply it in their study to identify soil characteristics and response [START_REF] Gaull | The microzonation of Perth, Western Australia, using microtremor spectral ratios[END_REF][START_REF] Guéguen | Site effect and damage distribution in Pujili (Ecuador) after the 28 March 1996 earthquake[END_REF][START_REF] Fäh | A theoretical investigation of average H/V ratios[END_REF]; Bonnefoy-Claudet 2004; Bonnefoy- 

Ambient noise origin

The origin of noise is any source of excitation different from a seismic loading that generates vibrations in the soil. These sources of excitation have two main origins:  Natural origin: tide, oceanic waves impact along coastlines, river or torrent flow, rain or wind impacting the soil, trees roots. Fig. 3.2 shows the seasonal variation of the location of P-wave seismic noise sources in the microseismic band (0.1-0.3 Hz) determined from the analysis of records at the three seismic networks indicated with white stars [START_REF] Landès | Origin of deep ocean microseisms by using teleseismic body waves[END_REF]).  Anthropogenic activity: building foundations vibrating under the wind's impact, industrial machinery, civil engineering works, elevators, traffic, all kind of transportation systems, pedestrians. These sources are usually classified as microseisms or microtremors whether it corresponds to natural or man-made disturbances, respectively. The noise behavior in the frequency and time domain is different depending on the type of the source (natural or anthropogenic). The amplitude of urban noise is subjected to fluctuations on a daily and weekly basis, on the opposite to the natural noise [START_REF] Guillier | Use of ambient noise: from spectral amplitude variability to H/V stability[END_REF]). [START_REF] Yamanaka | Continuous measurements of microtremors on sediments and basement in Los Angeles, California[END_REF] performed a series of continuous measurement on a 1 week period on a soft site in the Los Angeles area, and investigated the variation of the spectral amplitude at various frequencies, as a function of time. The corresponding time variation of the noise spectral amplitude at 0.3s and 6.5s is represented in Fig. 3.3, together with the swell height fluctuation observed at the nearby Begg Rock station (California). Fig. 3.3 highlights a clear correlation between the high frequency noise (T=0.3s) and human activity: spectral amplitude oscillates periodically following night and day alternation where human activity reaches its lowest and highest level respectively, and being the lowest during the weekend. Meanwhile, the low frequency component (T = C h a p t e r 3 : | 102 6.5 s) exhibits a complety different behavior that correlates very well with the swell height, without any periodic change on a daily basis. This confirms that the noise behavior is different depending on its origin. It is generally agreed upon that a frequency limit around 1 Hz can be established between the natural and anthropogenic noise, and a first approximation concerning the frequency classification with respect to the sources can be concluded (Bonnefoy-Claudet 2004):

 low frequency (f < 0.5 Hz): natural sources, large-scale meteorological or oceanic perturbations  moderate frequency (~ 1 Hz): local meteorological conditions and wind effect  high frequency (f > 1Hz): anthropogenic activity However this limit of 1 Hz is proven to be not only source dependent but also site dependent; [START_REF] Guillier | Use of ambient noise: from spectral amplitude variability to H/V stability[END_REF] shows that the limit between natural and anthropogenic sources varies from 0.7-0.8 Hz up to 2-3 Hz from a site to another. In any case, it is clear that whatever the noise origin, the noise sources are located at the Earth's surface, a characteristics that will be extensively used in the next section to generate noise synthetics. 

Numerical simulation of ambient noise in a horizontally stratified, 1D medium

This section shortly presents the method used to simulate numerically synthetic ambient noise signals. It is based on the approach developed during the SESAME project, which combines the consideration of quasi random surface sources and an efficient numerical wave propagation scheme in 1D, horizontally stratified media. We first describe the method elaborated by [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF][START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF] to compute the wave propagation in a 1D medium. Then we describe the propagation medium, i.e., the 3 . 3 : N u m e r i c a l s i m u l a t i o n o f a m b i e n t n o i s e i n a h o r i z o n t a l l y s t r a t i f i e d , 1 D m e d i u m | 103 soil model, and the source and receivers configuration used for each category of soil profiles to synthetize noise signal at the surface of the stratified medium. The Green functions in the horizontal and vertical directions are computed between all the sources-receivers pairs (. Then the convolution of all the Green functions with the source function leads to the individual noise synthetics. Finally the total noise synthetic for each receiver is obtained by summing all the individual noise synthetics which is the contribution of all sources at each receiver [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF]Bonnefoy-Claudet et al. 2006b;[START_REF] Bonnefoy-Claudet | Effects of Love waves on microtremor H/V ratio[END_REF]. Finally the H/V method to analyze the ambient noise signal is presented.

Green Functions Computation-Hisada wave-number approach

The Fortran code of [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF][START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF] is used to compute the wave field based on the wavenumber approach [START_REF] Bouchon | Discrete wave-number representation of seismic-source wave fields[END_REF]Bouchon 1981;[START_REF] Bouchon | A review of the discrete wavenumber method[END_REF]) and generated by the noise sources, considered as localized, surface point forces acting in any of the 3 x,y,z directions. Hisada generalized the method of R/T (reflection/transmission) matrix and defined an analytical method to compute efficiently the displacement and stress of static and dynamic Green functions for viscoelastic layered half-spaces [START_REF] Luco | On the Green's functions for a layered half-space. Part I[END_REF][START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF]. He then improved this method with sources and receivers located at equal or nearly equal depths [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF]: indeed in such a case, the integrand oscillates and the numerical integration is highly unstable. The improved scheme proposed by Hisada thus allows to compute the Green's function generated at any surface receiver by any surface source, and their superposition for any configuration of sources and receivers.

The principle is described by [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF] and based on Huygens theory and Sommerfeld equations [START_REF] Aki | Quantitative Seisimology: Theory and Methods[END_REF]. A dynamic spherical wave can be decomposed into cylindrical waves using the Sommerfeld integral:

1 𝑅 𝑖 𝜔 𝑐 𝑅 = ∫ [ 𝑘 𝑣 -𝑣|𝑧-ℎ| 𝐽 0 (𝑘𝑟)] ∞ 0 𝑑𝑘 (3.2)
Where

𝑅 = √𝑟 2 + (𝑧 -) 2 , 𝑣 2 = 𝑘 2 -( 𝜔 𝑐 ) 2
and 𝑅 (𝑣) 0 h and z are the depths of source and receiver, respectively, r is the horizontal distance between the source and the receiver, c is the velocity of the medium, 𝜔 is the circular frequency, J 0 is the Bessel function of the order 0, and the variable of integration (k) represents the horizontal wavenumber. These elementary cylindrical waves with specific horizontal wave number k can then be propagated easily in the layered medium using R/T matrixes.

When sources and receivers are located at equal or nearly equal depths, the Eq. (3.2) is simplified and is given by:

1 𝑅 𝑖 𝜔 𝑐 𝑅 = ∫ [ 𝑘 𝑣 𝐽 0 (𝑘𝑟)] ∞ 0 𝑑𝑘 (3.3)
The eq. ( 3.3) is more difficult to compute numerically than (3.2) because of the disappearance of the exponentially decaying term, that greatly helps in the convergence process as the integrand keeps on oscillating with non-vanishing amplitudes.

The integrated expression of the static Green function that is given by imposing 𝜔 = 0 is:

1 𝑅 = ∫ [ -𝑣|𝑧-ℎ| 𝐽 0 (𝑘𝑟)] ∞ 0 𝑑𝑘 (3.4)
Hisada defines an approximate solution to solve the equation (3.2) considering that when the C h a p t e r 3 : | 104 wavenumber increases, the integrated expression of the dynamic Green function converges to the integrated expression of the static one (3.4) [START_REF] Luco | On the Green's functions for a layered half-space. Part I[END_REF]; by subtracting and rearranging the two equations (3.4) and (3.2) he obtained:

1 𝑅 𝑖 𝜔 𝑐 𝑅 = ∫ [ 𝑘 𝑣 -𝑣|𝑧-ℎ| 𝐽 0 (𝑘𝑟) --𝑣|𝑧-ℎ| 𝐽 0 (𝑘𝑟)] ∞ 0 𝑑𝑘 + 1 𝑅 (3.5)
In this case the equation (3.5) converges rapidly with the wavenumber and in particular for z=h, giving:

1 𝑟 𝑖 𝜔 𝑐 𝑟 = ∫ [( 𝑘 𝑣 -1) 𝐽 0 (𝑘𝑟)] ∞ 0 𝑑𝑘 + 1 𝑟 (3.6)
In conclusion, [START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths[END_REF][START_REF] Hisada | An efficient method for computing Green's functions for a layered half-space with sources and receivers at close depths (Part 2)[END_REF] could improve the asymptotic method for sources and receivers located at equal or nearly equal depths, by generalizing the R/T coefficient method of [START_REF] Luco | On the Green's functions for a layered half-space. Part I[END_REF], and approximating the dynamic solution to the static one when the wavenumber increases.

Soil Models-Propagation medium

The same 887 realistic profiles from KIKNET, BOORE and NERIES already presented in Chapter 2 (Appendix B) are used in this chapter as the propagation medium that "filters" the waves emitted by the random surface sources. They are introduced in the 1D Hisada's code based on the following template (Table 3-1 where S-wave and P-wave velocity profiles V s and V p have been systematically derived from downhole measurements for each site.

): Number of layers ρ (T/m 3 ) V p (m/s) Q p V s (m/s) Q s Thicknesss (m)
We recall the modifications and the information added to each profile:

 in the absence of any information about quality factors Qp and Qs, we assumed Qp=2Qs=Vs/5 [START_REF] Aki | Quantitative Seisimology: Theory and Methods[END_REF][START_REF] Bertil | Modeling crystal phases in southeast France for focal depth determination[END_REF]).  The profiles having Shear wave velocity V s <800 m/s in the deepest layer (i.e., in the underlying half-space) were modified as described in Eq. (3.7) in order both to have a bedrock with a minimum Vs value of 800 m/s, and a significant velocity contrast at the last interface:

𝑉 𝑠𝑛 = 𝑚𝑎𝑥(800, 2𝑉 𝑠(𝑛-1) ) (3.7)
where V s(n-1) and V sn are the shear wave velocity in the layers n-1 and n, respectively ; n is the index of the deepest layer.

The computation do not converge for soil models for which the underlying half-space has S-wave velocity lower than the (n-1) th layer. In such cases (153/887), we modified the deep structure simply by adding a (n+1) th geological unit having the velocity of the (n-1) th layer. The new "underlying bedrock" is 3 km deeper than the previous one (Fig. The noise sources are modeled as point forces having random characteristics as to: a) their position in (x, y) plane, b) the direction (x, y, or z) and the amplitude of the force, c) their time of occurrence, d) the associated source time function that can be either a Dirac signal (to model impulsive and transient sources such as cars, pedestrians, etc.) or a pseudo-monochromatic signal to simulate continuous source noises such as machinery [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF]. The configuration of these random sources was made using the "Ransource" code developed in the framework of the SESAME project (Moczo and Kristek 2002) for a random space-time generation of point sources of seismic noise. The distances between sources and the central receiver are taken in the range from approximately 2 to 10 times the depth to the bedrock: the minimal distance helps in avoiding nearfield effects; the maximal distance must be large enough (several times the total bedrock thickness) to allow the development of energetic surface waves around the site fundamental frequency. Correlatively, the recording time must be long enough to ensure the arrival of the slowest waves from the most distant sources. Dmin and Dmax are respectively the minimal and maximal distance between source and receiver chosen to avoid near-field effects and to generate surface waves down to the fundamental frequency of the site (Fig. 3.6); fmax is the maximum frequency value computed to make sure that it covers the range of the H/V fundamental frequency peak; N sources is the number of sources randomly generated and distributed in space and time; Nfreq is the number of frequencies; the receiver position is (10000, 10000, 0) as indicated in Fig. 3.6.

The product of Nfreq with the time step gives the duration of the individual seismogram and must be greater than twice the maximum of time demanded by the generated waves between the receiver and s t r a t i f i e d , 1 D m e d i u m | 107 the most distant source to avoid aliasing effect in the signal; therefore we eliminated sources which activation time exceeds half of the seismogram duration.

Hisada code was performant in generating 858 synthetized ambient noise signals; however 29 out 887 could not be computed that because of a technical failure linked to a too large number of layers. In the rest of the study we consider "only" this "successful" subset of 858 soil profiles instead of the original full set of 887 soil profiles. 

Horizontal-to-Vertical (H/V) spectral ratio computation

The next step is the generation of ambient noise synthetics: first the Green functions computed for each source-receiver couple are convoluted with the source excitation characterized by its amplitude and direction of the force applied, the time occurrence and the temporal function: the number of convolution chosen is 30 that means that the same source is stimulated 30 times with different times of occurrence. Then the total ambient noise synthetic is obtained by summing all the individual noise synthetics in the time domain. The total duration of each signal is: 600 seconds for groups 1 and 2; 950 seconds for group 3 and 300 seconds for groups 4 and 5. Finally H/V curve is obtained for the 858 profiles; we shortly describe H/V method below:

The Horizontal-to-Vertical (H/V) spectral ratio method and the number of publications related have been developed increasingly over the last decades among the earthquake engineering and seismology community [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]) because of its numerous advantages: C h a p t e r 3 : | 108  Economically affordable: the material needed is one acquisition station and one 3component seismometer.  Fast method: few minutes of measurement.  Non-destructive: on the opposite of the borehole that needs an expensive equipment to reach the deepest layers of the soil.

In this section, we shortly present the algorithm incorporated in the "geopsy" software for the Horizontal-to-Vertical (H/V) spectral ratio computation (geopsy.org, last accessed March 2016). The algorithm is based on the steps described in Bonnefoy-Claudet (2004) (Fig. C h a p t e r 3 : | 110

Advantages and limitation of H/V method

The fundamental frequency of the H/V peak is linked to Rayleigh ellipticity and its amplitude linked to the impedance contrast [START_REF] Bonnefoy-Claudet | Nature du bruit de fond sismique: implications pour les études des effets de site[END_REF]. Experimental [START_REF] Haghshenas | Empirical evaluation of microtremor H/V spectral ratio[END_REF] and numerical studies [START_REF] Lachet | Numerical and Theoretical Investigations on the Possibilities and Limitations of Nakamura's Technique[END_REF]Bonnefoy-Claudet et al. 2006b;[START_REF] Lunedei | Theoretical HVSR curves from full wavefield modelling of ambient vibrations in a weakly dissipative layered Earth[END_REF] show that soft sites overlaying a stiffer bedrock exhibit a pronounced H/V peak at the fundamental resonance frequency f 0 of the considered site; the latter is correlated to the thickness of the sediments h (m) and the shear wave velocity of the site Vs (m/s) [START_REF] Bard | Microtremor measurements: A tool for site effect estimation? State-of-the-art paper[END_REF]): f 0 = Vs/4h. The frequency decreases when the soil is less rigid with low value of Vs or when its thickness increases. This method presents numerous advantages as a result of its simplicity and its affordable cost, and provides an indicator for the rigidity and the thickness of the layer. It is the most efficient when considering a 1D model and a high impedance ratio between the soft layer and the bedrock (>3). The interpretation and the identification of the H/V peak are more problematic in the following cases (Uebayashi 2003;[START_REF] Guillier | Simulation of seismic ambient vibrations: does the H/V provide quantitative information in 2D-3D structures[END_REF][START_REF] Le Roux | 1-D and 2-D resonances in an Alpine valley identified from ambient noise measurements and 3-D modelling[END_REF][START_REF] Uebayashi | Reproduction of microseism H/V spectral features using a three-dimensional complex topographical model of the sediment-bedrock interface in the Osaka sedimentary basin[END_REF]):

 a low impedance contrast ratio between the soft layer and the bedrock;  2D/3D geological structures.

Description of the data set

We computed in the previous chapter the response of the oscillator associated to a realistic multilayer soil profiles under a synthetic seismic signal that propagates and is modified by the stratified medium. The objective as discussed in the introduction is to replace the hardly available velocity contrast parameter with others that may be measured at affordable cost with non-invasive techniques. First we will focus on the real soil profiles used in Chapter 2 and extract V s10 , V s30 as possible proxies to site amplification. Then H/V amplitude A 0HV is extracted from the H/V curve derived from the noise synthetics, and tested as a third possible proxy to site amplification.

Statistical analysis of the f 0HV , A 0HV derived from noise synthetics

The ambient noise synthetics obtained with the procedure presented in the previous section, were used to derive Horizontal-to-Vertical (H/V) spectral ratio. This derivation implies the use of some computational parameters incorporated in the "geopsy" software (geopsy.org, last accessed March 2016):

1) In our study due to the short time history signals that were generated, we did not apply an anti-trigger and selected all the windows; 2) Tapering each of the selected stationary windows with a 5% cosine taper on both ends of the windows to minimize the distortion of the FFT; 3) Smoothing the spectrum on each of the selected stationary windows with the [START_REF] Konno | Ground-motion characteristics estimated from spectral ratio between horizontal and vertical components of microtremor[END_REF] technique, with a smoothing parameter b=40.

The average H/V curves obtained for each of the 858 soil profiles were then interpreted to identify and extract the fundamental frequency f 0HV and the corresponding amplitude A 0HV . Fig. 3.8 shows one example of a soil profile (ABSH02 from KIK-net database): a) the shear wave velocity profile of the soil, b) the transfer function using transmission/reflection method, c) the 3 components (East, North, Vertical) of the noise signal synthetized, d) H/V curve computed on all windows selected. Fig. 3.9 shows the frequency distribution of the fundamental frequency f 0HV and of the corresponding A 0HV amplitude. It can be seen that most sites have intermediate frequencies, with about 200 high frequency sites (f > 8 Hz) and only around 50 low frequency sites (f < 1 Hz), while only few sites (around 30) have a low amplitude H/V peak (A 0HV < 2) and many have a large amplitude H/V peak (A 0HV ≥ 6). 

Comparison between synthetic and theoretical frequencies and amplitudes

The actual values of the fundamental frequencies and the corresponding amplifications, as identified on the transfer functions computed for vertically incident plane S waves, are compared to the f 0HV and A 0HV values extracted from the noise synthetics in Fig. 3.10. The f 0t and f 0HV values exhibit an excellent correlation and are quasi-aligned on the line f 0t = f 0HV (Fig. 3.10a); this constitutes a further confirmation of the relevancy of the f 0HV value as a reliable estimate of a site fundamental frequency, and an indirect check of an adequate choice of the computational parameters in noise simulations. The H/V method provides a good estimation for the soil fundamental frequency as also demonstrated by [START_REF] Lachet | Numerical and Theoretical Investigations on the Possibilities and Limitations of Nakamura's Technique[END_REF], [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] Guillier | Use of ambient noise: from spectral amplitude variability to H/V stability[END_REF].

On the other hand the comparison of amplitude extracted from the transfer function A 0t and the one extracted from Hisada technique A 0HV (Fig. 3.10b) reveals a much larger dispersion around the line A 0t =A 0HV especially for high amplifications. The actual site amplification measured on the transfer function cannot generally be precisely estimated by the amplitude extracted from the H/V technique. [START_REF] Lachet | Numerical and Theoretical Investigations on the Possibilities and Limitations of Nakamura's Technique[END_REF] already highlighted such a poor correlation between the H/V amplitude and the real ground motion amplification, but on a much smaller of synthetics and soil profiles. This conclusion is also similar to that obtained by [START_REF] Bonilla | Site amplification in the San Fernando Valley, California: variability of site-effect estimation using the S-wave, coda, and H/V methods[END_REF] who advocated that the H/V peak is not representative of the amplification level. [START_REF] Haghshenas | Empirical evaluation of microtremor H/V spectral ratio[END_REF] on a statistical analysis of actual noise and earthquake recordings at many real sites (not as many however as in the present case): they found that the H/V technique can be considered as providing a lower bound estimate of the amplification ratio, however a reverse observation is found in 1D simulation, this could be explained by the 2D effect that could have particular influence on the H/V amplitude value.

The amplitude extracted from Hisada technique is also compared directly to the velocity contrast c as shown in Fig. 3.11. Despite a large scatter (larger indeed than on Figure 3.8b), a positive correlation does exist between the amplitude A 0HV and the impedance contrast c: a linear regression (solid line on the graph) indicates that the H/V amplitude increases with increasing contrast with R 2 =0.36 (the dashdotted lines correspond to the 95% confidence interval). This conclusion is in a good agreement with the equation (2.11) [START_REF] Kramer | Geotechnical earthquake engineering[END_REF] where the site amplification seems to increase when the impedance contrast ratio increases. In the perfect elastic soil case with a damping ε=0, the amplitude is directly equal to the impedance contrast. Fig. 3.11: Correlation between H/V amplitude A 0HV and the impedance contrast c. The solid line corresponds to the linear regression and the dash-dotted lines to 95% confidence interval. R 2 =0.36.

H/V amplitude: a tool in the seismic vulnerability and risk assessment

In Chapter 2, we considered 887 soil profiles, with 60 accelerograms spanning a wide range of PGA combined to 141 single-degree-of-freedom characterized by their fundamental frequency and their typology class [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. A rock to soil damage increment defined on the basis of Risk-UE thresholds for damage levels, was correlated to the parameters related to structure, soil and seismic signal: structure/soil frequencies, PGA and impedance contrast ratio as in input parameters. The Neural Network approach proved its efficiency in dealing with the huge set of obtained results. In this first step, we considered the velocity contrast as the simplest parameter to C h a p t e r 3 : | 114 provide information about the site amplification; however its knowledge requires invasive measurements in boreholes reaching the bedrock level, which may be too expensive for large-scale studies. The main goal of this chapter is to find another proxy for site amplification, which could be more easily obtained and economically more affordable. We will start this section by defining the neural network architecture for five new models similar to those used in Chapter 2 using the same accelerograms, structures characteristics and the 858 profiles, with one difference however: the velocity contrast is replaced by 5 other proxies V s10 , V s30 and H/V amplitude A 0HV , V bedrock /V s30 and V bedrock /V s10 . Once these neural network are constructed, their performance is analyzed and compared, and their results discussed.

The Neural Network

Structure: A 0HV , Vs 30 ,V s10 V bedrock /V s30 and V bedrock /V s10
We showed in the previous chapter that ductility has a low synaptic weight (~4%); we thus did not introduce it as an input parameter, and created several independent neural networks for each typology / ductility class defined by the Risk-UE project. In this chapter our main goal is to investigate the performance of alternative proxies for site amplification, so we fixed the typology class to class 3 (DCL: low ductility class); the total number of cases is 1249007 (slightly less than in Chapter 2 as we had to exclude the 29 profiles that could not be computed using Hisada approach; also all the cases where maximum oscillator displacements on soil and rock exceeded the ultimate limit du were excluded; in other terms we kept models where the oscillator on both soil and rock has not reached failure). Five neural networks have been studied with 3 input parameters: 2 parameters are fixed similar the previous Chapter: f struct /f soil and PGA having a lognormal distribution and introducing them with logarithmic function; the third parameter is one of the following:  V s30 , the average shear wave velocity over the topmost 30 m,  V s10 , the average shear Shear wave velocity over the topmost 10 m,  A 0HV , the H/V peak amplitude extracted from the H/V curve on noise synthetics,

 V bedrock /V s30 ,  V bedrock /V s10
The pre-processing and post-processing parameters for the 5 ANN corresponding to each of the possible proxies for the impedance contrast are displayed in Table 3-3. The input and output parameters are normalized with respect to their maximum and minimum values before being trained and processed. Pre-processing and post-processing parameters for the 5 ANN corresponding to each of the possible proxies for the site amplification, replacing overall velocity contrast.

In the 5 neural networks constructed, the damage increment Dsoil-Drock is considered as an output parameter: we recall that the damage increment is the difference between the damage index on soil and rock; the damage index is a continuous variable between 0 and 4 defined on the basis of the displacement thresholds proposed for the various damage states within the framework of the Risk-UE project. The same steps followed in Chapter 2 are considered to construct the neural network: (i) we normalized the input and output parameters for computation purpose; (ii) the dataset is divided randomly into training, validation and test set with the following proportions respectively 70%, 15%, 15%, (iii) a single layer for the hidden layer is chosen.

Finally the neural network is constructed after several tests in order to choose the optimal:

 Training algorithm  hidden neurons number  activation functions in the hidden and output layers Based on several tests of the performance MSE and the coefficient of determination R 2 , Table 3 The neural network architecture is illustrated in Fig. 3.12 displaying the input parameters f struct /f soil , PGA, A 0HV or any of the four other proxies replacing the velocity contrast (Vs 30 , V s10 V bedrock /V s30 and V bedrock /V s10 ) in the input layer, the target Dsoil-Drock in the output layer with an initial standard deviation of 0.1724, and an intermediate layer containing 10 hidden neurons. r i s k a s s e s s m e n t | 117 Fig. 3.12: Architecture of the neural network ANN A0HV : fstruct/fsoil, PGA, A 0HV in the input layer, Dsoil-Drock in the output layer, and an intermediate layer containing the hidden neurons.

3.5.2. A 0HV , Vs 30 ,V s10 , V bedrock /V s30 and V bedrock /V s10 : what is the best proxy?

After creating and training the neural network, the next steps are validating and using the neural network. Based on matrices of weights and biases, generated values from the Neural network are computed and compared to the initially introduced target. As in Chapter 2, we inspect the performance MSE of the network and the coefficient of determination R 2 within the three subsets: this procedure is applied for the five neural networks created. Fig. 3.13 shows the regression plot for the three subsets: training, validation and test, in the example case of the neural network model ANN A0HV . This representation contributes in validating the neural network: in fact R 2 ~0.72 which can be considered a satisfactory fit, and the solid line representing the actual fit between the target and the computed output is close from the dotted lines which are the perfect fit for R=1. Due to the large number of points, the correlation between the target and values computed by the Neural Network is not clear in the graphs of Fig. 3.13; therefore the histogram in Fig. 3.14 is a better representation for the errors and shows that the latter are mainly concentrated around the value 0, which validates the performance of the Neural network. We recall that the squared root of the performance MSE (RMSE) is the standard deviation of the errors between the normalized target and generated (normalized) output; it is displayed in Fig. 3.15: the lower the standard deviation, the more performant the Neural Network. One may first notice that the RMSE values of normalized residuals vary only slightly form one model to another, and correspond to a variance reduction of about 45% with respect to the original data (0.10 instead of 0.1724). A more detailed look at the RMSE values indicate that the lowest values correspond to V bedrock /V s30 and V bedrock /V s10 proxies (0.096 and 0.098, respectively); therefore as a first conclusion these two parameters can be considered as better proxies for the site amplification. The next proxy is A 0HV (with a RMSE equal to 0.10); the last two parameters V s30 and V s10 have the largest RMSE (0.103 and 0.104, respectively), and can be considered the least performant. However, the performance of the five proxies are very close to one another: the 5 neural networks have reduced the original standard deviation by 45 % which confirms once again the usefulness of this technique and its ability to predict outputs as a function of inputs without any a priori knowledge about the functional forms correlating inputs and outputs.

C h a p t e r 3 : | 120 Fig. 3.15: Performance ranking, the variation of RMSE (on normalized outputs) for the 5 Neural networks to study the optimal proxy for the impedance contrast.

After validating the Neural Network, the final step is to use it and interpret results; first we denormalize the inputs and outputs based on the post-processing parameters presented in Table 3-3. Then we study the synaptic weight percentage for each of the 5 neural networks (Fig. 3.16). We notice that for the 5 neural networks (each one corresponding to a different proxy for the site amplification), the predominant parameter with the highest synaptic weight is the ratio between soil and structure frequencies (45-55 %), the parameter that follows is the PGA (25-32%), and the last parameter that impacts the damage increment is the site amplification proxy. This ranking is similar to that obtained in Chapter 2. This one again emphasizes the importance of the consideration of soil and building fundamental frequencies in the assessment of seismic vulnerability assessment, while it is overlooked in most presently used empirical macroseismic methods. been done in Chapter 2. The dominant parameter f struct /f soil is always taken in abscissa, and the predictions are plotted for various values of the two other parameters, i.e., the (rock) PGA and the site amplification proxy. All figures emphasize the role of resonance: the damage increment is maximum when the frequency of soil is similar to that of building, and it increases when the PGA increases: for low PGA, whatever the site conditions, the oscillator remains within its elastic range, and the damage increment is therefore limited; at higher PGA values, the low ductility of the considered building class results in relatively rapid damage level increase (i.e., for relatively small maximum displacement increase, see Fig. 2.25.

Fig. 3.17 and Fig. 3.18 show the variation of the rock to soil damage increment as a function of the structure to soil frequency ratio and: a) V b /V s30 (V b /V s10 respectively), and b) for 4 values of V b /V s30 (V b /V s10 respectively), for four different values of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 value of PGA, for four different values of V b /V s30 (V b /V s10 respectively). In fact V b /V s30 and V b /V s10 are strongly correlated to the impedance contrast V b /V Smin . Therefore it impacts the damage increment in a very similar way: the larger the velocity ratio, the larger the damage increment, as it is closely related to the site amplification. Fig. 3.19 similarly highlights the frequency variation of the damage increment Dsoil-Drock as a function of log(f struct /f soil ) and log (A 0HV ) (a, top), and b) for four discrete A 0HV values (2,4,6,8) ,d), for 4 different values of rock PGA at the surface of the bedrock ranging from 0.05m/s 2 to 4 m/s 2 . Two main conclusions can be derived: the damage increment increases when PGA increases (see above comments), and when the H/V amplitude increases. H/V amplitude has been shown not be a good estimation for the site amplification on a specific site; however, from a statistical viewpoint, it represents a lower bound estimate and proves here to be a satisfactory, convenient proxy to estimate vulnerability at a city-to nation-scale. Fig. 3.20 and Fig. 3.21 display the ANN results in a similar way for the V s30 and V s10 proxies, respectively. They illustrate basically the same behavior: the larger V s30 (V s10 respectively), the stiffer the soil, and the lower the damage increment. According to [START_REF] Luzi | Proposal for a soil classification based on parameters alternative or complementary to Vs, 30[END_REF], the amplification factor exhibits a better correlation with the bedrock to surface (Vs30) velocity contrast than to the absolute value of the shallow velocity Vs30. [START_REF] Mucciarelli | Comparison between Vs30 and other estimates of site amplification in Italy[END_REF], using 46 estimates of V s30 , concluded that V s30 fails to estimate the amplification factor of the soil and therefore the impedance contrast. This can explain a less performant neural network with V s30 due to the lack of correlation with amplification.

In conclusion, based on the entire set of observations for the 5 proxies studied, the predictions are naturally (slightly) better when information on bedrock velocity is available. However this is only rarely the case, especially if the vulnerability estimation method is to cover a large area. Therefore, as a convenient and satisfactory proxy, we propose the use of the H/V amplitude that is indeed reflecting some information on the velocity contrast (Malichevsky and Scherbaum, 2004). 

Conclusions

Knowing the impedance/velocity contrast requires quantitative measurements reaching the bedrock level; this can be affordable for very shallow bedrock (t most a few tens of meters) but it presents in most cases a high and prohibitive when it has to be applied in a large urban area, and/or in very thick sedimentary areas where depth can exceed a few hundred meters. Alternative, more easily available proxies were therefore considered, on the basis of shallow velocity values often considered worldwide for site classification, and of the popularity of H/V analysis. This chapter describes the estimation of the damage increment of a SDOF oscillator on a multilayer soil profile with respect to the structure/soil frequencies ratio, the PGA and a third parameter acting as a proxy to site amplification considering one typology class defined by the Risk-UE project: designed concrete with Low ductility class DCL (class 3). To that end, we generated synthetic noise signal on the surface based on Hisada wave-number approach based on the following steps: (i) generating random sources, (ii) computing Green functions, (iii) convoluting sources, and (iv) adding the individual noise synthetics in the time domain. The H/V amplitude A 0HV and the fundamental frequency f 0 are extracted from the H/V curves. Similar conclusions with other authors work are reached when analyzing the huge database of soil profiles compiled from KIKNET, BOORE and NERIES and the associated noise synthetics:

 Fundamental frequency obtained from H/V ratio is comparable to the theoretical fundamental frequency as obtained on actual Fourier transfer function for vertically incident plane waves; the frequency of H/V peak is an excellent indicator of the real frequency of the soil.  the corresponding H/V peak amplitude A0HV is not so well correlated to the site amplification, although exhibiting an overall trend to increase with velocity contrast.. According to Hagshenas et al. (2008), this could be explained with the difference in the wavefield composition and important differences in proportions between body and surface waves.

We constructed 5 Neural Networks with V s30 , V s10 , H/V amplitude, V bedrock /V s30 , V bedrock /V s10 ; for each of these 5 proxies a. The variance reduction is similar to the one obtained with the velocity contrast in Chapter 2, i.e. around 45 % b. One might rank these 5 proxies by their relative performance, even though these performances are only slightly different  V bedrock /V s30 , V bedrock /V s10 exhibit the best performance with a standard deviation of 0.096 and 0.098 respectively, and thus a decrease by almost 45 % with respect to the initial standard deviation. However theses parameters possess the same inconvenient of reaching the bedrock level in order to obtain the information at depth, therefore we face the same problem as when considering the impedance contrast.  The second best proxy is the A 0HV amplitude with a standard deviation of 0.100  V s30 and V s10 proxies lead to a residual standard deviation of 0.103 and 0.104 respectively.

The simplicity, low price and short duration of H/V measurements contribute in making the A 0HV proxy the best one with the highest quality/cost ratio. Similar conclusions as in Chapter 2 are observed when taking the H/V amplitude as an input parameter to the Neural Network instead of the impedance contrast: when the H/V amplitude and PGA increases the damage increment increases: we note that these observations are not as clear as in the impedance contrast case; this could be explained by the instability of the H/V amplitude peak that does not represent the real amplification of the site, and is site and source dependent. Another observation is the variation of the damage increment with Vs30 and V s10 ; the more their values increase the more the soil become stiffer and the damage increment decreases. For the 5 proxies considered the most predominant parameter is the ratio between the structure and soil frequencies which shows the importance of this parameter for the vulnerability method estimation; the resonance effect is very clear considering the 5 proxies: the damage increment is maximum when the frequency of soil is similar to that of building. C h a p t e r 3 : | 128

The Neural network has been also constructed for classes 1 and 2, to be used in chapter 5. The neural network approach once again proved to be a useful and practical tool to investigate statistical relationships for a huge data set without having any prior knowledge about the functional forms to be used between output variables and input parameters. We showed that among all the neural network models constructed, the standard deviation of the output have been reduced by 45% from its original value compared to RMSE parameter: this advocates the performance of this tool, in particular when dealing with an important set of data.

Introduction

The seismic signal can be amplified at a site by sediments, especially in case of high impedance contrast with the underlying rock ("lithological" site effect), as described in Chapter 2. In classical seismology, most stations are on rock, and seismic waves are considered as satisfying the equations of linear elasticity, an approximation which has severe limitations in case of very strong loading and/or very soft deposits. The nonlinearity is reported to take place when shear strains become larger than 10 -6 (Fahey 1992) to 10 -5 [START_REF] Assimaki | Model for dynamic shear modulus and damping for granular soils[END_REF]. [START_REF] Seed | Influence of soil conditions on ground motions during earthquakes[END_REF], and Hardin andDrnevich (1972a, 1972b) were the pioneers in studying and convincing geotechnical engineers about the presence of strong nonlinearities during earthquakes in soft soils. The nonlinear response is however considered to be negligible in hard rock, where the shear strength is much larger, and shear strains are much lower because of larger S-wave velocity. The soil non-linear behavior is often characterized by an increase in damping and a reduction in shear modulus with increasing shear strain; it results in deamplifying the ground motion and shifting the frequency response towards lower values [START_REF] Bonilla | Hysteretic and dilatant behavior of cohesionless | 221 soils and their effects on nonlinear site response: Field data observations and modeling[END_REF]Wu et al. 2005;[START_REF] Régnier | Assessing Nonlinear Behavior of Soils in Seismic Site Response: Statistical Analysis on KiK-net Strong-Motion Data[END_REF]. Seed et al. (1976) observed data from 8 earthquakes of magnitude greater than 6.5 and showed that deamplification occurs for all soil types when acceleration exceeds 0.1g (Fig. 4.1). Beresnev and Wen (1996) in their review on nonlinear soil response report that i) the real data extracted from two of the largest events Mexico 1985 and Lomo Prieta 1989, confirm nonlinear effects and presence of deamplification and ii) nonlinearity is more pronounced in cohesionless soil and can be negligible in stiff soils. [START_REF] Trifunac | Nonlinear soil response-1994 Northridge, California, earthquake[END_REF] analyzed recordings of the Northridge, California, earthquake of January 17, 1994 and detected smaller horizontal peak accelerations that were interpreted as a consequence of nonlinear soil response. Fig. 4.1: Relationships between maximum acceleration on soil and on rock for various site conditions (Seed et al. 1976). The acceleration are expressed as fractions of g. Deamplification is manifested for all site characteristics when acceleration exceeds 0.1g, except for rocky sites.

One should be aware of the effects of nonlinearity on wave propagation and the parameters that control it in order to properly estimate the site response. The propagation of seismic waves directly depends on the mechanical properties of the material they travel through. To study and understand the phenomenology of nonlinear soil response to earthquakes, the soil constitutive model has to capture the essential physics of nonlinearity in soils [START_REF] Bonilla | Nonlinear site response: Laboratory modeling as a constraint for modeling accelerograms[END_REF]. Therefore, the minimum data required are the strain dependency of shear modulus and damping, together also with their shear strength. Several studies [e.g., [START_REF] Vucetic | Effect of soil plasticity on cyclic response[END_REF], [START_REF] Ishibashi | Unified dynamic shear moduli and damping patios of sand and clay[END_REF]] showed that soil's plasticity index is a useful parameter to describe formulas relating G/Gmax and damping to the 4 . 1 : I n t r o d u c t i o n | 131 shear strain. [START_REF] Darendeli | Development of a new family of normalized modulus reduction and material damping curves[END_REF] establishes new equations for normalized shear modulus and damping taking into account uncertainty with associated mean curves.

Multiple methods exist to compute non-linear wave propagation through a medium, some (very few indeed) in the frequency domain and others (most often) in the time domain. One of the frequency domain methods is the equivalent linear method; used for example in EERA (Equivalent-linear Earthquake Response Analysis; [START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF] and Shake 91 softwares [START_REF] Schnabel | SHAKE a computer program for earthquake response analysisi of horizontally layered sites[END_REF]. The other approach for nonlinear analysis is the truly nonlinear method involving computations in the time domain. [START_REF] Kaklamanos | Comparison of 1D linear, equivalent-linear, and nonlinear site response models at six KiK-net validation sites[END_REF] compared the three kinds of modelling 1D linear, linear equivalent and nonlinear, and found that both the linear equivalent and nonlinear approach improve prediction of soil response beyond a shear strain value of 0.01%, with a slight improvement beyond 0.05% for the nonlinear approach. The equivalent linear model has been until recently the most commonly used in the engineering practice because of its simplicity in computation and reduced number of input parameters; however it fails at predicting the actual behavior, such as for instance the permanent deformation, or failure, or pore water pressure issues [START_REF] Borja | Modelling non-linear ground response of non-liquefiable soils[END_REF]. Table 4-1 displays the constitutive models and soil response analysis with respect to shear strain thresholds [START_REF] Gandomzadeh | Dynamic soil-structure interaction : effect of nonlinear soil behavior[END_REF].

Table 4-1: Constitutive models and soil response analysis with respect to shear strain thresholds [START_REF] Gandomzadeh | Dynamic soil-structure interaction : effect of nonlinear soil behavior[END_REF]. [START_REF] Chandra | Application of PGV/VS proxy to assess nonlinear soil response-from dynamic centrifuge testing to Japanese K-NET and KiK-net data[END_REF]2016) used synthetic, centrifuge and experimental data to investigate the relevancy of a stress-strain proxy by using the PGA as stress proxy, and PGV (Peak Ground Velocity)/Vs [START_REF] Hill | Seismicity remotely triggered by the magnitude 7.3 Landers, California, earthquake[END_REF]) and PGV/Vs30 [START_REF] Idriss | Use of Vs30 to represent local site conditions[END_REF]) as strain proxy.

The consequences of soil non-linearity on site response are two-fold, as shown by [START_REF] Régnier | Seismic site-response variability: from site-classification to soil non-linear behaviour[END_REF] and Régnier et al., 2016a: below a site-dependent frequency f NL , the nonlinear site response results in an "over-amplification" compared to the linear case, while above this frequency, the amplification is significantly reduced.

The results obtained in the previous sections allowed quantifying the damage increase due to linear site response as a function of a few parameters: Peak Ground Acceleration (PGA) of the incident seismic signal, maximum impedance contrast of the soil's stratifications, frequency ratio between soil and structure and structure ductility. Those linear results emphasized the key role of the structure-soil frequency ratio.

The aim of this chapter is to investigate how soil nonlinearity modifies these results, as it may significantly impact not the site frequency and the associated amplification. The realistic soil profiles adopted in Chapters 2 and 3 are thus modeled using nonlinear site response analysis, and the comprehensive set of oscillator response analysis performed in chapter 2 is repeated here for the modified loading including the effects of soil non-linearity. This chapter will develop: 1) a short review on the various approaches for the nonlinear analysis of the soil response, 2) the definition of nonlinear soil's parameters and the NL code adopted, 3) calculation of the nonlinear site response using a non-linear finite difference code and analyzing the effect of various parameters as proxy for nonlinearity, 4) the evaluation of the effect of spectral coincidence on the damage increment with a C h a p t e r 4 : | 132 special emphasis on the comparison with linear soil response case. This chapter benefitted from the work performed by Michelle Almakari within the framework of her final year project at the Lebanese University-faculty of engineering [START_REF] Almakari | Evaluation of soil's nonlinear behavior and estimation of the effects due to the spectral coincidence between soil and structure[END_REF].

Nonlinear computation methods

The shear modulus G is an intrinsic parameter that characterizes the soil and links the shear stress 𝜏 to the shear strain γ. In fact, it corresponds to the stiffness of the soil and constitutes the slope between the shear stress τ and the shearing strain γ:

G = 𝜏 𝛾 (4.1)
In a linear analysis the shear modulus G and the damping D are considered strain-independent. However real soils are actually non-linear, i.e. their stress-strain relationship is no longer linear: as in all degrading materials, the shear modulus and the damping depend on the shear strain 𝛾, which may reach values up to 10 -2 [or even larger] in case of very severe shaking. The shear modulus decreases and the damping increases as the shear strain increases. The maximum value of G, noted G 0 or G max and corresponding to small strain, can be determined based on the shear wave velocity Vs and the density of the medium ρ using the following equation:

G 𝑚𝑎𝑥 = ρ𝑉 𝑠 2 (4.2)
Many different approaches and soil constitutive laws have been proposed to compute non-linear soil response. Even without endorsing [START_REF] Pyke | Nonlinear soil model for irregular cyclic loadings[END_REF] statement, according whom "Soil models are like religion. Everyone believes in his own but not in anyone-else's", one must recognize that this diversity of models leads to a great variability in the modeling results (Régnier et al., 2015a(Régnier et al., ,b, 2016b)), It is much beyond the scope of the present work to discuss the origin of this variability and to fully take it into account. We will limit this section to a summary presentation of the two main approaches for the non-linear wave propagation through a medium: the equivalent linear and the nonlinear approaches, and to the presentation of the specific non-linear simulation code that was used in order to illustrate to which extent the results obtained in the two previous chapters in case of a linear site response can be modified by the consideration of soil non-linearity.

Visco-elastic equivalent linear approach

 The equivalent linear approach was first introduced by [START_REF] Schnabel | Modification of seismograph records for effects of local soil conditions[END_REF] and approximates the nonlinear analysis by a series of consecutive linear analyses. Equivalent-linear Earthquake Response Analysis EERA [START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF] and Shake 91 [START_REF] Schnabel | SHAKE a computer program for earthquake response analysisi of horizontally layered sites[END_REF] are two softwares where the equivalent linear model is implemented to compute the soil response for vertically incident plane S waves.  The Kelvin-Voigt model as illustrated in Fig. 4.2 is considered to model the soil stress-strain response when using the equivalent linear model. The shear stress 𝜏is related to the shear strain 𝛾and its rate 𝛾̇ with respect to:

τ = Gγ + η𝛾̇ (4.3)
where G is the shear modulus and η is the viscosity, the shear strain γ and its rate 𝛾̇ are defined based on the horizontal displacement u(z,t) at depth z and time t The equivalent linear approach consists of modifying the parameters (shear modulus and viscosity) of the Kelvin-Voigt model to account for some types of soil nonlinearities. The nonlinear and hysteretic stress-strain behavior of soils is approximated during cyclic loadings as shown in Fig. 4.3. This slope varies as a function of the shearing strain and therefore an approximate value can be taken as the secant shear modulus on the endpoint of the hysteresis loop and constitutes the equivalent shear modulus. The equivalent linear shear modulus, G, is taken as the secant shear modulus G sec , which depends on the shear strain amplitude 𝛾. G 𝑠𝑒𝑐 = τ 𝑐 𝛾 𝑐 (4.4) where τ c , γ c correspond to the strain and stress of the point at the ends of the symmetric straincontrolled cycles. This method is only accurate for small deformation: G=Gmax only for small strain values. The material damping D is the ratio of the energy dissipated during one loading cycle that corresponds to the grey area within the loop A L with respect to the maximum strain energy stored in the system that corresponds to the triangular area A T (Fig. 4.4). It is given by the equation: The equivalent linear process is based on the iterative algorithm with the following steps:

1. Initialize the shear modulus G and damping D for each layer of the stratigraphic soil profile by taking their values at small strain (from the velocity profile)

2. Solve the linear elastic harmonic equation of the soil motion 3. Compute the transfer function 4. Evaluate in each layer i the shear strain evolution γ i (t) as a function of time using the inverse Fourier transform; pick the peak time domain value of the shear strain γ max, i 5. Evaluate in each layer i the new values G i and D i based on the curves G-γ and D-γ corresponding to the effective shear strain value: γ eff,i =R γ γ max,i  where R γ is a coefficient that depends on the earthquake magnitude and is the same for all layers. A value of R γ =0.65 is commonly used in the engineering practice.

6. This algorithm is reiterated until reaching at the end of iteration i strain values similar to those estimated at the end of the previous iteration (i-1), for each layer. In other terms iteration process stops when the analysis has reached convergence.

This equivalent-linear is only an approximation. Its main shortcoming comes from the assumption of equal damping and shear modulus whatever the time (i.e. the transient loading level) and the frequency; this approach does not take into account that actually measured hysteresis loops exhibit small modulus degradation or damping for small amplitude, high-frequency components of deformation. It generally leads to an under-estimation peak acceleration under strong seismic loading (low frequency motion) and underestimates amplification in high frequency range. [START_REF] Sugito | Frequency Dependent Equi-Linearized Technique for Seimic Response Analysis of Multi-Layered Ground[END_REF], [START_REF] Yoshida | Equivalent linear method considering frequency dependent characteristics of stiffness and damping[END_REF], [START_REF] Kausel | Seismic simulation of inelastic soils via frequency-dependent moduli and damping[END_REF] improved the linear equivalent method by establishing a frequency-dependent linear equivalent approach where the shear strain amplitude and damping depend on the frequency. Fig. 4.5 displays the hysteretic loops under large and small shear strain amplitude: the frequency of vibration of a large amplitude hysteretic loop will be lower than for a small amplitude loop There exist many codes that adopt nonlinear analysis for soil response (see for instance Régnier et al., 2015a,b;[START_REF] Régnier | International benchmark on numerical simulations for 1D, non-linear site response (PRENOLIN): verification phase based on canonical cases[END_REF] for a comparative review. For the present "example" study, we used the code "NOAH" [START_REF] Bonilla | NOAH: Users Manual[END_REF]) as a NOnlinear Anelastic Hysteretic method that operates in time domain: it is a finite difference code that computes the nonlinear wave propagation in soil deposits subjected to vertically incident plane SH ground motion and integrates the dynamic equation of motion at each time step. This method is thus more accurate and appropriate than the equivalent linear approach, especially for severe shaking. The equations implemented in this code correspond to the strain space multishear mechanism model developed by [START_REF] Towhata | Modelling soil behavior under principal stress axes rotation[END_REF] and [START_REF] Iai | Parameter identification for a cyclic mobility model[END_REF]. Another advantage that this code presents is that damping can be controlled to fit the measured strain-dependent damping curves. This algorithm is based on the generalized Masing Rules; [START_REF] Masing | Eigenspannungen und verfestigung beim messing[END_REF] is the pioneer in establishing a model for dynamic analysis.

We first outline the NL approach implemented in Noah, then briefly describe the input parameters to be introduced, and finally precise the stability conditions for the correct convergence of this code.

Description of the method

NOAH is a finite difference code that computes the nonlinear wave propagation for vertically incident SH ground motion. Total and effective stress analyses are implemented in this code; the model formulation includes nonlinear effects such as aneslaticity and hysteretic behavior and pore pressure generation. However, in our study, we decided to prefer an as simple as possible non-linear soil behavior, and therefore performed only a total stress analysis without any consideration for pore pressure generation: the latter case is indeed more complex, and requires additional parameters.
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In nonlinear behaviors, the model experiences shear modulus reduction and damping increasing as a function of shear strain, during large cycles. Various stress-strain models exist to represent the variation of the two parameters in a nonlinear analysis. The easiest mathematical equation to model this behavior is the hyperbolic model which suits well the relation between stress and strain of the soil's response (Hardin andDrnevich 1972a, 1972b;[START_REF] Pyke | Nonlinear soil model for irregular cyclic loadings[END_REF][START_REF] Yu | On the characteristics of nonlinear soil response[END_REF][START_REF] Ishihara | Soil behaviour in earthquake geotechnics[END_REF][START_REF] Kramer | Geotechnical earthquake engineering[END_REF]Beresnev and Wen, 1996;[START_REF] Bonilla | NOAH: Users Manual[END_REF]. In this model, the non-linear relation is given by the following equation:

𝐺 𝐺 0 = 1 1 + | 𝛾 𝑥𝑦 𝛾 𝑟𝑒𝑓 | (4.8)
where 𝛾 𝑟𝑒𝑓 is the reference strain defined by the ratio of the maximum shear stress that the material can support 𝜏 max and the undisturbed shear modulus G 0 :

𝛾 𝑟𝑒𝑓 = 𝜏 𝑚𝑎𝑥 𝐺 0 (4.9)
Hence, as the output depends not only on its current input, but also on the history of past inputs, this model is called a hysteretic model. Therefore, the four extended Masing rule are commonly stated:

1) The initial loading follows the backbone curve model and Hys is the hysteresis operator. Fig. 4.6 shows the backbone curve (thick line) and represents the hyperbolic model. The loading and unloading branches have also the same shape as described by the Masing rules but they are subjected to a translation. The slope of the dashed straight line is G 0 , and for large strains, the stress cannot exceed 𝜏 max . The pair (𝛾 r , 𝜏 r ) represents the point where the path reverses from loading to unloading. However, the Masing rules do not limit the shear stress 𝜏 𝑥𝑦 to values not exceeding the strength 𝜏 𝑚𝑎𝑥 . Consequently, some remedies have been proposed. The initial loading of the material is given by the backbone curve F bb (𝛾 xy ).

2) According to the subsequent loadings and unloadings, the strain-stress relationship is given by:

τ 𝑥𝑦 -𝜏 𝑟 𝑘 𝐻 = F 𝑏𝑏 ( 𝛾 𝑥𝑦 -𝛾 𝑟 𝑘 𝐻 ) = τ 𝑚𝑎𝑥 |𝛾 𝑥𝑦 -𝛾 𝑟 | 𝛾 𝑟𝑒𝑓 𝑘 𝐻 1 + |𝛾 𝑥𝑦 -𝛾 𝑟 | 𝛾 𝑟𝑒𝑓 𝑘 𝐻 (4.12)
Where: (𝛾 r , 𝜏 r ) are the coordinates of the reversal points in the strain-stress space; k H is the socalled hysteresis scale factor [START_REF] Archuleta | Nonlinearity in observed and computed accelerograms[END_REF]. In the original formulation of the Masing rule k H is equal to 2. Therefore, the generalization of the Masing rules by choosing a value for k H that ensures that at any time 𝜏 𝑥𝑦 will cross the backbone curve and is limited by the maximum strength of the material 𝜏 0 . In addition, material non linearity is presented by the reduction of the shear modulus and the increasing of damping as function of increasing shear strain.

3) If the unloading or reloading curve intersects the backbone curve, it follows the backbone curve until the next stress reversal  4) If an unloading or reloading curve crosses an unloading or reloading curve from the previous cycle, the stress-strain curve follows that of the previous cycle.

We recall that the energy dissipated per cycle ∆𝑤 and the damping ratio ξ are related as [START_REF] Ishihara | Soil behaviour in earthquake geotechnics[END_REF][START_REF] Kramer | Geotechnical earthquake engineering[END_REF] 

ξ = ∆𝑤 4𝜋𝑤 (4.13)
With the maximum stored energy is given by:

W = 𝛾 𝑟1 𝐹 𝑏𝑏 (𝛾 𝑟𝑗 )/2 (4.14)
where 𝛾 𝑟1 and 𝛾 𝑟𝑗 corresponds to the first and j th cycle of loading and unloading respectively; and the energy dissipated per cycle given by the area of the hysteresis loop:

∆W = ∫ 𝜏(𝑦)𝑑𝑦 𝛾 𝑟1
-𝛾 𝑟1 (4.15) Experimental data show that the maximum damping that can be reached is around 30-40%; therefore it is primordial to control damping. In NOAH code, damping is controlled based on the analytical model proposed by [START_REF] Hardin | Shear modulus and damping in soils: design equations and curves[END_REF] where ξ 𝑚𝑎𝑥 is the maximum damping that the material may have at large strains.

Input file

The description of NOAH manual is out of the scope of this Chapter, however we very shortly describe the main parameters introduced for the nonlinear site response analysis. The detail of the input file for NOAH fortran code is described in Appendix D along with stability conditions of the computation and one example of site profile NGNH16 input file.

The input file of the program contains three different parts:

1. Wave propagation variables 2. Layers information 3. Boundary condition The required information for each soil profile consists of: thickness/depth, S and P wave velocities, unit mass, linearity/nonlinearity index, low strain damping.

In case of nonlinear behavior, the nonlinear parameters are basically controlled by shear-strength 𝜏 max , which is related to the cohesion and friction angle The computations were performed in total stress to avoid any pore pressure issue.

The boundary conditions are considered as elastic to be in line with what was considered in Chapters 2 and 3 for the linear site response

Database description

We describe here the database constituted of realistic soil profiles that are introduced in NOAH code for a nonlinear computation of the site response.

Soil model

For this study, 887 multilayered real profiles of soils were used in Chapter 2: 614 from KIKNET (Japanese sites), 251 from BOORE (Californian sites), and 22 from NERIES (European sites). Each soil profile has the following format:

 number of layers including the underlying half-space  thickness (m); Vp (m/s); Vs (m/s); Unit mass (kg/m3) of each layer; Some of those real profiles exhibit a shear wave velocity in the underlying half-space that is below 800 m/s, i.e., lower than the value usually considered for "standard rock". For each of them, the velocity of the underlying half-space was thus modified and taken equal to the max between 800 m/s and twice the shear wave velocity of layer located just above.

298 profiles have natural frequencies ranging between 5 and 15 Hz, 522 present low natural frequencies (less than 5 Hz), and 67 present large natural frequencies (higher than 15 Hz). Moreover, as fundamental frequency is related to shear wave velocity profile, these 67 profiles present high velocities and are not expected to behave non-linearly. Therefore, these 67 profiles were not taken into consideration in this chapter to accelerate calculation time. The remaining sites are: 593 profiles from the KIK-net database, 205 profiles from the BOORE database and 22 profiles from the NERIES database. The analysis presented in this chapter thus considers a total of 820 profiles. We used the 60 same synthetic acceleration-time history developed (Sabetta and Pugliese 1996), using analytical and theoretical methods. The parameters that characterize the signals are: Magnitude 3 to 7, distance 10 km-100 km, peak ground acceleration (PGA) on the surface of the bedrock ranging between 0.01 m/s 2 and 4.3 m/s 2 . Fig. 4.7 displays the variation of the peak strain / reference strain ratio as a function of peak ground acceleration (m/s 2 ) for the whole set of NL computations (820x60 = 49200). All reference accelerograms having PGA lower than 0.1 m/s 2 generate strain values which remain lower than 10% of the "reference strain", therefore the associated site response may be considered as linear. These cases (corresponding to 18 reference accelerograms) are removed from the database for the study of the effect of nonlinearity. In addition, Fig. 4.7 also exhibits a lack of results for rock PGA in the range between 2 and 4 m/s 2 . The 18 "low-PGA" synthetics were thus replaced with 18 "moderate to large PGA" synthetic accelerograms to fill this gap at large shaking level: the PGA of added cases PGA span a range from 1.46 to 4.04 m/s 2 . Therefore, the NL computations finally consist of a combination of 60 synthetic accelerograms and 820 soil profiles corresponding in total to 49200 combinations, with outcropping rock PGA ranging from 0.1 to 4 m/s 2 (Fig. 4.8).
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Non-linearity parameters

Nonlinear material properties are actually unknown in the original site data base, which contains only the "elastic" parameters. It is therefore needed to assign to each layer of each profile some realistic values for the NL parameters. Depending on the code, they may be specified either through strength profile (, or through G/Gmax and damping curves for each layer. For instance, the latter are required for the EERA software, while the former are required by the NOAH code used in this study (through cohesion and friction angle). We thus had to associate a friction angle and a cohesion to each layer for the NOAH input files: this was done using specific "rules" applied to the shear wave velocity profiles. We simply followed the approach used by PEER ('Pacific Earthquake Engineering Research Center) for the incorporation of a NL term in the recent revision of Ground Motion Prediction Equation for Western United States (NGAW2 project, [START_REF] Kamai | Nonlinear horizontal site response for the | 230 NGA-West2 project[END_REF][START_REF] Kamai | Nonlinear horizontal site response for constraining the NGA-West2 GMPEs[END_REF]. They also performed a comprehensive series of 1D, NL computations using the "RASCALS" software which combines a stochastic model for the rock ground motion (single corner point source model + path scaling) and a linear-equivalent approach for the site response. They considered four different models for the strain dependence of G/Gmax and hysteretic damping: EPRI and Peninsular Range (PR) models for cohesion less soils, and Imperial Valley (IV) and Bay Mud (BM) for cohesive soils. These models are shown in Fig. 4.9: they actually include several curves for different depth intervals, to account for the effect of the confining pressure. The assignment of a NL curve to a given layer in a given profile was done following the PEER approach, i.e. on the sole basis of depth and Vs 30 value. The soil profiles are grouped into two categories, cohesive and cohesion less, on the basis of their V s30 values. Profiles with V s30 lower than 190 m/s are considered made of cohesive soils from surface to bedrock, while those with V s30 higher than 190 m/s are considered cohesionless, again over their whole thickness. Then for each layer, a NL curve is associated depending on the depth and the category, i.e. the site V S30 value. Given the distribution of V s30 for our 820 soil profiles, this categorization approach resulted in a small group of 30 cohesive profiles (with V s30 ≤ 190 m/s) and a large group of 790 cohesionless profiles (V s30 > 190 m/s) Considering the larger differenciation with respect to various soil profile depths, we chose, for this study, the pair of models EPRI (cohesionless) -IV (cohesive). As NOAH requires cohesion and friction angles for deriving the strength parameters, the next step was to derive the strength profile by extracting the 𝛾 𝑟𝑒𝑓 values corresponding to G/Gmax = 0.5 (Eq. ( 4.8)). In the absence of any specific information, the cohesion value was assumed to be 30 KPa for cohesive soils (and 0 for cohesionless soils…), and the friction angle was then computed as a function of depth using the equation below providing the (known) strength as a function of cohesion and friction angle. τ = c cos 𝜙 + 𝑦 ′ sin 𝜙 (4.17)

The values of γ ref are given in

Where: c: soil's cohesion; 𝜙: soil's angle of friction σ' y : effective pressure at the middle of each layer given by:

𝑦 ′ = 𝜌 𝑖 g 𝑖 2 + ∑ 𝜌 𝑘 𝑔 𝑖-1 𝑘=0 𝑘 (4.18)
ρ i is the submerged mass density of the considered layer; h i : thickness of the considered layer; g=9.81 m/s 2 ; ρ k the submerged mass density of the layers above the considered layer, h k the thickness of the layers above the considered layer.

In some cases, this equation led to non-realistic values. We thus added one further rule by limiting the friction angle values to range between 25° and 45°.

Results on non-linear site response: a statistical outline

Seismic shear wave propagates through the stratified medium until it reaches the surface of the earth with a strain-dependent velocity and damping. The ground motion (displacement, velocity, acceleration) and stress-strain parameters can be extracted at every depth z and time step dt, using the finite-difference code NOAH. Thus, for every combination (soil profilesignal), these parameters are known at every time step.

 The aim of this section is to:

 Investigate the relevancy of several nonlinear behavior indicators, and distinguish the soil profiles that stayed in the domain from the soil profiles that reached non-linearity,  Investigate the effect of different parameters, such as V s10 , V s30 , minimum velocity V smin , natural frequency of the soil f 0 , on the characteristics of the non-linear behavior, such as the position of maximum strain, or the amount of non-linearity,  Discuss the relevancy of the parameter PGV/Vs as a strain proxy  Quantify the nonlinear response of the soil in terms of acceleration time history and transfer function,  Evaluate the effect of nonlinearity on the site amplification and fundamental frequency, with a special focus a few cases exhibiting large non-linear behavior (i.e. very large strains, much beyond γ ref )

In other words, the main goal is to better characterize the nonlinearity phenomenon, identify the 4 . 4 : R e s u l t s o n n o n -l i n e a r s i t e r e s p o n s e : a s t a t i s t i c a l o u t l i n e | 143

parameters that mostly control it, and finally and most importantly outline the evolution of site response for large strain levels.

Non-linear indicator: Shear Strain

Non-linear soil's behavior may be characterized by the build-up of shear strain through the successive loading cycles, which in turn controls the associated evolution of shear modulus and damping. Thus, the ratio of peak strain reached over reference strain (strain corresponding to a reduction of the shear modulus by 50% as aforementioned) constitutes an indicator of the amount of non-linearity reached (as already suggested long ago by Seed et al 1976). This ratio was computed for each (profile, input motion) case by looking at the strain depth profile at every time step γ (z,t), deriving at each depth the peak time domain value of the shear strain γ max (z), picking the depth z S at which occurs the largest peak strain γ max (z S ), and using the corresponding reference strain γ ref (z S ) to derive the peak strain ratio γ max (z S )/ γ ref (z S ). Fig. 4.8 shows the evolution of this ratio with the outcropping rock PGA for the 60 different waveforms having a PGA ranging 0.1 to 4.3 m/s 2 . For PGAs lower than 0.8 m/s 2 , almost all profiles behave almost linearly, while above this value, the ratio increases rapidly and reaches up to 10 3 for some profiles. Looking in more detail, 43 profiles exhibit a ratio γ max /γ ref that always remains lower than 1, for all PGA levels: such profiles can be considered as staying in the quasi-linear domain.

Effect of soil parameters on nonlinearity

The ratio of maximum strain over reference strain varies, for a fixed PGA, from a profile to another: this is a cause for the scattering of the results in Figure 4.9 over a wide range of values. In order to explain this dispersion, we investigate the effect of some site parameters on the amount of non-linearity as quantified through the peak relative strain ratio [γ max (z S )/ γ ref (z S )].

Effect of V s30 , V s10 , V smin

These velocity parameters are related to the soil stiffness at shallow depth (V S30 , V S10 ) or at the depth it is the minimum. Considering the way the NL parameters have been assigned to each profile and layer, one may expect the amount of non-linearity to increase with decreasing stiffness, especially as shear strain is expected to be the largest for softest materials. Therefore, four different PGA values were picked, varying from 0.73 m/s 2 to 4.3 m/s 2 , and the [γ max (z S )/ γ ref (z S )] ratio was plotted as a function of each of the 3 "softness parameters" V s30 , V s10 and V min for the 820 profiles in Fig. 4.10,Fig. 4.11,Fig. 4.12 respectively. According to these figures, for a fixed PGA, the peak relative strain ratio exhibits a very clear trend to decrease when V s30 , V s10 or V smin increases. The trend becomes more and more scattered as PGA increases: the peak relative strain ratio can reach values of γ max /γ ref exceeding 100 for profiles with V smin values lower than 300 m/s, i.e. for soft soils. Therefore, as expected from the built-in NL model, the shear wave velocity has a direct effect on the behavior of the soil profile. Soil profiles having shear wave velocity exceeding 300 m/s (stiffer soil) stay in the linear domain up to rock PGA levels of 0.4 g, while others having low shear wave velocity (softer soil) exhibit very significant non-linear behavior under large loading. The lower the shear wave velocity, the larger the excursion in the non-linear domain. The latter obviously also increases with PGA level: for very soft soils (V s30 = 100 m/s) the peak relative strain ratio grows from 1 for PGA = 0.075 g to more than 10 3 for PGA = 0.4 g.

One may also notice, comparing the thee figures for the three velocity parameters, that significant NL behaviorsat 0.4 g level -are observed up to V S30 values around 600-700 m/s, up to V S10 values around 400-500 m/s, and up to V min values around 300 m/s : sites labeled as "stiff" from their V S30 value in the traditional site classification schemes may however exhibit a significant NL behavior because of a thin, soft soil, overlying a much stiffer soil or rock. 

Effect of the fundamental frequency f 0

Then we investigated whether the fundamental frequency f 0 of the site has an impact on nonlinearity level. Fig. 4.13 shows the evolution of the peak relative strain ratio as a function of the fundamental frequency of the soil. As a first observation, strong non-linear behavior is most likely to occur for soil with high fundamental frequencies (> 1 Hz) for which the peak relative strain ratio may reach values up to 10 3 . On the other hand, for low site frequencies, the soil generally remains in the linear domain (γ max /γ ref <1). As already mentioned, the fundamental frequency decreases with increasing depth. Thus, soils having high frequencies are generally shallow, and soils having low frequency are deep. The present computations, with the associated NL parameters, indicate that shallow soils experience high non-linearity, while deep soils do not. There is however one profile with low frequency and a ratio γ max /γ ref >1 exhibiting high nonlinearity: this specific profile corresponds to a 200 meters deep profile with a very low shear wave velocity Vs: this could explain the nonlinear behavior of that particular soil. 

Depth of maximum strain

As mentioned above, values of shear strain vary with the depth of the medium. Generally, maximum shear strain is located where the soil is the weakest. We investigated the distribution of the depth of the maximum strain by counting the number of profiles (out of the total of 820) corresponding to specific intervals of the peak relative shear strain 𝛾 max /𝛾𝑟 𝑓 and the depth at which it occurs. This is shown in Fig. 4.14 for increasing values of PGA. As a first observation, one can notice that the highest 𝛾 max /𝛾𝑟 𝑓 values (reaching up to 10 3 ) correspond to the shallowest layer (<10 m), especially for the highest PGA levels: this observation is fully consistent with the fact that high nonlinearities are associated with high frequencies. One may also notice that the depth of peak strain exhibits a trend to increase with decreasing PGA, while the peak strain value obviously decreases. However there exist a few profiles which exhibit some significant nonlinearity in deeper layers even when the PGA level is high. 

PGV/Vs as a strain proxy

PGV/Vs is a parameter that has been proposed as a strain proxy based on wave propagation [START_REF] Hill | Seismicity remotely triggered by the magnitude 7.3 Landers, California, earthquake[END_REF]. This is based on the relation that can be established for a wave propagating with a velocity V S : the associated waveform exhibits a spatio-temporal dependence which can be expressed as f(x-V S .t), where x is the along propagation direction. In such a case, the shear strain, which is the spatial derivative of the displacement, should be equal to PGV/Vs following the equation below:

γ = 𝑑𝑢 𝑑𝑥 = 𝑑𝑢 𝑑𝑡 𝑑𝑥 𝑑𝑡 = 𝑃𝐺𝑉 𝑉 𝑠 (4.19)
This simple relationship no longer holds in case of multiple interfering waves and in case of nonlinear wave propagation, with strain dependent Vs values. In addition, the S-wave velocity should be the local velocity at the location of peak strain, which varies from profile to profile, and from one input motion to another. However, for practical engineering application, this simple relationship is often considered with replacing the local velocity V S by V s30 or another shallow velocity. For instance, [START_REF] Chandra | PGA-PGV/Vs considered as a stress-strain proxy for predicting nonlinear soil response[END_REF] investigated, for the KIK-net strong motion network data, the correlation between the actual average strain (%) as measured from the differential displacement between the surface and downhole sensors, and each of the proxies PGV/V s30 (%) and PGV/V s0 (%): they found satisfactory correlations. In the present study, we could assess the actual effectiveness of this proxy, since we can compare directly the computed peak strain (%) and the proxies derived from the ration between the peak ground velocity PGV and the average shear wave velocity over 30 or 10 meters, PGV/Vs 30 (%) and PGV/Vs 10 (%) respectively.  Fig. 4.15 shows this evolution of the actual maximum strain γ max (%) with a) PGV/V s30 (%), b) PGV/V s10 (%). The red thick lines correspond to a 1 to 1 ratio, i.e., γ max = PGV/V s30 and γ max = PGV/V s10 respectively. Such a linear relationship is found to be relatively well satisfied as long as the peak strain remains smaller than 0.1%, it exhibits though a large scatter, slightly larger for the PGV/V S30 than for PGV/V S10 . This conclusion is similar to those obtained by by [START_REF] Hill | Seismicity remotely triggered by the magnitude 7.3 Landers, California, earthquake[END_REF] and [START_REF] Chandra | PGA-PGV/Vs considered as a stress-strain proxy for predicting nonlinear soil response[END_REF]. This conclusion is however no longer valid for severe shaking associated to large strains: beyond a threshold value of around 0.1%, the actual peak strain is no longer correlated with the PGV/Vs proxies, which saturate with values ranging between 0.03 and 0.3 % while the actual peak strain ranges from 0.1% to 100%. PGV/V s30 and PGV/V s10 may therefore be considered as a satisfactory proxy for the strain, but only as long as the soil do not behave too non-linearly. This conclusion is important because PGV/V s30 and PGV/V s10 are simple parameters easily obtained with the necessity of acquiring information over the 10 or 30 top meters. When the strain proxy so obtained reaches values about 0.1%, it becomes impossible to guess what is the actual strain value reached in the profile, except for the fact the value of the proxy is a lower bound estimate of the actual shear strain.
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In order to study the nonlinear response of the soil, the soil profiles were assembled into groups of similar shear strain. The soil profiles that exhibit the highest values of shear strains are the ones that have reached higher degrees of nonlinearity. Eight profiles were selected: SZOH42, SOYH01, OITH07, NGNH16, MYGH08, KMMH16, CHBH14 and ABSH06 all from the KIK-net database; they all reached nonlinearity with high values of shear strain, under various strong seismic excitations. Table 4-3 andTable 4- The transfer function determines how each frequency in the bedrock (input) motion is amplified, or de-amplified by the soil deposit [START_REF] Kramer | Geotechnical earthquake engineering[END_REF] : it may be viewed as a filter that acts upon the input signal to produce the output surface signal. In the linear case, the transfer function of a profile is unique and independent from the seismic excitation; the maximum amplification of the site occurs at a frequency equal to the natural frequency of the soil. Thus, if the transfer function of a soil is known, its linear response to any seismic excitation is known. This is not the case in the nonlinear case: resonant frequencies are shifted to lower values, and amplification changes from one input waveform to another, depending on the level of strains and the degree of nonlinearity reached [START_REF] Bonilla | Hysteretic and dilatant behavior of cohesionless | 221 soils and their effects on nonlinear site response: Field data observations and modeling[END_REF]Wu et al. 2005;[START_REF] Régnier | Assessing Nonlinear Behavior of Soils in Seismic Site Response: Statistical Analysis on KiK-net Strong-Motion Data[END_REF]. Therefore, no prediction can be made, and computation must be accomplished in order to get its response to an excitation. Fig. 4.16 shows the evolution of surface / outcropping bedrock transfer function in the nonlinear case for the 60 different excitations (in black) code and in the linear case (in red), for the eight selected soil profiles.

Description of the soil profiles

As aforementioned, it is clear that the transfer function is not unique and depends on the seismic incident excitation. Each soil has a specific transfer function corresponding to a specific seismic excitation. When comparing the black curves (nonlinear analysis) with the red curve (linear analysis), we can notice that some nonlinear cases coincide with the linear ones: it corresponds to seismic excitation moderate enough to keep the shear strains significantly below the reference strains, and thus to linear site response. In the remaining cases (larger PGA values), the site has a nonlinear behavior, the its fundamental frequency is shifted to lower values compared to the linear case, and amplitudes are modified: some are "over-amplified" with respect to the linear case, while others are de-amplified. The first case occurs in general for frequencies lower than the natural frequency f 0 , while for frequencies higher than f 0 , amplitudes are most often de-amplified (as discussed in the next section).

We can note that among the 8 profiles considered, MYGH08 exhibits a rather strange behavior where the "pseudo-linear", low PGA level, cases do not coincide with the already computed linear analysis; this is indeed a computational artifact due to the very specific velocity soil profile with shear wave velocity as low as 20 m/s in the first layer. Even though it corresponds to a very thin (2 m) layer, the associated damping, taken equal to 5/Vs, is very large; in the linear computation code, a causality principle is applied that leads to a very significant frequency dependence of the propagation velocity. This modifies (decreases indeed) the velocity around the fundamental frequency, which is therefore shifted towards lower values. This causal dispersion is not taken into account in the NOAH code which focuses on the NL behavior, which explains the apparent disagreement between NL, weak motion computations and linear ones, for this very peculiar site. Such differences do not occur for the 819 other sites, as the S-wave velocitiesand associated Q S valuesare much higher. As stated before, the degree of non-linearity increases with the increase of the peak relative strain ratio 𝛾 max /𝛾 𝑟𝑒𝑓 . To study the modifications to the transfer function in case of large nonlinearity, we considered the largest input motion with a PGA equal 0.4 g, and we compared the transfer function at 0.4g to the linear one corresponding to small PGA of 0.01g, through the ratio 𝐹𝑇𝐹(0.4 𝑔) 𝐹𝑇𝐹 (0.01𝑔)

. In order to be ale to easily compare this ratio for all the sites, which have very different velocity profiles and amplify the motion in very different frequency bands, this ratio was computed as a function of the normalized frequency f/f 0 , where f 0 is the site fundamental frequency. This ratio tracks the modulation of the amplification function caused by nonlinearity. To converge to a better conclusion, the fortythree linear soil profiles were eliminated. The remaining soil profiles were assembled into six groups, with respect to the range of 𝛾 max /𝛾 𝑟𝑒𝑓 , i.e. to the level of non-linearity:

 Group 1: 1 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 5, (176 sites);  Group 2: 5 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 50, (154 sites);  Group 3: 50 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 150, (153 sites);  Group 4: 150 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 300, (126 sites);  Group 5: 300 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 400, (52 sites);  Group 6: 400 < 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 < 700, (25 sites). Fig. 4.17 displays these ratios of transfer function

𝐹𝑇𝐹(0.4𝑔) 𝐹𝑇𝐹 (0.01𝑔)
as a function of the normalized frequency for each group of 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 . The black curves correspond to the NL modulation for each individual site of the group, and the red curve corresponds to their geometric average. We note the following observations for this NL modulation function: i.

NL behavior results in an increase of amplification at low frequency (i.e., f < f 0 ), and a decrease at high frequency (i.e., f > f 0 ). The former is related to the frequency shift towards lower values (associated to the shear modulus decrease), while the latter may be related to the increased damping. ii.

This modulation is more and more pronounced for increasing levels of non-linearity (i.e., when the ratio 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 increases: a. The frequency limit between the low frequency "over-amplification" and highfrequency "reduced amplification" is slightly decreasing with increasing 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 : from around 1 for group 1 to around 0.6 to groups 3 to 6, b. The low-frequency (f < f 0 ) "over-amplification" increases from group 1 (average = +20%) to group 6 (average = +100%); c. The high-frequency (f > f 0 ) reduction of amplification also increases from group 1 (10% reduction) to group 6 (around 60% reduction)

These results are qualitatively similar to those observed by [START_REF] Régnier | Seismic site-response variability: from site-classification to soil non-linear behaviour[END_REF], and Régnier et al. (2016a) using the KiK-net recordings. There is however one significant difference: for the instrumental data, the frequency beyond which NL behavior results in a reduced amplification is not always equal to the fundamental frequency, especially for thick sites. That is why Régnier (2013) introduced a specific labeling, f NL , which is shown in Régnier et al. 2016a) to be comparable to f 0 only for thin, high frequency sites (typically, f 0 ≥ 5 Hz), while it is often much larger for thick, low frequency sites (f 0 < 1 Hz). Such a qualitative similarity and quantitative difference between actual observations and results of numerical simulations, may be due to the "automatic" selection of NL parameters for the soil profiles, which could result in some bias. This should certainly deserve further investigations, especially as the corresponding NL assumptions are the same as those which were used for the derivation of the nonlinear site terms in the latest NGAW2 ground motion prediction equations. In this section we investigate the effect of the nonlinearity on the PGA obtained on the surface of the soil. Fig. 4.18 shows the value of the PGA at surface level as a function of the degree of nonlinearity, for the soils keeping their linear behavior and the ones that reached non-linearity, respectively. In both cases, when the ratio 𝛾 𝑚𝑎𝑥 /𝛾 𝑟𝑒𝑓 increases while remaining smaller than a threshold around 0.3, the PGA at surface level exhibits a proportional, linear increase. However, for the non-linear profiles (i.e., those for γ max / γ ref reaches values significantly larger than 1, this rise is limited by a site-specific asymptotic PGA value: For some profiles, this horizontal asymptote corresponds to surface PGA values which are significantly lower than the maximum input motion level considered here, i.e., 0.4g. Such profiles were identified: they present a very low shear wave velocity on upper layers V s from 20 to 50 m/s. Thus, the quality factor Qs (equal to Vs/10) is very small, and consequently damping presents high values; as a result the surface PGA has a lower value. 

Impact of soil non-linearity on damage increment

The solution of the equation of motion using Newmark step by step method gives the non-linear displacement at the top of the structure, for the linear case of the realistic soil profiles. The solution of this equation gives the maximum displacement at the top of the oscillator. We recall if the maximum displacement is less than the elastic limit dy, then the structure presents no damage and the motion resides in the elastic phase; otherwise, the structure is damaged and has entered the plastic phase. The displacement is compared to the various thresholds defined by [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF], and a damage index between 0 and 4 is assigned depending on the ratio of maximum displacement with respect to the thresholds. The damage increment between soil and rock is then evaluated using the already computed damage index on rock sites, because we consider that the dynamic response of the bedrock is always linear. Thus, comparing the damage increment between linear and nonlinear cases is equivalent to a comparison between maximum displacements reached on soft sites. We will start by investigating single cases with one soil profile associated to two seismic signals and three types of structure (according to the Risk-UE project typology) to evaluate the evolution of maximum C h a p t e r 4 : | 158 displacement in strong soil nonlinearity cases, and then we will study the effect of the nonlinearity and the frequency shift on the maximum displacement. Finally we will apply the Artificial Neural Network approach described in Chapter 2 to analyze the large set of new results obtained when taking into account soil non-linearity, again without any prior knowledge about the functional forms that could correlate the damage increment to the various input parameters. 4.5.1. Effect of nonlinearity on the maximum displacement at the top of the structure First we started by investigating the effect of non-linear wave propagation through the soil on the top displacement of the structure by considering individual cases with 1 soil profile, presenting huge non-linearity: we selected NGNH16 profile from the KIK-net database having natural frequency f soil = 1.58 Hz. The soil profile characteristics: number of layers, density, Vp, Qp, Vs, Qs thickness of each layer are given in Table 4-3; the detailed input file introduced in NOAH code is presented in Appendix C. In addition, to identify the effect of the ratio of the natural frequencies of the soil and the building f struct /f soil , three building types were selected among the Risk-UE typology, having the same ductility ratio and structural frequencies f struct higher than f soil (2.2883 Hz), almost equal to f soil (1.56 Hz) and lower than f soil (1.0953 Hz), respectively (Table 45). These structures are assumed to have an elastoplastic behavior and their maximum displacement is computed solving the equation of motion using Newmark step by step method.  Period (s)  Frequency (Hz)  Elastic limit dy (m) Table 4-6 synthetizes the results for the six combinations of structure/signal: in all cases, the maximum displacement in the case of non-linear behavior of the soil is smaller than the maximum displacement in the case of linear behavior of the soil. Therefore, non-linear behavior of the soil, leading to a reduction in the amplification of the surface motion beyond the fundamental frequency, leads to a reduction in the maximum displacement. To study the effect of the degree of non-linearity reached, a comparison can be made between the results from the two different seismic signals with the same soil profile and the same structure. The seismic signal of PGA 0.43g causes a 𝛾/𝛾 𝑟𝑒𝑓 = 1072.36 while the one with PGA=0.35 g causes a 𝛾/𝛾 𝑟𝑒𝑓 = 707.035; therefore the first one exhibit a higher level of nonlinearity.

For the three combinations soil profilestructure, the maximum displacement that results from the signal PGA 0.43 g are smaller than the one results from a seismic signal of 0.35g. Thus, as a first observation we can deduce that the stronger is the nonlinearity, the lower is displacement.

Effects of the frequency on the displacement

As demonstrated above, non-linearity shifts the frequency to lower values. When the frequency of structure is lower than that of soil (f struct < f soil ), nonlinearity shifts fsoil to a lower value, and may coincide with f struct , in other terms resonance effect could occur for a f struct /f soil <1, therefore the displacement increases. On the other hand, if the frequency of the structure is higher than that of soil (f struct > f soil ), non-linearity shifts f soil to a lower value, and reduces the surface ground motion for the structural frequency: NL site response leads to a significant decrease of the structural displacement compared to the case of a linear site response.

As shown in Table 4- By comparing the 2 cases 1 and 2 the maximum displacement in the second case where f struct <f soil are greater than when f struct >f soil . This is in a good agreement with the fact that the resonance effect is more likely to occur for f struct <f soil and thus the displacement increases.

In conclusion in the case of nonlinear site response, having a frequency of the soil greater than the frequency of the structure, we might detect spectral coincidence and increase the maximum displacement for low ratio of f struct /f soil ; on the other hand when the frequency of the soil is lower than that of the structure, this could be a good combination and decrease the maximum displacement at the top of the structure, thus reduce damage and seismic vulnerability.

Neural Network Architecture

In this section we will consider all the combinations of 820 soils x 141structures x 42 seismic signals: the total is 4856040 cases that have been computed using nonlinear site response algorithm NOAH. To analyze this huge dataset, we used the Artificial Neural Network approach and followed the same procedure as in Chapter 2: the goal is to find a correlation between damage increment on soil and on rock and input parameters without having any knowledge about the dataset. We considered the class of ductility DCL that contains 822019 combinations by removing all the cases where maximum displacement has exceeded ultimate limit on soil and on rock.

To compare with results obtained in the linear site response in Chapter 2, we also established a Neural Network containing only the 822019 cases that match the nonlinear ones. We considered the class 3 as typology class to compare with linear analysis soil response (ANN class3 ). The characteristics of the 4 . 5 : I m p a c t o f s o i l n o n -l i n e a r i t y o n d a m a g e i n c r e m e n t | 161 ANN class 3_NL in terms of input and output parameters, hidden neurons number, activation functions in the hidden and output layers and training algorithm are given in the Table 4-8 and the neural network architecture is drawn in Fig. 4.20. As input parameters we took the same parameters investigated in the linear case to investigate the effect of the coincidence of frequencies between soil and structure, the impedance contrast and the PGA on the surface of the bedrock. Based on the matrices of weights and biases of the hidden and output layers, generated output from the neural network are computed as a function of the normalized inputs (Chapter 2). First we will compute the proportion of the synaptic weights of each of the inputs, and then we will compare the results obtained from both the linear and nonlinear analysis and their effect on the damage increment.

Comparison of the synaptic weight proportion

Fig. 4.21 compares the synaptic weight proportions for the inputs f struct /f soil , impedance contrast and PGA on the surface of the bedrock according to the linear and nonlinear analysis. We notice that:

For linear case we find almost the same percentages as in the Chapter 2: the parameter that has the largest synaptic weight percentage is the ratio between frequencies of structure and soil 51%, the lowest is the contrast of impedance with a percentage of 18.9%, and finally the PGA with a percentage of 30.3%. This confirms the predominant role of frequency ratio in determining the damage increment and estimating seismic vulnerability. Similar trend is obtained in the nonlinear site response analysis where the most important synaptic percentage is also linked to the ratio between frequencies of structure and soil with a percentage of 51.3%, followed by the PGA (32.7%) and finally by the impedance contrast (16%): one should notice that the impact of the PGA on the nonlinear analysis is slightly larger than in the linear case: in fact; when PGA exceeds 1 m/s 2 , the maximum shear strain exceeds the shear reference and the degree of nonlinearity increases; the amplitude of seismic excitation at the base of the structure decreases which leads to a reduction in the damage increment. Therefore this could explain the largest synaptic ratio in determining the damage increment. 

Comparison of the damage increment variation with respect to the three inputs

We compared the variation of the damage increment as a function of the frequencies of structure and soil ratio and the impedance contrast for different ranges of PGA according to class 3, in linear and nonlinear cases (Fig. 4.22). The first interesting observation is the decrease of the damage increment at high PGA (>2m/s 2 ) which exhibits the nonlinear behavior of soil due to high value of maximum shear strain over reference strain. Other observations are the same that were found in Chapter 2 considering linear analysis for the soil response:

 damage increment increases with increasing PGA; however at high PGA (4 m/s 2 ) damage increment decreases which highlights the presence of nonlinearity in the structure.  The damage increment is maximum at frequency ratio of 1, in other terms when soil frequency coincides with structure frequency. At high PGA the peak is not clearly pronounced at 1 but resonance effect is observed for f struct /f soil >1 because of nonlinearity in the structure which leads to a decrease in the structure frequency  Once again we observe that the damage increment increases with increasing impedance contrast. This is coherent with the fact that the latter and the amplification factor of the soil are correlated: an increase in the impedance contrast leads to an increase in the amplification factor and therefore the damage increment increases because the input signal at the base of the structure is stronger.

According to the nonlinear case, we can see clearly a reduction in the damage increment at high PGA because of the nonlinearity of soil that leads to a reduction in the amplification factor. Resonance effect is not too centered around value of f struct /f soil =1 like the linear case. However it is very close to one for small PGA, but when PGA exceeds 2 m/s 2 nonlinear behavior takes place, therefore as we observed in the previous section soil frequency is shifted toward lower value which makes resonance possible for f struct /f soil <1. This is coherent with the graph that shows resonance peaks shifted towards lower value of frequency ratio. At lower PGA (0.05 m/s 2 ) the nonlinear behavior has on the opposite provoked an increase of the damage increment which is consistent with an increase in the amplification factor due to nonlinear analysis. Similar graphs are observed for PGA=0.05 m/s 2 and PGA=0.05 m/s2; this confirms the linear behavior for small level of PGA (<1 m/s2). 

Conclusion

The soil nonlinear response related to near-surface geology effects is a key issue for ground motion hazards. The nonlinear behavior of the soil depends on the strain level, which in turns controls the decrease of shear modulus (and shear wave velocity), and the damping increase during seismic excitation. Some (stiff) soils remain in the linear domain even for high loading levels, having a peak relative strain ration ratio 𝛾 max /𝛾 𝑟𝑒𝑓 lower than one, others enter the nonlinear domain only for strong ground motion (seismic excitation having a high value of PGA, of high magnitude and close distance), while some others (the softest) enter the nonlinear domain already for moderate excitations, and saturate for high PGA levels.

With the non-linear parameters assumed here, which are consistent with the background computations performed by PEER for the NGAWest2 project, several site parameters are identified as controlling the degree of non-linearity  Shear wave velocity (minimum shear wave velocity as well as average shear wave velocity at shallow depth): lower velocities (softer sites) are associated to higher nonlinearities compared to stiffer sites.  Fundamental frequency: high frequency sites corresponding to relatively shallow soft soils exhibit larger non-linearities than very lower velocity group (deep soil). This result however is not in line with actual observations, and may therefore be biased by the assumptions on the NL parameters, and especially their depth dependency.

Nonlinear soil's response saturates the acceleration time history. Actually, for moderate shaking levels, the surface PGA increases proportionally to the input PGA and to the relation strain level 𝛾/𝛾 ref . However, when 𝛾/𝛾 ref exceeds the value of 1 in some layers, the stress can no longer be transmitted through those weak layers, and surface PGA reaches a peak value that cannot be exceeded even for very strong input loading. Sites associated with very weak layers (i.e., low strength values) experience very large strains and small asymptotic surface PGA values: the lower the strength, the lower the transmitted acceleration. As a consequence, the amplification of PGA may strongly decrease from linear soils (i.e. moderate loading level or stiff soils) to highly non-linear soils (i.e, soft cohesionless soils), where it may be well below 1 (surface PGA much smaller than incident PGA).

Nonlinear transfer functions experience a shift towards lower frequencies, resulting in a (slight) over-amplification for frequencies lower than f 0 , and a significantly reduced amplification for frequencies higher than f 0 . The increase in the degree of nonlinearity accentuates this observation in other terms the more the soil goes into the nonlinear domain, the more its frequency decreases, the larger is the low frequency "over-amplification", the smaller is the high frequency amplitude at ground surface.

Another useful outcome of this comprehensive set of numerical simulations concerns the strain proxies: the ratio PGV/Vs is found a good proxy for the strain value, only as long as the soil does not go too far into the non-linear domain, i.e. as long as peak strain does not exceed 0.1 %. Beyond such thresholds, the PGV/Vs proxy may strongly underestimate the actual strain. Moreover, in the linear domain, tit is recommended to use Vs 10 instead of Vs 30 , for such a strain proxy (lower scatter around the line γ max = PGV/V s10 )

The non-linear site response thus impacts the rock to soil damage increment: the displacement at the top of an elasto-plastic oscillator is lower when considering a non-linear behavior for the soil compared to the linear case, especially when the oscillator frequency is larger than the site frequency. The higher the level of non-linearity in the site response (i.e. the lager the strains in the soil), the larger is the reduction of the oscillator displacement. Spectral coincidence is found is still have a dominant role, but in a more complicated way. Soilstructure resonance can take place when the new shifted site frequency coincides with the structural frequency: the "spectral coincidence" effect is thus shifted towards f struct /f soil ratios lower than 1. The Neural Network shows that in the nonlinear case the most predominant parameter to estimate the damage is once again the ratio between frequencies of structure and soil with a percentage of 51%, followed by the PGA (33%) and finally by the impedance contrast C h a p t e r 4 : | 166 (16%); the influence of the PGA is enhanced with respect to the linear case. With the NL soil parameters assumed in the present study, the computations indicate an average threshold of 1 m/s 2 between linear and nonlinear behaviors.

We demonstrated again the efficiency of the Neural Network approach in analyzing the dataset and making conclusions about nonlinearity of soil without any prior knowledge. The neural network analysis presents similar results between linear and nonlinear site response analysis for low level of PGA<1m/s 2 , with similar trends when tracking the evolution of the damage increment with the impedance contrast: the larger the impedance contrast, the larger the damage increment. However for high PGA, NL site response significantly modifies the picture: the damage increment is no longer maximum for coinciding soil and structural frequencies, but for site frequencies being up to 2 to 3 times higher than the structural frequency. Moreover damage increment is reduced in the nonlinear site response case compared to the linear one due to a reduction of the amplification level at the surface of the soil.

We should note that further studies are in progress concerning the analysis of nonlinear site response, with a special emphasis on the comparison between the observations on instrumental data (KiK-net recordings) and the simulation results, which are highly dependent on the assumptions regarding the NL parameters (Almakari 2016).

Introduction

Resonance period is a key parameter in the seismic design of a structure, thus dynamic parameters of buildings in Beirut (Lebanon) were investigated based on ambient vibration method for risk and vulnerability assessment. Lebanon is facing high seismic hazard due to its major faults, combined to a high seismic risk caused by dense urbanization in addition to the lack of a seismic design code implementation. For this study, ambient vibration recordings have been performed on 330 RC buildings, period parameters extracted and statistically analyzed to identify correlations with physical building parameters (height, horizontal dimensions, age) and site characteristics (rock sites or soft sites). The study shows that (i) the building height or number of floors (N) is the primary statistically robust parameter for the estimation of the fundamental period T; (ii) the correlation between T and N is linear and site dependent: T≈ N/23 for rock sites and N/18 for soft sites; (iii) the measured damping is inversely proportional to the period: the taller the building the lower is the damping; (iv) a significant overestimation of the period exists in current building codes. However part of the large discrepancy with building code recommendations may be due to the very low level of loading.

The principal goals of seismic provisions are to protect human lives by limiting damages and structural failures, to maintain the function of structures when an earthquake occurs. Seismic actions to design a structure against earthquakes are estimated based on its dynamic parameters, such as the fundamental period, damping and mode shapes. The fundamental period is critical to assess the seismic response of the structure that can be further used in building codes and modeling. In this chapter we will deal with the fundamental period as a dynamic parameter of the building because it is considered as a reference for engineers; the frequency is usually considered as a reference for seismologists. Periods and damping of a structure control the amplitude and the duration of its response to an earthquake. "The natural period of vibration is the single most informative fact about the internal structure of buildings. Two structures having the same distribution of mass and the same fundamental period may experience shear forces of appreciably different magnitudes if the internal structures (mode shapes) are different", as reported by [START_REF] Housner | Natural periods of vibration of buildings[END_REF]. The period T in seconds is linked to the mass M and rigidity K of the structure through Eq. ( 5.1):

T = 2π √ 𝑀 𝐾 , 𝑓 = 1 𝑇 (5.1)
This fundamental period can be computed based on modeling, structural drawings and material characteristics being not easy to retrieve however, especially for old buildings; or using empirical relationships from seismic codes. To overcome these difficulties, experimental techniques can be used to estimate the dynamic properties of a building, leading to a more accurate empirical relationship between major characteristics of a building (number of floors, size, age, type of construction, material) and its dynamic behavior. These methods consist of inducing excitation in the structure in order to generate vibrations: this excitation can be produced from a natural source such as an earthquake [START_REF] Celebi | Comparison of damping in buildings under low-amplitude and strong motions[END_REF][START_REF] Michel | Vulnerabilite Sismique de l'echelle du batiment a celle de la ville-Apport des techniques experimentales in situ-Application a Grenoble[END_REF]Todorovska 2009a;Todorovska 2009b) or more frequently from artificial sources generating forced vibrations such as explosion, large mass impact, running oscillator [START_REF] Trifunac | Comparisons between ambient and forced vibration experiments[END_REF][START_REF] Boutin | Etude expérimentale sur bâtiments réels. Rapport définitif[END_REF][START_REF] Crowley | Period-height relationship for existing European reinforced concrete buildings[END_REF]. Since these methods are citizen perturbing and/or time consuming and/or expensive, the U.S. Coast and Geodetic Survey [START_REF] Carder | Observed vibrations of bridges[END_REF] first introduced the concept of ambient vibration method when measuring buildings in California and Montana. Since then, this method has been progressively developed over the years and has been adopted increasingly worldwide because it is easy, fast, inexpensive, reliable, and based on the use of low excitation generated by ambient sources like wind or anthropic activity such as traffic, machinery, etc. [START_REF] Gutenberg | Microseisms[END_REF][START_REF] Asten | Geological control on the three-component spectra of Rayleigh-wave microseisms[END_REF][START_REF] Asten | Array estimators and the use of microseisms for reconnaissance of sedimentary basins[END_REF]Bonnefoy-Claudet et al. 2006) and applicable on soil [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF][START_REF] Lachet | Numerical and Theoretical Investigations on the Possibilities and Limitations of Nakamura's Technique[END_REF]Hagshenas et al. 2008) and on buildings [START_REF] Trifunac | Comparisons between ambient and forced vibration experiments[END_REF][START_REF] Farsi | Estimation des périodes propres de bâtiments et vulnérabilité du bâti existant dans l'agglomération de grenoble[END_REF][START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF][START_REF] Mikael | The Analysis of Long-Term Frequency and Damping Wandering in Buildings Using the Random Decrement Technique[END_REF]. [START_REF] Trifunac | Comparisons between ambient and forced vibration experiments[END_REF] confirmed that the fundamental frequency and damping under ambient vibrations are consistent with those obtained by forced vibrations for low input motion but much faster to perform. For larger seismic input motion, comparative studies between ambient vibrations and forced vibrations show that the resonance frequencies under high motion are slightly to moderately lower by 10 to 30% as long as the building is not seriously damaged [START_REF] Mcverry | Structural identification of JPL building 180 using optimally synchronized earthquake records[END_REF][START_REF] Bard | Dynamic behaviour of buildings: experimental results from strong motion data[END_REF][START_REF] Ulm | Coefficient de comportement: approche chute de frequence[END_REF][START_REF] Celebi | Comparison of damping in buildings under low-amplitude and strong motions[END_REF][START_REF] Satake | Evaluation of vibration properties of high-rise steel buildings using data of vibration tests and earthquake observations[END_REF][START_REF] Meli | A study of site effects and seismic response of an instrumented building in Mexico City[END_REF][START_REF] Irie | Dynamic characteristics of a RC building of five stories based on microtremor measurements and earthquake observations[END_REF][START_REF] Mucciarelli | Analysis of RC building dynamic response and soil-building resonance based on data recorded during a damaging earthquake (Molise, Italy[END_REF][START_REF] Michel | Vulnerabilite Sismique de l'echelle du batiment a celle de la ville-Apport des techniques experimentales in situ-Application a Grenoble[END_REF]). The decrease in frequency (or the increase in period) under strong excitation may be explained by a decrease in rigidity [START_REF] Farrar | Vibration-based structural damage identification[END_REF], the mass remaining constant (Eq. ( 1)). According to various authors [START_REF] Luco | On the apparent change in dynamic behavior of a ninestory reinforced concrete building[END_REF][START_REF] Meli | A study of site effects and seismic response of an instrumented building in Mexico City[END_REF][START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF]Clinton et al. 2006;Michel and Guéguen 2010) pre-existing cracks in concrete widen as loading increases, especially at assembling nodes and soil-structure interface. It can generate large strains at the soil-foundation interface and reversible localized non-linearities. Since the opening of cracks decreases the area of the available resisting section, it lowers the rigidity with respect to the case of an uncracked section, which in turn results in a reduction in fundamental frequency. However as recordings under ambient vibration are inexpensive and easier to obtain than forced vibrations data, it is obvious that ambient vibration is a practical and reliable tool for determining the dynamic parameters needed for modeling the behavior of the structure under weak motion.

The first goal of this chapter is to find empirical relationships between the dynamic parameters (period, damping) obtained from ambient vibration and geometrical/geotechnical characteristics specific to Beirut housing (Lebanon). Many Lebanese cities have been severely affected and even destroyed by earthquakes over the last centuries. In addition Beirut is a city that has faced destruction and reconstruction multiple times. The 1975-1990 period has marked Beirut with a civil war leading to a complete loss on the quality building control. Furthermore, no seismic code was applied before 2005. The first Lebanese seismic code was recently introduced and applied on buildings above 3 floors. Moreover it is based on American and European provisions without taking into account the Lebanese peculiarities. This work thus studies coherence between seismic codes and the actual behavior of the Lebanese buildings, contributing to a safer design when a strong earthquake occurs. Comparisons are established between experimental measurements in Lebanon and those recorded in multiple countries in the world. Both period and damping obtained are considered according to the soil types underlying the buildings to evaluate this parameter impact. It has been also compared to the theoretical values computed from the seismic codes used in Lebanon, and to the elastic part of the capacity curves of RC buildings developed in large-scale vulnerability assessment.

The second objective of this chapter is to find correlations between damage increment and frequencies ratio between soil and structure, PGA, H/V amplitude recorded on the soil with respect to a typology class specific to the city of Beirut and based on the Neural Network approach detailed in Chapters 2 and 3. Finally the ultimate goal is to establish city maps for the damage increment that simulate vulnerability estimation taking into account the spectral coincidence between soil and structure. We could demonstrate this coincidence in areas prone to exhibit site effects due to their material constitution, especially for a specific building's frequency range that is close to the soil frequency domain. This is the first time ambient vibration on buildings is introduced in Lebanon.

Period estimation in seismic design codes

Some seismic codes use equations that include the geometrical dimensions of the building: the building height, H (in meters) and the length, L (in meters), in the direction of considered movement. For buildings having shear walls, the U.S. building code proposed a relationship calibrated using a cantilever model to compute the fundamental period T (Crowley and Pinho 2010):

T = C 𝐻 √𝐿 (5.2)
with C, a constant estimated by [START_REF] Carder | Observed vibrations of bridges[END_REF] using the ambient vibration method following the earthquake in Long Beach in 1933 and completed by [START_REF] Housner | Natural periods of vibration of buildings[END_REF] based on Japanese data.

According to [START_REF] Crowley | Revisiting Eurocode 8 formulae for periods of vibration and their employment in linear seismic analysis[END_REF] the above mentioned formula comes from the equation of the period of vibration of a cantilever (considering shear deformations only), with the thickness of the C h a p t e r 5 : | 170 wall considered to be more or less constant and thus only the ratio between width and length of the building is an input parameter, as demonstrated in the following equation (5.3):

T = 4√ 𝑚 𝜅𝐺 𝐻 √𝐴 = 𝛼𝐻 √𝐴 = 𝛼𝐻 √𝐷𝑡 𝑤 = 𝛼 1 𝐻 √𝐷 (5.3)
where m is the mass per unit length, G is the shear modulus, A is the area of the cantilever, κ is the shape factor to account for non-uniform distribution of shear stresses, D is the length of the cantilever and t w is the thickness.

The Algerian code (RPA88, 1988), the Korean code [START_REF] Lee | Experimental formula for the fundamental period of RC buildings with shear-wall dominant systems[END_REF] and partially the French code (PS92, 1995) also adopted this equation to determine the fundamental period. Moreover the French Code (PS92 1995) proposes to estimate the fundamental period depending on the type of construction through the following relations, in the direction (L) observed:

T = 0.09 𝐻

√𝐿

, for metallic frames and reinforced concrete frames (5.4)

T = 0.09 𝐻 √𝐿 √ 𝐻 𝐻 + 𝐿
, for shear walls (5.5) However other seismic codes do not incorporate the structural dimension in the fundamental period relationships. Indeed [START_REF] Crowley | Revisiting Eurocode 8 formulae for periods of vibration and their employment in linear seismic analysis[END_REF] reported another empirical relationship with powerlaw form applied on frames, initially proposed in ATC3-06 (ATC 1978) and then adopted by EC8 [START_REF] Fardis | Designers' Guide to EN 1998-1 and 1998-5. Eurocode 8: Design Provisions for Earthquake Resistant Structures[END_REF], the Swiss Code (SIA 2003) and the Canadian code (NBCC 2005):

T = C 𝑡 𝐻 𝛽 (5.6)
where Ct and β are locally determined parameters that depend on the type of the structure.

UBC (1997), EC8 (2004) and SIA ( 2003) use β = 0.75 for any type of structure (Crowley and Pinho 2010) whereas the Risk-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]) uses β = 0.9. In EC8 (2004) this formula applies only on buildings whose height is less than 40 m. The coefficient Ct was determined by [START_REF] Gates | Building period correlation[END_REF], by using records of the earthquake of San Fernando and depends on the type of structure, unlike the β coefficient. For example in EC8 ( 2004), Ct = 0.05 for reinforced concrete walls, while in UBC (1997) Ct = 0.049 for reinforced concrete walls, 0.085 for metallic frames, and 0.073 for reinforced concrete frames.

Linear correlations between fundamental period and number of stories of a building (N) exist in some seismic codes. The most common and simplest empirical relation is a quick estimation proposed by the U.S. building code for metallic frames and reinforced concrete frames only, i.e. not including buildings having shear wall characteristics [START_REF] Housner | Natural periods of vibration of buildings[END_REF]: The recent Lebanese code specifies the design guidelines and regulations applied to the general seismic structural design (refer to section 5.4.3 for more details on the Lebanese building code). Due to the absence of experimental data or specific modeling, the fundamental period of vibration of the structure (T) is defined by using the following power function equation:

T = N 10 ( 
T = α𝐻 3 4
(5.9) where α = 0.085 for metallic moment-resisting frames, 0.07 for reinforced concrete moment-resisting frames, 0.05 for other buildings, H is the structures height (in meters).

Experimental estimation of dynamic parameters using ambient vibration method

Ambient vibration measurements were performed in various regions in the world and some linear and power-laws empirical relationships between dynamic parameters (period, damping) and geometrical characteristics of buildings are compiled in Table 5-1 and displayed in Fig. 5.1. Several recordings have been performed in France since the mid-nineties. [START_REF] Farsi | Identification des structures de Génie Civil à partir de leurs réponses vibratoires et vulnérabilité du bâti existant[END_REF] and [START_REF] Farsi | Estimation des périodes propres de bâtiments et vulnérabilité du bâti existant dans l'agglomération de grenoble[END_REF] have first established a relation between the fundamental period T and the height H of the building by using measurements on 26 buildings within Grenoble city:

T = 𝐻 1.1 100 (5.10)
Next, Michel et al. (2010) used a larger set of recordings from 60 buildings in the city of Grenoble in addition to the 26 previously performed by [START_REF] Farsi | Estimation des périodes propres de bâtiments et vulnérabilité du bâti existant dans l'agglomération de grenoble[END_REF], and 28 buildings measured in Nice by [START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF] These correlations are obtained in many regions in the world based on the ambient vibration method.

Beirut: Seismic risk, geology and recent construction history

Seismic Hazard assessment of Beirut

Lebanon is a small Middle East country crossed by the 1200 km long Levant Fault System (LFS). In Lebanon, the LFS split into three main branches, on land and offshore as well: the left lateral strikeslip Yammouneh Fault (last known rupture: 1202, M7.5), the Beirut-Tripoli Thrust (551, M7+), and the Rachaya-Serghaya Fault (1759, M6.5) (Fig. 5.2). The 551 event was accompanied by a tsunami hitting the whole eastern Mediterranean coast, destroying several cities including Beirut, Tripoli, Saida and Tyre. The most recent large earthquake is the double shock of 16 March 1956 (Ms=4.8, Ms=5.1) which killed 136 people, destroyed 6,000 houses and damaged 17,000 [START_REF] Brazee | United States earthquakes[END_REF][START_REF] Khair | Seismic zonation of the Dead Sea transform fault area[END_REF]. Seismological trenches have shown that the return period of devastating earthquakes is ∼1100 years along the Yammouneh Fault [START_REF] Daëron | 12,000-yearlong record of 10 to 13 paleoearthquakes on the Yammouneh fault, Levant fault system, Lebanon[END_REF]), 1500-1750 years along the Mount Lebanon Thrust [START_REF] Elias | Active thrusting offshore Mount Lebanon: Source of the tsunamigenic AD 551 Beirut-Tripoli | 225 earthquake[END_REF]) and ∼1300 years along Serghaya Faults [START_REF] Gomez | Holocene faulting and earthquake recurrence along the Serghaya branch of the Dead Sea fault system in Syria and Lebanon[END_REF]. Considering the dates of the last major events that occurred on the Yammouneh Fault (1202), and on the Mount Lebanon thrust (551), together with the slip rate inferred by geodetic measurements [START_REF] Gomez | Holocene faulting and earthquake recurrence along the Serghaya branch of the Dead Sea fault system in Syria and Lebanon[END_REF], geologist estimate that these two faults are now mature enough to produce earthquakes with magnitude >7 at any time because of the accumulation of sufficient deformation combined to a rich collection of previous paleoseismic and historical data. This fact is also confirmed by the study of [START_REF] Pico | Géographie et assurance: le risque sismique dans les espaces urbains mal documentés: le cas de Beyrouth[END_REF] which adopted [START_REF] Rotstein | Gaussian probability estimates for large earthquake occurrence in the Jordan Valley, Dead Sea rift[END_REF] method: the latter is based on Gaussian law form and takes into account the time that passed since the last major earthquake that happened. Fig. 5.3 displays the result of the probability of occurrence since the last major earthquake that happened on the Yammouneh fault in 1202. However few studies are undertaken in the seismic hazard assessment [START_REF] Harajli | Evaluation of the seismic hazard of Lebanon[END_REF][START_REF] Elnashai | Earthquake hazard in Lebanon[END_REF] and more studies should be done in this field. 

Beirut geology

The city of Beirut is built on 9 by 12 km rocky cape jutting into the Mediterranean Sea. The geological basement, dated from the Cretaceous, is visible in the two hills of Achrafieh to the east, and Tallet el Khayat to the west. They are made of marly limestones, sometimes associated to conglomeratic beds. The dominant feature of the geology is formed by a sandy cover that extends 5 . 4 : B e i r u t : S e i s m i c r i s k , g e o l o g y a n d r e c e n t c o n s t r u c t i o n h i s t o r y | 175 mostly in the south west and upon the low elevation parts of the hills (e.g. Ramlet el Baydah to the west of the city) and along the eastern bank of the River of Beirut. This sandy cover is in turn covered by recent alluvium mostly expressed in Beirut downtown, along the River of Beirut and in the area of Bourj Hamoud and Daoura, to the east of Beirut city. More complex quaternary sediments with interbedded alluvial sand and clay layers are located in the River of Beirut (Fig. 5.4) (Salloum et al. 2014;[START_REF] Cornou | Shear-wave velocity structure and correlation with n-spt values in different geological formations in Beirut, Lebanon[END_REF]. A geological map of Beirut from [START_REF] Dubertret | Géologie du site de Beyrouth avec carte géologique au 1/20[END_REF] with layouts of Beirut faults is also found in Appendix E. Previous studies have outlined moderate to large seismic amplification, as a consequence of spatial variable geology [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF]. Several areas are prone to large probability of liquefaction during a seismic event due to the elevated water table and small percentage of fines in sandy areas [START_REF] Harb | Risks of Liquefaction in the Greater Beirut Area[END_REF]. Such geologic hazard did not prevent the city from getting overpopulated, reaching almost full saturation of land occupancy

Construction history of Beirut

Beirut, the capital of Lebanon, is constructed 5000 BC and encloses 2 million inhabitants. It is located on two hills on the Lebanese coast separated with a plain in the center. The city extends on 10 km in length and 10 km in width. Lebanon has faced an important evolution of urbanization leading to its expansion from the littoral and reaching Mount Lebanon. Comparing the urbanization maps in [START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF]and 1998[START_REF] Handassa | Schéma Directeur d'Aménagement du Territoire Libanais, commandé par le Conseil du développement et de la reconstruction[END_REF]) (Fig. 5.5a and b), a clear expansion is essentially concentrated in the city of Beirut and its suburbs; this visual expansion observed on the maps is also confirmed by numbers in Table 5-2 which shows a drastic increase in the urbanized surface especially between 1994 and 1998 [START_REF] Faour | Beyrouth: quarante ans de croissance urbaine[END_REF]. However this expansion has erased natural zones because of construction and urban development has taken its place. The building stock in Beirut is relatively recent, mostly younger than one century old, except few monuments from the Ottoman Empire period. In this section we will develop the major phases of Beirut construction history from the Roman Era, to the Ottoman Empire, the French mandate, until present. This random and anarchic expansion has a C h a p t e r 5 : | 176 primordial impact on the seismic vulnerability and risk assessment. 

Year

Total urbanized surface (km [START_REF] Faour | Beyrouth: quarante ans de croissance urbaine[END_REF].

Berytus: Roman Era [5000 BC-646 AC]

Beirut city dates back from 5000 BC; it was Phoenician and its old name was Berytus (meaning well): it became the urban center of the Middle East during the Roman Era [START_REF] Kassir | Histoire de Beyrouth[END_REF]. The peak of growth and abundance of material goods and wealth was at that time. [START_REF] Kassir | Histoire de Beyrouth[END_REF] wrote: It is precisely at this point of the sixth century which had to be the peak, both on economic and cultural levels, that Berytus will know the final ruin. In fact this ruin has a natural origin that comes from natural disasters, earthquakes, in 334, 494, 502 and the most powerful one in 551, followed by a tsunami. [START_REF] Kassir | Histoire de Beyrouth[END_REF] Beirut has faced a period of thirteen centuries marked by stagnation, but characterized by the huge earthquake of 1202 generated by the Yammouneh fault. However this earthquake did not leave behind any archive therefore there is no detail about the damages that were produced. The Byzantines conquered the city in this phase, and then the Arabs dominate it in 1600.

Beirut: the forgotten during thirteen centuries

5 . 4 : B e i r u t : S e i s m i c r i s k , g e o l o g y a n d r e c e n t c o n s t r u c t i o n h i s t o r y | 177 5.4.3.3. The Ottoman Empire [1516-1918] Fig. 5.6 shows the boundaries of Beirut that took at that time the name of the Lebanese capital. Its port is the country's commercial center whose role has increased with the construction of the main road that links Damascus to Beirut in 1841, leading to the development of trade and commerce within the country and outside. Beirut was at that time an urban area surrounded by green zones similar to the organization of an Arab city. It appears as a reflection of the closed universe of the Arab city based on the clear separation between nature and city. Also it appears as a reflection of the Islamic and Arab traditions based on relations and exchanges from the family to the community [START_REF] Bachy | Madina, Cité du monde. Numéro special sur Saida[END_REF]. 5. 4.3.4. Westernization of Beirut [1918-1920] This period is a transitional phase for the city of Beirut, characterized by the transformation of the city from the Arab Islamic style to the western style. The city is no longer an entity enclosed in green areas; on the contrary the urban space is expanding outside the walls, and life is modernized. The arrival of large number of immigrants extends the borders of the city: Fig. 5.7 is a map of Beirut showing the expansion of the city beyond the old walls [START_REF] Kassir | Histoire de Beyrouth[END_REF]. 5.4.3.5. 1921-1946: Beirut under the French Mandate [1921-1946] In the early twentieth century, during the French mandate , the city witnessed a significant growth in infrastructures and constructions. The initial sandstones constructions were rapidly substituted by concrete buildings which continued rising today. With the booming of real estate and scarcity of the land, a vertical expansion of the city is observed with numerous underground and aboveground floors; on the other hand the green areas have completely disappeared. 5.4.3.6. From 1990 until present: reconstruction of Beirut and urbanization evolution after the civil war [1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990] This boom comes as a result of a slow down during the civil war of 1975-1991, where the quality controls in construction industry were not enforced. After 1991, construction practice enhanced significantly with the implementation of standardized quality control. The seismic building code C h a p t e r 5 : | 178 appeared in 2005 with some regulations from the Order of Engineers backed up by governmental decision to enforce building quality. It was introduced through governmental decrees No 646 (2004) and 14293 (2005), exempting constructions up to 10 m (or 3 floors) from any seismic requirements. However, the permit practice still lacks control prior, during and after construction, especially at the municipal level because local authorities are not yet properly qualified to supervise the application of the code and control the quality of the material. Table 5-3 displays the evolution of the Lebanese construction from the French mandate period until recently; Fig. 5.8 shows the annual growth rate of buildings (%) between 1963 and 2003; the annual growth rate is the percentage of the surface occupied by buildings leading sometimes to double the occupied surface each year. The period of 1994-1998 highlights a drastic increase of the annual growth of the buildings that corresponds to the peak of reconstruction held by Solidère company after the civil war This critical urbanization transformed Lebanon into one of the Mediterranean countries with the higher seismic risk, and increased the vulnerability due to the wide heterogeneity in type and quality building at district and city level. 

Approx. 3m25

Table 5-3: Quality of construction material and building practice throughout the urban evolution of Beirut.

Extraction of fundamental period and damping of buildings

Within the framework of the ANR Libris project (2010-2014) an ambient vibration measurement campaign was conducted on buildings and soil:  827 sites were measured [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF][START_REF] Cornou | Shear-wave velocity structure and correlation with n-spt values in different geological formations in Beirut, Lebanon[END_REF][START_REF] Salameh | Dynamic properties of Beirut buildings: Instrumental results from ambient vibrations[END_REF]) to obtain the soil resonance frequency map of Beirut using HVSR (horizontal to vertical spectral ratio) approach [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF][START_REF] Mucciarelli | A critical review of 10 years of microtremor HVSR technique[END_REF]) (refer to section 5.8.1.1 for more details).  330 buildings were investigated from March to July 2012 (Fig. 5.9) [START_REF] Salameh | Dynamic properties of Beirut buildings: Instrumental results from ambient vibrations[END_REF]:

197 buildings on rock sites and 133 on soft sites. Therefore 660 measurements are considered taking into account the longitudinal and transverse components.

Histograms in Fig. 5.10 show the distribution of the dataset with respect to their construction date according to Table 5-3 ranging from 1910 until recent construction (Fig. 5.10a) and the number of floors spanning a range from 1 floor to 34 floors (Fig. 5.10b). This ambient vibration survey has been carried out using a Lennartz LE-3D-5s seismometer connected to a CitySharkII © recorder [START_REF] Chatelain | CityShark: A user-friendly instrument dedicated to ambient noise (microtremor) recording for site and building response studies[END_REF], assumed to be a performant combination in ambient vibration studies (Guillier et al. 2008) (Fig. 5.11). The recordings lasted 15 min at a rate of 200 sps, and were performed on the roof of the building as the higher the location of the measurement the stronger the amplitude of vibration, at least for the fundamental mode. The seismometer was located in the center of the roof and the "North-South" sensor of the seismometer oriented along the main (longitudinal) axis of the building [START_REF] Dunand | Utilisation du bruit de fond pour l'analyse des dommages des bâtiments de Boumerdes suite au séisme du 21 mai 2003[END_REF]Farsi et al. 2009;[START_REF] Guillier | Establishing Empirical Period Formula for RC Buildings in Lima, Peru: Evidence for the Impact of Both the 1974 Lima Earthquake and the Application of the Peruvian Seismic Code on High-Rise Buildings[END_REF]. The number of floors, the year of construction and the dimensions of the buildings (height, length, width) are also collected for statistical analysis. Signal processing is done using the "geopsy" open source software (www.geopsy.org, last accessed April 2016, [START_REF] Wathelet | An improved neighborhood algorithm: parameter conditions and dynamic scaling[END_REF]) in the 0.1-50 Hz range. It is clear that the soil variability can be divided into two distinct types: rock sites with no H/V peak frequencies or frequency > 20 Hz, and soft sites having a fundamental frequency less than 20 Hz. Certain areas located on the boundaries between rock and soft sites are considered as transition zones. It is assumed that high rise buildings resting on shallow soft soils, i.e. having a fundamental period much longer than the soil fundamental period, are not affected by the presence of a thin soft layer, and will behave as if resting directly on rock, while a low rise building located on the same place would feel the presence of the soft layer when its natural period is shorter to equal than the soil period. In the former case, the quarter-wavelength at the building period is much longer than the soil thickness, and the effective foundation impedance is mostly controlled by the (shallow) underlying rock; in the latter case, the quarter-wavelength is comparable to or much smaller than the soil thickness, and the effective foundation impedance is controlled by the mechanical properties of the soft soil. Finally the buildings are distributed with respect to the two soil types following the criteria described above.
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Site investigation of the building

Each studied building in Beirut has been investigated with the help of the engineer Armand Mariscal and a field sheet is filled noting the following details (an example of a field sheet is displayed in Appendix E):

 The location of the building measured given by GPS recorder;  The meteorological conditions (rain, wind and its intensity);  A simple scheme of the top floor where the measurement is taken: the North direction of the sensor is aligned with respect to the largest dimension of the building; the corresponding frequency is the longitudinal frequency;  The number of floors, the year of construction and the dimensions of the buildings (height, length, width) as noted before;  A photo of the building, especially to assess the unknown age of construction based on its architectural type  The parameters fixed on the acquisition station before proceeding into the recordings [START_REF] Michel | Vulnerabilite Sismique de l'echelle du batiment a celle de la ville-Apport des techniques experimentales in situ-Application a Grenoble[END_REF]): i.

The gain: it characterizes the electronic amplification of the signal that comes from the sensor; it should be adapted to the level of the ambient noise. It should be calibrated between 2 0 to 2 13 (8192) in order to avoid saturation of the recording on more than 5% of the total time: in fact saturation leads to a bad estimation of the spectrum that can exhibit important distortion: this error has direct influence on the amplitude and thus affects mode shapes, however it does not impact the estimation of the fundamental frequency of the building; ii.

Sampling frequency: it can be calibrated between 10 to 1000 Hz with respect to the following values : 10, 20, 25, 30, 40, 50, 60, 75, 80 100, 125, 150, 200, 250, 300, 400, 600, 750, 1000 Hz. In most of the cases, the frequency of the building rarely exceeds 25 Hz. The Lennartz sensor has a flat response between 0.2 and 50Hz. The sampling frequency should be higher than 50Hz: to stay on the safe side we generally take 200Hz; iii.

Recording duration: the minimum recording time is defined by Brincker et al.

(

): 𝑚𝑎𝑥( 100 𝜀 𝑘 𝜔 𝑘 2003 
) in seconds; where 𝜔 𝑘 are the natural pulsatances linked to the natural frequencies f k : 𝜔 𝑘 = 2𝜋𝑓 𝑘 and 𝜀 𝑘 is the equivalent viscous damping; an example cited in [START_REF] Michel | Vulnerabilite Sismique de l'echelle du batiment a celle de la ville-Apport des techniques experimentales in situ-Application a Grenoble[END_REF]: one building with a natural frequency of 1 Hz (~10 to 20 floors) and a damping of 1% should be recorded with a minimum time of 1600 seconds (25 minutes). [START_REF] Cantieni | Experimental methods used in system identification of civil engineering structures[END_REF] states that the time recordings should be 1000 to 2000 times the fundamental period: for example a building with a fundamental frequency of 1 Hz necessitates 1000 s of recording, equivalent to 16-17 min, whereas a building of 2 Hz (8-12 floors) needs only 8 min. In the campaign of measurement of the buildings in Beirut, a constant duration of time is fixed to 15 min.

Fundamental period of buildings

The processing procedure is illustrated in Fig. 5.12 for one particular building on each horizontal component. Individual spectrum is obtained as follow:

1) selection of 25 s duration stable signal windows, using an automatic anti-trigger selection based on STA/LTA with a low and high thresholds of 0.2 and 2.5 respectively (STA= Short Time Average over 1 s, LTA= Long Time Average over 30 s) to avoid strong transients; according to statistical analysis held by [START_REF] Picozzi | Statistical analysis of noise horizontal-to-vertical spectral ratios (HVSR)[END_REF], the minimum recommended value for the window length L w is L w =10/f0, therefore the 25s-window is large enough to cover a range a frequencies up to 0.4 Hz equivalent to ~55 floors, 2) application of a 5% cosine taper on both ends of the windows to minimize the distortion of the FFT (Fast Fourier Transform), 3) computation of the Fourier amplitude spectra for each selected window 4) smoothing of each individual spectrum using the Konno and Ohmachi (1998) method (with a constant b value of 80; this large value being chosen to discriminate two peaks with slightly different periods) 5) computation of the average Fourier amplitude spectrum by averaging all individual smoothed spectra. Longitudinal and transverse periods are identified by geopsy automatic picking of the highest period peak from the FFT curves; automatic picking was however C h a p t e r 5 : | 184 systematically checked by visual inspection. In the Fig. 5.12 example, the 7-story building has a longitudinal period of 0.41 s (Fig. 5.12b). The fundamental period identification is not always obvious where coupling between neighboring buildings do exist. In simple cases, where the building is isolated, the spectrum shows usually multiple peaks: the last one corresponds to the fundamental period and the peaks at shorter periods are related to harmonic modes. However in the case of Beirut region, especially in the oldest parts of the city, buildings are constructed with no movement joint between them; the interference between structures may mislead the identification of the correct fundamental period. For example Fig. 5.13 shows the period spectrum of two joined buildings Si1 and Si2 in the Sioufi area (soft soil in Beirut): the spectrum of Si1 (10 floors) displays two pronounced peaks at T0=0.53 s and T1=0.31 s; the peak of 0.53 s is evidently associated to Si2 bloc (14 floors), the fundamental period of Si1 is not T0 but T1. In our study, 14% of the buildings were found to be part of a complex block and the remaining 86% of them are isolated buildings. The lack of joint does not only affect the recognition of the dynamic parameters of the structure, but also causes a major problem when an earthquake occurs: this might lead to mutual pounding, and may eventually result in much higher structural damage: 5 . 6 : E m p i r i c a l r e l a t i o n s h i p s s p e c i f i c t o B e i r u t u s i n g a m b i e n t v i b r a t i o n | 185 Fig. 5.13: Example of coupling between 2 connected buildings in Sioufi region (Beirut): period spectrum of the longitudinal component of a) Si1 and b) Si2 buildings: the peak of 0.53 s in Si1 spectrum is evidently associated to Si2 block. The continuous line corresponds to the average spectrum and the dashed lines correspond to the two standard deviation bounds.

Measurement of building damping

Damping is extracted from the ambient noise measurements using the Random Decrement Method (RDM) [START_REF] Caughey | Transient response of a dynamic system under random excitation[END_REF][START_REF] Dunand | Damping and frequency from Randomdec method applied to in situ measurements of ambient vibrations[END_REF]. This method consists of decomposing the response of the oscillator into two parts: natural and forced response. The latter becomes negligible with respect to the natural response when stacking a large number of time windows having the same initial parameters: velocity equal to zero and a positive displacement [START_REF] Michel | La subsidence peut-elle servir de proxy aux effets de site?[END_REF]). The computation is done using "geopsy" (geopsy.org, last accessed April 2016) software, by taking a band pass of ± 10% T 0 (s) and a window containing 20 periods with a butterworth filter with an order range from 1 to 5. The graph obtained includes 4 curves representing the mean (solid black line) and mean ± one standard deviation (dashed black lines) of the Random Decrement and an exponentially decreasing function (solid red line) fitting the envelope of the mean curve (Fig. 5.12c). In the example illustrated the 7-story building has a damping of 1.14 % in the longitudinal direction at T 0 =0.41 s.

Empirical relationships specific to Beirut using ambient vibration

Comparison with building codes and other empirical relationships

A statistical analysis has been done on the data set of periods (longitudinal and transverse) measured on Beirut buildings in order to find correlations between dynamic and geometrical parameters of the buildings considering also various soil types. All the buildings display a width/length ratio between 1:1 and 1:8 (Fig. 5.14a). Both longitudinal and transverse fundamental periods (Fig. 5.14b) are very similar, indicating that the horizontal dimensions of the building do not affect strongly the fundamental period, confirming previous observations in France (Michel et al. 2010) and Peru [START_REF] Guillier | Establishing Empirical Period Formula for RC Buildings in Lima, Peru: Evidence for the Impact of Both the 1974 Lima Earthquake and the Application of the Peruvian Seismic Code on High-Rise Buildings[END_REF]. Fig. 5.14c also shows that the longitudinal and transverse dampings are close leading to the conclusion that the geometry of the building does not have any significant statistical influence on these two dynamic parameters. Measured periods are then compared to the values provided by the American, European and old French seismic codes (UBC97 and EC8 (Eq. ( 6)), PS92 (Eq. ( 4)). Fig. 5.15 a and b show that the building codes significantly overestimate the experimental period derived from ambient vibrations. In average the ratio between the regulatory period (T theoretical ) and the measured period (T measured ) is 2.2 with standard deviation of 0.58 when comparing with UBC97/ EC8/ Lebanese Code, and 1.5 with standard deviation of 0.44 for PS92. Comparison of the experimental periods with the empirical relationships (linear regression) derived by using ambient vibrations in various countries (Guillier et al. 2014, in Peru;Michel et al. 2010, in Grenoble and Nice;Midorikawa and Jigyodan 1990, in Chile) shows better correlations: in average the ratio between the regulatory period (T theoretical ) and the measured period (T measured ) is 0.91, 0.85, 1.07 with standard deviation of 0.2, 0.18, 0.22 in Peru, France and Chile respectively (Fig. 5.15c). Therefore the measured periods on the buildings in Beirut will be statistically analyzed by using linear regression analysis without any dependence on the building's horizontal dimension, the height being the only parameter statistically meaningful for the fundamental period. These results show that the seismic design in Beirut is not on the conservative side if forcebased design is considered (longer periods are associated to lower spectral accelerations). Since seismic actions are generally inversely proportional to the period in the classical force design approach, these actions will be underestimated if the period is overestimated. However an opposite conclusion stands for displacement based design: the oscillator displacement increases with its period, and an overestimation of the period results in an overestimation of the associated displacement, the seismic actions account for designing a structure are then larger. Thus the overestimation of the period is in this case on the conservative side [START_REF] Priestley | Direct displacement-based seismic design of structures[END_REF]. Fig. 5.15: Comparison between experimental period obtained with ambient vibration method and theoretical period in: a) PS92 (Eq. ( 4)), b) UBC97/EC8/Lebanese code (Eq. ( 6)), c) experimental linear correlations obtained in Peru (in blue), France (in red), and Chile (in grey) (T = αN).

Then the second dynamic parameter, the damping ξ, is compared in Fig. 5.16 with respect to other expressions established using ambient vibration. [START_REF] Lagomarsino | Forecast models for damping and vibration periods of buildings[END_REF] x is the measured displacement on the top of the building (in meters), H is the height of the building (in meters). The second term can be removed since the amplitude of oscillation from ambient vibration is negligible. [START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF] derived a relationship for periods ranging between 0.125 and 1.7 s: ξ = -0.22+0.42/𝑇 0 (5.16) Fig. 5.16 shows that the computed modal damping found on Beirut buildings exhibits a clear correlation with fundamental period (hence building height): the higher the building the lower the damping, with typical values around 1% for 0.5 s (≈ 12 story) buildings and around 2-4% for 0.125-0.17 s (≈ 3-4 story) buildings. A linear trend seems to exist between the logarithms of damping and fundamental period. In most seismic codes, damping is considered as a constant usually equal to 5% without any correlation with the fundamental period of the structure. It must be emphasized however, that damping values on Beirut buildings are extracted from very weak motion and caution must be taken to extrapolate these values to higher ground motion levels. Nevertheless, such results underline however the need for a better in-depth understanding of the origin of damping, and its sensitivity to material, structural type, building size, ground motion level and foundations. C h a p t e r 5 : | 188 Fig. 5.16: Measured damping versus fundamental period in Beirut compared to other relations based on ambient vibration method. The dashed line represents the constant value equal to 5% considered in seismic codes. The dash-dotted lines correspond to the 95% confidence interval for the Beirut buildings trend.

Empirical relationships for Beirut buildings accounting for the soil stiffness

A linear regression is used to correlate the fundamental period to the number of stories as aforementioned. The statistical analysis (Fig. 5.17a) shows the following correlations (Eq. ( 5.17), (5.18), (5.19)):

𝑇 ≈ 𝑁 23
, on rock site with 𝑅 2 = 0.9 (5.17)

𝑇 ≈ 𝑁 18 , on soft site with 𝑅 2 = 0.92 (5.18)

𝑇 ≈ 𝑁 19
, for all data with 𝑅 2 = 0.9 (5.19) where R 2 is the coefficient of determination. Based on the very good correlations between the period and the number of floors, and given the lack of any influence of the structural horizontal dimension, the building height (or the equivalent number of floors) was identified as the dominant parameter in this relationship. Moreover the close relationships between the two data sets on different types of soil raise the question on whether the two regressions are statistically robust. Statistical tests comparing the residual variances (Fisher-Snedecor Test) and the slopes of the two regressions (Student Test) reveal that the two period-building height correlations for soft and rock sites are statistically different. A linear regression between the logarithms of damping and fundamental period seems to exist for the two types of soil, however with low coefficients of determination due to the large scattering in measured damping values (Eq. ( 5.20), (5.21)):
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The equations ( 5.20) and (5.21) show that the higher is the period (or the lower the frequency) the lower is the damping. On the other hand the slight increase of period on soft soils (about 25%) is associated with a slightly higher damping, as illustrated in Fig. 5.17b: such observations are consistent with an interpretation in terms of soil-structure interaction: the increased foundation flexibility lengthens the period of the soil-structure system, and the associated wave radiation from the foundation increases the system damping. Finally, statistical hypothesis test (Student Test) shows that, under the null hypothesis H 0 , ξ=5% is rejected and damping is significantly different than the value of 5% used in the seismic codes (with a 5% significance level). Fig. 5.17: Correlation, for rock and soft sites, between: a) fundamental periods (T) and number of floors (N), b) damping and fundamental period. The solid lines correspond to the linear regression and the dash-dotted lines to 95% confidence interval.

The heavy dashed black line represents the 5% damping considered in seismic codes.

Further correlations are made to investigate whether the introduction of the Lebanese seismic code in 2005 had some influence on the fundamental period of the buildings in Beirut. Fig. 5.18 indicates that no significant difference can be found between fundamental period-number of floors relationships before and after 2005 whatever the soil types. Additional measurements should be carried out in order to have a better statistical database for such comparison. Another comparison is performed between the measured periods and periods related to the linear part of the capacity curve used in the empirical methods of large-scale vulnerability estimation such as HAZUS (FEMA 1999) or Risk-UE [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF][START_REF] Milutinovic | Wp4: Vulnerability of current buildings. RISK-UE project of the EC: an advanced approach to earthquake risk scenarios with applications to different European towns[END_REF]. In these methods, building is defined with respect to its typology and its height: for reinforced concrete buildings, Low-Rise=1 to 3 floors, Medium-Rise=4 to 7 floors, High-Rise= higher than 7 floors. Most of the buildings in Beirut correspond to the RC1 (concrete moment-resisting frames) category according to the RISK-UE typology [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF], whereas they correspond to the C1 (Reinforced Concrete Moment Resisting Frame) or C3 (Concrete Frame Buildings w/ Unreinforced Masonry Infill Walls) category according to the Hazus typology (FEMA 1999). It is in addition considered that they correspond to the "moderate code" case, i.e., Beirut buildings are designed for moderate seismic loading. Fig. 5.19 reveals that such large-scale vulnerability methods largely overestimate the experimental period for buildings up to 25 floors and probably underestimate it for buildings over 25 floors. Obviously such large overestimation may have a strong influence on the damage and seismic risk assessment. Therefore the in-situ recording of ambient vibrations can be a very important tool to calibrate and adjust the linear part of the capacity curves. 

Discussion

It can be observed that the database acquired in Beirut is very large (330 RC) compared to the ones obtained in different countries in the world giving more statistical weight to the study.

 The analysis of the buildings set shows that the fundamental period of the structure does not depend on its horizontal dimensions but only on its height, a conclusion that was found by most authors using ambient vibration methods (Michel et al. 2010;[START_REF] Guillier | Establishing Empirical Period Formula for RC Buildings in Lima, Peru: Evidence for the Impact of Both the 1974 Lima Earthquake and the Application of the Peruvian Seismic Code on High-Rise Buildings[END_REF]);  A linear regression rather than a power-law form exists between the fundamental period T and the number of floors N (or equivalent height) similar to the relationships found in various countries in the world with the following form: T=N/C N , C N being a constant;  One originality of this study lies in the heterogeneity of the soil in Beirut. Two different correlations between the period and the height (or equivalent number of floors) are found whether the structure is built on rock (T ≈ N/23) or soft sites (T ≈ N/18). The larger period on soft soil is consistent with the larger damping witnessing soil-structure interaction phenomena. The constant C N is thus significantly influenced by soil stiffness. The value obtained in this study is close to the ones found in Portugal by [START_REF] Oliveira | Actualizacao das bases-de-dados sobre frequencias proprias de estruturas de edificios, pontes, viadutos e passagens de peoes a partir de medicoes expeditas in-situ[END_REF] As for the second dynamic parameter (damping), a linear regression correlates the logarithms of the damping and the fundamental period without any clear influence of the horizontal dimension; the decrease of damping with period is not consistent with what is considered in the seismic design codes. The decrease of damping with increasing period is larger for soft soil than for rock site which can be explained by radiative damping when buildings are constructed on soft sites. Indeed, the oscillations in C h a p t e r 5: | 192 the structure generate waves that propagate in the soil dissipating a part of the energy of deformation [START_REF] Guéguen | Interaction sismique entre le sol et le bâti: de l'Interaction Structure-Sol-Structure à l'Interaction Site-Ville[END_REF]. This result was also noticed by [START_REF] Dunand | Pertinence du bruit de fond sismique pour la caractérisation dynamique et l'aide au diagnostic sismique des structures de génie civil[END_REF].

Consistently with the previous ambient vibration measurements listed in Table 1, the measured periods are much shorter than those recommended by most building codes. The overestimation raises the alarm on whether the application of the code is conservative when an earthquake occurs. This fact is also noticed in the large-scale vulnerability methods that associate constant values for the period for three categories of buildings related to their height whereas the experimental results clearly show that period linearly increases with building height.

Elaboration of Beirut city-wide vulnerability maps

The wide campaign of measurement of fundamental frequencies of soil and building is a key parameter in the seismic risk and vulnerability estimation. We recall in Chapter 2 the construction of a neural Network that takes as input the ratio of frequencies between soil and structure, the impedance of contrast, and the PGA on the surface of the bedrock. Then in Chapter 3 we found a proxy for the impedance of contrast: the latter is not usually practical to determine because it necessitates reaching the bedrock to obtain shear wave velocity at this level; the easiest proxy for impedance contrast is the H/V amplitude that is increasingly adopted worldwide. The goal of this chapter is to apply the neural network obtained in Chapter 3 on the city of Beirut and deduce damage increment with respect to parameters specific to the city of Beirut in order to establish damage maps on a city level.

Database description

We will first describe the database used which consists of the ambient vibration recordings held on soils and buildings, and the observational survey undertaken on thousands of buildings in Beirut.

Soil frequency map

In total, 827 measurements were recorded on soil with the same 3-component acquisition station described in 5.5 or broadband velocity sensors Guralp CMG40-30s connected to Taurus stations: 615 measurements were done in the framework of [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF] thesis held in 2009 with the collaboration of C.Cornou, C.Voisin and other colleagues from ISTerre (Institut des Sciences de la Terre -Grenoble) and CRG (Centre de Recherches Géophysiques -Beirut), the rest were recorded by [START_REF] Cornou | Shear-wave velocity structure and correlation with n-spt values in different geological formations in Beirut, Lebanon[END_REF] and [START_REF] Salameh | Dynamic properties of Beirut buildings: Instrumental results from ambient vibrations[END_REF]. The points are spaced with a regular spacing of 400 m, the mesh grid is densified to 200 m in the zones of transition between geological formations. The duration of recordings between 15 to 20 min is enough for soft soils, but is fixed to 30 min in the campaign of measurement to evaluate soil effects on wide frequency band. We recall that H/V measurement is a good estimation of the fundamental frequency of a site; and is a good geophysical proxy to replace the impedance contrast.

H/V amplitude and fundamental frequency are extracted from H/V curve using "geopsy" software (www.geopsy.org, last accessed April 2016). The parameters used for the computation are listed below based on [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF]:

Stationary windows of a 60 seconds length were chosen, using an automatic anti-trigger selection based on STA/LTA with a low and high thresholds of 0.2 and 2.5 respectively (STA= Short Time Average over 1 s, LTA= Long Time Average over 30 s) to avoid strong transients.

 application of a 5% cosine taper on both ends of the windows to minimize the distortion of the FFT (Fast Fourier Transform)  computation of the Fourier amplitude spectra for North-South and East-West components on each selected window  smoothing of each individual spectrum using the Konno and Ohmachi (1998) method (with 5 . 8 : E l a b o r a t i o n o f B e i r u t c i t y -w i d e v u l n e r a b i l i t y m a p s | 193 a constant b value of 40  computation of H/V corresponding to all selected windows based on the procedure adopted in Chapter 3.

The frequencies are computed in a range from 0.2 Hz to 20 Hz: the sites that exhibit a flat curve or an H/V peak at a frequency higher than 20 Hz are assigned a frequency equal to 20 Hz and considered as a rock site. Histograms in Fig. 5.20 show the distribution of the H/V measurements on soil with respect to a) the soil frequency (Hz), b) H/V amplitude A0 HV. The sites where the frequency is greater than 16 Hz are considered as rock sites and thus the H/V curve does not exhibit any peak so the amplitude is considered as 0. 

Beirut buildings survey

7362 buildings were surveyed by members of Saint Joseph University (USJ), noting the age of construction, number of floors and position of each building. Histograms in Fig. 5.21 show the distribution of the dataset with respect to their construction date according to ) and the number of floors according to the classification Low (1-3 floors), Medium (4-7 floors), High (≥ 8 floors) (Fig. 5.21b). The majority of the buildings surveyed dates back to the period between 1950 and 1970; the minority is in the period between 1975 and 1980 and this could be explained by the outbreak of the civil war. This set of buildings is added to the 330 buildings measured using ambient vibration method in the framework of LIBRIS project. In total 7692 buildings were investigated in the city of Beirut. Fig. 5.22 and Fig. 5.23 show the location of the buildings on the street map and a 3D view on a satellite map using QGIS 2.14.1 software, a GIS software specialized in stocking, compiling, processing, analyzing, managing and presenting all types of special and geographical data. The buildings are inserted using WGS 84 (World Geodesic System 1984), the most used system in GPS.

C h a p t e r 5 : | 194 . One should notice a clear void in the middle and the south of Beirut; this comes from political and security problems that create an obstacle to access and investigate these areas. 

Application of the ANN model on the city of Beirut

The goal is to create vulnerability maps specific to Beirut: for this purpose we used the Neural Network created in Chapter 3 that takes as inputs the frequencies ratio between soil and structure, the H/V amplitude that was demonstrated as a good proxy for the impedance contrast, the PGA on the surface of the bedrock; the output is the damage increment; the network is defined with respect to the typology class. First we will define the entire parameters specific to Beirut to be introduced in the Neural Network; then we apply the already computed Neural Network on the set of data.

Choice of typology class

The age of construction is a key parameter to determine the typology class of the structure. We compile buildings with respect to their date of construction and classified them into 4 big categories: Not defined (we could not estimate exactly the age of the building most of them are approximation), [START_REF] Longuet-Higgins | A theory of the origin of microseisms[END_REF]2005. Finally we grouped buildings with respect to the typology classes defined in Chapter 2: we considered that all the buildings constructed before 1950, with a number of floors N less than 4 belong to the Masonry class (Table 5-3 

Not

PGA on the surface of the rock

The decree 14293 introduced in 2005 (LD 14293) considers that Lebanon is one single seismic zone with minimum horizontal peak ground acceleration on the rock to be taken equal to 0.2g, in other terms considered as zone 2B with respect to UBC seismic provisions. A revised decree introduced in 2012 (LD 7964 Article 3) modifies the PGA to 0.25g and considers a moderate seismic risk. Fig. 5.25 shows seismic zonation according to UBC provisions applied in Lebanon. [START_REF] Huijer | Upgrading the seismic hazard of Lebanon in light of the recent discovery of the offshore thrust fault system[END_REF] in their study consider Lebanon as a country in a moderate to high seismic hazard: they propose to adopt a value of 0.25g in most of the country, and increase this value to 0.3 g on the coastal zone extending from Saida to Tripoli and in the central part of the Yammouneh fault [START_REF] Harajli | Evaluation of the seismic hazard of Lebanon[END_REF]. In our study we will consider the entire set of buildings subjected to 10 different scenarios of earthquakes that include the regulatory value of PGA and other values ranging from the weakest earthquake (0.05g) to the strongest one (0.5g). 

H/V amplitude

We computed H/V amplitude at each building using Natural-neighbor interpolation: it also known as the Sibson interpolation which is an optimal method between the linear and cubic interpolation. This method searches for a subset of samples that are neighboring the considered point; it applies a ponderation with respect to the areas these cells intersect with the main cell affected to the point where we want to interpolate, called Voronoi polygon. It is a continuous and smooth method of interpolation and is a good tradeoff for anisotropic data. 

Frequency ratio between soil and structure

The frequency of the building is extracted from "geopsy" software based on the procedure followed in 5.5.2. Concerning the buildings that were investigated by USJ, only the physical and geometrical parameters were retained, but the dynamic parameters were not measured. We adopted the statistical empirical relations that relate the fundamental period (T) to the number of floors (N) for rock and soft sites. We fixed a limit of 18 Hz (equivalent to a building with one floor) for the soil frequency and considered the following:

 if f soil ≥18 Hz: the site is considered as rock, f struct =23/N  if f soil <18 Hz: the site is considered as soil, f struct =18/N As aforementioned buildings resting on shallow soft soils, i.e. having a fundamental period much longer than the soil fundamental period, are not affected by the presence of a thin soft layer, and will behave as if resting directly on rock. Using a natural interpolation, the frequency of the soil at the bottom of each building is computed based on the set of H/V measurements on soil defined in section 5.8.1.1. Finally histograms in Fig. 5.27 shows the distribution of a) the frequency of structure, b) the frequency of soil, c) the ratio between them d) and the H/V amplitude respectively for the three typology classes described above.

5 . 8 : E l a b o r a t i o n o f B e i r u t c i t y -w i d e v u l n e r a b i l i t y m a p s | 199 Fig. 5.27: Distribution of the a) frequency of structure, b) the frequency of soil, c) the ratio between them d) and the H/V amplitude respectively for the three typology classes considered.

Neural network architecture

In this section we use the matrices of weights and biases obtained in Chapter 3 (Appendix C) to compute the damage increment with respect to the 3 typology classes (Class 1 to 3), and as a function of the following input parameters:

 the frequency ratio between soil and structure,  the PGA for various seismic scenarios ranging from 0.05 g to 0.5 g, with a step of 0.05 g to include the seismic scenarios adopted in the seismic Lebanese code,  the interpolated H/V amplitude computed at the base of each building.

The architecture of the Artificial Neural network used is shown in Fig. 5.28. We also computed the Neural Network for the absolute damage on soil as a function of the same input parameters C h a p t e r 5 : | 200 Fig. 5.28: The architecture of the Artificial Neural network relating the damage increment (and the absolute damage on soil) with respect to the 3 typology classes (Class 1 to 3), and as a function of the frequency ratio between soil and structure, the PGA for discrete values from 0.05 g to 0.50 g, and the interpolated H/V amplitude computed at the base of each building.

Maps processing

The damage increment is computed based on Neural Network approach, each sample corresponding to one of the three networks depending on the typology class 1, 2 or 3. Maps are then constructed using natural interpolation with a grid step of 100 m. Fig. 5.29 shows the interpolated map of the damage increment computed based on the Neural Network Approach for an earthquake scenario of a PGA =0.25 g that corresponds to the old Lebanese seismic regulations. The blue line corresponds to the River of Beirut. Mapping using the UTM (Universal Transverse Mercator) coordinate system (Zone: 36). Various conclusions can be deducted from the vulnerability maps:

The presence of different regions in Beirut with a high seismic risk is demonstrated in red areas especially in Badaro, Bouj Hamoud and the River of Beirut zones: in fact these areas have low frequencies and high H/V amplitude [START_REF] Brax | Aléa et microzonage sismiques à Beyrouth[END_REF] The river of Beirut is constituted of sediments which increase the site effect and thus the soil amplification; this leads in an increase of the resonance phenomenon between soil and structure, this explains a larger damage increment between the soil and the corresponding bedrock. ). In addition [START_REF] Harb | Risks of Liquefaction in the Greater Beirut Area[END_REF][START_REF] Harb | Geotechnical risk with the urban expansion of the coastal[END_REF], [START_REF] Sadek | A GIS-based framework for the evaluation of seismic geo-hazards in the greater Beirut area[END_REF], [START_REF] Harb | Liquefaction risk assessment and implications on urban planning in the Greater Beirut Area[END_REF] show that these regions exhibit moderate to high risk of liquefaction. We recall that the bedrock does not possess a resonance frequency and therefore the damage on the rock is in the usual cases less than on soft soil because of the absence of the soil amplification. The more the damage increment is close to zero the less is the resonance effect.

Another observation that confirms the site effect theory is that the damage increment is very small in the two hills areas that are constituted of rock formations and therefore do not exhibit any aggravating effect on the input signal at the base of the building, the damage is therefore smaller. Then we investigated the damage increment repartition with respect to the height of the building. andc) high-rise buildings (>7 floors). The map shows a clear large damage increment for low-rise buildings. This could be explained by the fact that the majority for those buildings are constructed before 1950 and thus belong to masonry class which is more vulnerable to earthquake; even on rock sites we can see an impact of the seismic loading on the building that is subjected to damage. Comparing the medium-rise and high-rise maps we can see a net increase of the damage increment for medium-rise buildings which is in a good agreement of a coincidence between soil and building frequencies. We note also that the high-rise buildings are most of them constructed after 2005 therefore are subjected to Lebanese seismic regulations and are less vulnerable to seismic excitation. Then we increased the seismic effect by increasing the PGA value on the bedrock from 0.25 g to 0.3 g (the new Lebanese seismic regulation) then 0.4 g (worst case scenario that could happen). The increase of the seismic input leads naturally to an increase in the damage increment considering linear site response analysis. Dsoil-Drock passes from a value close to 1.5 to a value of 2. The same effect of resonance is clear depending on the height of the building and therefore on the frequency; the low-rise buildings exhibit a special behavior due to their different age of construction that makes them more vulnerable. However we can notice a smaller damage increment at a higher PGA in some areas especially for low-rise buildings; this could be explained by the nonlinearity of the structure that is subjected to a smaller damage on soil than on rock.

We considered 10 earthquake scenarios with various PGA ranging from 0.05 g to 0.5 g (Fig. 5.32). We could clearly see the effect of PGA on the damage increment: it is very low around 0.5 on soft sites and close to 0 on rock sites for PGA of 0.1g; then the damage increment increases on soft sites (River of Beirut and South regions) reaching value of 2 for PGA equal to 0.5g. It is interesting to compute the absolute damage on soil to estimate the real aggravating effect on the buildings, and that will be a key parameter in estimating losses after an earthquake. Therefore we considered a neural network with the following parameters: the absolute damage on soil with respect to the ratio between soil and structure frequencies, H/V amplitude and the various ranges of PGA for the classes 1 to 3 (Appendix C); we classified the level of damage with respect to the range of the damage index D soil defined in Chapter 2 (Fig. 5.33):  0<D soil <1 : no damage (blue)  1<D soil <2 : slight (green)  2<D soil <3 : moderate (yellow)  3<D soil <4 : extensive (orange)

One could notice as a first observation that at very low PGA (0.05 g) the map is entirely blue exhibiting that no damage is produced under low seismic loading. However when the PGA increases, building start to get subjected to damages: the first zones that are damaged are the ones on the River of Beirut and Badaro zone; in other terms damage is more intensive on soft soil due to the site effect phenomena. Damage is much more reduced on the rocky hills where damage becomes moderate to extensive for a PGA=0.25 g (the one considered in the Lebanese seismic code). Buildings start to get completely damaged under a PGA of 0.4 g and above. Histogram in Fig. 5.34 shows the percentage of buildings surveyed in Beirut considering the 5 levels of damages: no damage, slight, moderate, extensive and complete. We could clear notice that as the PGA level increases, the percentage of buildings that do are not damages passes from 100% to 30% at a PGA of 0.25g. For a PGA 0.25 g and for stronger seismic loading, the entire set of buildings is damaged and the percentage of buildings subjected to extensive damage passes from 5% to a considerable 20 %. We recall that we retain only the cases of buildings that did not reach failure on soil and rock, which explains the absence of the "complete" damage level (D soil >4). 

Comparison with the Lebanese Seismic Code

The last step of this analysis is to compare our model with the possible results that could be obtained with the Lebanese seismic code. To that end we created a Neural Network based on the database considered in Chapter 2 with the following parameters (Fig. The theoretical period given by the Lebanese code is applied using α=0.07 for reinforced concrete moment-resisting frames; the measured period is also applied using T=N/23 on rock sites and T=N/18 on soft sites. The Lebanese code classifies soil into 3 categories and affects to each category a soil coefficient S (Table 5-5). We considered the two extreme cases: buildings on rock S1, and buildings on soft sites S3. The incident PGA is taken as 0.25 g on the surface of the bedrock as proposed in the Lebanese code. The characteristics and results of the regulatory assessment for the damage, and the ones obtained using Neural Network approach taking into account the frequencies of soil and structure, and the H/V amplitude are compiled in Table 5-6. We can first notice the overestimation by 2 of the fundamental period when comparing it to the measured period both on rock and soft sites; thus we retrieve a similar conclusion about the reliability of the seismic code when designing a structure using force-based design approach. Then the damage index on both soil and rock considering Lebanese seismic regulations is compared to that obtained with the Neural Network elaborated taking as input parameters: f struct /f soil , H/V amplitude and the PGA on bedrock: Table 5-6 shows that the Lebanese code underestimate damages that could happen following an earthquake of PGA=0.25 g for all building heights; the difference between the two is small (~10%) when the building is constructed on rock, however it becomes more significant (55%) on softer soils; this could be explained by the fact that the code does not take into account the coincidence between soil and structure frequencies, or/and by the overestimation of the fundamental period with respect to the measured one: the Lebanese code appears as non-conservative in the vulnerability assessment. 

Conclusion

A campaign was held in Beirut since 2012 to perform ambient vibration measurements in nearly 330 RC buildings equivalent to 660 measures along the length and width of the buildings both on soft sites and rock conditions. The correlation between the measured fundamental periods and associated damping values and the building geometrical and soil stiffness characteristics is investigated, and compared not only with similar and previously established relationships worldwide, but also with the recently introduced Lebanese seismic code. Statistical analysis shows that only the height of the building has a significant influence on the determination of the fundamental period of the structure. The latter is found to be linearly correlated with the number of floors (T= N/C N ) or alternatively with building height H, with a proportionality coefficient, C N , that increases for soft soils due to soilstructure interaction. Two relationships that are statistically different are defined according to the soil type:

 T ≈ N/23, for rock sites  T ≈ N/18, for soft sites It can be concluded that the fundamental period depends on the soil type the building is constructed on. These equations are very similar to the ones obtained in different areas of the world using the ambient vibration method. In addition, structural damping is found to decrease with increasing fundamental period which is again consistent with previous observations. The comparison with the values recommended in the Lebanese Code that uses UBC97 and EC8 provisions indicates that the latter overestimates the periods by a factor around 2, while the constant 5% damping values largely overestimate the measured ones for high-rise buildings (around 1%). The measured damping ξ in percent is correlated with the period with respect to the following equations:

 logξ≈-0.28-0.65 logT, for rock sites  logξ≈-0.20-0.85 logT, for soft sites This overestimation is also noticed when comparing with French seismic code PS92 and the largescale vulnerability methods (Hazus and Risk-UE). Therefore it seems that the Lebanese seismic code is not on the safe side when using the force-based design approach, especially as the measured damping for high-rise building is much lower than 5% conventional value.

Seismic provisions generally tend to increase stiffness of buildings, thus one may expect a decrease in the fundamental period of the structure for post-2005 buildings. However the database acquired in C h a p t e r 5 : | 210 Beirut does not exhibit any significant difference. Additional measurements are required to better conclude whether the introduction of the Lebanese code in 2005 for buildings of 4 stories and above (or more than 10 m) has some influence on dynamic parameters.

Ideally, independent correlations should be established for the buildings with construction periods from 1950 up to now which require additional measurements, with special emphasis on the civil war period buildings from 1975 to 1990. This will help in analyzing whether the civil war (1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)) has a certain impact on the structure. In fact this chaotic period has faced a lack of quality control of material and a series of construction and reconstruction of buildings.

These results could be used to improve the seismic code with some specific provisions for the Beirut area; therefore it is recommended to review the Lebanese seismic design based on experimental measurements, and may be additional ones.

In the second part of the chapter, we used the ambient vibration measurements on soil and buildings to establish damage maps specific to the city of Beirut. The interpolated map of soil frequencies and H/V amplitudes, superposed with the map of structure frequencies, added to a seismic scenario having various PGA contribute to the computation of the damage increment between soil and structure based on the Neural Network already created in the previous sections. These maps are a good evidence of the seismic risk that could be a characteristic in Beirut; they testify of the aggravating effects that result from frequencies coincidence in areas with low frequencies and high amplitudes. We proved the augmentation of damage on soil with respect to buildings for a range of frequencies that corresponds to the type of soil similar to the case of Mexico 1985. The neural network elaborated as a function of f struct /f soil , PGA and the H/V amplitude is compared to the regulatory damage obtained based on PGA, the regulatory site coefficient and the regulatory frequency of the building: besides confirming the overestimation of the regulatory period by a factor 2 with respect to the measured value, the comparison shows that the Lebanese code underestimates significantly the expected damage by a value close to 55% on soft sites: this can be explained by the overestimation of the fundamental period, and/or the underestimation of site amplification in the regulatory approach especially for soft soil. Thus it appears once again that the code is not on the conservative side in the seismic vulnerability assessment. These maps could be improved by increasing the number of measurements on the soil and buildings especially in the center and South of Beirut where the difficulty of access for political and security issues left these regions without any information about the soil or structure; these recordings will improve the interpolation process and thus more precision concerning damage will be obtained at each step of the grid of interpolation, and the voids in the maps will be thus completed covering the white areas. We shall note that the analysis was done using linear sire response; an improvement of this method resides in determining nonlinearity parameters considering nonlinear sire analysis discussed in Chapter 4.

The method for vulnerability estimation is economically affordable, easy to apply on a large scale level, less time consuming and does not demand high computation technique: what is needed is H/V measurements that are widely adopted and give information about the soil and the structure. Therefore vulnerability assessment is estimated on an urban scale by taking into account the coincidence between soil and structure frequencies: one could merge empirical macroseismic methods and analytical mechanical methods into one simple and useful technique that gives a quick estimation about the damage encountered following an earthquake. The originality of this method resides in its capacity of application on any region of the world, once sufficient set of measurements on the soil and buildings is available. The soil-structure system is then modeled in order to evaluate damage and their sensitivity to frequency coincidence. This study could be implemented in interesting cities such as Lima, Boumerdes, Nice and Grenoble where the entire database needed for this kind of study is available, and could cover afterwards other cities in Lebanon or outside.

Finally we mention that this campaign of geophysical measurements is a first in Lebanon and in the Middle East region, and is a primordial step to improve the Lebanese seismic codes for building design and microzonation. It is a key phase for the vulnerability estimation of Beirut, and will be 0 : A c k n o w l e d g m e n t s | 211 essential to determine direct and indirect losses generated following the earthquake, and try to prevent and reduce the number of casualties and damages by retrofitting needed to reduce the risk and protect human life. We note also that this study is of a great importance for insurance companies that are interested in estimating losses and the cost demanded for rehabilitation.

Conclusions

The Earthquakes are natural events that until now cannot be predicted (at least in time) and that may leave numerous fatalities and casualties when it happens, potentially leading to major societal or political changes when it strikes capital cities such as Beirut (or Algiers or Tehran or Port-au-Prince or …). It has been often observed that buildings suffer larger damage if their fundamental frequency is close to that of soil. However this observation is generally not taken directly into account neither in present-day seismic regulations (small scale), nor in large-scale seismic risk analysis. There often exists a lack of consistency between seismic hazard studieswhich do take into consideration the actual soil frequencies -, and large-scale vulnerability estimates and seismic risk mapswhich pay only poor attention to building parameters. Therefore the main objective of this thesis was to take into account the frequencies of soil and structure and to investigate and quantify the expected aggravating effect when both coincide. Two approaches were used: a "conceptual" part to elaborate a new vulnerability estimation method on the basis of extensive numerical simulations, and an experimental part to apply this method on a real case.

Conceptual and numerical analysis:

First, we considered a simple case with a perfectly elasto-plastic oscillator (defined by two parameters: elastic limit and fundamental frequency) at the surface of various single-layered sites (characterized by their velocity contrast and fundamental frequency) loaded by a series of synthetic accelerograms having variable range of distance and magnitude (and hence peak ground acceleration and spectral contents). The Kennett reflectivity method based on reflection/transmission coefficients was used to compute the modified signal at the surface of the stratified medium, for vertically incident plane S waves. Then the response of 1DOF, elasto-plastic oscillators was computed with the Newmark step by step (time domain) approach. This procedure was systematically applied to pairs of identical oscillators loaded with the outcropping rock and sediment motion, respectively, and the peak oscillator displacement was noted for each of the two cases: the impact of the sedimentary structure was quantified by the soil to rock oscillator peak displacement ratio. For this simple case, we analysed the sensitivity of this ratio on the soil / structure mechanical characteristics and the loading intensity. The key factor was found to be the spectral coincidence between soil and structural frequencies: for low to moderate PGA levels, the oscillator behaves linearly and the ratio exhibits a pronounced peak for f struct /f soil around 1. For higher PGA levels, the oscillator exceeds its linear limit, its frequency decreases and the peak broadens towards higher f struct /f soil values: the spectral coincidence affects a broader range of higher frequency structures, because of significant structural stiffness degradation.

To examine the robustness of this result, more complex models were then considered: 887 realistic soil profiles were compiled and the previous analysis was repeated for the same set of 60 input motion spanning a wide range of magnitude, distance and PGA levels, for a wide range of conventional building typologies. A new damage index has been introduced to homogenize the results obtained for building typologies with very different elastic and ultimate displacement limits: this index basically quantifies the EMS98 damage levels on a 0-4 scale according to the findings of the RISK-UE project [START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]. The rock-to-soil damage increment was thus obtained for a huge number of cases (over 7.5 million combinations of soil/structure/seismic signal). Their statistical analysis has been performed using a Neural Network approach to investigate, without any a priori indication on the actual functional forms, the dependency of the output (i.e., damage increment) on a limited number of input parameters representing the structural and site characteristics, and loading intensity. A simple architecture with three to four input variables, one hidden layer, and one output (the damage increment) was chosen for the Neural Network, and its internal characteristics (number of hidden neurons, training algorithm and activation functions) were optimized by a thorough sensitivity study, quantifying the performance of the network by the standard deviation of residuals between predicted and "real" outputs. This performance was systematically analysed on three randomly generated subsets (training, validation and test sets), with an early stopping criterion. Once the training converges after a series of iterative computations that minimizes errors, the "synaptic weights" can be estimated for each of the input parameters as a measure of their relative impact on the output. The selected inputs are the ratio between soil and structure frequencies, the PGA, the impedance contrast and the ductility capacity. Among these four parameters, the larger synaptic weight was found for the C h a p t e r 6 : | 214 f struct /f soil ratio, with a value around 58%, thus confirming the building/site spectral coincidences impact on damage increases. The second input parameter in terms of impact is PGA, with a synaptic weight of 27 %, in relation with the post-elastic building response; the third one is the velocity contrast (as a rough proxy to site amplification), with a synaptic weight of 11%. A very small weight was found for the ductility factor (4%). It was thus decided to construct five different neural networks, using the first three inputs, and for 5 building classes aggregating different building classes according to their typology and ductility: masonry (class 1), Non-designed RC (class 2), designed RC with low ductility (class 3), medium ductility (class 4) and high ductility (class 5).

The final results for each of these 5 neural networks [START_REF] Salameh | Prise en compte de la coïncidence de fréquences sol-structure dans les évaluations de vulnérabilité et de risque sismiques se basant sur l'approche neuronale[END_REF][START_REF] Salameh | Using ambient vibration measurements for risk assessment at an urban scale: from numerical proof of concept to a case study IN BEIRUT (LEBANON)[END_REF] keep emphasizing again the major impact of the coincidence between soil and building natural frequencies, allowing to quantify what had been repeatedly observed in post-seismic investigations: having a fundamental frequency close to that of soil leads to higher damage (as in Caracas 1967 or Mexico 1985, for instance). The damage increment is also found to increase with the impedance contrast: this is in good agreement with the increase of the site amplification factor, the latter being somewhat related to the impedance contrast. Finally the damage increment is found to be rather low for low PGA levels, then to increase significantly for moderate PGA levels (~0.5 g), and then to saturate or even decrease for very large PGA levels: this is related to a) the nonlinear behavior in the structure appearing only beyond some threshold PGA value, and b) the definition of the damage index, with very low values as long as the structure remains elastic.

One of the input parameters considered in Chapter 2, the velocity contrast, is indeed not easy to measure in practice: it requires reaching the bedrock level, and therefore presents a high cost (borehole drilling and measurements, especially for deep bedrock) and a significant public nuisance when applied in urban areas. Chapter 3 was thus dedicated to investigate how to replace this site amplification proxy by another one, more affordable and easily available. The earthquake engineering community classically considers the "V s30 " and "V s10 " average velocities at shallow depth as a convenient proxy for site amplification. Considering the development of ambient vibration measurements, we also explored the performance of the "A 0HV " amplitude. To that end, we generated synthetic noise signals at the surface of each of the 887 soil columns, using the Bouchon / Hisada wave-number approach to compute Green functions for surface sources, and the SESAME approach to simulate ambient vibrations with random surface sources.. The H/V amplitude A 0HV and the fundamental frequency f 0 were then extracted from the synthetic H/V curves, and compared to the corresponding values extracted from transfer functions for vertically incident plane waves. An excellent agreement was found for the fundamental frequency, and a satisfactory one for the amplitude. We then constructed 5 Neural Networks with five alternative possibilities for the site amplification proxy: V s30 , V s10 , H/V amplitude, V bedrock /V s30 and V bedrock /V s10 . All five are found to perform comparably to the velocity contrast proxy considered in Chapter 2, with a variance reduction of about 45%. The last two exhibit a slightly better performance (standard deviation of residuals 0.095), which comes from the fact that the bedrock velocity is highly variable from one site to the other (from 800 m/s to over 3 km/s). However they present the same inconvenient, i.e., the need to reach the bedrock level to measure them. The second best proxy is A 0HV , which performs slightly better than V s30 and V s10 (standard deviations of residuals 0.098, 0.110 and 0.120, respectively). The simplicity, low price and short duration of H/V measurements contribute in considering the A 0HV proxy as an optimal one. The Neural Network obtained with the A 0HV input yields results very similar to those obtained in chapter 2, in terms of synaptic weights and overall trends concerning the sensitivity of the damage increment to the input parameters. This confirms that the H/V amplitude can be considered a good proxy for the large scale damage increment estimation.

We then investigated the impact of nonlinear site response. Nonlinear parameters were assigned to each layer of each soil column as a function of their velocity according to the PEER report propositions used for the derivation of the non-linear site terms in the NGAW2 GMPEs, and entered as input parameters in the non-linear, finite-difference NOAH code to obtain a new series of surface acceleration time series, which were then injected on the base of each elasto-plastic oscillator. The obtained results allow further analysis a) on the modifications brought to site response by the NL behavior, and b) on their impact on the damage level and the previously outlined "spectral coincidence" effect. For the selected NL parameters, the NL behavior is found to be significant from a specific level of rock PGA around 0.1g. As expected, the shear strain is increasing with increasing PGA, and decreasing with increasing V s30 or V s10 , i.e., with increasing soil stiffness. Another major observation is that the relationship between PGA and PGV/V s30 is found to be a satisfactory proxy for the strength / strain curve, consistently with results obtained from centrifuge tests by [START_REF] Chandra | Application of PGV/VS proxy to assess nonlinear soil response-from dynamic centrifuge testing to Japanese K-NET and KiK-net data[END_REF]. However, our NL computations show that PGV/V s30 is no longer a satisfactory proxy for the shear strain when the soil undergoes major non-linearities, i.e., when the shear strain exceeds values in the [0.1 -1 %] range. Moreover these NL computations highlight a behavior similar to the one observed by [START_REF] Régnier | Assessing Nonlinear Behavior of Soils in Seismic Site Response: Statistical Analysis on KiK-net Strong-Motion Data[END_REF][START_REF] Régnier | Empirical quantification of the impact of non-linear soil behavior on site response[END_REF] on KiK-net data, i.e. a shift of frequency to lower values when comparing linear and non-linear transfer functions, resulting in an NL increase of amplification at low frequencies, and a decrease at high frequency. The amplitude of this NL modulation increases with increasing shear strain, i.e., with increasing PGA.

Then the comparison of oscillator displacements in the linear and nonlinear cases leads to the following conclusions:  Case1: f structure < f soil . The site non-linearity shifts f soil to a lower value, which may then coincide with f structure and cause resonance: the rock to soil damage increment of low frequency structures is thus enlarged from the Linear to NL case.  Case 2: f structure > f soil . The site non-linearity still shifts f soil to a lower value, which then enlarges the difference between soil and structural frequency. In addition, the site amplification is significantly reduced because of increased damping. The rock-to-soil damage increase is significantly reduced for high frequency structures.

Then we analyze the entire data set using a similar neural network approach for Class 3 (low ductility) and using the three Chapter 2 inputs, i.e., frequency ratio, velocity contrast and rock PGA. Compared to the linear case, the spectral coincidence effect is significantly modified, with a shift to lower frequencies and a decrease in the damage increment values, especially at high PGA level, along with a slight change in the synaptic weights: the predominant parameter is found to be once again the structure/soil frequency ratio with a synaptic weight around 51%, followed by the PGA (33%) and finally by the impedance contrast (16%): a slight increase in the weight of the PGA with respect to the linear case is noticed since it now also impacts in a major way the site response. The effect of spectral coincidence appears to play a key role not only in the linear site response case but also in the more realistic case of nonlinear site response; even when a large nonlinearity levels are reached (γ/γ ref ~100 to 1000), spectral coincidence and damage increase occurs, however at a shifted frequency ratio.

Experimental:

The second main component of this PhD work is a practical application based on an experimental work: a campaign was held in Beirut since 2012 to perform ambient vibration measurements in nearly 300 buildings on both soft soils and rock conditions. The correlation between the derived fundamental frequency and associated damping values, and the building geometrical parameters, was investigated and compared not only to similar, previously established relations, but also to the recommendations of the recently introduced Lebanese seismic code. The fundamental period of a structure T is found to be linearly correlated with the number of floors N: 𝑇 = 𝑁/𝐶 𝑁 (or alternatively with building height H), with a proportionality coefficient that decreases from soft soils (C N =18, 1/ C N =0.055) to rock sites (C N =23, 1/ C N =0.043)), in likely relation to soil-structure interaction. This relationship is very similar to those obtained in different areas in the world from ambient vibration measurements. In addition, structural damping is found to increase with increasing fundamental frequencywhich is again consistent with previous observations. The comparison with the Lebanese Code indicates that the latter overestimates the periods by a factor around 2, while the conventionally recommended damping values, i.e., 5% for all kinds of buildings whatever their structure and height, largely overestimate the in-situ damping for high-rise buildings. The measured damping values are however valid only for very weak motion and may significantly change under stronger loading.

Then the methodology developed in Chapters 2 and 3 was applied to some areas of downtown Beirut, and damage increment maps were established for various reference PGA levels. The input parameters came from the ANR-Libris project, which allowed the creation of a large set of site and C h a p t e r 6 : | 216 buildings measurement (1300 ambient vibration measurements: 400 for buildings and 900 at ground level), together with a semi-qualitative survey of 7300 buildings. The latter survey allowed to assign a period to each surveyed building on the basis of the linear relationships between period and floor number, accounting also for the type of foundation site, soft soil or rock. Soil frequencies and H/V amplitudes at the base of each building are interpolated from the 900 ground level H/V measurements, using natural neighbor interpolation. Finally, each building was assigned a specific typology depending on their construction date and height: class 1 include those built before 1950 with less than 4 floors, Class 2 those built between 1950 and 2005, or before 1950 with more than 4 floors (class 2), and Class 3 groups all recent those built after 2005 (2005 being the year of the introduction and application of the Lebanese seismic code). The Neural Network developed in Chapter 3 (linear site response) with H/V amplitude as a site amplification proxy, was then used to predict the expected damage increment for all the surveyed area in Beirut, for the PGA range that is usually considered for earthquake resistant design in Beirut. Maps show that the highest damage increment is expected in the alluvial zone of the River of Beirut, and in the region of Badaro [which also presents high liquefaction risk as stated by [START_REF] Harb | Risks of Liquefaction in the Greater Beirut Area[END_REF][START_REF] Harb | Geotechnical risk with the urban expansion of the coastal[END_REF]]. On the other hand the lowest damage increment corresponds, as expected, to the two Western and Eastern rocky hills. Other maps were also derived to display the distribution of the expected damage level, as classified according to RISK-UE and EMS98 grades (no damage, slight, moderate, extensive and complete). This was done for various scenario earthquakes. As expected, the predicted average damage increases with PGA level, and is higher for masonry because this class is the most vulnerable one. More interestingly, another outcome is linked with the spectral coincidence effect: buildings having between 4 and 7 floors are prone to higher damage than higher buildings, because the soil frequencies are intermediate and never very low. This phenomenon is similar to the case of Mexico 1985 earthquake, though shifted to higher frequencies and lower buildings. Finally the neural network elaborated as a function of fstruct/fsoil, PGA and the H/V amplitude is compared to the code-based damage estimate derived from PGA, regulatory site coefficient and regulatory frequency of the building; 2 major conclusions are observed concerning the Lebanese seismic code:

 the Lebanese seismic code overestimates the in-situ measured period, by a factor 2. It should be noted however that the latter measurements were made under very low demand (noise) and can be different under strong loads;  it underestimates significantly the expected damage by a value close to 50% on soft sites: this can be explained by the overestimation of the fundamental period, and/or the underestimation of the soil amplification factor.

Thus it appears once again that the code specifications may not be systematically on the safe side for the seismic vulnerability assessment. More investigations should be done for an in-depth understanding of the differences that could exist between what is measured and what is expected.

Limitations and Perspectives

As no study is perfect starting with mine, the actual work presents some limitations that could / should be improved in the future:

 The set of input accelerograms used for the present study consists only of synthetics. Even though they are realistic and include non-stationarity, it would be better to replace them by a set of real accelerograms spanning the same wide range of magnitude, distance and PGA level. In addition to a check of the present results which include only a dependency on PGA level, this would allow to establish a neural network taking into account the magnitude and distance of the expected earthquakesthus opening the way to probabilistic risk estimates. In addition to the use of the PGA as an input parameter representative of the loading level, other input could be investigated such as PGV or a combination between the two, or several other characterizing the intensity of seismic shaking (on rock).

 The structure was assimilated to a perfect elasto-plastic 1DOF oscillator. More elaborated non-linear behavior could be considered (for instance the Takeda behavior which should better describe the unloading phase, Perrault 2013). Also most buildings are indeed multidegree of freedom systems, and the effects of the resulting additional complexity should be investigated.  The nonlinear parameters to compute the nonlinear site response using NOAH code were chosen based on a PEER report proposing a correspondence between S-wave velocities, depth and degradation curves (G/Gmax, damping). Other models and parameters should be considered to investigate the robustness of the non-linear modulations obtained in the neural network of Chapter 4.  The soil-structure interaction phenomena were not taken into account in this first level study. As SSI may modify the structural frequency, its impact on the present results should be investigated (Semblat et al. 2008).  The method elaborated was not validated by any other method or real data: a first step for validation would be to look at recordings from similar buildings founded on different soil conditions. One must keep in mind however that the models developed in this work have mainly a statistical meaning, and should be taken with care when applied to a single building.

Considering these limitations, a few perspectives for further developments are listed below.

Theoretical developments

The damage increment is expressed as a function of the macroscopic explanatory input variables linked to seismic loading (PGA), soil behavior (frequency, shear wave velocity contrast or related proxies, such as the H/V amplitude) as well as building characteristics (frequency/size, typology/age). The corresponding equations, based on the selected activation functions and the inverted matrices of weights and biases, are not very handy nor physical as to their mathematical expressioneven though they are easy to compute with a few code lines or on an excel sheet (not more complex than last generation GMPEs…). One interesting improvement would thus reside in approximating these equations by more physical ones involving a few simple functional forms such as Gaussian and Heaviside / ramp functions.

It would also be interesting to improve this methodology so as to rely not only on building specific recordings (ambient vibration measurement for soil and structure frequencies), but also on an ad hoc processing of satellite images and aerial photographs to cover larger areas: the idea is to take advantage of the methodologies recently developed at ISTerre, to assign the individual building typology and height from several aerial view attributes, keeping track also of the associated uncertainties, and to couple them with proxies for site response, including the correlation between subsidence rate (cleaned from its tectonic component, Lopez-Quiroz et al. 2009) and soil fundamental frequency [START_REF] Galloway | Detection of aquifer system compaction and land subsidence using interferometric synthetic aperture radar, Antelope Valley, Mojave Desert, California[END_REF][START_REF] Doin | Presentation of the small baseline NSBAS processing chain on a case example: the Etna deformation monitoring from 2003 to 2010 using Envisat data[END_REF][START_REF] Michel | La subsidence peut-elle servir de proxy aux effets de site?[END_REF][START_REF] Cornou | Use of subsidence rate as proxy for resonance period[END_REF][START_REF] Roussel | Effets de sites à Beyrouth (Liban) : étude des relations entre la fréquence de résonnance et taux de subsidence par analyse sismologique et géodésique (InSAR)[END_REF], and simple nonlinear modulations of site response (Régnier et al. 2015[START_REF] Régnier | Empirical quantification of the impact of non-linear soil behavior on site response[END_REF][START_REF] Almakari | Modulation of weak motion site transfer functions by non-linear behavior: a statistical comparison of 1d numerical simulation with KiKnet data[END_REF].

An additional improvement would be to investigate in detail the uncertainty issue: what are the uncertainties linked to the input/output parameters, what are the additional uncertainties linked to overall model, and how it impacts the reliability of the results… Another possible improvement of this analysis is to extend the study of the spectral coincidence for multi-degree-of-freedom oscillators resting on realistic stratified medium. In this case the oscillator exhibits several modes, and the double resonance effect does not necessarily happen only with the fundamental mode. Some results on this issue will be obtained soon within the framework of the Master internship of Z. [START_REF] Neziri | Consideration of multi-degree-of-freedom system in the estimation of aggravating effects due to the coincidence between soil and structure frequencies[END_REF]. This PhD work allowed to develop a new approach for large scale damage assessment. What could C h a p t e r 6 : | 218 be done next would be to use such improved damage estimates for improved loss estimates. Besides the psychological, social and indirect losses caused by the earthquake, direct economic losses can be estimated on the basis of the damage level, which could help in the design of mitigation policies at urban scale. The study could also be developed taking into account the movement of population on hourly, daily and monthly basis: the time of occurrence of an earthquake is also a key parameter in estimating damages.

Experimental developments

This method could be applied to several cities that are suitable for such investigations:

 Beirut (Lebanon) where the recent ANR-Libris project has allowed the creation of such database (1300 ambient vibration measurements: 400 for buildings and 900 for soil coupled to a survey of 7300 buildings). The main goal would be to extend the damage increment map already obtained in the present work, throughout the entire city. Given the high number of already available information (buildings inventory, soil resonance frequency, subsidence rate map), this city could also serve as a calibration site for the further methodological developments based for instance on ad hoc processing of satellite images and aerial photographs. This research could be conducted in collaboration with Lebanese and French researchers involved in the IRD-JEAI SAMMOVA;  We may also consider applying the same methodology to the city of Quito (Ecuador) for which about 200 buildings have already been measured with ambient vibrations and a building inventory at the city scale is being gathered (Yepes al., 1999), and for which the Quito sub-soil structure is now well defined at the whole city scale thanks to old [START_REF] Guéguen | An indication of the soil topmost layer response in Quito (Ecuador) using noise H/V spectral ratio[END_REF] and new (ANR project REMAKE, IRD) measurements. The observations made in Quito after the recent Mw7.8 Muisne event that occurred on April 16, 2016, and was strongly felt throughout the whole country, would be very useful in assessing the actual performance of the approach developed in this work;  Finally, another interesting area for testing the proposed methodology is the Kathmandu Valley (Nepal), where the surprisingly low damage that occurred during the April 2015 Gorkha earthquake, might be due to an "anti spectral coincidence" effect, with very low values of site frequency linked to very thick lacustrine and fluviatile deposits, and much higher building frequencies corresponding to low to medium rise buildings, with the additional possibility of a very significant non-linear effect in the thick deposits.

Other possible targets are the city of Nice, where extensive measurements have been performed both at ground level and within buildings [START_REF] Bard | Un outil pour la prise de conscience du risque sismique: les études de scénario. L'exemple de Nice[END_REF], and the city of Boumerdes (Algeria) where soils and buildings have been intensively studied [START_REF] Dunand | Utilisation du bruit de fond pour l'analyse des dommages des bâtiments de Boumerdes suite au séisme du 21 mai 2003[END_REF][START_REF] Guillier | Smooth bumps in H/V curves over a broad area from single-station ambient noise recordings are meaningful and reveal the importance of Q in array processing: The Boumerdes (Algeria) case[END_REF][START_REF] Hellel | Heavier damages without site effects and site effects with lighter damages: Boumerdes City (Algeria) after the may 2003 earthquake[END_REF].

| 243 The matrix of bias for neural network in the hidden layer b1=  Porosity: used to compute excess of pore pressure, it takes the value of 0 for total analysis,  K0: The coefficient of earth at rest, taken equal to 1 for an assumption of hydrostatic conditions,  Phi: angle of friction, limited between 25° and 45°,  pha, p1, p2, w1, s1, c1: dilatancy parameters, can be ignored for total stress analysis,  Hmax: maximum damping value at large strains for total stress analysis only, between 20 and 40%. In our study we assumed a value of Hmax=30%.

c) Boundary Conditions

In the boundaries condition we introduce:

 P and S wave velocities (V p , V s ) of the bedrock,  The density of the bedrock (kg/m 3 ),

The boundary condition can be elastic, borehole or rigid: the elastic or transmitting boundary conditions are more natural to use; that means that the wave field should be the incident wave field. For the borehole conditions the total wavefield should be taken into account as the sum of the incident and the refracted signals. The rigid condition is considered to create reverberation. In our study we will use elastic condition.
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Fig. 1

 1 Fig. 1.1: Individual earthquakes from 800 to 2011 with more than 50,000 fatalities from USGS catalog (Holzer and Savage 2013).

  Fig. 1.2: Map of global seismic hazard and world population; the red circle corrresponds to Beirut city (Lebanon) (Karklis 2010).

Fig. 1 . 3 :

 13 Fig. 1.3: Representation of the damages caused to buildings with respect to their height following the 1985 earthquake in Mexico City.

Fig. 2 . 3 :

 23 Fig. 2.3: Macroseismic method: a) vulnerability curves for different masonry building typologies; expected damage μ D = 1.7 for M4 typology when I = 8.5, b) fragility curves for the building typology M4 as a function of I; damage distribution for I = 8.5 (Lagomarsino and Giovinazzi 2006).

Fig. 2 . 4 :

 24 Fig. 2.4: Representation of the fundamental mode and the amplitude of the mode shape at level i.

  Fig. 2.5: Capacity spectrum method: (a) development of pushover curve, (b) conversion of pushover curve to capacity diagram, (c) conversion of elastic response spectrum from standard format to A-D format, and (d) determination of displacement demand (Chopra and Goel 1999).

Fig. 2 .

 2 Fig. 2.6: Performance point identification: intersection between the seismic demand and the capacity curve at a) low demand case and b) strong demand.

2 . 3 :

 3 Fig. 2.8: Fragility curves for different levels of damage: slight, moderate, extensive, complete (FEMA 2003).

2 . 3 :

 3 Fig. 2.10: Modification of the signal while propagating through the different layers of a stratigraphic medium.

Fig. 2 .

 2 Fig. 2.11: Distribution of signals with respect to PGA (m/s 2 ).

2 . 3 :

 3 I n t e r m e d i a t e a p p r o a c h : O s c i l l a t o r w i t h s i n g l e -d e g r e e -off r e e d o m o v e r a h o r i z o n t a l l a y e r | 43

Fig. 2 .

 2 Fig. 2.14: PGA effect: Variation of the top displacement (m) in function of time for PGA=0.64 m/s 2 , PGA=1.78 m/s 2 , PGA=3.35 m/s 2 , with a fixed soil (fsoil=6 Hz, c=8), and fixed structure (fstruct=1Hz, dy=0.005 m).
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 3 I n t e r m e d i a t e a p p r o a c h : O s c i l l a t o r w i t h s i n g l e -d e g r e e -off r e e d o m o v e r a h o r i z o n t a l l a y e r | 47

2 . 4 : 2 . 4 .

 424 R e a l i s t i c C a s e : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-f r e e d o m o n a m u l t i -l a y e r e d p r o f i l e | 49 Realistic Case: Oscillator with single-degree-of-freedom on a multi-layered profile

Fig. 2 .

 2 Fig. 2.16: Distribution of the 141 structures taken from Lagomarsino and Giovinazzi (2006): yielding displacement dy (m) as function of the period (s) with respect to a) 2 main categories Masonry and RC and b) the 5 tyopology classes; du/dy in function of the period (s) with respect to c) 2 main categories Masonry and RC and d) the 5 typology classes;

  887 multilayered realistic soil profiles were compiled by C. Cornou, from European, Japanese and Californian sources (Appendix B): 2 . 4 : R e a l i s t i c C a s e : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-f r e e d o m o n a m u l t i -l a y e r e d p r o f i l e | 51 i.

Fig. 2 .

 2 Fig. 2.18: Correlation between the fundamental frequency f 0t (Hz) extracted from the 1D numerical Kennet method and the bedrock depth (m). The dashed lines represent the constant velocity Vs in m/s for the values 200, 400, 600, 800.

  2.22 as a function of a) number of LVZ, b) depth of LVZ (m), c) the thickness of LVZ (m), and d) the local contrast.

2 . 4 :

 4 Fig. 2.21: Example of one profile with Low Velocity Zone at 108 m (WKYH09 from KIK-net).
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 2 Fig. 2.23: Frequency distribution of the average shear wave velocity over a depth of a) 10 m (V s10 ), b) and 30 m (V s30 ).

2 . 4 :

 4 R e a l i s t i c C a s e : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-f r e e d o m o n a m u l t i -l a y e r e d p r o f i l e | 59

  e a l i s t i c C a s e : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-f r e e d o m o n a m u l t i -l a y e r e d p r o f i l e | 61

  Fig. 2.27: Damage increment between soil and rock as a function of the ratio of frequencies structure/soil for different ranges of PGA (m/s 2 ) considering damage levels D0 to D3 in the case of the 887 real soil profiles for different impedance contrast according to typology class 5.

Fig. 2 .

 2 Fig. 2.29: Diagram of a single artificial neuron and its activation function.

Fig. 2 .

 2 Fig. 2.30: Artificial neural network ANN diagram displaying the Input, Hidden and Output layers with respectively I i , H i and O i the input, hidden and output neurons.

2 . 5 :

 5 A r t i f i c i a l N e u r a l N e t w o r k ( A N N ) a p p r o a c h | 692.5.1.1.6. Training algorithmsA training algorithm is then used to progressively reduce the total network error by iteratively adjusting the weights:Gradient descent backpropagation: it is the most commonly used to train the artificial neural network. This algorithm minimizes a cost function (difference between the computed output and the desired target) in an iterating process; it is based on the following steps 1. The weights are initialized with random values 2. Signal is propagated from the input layer to the output layer in the forward direction 3. The error gradient is computed ∇𝐸 = 𝜕𝐸 𝜕𝑊 𝑖

Fig. 2 .

 2 Fig.2.31: Simple illustration of a well-fit model and an overfitting of a model(Goh 2004).

2. 5

 5 .1.2.1.1. Early Stopping This method consists in monitoring the cost function; the original set by itself is not sufficient enough to generalize the model and avoid overfitting, thus the set of data is divided in 3 subgroups: training, validation and test: a. The training set is the pairs of inputs and expected outputs used to fit the parameters: in other terms they are used to update the weights until the convergence of the network; it trains the network by starting with initial weights and biases that will update during the training to minimize the cost function. b. The validation set is used to monitor and avoid overfitting and ensures the generalization of the model. It is not used to adjust weights like the training set.

Fig. 2 .

 2 Fig. 2.32: An example of the evolution of the tain, validation and test performances with respect to the number of iterations and detection of an early stopping point.

Fig. 2 .

 2 Fig. 2.33: The regression plot for the three subsets : a) training, b) validation and c) test. The dotted lines represents the perfect fit between the two values (R 2 =1), the solid lines represents the real correlation between the computed output and the initial target.

Fig. 2 .

 2 Fig. 2.34: Percentage of the synaptic weights for the 4 inputs in the ANN.

Fig. 2 .

 2 Fig. 2.35, Fig. 2.36, Fig. 2.37, Fig. 2.38 and Fig. 2.39 represents the distribution of the parameters: the inputs a) struct/soil frequencies, b) impedance contrast, c) PGA, and the output d) Dsoil-Drock according to each of the 5 Artificial Neural Networks respectively: ANN class1 , ANN class2 , ANN class3 , ANN class4 , ANN class5 .

Fig. 2 .Fig. 2 .

 22 Fig. 2.35: Distribution of the parameters according to ANN class1 : the inputs a) struct/soil frequencies, b) impedance contrast, c) PGA(m/s2), and the output d) Dsoil-Drock.

Fig. 2 .Fig. 2 .

 22 Fig. 2.37: Distribution of the parameters according to ANN class3 : the inputs a) struct/soil frequencies, b) impedance contrast, c) PGA (m/s 2 ), and the output d) Dsoil-Drock.

Fig. 2 .

 2 Fig. 2.39: Distribution of the parameters according to ANN class5 : the inputs a) struct/soil frequencies, b) impedance contrast, c) PGA (m/s 2 ), and the output d) Dsoil-Drock.

Fig. 2 .

 2 Fig. 2.40: Choice of the hidden neurons number with respect to AIC and RMSE

Fig. 2 .

 2 Fig. 2.41: Architecture of the Neural Network: Inputs are the structure soil frequencies ratio, the impedance contrast and the PGA; the output is the damage increment between soil and rock. A neural network model was analyzed for each of the 5 typology classes.

2 . 5 :

 5 Fig. 2.42: Regression plot for Class 2: a) Training , b) Validation and c) Test set. The dotted lines represents the perfect fit between the two values (R 2 =1), the solid lines represents the real correlation between the computed output and the initial target.

  Fig. 2.43: Distribution of errors with respect to the training, validation and test sets for the ANN class2 .

2 . 5 :

 5 A r t i f i c i a l N e u r a l N e t w o r k ( A N N ) a p p r o a c h | 872.5.2.3.1. Analysis based on PGA classification: 

Fig. 2 .

 2 Fig.2.44: Percentage of synaptic weights of the 3 inputs in the neural network approach: fstruct/fsoil, impedance contrast and PGA according to the 5 typology classes[START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]).

Fig. 2 .

 2 Fig. 2.47: Class 3: Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) the impedance contrast , and b) for 4 values of c, for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of c.

Fig. 2 .

 2 Fig. 2.48: Class 4: Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) the impedance contrast , and b) for 4 values of c, for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) and d) for 4 values of PGA , for different ranges of c.

Fig. 2 .

 2 Fig. 2.49: Class 5: Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) the impedance contrast , and b) for 4 values of c, for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of c.

Fig. 2 .

 2 Fig. 2.50: Perspective: Heaviside and Gaussian curves to approximate the Neural Model.

Fig. 3 .

 3 Fig. 3.1: Different fields of geophysics application: landslides and seismic hazard, structural health monitoring, environment.

3 . 2 :

 2 A m b i e n t n o i s e v i b r a t i o n | 101Claudet et al. 2006a;[START_REF] Lunedei | Theoretical HVSR curves from full wavefield modelling of ambient vibrations in a weakly dissipative layered Earth[END_REF][START_REF] Hartzell | Ground motion in the presence of complex topography: Earthquake and ambient noise sources[END_REF][START_REF] Navarro | Local site effect microzonation of Lorca town (SE Spain)[END_REF]).

Fig. 3 . 2 :

 32 Fig. 3.2: Seasonal variation of the location of P-wave seismic noise sources in the microseismic band (0.1-0.3 Hz) determined from the analysis of records at the three seismic networks indicated with white stars (Landès et al. 2010).

Fig. 3 . 3 :

 33 Fig. 3.3: Spectral amplitude variation of noise with a horizontal component filtered at a) T=0.3s, b) T=0.65s. c) Swell height variation during 8 days of measurement[START_REF] Yamanaka | Continuous measurements of microtremors on sediments and basement in Los Angeles, California[END_REF]).

  Fig. 3.4: Modfication of the shear wave velocity for computation purpose: a) intial shear wave velocity profile, b) modified profile by adding a layer of 3 km.

Fig. 3 .

 3 Fig. 3.6: Spatial random configuration of the sources (circles) and receiver (red cross) based on the RANSOURCE code. The dashed circles represent the small and large apertures with Dmin and Dmax as respective radius.

  Fig. 3.7: Multiple steps for the H/V spectral ratio computation algorithm (adapted from Bonnefoy-Claudet 2004).

3 . 4 :

 4 Fig. 3.8: Example of a soil profile (ABSH02 from KIK-net database): a) the shear wave velocity profile of the soil, b) the transfer function using transmission/reflection method, c) the 3 components (East, North, Vertical) of the noise signal synthetized, d) H/V curve computed on all windows selected.

3 . 5 :

 5 Fig. 3.10: Comparison between theoretical values from transfer functions and synthetic values from Hisada method, in terms of a) frequencies with R 2 =0.94 and b) amplitudes with R 2 =0.7. The solid blue lines corresponds to f 0HV =f 0t and A 0HV =A 0t .

  Fig. 3.13: Regression plot for the three subsets: training, validation and test, in the case of ANN A 0HV .

Fig. 3 .

 3 Fig.3.16: Synaptic weight proportion for the 5 Neural network defined with respect to a proxy fro the impedance contrast.

Fig. 3 .

 3 Fig.3.17 to Fig.3.21 display the predictions of the 5 neural networks, in a way similar to what has

  Fig. 3.17: V b /V s30 : Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) V b /V s30 , and b) for 4 values of V b /V s30 , for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of V b /V s30 . Class 3 is considered.

Fig. 3 .Fig. 3 .

 33 Fig. 3.18: V b /V s10 : Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) V b /V s10 , and b) for 4 values of V b /V s10 , for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of V b /V s10 . Class 3 is considered.

Fig. 4 . 2 :

 42 Fig. 4.2: Kelvin-Voigt model used in the equivakent linear approach[START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF].

Fig. 4 . 3 :

 43 Fig. 4.3: Equivalent-linear model: a) Hysteresis stress-strain curve; b) Variation of secant shear modulus and damping ratiowith shear strain amplitude[START_REF] Bardet | EERA: a computer program for equivalent-linear earthquake site response analyses of layered soil deposits[END_REF].

Fig. 4 . 4 :

 44 Fig. 4.4: Estimation of shear modulus and material damping ratio during cyclic loading (Darendeli 2001).

Fig. 4 . 5 :

 45 Fig. 4.5: Hysteretic loops under large and small shear strain amplitude (Yoshida et al. 2002).

Fig. 4 .

 4 Fig.4.6: Hyperbolic model of a stress-strain curve for a soil under cyclic loads. The thick line represents the stress-strain curve known as backbone curve based on the hyperbolic model. The loading and unloading branches have also the same shape but translated as described by the Masing rules. The dashed straight line slope is G0, and for large strains the stress goes to 𝜏 0 . The point (𝛾 𝑟 ; 𝜏 𝑟 ) represents the point where the path reverses from loading to unloading[START_REF] Bonilla | NOAH: Users Manual[END_REF]).

Fig. 4 .

 4 Fig. 4.7: Variation of the maximum strain/ reference strain ratio as a function of peak ground acceleration (m/s 2 ); the cases where PGA <0.1 m/s 2 exhibit a linear behavior.

Fig. 4 .

 4 Fig. 4.9: Modulus and damping curves for cohesionless soil models a) EPRI soil model, b) PR soil model and cohesive soil models c) IV soil model, d) BM soil model (Kamai et al. 2013).

Fig. 4 . 10 :Fig. 4 .Fig. 4 .

 41044 Fig. 4.10: Ratio of Maximum Strain over Reference Strain as a function of Vs 30 with respect to increasing values of PGA (m/s 2 ).

4 . 4 :Fig. 4 .

 44 Fig. 4.13: Ratio of Maximum Strain over Reference Strain as a function of the soil's natural frequency.

Fig. 4 .

 4 Fig. 4.14: Distribution of the depth of peak relative strain ratio as a function of the peak relative strain ration and depth for increasing values of PGA (m/s 2 ).

Fig. 4 .

 4 Fig. 4.15: Maximum Strain (%) as a function of a) PGV/V s30 (%), b) PGV/Vs10 (%). The red thick lines correspond to γmax= PGV/V s30 and γmax= PGV/V s10 respectively.

4 . 4 :Fig. 4 .

 44 Fig.4.16: Transfer function for the 8 soil profiles that have high degrees of non-linearity: in red the linear case, in black the non-linear cases.

4 . 4 :Fig. 4 .FTF

 44 Fig.4.17: Ratio of FTF(0.4g)/FTF(0.01g) as a function of the normalized frequency for different ranges of maximum strain/reference strain.

Fig. 4 .

 4 Fig. 4.18: PGA at surface level as a function of the ratio Maximum Strain/Reference Strain corresponding to linear and nonlinear profiles.

Fig. 4 .

 4 Fig. 4.19 shows the linear transfer function of the soil profile NGNH16, as well as the two nonlinear transfer functions of the profile with the 2 signals, and in red the location of the natural frequencies of the three structures chosen.

Fig. 4 .

 4 Fig. 4.19: Linear and non-linear transfer function of the profile NGNH16 and location of the three structures frequencies.

  T0.437: f struct = 2.29 Hz > f soil = 1.58 Hz: the max displacement are 0.2045 and 0.2277, considering signals 1 and 2 respectively 2. Structure T0.913: f struct = 1.10 Hz<f soil = 1.58 Hz: the max displacement are 0.2343 and 0.3137, considering signals 1 and 2 respectively

Fig. 4 . 4 .

 44 Fig. 4.20: Architecture of the ANN established for the linear and nonlinear cases of the typology class 3.

Fig. 4 .

 4 Fig. 4.21: Synaptic weight proportions for the inputs fstruct/fsoil, impedance contrast and PGA on the surface of the bedrock according to the linear and nonlinear analysis.

  m p a c t o f s o i l n o n -l i n e a r i t y o n d a m a g e i n c r e m e n t | 163

  Fig. 4.22: Variation of the damage increment as a function of the frequencies of structure and soil ratio and the impedance contrast for different ranges of PGA according to class 3, in linear and nonlinear cases.

  5.7)Japanese standard law (BSLJ 2011) also adopts linear relationships such as: x p e r i m e n t a l e s t i m a t i o n o f d y n a m i c p a r a m e t e r s u s i n g a m b i e n t v i b r a t i o n m e t h o d | 171

Fig. 5 .

 5 Fig. 5.1: Correlations between a) fundamental period (s) and number of floors, b) damping (%) and fundamental period (s).These correlations are obtained in many regions in the world based on the ambient vibration method.

Fig. 5 . 2 :

 52 Fig. 5.2: Tectonic setting of the study: a) Regional sketch map of the Levant fault system, b) focused map of the main active faults in Lebanon (Daëron et al. 2007).

Fig. 5 . 3 :

 53 Fig. 5.3: Probability of occurence on the Yammouneh fault since the last major earthquake in 1202 based on[START_REF] Rotstein | Gaussian probability estimates for large earthquake occurrence in the Jordan Valley, Dead Sea rift[END_REF] method[START_REF] Pico | Géographie et assurance: le risque sismique dans les espaces urbains mal documentés: le cas de Beyrouth[END_REF]).

Fig. 5 . 4 :

 54 Fig. 5.4: Geological map of Beirut and location of its major cities (Dubertret 1945 simplified by Salloum et al. 2014).

Fig. 5 . 5 :

 55 Fig. 5.5: Urbanization maps of Lebanon, a) 1963, b) 1998 (Dar el Handassa and IUARIF 2004).

Fig. 5 .

 5 Fig. 5.6: Map of the english army in 1841 during the Ottoman Empire (Vandal-Piché 2005).

Fig. 5 .

 5 Fig. 5.7: Westernization of Beirut: Map of 1876 (Kassir 2003).

5 . 4 :

 4 Fig. 5.8: Annual growth rate of buildings (%) between 1963 and 2003.

5 . 5 :

 5 Fig. 5.9: Location of 330 buildings measured in Beirut on rock and soft sites on an interpolated map of the fundamental soil frequencies (Brax 2013 and Salloum et al. 2014). Soil frequency is given in Hertz. Mapping using the UTM (Universal Transverse Mercator) coordinate system (Zone: 36).

Fig. 5 .

 5 Fig. 5.10: Distribution of the buildings measured in Beirut on soft and rock sites in function of a) the age of construction, based on the classification of Table 2, and b) the number of floors.

Fig. 5 .

 5 Fig. 5.11: Lennartz LE-3D-5s seismometer (left) connected to a CitySharkII© recorder (right).

5 . 5 :

 5 E x t r a c t i o n o f f u n d a m e n t a l p e r i o d a n d d a m p i n g o f b u i l d i n g s | 183

Fig. 5 .

 5 Fig. 5.12: Example of a 7-story RC building measured in Beirut (Badaro) located on soft soil: a) Photo of the 7-story RC building, b) the spectral curve showing the longitudinal fundamental period and c) the damping curve for T0=0.41 s using Random Decrement tech technique by geopsy software (www.geopsy.org). The continuous black line corresponds to the mean of the Random Decrement and the dashed lines correspond to the standard deviation bounds; the solid red line corresponds to the fitted exponentially decreasing function.

Fig. 5 .

 5 Fig. 5.14: Geometrical distribution of the measured buildings: a) transverse width versus longitudinal length, b) transverse period versus longitudinal period, c) transverse damping versus longitudinal damping.

  proposed an equation that depends only on the fundamental period T 0 : . (2003) established a correlation with the period and the amplitude of vibration:

  Fig. 5.18: Correlations of the fundamental periods (T) and number of floors (N), for pre and post seismic code (2005): a) for rock sites, b) for soft sites.

Fig. 5 .

 5 Fig. 5.19: Comparison between the experimental periods based on ambient vibration method on rock and soft sites and the theoretical periods used in large-scale empirical methods for vulnerability estimation Hazus (FEMA 1999), Risk-UE[START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]).

  (C N ≈ 24), in Peru by Guillier et al. (2014) (C N ≈ 24), in France by Michel et al. (2010) (C N ≈ 25).

Fig. 5 .

 5 Fig. 5.20: Histograms of the H/V measurements on soil with respect to a) the soil frequency (Hz), b) H/V amplitude A0 HV.

Fig. 5 .

 5 Fig. 5.21: Distribution of the buildings investigated by USJ campaign in function of a) the age of construction, based on the classification of Table 2, and b) the number of floors.

Fig. 5 .

 5 Fig. 5.22: Location of 7692 buildings in Beirut on a street map using QGIS software.

Fig. 5 .

 5 Fig. 5.23: 3D representation of the buildings in Beirut on a satellite map using QGIS software.

  ); the Lebanese seismic code is introduced in Lebanon in 2005, therefore the buildings constructed after 2005 are considered as designed reinforced concrete, we assume they are constructed with Low ductility and thus are classified as DCL class 3. The buildings C h a p t e r 5 : | 196 before 2005 after 1950, or constructed before 1950 with N>4 are categorized as Non-designed RC (class 2). Finally the buildings with non-defined date of construction are classified as class 2 (i.e. Nondesigned RC). Fig. 5.24 shows the histogram of the number of Beirut buildings with respect to typology classes.

Fig. 5 .

 5 Fig. 5.24: Histogram of the number of Beirut buildings with respect to typology classes.

  Fig. 5.25: Seismic zonation according to UBC provisions applied in Lebanon.

  Fig. 5.26: Natural-neighbor interpolation scheme.

Fig. 5 .

 5 Fig. 5.29: Interpolated map of the damage increment computed based on the Neural Network Approach for PGA=0.25 g. Mapping using the UTM (Universal Transverse Mercator) coordinate system (Zone: 36). The blue line corresponds to the River of Beirut.

Fig. 5 .

 5 Fig. 5.30 shows the interpolated map of the damage increment computed based on the Neural Network Approach for PGA=0.25 g, for a) low-rise (1-3 floors), b) medium-rise (4-7 floors) and c) high-rise buildings (>7 floors). The map shows a clear large damage increment for low-rise buildings.This could be explained by the fact that the majority for those buildings are constructed before 1950 and thus belong to masonry class which is more vulnerable to earthquake; even on rock sites we can see an impact of the seismic loading on the building that is subjected to damage. Comparing the medium-rise and high-rise maps we can see a net increase of the damage increment for medium-rise buildings which is in a good agreement of a coincidence between soil and building frequencies. We note also that the high-rise buildings are most of them constructed after 2005 therefore are subjected to Lebanese seismic regulations and are less vulnerable to seismic excitation. Then we increased the seismic effect by increasing the PGA value on the bedrock from 0.25 g to 0.3 g (the new Lebanese seismic regulation) then 0.4 g (worst case scenario that could happen). Fig.5.31 displays the interpolated maps of the damage increment between soil and structure computed based on the Neural Network Approach for PGA=0.3 g and PGA=0.4 g for low-rise, medium-rise and high-rise buildings.

Fig. 5 .

 5 Fig. 5.30 shows the interpolated map of the damage increment computed based on the Neural Network Approach for PGA=0.25 g, for a) low-rise (1-3 floors), b) medium-rise (4-7 floors) and c) high-rise buildings (>7 floors). The map shows a clear large damage increment for low-rise buildings.This could be explained by the fact that the majority for those buildings are constructed before 1950 and thus belong to masonry class which is more vulnerable to earthquake; even on rock sites we can see an impact of the seismic loading on the building that is subjected to damage. Comparing the medium-rise and high-rise maps we can see a net increase of the damage increment for medium-rise buildings which is in a good agreement of a coincidence between soil and building frequencies. We note also that the high-rise buildings are most of them constructed after 2005 therefore are subjected to Lebanese seismic regulations and are less vulnerable to seismic excitation. Then we increased the seismic effect by increasing the PGA value on the bedrock from 0.25 g to 0.3 g (the new Lebanese seismic regulation) then 0.4 g (worst case scenario that could happen). Fig.5.31 displays the interpolated maps of the damage increment between soil and structure computed based on the Neural Network Approach for PGA=0.3 g and PGA=0.4 g for low-rise, medium-rise and high-rise buildings.

  Fig. 5.32: Interpolated map of the damage increment computed based on the Neural Network Approach for PGA ranging from 0.05 g to 0.5 g for Beirut City.

Fig. 5 .

 5 Fig. 5.33: Interpolated map of the absolute damage damage on soil computed based on the Neural Network Approach for PGA ranging from 0.05 g to 0.5 g for Beirut City considering 5 levels of damages: no damage, slight, moderate, extensive and complete.

  5.35): Absolute Damage on rock as an output parameter  The fundamental frequency of building and the PGA on the surface of bedrock as input parameters  The class 3 is considered (Designed Reinforced concrete with Low Ductility Class)The results of the training considering matrices of weights and biases are given in Appendix C.To that end we considered 3 buildings B1, B2 and B3 that have different heights (the equivalent height of one story is 3 meters):  B1: Low-rise: 2 floors, height 6 m  B2: Medium-rise: 5 floors; height 15 m  B3: High-rise: 15 floors; height 45 m

Fig. 5 .

 5 Fig. 5.35: The architecture of the Artificial Neural network relating the damage on rock with respect to the Class 3 considered in the Lebanese seismic code, and as a function of the frequency of the structure, the PGA on the surface of bedrock.

280 

 280 The input file of the program contains three different parts (Annexe D)): a. Wave propagation variables b. Layers information c. Boundary condition a) Wave propagation variables The user defines the following variables that characterize the wave propagation the values taken follow F. Bonilla recommendations:  Freqmax: the maximum frequency of the simulation,  ppw: points per wavelength, in non-linear wave propagation more points are needed to avoid dispersion of the solution, in such a case shear modulus degrades by almost 90% when shear strain increases, therefore the shear velocity decreases being proportional to the shear modulus (G=ρ * Vs2 ), and more points are needed to make the solution stable). We assumed in our computation ppw=40,  p0: controls the fraction of time step of the input time series, taken by default 0.1 to maintain the same phase between linear and non-linear calculation,  medsize (in meters): thickness of the medium where the wave travel through,  interpolation method: to interpolate intermediate values for the incident signal, by default chosen linear,  water table depth: position of the water table, in our case study it's always taken below the bedrock, to avoid any pore pressure  flowpfhigh: low and high limits of the frequency to filter the signal, [0.1-25 Hz] only  filtering method: HP=high pass, LP=low pass, BP=bandpass, None=no filtering; in our study we did not apply any filter on the signal,  rpos: receivers position, to detect the soil response at the surface the receiver's position is taken at 0 m,  nlayers: number of layers of the soil profile. b) Layers information  Top: depth to the top of the considered layer, (in meters)  Vp: P-wave velocity , if the value is not known NOAH computes it based on S-wave velocity assuming a Poisson ratio equal to 0.33, (Vp=2Vs) | Vs: Shear wave velocity,  Unit mass (in Kg/m3) of the layer, Calculation method: we considered non-linear computation when Vs< 600 m/s and linear otherwise, see section nonlinearity parameters  Q: Quality factor for S waves, taken as an assumption = Damping: refers to viscosity; it will be taken as 0; Sigma_ref: effective reference stress, in Pascals, it is the effective confining stress at the middle of each layer, if no value is introduced by the user, it is automatically computed by the code; the use of this parameter is to correct the values of shear and rebound modulus as a function of depth using the following equations :
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 4 8: Characteristics of the neural network ANN class 3_NL in terms of input and output parameters, hidden neurons number, activation functions in the hidden and output layers and training algorithm.
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 A 1: Structural Fragility curve parameters -High-Code Seismic Design Level .................. 241 Table A-2: Structural Fragility curve parameters -Moderate-Code Seismic Design Level .......... 241 Table A-3: Structural Fragility curve parameters -Low-Code Seismic Design Level .................. 242 Table A-4: Structural Fragility curve parameters -PreCode-Seismic Design Level .................... 242 Table A-5: Masonry building typologies: defining parameters for the vulnerability and for the capacity ................................................................................................................................................ 243 Table A-6: Non-designed reinforced concrete buildings: defining parameters for vulnerability and for capacity. ......................................................................................................................................... 244 Table A-7: DCL reinforced concrete buildings: defining parameters for vulnerability and for capacity. .

   Low Code: low seismic design; it is based on 1994 UBC lateral force design requirements of Seismic Zones 1.  Moderate Code: moderate seismic design. In the regions with high seismic risk (such as California), this level of design is assigned to a building constructed after 1940; it is based on 1994 UBC lateral force design requirements of Seismic Zones 2B.  High Code: the highest level in the seismic design; buildings constructed after 1973 are considered in this category; it is based on 1994 UBC lateral force design requirements of Seismic Zones 4.

Table 2 -

 2 1 compiles the correspondence between the American and European typologies: in the Hazus category: L refers to low-rise, M medium rise and H to high rise.
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Table 2 -

 2 

1: European and American typologies classification.

Table A

 A 

	-1, Table A-2, Table A-3, Table A-4 in Appendix A summarize the mean spectral
	displacement 𝑆 ̅ 𝑑,𝑑𝑠 and lognormal standard deviation ( ds ) values for Slight, Moderate, Extensive and
	Complete structural damage states High-Code, Moderate-Code, Low-Code and Pre-Code buildings,
	respectively, along with the interstory drift in Hazus method (FEMA 2003). According to Risk-UE
	𝑆 ̅ 𝑑,𝑑𝑠 is defined by the formulas in section 2.2.2.3.2.2 and the standard deviation (β) is defined in
	function of the capacity curve ductility (μ): 𝛽 = 0.4𝑙𝑛𝜇.

Table 2 -

 2 2: Database parameters of the soil/bedrock, the structure associated and the seismic input.

		M	3	4	5	6	7	
		Distance (Km)	4	12	25	50		
		PGA range (m/s 2 ) 0.02-8.6				
		Frequency (Hz)	1	2	3	4	5	6	7 8 9
	Soil	Impedance contrast	2	4	6	8		
		Vs (m/s)	500 250 166.7 125		
	Bedrock	Vs (m/s)	1000					
	Structure	Frequency(Hz) Yield limit dy (m) 0.005 0.014 0.023 0.032 0.041 0.05 1 2 3 4 5 6	7 8 9
		Damping (%)	5					
	2.3.5. Traditional statistical analysis for one horizontal layer over half-space

Table 2

 2 

	-3 compiles the soil, signal and structural parameters, having

Table 2 -

 2 4 compiles the soil, signal and structures parameters, having the soil and structure frequencies ratio as the only variable parameter.

	2 . 3 : I n t e r m e d i a t e a p p r o a c h : O s c i l l a t o r w i t h s i n g l e -d e g r e e -of-
			f r e e d o m o v e r a h o r i z o n t a l l a y e r | 45
			Case 1	Case 2	Case3
	Signal	PGA (m/s 2 )	1.78	1.78	1.78
		Frequency (Hz)	6	6	6
	Soil	Impedance contrast	8	8	8
		Vs (m/s)	125	125	125
	Bedrock	Vs (m/s)		1000	
		Frequency(Hz)	4	6	9
	Structure	Yield limit dy (m)	0.005	0.005	0.005
		Damping (%)	5	5	5
	Maximum Displacement	dmax (m)	0.0021	0.0148	0.0087
	Table 2-4: Seismic signal, soil and structure parameters to investigate the structure/soil frequencies ratio on the maximum
		displacement of the structure.		

Table 2 -

 2 5 compiles the soil, signal and structures parameters, having the seismic signal PGA as the only variable; in fact the frequency content is also changing as the magnitude is increasing.
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Table 2 -

 2 5: Seismic signal, soil and structure parameters to investigate the PGA effect on the maximum displacement of the structure.

Table 2

 2 

	-6: Number of floors assigned to each category of building (Masonry or RC) based on Risk-UE project

Type Number Period range (s) Frequency range (Hz) Yielding displacement range (m) Ultimate displacement range (m)

  

							C h a p t e r 2 : | 50
								Ductility
								capacity
								range
	Class 1	Masonry	51	0.15-0.48	2-6.7	0.0015-0.0107 0.007-0.0387	3-7.85
	Class 2	Non-designed Reinforced concrete	9	0.54-1.3	0.77-1.85	0.015-0.0407	0.0451-0.1227	3
	Class 3	Ductility class Low (DCL)	27	0.43-0.91	1.1-2.33	0.0108-0.0709	0.0324-0.2125	3
	Class 4	Ductility class Medium (DCM)	27	0.43-0.91	1.1-2.33	0.0127-0.0784	0.0459-0.2842	3.19-4.11
	Class 5	Ductility class High (DCH)	27	0.43-0.91	1.1-2.33	0.0119-0.0627	0.0557-0.3119	4.11-5.65

Table 2 -

 2 7: Description of the 5 classes defined in the Risk-UE project

). Subsoil class Description of stratigraphic profile Parameters V s,30 (m/s) N SPT (bl/30 cm) c u (kPa)

  

		Rock or other rock-like geological formation,			
	A	including at most 5m of weaker material at the	>800	-	-
		surface			
		Deposits of very dense sand, gravel, or very stiff			
	B	clay, at least several tens of m in thickness, characterized by a gradual increase of mechanical	360-800	>50	>250
		properties with depth			
		Deep deposits of dense or medium-dense sand,			
	C	gravel or stiff clay with thickness from several	180-360	15-50	70-250
		tens to many hundreds of m			
		Deposits of loose-to-medium cohesionless soil			
	D	(with or without some soft cohesive layers), or of	<180	<15	<70
		predominantly soft-to-firm cohesive soil			
		A soil profile consisting of a surface alluvium			
	E	layer with Vs,30 values of class C or D and thickness varying between about 5 and 20 m,			
		underlain by stiffer material with V s,30 > 800m/s			
		Deposits consisting-or containing a layer at least			
	S 1	10 m thick of soft clays/silts with high plasticity	<100(indicative)	-	10-20
		index (PI>40) and high water content			
		Deposits of liquefiable soils, of sensitive clays, or			
	S 2	any other soil profile not included in classes A-E			
		or S1			

Table 2

 2 

	-8: EC8 (EC8 2004) soil classification with respect to V s30 , N SPT and c u .

58 Subsoil class Description of stratigraphic profile V s,30 (m/s)

  

	A	Hard Rock	>1500
	B	Rock	760-1500
	C	Very dense soil and soft rock	360-760
	D	Normal soil	180-360
	E	Soft soil	<180

Table 2

 2 

	-9: : Uniform building Code (UBC 1997) soil classification with respect to V s30 .

Inputs Output fstruct/fsoil Impedance contrast Ductility capacity PGA (m/s 2 ) Dsoil-Drock

  application, we deliberately limited the models to very simple and easily available parameters

	Minimum	0.0193	1.1429	2.9825	0.0224	-1.982
	Maximum	31.4955	48.5	7.7667	8.6	3.3691

Table 2 -

 2 11: Pre-processing and post-processing parameters for the ANN model.

Table 2 -

 2 

	Output	Normalized output

12: Pre-processing and post-processing parameters for the 5 ANN corresponding to each of the 5 typology classes.

Table 2 -

 2 13: The variation of statistical parameters (MSE and R 2 ) with respect to the choice of functional forms

	layer	Output Layer	MSE	R2	MSE	R2
	Sigmoid	Sigmoid	0.0224	0.5391	0.0149	0.6973
	Sigmoid	Linear	0.0118	0.7931	0.0114	0.8014
	Tangential	Tangential				
	sigmoid	sigmoid	0.0115	0.8092	0.0115	0.8118
	Tangential					
	sigmoid	Linear	0.0114	0.8083	0.0114	0.8095

Table 2 -

 2 14 compiles a synthesis of the parameters to construct the 5 neural network models according to the typology class: input and output parameters, hidden neurons number, activation functions in the hidden and output layers and training algorithm. C h a p t e r 2 : | 84

	Neural					
	network	ANN class 1	ANN class 2	ANN class 3	ANN class 4	ANN class 5
	name					
	Input parameters	log(fstruct/fsoil) log(fstruct/fsoil) log(fstruct/fsoil) log(fstruct/fsoil) log(fstruct/fsoil) log(PGA) log(PGA) log(PGA) log(PGA) log(PGA) Log(c ) Log(c ) Log(c ) Log(c ) log(c )
	Output parameter	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock
	Number of					
	hidden	10	10	10	10	10
	neurons					
	Activation					
	function in	Tangent	Tangent	Tangent	Tangent	Tangent
	the hidden	sigmoid	sigmoid	sigmoid	sigmoid	sigmoid
	layer					
	Activation					
	function in the output	Linear	Linear	Linear	Linear	Linear
	layer					
	Training algoritm	BFGS	BFGS	BFGS	BFGS	BFGS

Table 2 -

 2 

14: Synthesis of the parameters to construct the 5 neural network models according to the typology class: input and output parameters, hidden neurons number, activation functions in the hidden and output layers, and training algorithm.

deviation of normalized target All the data Training Validation Test

  

			MSE	RMSE	MSE	R2	MSE	R2	MSE	R2
	Classe1	0.1817	0.0157922 0.12566701 0.01581063 0.81158 0.01574783 0.81091 0.01575056 0.80836
	Classe2	0.17	0.01030307 0.10150402 0.01025234 0.80092	0.0106814	0.8012 0.01016147 0.80084
	Classe3	0.1724	0.01264732 0.11246029 0.01247183 0.80798 0.01260141 0.80808 0.01351214 0.80915
	Classe4	0.1525	0.00883103 0.09397356 0.00881253 0.80764 0.00893056 0.80543 0.00881781 0.80631
	Classe5	0.1473	0.00915062 0.09565889 0.00910931 0.81657 0.00926024 0.81543 0.00923381 0.80996

Table 2 -

 2 15: Summary of the statistical parameters measuring the performance of the network (MSE and R 2
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Table 3 -

 3 

1: Soil profile template introduced in the 1D numerical simulation of ambient noise signal.

Table 3 -

 3 2 compiles the sources configuration implemented in Hisada code for the 5 categories of soil profiles.

	Group	Bedrock depth (m)	Fundamental frequency (Hz)	Dmin (m)	Dmax (m)	N sources	Nfreq	Time step (s)	fmax (Hz)
	1	≤100	≤ 10	20	1000	267	1024	0.04	20
	2	100-400	≤ 10	200 4000	265	1024	0.04	20
	3	>400	≤10	800 10000	268	1024	0.1	20
	4	≤100	>10	20	1000	267	1024	0.02	50
	5	>100	>10	200 4000	265	1024	0.02	50

Table 3 -

 3 2: Sources configuration implemented in Hisada code for the 5 categories of soil profiles.

Table 3 -

 3 3 . 5 : H/V a m p l i t u d e : a t o o l i n t h e s e i s m i c v u l n e r a b i l i t y a n d r i s k a s s e s s m e n t | 115

				Inputs		Output	Normalised Output
	Name of the ANN	Range log 10 (fstruct/fsoil) log 10( Vb/Vs30)	log 10 (PGA (m/s 2 ))	Dsoil-Drock	Standard deviation	Dsoil-Drock	Standard deviation
	ANN Vb/Vs30	Min Max	-1.5591 1.0425	0.0414 1.2494	-1.6499 1.0258	-0.9335 3.2585	0.3613	-1 1	0.1724
	Name of the ANN	Range log 10 (fstruct/fsoil) log 10( Vb/Vs10)	log 10 (PGA (m/s 2 ))	Dsoil-Drock	Standard deviation	Dsoil-Drock	Standard deviation
	ANN Vb/Vs10	Min Max	-1.5591 1.0425	0.114 1.3367	-1.6499 1.0258	-0.9335 3.2585	0.3613	-1 1	0.1724
	Name of the ANN	Range log 10 (fstruct/fsoil) log 10( A0HV)	log 10 (PGA (m/s 2 ))	Dsoil-Drock	Standard deviation	Dsoil-Drock	Standard deviation
	ANN A0HV	Min Max	-1.5591 1.0425	-0.0059 1.3453	-1.6499 1.0258	-0.9335 3.2585	0.3613	-1 1	0.1724
	Name of the ANN	Range log 10 (fstruct/fsoil)	log 10( Vs30)	log 10 (PGA (m/s 2 ))	Dsoil-Drock	Standard deviation	Dsoil-Drock	Standard deviation
	ANN Vs30	Min Max	-1.5591 1.0425	2.0457 3.2216	-1.6499 1.0258	-0.9335 3.2585	0.3613	-1 1	0.1724
	Name of the ANN	Range log 10 (fstruct/fsoil)	log 10( Vs10)	log 10 (PGA (m/s 2 ))	Dsoil-Drock	Standard deviation	Dsoil-Drock	Standard deviation
	ANN Vs10	Min Max	-1.5591 1.0425	1.9128 3.0496	-1.6499 1.0258	-0.9335 3.2585	0.3613	-1 1	0.1724

3: 

  -4 compiles the necessary parameters to construct the five neural network models in terms of input and output parameters, hidden neurons number, activation functions in the hidden and output layers, regularization parameter and training algorithm. Overfitting is avoided using the early stopping procedure.

						C h a p t e r 3 : | 116
	Neural network name	ANN A0HV	ANN Vs30	ANN Vs10	ANN Vbed/Vs30	ANN Vbed/Vs10
	Input parameters	fstruct/fsoil fstruct/fsoil fstruct/fsoil PGA PGA PGA A0HV Vs30 Vs10	fstruct/fsoil PGA Vbedrock/Vs30 Vbedrock/Vs10 fstruct/fsoil PGA
	Output parameter	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock	Dsoil-Drock
	Number of hidden neurons	10	10	10	10	10
	Activation function in the hidden layer	Tangent sigmoid	Tangent sigmoid	Tangent sigmoid	Tangent sigmoid	Tangent sigmoid
	Activation					
	function in the	Linear	Linear	Linear	Linear	Linear
	output layer					
	Training algoritm	BFGS	BFGS	BFGS	BFGS	BFGS

Table 3 -

 3 4: Synthesis of the parameters to construct the neural network model: input and output parameters, hidden neurons number, activation functions in the hidden and output layers, and training algorithm.

Table 3 -

 3 5 compile RMSE and R 2 obtained for each of the two classes, and compared with the initial standard deviation of normalized output. The model has also reduced the standard deviation by almost 50 % which confirms once again its relatively high performance.

		All data		Training		Validation	Test	
		Standard							
	Class	deviation of normalized	RMSE	RMSE	R2	RMSE	R2	RMSE	R2
		output							
	Class 1	0.1834	0.106087 0.10600947	0.71 0.1063397 0.71	0.106198 0.71
	Class 2	0.1689	0.093301 0.09322104	0.74 0.0940243 0.74	0.092944 0.73

Table 3 -

 3 5: Performance of the Neural Network ANN class1_A0HV and ANN class2_A0HV

Table 4 -

 4 

	2 according to the type of soil whether it is cohesive

Table 4 -

 4 4 compile the characteristics of the 8 soil profiles by listing the number of layers, the thickness, Vp, Vs , Qp, Qs and density of each layer.

	Layer	Thickness (m)	Vp (m/s)	Qp	Vs (m/s)	Qs	Unit mass (Kg/m3)
		SOZH42, f 0 ~1,92Hz, H=140 m, Vs30= 152.9 m/s, Vs10= 83.87 m/s, cohesive	
	1	5	250	10	50	5	
	2	25	1090	52	260	26	
	3	40	1470	126	630	63	
	4	70	1940	138	690	69	
	bedrock	0	2350	194	970	97	
		SOYH01, f 0 ~2.83 Hz, H=58 m, Vs30= 312.7 m/s, Vs10= 180.26 m/s, cohesionless	
	1	2	460	22	110	11	
	2	2	460	38	190	19	
	3	4	1730	38	190	19	
	4	8	1730	70	350	35	
	5	18	1730	120	600	60	
	6	24	1730	134	670	67	
	bedrock	0	1730	268	1340	134	
		OITH07, f 0 ~2.23 Hz, H=63 m, Vs30= 276.4 m/s, Vs10= 161.02 m/s, cohesionless	
	1	2	200	20	100	10	
	2	12	600	38	190	19	
	3	20	1300	126	630	63	
	4	29	1600	118	590	59	
	bedrock	0	3200	320	1600	160	
		NGNH16, f 0 ~1.59 Hz, H=210 m, Vs30= 276.2 m/s, Vs10= 181.44 m/s, cohesionless	
	1	4	340	22	110	11	
	2	18	1060	64	320	32	
	3	34	1620	100	500	50	
	4	12	1620	138	690	69	
	5	18	2860	270	1350	135	
	6	24	2860	182	910	91	
	7	64	4140	300	1500	150	
	8	36	4140	328	1640	164	
	bedrock	0	4600	432	2160	216	

3: Thickness, Vp, Vs , Qp, Qs, Unit mass, fundamental frequency and depth for SOZH42, SOYH01, OITH07, and NGNH16.

0 ~1.7 Hz, H=86 m, Vs30= 203.4 m/s, Vs10= 88.06 m/s, cohesionless

  

	1	2	50	4	20	2
	2	70	1720	118	590	59
	3	14	2260	152	760	76
	bedrock	0	2260	194	970	97
		KMMH16, f 0 ~1.12Hz, H=234 m, Vs30= 279.7 m/s, Vs10= 177.18 m/s, cohesionless
	1	3	240	22	110	11
	2	12	380	48	240	24
	3	18	1180	100	500	50
	4	8	1180	80	400	40
	5	28	1950	152	760	76
	6	32	2300	164	820	82
	7	32	2800	294	1470	147
	8	10	2800	140	700	70
	9	26	2800	276	1380	138
	10	32	2300	168	840	84
	11	33	2300	294	1470	147
	bedrock	0	4800	540	2700	270
		CHBH14, f 0 ~1.44 Hz, H=480 m, Vs30= 200.7 m/s, Vs10= 125 m/s, cohesionless
	1	4	300	16	80	8
	2	6	800	40	200	20
	3	15	1480	54	270	27
	4	25	1480	72	360	36
	5	30	3250	108	540	54
	6	60	3830	370	1850	185
	7	260	3360	338	1690	169
	8	80	3960	360	1800	180
	bedrock	0	4390	466	2330	233
		ABSH06, f				

0 ~1.71 Hz, H=78 m, Vs30= 251.2 m/s, Vs10= 155.17 m/s, cohesionless

  The transfer function, FTF, is the ratio of the Fourier Amplitude Spectra at the surface of the soil, over the one at outcropping bedrock level:

						C h a p t e r 4 : | 152
		4.4.5.2. Transfer functions			
		FTF =	𝐹𝑜𝑢𝑟 𝑟 𝑎𝑚𝑝𝑙 𝑡𝑢𝑑 𝑠𝑝 𝑐𝑡𝑟𝑎 𝑎𝑡 𝑠𝑢𝑟𝑓𝑎𝑐 𝑙 𝑣 𝑙 𝐹𝑜𝑢𝑟 𝑟 𝑎𝑚𝑝𝑙 𝑡𝑢𝑑 𝑠𝑝 𝑐𝑡𝑟𝑎 𝑎𝑡 𝑏 𝑑𝑟𝑜𝑐𝑘 𝑙 𝑣 𝑙	(4.20)
	1	2	380	20	100	10
	2	8	1520	36	180	18
	3	6	1520	42	210	21
	4	14	1830	106	530	53
	5	12	1830	64	320	32
	6	18	1830	130	650	65
	7	18	1830	180	900	90
	bedrock	0	1830	360	1800	180
	Table 4-4: Thickness, Vp, Vs, Qp, Qs, Unit mass, fundamental frequency and depth for MYGH08, KMMH16, CHBH14, and
				ABSH06.		

 Ultimate limit du (m)  Ductility ratio

  

	0.437	2.2883	0.0108	0.0324	3
	0.642	1.56	0.0168	0.0504	3
	0.913	1.0953	0.0239	0.0717	3

Table 4 -
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5: Definition of the structures parameters according to Risk-UE project

[START_REF] Lagomarsino | Macroseismic and mechanical models for the vulnerability and damage assessment of current buildings[END_REF]

.

Table 4 -

 4 

		Structure Frequency (Hz)	Elastic Limit (m)	Linear max displacement (m)	NL max displacement (m)
	Signal 1 PGA=0.43 g	T0.437 T0.642	2.2883 1.56	0.0108 0.0168	0.3040 0.3351	0.2045 0.2215
		T0.913	1.0953	0.0239	0.2387	0.2343
		T0.437	2.2883	0.0108	0.3143	0.2277
	Signal 2 PGA =0.35 g	T0.642 T0.913	1.56 1.0953	0.0168 0.0239	0.3278 0.3198	0.3071 0.3137

6: Maximum displacement for the linear and non-linear behavior of the soil.

Table 4 -

 4 7 contains the PGA and the degree of nonlinearity reached expressed in terms of 𝛾/𝛾 𝑟𝑒𝑓 .
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Table 4 -

 4 7: PGA and the ratio Maximum Strain over Reference Strain, for the two combinations signal -soil profile

Table 4 -

 4 8: Characteristics of the neural network ANN class 3_NL in terms of input and output parameters, hidden neurons number, activation functions in the hidden and output layers and training algorithm.

2 ) Annual expansion (km 2 /year)

  

	1963	115.59	
	1987	126	0.74
	1994	149.83	3.4
	1998	212.61	15.69
	2003	218.97	1.27

Table 5 -

 5 

2: Urban expansion in Beirut from 1963 to 2003

Table 5 -

 5 

		defined	<1950	[1950; 2005[	≥2005	Total
	USJ	583	2355	4084	340	7362
	LIBRIS	14	19	246	51	330
	Total	597	2374	4330	391	7692

4: Classification of the entire set of buildings with respect to their date of construction.

Table 5 -

 5 5: Soil coefficient S-Lebanese code.

Table 5 -

 5 6: Parameters and results from the reglementary assessment and the Neural network approach considering rock and soft sites and 3 building: low-rise B1, medium-rise B2 and high-rise B3.

		Structure characteristics	Regulatory assessment		Neural Network approach	
	Soil category	Building	Number of floors	Height (m)	Regulatory Period T (s)	PGA (g)	S	PGA (g)	Damage (Lebanese Code)	Measured period T (s)	Measured Soil frequency (Hz)	Measured H/V amplitude	Damage Neural Network Model
		B1	2	6	0.268356104 0.25	1	0.25	1.46	0.0869565	18	1	1.6027
	S1 (Rock)	B2	5	15	0.533539386 0.25	1	0.25	1.53	0.2173913	18	1	1.8726
		B3	15	45	1.216206795 0.25	1	0.25	1.1	0.6521739	18	1	1.1285
		B1	2	6	0.268356104 0.25 1.4 0.35	2	0.1111111	5	3	2.9401
	S3	B2	5	15	0.533539386 0.25 1.4 0.35	2.06	0.2777778	5	3	3.2172
	(Soft)												
		B3	15	45	1.216206795 0.25 1.4 0.35	1.6	0.8333333	5	3	2.3127

Table A -

 A 5: Masonry building typologies: defining parameters for the vulnerability and for the capacity
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		BTM	V	Q	T	ay	µ	dy	du
	M1	M1_L	0.8	2	0.21	0.17 4.8 0.002	0.009
	Rubble Stone	M1_M M1.w_L	0.9 0.8	2 2	0.36 0.21	0.13 3.3 0.004 0.18 4.8 0.002	0.014 0.009
		M1.w_M	0.9	2	0.36	0.14 3.3 0.004	0.014
		M1.v_L	0.9	2	0.21	0.13 4.8 0.002	0.007
		M1.v_M	1	2	0.36	0.11 3.3 0.003	0.011
	M2	M2_L	0.8	2	0.27	0.15	4	0.003	0.01
	Adobe(earth	M2.w_L	0.8	2	0.27	0.16	4	0.003	0.011
	bricks)	M2.v_L	0.9	2	0.27	0.12	4	0.002	0.008
	M3	M3_L	0.7	2	0.19	0.25 5.2 0.002	0.012
	Simple Stone	M3_M M3_H	0.7 0.8	2 2	0.32 0.44	0.2 0.14	3.5 0.005 3 0.007	0.018 0.02
		M3.w_L	0.6	2	0.19	0.26 5.2 0.002	0.012
		M3.w_M	0.7	2	0.32	0.21 3.5 0.005	0.019
		M3.w_H	0.8	2	0.44	0.15	3	0.007	0.021
		M3.v_L	0.7	2	0.19	0.2	5.2 0.002	0.009
		M3.v_M	0.8	2	0.32	0.16 3.5 0.004	0.014
		M3.v_H	0.9	2	0.44	0.11	3	0.005	0.016
		M3.sm_L	0.6	2	0.19	0.3	5.2 0.003	0.014
		M3.sm_M 0.7	2	0.32	0.23 3.5 0.006	0.021
		M3.sm_H 0.8	2	0.44	0.17	3	0.008	0.024
	M4	M4_L	0.5	2	0.17	0.36 5.6 0.003	0.015
	Massive Stone	M4_M M4_H	0.6 0.7	2 2	0.29 0.39	0.28 3.8 0.006 0.22 3 0.009	0.022 0.026
		M4.w_L	0.5	2	0.17	0.38 5.6 0.003	0.016
		M4.w_M	0.6	2	0.29	0.3	3.8 0.006	0.024
		M4.w_H	0.7	2	0.39	0.24	3	0.009	0.028
		M4.v_L	0.6	2	0.17	0.28 5.6 0.002	0.012
		M4.v_M	0.7	2	0.29	0.22 3.8 0.005	0.018
		M4.v_H	0.8	2	0.39	0.18	3	0.007	0.021
	M5	M5_L	0.6	2	0.17	0.26 5.6 0.002	0.011
		M5_M	0.7	2	0.29	0.21 3.8 0.004	0.016
	U masonry (old bricks)	M5_H	0.8	2	0.39	0.17	3	0.006	0.019
		M5.w_L	0.6	2	0.2	0.28	5	0.003	0.014
		M5.w_M	0.7	2	0.34	0.22 3.4 0.006	0.021
		M5.w_H	0.8	2	0.46	0.15	3	0.008	0.024
		M5.v_L	0.7	2	0.19	0.21 5.2 0.002	0.01
		M5.v_M	0.8	2	0.32	0.17 3.5 0.004	0.015
		M5.v_H	0.9	2	0.44	0.12	3	0.006	0.017
		M5.sm_L	0.6	2	0.19	0.31 5.2 0.003	0.015
		M5.sm_M 0.7	2	0.32	0.25 3.5 0.006	0.022
		M5.sm_H 0.7	2	0.44	0.18	3	0.009	0.026
	M6	M6_L-PC 0.6	2	0.21	0.32 4.8 0.004	0.017
		M6_M-PC 0.7	2	0.36	0.26 3.3 0.008	0.026
	U masonry -r.c floors	M6_H-PC 0.7	2	0.48	0.17	3	0.01	0.029
		M6_L-MC 0.5	3	0.21	0.36	6	0.004	0.024
		M6_M-MC 0.6	3	0.36	0.28	4	0.009	0.035
		M6_H-MC 0.7	3	0.48	0.19 3.6 0.011	0.039
	M7	M7_L	0.4	3	0.15	0.51 7.9 0.003	0.023
	Reinforced/	M7_M	0.5	3	0.26	0.4	5.1 0.007	0.034
	confined masonry	M7_H	0.5	3	0.35	0.32	4	0.01	0.039

Table A -

 A 6: Non-designed reinforced concrete buildings: defining parameters for vulnerability and for capacity.
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	Table A-8: DCM reinforced concrete buildings: defining parameters for vulnerability and for capacity Table A-9: DCH reinforced concrete buildings: defining parameters for vulnerability and for capacity Appendix B Soil Profiles Database
		BTM BTM BTM	V Q V Q V Q	T T T	ay ay ay	µ µ µ	dy dy dy	du du du
	RC1 RC1 DCM RC1 DCH Concrete moment frame	RC1_L RC1-III_L 0.5 3 0.44 0.27 3.6 0.013 0.6 2 0.54 0.21 3 0.015 RC1-III_L 0.5 3 0.44 0.25 4.7 0.012 RC1_M 0.6 2 0.85 0.12 3 0.022 RC1_H 0.7 2 1.3 0.07 3 0.03 RC1-III_M 0.5 3 0.64 0.18 4.1 0.018 RC1-III_H 0.6 3 0.91 0.12 4.1 0.024 RC1-III_M 0.5 3 0.64 0.14 5.7 0.014 RC1-II_L 0.4 3 0.44 0.43 3.6 0.02 RC1-III_H 0.6 3 0.91 0.09 5.7 0.019	0.0459 0.0557 0.0451 0.0674 0.0742 0.0814 0.0995 0.0915 0.0735 0.1092
	RC2 Concrete Shear walls RC3 Dual System RC2 DCM RC2 DCH	RC2_L RC2_M RC2_H RC3_L RC3_M RC1-II_M 0.4 3 0.64 0.28 4.1 0.029 0.5 2 0.54 0.28 3 0.02 0.5 2 0.85 0.17 3 0.03 0.6 2 1.3 0.1 3 0.041 0.6 2 0.54 0.24 3 0.017 0.6 2 0.85 0.14 3 0.026 RC1-II_L 0.4 3 0.44 0.4 4.7 0.019 RC1-II_H 0.4 3 0.91 0.19 4.1 0.039 RC1-II_M 0.4 3 0.64 0.23 5.7 0.023 RC1-I_L 0.3 3 0.44 0.59 3.6 0.028 RC1-II_H 0.4 3 0.91 0.15 5.7 0.031 RC1-I_M 0.3 3 0.64 0.39 4.1 0.04 RC1-I_L 0.3 3 0.44 0.55 4.7 0.026 RC1-I_M 0.3 3 0.64 0.31 5.7 0.032 RC3_H 0.6 2 1.3 0.08 3 0.035 RC1-I_H 0.3 3 0.91 0.26 4.1 0.053 RC1-I_H 0.3 3 0.91 0.21 5.7 0.043 RC2-III_L 0.4 2 0.44 0.39 3.2 0.019 RC2-III_L 0.4 3 0.44 0.37 4.1 0.018 RC2-III_M 0.4 3 0.64 0.26 3.6 0.026 RC2-III_H 0.5 3 0.91 0.17 3.6 0.036 RC2-0.4 3 0.64 0.21 5 0.021 III_M RC2-III_H 0.5 3 0.91 0.14 5 0.028	0.0606 0.0904 0.1227 0.0523 0.089 0.1187 0.1302 0.1592 0.1747 0.1015 0.123 0.1639 0.1799 0.0781 0.2199 0.2413 0.106 0.0719 0.0594 0.0959 0.1052 0.1286 0.1411
		RC2-II_L 0.3 2 0.44 0.63 3.2 0.03 RC2-II_L 0.3 3 0.44 0.59 4.1 0.028	0.095 0.1151
	RC2-II_M 0.3 3 0.64 0.41 3.6 0.042 RC2-II_M 0.3 3 0.64 0.33 5 0.034 Table A-7: DCL reinforced concrete buildings: defining parameters for vulnerability and for capacity. 0.1534 0.1683 RC2-II_H 0.3 3 0.91 0.27 3.6 0.057 0.2058 RC2-II_H 0.3 3 0.91 0.22 5 0.045 0.2258
		RC2-I_L 0.2 2 0.44 0.86 3.2 0.041 RC2-I_L 0.2 3 0.44 0.81 4.1 0.039	0.1312 0.159
		BTM RC2-I_M 0.2 3 0.64 0.57 3.6 0.058 V Q T ay µ dy RC2-I_M 0.2 3 0.64 0.46 5 0.047	du 0.2119 0.2325
	RC1 DCL	RC1-III_L 0.7 2 0.44 0.23 3 0.011 RC2-I_H 0.2 3 0.91 0.38 3.6 0.078 RC2-I_H 0.2 3 0.91 0.3 5 0.063	0.0324 0.2842 0.3119
	RC3 DCM RC3 DCH	RC1-III_M 0.6 2 0.64 0.16 3 0.017 RC3-III_L 0.5 2 0.44 0.34 3.2 0.016 RC3-III_L 0.5 3 0.44 0.32 4.1 0.015	0.0504 0.0513 0.0621
		RC1-III_H 0.6 2 0.91 0.12 3 0.024 RC1-II_L 0.5 2 0.44 0.36 3 0.017 RC3-III_M 0.5 3 0.64 0.22 3.6 0.023 RC3-III_H 0.5 3 0.91 0.15 3.6 0.031 RC3-III_M 0.5 3 0.64 0.18 5 0.018	0.0717 0.0518 0.0828 0.111 0.0908
		RC1-II_M 0.5 2 0.64 0.26 3 0.027 RC3-II_L 0.3 2 0.44 0.54 3.2 0.026 RC3-III_H 0.5 3 0.91 0.12 5 0.025	0.0806 0.082 0.1218
		RC1-II_H 0.5 2 0.91 0.19 3 0.038 RC3-II_M 0.3 3 0.64 0.36 3.6 0.037 RC3-II_L 0.3 3 0.44 0.51 4.1 0.024	0.1147 0.1324 0.0994
		RC1-I_L 0.4 2 0.44 0.5 RC3-II_H 0.4 3 0.91 0.24 3.6 0.049 3 0.024 RC3-II_M 0.3 3 0.64 0.29 5 0.029	0.0716 0.1776 0.1453
		RC1-I_M 0.4 2 0.64 0.36 3 0.037 RC3-I_L 0.2 2 0.44 0.75 3.2 0.036 RC3-II_H 0.4 3 0.91 0.19 5 0.039	0.1114 0.1133 0.1949
		RC1-I_H 0.4 2 0.91 0.26 3 0.053 RC3-I_M 0.2 3 0.64 0.49 3.6 0.051 RC3-I_L 0.2 3 0.44 0.7 4.1 0.033	0.1584 0.1829 0.1373
	RC2 DCL	RC2-III_L 0.6 2 0.44 0.31 3 0.015 RC3-I_H 0.2 3 0.91 0.33 3.6 0.068 RC3-I_M 0.2 3 0.64 0.39 5 0.04 RC2-III_M 0.5 2 0.64 0.22 3 0.023 RC3-I_H 0.2 3 0.91 0.26 5 0.054	0.2454 0.2008 0.0434 0.0676 0.2693
		RC2-III_H 0.5 2 0.91 0.16 3 0.032	0.0962
		RC2-II_L 0.4 2 0.44 0.49 3 0.023	0.0695
		RC2-II_M 0.4 2 0.64 0.35 3 0.036	0.1081
		RC2-II_H 0.4 2 0.91 0.25 3 0.051	0.1538
		RC2-I_L 0.3 2 0.44 0.67 3 0.032	0.096
		RC2-I_M 0.3 2 0.64 0.49 3	0.05	0.1494
		RC2-I_H 0.3 2 0.91 0.34 3 0.071	0.2125
	RC3 DCL	RC3-III_L 0.6 2 0.44 0.26 3 0.013	0.0375
		RC3-III_M 0.6 2 0.64 0.19 3	0.02	0.0584
		RC3-III_H 0.6 2 0.91 0.13 3 0.028	0.083
		RC3-II_L 0.5 2 0.44 0.42 3	0.02	0.06
		RC3-II_M 0.4 2 0.64 0.3	3 0.031	0.0934
		RC3-II_H 0.4 2 0.91 0.21 3 0.044	0.1328
		RC3-I_L 0.3 2 0.44 0.58 3 0.028	0.0829
		RC3-I_M 0.3 2 0.64 0.42 3 0.043	0.129
		RC3-I_H 0.3 2 0.91 0.3	3 0.061	0.1835

Table B -

 B 1: KIKNET Database (Japanese Sites)

	Number of layers Number of layers 480 Depth (m) 70 84 62 84 78 82 86 118 154 82 68 54 68 66 400 216 134 116 36 280 36 32 48 184 68 70 58 36 38 70 52 158 86 56 54 70 122 12 40 158 68 72 324 70 76 90 70 138 152 12 130 Velocity at Position of max Maximum Position of min Minumum Maximum Velocity at Position of max Maximum Position of min Minumum Maximum bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast 1870 70 1870 2 180 10.38889 1430 84 1430 4 120 11.91667 1630 62 1630 2 100 16.3 1800 84 1800 4 230 7.82609 1800 78 1800 2 100 18 1160 82 1160 2 100 11.6 930 34 1130 2 130 8.69231 1000 118 1000 6 180 5.55556 1980 154 1980 4 200 9.9 800 82 800 6 140 5.71429 900 68 900 4 100 9 820 54 820 2 170 4.82353 1120 68 1120 2 110 10.18182 980 66 980 2 250 3.92 3300 400 3300 15 190 17.36842 1340 216 1340 4 210 6.38095 2140 134 2140 8 150 14.26667 3220 116 3220 4 110 29.27273 1930 36 1930 2 160 12.0625 1000 280 1000 4 180 5.55556 2600 36 2600 4 140 18.57143 2260 32 2260 4 160 14.125 2900 48 2900 8 130 22.30769 2200 184 2200 4 220 10 2600 68 2600 8 340 7.64706 2600 70 2600 3 200 13 2200 58 2200 8 150 14.66667 2000 36 2000 2 150 13.33333 2100 38 2100 2 150 14 2900 70 2900 4 180 16.11111 1200 52 1200 2 130 9.23077 3000 158 3000 2 190 15.78947 1200 86 1200 2 200 6 1080 56 1080 5.2 250 4.32 920 54 920 1 180 5.11111 1500 70 1500 2 150 10 2530 122 2530 4 580 4.36207 1100 12 1100 1 150 7.33333 800 40 800 2 250 3.2 1000 158 1000 2 120 8.33333 880 68 880 2 190 4.63158 1850 72 1850 4 150 12.33333 2010 324 2010 6 190 10.57895 1640 70 1640 6 150 10.93333 2080 76 2080 4 130 16 1270 90 1270 10 100 12.7 2150 70 2150 2 130 16.53846 1220 138 1220 4 180 6.77778 920 152 920 4 200 4.6 800 12 800 2 200 4 860 130 860 2 110 7.81818 bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast 2330 480 2330 4 80 29.125 200.7 Vs30 (m/s) 822.5 501.3 499.2 624.3 251.2 290.3 517.5 394.3 609.7 265.8 268.5 463.6 351.6 464.9 241.2 301.3 219.5 428.1 448.5 274 504.9 382.2 163.3 394.9 663.1 363.6 314.3 499.1 586.9 690.6 355.4 404.5 475.1 620.4 320.2 458.7 829.5 455.3 349.5 472 319.6 333.6 339.5 389.2 535.7 232.6 498.1 375 288.8 431 288 Position of Position of LVZ (m) frequency (Hz) Profile Natural Soil 0 14.53857 ABSH01 0 7.09229 ABSH02 0 9.47266 ABSH03 0 8.63037 ABSH05 30 1.70898 ABSH06 0 1.78223 ABSH07 62 6.82373 ABSH08 58 1.25732 ABSH09 0 9.8877 ABSH10 58 1.12305 ABSH11 0 1.68457 ABSH12 0 2.80762 ABSH13 46 1.92871 ABSH14 20 2.16064 ABSH15 0 0.43945 AICH04 0 0.73242 AICH05 0 1.2207 AICH06 0 5.41992 AICH07 0 5.37109 AICH08 0 0.75684 AICH09 0 6.45752 AICH10 0 4.29688 AICH11 0 1.08643 AICH12 0 0.90332 AICH14 0 7.2998 AICH15 0 2.53906 AICH16 0 3.30811 AICH17 0 6.20117 AICH18 0 7.77588 AICH19 0 9.32617 AICH20 0 2.88086 AICH21 0 1.85547 AICH22 0 2.51465 AKTH01 0 11.16943 AKTH02 0 2.0874 AKTH03 0 4.67529 AKTH04 0 8.70361 AKTH05 0 6.38428 AKTH06 0 2.36816 AKTH07 0 3.96729 AKTH08 0 1.57471 AKTH09 0 3.60107 AKTH10 0 0.50049 AKTH11 0 3.125 AKTH12 0 7.65381 AKTH13 0 2.4292 AKTH14 0 6.53076 AKTH15 0 1.07422 AKTH16 56 1.15967 AKTH17 0 7.21436 AKTH18 0 4.46777 AKTH19 | 248 Natural Soil LVZ (m) frequency (Hz) Profile 140 1.44043 CHBH14 1575 1410 1275 1680 25 330 5.09091 361.4 1575 0.3418 CHBH16 66 2500 66 2500 10 420 5.95238 743.4 0 8.42285 EHMH01 16 2195 16 2195 6 151 14.53642 488.6 0 5.63965 EHMH02 24 2140 24 2140 4 230 9.30435 591.2 0 7.37305 EHMH03 64 1180 64 1180 8 130 9.07692 254.3 0 2.12402 EHMH04 70 2419 70 2419 6 164 14.75 362.1 0 3.9917 EHMH05 156 2100 18 2200 4 290 7.58621 717.2 30 8.37402 EHMH06 20 1853 20 1853 8 175 10.58857 391.4 0 4.35791 EHMH07 84 1780 84 1780 4 120 14.83333 363.8 0 3.9917 EHMH08 108 2780 108 2780 12 250 11.12 266.6 0 2.0874 EHMH09 52 2880 52 2880 2 140 20.57143 318.2 0 3.39355 EHMH10 66 2570 66 2570 1 190 13.52632 712 0 8.93555 EHMH11 64 2500 64 2500 4 150 16.66667 715.8 0 9.0332 FKIH01 46 1840 46 1840 2 150 12.26667 342.9 0 3.01514 FKIH02 80 1570 80 1570 6 400 3.925 760 0 5.298 FKIH03 98 2300 98 2300 4 300 7.66667 300 0 1.57471 FKIH04 80 1160 80 1160 22 170 6.82353 187.4 0 1.07422 FKIH05 86 1050 86 1050 6 200 5.25 395.6 0 2.16064 FKIH06 38 2180 38 2180 10 240 9.08333 384.1 0 3.88184 FKIH07 180 3100 180 3100 2 130 23.84615 588.5 120 7.20215 FKOH01 40 2370 40 2370 4 140 16.92857 273.4 0 2.83203 FKOH02 25 2030 25 2030 6 250 8.12 497 0 5.65186 FKOH03 35 2176 35 2176 4 98 22.20408 259.9 0 2.9541 FKOH04 66 3000 66 3000 3 140 21.42857 777 0 11.36475 FKOH05 190 1400 190 1400 10 850 1.64706 1001.8 30 1.85547 FKOH06 415 1600 415 1600 5 220 7.27273 271 350 0.41504 FKOH07 62 1600 62 1600 5 180 8.88889 535.8 0 7.60498 FKOH08 150 1220 118 1640 2 310 5.29032 566.7 150 2.63672 FKOH09 136 1580 46 1670 2 250 6.68 921.3 136 5.96924 FKOH10 32 2600 32 2600 2 240 10.83333 703.6 0 9.11865 FKSH01 80 900 80 900 1 220 4.09091 507.6 14 2.31934 FKSH02 112 850 112 850 3 150 5.66667 349.7 70 1.17188 FKSH03 208 1200 208 1200 4 120 10 245.9 0 2.66113 FKSH04 64 1400 12 1500 2 240 6.25 596 54 7.83691 FKSH05 56 1700 56 1700 1 200 8.5 680.2 0 12.09717 FKSH06 48 1470 48 1470 4 200 7.35 562.5 0 5.26123 FKSH08 170 1960 44 2540 2 140 18.14286 584.6 170 6.84814 FKSH09 146 870 66 1300 4 150 8.66667 487 86 6.26221 FKSH10 86 980 34 1200 1 110 10.90909 239.8 56 1.45264 FKSH11 64 2320 64 2320 4 250 9.28 448.5 0 4.00391 FKSH12 34 1970 34 1970 4 200 9.85 561.9 0 7.00684 FKSH13 106 1210 106 1210 2 120 10.08333 236.6 0 1.28174 FKSH14 297 1680 274 1680 4 180 9.33333 531.6 0 0.87891 FKSH16 30 1970 30 1970 6 180 10.94444 544 0 6.82373 FKSH17 48 2250 48 2250 4 140 16.07143 307.2 0 3.34473 FKSH18 40 3060 40 3060 2 170 18 338.1 0 3.08838 FKSH19 46 910 46 910 4 170 5.35294 421.2 0 7.4585 GIFH03 56 2770 56 2770 12 210 13.19048 379.6 0 3.75977 GIFH04 42 1460 42 1460 4 90 16.22222 262.3 0 2.96631 GIFH05 44 1670 44 1670 2 170 9.82353 300 0 3.00293 GIFH06 40 1860 40 1860 2 120 15.5 424.3 0 5.17578 GIFH07 32 1170 32 1170 2 120 9.75 384.8 0 4.67529 GIFH08 720 3040 720 3040 12 140 21.71428 216.4 0 0.30518 GIFH09 48 2940 48 2940 2 190 15.47368 385.5 0 3.86963 GIFH10 72 2680 32 3030 1 320 9.46875 904.2 72 10.15625 GIFH11 90 1500 50 1500 5 320 4.6875 666.8 85 6.7749 GIFH12 130 1700 130 1700 3 220 7.72727 592.6 0 1.59912 GIFH13 52 2700 52 2700 14 440 6.13636 627.4 0 4.60205 GIFH14 98 1200 98 1200 10 320 3.75 369.2 0 1.45264 GIFH15 Depth (m) Vs30 (m/s) | 249 Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 132 1000 132 1000 8 250 4 338.7 74 0.90332 GNMH08 102 2000 102 2000 6 230 8.69565 623.9 88 3.54004 GNMH09 60 2100 60 2100 6 360 5.83333 668.1 40 4.56543 GNMH10 124 1200 124 1200 4 210 5.71429 421.4 0 4.40674 GNMH11 50 1400 50 1400 4 120 11.66667 368.3 0 4.89502 HDKH01 100 1400 100 1400 4 190 7.36842 443.7 90 2.80762 HDKH02 80 1400 80 1400 1 60 23.33333 341.1 0 3.74756 HDKH03 120 860 120 860 4 140 6.14286 235 70 2.29492 HDKH04 40 1680 40 1680 2 250 6.72 766.2 0 7.09229 HDKH05 84 980 84 980 10 280 3.5 412.2 0 5.17578 HDKH06 48 900 48 900 2 190 4.73684 459.1 0 3.62549 HDKH07 96 2523 96 2523 8 180 14.01667 402.7 0 4.40674 HRSH01 30 2419 30 2419 6 136 17.78676 390.8 0 4.61426 HRSH02 64 2600 64 2600 20 370 7.02703 486.8 0 3.97949 HRSH03 118 2500 118 2500 16 280 8.92857 447.7 0 4.10156 HRSH04 156 2850 156 2850 8 280 10.17857 370.6 0 2.49023 HRSH05 51 1650 51 1650 5 170 9.70588 279.2 0 2.45361 HRSH06 52 1200 52 1200 28 420 2.85714 461.5 9 2.49023 HRSH07 78 2000 78 2000 6 450 4.44444 781.2 0 10.72998 HRSH08 68 1720 30 1800 6 200 9 495.1 68 6.38428 HRSH09 72 2200 72 2200 6 140 15.71429 264.7 0 2.18506 HRSH10 50 2850 50 2850 4 200 14.25 689.5 0 9.66797 HRSH11 114 2590 114 2590 2 130 19.92308 399.1 0 4.19922 HRSH13 70 2140 70 2140 1 220 9.72727 550.2 0 4.37012 HRSH14 40 2070 40 2070 2 140 14.78571 578.6 0 8.53271 HRSH15 44 2520 44 2520 2 160 15.75 455 0 4.61426 HRSH16 66 2530 66 2530 2 150 16.86667 402.4 0 4.32129 HRSH18 11 78 826 74 826 4 232 3.56034 347.8 26 1.5625 HYGH01 32 1784 32 1784 4 191 9.34031 612.1 0 8.89893 HYGH02 40 2900 40 2900 6 160 18.125 508.9 0 5.9082 HYGH03 66 2020 66 2020 4 140 14.42857 472 0 6.93359 HYGH04 31 2600 31 2600 7 200 13 532.5 0 6.21338 HYGH05 100 2500 100 2500 14 250 10 368.6 0 3.38135 HYGH06 26 2690 26 2690 6 230 11.69565 506.4 0 5.92041 HYGH07 52 1469 52 1469 4 131 11.21374 285.3 0 3.13721 HYGH08 88 1028 52 1028 2 95 10.82105 364.4 0 6.61621 HYGH09 82 1341 82 1341 6 136 9.86029 223.9 0 1.19629 HYGH10 110 2660 50.5 2660 23.5 230 11.56522 270.7 70.1 2.09961 HYGH11 60 2500 60 2500 13 370 6.75676 677.4 8 5.92041 HYGH12 64 1800 64 1800 2 160 11.25 381.3 0 3.32031 HYGH13 46 1930 46 1930 2 220 8.77273 698 0 7.34863 HYGH14 85 2100 85 2100 10 280 7.5 526.3 0 6.90918 HYGH15 82 990 82 990 2 110 9 394.9 0 1.9165 HYMH01 60 860 60 860 2 170 5.05882 497.7 0 3.35693 HYMH02 42 1300 42 1300 2 150 8.66667 602.7 0 12.41455 HYMH03 30 2100 30 2100 2 130 16.15385 242.5 0 2.44141 IBRH11 174 1700 174 1700 6 240 7.08333 485.7 150 1.94092 IBRH12 76 3000 76 3000 1 170 17.64706 335.4 0 2.9541 IBRH13 62 3200 62 3200 2 180 17.77778 829.1 0 14.08691 IBRH14 90 1700 90 1700 2 60 28.33333 450.4 0 6.75049 IBRH15 216 2050 216 2050 2 140 14.64286 626.1 0 1.79443 IBRH16 460 2300 460 2300 1 90 25.55556 300.8 0 0.3418 IBRH17 470 2200 470 2200 1 180 12.22222 558.6 0 1.30615 IBRH18 66 890 66 890 4 130 6.84615 306.8 0 4.99268 IBUH01 64 1360 64 1360 2 130 10.46154 541.8 0 11.71875 IBUH02 132 860 132 860 2 60 14.33333 111.1 40 0.67139 IBUH03 50 1060 26 1180 4 150 7.86667 352.4 50 4.38232 IBUH04 11 166 1200 166 1200 4 170 7.05882 379.3 40 0.80566 IBUH05 495 1500 100 1500 5 200 7.5 304.5 165 0.5127 IBUH06 152 1330 152 1330 12 200 6.65 259.3 4 1.42822 IBUH07 Depth (m) Vs30 (m/s) | 250 Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 48 2600 48 2600 2 160 16.25 429.2 0 4.07715 IWTH05 72 1060 32 1140 2 80 14.25 431.7 56 2.23389 IWTH06 96 2040 96 2040 2 80 25.5 395.6 0 5.78613 IWTH07 50 2120 50 2120 4 150 14.13333 304.5 0 2.86865 IWTH08 58 2610 58 2610 6 440 5.93182 966.8 0 14.90479 IWTH09 66 1420 66 1420 6 210 6.7619 496.2 0 7.14111 IWTH10 188 1080 50 1290 4 130 9.92308 343.1 20 2.06299 IWTH11 74 1130 74 1130 2 160 7.0625 367.9 0 1.92871 IWTH12 60 2180 60 2180 2 100 21.8 620.5 0 9.39941 IWTH13 110 1080 110 1080 4 150 7.2 337.5 0 1.2207 IWTH15 120 1160 120 1160 2 260 4.46154 534.7 0 1.47705 IWTH16 84 1270 84 1270 4 170 7.47059 482.1 0 2.771 IWTH19 92 1120 92 1120 2 110 10.18182 288.8 18 1.26953 IWTH20 70 2460 70 2460 2 150 16.4 521.1 0 6.28662 IWTH21 70 2780 70 2780 4 190 14.63158 532.1 0 6.56738 IWTH22 86 2200 30 2400 4 370 6.48649 922.9 86 12.35352 IWTH23 118 1200 118 1200 2 180 6.66667 486.4 48 1.13525 IWTH24 204 1810 204 1810 6 430 4.2093 506.4 176 2.12402 IWTH25 36 1080 36 1080 4 130 8.30769 371.1 0 3.90625 IWTH26 78 2790 78 2790 4 150 18.6 670.3 0 8.70361 IWTH27 122 2100 122 2100 2 290 7.24138 603 0 1.84326 KGSH01 86 1300 86 1300 3 600 2.16667 873.8 32 2.4292 KGSH02 56 1900 20 2000 10 910 2.1978 1196.2 56 13.46436 KGSH03 62 900 62 900 4 180 5 280.4 0 1.72119 KGSH04 50 800 50 800 2 190 4.21053 477.5 22 2.17285 KGSH05 164 1300 164 1300 7 180 7.22222 454.9 50 0.84229 KGSH06 220 1040 220 1040 54 260 4 260 0 0.56152 KGSH07 82 1400 82 1400 5 320 4.375 409.1 0 3.08838 KGSH09 140 1000 140 1000 6 110 9.09091 254.9 0 2.57568 KGSH10 137 2200 137 2200 7 220 10 429.7 106 5.0415 KGSH11 108 2800 108 2800 2 100 28 451.6 0 4.94385 KGSH12 80 1590 80 1590 3 90 17.66667 299.9 36 2.20947 KGSH13 84 1287 34 1790 8 148 12.09459 255.2 84 2.69775 KGWH01 92 1603 92 1603 8 107 14.98131 185.3 0 1.42822 KGWH02 58 1760 58 1760 4 140 12.57143 407.2 0 4.83398 KGWH04 98 820 76 820 1 50 16.4 417.6 56 2.45361 KKWH01 100 1100 100 1100 5 440 2.5 657 0 2.6123 KKWH02 86 1800 86 1800 12 150 12 311.6 0 2.91748 KKWH03 78 1040 78 1040 1 70 14.85714 381.2 0 1.66016 KKWH04 180 1600 180 1600 1 170 9.41177 595.8 0 1.19629 KKWH05 58 1600 58 1600 1 100 16 403 0 4.3335 KKWH07 90 1700 46 2100 4 100 21 310.8 90 3.10059 KKWH08 48 1300 48 1300 8 320 4.0625 562.7 0 6.78711 KKWH09 58 900 58 900 8 170 5.29412 327.6 0 4.90723 KKWH10 76 1600 76 1600 1 170 9.41177 242.9 0 2.12402 KKWH11 120 1400 88 1400 24 700 2 771.2 52 2.57568 KKWH12 120 1400 62 1900 8 230 8.26087 355.5 72 3.94287 KKWH13 36 1300 36 1300 12 350 3.71429 537.5 0 5.9082 KKWH14 94 1300 94 1300 2 120 10.83333 528.7 0 11.31592 KKWH15 38 1900 38 1900 1 150 12.66667 574.6 0 6.64062 KMMH01 42 1600 42 1600 2 120 13.33333 576.7 22 5.16357 KMMH02 128 2000 128 2000 2 150 13.33333 421.2 56 1.51367 KMMH03 96 800 96 800 2 80 10 120 12 0.43945 KMMH04 60 820 60 820 4 100 8.2 230.2 38 1.63574 KMMH05 88 1100 12 1500 2 100 15 567.8 32 1.33057 KMMH06 235 2000 235 2000 5 600 3.33333 765.4 100 1.47705 KMMH07 86 1800 86 1800 20 460 Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 38 1950 38 1950 4 210 9.28571 385.2 0 4.00391 KOCH07 11 62 2050 62 2050 2 170 12.05882 608 0 11.68213 KOCH08 48 1780 48 1780 2 570 3.12281 1120.1 0 8.91113 KOCH10 200 1870 200 1870 6 520 3.59615 782.2 0 5.33447 KOCH11 66 800 66 800 2 100 8 215.4 32 0.80566 KSRH01 40 800 40 800 2 90 8.88889 219.1 30 1.94092 KSRH02 82 1060 82 1060 2 90 11.77778 249.8 56 1.69678 KSRH03 78 800 78 800 8 100 8 189.2 0 1.09863 KSRH04 280 800 280 800 4 100 8 388.9 54 0.64697 KSRH05 170 1080 170 1080 2 90 12 326.2 30 0.76904 KSRH06 82 900 82 900 4 100 9 204.1 0 1.41602 KSRH07 54 1250 54 1250 2 120 10.41667 650.1 32 3.68652 KSRH08 72 920 72 920 6 90 10.22222 230.2 0 1.66016 KSRH09 236 1700 80 2000 1 90 22.22222 212.9 192 1.89209 KSRH10 44 1600 44 1600 4 100 16 240.2 0 1.9165 KYTH01 134 1860 134 1860 2 110 16.90909 518.3 108 1.74561 KYTH02 10 280 1940 180 3020 2 240 12.58333 637.1 152 5.261 KYTH03 54 1960 54 1960 1 220 8.90909 1068.9 0 8.8501 KYTH04 120 1250 120 1250 5 110 11.36364 133.2 0 1.01318 KYTH05 30 1500 30 1500 5 260 5.76923 685.3 0 12.64648 KYTH06 54 1010 54 1010 4 140 7.21429 342 0 5.7373 MIEH01 116 2100 116 2100 4 160 13.125 423.1 0 5.76172 MIEH02 36 2430 36 2430 2 110 22.09091 434.9 0 5.45654 MIEH03 32 1760 32 1760 2 260 6.76923 490.3 0 4.95605 MIEH04 66 1920 66 1920 4 240 8 590.1 40 6.31104 MIEH05 164 1990 164 1990 2 190 10.47368 616.7 0 9.8999 MIEH07 86 2480 50 2670 2 240 11.125 1009.8 86 10.75439 MIEH08 60 2440 60 2440 3 200 12.2 608.2 0 7.69043 MIEH09 148 990 148 990 1 140 7.07143 421.9 0 1.83105 MIEH10 700 3260 700 3260 50 210 15.52381 210 0 0.84229 MYGH01 120 2205 120 2205 2 140 15.75 398.6 0 1.53809 MYGH02 32 2630 32 2630 4 350 7.51429 934 0 13.25684 MYGH03 36 2830 36 2830 4 220 12.86364 849.8 0 12.36572 MYGH04 294 2160 294 2160 2 120 18 305.3 6 0.76904 MYGH05 86 1480 86 1480 2 200 7.4 593.1 0 1.98975 MYGH06 124 900 124 900 2 130 6.92308 365.6 0 0.89111 MYGH07 86 970 86 970 2 20 48.5 203.4 0 1.69678 MYGH08 80 840 80 840 2 150 5.6 358.2 0 2.9541 MYGH09 114 1180 114 1180 1 110 10.72727 347.5 0 1.28174 MYGH10 120 2780 120 2780 3 210 13.2381 859.2 0 14.4165 MYGH11 34 2670 34 2670 6 280 9.53571 748.3 0 9.60693 MYGH12 72 1500 72 1500 1.5 300 5 546.8 44 3.16162 MYZH01 160 2500 160 2500 2 250 10 918.9 0 4.06494 MYZH02 100 2700 100 2700 10 280 9.64286 535.6 62 5.76172 MYZH03 74 1500 34 1800 6 180 10 484.4 74 6.17676 MYZH04 64 1700 30 2400 2 330 7.27273 1072.5 64 13.94043 MYZH05 50 1700 22 1700 4 200 8.5 743.5 0 11.57227 MYZH06 40 920 40 920 2 140 6.57143 374.4 0 2.88086 MYZH08 74 1300 74 1300 3 360 3.61111 973 36 2.91748 MYZH09 38 980 38 980 1.5 100 9.8 494.7 0 4.91943 MYZH10 80 1400 80 1400 10 330 4.24242 509.6 0 2.19727 MYZH11 74 1900 74 1900 4 120 15.83333 319.5 0 3.25928 MYZH12 97 840 43 850 2 180 4.72222 251.2 71 1.29395 MYZH13 70 1200 70 1200 4 160 7.5 331.5 0 4.58984 MYZH14 140 2650 140 2650 2 120 22.08333 445.7 0 5.78613 MYZH15 58 2150 58 2150 3 420 5.11905 847.5 0 14.42871 MYZH16 84 2289 84 2289 8 131 17.47328 338.4 0 3.62549 NARH01 22 2069 22 2069 12 226 9.15487 450.3 0 4.47998 NARH02 30 1832 12 1832 6 145 12.63448 492.1 0 5.59082 NARH03 22.8 1807 22.8 1807 5.3 341 5.29912 583.6 0 5.92041 NARH04 Depth (m) Vs30 (m/s) Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 46 2400 46 2400 2 130 18.46154 529.8 0 5.52979 NGNH20 160 1200 160 1200 2 220 5.45455 507.7 0 1.66016 NGNH21 56 1700 56 1700 1 180 9.44444 938.5 0 7.05566 NGNH22 36 1100 36 1100 2 200 5.5 524.3 0 5.46875 NGNH23 84 820 84 820 2 170 4.82353 464.2 0 1.64795 NGNH24 56 1700 56 1700 2 130 13.07692 622.9 0 11.26709 NGNH25 92 1300 92 1300 5 190 6.84211 300.5 0 1.26953 NGNH26 20 820 20 820 2 170 4.82353 381.2 0 4.83398 NGNH27 7 900 7 900 2 120 7.5 586.5 0 13.73291 NGNH28 90.2 1040 90.2 1040 3 150 6.93333 464.9 0 2.14844 NGNH29 64 1000 64 1000 3 140 7.14286 456.6 0 8.43506 NGNH30 126 1100 126 1100 2 150 7.33333 526.9 0 1.70898 NGNH31 62 1340 62 1340 2 200 6.7 309.6 0 2.56348 NGNH32 96 1100 96 1100 2 200 5.5 435.4 0 2.01416 NGNH33 76 1500 76 1500 2 100 15 511.9 0 3.34473 NGNH35 142 1700 86 2200 4 150 14.66667 397.8 142 4.28467 NGSH01 32 1500 32 1500 20 460 3.26087 642.1 18 3.83301 NGSH02 120 1600 120 1600 4 250 6.4 634.5 0 7.51953 NGSH03 88 2300 88 2300 6 240 9.58333 633.2 62 7.93457 NGSH04 174 880 142 1400 2 200 7 381 174 2.0752 NGSH05 142 2300 102 2500 4 900 2.77778 1421.1 42 6.78711 NGSH06 60 1100 60 1100 2 150 7.33333 360 0 2.12402 NIGH02 142 1060 142 1060 2 150 7.06667 251.4 0 0.91553 NIGH03 80 1140 80 1140 2 110 10.36364 392.1 0 1.68457 NIGH04 64 800 64 800 2 120 6.66667 244.8 0 1.09863 NIGH05 10 800 10 800 4 100 8 336.1 0 4.94385 NIGH06 60 1600 60 1600 4 200 8 528.2 0 7.14111 NIGH07 264 880 264 880 2 140 6.28571 326.9 0 0.64697 NIGH08 80 1380 80 1380 2 150 9.2 462.9 0 2.69775 NIGH09 64 1200 64 1200 4 430 2.7907 653.3 0 2.75879 NIGH10 185 850 185 850 2 200 4.25 375 63 0.96436 NIGH11 50 1460 50 1460 2 240 6.08333 553 0 3.6499 NIGH12 40 910 40 910 4 340 2.67647 461.1 20 2.85645 NIGH13 364 1330 364 1330 4 320 4.15625 437.6 0 1.97754 NIGH14 80 1540 80 1540 16 560 2.75 685.8 28 3.10059 NIGH15 50 2250 50 2250 2 350 6.42857 525 0 4.87061 NIGH16 126 870 126 870 2 100 8.7 383.4 32 1.79443 NIGH17 56 930 56 930 2 170 5.47059 311.1 0 2.66113 NIGH18 82 1910 82 1910 6 500 3.82 625 0 3.51562 NIGH19 90 980 90 980 2 120 8.16667 437.6 64 1.37939 NMRH01 94 870 94 870 4 110 7.90909 315.4 40 1.46484 NMRH02 142 800 142 800 2 110 7.27273 189.7 0 0.64697 NMRH03 186 800 186 800 4 100 8 168.1 0 0.43945 NMRH04 160 800 160 800 4 130 6.15385 209 0 0.61035 NMRH05 124 1500 60 1600 8 400 4 865.4 34 5.2124 OITH01 76 1800 76 1800 4.5 200 9 532.5 0 6.0791 OITH02 370 3100 370 3100 3 140 22.14286 486 260 1.28174 OITH03 120 960 36 1300 9 270 4.81482 459.1 120 4.67529 OITH04 32 1900 32 1900 5 700 2.71429 1269.4 24 11.23047 OITH05 82 1100 4 1100 4 500 2.2 711.9 12 2.47803 OITH06 63 1600 63 1600 2 100 16 276.4 34 2.23389 OITH07 70 2600 70 2600 4 150 17.33333 657.4 0 8.53271 OITH08 78 1700 44 2100 6 470 4.46809 836.9 78 9.21631 OITH10 120 990 120 990 4 230 4.30435 458.5 20 1.70898 OITH11 84 2540 84 2540 8 120 21.16667 240.8 0 1.95312 OKYH01 84 2120 28 2640 8 413 6.39225 1050.2 84 12.34131 OKYH02 100 2422 80 2422 8 124 19.53226 307.3 0 3.23486 OKYH03 86 1330 44 2511 2 54 46.5 360.2 86 5.09033 OKYH04 54 2600 30 2600 4 240 10.83333 607.9 0 7.67822 OKYH05 72 1700 72 1700 8 370 4.59459 549.7 0 4.43115 OKYH06 Depth (m) Vs30 (m/s) Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 58 1180 58 1180 4 180 6.55556 298.2 0 2.27051 RMIH01 60 800 60 800 4 100 8 154.9 0 1.11084 RMIH02 112 920 112 920 2 100 9.2 186.8 0 1.07422 RMIH03 84 950 84 950 2 310 3.06452 543.3 0 5.99365 RMIH04 86 1180 86 1180 2 150 7.86667 218.1 0 1.98975 RMIH05 124 2850 124 2850 2 230 12.3913 980.2 32 2.92969 SAGH01 42 1100 42 1100 2 180 6.11111 557.9 0 10.27832 SAGH02 34 1980 34 1980 4 160 12.375 434.2 0 5.22461 SAGH03 98 3000 98 3000 2 200 15 724.1 0 5.0415 SAGH04 126 1350 126 1350 94 960 1.40625 1000 104 1.9165 SAGH05 58 1430 58 1430 8 200 7.15 325.3 30 1.66016 SBSH08 80 1460 36 1570 8 520 3.01923 719.2 80 6.75049 SBSH09 32 2200 32 2200 14 350 6.28571 562.5 0 5.70068 SIGH01 70 1500 70 1500 6 260 5.76923 569.2 0 3.33252 SIGH02 120 1480 120 1480 16 320 4.625 392.6 0 3.57666 SIGH03 136 2600 136 2600 8 350 7.42857 482.8 0 3.23486 SIGH04 30 1430 30 1430 4 200 7.15 670.2 0 12.90283 SITH05 50 1100 50 1100 4 110 10 369.4 0 6.09131 SITH06 74 1930 74 1930 2 190 10.1579 705.4 0 11.86523 SITH07 44 1600 44 1600 2 170 9.41177 520.6 0 6.50635 SITH08 20 1700 20 1700 1 250 6.8 913.5 0 14.00146 SITH09 92 2500 92 2500 4 140 17.85714 542 72 7.2998 SITH10 76 1800 76 1800 2 110 16.36364 371.6 0 4.11377 SITH11 54 2800 54 2800 4 290 9.65517 464.4 0 4.5166 SMNH01 64 1200 64 1200 12 330 3.63636 502.7 0 6.79932 SMNH02 78 1300 78 1300 7 240 5.41667 434.6 0 6.10352 SMNH03 28 1200 28 1200 7 100 12 276.9 0 3.02734 SMNH04 39 2300 39 2300 4 300 7.66667 710.5 0 8.23975 SMNH05 62 2200 62 2200 6 190 11.57895 287.6 0 2.28271 SMNH06 126 2100 126 2100 8 290 7.24138 318.3 0 1.98975 SMNH07 36 2280 36 2280 6 230 9.91304 533.2 0 6.09131 SMNH08 26 3030 26 3030 2 110 27.54545 463.4 0 5.93262 SMNH09 140 1570 140 1570 4 500 3.14 967.3 0 2.29492 SMNH10 104 1740 104 1740 6 500 3.48 670.7 0 7.25098 SMNH11 54 2050 54 2050 4 120 17.08333 590.2 0 7.16553 SMNH12 46 2750 46 2750 2 150 18.33333 650 0 8.44727 SMNH13 50 1420 50 1420 4 130 10.92308 604.7 0 7.91016 SMNH14 84 1490 84 1490 10 150 9.93333 386.1 7 3.43018 SMNH15 70 1820 70 1820 2 120 15.16667 252.4 0 2.53906 SMNH16 58 1340 58 1340 2 110 12.18182 312.7 0 2.83203 SOYH01 46 800 46 800 2 100 8 118.4 0 0.8667 SOYH02 82 1020 82 1020 4 100 10.2 230.8 0 1.50146 SOYH03 94 1240 94 1240 4 120 10.33333 286.9 0 1.50146 SOYH04 142 1300 142 1300 1 120 10.83333 482.9 0 7.70264 SOYH05 106 1200 106 1200 1 140 8.57143 293 0 1.26953 SOYH06 128 2290 128 2290 1 150 15.26667 788.4 0 10.10742 SOYH07 76 1350 76 1350 2 200 6.75 533.3 0 11.59668 SOYH08 70 1760 70 1760 2 160 11 244.4 8 1.83105 SOYH09 72 830 72 830 6 340 2.44118 588.5 0 2.63672 SOYH10 20 1000 20 1000 10 160 6.25 324.3 0 3.57666 SRCH01 46 1850 46 1850 10 210 8.80952 280 0 2.46582 SRCH02 76 1820 76 1820 4 90 20.22222 198.8 0 1.36719 SRCH03 80 1180 80 1180 6 280 4.21429 386.4 0 1.74561 SRCH04 50 2010 50 2010 6 230 8.73913 410.1 0 3.91846 SRCH05 112 1030 112 1030 6 140 7.35714 320.9 0 4.19922 SRCH06 132 1260 132 1260 8 150 8.4 315.9 0 3.96729 SRCH07 76 800 76 800 2 90 8.88889 346.7 44 1.34277 SRCH08 98 1320 98 1320 2 90 14.66667 240.5 0 1.59912 SRCH09 134 1600 134 1600 4 480 3.33333 1026.8 0 2.53906 SRCH10 218 2600 146 2700 4 360 7.5 1126.2 186 6.50635 SZOH24 Depth (m) Vs30 (m/s) Number Velocity at Position of max Maximum Position of min Minumum Maximum Position of Natural Soil of layers bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) contrast LVZ (m) frequency (Hz) Profile 60 820 60 820 4 120 6.83333 371.5 36 6.31104 TCGH10 150 1600 150 1600 2 80 20 329 0 4.1626 TCGH11 104 1620 104 1620 4 130 12.46154 343.7 0 1.52588 TCGH12 90 2010 90 2010 4 150 13.4 573.6 0 8.81348 TCGH13 235 1170 235 1170 3 100 11.7 423 180 0.89111 TCGH15 90 1220 90 1220 4 80 15.25 213.2 0 1.30615 TCGH16 60 860 60 860 4 170 5.05882 444.9 0 7.76367 TKCH01 24 1070 24 1070 4 140 7.64286 440.7 0 9.63135 TKCH02 114 970 114 970 4 120 8.08333 372.4 102 1.45264 TKCH03 84 1020 84 1020 4 380 2.68421 445.5 0 4.29688 TKCH04 80 1540 80 1540 4 140 11 337.3 0 2.50244 TKCH05 160 960 160 960 2 130 7.38462 299.3 0 0.67139 TKCH06 48 800 48 800 2 80 10 140.1 0 1.09863 TKCH07 78 2800 78 2800 4 130 21.53846 353.2 0 1.80664 TKCH08 78 2680 78 2680 1 150 17.86667 458.8 0 2.55127 TKCH11 22 1562 22 1562 4 132 11.83333 490.3 0 6.75049 TKSH01 80 905 46 1666 4 98 17 349.4 80 4.56543 TKSH02 64 2041 64 2041 8 143 14.27273 388.6 0 4.08936 TKSH03 58 1880 58 1880 2 200 9.4 475.2 0 4.90723 TKSH04 10 134 1740 134 1740 2 160 10.875 380 0 3.80859 TKSH05 120 1800 120 1800 6 120 15 325.7 0 2.16064 TKYH12 58 2500 58 2500 1 130 19.23077 1110.1 0 11.36475 TKYH13 80 2300 80 2300 12 290 7.93103 426.1 0 3.72314 TTRH01 42 1120 42 1120 11 210 5.33333 310.2 0 2.85645 TTRH02 98 2000 98 2000 16 130 15.38461 189.2 0 1.57471 TTRH03 162 1350 162 1350 2 140 9.64286 254.3 68 1.25732 TTRH04 88 2290 88 2290 1 170 13.47059 479.4 0 5.84717 TTRH05 40 1420 40 1420 2 200 7.1 586.6 0 6.45752 TTRH06 72 2120 72 2120 1 160 13.25 388.8 12 2.47803 TTRH07 90 950 90 950 2 120 7.91667 382.9 0 5.10254 TYMH01 10 800 10 800 4 160 5 280.5 0 3.85742 TYMH02 82 1060 82 1060 2 200 5.3 627.6 0 3.33252 TYMH05 90 1140 90 1140 90 570 2 570 0 1.5625 TYMH06 36 1580 36 1580 2 150 10.53333 425.9 0 4.41895 TYMH07 44 1580 44 1580 2 139 11.36691 462.9 0 6.00586 WKYH01 64 2180 26 2180 4 140 15.57143 368.9 0 4.27246 WKYH02 32 2090 32 2090 4 180 11.61111 546.6 0 7.44629 WKYH03 22 2335 18 2335 4 121 19.29752 549.5 0 6.88477 WKYH04 16 1944 16 1944 6 254 7.65354 577.8 0 6.65283 WKYH05 58 2000 58 2000 5 290 6.89655 752 0 13.08594 WKYH06 50 1850 50 1850 5 230 8.04348 316.3 0 2.75879 WKYH07 90 1100 90 1100 10 240 4.58333 343.9 0 4.08936 WKYH08 156 1430 115 1720 8 160 10.75 348.6 108 2.33154 WKYH09 70 2300 70 2300 4 150 15.33333 465.9 55 5.82275 WKYH10 72 3100 72 3100 14 1000 3.1 1387.7 0 7.93457 YMGH01 100 2341 100 2341 4 151 15.50331 398.4 0 4.27246 YMGH02 156 2923 156 2923 8 260 11.24231 521.9 0 5.87158 YMGH03 20 2043 20 2043 2 188 10.86702 629.5 0 8.78906 YMGH04 52 2384 52 2384 8 194 12.28866 432.4 0 4.82178 YMGH05 128 2400 128 2400 128 2100 1.14286 2100 0 4.07715 YMGH06 132 1494 132 1494 8 138 10.82609 351.5 0 4.01611 YMGH07 88 1968 88 1968 8 143 13.76224 341.6 0 3.6499 YMGH08 77 1500 77 1500 6 150 10 303.1 0 3.23486 YMGH09 80 2400 45 2400 6 190 12.63158 525.7 0 6.34766 YMGH10 140 2200 140 2200 8 400 5.5 710.9 0 7.91016 YMGH11 50 1800 50 1800 6 240 7.5 403.8 0 3.21045 YMGH13 42 2300 42 2300 6 130 17.69231 319.7 0 3.6377 YMGH14 94 2600 44 2600 1 150 17.33333 548.8 72 7.03125 YMGH15 58 2200 58 2200 3 300 7.33333 755.6 0 6.31104 YMGH16 36 1600 36 1600 3 100 16 225.2 0 2.0874 YMGH17 Depth (m) Vs30 (m/s) 3.91304 | 251 | 252 | 253 | 254 | 255
	74	44 164 66 60 328 108	2300	980 1040 1563 2100 2000 1830	74	44 164 66 60 328 108	2300	980 1040 1563 2100 2000 1830	2	4 2 4 6 7 2	200	100 200 141 510 280 240	9.8 5.2 11.08511 11.5 4.11765 7.14286 7.625	830.8	302 404.7 397 929.2 332.1 768.4	0	0 0 0 0 0 0	2.86865 6.03027 1.28174 4.93164 8.45947 0.50049 3.95508	AOMH01 GIFH16 IKRH01 NARH05 OKYH07 SZOH25 YMNH09
	50	118 108 80 80 900 94	1600	2270 800 1791 1800 1840 2420	50	118 108 80 40 900 94	1600	2270 800 1791 2000 1840 2420	2	2 4 2 6 5 8	150	300 70 96 400 100 360	7.56667 10.66667 11.42857 18.65625 5 18.4 6.72222	429.4	872.5 127.7 371.2 694.2 208.4 771.4	0	86 50 0 52 0 84	2.50244 4.71191 0.6958 4.84619 9.00879 0.25635 5.10254	AOMH02 GIFH17 IKRH02 NARH06 OKYH08 SZOH28 YMNH10
	32	70 188 25 48 84 68	1300	1480 840 1900 2400 2600 1530	32	70 22 25 48 84 68	1300	1480 980 1900 2400 2600 1530	6	4 4 3.5 14 3 12.5	260	530 180 230 320 140 230	5	2.79245 5.44444 8.26087 7.5 18.57143 6.65217	553	653.7 325.8 654.6 511 519.8 295.1	0	0 40 0 0 0 0	2.63672 6.604 0.48828 8.78906 4.98047 7.14111 2.50244	AOMH03 GIFH18 IKRH03 NARH07 OKYH09 SZOH29 YMNH11
	58	294 84 160 88 86 85	1800	1210 820 900 2600 2000 1350	58	294 84 160 88 86 85	1800	1210 820 900 2600 2000 1350	5	4 8 2 8 4 10	330	80 240 150 250 180 240	15.125 5.45455 3.41667 6 10.4 11.11111 5.625	744.1	238.3 344.9 432.7 553.7 505.7 447.4	0	18 0 0 44 0 0	2.41699 12.24365 1.19629 3.06396 7.4707 6.45752 6.12793	AOMH05 GIFH19 ISKH01 NGNH08 OKYH10 SZOH30 YMNH12
	70	60 28 30 106 84 120	1100	940 870 1200 2000 2200 1350	70	60 28 30 106 84 30	1100	940 870 1200 2000 2200 1360	6	4 2 4 10 2 4	460	200 110 200 280 140 250	4.7 7.90909 2.3913 6 7.14286 15.71429 5.44	809.9	434.4 310.9 511.1 532 397.6 788.4	50	0 0 0 0 0 60	2.19727 2.31934 3.94287 6.48193 6.45752 4.1626 14.80713 GIFH20 AOMH06 ISKH03 NGNH10 OKYH11 SZOH31 YMNH13
	48	62 174 136 80 86 100	3100	960 960 1250 2300 1600 2280	48	62 174 136 80 86 100	3100	960 960 1250 2300 1600 2280	2	2 4 4 12 1 2	270	200 240 140 380 150 50	4.8 11.48148 4 8.92857 6.05263 10.66667 45.6	806.7	572.1 500 372.1 719.6 579.2 309.3	0	40 44 0 0 0 0	2.47803 7.04346 0.68359 7.78809 7.93457 7.80029 4.99268	AOMH07 GIFH22 ISKH06 NGNH11 OKYH12 SZOH32 YMNH14
	84	142 620 116 42 84 70	1900	1220 1080 1160 2250 2100 880	84	142 90 116 42 84 70	1900	1220 1090 1160 2250 2100 880	3	2 15 2 3 2 22	170	110 440 130 120 150 300	11.09091 11.17647 2.47727 8.92308 18.75 14 2.93333	588.5	297.8 440 513 709.9 519.8 327.8	0	30 160 0 0 0 0	0.98877 8.99658 0.30518 2.09961 9.58252 7.56836 1.53809	AOMH08 GIFH23 ISKH07 NGNH13 OKYH14 SZOH33 YMTH01
	92	136 78 24 700 86 80	2100	1720 1180 1730 1000 1100 2040	92	136 78 24 550 86 80	2100	1720 1180 1730 1000 1100 2040	6	8 2 2 550 2 6	300	130 180 120 500 150 530	7	13.23077 6.55556 14.41667 2 7.33333 3.84906	468.8	261 427 476.3 500 430.2 899.8	0	0 0 0 0 0 0	3.10059 2.62451 1.92871 5.94482 0.23193 6.0791 5.44434	AOMH09 GIFH25 ISKH08 NGNH14 OSKH01 SZOH34 YMTH03
	84	82 52 80 1550 140 85	1900	1780 1150 2160 900 1470 1090	84	82 52 80 600 140 85	1900	1780 1150 2160 900 1470 1090	1	2 4 2 600 15 6	100	110 280 160 500 100 130	16.18182 19 4.10714 13.5 1.8 14.7 8.38461	425.1	329 635.8 728.1 500 158.3 247.6	0	0 0 0 0 0 0	1.95312 3.49121 11.60889 GIFH26 AOMH10 ISKH09 5.51758 NGNH15 0.20752 OSKH02 1.18408 SZOH35 1.14746 YMTH04
	48	70 156 210 58 84 80	1600	1480 1300 2160 1211 1600 1090	48	70 156 210 58 84 80	1600	1480 1300 2160 1211 1600 1090	1	2 4 4 4 2 2	150	80 170 110 120 200 180	18.5 10.66667 7.64706 19.63636 10.09167 8 6.05556	685.3	539.3 438 276.2 391.7 676.5 533.1	0	56 120 86 0 0 0	2.67334 6.93359 1.28174 1.58691 5.54199 4.13818 2.19727	AOMH11 GIFH27 IWTH01 NGNH16 OSKH03 SZOH36 YMTH05
	360	90 59 80 64 220 128	1740	820 2300 2700 1757 1400 1090	360	90 59 80 64 140 128	1740	820 2300 2700 1757 1400 1090	5	2 5 3 8 5 6	200	80 150 200 224 100 130	10.25 15.33333 8.7 13.5 7.84375 14 8.38461	366.7	281 389.6 608.7 511.3 366 261.1	220	80 0 0 0 0 0	1.46484 0.65918 4.50439 7.53174 7.08008 4.52881 1.31836	AOMH12 GIFH28 IWTH02 NGNH17 OSKH04 SZOH37 YMTH06
	128	118 66 80 120 140 122	1800	800 2800 1300 900 1820 860	128	118 66 80 120 140 122	1800	800 2800 1300 900 1820 860	3	4 5 2 5 4 4	190	110 200 100 180 300 190	7.27273 9.47368 14 13 5 6.06667 4.52632	456.9	154.3 732.6 379.5 238.6 588.5 371.6	0	0 0 64 30 0 0	0.72021 1.50146 9.64355 1.59912 1.18408 5.07812 1.57471	AOMH13 GIFH29 IWTH03 NGNH18 OSMH01 SZOH38 YMTH07
	100	60 49 96 260 34 70	1700	1340 2300 2100 1020 1500 1220	44	60 49 96 260 34 70	1700	1340 2300 2100 1020 1500 1220	2	6 5 2 2 10 4	160	150 220 170 200 180 120	8.93333 10.625 10.45455 12.35294 5.1 8.33333 10.16667	647.5	360.6 455.9 473.5 325.3 376.8 320.3	0	0 0 0 240 0 0	2.9541 6.99463 GNMH07 AOMH14 3.97949 IWTH04 1.92871 NGNH19 0.63477 OSMH02 4.06494 SZOH39 2.18506 YMTH08
		84 95 44		1200 1560 1050		84 95 44		1200 1560 1050		2 2 4		160 100 120		7.5 15.6 8.75		577.5 492.8 291.5		0 0 0	2.84424 8.00781 3.03955	AOMH15 SZOH40 YMTH09
		106 72 162		1260 1400 1060		106 72 162		1260 1400 1060		4 6 2		80 270 230		15.75 5.18518 4.6087		225.8 609.9 398.1		24 0 0	1.02539 9.65576 1.33057	AOMH16 SZOH41 YMTH10
		74 140 58		1450 970 950		74 140 58		1450 970 950		4 5 2		140 50 150		10.35714 19.4 6.33333		378.4 152.9 412		0 0 44	2.63672 1.92871 2.19727	AOMH17 SZOH42 YMTH11
		68 180 126		1700 1080 1860		68 180 126		1700 1080 1860		4 2 2		110 100 180		15.45455 10.8 10.33333		369.1 323.5 366.9		0 120 0	6.16455 1.18408 1.7334	AOMH18 SZOH43 YMTH12
		72 80		1870 1630		72 80		1870 1630		4 2		220 150		8.5 10.86667		419.5 577		0 0	3.8208 5.17578	TCGH07 YMTH13
		120 46		1960 1000		120 46		1960 1000		2 2		170 160		11.52941 6.25		723.2 310.9		0 0	3.71094 2.56348	TCGH08 YMTH14
		24 86		1050 930		24 86		1050 930		6 4		180 230		5.83333 4.04348		468.4 285.9		0 0	6.71387 1.62354	TCGH09 YMTH15

Table B -

 B 2: BOORE Database (Californian Sites).

												| 256 | 257 | 258
	Number of layers Number of layers	Depth (m) Depth (m)	Velocity at Position of max Maximum Position of min Minumum Contraste bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) maximal Velocity at Position of max Maximum Position of min Minumum Contraste bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) maximal	Vs30 (m/s) Vs30 (m/s)	Position of LVZ (m) frequency (Hz) Profile Natural Soil Position of Natural Soil LVZ (m) frequency (Hz) Profile
	5 4	100 30	1165 1044	38.5 23	1165 1044	7.5 2.5	376 196	3.0984 5.32653	617.4 437.4	30 0	5.34668 5.17578	FRSS PUTS
	Number 5 5 of layers 5 4 8 11 8 7 8 7 11 13 3 5 4 6 7 5 6 7 3 6 5 10 5 5 4 5 6 3 9 7 5 4 6 5 6 9 4 7 15 6 7 5 6 10 8 4 5 5 14 4 6 3 5 4 4 6 7 5 7 6 7 4 9 4 4 3 6 6 9 6 10 7 5 6 4 7 6 3 5 7 7 4 6 5 3 5 3 3 5 5 7 4 3 10 7 8 4 4 4 5 4 4 3 5 5 4 7 3 3 10 6 3 6 3 3 8 5 4 8 5 4 9 6 4 6 5 5 6 5 4 5 5 5 4 4 3 5 4 5 5 6 8 5 5 10 10 5 6 5 5 6 4 4 3 3 5 10 4 4 10 4 10 5 4 2 7 8 5 5 9 6 5 3 5 4 5 2 3 4 4 3 7 4 5 2 7 5 3 4 7 8 6 7 8 9 4 7 7 5	35 89.5 Depth (m) 35 45 89.5 180 180 140 70 180 140 196.7 79.5 185 32.5 79.5 185 40 94.5 70 40 94.5 59.4 60 82 59.4 100 82 87.5 120 89.5 87.5 120 90 55 75 90 90 75 60 90 100 87 38.4 100 145 99.5 30 47.6 60 249.5 30 60 33.5 60 55.5 33.5 60 55.5 95 30 44.5 95 30 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 184.5 89.5 60 30.5 67.5 60 89.8 130 155 89.8 88.5 155 30 30 74 37.5 30 74.5 37.5 94.5 74.5 94.6 94.5 74.5 94.5 38.6 30 30 38.6 59.5 30 59.8 59.5 30.3 59.8 103.5 57.1 30 150 57.1 30 100 75.6 42.5 100 75.6 42.5 147.4 30 130 147.4 110 30 1350 80 39.7 1350 80 30 30.4 75.4 30 30.4 67.8 32.8 30 67.8 32.8 30 73.8 219.5 195 68.7 219.5 190 70 46 41.8 70 67 45 57.5 67 30 72.6 155 30 244.4 155 30 244.4 89.5 30 71.1 89.5 99.5 71.1 50 99.5 62.6 30 60 71.8 54.6 60 73.1 30 89.5 73.1 30 89.5 83.5 230 99.5 83.5 255 99.5 80 57 89.5 80 60 89.5 59.5 30 87 91.4 30	Velocity at Position of max Maximum Position of min Minumum Contraste 2343 25 2343 2.5 291 8.05155 1441 54 1600 12 430 3.72093 bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) maximal 1375 25 1375 6.8 199 6.90955 1528 12.5 1528 2.5 353 4.32861 800 82.5 800 4.5 180 4.44444 2291 166.7 2291 2.5 311 7.36656 2181 155 2181 2.5 344 6.34012 1800 72 1800 2.5 347 5.18732 938 50 938 2.5 174 5.3908 827 155 827 2.5 151 5.47682 800 98.8 800 13.5 114 7.01754 905 160 905 2.5 185 4.89189 1971 7 1971 4.5 272 7.24632 1950 25 2081 6 432 4.81713 1420 25.9 1420 3 190 7.47368 814 73.3 814 4.5 172 4.73256 946 166 946 9 80 11.825 1256 25 1256 2.5 368 3.41304 2079 42 2079 2 353 5.88952 800 57 800 10 73 10.9589 803 25 803 2.5 248 3.2379 1296 62 1296 2 154 8.41558 1523 43.3 1523 2.5 250 6.092 1374 52.5 1374 2.5 173 7.9422 2519 59.5 2519 2.9 394 6.3934 1000 43.3 1000 5.2 139 7.19424 1422 65 1422 2.5 159 8.9434 1038 59.5 1038 2.9 191 5.43456 2146 67.5 2146 4 455 4.71648 1916 90 1916 5 744 2.57527 1275 73 1275 8 254 5.01969 807 75 807 21.9 130 6.20769 800 90 800 5 195 4.10256 2094 70 2094 8.5 430 4.86977 800 45 800 5 123 6.50407 1912 39.3 1912 3 276 6.92754 920 78 920 3.7 297 3.09764 1756 27.5 1836 7.5 450 4.08 800 39.3 800 12.5 187 4.27807 800 51.2 800 3.7 212 3.77358 800 62.5 800 8 66 12.12121 2376 77.5 2376 2.5 346 6.86705 1046 64.6 1046 7.6 202 5.17822 800 28 800 12.5 182 4.3956 883 55 955 2.5 145 6.58621 1220 133.2 1220 6.5 93 13.11828 1861 50.3 1985 2 439 4.52164 800 22.2 800 2.5 232 3.44828 986 35 986 2.5 209 4.7177 2159 30.8 2587 2.5 353 7.32861 1116 163.1 1116 5 163 6.84663 2050 22.5 2050 2.5 249 8.23293 2380 44.8 2380 2.5 191 12.46073 1502 12.5 1502 5 272 5.52206 2318 35 2318 2.5 363 6.38567 1865 15.3 1865 8 348 5.3592 800 22.5 800 5 91 8.79121 873 50 873 3 235 3.71489 900 37 900 8 209 4.30622 2653 17.5 3051 10 611 4.99345 800 28 800 2.5 177 4.51977 1083 22.8 1323 2 348 3.80172 1600 50 1600 2.5 227 7.04846 1010 15.9 1010 6 234 4.31624 914 74 914 2 135 6.77037 2150 17 2150 7 534 4.02622 1824 36.6 1824 6.1 455 4.00879 1944 13.7 1944 13.7 427 4.55269 1452 65 1452 2 357 4.06723 1206 72 1206 6.1 246 4.90244 1058 81 1058 13.7 184 5.75 2134 23 2215 15 522 4.2433 1132 75 1132 6 162 6.98765 984 130 984 20 219 4.49315 1112 63 1112 15 256 4.34375 2060 45 2060 2.5 473 4.35518 800 17 800 2.5 154 5.19481 1222 33.5 1500 2 306 4.90196 986 32.3 986 14.6 221 4.46154 1739 12.5 1739 9 359 4.84401 2300 50 2300 5 375 6.13333 3054 140 3054 2.5 273 11.18681 836 78 836 9 204 4.09804 1426 42.5 1426 7.6 576 2.47569 1538 140 1538 2.5 107 14.37383 844 20 844 2.5 231 3.65368 1489 7.5 1489 2.5 301 4.94684 1130 64 1130 2.5 260 4.34615 2655 22.5 2655 5 579 4.58549 800 17.3 800 7.5 272 2.94118 926 64 926 2.5 118 7.84746 1318 32 1318 5 375 3.51467 1885 68 1885 2 415 4.54217 1251 60 1251 24 585 2.13846 1520 14 1520 2 348 4.36782 1114 82 1114 5 202 5.51485 1040 60 1040 8 278 3.74101 926 89.5 926 2 240 3.85833 3515 27 3515 18.3 642 5.47508 800 20 800 20 344 2.32558 1104 20 1104 2.5 161 6.85714 800 25 800 17.5 98 8.16327 1712 20 1712 3.6 271 6.31734 800 20 800 2.5 119 6.72269 1083 30 1083 4 343 3.15743 948 44.2 948 3.6 133 7.12782 800 25 800 2.5 170 4.70588 1154 42.5 1154 4 233 4.95279 1189 80 1189 5 149 7.97987 2006 20 2006 2.5 389 5.15681 1453 25 1453 2.5 244 5.95492 2280 125 2280 2.5 152 15 930 45 930 2.5 262 3.54962 1060 25 1060 2.5 190 5.57895 2107 88 2107 2.5 425 4.95765 1707 10 1707 3 213 8.01408 3458 28 3458 14 695 4.97554 800 88 800 8 131 6.10687 800 42.5 800 7.5 156 5.12821 800 28 800 18.3 120 6.66667 1798 12.5 2697 3 358 7.53352 800 17 800 2.5 167 4.79042 1309 30 1309 2.5 129 10.14729 855 115 855 3 137 6.24088 1903 60 1903 2.5 361 5.27147 800 24 800 2.5 168 4.7619 3231 1050 3231 50 1121 2.88225 2259 66 2259 5 324 6.97222 800 24 800 7.5 142 5.6338 1812 1050 1812 50 738 2.45528 1066 55 1066 5 190 5.61053 1963 20 1963 2.5 288 6.81597 800 7.5 860 8.5 84 10.2381 800 50 800 2.5 114 7.01754 800 26 800 2.5 192 4.16667 800 16.5 800 2.5 177 4.51977 1609 25 2171 5 326 6.65951 1721 20 1721 2.5 265 6.49434 3451 22.5 3451 2.5 323 10.68421 800 40 800 5 113 7.07965 814 21.2 814 2.5 164 4.96341 1222 22.5 1222 2.5 188 6.5 800 62.5 800 10 140 5.71429 2030 170.7 2382 5.5 315 7.5619 3985 170 3985 2.5 495 8.0505 800 57.5 800 2.5 147 5.44218 844 189 844 5.5 179 4.71508 992 160 992 12.5 245 4.04898 2008 50 2008 3 189 10.62434 800 32 800 5 104 7.69231 870 30 870 6 218 3.99083 800 22.5 800 3 132 6.06061 1868 37 2290 6.5 450 5.08889 800 17.7 800 12.7 211 3.79147 800 32.5 800 2.5 149 5.36913 868 47 868 6.5 205 4.23415 1754 10 1754 2.5 308 5.69481 800 55 800 5 154 5.19481 1987 12.5 2072 2.5 429 4.82984 800 20 800 10 164 4.87805 1865 40 2192 40 947 2.31468 800 131.5 800 6.7 146 5.47945 1208 22.5 1208 2.5 222 5.44144 1076 200 1076 10 168 6.40476 2031 24 2031 2 423 4.80142 956 22.5 956 2.5 142 6.73239 1567 17.5 1567 17.5 739 2.12043 938 80 938 2 243 3.86008 1700 22 2519 2 293 8.59727 800 52.5 800 7.5 168 4.7619 800 43 800 6 140 5.71429 800 90 800 2 119 6.72269 800 45 800 7.5 117 6.83761 824 17 824 7 164 5.02439 1529 40 1529 16 460 3.32391 800 50 800 2.5 141 5.67376 1123 45 1123 2.7 202 5.55941 800 40 800 10 262 3.05344 1712 5 1712 5 282 6.07092 904 14.3 904 2.5 409 2.21027 2086 80 2086 9.3 365 5.71507 800 52.5 800 10 165 4.84848 960 14.3 960 2.5 316 3.03797 856 80 856 9.3 205 4.17561 2050 70 2050 6.4 331 6.19335 1298 90 1473 5 303 4.86139 1689 22 1689 22 742 2.27628 1034 70 1034 6.4 208 4.97115 3138 50 3138 2.5 205 15.30732 824 41 824 22 195 4.22564 2562 68 2562 7.5 607 4.22076 852 43 852 2 102 8.35294 2137 53 2840 4.9 490 5.79592 800 66.1 800 20 130 6.15385 800 51.8 800 8.1 65 12.30769 1394 61.6 1394 4.9 286 4.87413 878 47 878 6.1 210 4.18095 3059 22 3059 2.5 336 9.10417 898 47.3 898 2.4 184 4.88043 1374 77.4 1374 2.4 244 5.63115 800 14 800 2.5 213 3.75587	640.3 715.1 Vs30 (m/s) 398 962.7 216.5 752.5 678.5 987.6 275.7 339.9 190 296.8 953.8 771 333.9 332.8 113 762.6 1032.4 133.1 468.2 311.8 633.3 309.3 590.1 215.5 281.5 332.6 885.6 1376.8 457.1 172.4 234.2 824.8 223 745 325.8 877.4 202.9 267.7 126.4 868 251.2 208.7 507.1 224.7 735.6 317.1 400.6 932.2 269 603.5 391 810.2 973.8 694.4 192.1 425.3 276.1 1412.5 216.4 788 521.8 431.9 251.9 1077.4 822 763.3 525.8 301.6 275 846 257.6 233 373.1 1044.8 268.1 557.4 316.8 751.9 845.4 909.4 249.4 629 393.6 515.1 826.4 469.2 938.2 333.5 270.4 462.2 857.7 625.1 794.9 355.2 365 300.8 951.3 420.8 525.4 169.7 665.3 302 696.7 257.2 380.8 423.9 486.9 1058.7 712 246.5 477.9 478.1 1089.3 826.9 1108.3 172.1 231.2 197 1113 388.3 359.2 352.1 845.1 249.4 1121 634.5 220.5 738 352.2 943.8 467.9 188.8 300.1 252.3 867 849.5 744.9 162.9 312.5 380.3 208.9 680.5 816.3 205.6 297.7 297.2 866.1 205.7 454 203.2 837.7 304.1 210.5 349.4 814.3 206.1 1271.8 193.7 947 248.6 516.6 213.4 992.1 347.7 947.6 440.5 879.4 202.8 207.4 251.6 196.2 452.9 634.9 249.9 594.5 331.2 927.8 757.6 658.2 202.3 551.6 280.9 731.2 867.3 872.4 267.5 724.9 226.9 884.8 204.9 810.2 168.5 198.7 392.2 280.9 888.1 413.8 370.5 486	Position of 0 62 2.5 10 LVZ (m) frequency (Hz) Profile Natural 6.82373 FTJP 8.45947 RD7S Soil 4.49219 FTJS 11.4502 RDLP 40 1.08643 13 7.88574 GIL2E_P 115 4.82178 REDP 101_280S 60 14.31885 21.4 1.69678 GIL2E_S 115 0.79346 REDS ANSP 17.5 0.74463 21.6 0.96436 GIL2U_S 0 14.14795 RINP ANSS 42 8.99658 0 3.479 GL7S 0 1.9165 RINS AP1P 0 0.57373 12.5 7.42188 GRVP 10 11.73096 RIOP AP1S 2.5 1.0376 0 4.6875 GRVS 26 2.24609 RIOS AP2S 0 8.02002 11.4 1.85547 GSTS 0 3.07617 RSEP APTP 0 1.74561 0 2.0752 GVDS 7 2.17285 RSES APTS 32 6.05469 0 4.74854 HLR3P 40 2.22168 RVMS BCSP 55 1.02539 0 0.87891 HLR3S 0 11.49902 SB1P BCSS 2.5 1.7334 14.5 5.896 HPOP 0 1.34277 SB1S BOCS 4.5 11.91406 0 1.40381 HPOS 39.6 1.41602 SCAS BPBP 2 0.78125 55 6.39648 HRSP 0 1.68457 SCWS BPBS 10 1.77002 31.5 2.97852 HRSS 2.5 1.02539 SFOS BRAS 67 5.70068 0 3.58887 HSTS 6.5 3.75977 SFSS BVAP 44.8 12.10938 71.6 0.84229 I10S 0 9.31396 SIMS CALP 0 3.51562 0 12.854 ICSP 0 12.69531 SLACP CALS 12 8.12988 2.5 2.03857 ICSS 40 3.13721 SLACS CCGP 32 2.45361 30 6.86035 JCKP 11 1.95312 SMSS CCGS 5 11.9751 10 5.2124 JCKS 2.5 7.12891 SMWS COEP 54 1.52588 2 13.84277 JGBP 0 9.52148 SOPP COES 3 7.73926 24 2.66113 JGBS 49 1.55029 SOPS COWP 3 1.86768 9 7.71484 JMBP 48 1.46484 SOWS COWS 55 0.84229 9 2.19727 JMBS 14 12.06055 SPKP COYS 0 3.80859 7.3 6.09131 KESS 11 2.58789 SPKS COZS 0 9.13086 0 10.94971 KNWS 40 3.27148 STMP CPBP 3 1.23291 0 4.06494 LADS 110 1.36719 STMS CPBS 8.5 6.65283 0 12.64648 LAOP 0 2.17285 SUBP CRDS 0 9.39941 0 4.45557 LAOS 0 1.7334 SUBS CRLP 15 3.6377 24.5 7.61719 LFSP 0 4.83398 SVAP CRLS 0 9.92432 24.5 1.42822 LFSS 40 1.9165 SVAS CRWP 35 1.12305 5 8.3374 LFYP 2.5 4.27246 TACS CRWS 0 8.17871 2.5 1.24512 LFYS 0 8.66699 TARP CSCP 0 4.01611 0 7.73926 LISP 0 2.34375 TARS CSCS 16 3.75977 0 3.13721 LISS 15 2.57568 TRAP CTMS 0 13.1958 0 8.12988 LLNP 12.5 1.11084 TRAS CVRP 35 2.88086 0 5.33447 LLNS 0 5.18799 TRIP CVRS 0 13.97705 0 11.6333 LVIP 2.5 0.79346 TRIS CXFSP 3 1.5625 5 1.48926 LVIS 19 8.23975 VAHP CXFSS 15 5.48096 0 4.04053 MCGS 12.5 1.18408 VAHS DIGS 0 12.34131 15.5 2.44141 MCPS 0 4.43115 VARP DPBS 10 3.43018 2.5 2.47803 MDRS 0 1.0498 VARS DZNP 0 2.2583 0 14.22119 MGSP 2.5 2.74658 VCGP DZNS 7.5 1.28174 8.5 3.05176 MGSS 0 3.479 VCGS EC2S 40 13.30566 0 11.26709 MTMP 17.5 5.3833 VTGP EC3P 0 1.2085 0 4.69971 MTMS 17.5 4.10156 VTGS EC3S 3 1.01318 15 7.14111 MWDP 0 2.13623 VYCP EC4S 0 1.06201 97.5 0.89111 MWDS 100 1.37939 VYCS EC5S 19 8.1543 2.5 1.80664 NPBS 24 4.98047 WDSS EC6P 15 2.27051 47 11.76758 OBGP 7.5 2.94189 WEBS EC6S 0 1.79443 0 2.29492 OBGS 0 10.65674 WFSP EC7S 0 1.18408 20 3.95508 OHWP 2.5 2.28271 WFSS EC8S 60 6.50635 20 0.68359 OHWS 0 6.68945 WHRP EC9P 2.5 0.57373 0 14.14795 OVH2P 0 5.00488 WHRS EC9S 0 10.49805 0 1.89209 OVH2S 40 12.8418 WILP EC10P 0 1.26953 0 1.45264 PA2S 62 1.17188 WILS EC10S 2.5 1.37939 15 3.72314 PFSS 0 6.28662 WMRP EC11S 32.5 1.28174 0 6.11572 PGCS 32.5 1.89209 WMRS EC13S 0 14.00146 0 14.31885 PHIP 0 7.40967 WOCP ECDAP 0 1.24512 0 8.36182 PHIS 0 1.25732 WOCS ECDAS 0 9.64355 150 5.06592 PMQS 0 8.37402 WTPP ELCP 0 1.33057 0 11.93848 PNFS 0 1.83105 WTPS ELCS 0 5.31006 0 1.9043 POTS 10 9.25293 WVANP EMBP 8.5 0.85449 2.5 1.53809 PPPS 46.3 1.84326 WVANS EMBS 38.4 2.13623 10 8.91113 PUTP 13 2.35596 WVASS ESC2S 59.4 1.92871 ESCS 5.5 6.54297 WWDS
	5	97	1658	75.6	1658	3.7	172	9.63953	405.3	0	2.79541	FFSS
	6	45	800	35.4	800	3.7	157	5.09554	284.8	27.7	2.4292	FMTS
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			Appendix C Matrices of weights and biases
	Number of layers	Depth (m)	Velocity at Position of max Maximum Position of min Minumum bedrock (m/s) velocity (m) velocity (m/s) velocity (m/s) velocity (m/s) maximal Contraste	Vs30 (m/s)	Position of LVZ (m) frequency (Hz) Natural	Soil Profile
	25	36	800	34	800	2	410	1.95122		518.2	8	4.78516	ATHENS_CH
	40	40	1282.7	39	1282.7	2	368.6	3.47992		555	0	5.2002	ATHENS_DH
	94 -1.84837699655855 129	2000	129 -0.551128932072692 2000	5	280 -0.144349496243619 7.14286	736	4	1.45264 0.118211866061434 BENEVENTO
	13	27	1154	24	1154	2	275	4.19636		485.6	3	5.0293	CERRETO
	19 18 -1.87994672928839 36 34	1419 1526	30 32 -1.49701678589982 1523 1526	2 2	269 269 -0.0152800924562146 5.66171 510.2 5.67286 499.2	10 10	5.28564 5.07812 -2.38439784692112 CERRETO_DH1 CERRETO_DH2
	8	67	1492	54	1492	16	131	11.38931		146	36	0.72021	COLFIORITO
	8 34 6.96011432083290 67 32	1492 898	54 32 -0.0892512898221730 1492 898	16 0.5	131 154 -0.196744460509791 11.38931 5.83117	146 283	36 0	0.72021 2.9541 0.106729524597240 COLFMOD DUEZCE2
	34	32	898	32	898	0.5	154	5.83117		283	0	2.9541	DUEZCEnew
	8 20 -1.21161165969488 25 203	1200 2500	18.5 199 -0.620950366942213 1200 2500	2.5 3	150 100 0.547290445022956 8 25	407 195.5	0 168	5.01709 0.74463 2.35533258544562 EDESSA EUROSEIS
	51	50	956	45	965	6	240	4.02083		295.9	13	1.52588	FORLI
	4 -0.579852376972500 21	1600	16 -0.778645864635479 1600	9	375 1.97627788802882 4.26667		707.5	0	8.64258 -1.44146178714610 KNIDI
	25	40	924.8	40	924.8	7	189.1	4.89053		356.4	4	3.00293	KORINTHOS_CH
	26 33 1.95664759844238 40 64	998.4 920	40 56 -1.12676164011657 998.4 1127	1 2	160.7 152 0.922999389946273 6.21282 7.41447	344 251.9	5 40	2.86865 2.14844 0.820068000455454 KORINTHOS_DH NESTOS
	6	10.7	931	8.9	931	4.2	205	4.54146		567.5	0	10.21729	NOCERA
	16 34 6.00926594738439 60 32	960 1514	60 32 0.136279792558581 960 1514	1 1.5	200 202 -0.155977210593073 4.8 7.49505	681.2 411.3	30 2	1.77002 4.63867 0.365742012655237 NORCIA SAKARYAnew
	29	35	871	31	900	4	218	4.12844		386.7	19	4.37012	STURNO
	46 0.129935394868930 57	1235	45 1.25509604204850 1824	1	647 1.49127504976218 2.81917		1056.7	37	11.62109 -1.57246893453695 TOLMEZZO
	-2.01634864127353		-0.657397528282670		-0.200737823525315			-3.66743295247488
	-1.83974278823211		1.49929237537539		-0.00661050905433695		-0.468580250129123
	1.92870166415171		0.787997911153549		1.81445104382304				-0.0177978276005400
	1.53130295977025		-1.02507399938298		-1.30841205185381			0.0103346484428079
	-0.423085036286386		1.18599892459555		0.167818065573918			3.14147315072851
	0.0551228234711050	-2.02337869190618		0.733287427391830			0.798215596917302
	-0.470841923920829		2.00239687435889		0.514240219311735			-1.51029297810489

| 260 

  The transposed matrix of synaptic weights for neural network in the output layer W 2
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	    ANN Class4 (Chapter 2) ANN Class1 (Chapter 2) ANN Class2 (Chapter 2) ANN Class3 (Chapter 2)  ANN Class5 (Chapter 2)  ANN Class1_A0HV (Chapter 3-5)  ANN Class2_A0HV (Chapter 3-5)  ANN Class3_A0HV (Chapter 3-5)  ANN Classe3_Vb/Vs30 (Chapter 3)  ANN Classe3_Vb/Vs10 (Chapter 3)  ANN Class3_Vs30 (Chapter 3)  ANN Class3_Vs10 (Chapter 3)  ANN Class3_NL (Chapter 4)  ANN Class1_Dsoil (Chapter 5)  ANN Class2_Dsoil (Chapter 5)  ANN Class3_Dsoil (Chapter 5)  ANN Class3_Droc (Chapter 5)		T =
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	-0.510245785854997 0.0236943045050715 -0.597325503069635 -1.78439853888021 2.33041583816479 1.38150471860380 0.898272265485875 0.840207264587190 -1.35078635728748 1.19682813098855 1.40018855353334 1.02350817873466 2.50238774187133 2.71168217840765 -1.91001746118598 1.32569024272235 2.07309412084935 0.186799608888590 8.77771853161571	0.782314843708945 -0.821723395236147 -1.58289759269589 0.384462990825536 -0.0521730823486545 0.0760216708305036 -0.651810093154661 0.378825436059142 0.695935255467688 0.109761279240700 -0.196502745819392 0.210784523292254 0.324706453415743 0.152688130831027 -0.473060976192323 2.23406696385251 -2.86151198926867	-2.00696834369159 0 0.805217984490728 0.182866701326249 -3.49727885940666 0.405853858312915 -3.86611293606277 -0.842872903902501 -1.92199893762311 4.61901742162112 -2.66816742316942 -2.37808694035494 -0.926031846113766 0.709040237388515 1.23139189164883 0.221263685832258
	0.0142043053120850 -1.69280572705750 2.05561302361601 3.61458054650000 4.25515948319146 1.26163334507153 0.795369419669367 2.00691031824205 0.462460197542306 -1.22545406328482 1.15315761909226 -1.78268533227416 -1.45566199100458 -0.0552688697255557 0.164979242607418 2.83616342706616 -0.780998611821064 -11.0999320129573 -0.109854217116745 0.567160248855549 -7.04584204178037 -1.12541988449764 -1.67168951396169 -1.69461909193577 -3.88952448007947 0.492533113535527 1.89974998565510 6.14401157310823 -4.54272282036963 -2.81120613275172 -3.91265628666989 -3.79913813869495 1.88765280410578 7.78368149080753 1.91246376907263 2.46147657840474 0.676397928226071 0.0248000227614420 -0.100450314415268 1.07987199199956 -1.71834945703915 -4.40864450474176 -0.761730503007244 1.57264503583439 -9.14823057182819 2.43781536798774 -2.21495315096680 -0.733010330495148 -3.01490475358383 1.52346186474280 2.33813297847728 -2.80175148301606 -8.90892414865387 -0.899874215373648 -0.594320086230727 4.60528747041104	-1.56334389669408 0.627118407525907 -0.173465117160027 -0.201595592640718 0.655543592108435 0.482001806394028 -1.26245079183513 -0.720593560533457 -1.15121132595083 0.615468074902049 1.24479752614859 0.935905817867716 0.665831092620634 0.664234414041863 -0.999867045575484 1.92426672536507 -2.38050332576014 -0.0246500891987478 -0.399204285980000 -0.916968769651122 -1.25378544105512 0.401373528733278 0.149536221453960 0.329603058296578 -0.0347727930842419 0.175457292447363 0.239418309970024 -0.119806474168438 0.266755050626663 1.10563981895510 -0.822588907895145 1.08322641624918 -0.999470676842718 18.4950874420516 2.22666190276675 0.0316506374463845 1.30035399789156 -0.631791187661154 1.47604110644888 0.532019274866360 -0.589986406465106 -1.12424861628634 1.44209599892882 -0.00297108141134599 -0.227707391395467 -1.76570072983610 -0.908592174246937 -3.97169198624375 1.89564975069671 -0.144611534036991 12.0995706586930	0.471098834638501 3.10524068398493 -0.237577053885015 -0.329119487998709 3.74293425474796 0.244051611893545 -1.58989438176391 3.05028255569325 -1.97829833837509 1.80954116506128 -1.85403376451829 -1.39999301800987 -3.41108081605831 18.7228253892569 1.30756190185121 -2.17136718024059 -0.179080975369746 -3.69907624152232 -1.24350026653647 1.64386624539392 0.510604638518344 3.08482551518897 2.44015548843746 0.592347968560901 0.126761683294636 0.372949117448054 0.00270890039719113 -0.0633104812495000 1.44026735059919 -0.415410498177912 -1.52157033429457 2.03089984840865 -1.06248417467680 1.64344268871494 1.46103875111607 -2.39469497254037 2.50801606099672 0.640145374251425 2.48105615708757 -3.11830030759749 3.12935457972975 -0.0469924172352769 3.16501761270334 1.53427036853120 -1.71835732748152 -0.562219660499277 -1.96565561989994 -2.40704965477552
	0.00760347991116566 -0.0354778135824801 -0.172290778784562 -4.29682057682365 -1.08365828872557 4.15789494823413 1.83538925916669 6.99095421705876 -5.21445556613145 0.301349691537093 -4.55817063698471 3.06657113481082 -2.81901061998104 -3.86971780172065 -1.48639605015090 -0.184772821341448 0.951809678677236 -6.80039262427213 7.10318173818055	-1.04687035348164 -0.0268306947097175 -0.584841691410013 0.0537517623810185 0.387194876037589 2.69655849448913 0.130768230413357 1.45516550564719 0.0424444887086738 0.203608540933812 0.177220320274392 0.440580136563053 -0.637361487769142 0.112665066144075 0.0919735973730833 -0.0987939973875394 1.26425970124821	-2.31407879147196 0.245094030406193 -3.46270642950500 0.176232563585918 2.55384720155616 1.89255299180769 0.0187145001297077 4.05003546997157 -0.0366461800996405 0.340148606287924 -1.36127280687677 -0.410939206511625 1.80448341810449 0.560340140966314 2.16630946433640 -0.512348495792319
	0.0107077195321571 -0.164863668267284 1.35360579963804 -4.56394237680627 -3.48897862480423 -3.34138596914699 4.23023872532632 -6.57662361062049 5.26315796981950 -6.13225945975376 2.25596206678534 -9.77115528525700 3.81662029263730 2.92558355631642 -0.936788580941306 2.30651526390675 -1.66256883961460 6.88493221799662 16.6974756311504	1.11339379780103 -0.214462640034890 -0.0944797844829037 -0.843040077457312 -0.157546227599313 -0.0795221893177281 -0.0809564512677953 -0.0694078880178908 -1.29628954754415 -0.257710356396241 -0.0526394041805839 -1.55001451528881 -2.51130467647645 -0.0511349131320115 -0.867065212469017 0.0410480809654356 -6.42396602929072	-2.54810012594897 -0.316741416267797 -0.321799716114581 -1.02439319267606 0.190470968925060 -0.288503950515973 0.0597589770435886 -0.765269904014212 1.33833527774561 -1.23204286560986 0.337257312204753 0.0834487301874370 0.839961600569856 1.13518386771217 2.29508822121155 0.435832978340646
	0.0203904453999771 0.0801622550941031 -6.93544409711558 1.77958883226435 -1.17476490603198 -2.50425825227044 3.50842910159492 -0.417026102164157 2.15026606660695 -2.17145649085327 1.46877853163657 -2.52702662230622 2.37040377812771 3.61769171701751 2.14764110287743 -0.345573334646960 2.70533080944024 1.64070429687662 1.34317677461686	-0.0665946844175949 1.64020703194240 0.832732409837996 -0.485026353540763 -0.331764785565567 -0.782077805609691 -0.465296092018971 2.71329162601895 -1.67970273332191 -2.02247449455819 -1.27624582030454 -1.36285968954502 -0.391927116542864 -0.682988993896617 0.589720671021449 0.867463734637857 2.72936601094304	-0.214179943829145 -0.622072498144226 -2.29751166721716 0.972142951160342 -1.65403771848870 -1.73520183104643 -3.04331384683175 -0.786190709729447 2.17713820803789 0.0793325426137517 1.92857890233739 1.15235469318344 -3.04862181891150 -14.5558119290013 -1.06655169804968 -1.05632324069907
	The matrix of bias for neural network in the output layer b2= 1.65891367252177 -0.816429306355795 0.0407770896282640 -1.51963968161397 -3.27428543354499 -0.701862956198972 0.422211751057999 -0.217432404138217 3.50410877357625 0.290447766105221 16.4598495923162 0.159945745276748 -1.87067405645468 0.662535251513516 -2.61711743314936 -1.58316026311294 2.73424269854555 -0.135155845345741 -2.37704830371159 1.30901508409052 0.675491328224035 3.15310776383829 1.65926505260509 2.15665666901041 -2.09443034695852 -1.39151619892897 12.6334167773775 -0.0992313049290253 1.35488189571506 1.07502944357522 2.29193869239534 0.660604205283805 1.85819553660257 7.47180469438544	2.90113694069533 -2.33344107918460 -2.11206614038420 -2.62327319518998 1.56793082494301 -0.356254418714317 -1.49316973810193 0.504240475430935 2.09666585352431 2.47282752787586 0.633449030397717 1.15533183045028 -0.721396489459930 -0.119943046163129 -1.60170460527961 -2.18111704246794
	1.61224619388016 -0.809876737045660 -0.132372165503572 -0.658079984796745 1.26660581144728 1.16476921463359 1.62765316888165 -1.94053407808742 -0.620332206576426 1.34758065326998 0.552097863030246 1.26894474357275 1.42372232132792 4.52387567679059 1.43644112612437 2.49549988225546 0.444986088244102 b2= -1.31587005670187 0.257554808245998 -1.02832522121841 1.57188822248812 -0.670125590684867 0.400828125980199 0.762628484574987 -0.231781241378634 3.30864818181122 -1.42859589408482 -0.786315511857884 -1.83915260458472 -1.49259989768854 -0.351728872730779 2.33484538363675 2.48806497047839 1.34910145204996 -5.35125836443927	-1.07237031041601 1.82826269846944 -1.93426761272480 1.94772067507306 -2.10758681974133 -1.65534992386981 1.42704240402444 1.67695363844208 -0.806144657560782 -1.43250614675649 -2.61410537958795 -2.26851110891024 0.513996856334355 -0.629260881341129 2.06301854769499 0.910340049833956 -0.269268337309550 1.31812829685373 1.77231269619868 0.635553403669960 1.37232500790849 2.17401716903339 0.405144846482046 -1.75581320919232 -0.791238762932478 2.79151101120868 -0.769301860826230 2.25540659382641 1.87056023459481 2.02738772565782 -0.160068880216351 -0.107498003549849 2.09674450079601 -2.91043397536764	-2.66041937195792 -1.54509039546369 0.0759058457262580 -1.88561851883945 -1.39236933952788 -1.95772136285137 1.64260880696473 2.40097362909017 2.44752051341062 2.14757645225764 2.29151162906070 2.09694295083388 2.73135383437001 -3.17539489711360 0.434152964300590 -1.08696623618317 -0.0232013161231826 -1.42729762285590 -1.92515796939463 0.263322775719474 0.432842635339948 1.62993530244472 0.943586989565339 -1.12769524459192 0.180769132840286 0.289602550753835 0.0420731284830582 -0.105571531898136 0.169406930781729 0.968419696274203 -1.30210323772980 -0.324696596459928
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Fig. 2.46: Class 2: Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) the impedance contrast , and b) for 4 values of c, for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of c.

Fig. 3.20: V s30 : Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) V s30 , and b) for 4 values of V s30 , for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of V s30 . Class 3 is considered.

Fig. 3.21: V s10 : Variation of the increment of damage between soil and structure in function of the structure and soil frequencies ratio and: a) V s10 , and b) for 4 values of V s10 , for different ranges of PGA (m/s 2 ); c) the PGA (m/s 2 ), and d) for 4 values of PGA , for different ranges of V s10 . Class 3 is considered.
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C h a p t e r 1 : | 20  September 19, 1985 Where: Mexico City; the fault at 320 km When: 7.18 am, lasted 3 minutes How big: Magnitude 8 Victims: 10,000 people killed, 30,000 injured and thousands displaced Damage: 3000 buildings were demolished and 100,000 suffered serious damage; $3 billion to $4 billion Important learning: long duration and non-linear effects not as strong as expected: Impact of plasticity index on degradation curves [START_REF] Singh | The Mexico earthquake of September 19, 1985-A study of amplification of seismic waves in the valley of Mexico with respect to a hill zone site[END_REF]).

 October 17, 1989

Where: Loma Prieta, Santa Cruz; the fault is San Andreas located at 16 km from the city When: 5.04 pm, lasted 20 seconds How big: Magnitude 6.9

Victims: 63 people were killed, 3,757 injured and 12,053 displaced Damage: 18,306 houses were damaged and 963 were destroyed; 2,575 businesses were damaged and 147 were destroyed; $10 billion Important learning: revision of the impact of non-linear effects in earthquake regulations, use of VS30 proxy [START_REF] Borcherdt | On the characteristics of local geology and their influence on ground motions generated by the Loma Prieta earthquake in the San Francisco Bay region, California[END_REF].

 January 17, 1995 Where: Kobe; the fault crosses the city When: 8.46 pm, lasted 20 seconds How big: Magnitude 6.9 Victims: 6434 people killed, 43,792 injured and 310,000 displaced Damage: 400,000 buildings were demolished; $200 billion Important learning: experiencing the damaging impact of basin edge waves (effects of 2D / 3D subsurface geometry [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]).

 April 25, 2015

Where: Nepal / Kathmandu; the fault is 20 km beneath the city When: 11.56 NST, How big: Magnitude 7.8 Victims: 8000 people killed, more than 21000 injured, 3.5 million homeless Damage: $10 billion Important learning: Surprisingly low death toll in Kathmandu compared to expectations, probably because of the depletion of high frequency (f > 1 Hz) contents in the Kathmandu basin (source or consequences of NL behavior of deep deposits, to be investigated) [START_REF] Bhattarai | Overview of the large 25 April 2015 Gorkha, Nepal, earthquake from accelerometric perspectives[END_REF][START_REF] Takai | Strong ground motion in the Kathmandu Valley during the 2015 Gorkha, Nepal, earthquake[END_REF]. 

Authors City (Country) No. buildings T (N) T (H) ξ (T)

II. Stability Conditions

To insure the stability and accuracy of the numerical solution of the wave propagation and avoid divergence of the computation, two stability conditions are established to fix the discretization grid step dy and the time step dt, according to the following equations:

where V max and V min are respectively the maximum and minimum velocities of the stratified soil profile.

| 282 | 287 

III. Example of an input file for soil NGNH16