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Finally, a summary of the results, the general conclusions, discussion of key methodological issues and perspectives for improvement and future work are presented.
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The overall goal of this research work is to provide recommendations on how to integrate site effects into Probabilistic Seismic Hazard Assessment, better known as PSHA, a well-known and widely used methodology to estimate seismic hazard and risk at regional and local scales. We therefore review the methods available in the literature to obtain the seismic hazard curve at the surface of a soft soil site, starting with the simplest and most generic methods (partially probabilistic), up to the full site-specific methods (partially and fully probabilistic), requiring an excellent site-specific characterization, rarely available except at unusual cases such as the case of Euroseistest site. It is precisely on the example of this site that are compared a number of these methods, as well as a new one. And it is precisely at the Euroseistest that we performed an example of application of the different methods as well as a new one that we propose as a result of this work.

The specificity and difficulty of these "site-specific" PSHA studies comes from the non-linear nature of the response of the soft sites, as well as from the fact that the reference rock controlling this response is often very rigid. The "rock to hard rock adjustment" and "convolution" aspects of the rock seismic hazard, together with the amplification function or the transfer function (empirical or numerical) of a site are therefore the subject of particular attention in these comparative studies. A general framework is presented on how to simultaneously take into account the site-specific characteristics, such as the complete or reduced random variability ("single station sigma"), host-to -target adjustments and the linear / nonlinear behavior of a site. We explain all the followed steps, the different corrections performed, the benefits and difficulties that we found in the process and the ways we sort them when the answer was not straight forward. This comparative study is divided into two parts: the first deals with non-site-specific methods and site-specific hybrid methods (probabilistic evaluation of rock hazard and deterministic of the site response). The second deals with two approaches taking into account the convolution of rock hazard and the site response in a probabilistically way. One of the major result is the increase of the epistemic uncertainty on the soft site hazard compared to the rock hazard, due to acumulation of uncertainties associated to each step. Another major common result to both studies is the very important impact of non-linearity on soft sites, as well as the complexity on how to account for them: the variability associated with the use of different non-linear simulation codes (code-to-code varibility) appears to be greater than the variability associated with the two different full convolution probabilistic methods (method-to-method variability). We emphasize on the importance of improving the way in which the site effects are included into probabilistic seismic hazard assessment, PSHA. And we also emphasize on the importance of instrumenting active sites with soft sediments, such as the Euroseistest, to test and validate numerical models.

La spécificité et la difficulté de ces études PSHA "site-spécifiques" vient du caractère non-linéaire de la réponse des sites peu rigides, ainsi que du fait que le rocher de référence contrôlant cette réponse est souvent très rigide. Les aspects "ajustement rocher dur" et "convolution" de l'aléa sismique au rocher avec la fonction d'amplification ou la fonction transfert (empirique ou numérique) d'un site font donc l'objet d'une attention particulière dans ces études comparatives. Un cadre général est présenté sur la façon de prendre en compte simultanément les caractéristiques spécifiques au site, la variabilité aléatoire complète ou réduite ("single station sigma"), les ajustements hôte-cible et le comportement linéaire / non linéaire d'un site, où nous expliquons toutes les étapes, corrections, avantages et difficultés que nous avons trouvés dans le processus et les différentes façons de les mettre en oeuvre.

Cette étude comparative est divisée en deux parties: la première porte sur les méthodes non sitespécifiques et les méthodes hybrides site-spécifique (évaluation probabiliste de l'aléa au rocher et déterministe de la réponse de site), la seconde porte sur deux approches prenant en compte la convolution aléa rocher / réponse de site de façon probabiliste. Un d e s r é s u l t a t s ma j e u r s d e l a p r e mi è r e e s t l'augmentation de l'incertitude épistémique sur l'aléa en site meuble comparé à l'aléa au rocher, en raison du cumul des incertitudes associées à chaque étape. Un autre résultat majeur commun aux deux études est l'impact très important de la non-linéarité du sol dans les sites souples, ainsi que de la façon de les prendre en compte: la variabilité liée à l'utilisation de différents codes de simulation NL apparaît plus importante que la variabilité liée à différentes méthodes de convolution 100% probabilistes. Nous soulignons l'importance d'améliorer la manier d'inclure les effets du site dans les méthodes de l'estimation de l'alea sismique probabiliste ou PSHA, et nous soulignons aussi l'importance d'instrumenter des sites actifs avec des sédiments meubles, comme l'Euroseistest, afin de tester et valider les modèles numériques.

Finalement, on présente un résumé des résultats, des conclusions générales, de la discussion sur les principaux problèmes méthodologiques et des perspectives d'amélioration et de travail futur.

Mots-clés: Effets du site, incertitude épistémique, PSHA, single station sigma, ajustements hôtecible, effets linéaires et non linéaires, réponse de site . v

Resumen

El objetivo general de este trabajo de investigación es proporcionar recomendaciones sobre cómo integrar los efectos del sitio en la evaluación probabilística del riesgo sísmico, más conocido como PSHA, una metodología bien conocida y ampliamente utilizada. Esta metodología se utiliza a nivel mundial para estimar el peligro y el riesgo sísmico a escala regional y local. Por lo tanto, en este trabajo hacemos una revisión critica de diferentes métodos disponibles en la literatura para obtener la curva de amenaza sísmico en superficie de un sitio en suelo blando. Primero comenzamos con los métodos más simples y genéricos (parcialmente probabilísticos), y posteriormente continuamos con los métodos completamente específicos de sitio (parcial y totalmente probabilísticos), que requieren una excelente caracterización del sitio, raramente disponible excepto en casos excepcionales como el caso del Euroseistest. Y es precisamente en este sitio que realizaremos la comparación de los diferentes métodos disponibles en la literatura así como uno nuevo que proponemos como resultado de este trabajo.

La especificidad y la dificultad de estos estudios de PSHA "específicos del sitio" radica en la naturaleza no lineal de la respuesta de los sitios blandos, así como el hecho de que la roca de referencia que controla la respuesta a menudo es muy rígida. Los ajustes de roca estándar a roca dura y los aspectos que se relacionan con la "convolución" del riesgo sísmico de la roca, junto con la función de amplificación o la función de transferencia (empírica o numérica) de un sitio, son por lo tanto, objeto de especial atención en este tipo de estudios comparativos. En este trabajo, presentamos un marco general sobre cómo tener en cuenta simultáneamente las características específicas del sitio, tales como la variabilidad aleatoria completa o reducida (single station sigma), ajustes de un modelo al un objetivo especifico (hostto-target adjustments) y el comportamiento lineal o no lineal de un sitio. A medida que avanzamos en el texto explicamos todos los pasos que seguimos, las diferentes correcciones realizadas, los beneficios y dificultades que encontramos en el proceso y las formas en las que resolvimos las dificultades discutiéndolas cuando la respuesta no es evidente.

Este estudio comparativo se divide en dos partes: el primero trata de los métodos no específicos de sitio y métodos híbridos específicos de sitio (evaluación probabilística del riesgo en rocas y determinista de la respuesta del sitio). El segundo trata de dos enfoques diferentes teniendo en cuenta la convolución del riesgo sísmico en rocas y la respuesta del sitio de forma probabilística. Uno de los principales resultados de la primera parte de este estudio, es el aumento de la incertidumbre epistémica sobre el riesgo sísmico en un suelo blando en comparación con el riesgo sísmico en roca, debido a la acumulación de incertidumbres asociadas a cada paso. Otro resultado común importante para ambos estudios es el importante impacto de la no linealidad en sitios blandos, así como la complejidad para incluirlos. También observamos que la variabilidad asociada con el uso de diferentes códigos de simulación no lineales parece ser mayor que la variabilidad asociada a la utilización de los dos diferentes métodos probabilísticos de convolución completa. Hacemos hincapié en la importancia de mejorar la forma en que los efectos del sitio se incluyen en los métodos probabilísticos de riesgo sísmico, PSHA, así como en la importancia de instrumentar sitios sísmicamente activos con sedimentos blandos, como el Euroseistest, para poder probar y validar modelos numéricos.

Finalmente, presentamos un resumen de los resultados, las conclusiones generales, la discusión de cuestiones metodológicas claves y las perspectivas sobre asuntos a mejora y trabajo futuro.
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Introduction

Several recent dramatic events (2011( Tōhoku, 2016 Pedernales, 2016 Amatrice Earthquakes, among others) drew the attention on the need to carefully reassess the seismic hazard at large urban centers and critical facilities. In that aim, the present trend all over the world is to more and more rely on probabilistic seismic hazard approaches to estimate seismic hazard at a regional and site scale, by determining annual exceedance probabilities for various ground-motion levels.

Probabilistic Seismic Hazard Assessment, best known as "PSHA", was first introduced by two authors in the late 60's [START_REF] Cornell | Engineering seismic risk analysis[END_REF][START_REF] Esteva | Criteria for the construction of spectra for seismic design[END_REF], 1968;), almost five decades ago. Since then, this method has become the most widely used method to assess seismic hazard and risk. It involves several components (such as the earthquake occurrence and the ground motion prediction), which include a high level of epistemic uncertainties and random variability. Such is the popularity that this methodology has acquired, that country scale and even continental scale projects, (e.g. SHARE European project) have been funded by relevant institutions to better predict future ground motions probabilities of exceedance and the expected life and economic losses together with their social impacts. Today, there is a complete community (e.g. seismologists, engineers, risk catastrophe modelers, …) dedicated almost exclusively to the investigation and improvement of probabilistic hazard and risk models.

Significant improvements regarding the probabilistic seismic hazard assessment (PSHA) have been achieved since the concept was firstly introduced by Cornell in 1968 [START_REF] Cornell | Engineering seismic risk analysis[END_REF]. However, most of these advances have been concentrated on hazard at rock sites, even though many cities and facilities are located on soil deposits that can significantly affect the shaking, better known as site effects.

The most famous case where severe site effects were observed is the well-known 1985 Michoacán Earthquake (Ms=8.1) at Mexico City, where the presence of very deep and soft sediments provoked extremely large amplifications at the basin of Mexico City located at more than 400 km form the epicenter, leading to very heavy damage and death-toll. Such amplification effects occurred again during the recent 2017 Puebla earthquake (19/09/2017), leading also to significant damage with a slightly different spatial distribution. However, again in connection with the interaction between frequency content and site amplification.

C. ARISTIZÁBAL

Nowadays it is widely recognized by the scientific and engineering communities that the local geology and geometry of the subsoil structure has a large impact on ground motion at a given site. However the complexity of the effects of subsurface geometry on seismic ground motion made it impossible until now to include in a systematically, robust and realistic way such effects in earthquake hazard assessment and risk mitigation. The geometry of the subsoil structure, the variation of soil types and properties with depth, the lateral discontinuities, and the surface topography are at the origin of large amplification of ground motion and have been correlated to damage distribution during destructive earthquakes [START_REF] Aki | Local site effects on weak and strong ground motion[END_REF][START_REF] Bard | Effects of surface geology on ground motion: recent results and remaining issues[END_REF][START_REF] Faccioli | Seismic Amplification in the Presence of Geological and Topographic Irregularities[END_REF]1996;[START_REF] Chávez-García | Topographic site effects and HVSR. A comparison between observations and theory[END_REF][START_REF] Kawase | The cause of the damage belt in Kobe:"The basin-edge effect," constructive interference of the direct S-wave with the basin-induced diffracted/Rayleigh waves[END_REF]. [START_REF] Makra | Basin effects in seismic design: Efficiency of numerical tools in reproducing complex seismic wavefields[END_REF] Thanks to the appearance of the strong motion instrumentation, these observed site effects started being measured in a quantitative way, and were finally first introduced in a very simplified way in seismic provision early in the seventies after being a matter of debate among the engineering community at the time in spite of its extensive evidence (Kramer, 1996). Since then, numerous studies to better comprehend the physics of site effects have been performed up to now and have improved significantly from the time when the first observations were made (e.g. Boatwright et al. 1991a;Lermo and Chavez-García, 1993;[START_REF] Bard | Microtremor measurement: a tool for site effect estimation?[END_REF][START_REF] Bard | Effects of surface geology on ground motion: recent results and remaining issues[END_REF][START_REF] Phillips | Site amplification of coda waves from local earthquakes in central California[END_REF]Nogoshi andIgarashi, 1970, 1971;[START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]Cadet et al., 2012aCadet et al., , 2012b;;[START_REF] Régnier | Assessing Nonlinear Behavior of Soils in Seismic Site Response: Statistical Analysis on KiK-net Strong-Motion Data[END_REF]Régnier et al., , 2016;;Bonilla et al., 2002, among many others).

More recent works have also identified, that not only the local subsurface properties are affecting the ground shaking, but also the topography and the basin subsurface geometry [START_REF] Sánchez-Sesma | Diffraction of elastic waves by three-dimensional surface irregularities[END_REF][START_REF] Geli | The effect of topography on earthquake ground motion: a review and new results[END_REF][START_REF] Sánchez-Sesma | Diffraction of P, SV, and Rayleigh waves by topographic features: A boundary integral formulation[END_REF]1993;[START_REF] Bouchon | Seismic response of a hill: the example of Tarzana, California[END_REF][START_REF] Buech | The little red hill seismic experimental study: topographic effects on ground motion at a bedrock-dominated mountain edifice[END_REF][START_REF] Maufroy | A robust method for assessing 3-D topographic site effects: A case study at the LSBB Underground Laboratory, France[END_REF][START_REF] Maufroy | Frequency scaled curvature as a proxy for topographic site effect amplification and ground-motion variability[END_REF][START_REF] Massa | Overview of topographic effects based on experimental observations: meaning, causes and possible interpretations[END_REF][START_REF] Barani | Effects of surface topography on ground shaking prediction: implications for seismic hazard analysis and recommendations for seismic design[END_REF]. Lastly a more complex, physically based site effect has been proposed by considering the specific directional effects involving simultaneously the fault and the site effects observed in the 1999 Chi Chi earthquake in Taiwan [START_REF] Aagaard | Effects of fault dip and slip rake angles on near-source ground motions: why rupture directivity was minimal in the 1999 Chi-Chi, Taiwan, earthquake[END_REF], that could also be catalogued as geometrical site effects.

However, in spite the fact that site effects are a key issue to be included in seismic hazard estimates, in most PSHA studies the effects of local soil deposits at the site is often taken into account in a rather crude way, with less rigor than they should deserve given their potential impact (Bazurro and Cornell, 2004b). Presently, two ways to include the site effects are generally used in most cases: [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] either the ground-motion prediction equation (GMPE) is applied in the PSHA approach with a generic site term linked to some "site proxy" (which most commonly the average shear wave velocity for the upper 30 m, V S30 ), so that the resulting hazard cannot be considered site-specific, or (2) a deterministic amplification factor is applied in a post-processing step to the results of the hazard analysis performed for rock conditions, this second approach might lead to inconsistency in the hazard probability of exceedance when nonlinear soil site effects are expected. These ways of including soil site effects into probabilistic hazard estimates can lead both to underestimations (e.g. resonance effects, or 2D/3D effects are ignored) or overestimations (nonlinear effects are ignored or too poorly accounted for). Therefore, the sodesigned facilities (i.e., without a careful incorporation of local site effects in the framework of PSHA) may have unknown safety margins, with the possibility of under-design.

Relatively few attempts have been made over the last decades to incorporate the effects of site conditions into PSHA. The subject was first introduced by (Kramer., 1996;Cornell and Bazzurro 1997;Bazzurro., 1998;Bazzurro et al. 1998) and further discussed by (Lee et al. 1998(Lee et al. , 1999;;Lee 2000;Tsai 2000;Silva et al., 2000;Cramer 2003;Cramer., 2003;Bazzurro and Cornell., 2004a,b;Stewart et al., 2006;Papaspiliou et al., 2012a,b), however, many issues still need to be addressed.

For this reason, the main purpose of this research work is to provide recommendations on the optimal ways to integrate site effects into PSHA, by exploring the performances and results of several, different approaches as available in literature.

Due to the inherent and distinct complexities in rock hazard and site response estimates, the final quantification of site-specific hazard merges form many different sources of uncertainties, which imply to address a wide variety of important issues, to identify the most critical ones and their respective contributions. This work attempts to deal in part with this problem and is divided in five main chapters:

Chapter 1 Provides the general framework of this work. First, it presents a global introduction to Probabilistic Seismic Hazard Assessment (PSHA) on rock. The different components involved in the classical method for probabilistic hazard evaluation are briefly presented with its corresponding references. This chapter is not intended to present a state-ofthe-art of all the recent developments in PSHA estimates, but simply to set up the general framework for PSHA studies. Next, a brief explanation of the different types of site effects, with a special focus on the local ground response. Where amplification is generated when the waves are trapped in surficial, softer soils overlying deeper and harder rock, resulting in constructive interferences at some site-specific frequencies typical of resonance phenomena. The importance of such effects is directly related to the impedance contrast and subsurface geometry. The amplitude and duration increases for softer sediments, harder bedrock and embanked valleys with high thickness/width shape ratios. Finally, an introduction to The Euroseistest site is cover. The Euroseistest is a European multi-purpose physical laboratory (test site) established in 1993 in the tectonically active graben of Mygdonia, in northern Greece. This research site has been extensively investigated and is currently densely instrumented, facilitating the retrieval of the soil characteristics needed for this research work. The Euroseistest has been selected as the target site for the site-specific PSHA calculations on soil that we propose as scope for this work.

Chapter 2 presents a comprehensive overview of the various, presently available methodologies described in literature for including Site Effects into Probabilistic Seismic Hazard Assessment (PSHA), as well as a new method that we proposed for this aim. We classify the different methodologies between Generic or Partially Site-Specific and Site-Specific Approaches, starting from the simplest and moving towards the most complex and advanced methods A discussion of the the gains in reliability and accuracy against the required costs and efforts when performing each type of analysis is also presented.

Chapter 3 is presented as a manuscript for submission to the peer reviewed journal of the Bulletin of Earthquake Engineering. This chapter details an example of application of the different Hybrid-Based Partially Probabilistic Site-Specific Methods. The example case study is carried out at the Euroseistest site (Greece) under the scope of the STREST1 project, a site that has been extensively investigated and that is currently densely instrumented, facilitating the retrieval of the soil characteristics needed for this research work.

Chapter 4 is presented as a manuscript for submission to the peer reviewed journal of Geosciences (Switzerland). This chapter is also dedicated to an application example, again for the same Euroseistest site, but with two more advanced methods meant to correctly approximate the results of a Full Probabilistic Site-Specific approach.

Finally, the last section Conclusion and Perspectives, summarizes the main results of these comparative analyses, with an emphasis on the discussion of the main methodological issues, and proposes general conclusions and perspectives for improvements and future work. 
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Probabilistic Seismic Hazard Assessment (PSHA)

Overview

Since the main objective of this work is to provide a robust methodology for the integration of site effects into probabilistic seismic hazard assessment (PSHA), we will start by describing briefly what a PSHA stands for, its main components, outputs and applications. To better understand why this methodology was developed in first instance, the following citation is a very good introduction to this subject:

"The language of probability allows us to speak quantitatively about some situation which may be highly variable, but which does have some consistent average behavior. Our most precise description of nature must be in terms of probabilities."

-Richard Feynman

As stated by Richard Feynman, the probability theory allows us to treat quantitatively different highly variable phenomena. In our particular case, the probability theory allows us to quantitatively interpret the seismic hazard at a given location, where the ground shaking at the surface is highly variable due to the uncertainties on the definition of the different earthquake parameters such as the location, size and resulting shaking intensity of earthquakes.

It is for this reason, that the Probabilistic Seismic Hazard Analysis (PSHA) was developed in first place; it is a method that treats the ground motion prediction and earthquake occurrence problem in terms of probabilities of exceedance at certain ground motion level, allowing the quantification of uncertainties and the randomness of the process of the different physical parameters, by combining them to produce an explicit description of the distribution function of the future shaking that may occurred at a given site (J. [START_REF] Baker | An introduction to probabilistic seismic hazard analysis[END_REF].

Chapter 1 |14

General Scope of Probabilistic Seismic Hazard Assessment (PSHA)

Probabilistic Seismic Hazard Assessment, best known as "PSHA", was first introduced by two authors in the late 60's [START_REF] Esteva | Criteria for the construction of spectra for seismic design[END_REF][START_REF] Esteva | Bases para la formulacion de decisiones de diseño sismico[END_REF][START_REF] Cornell | Engineering seismic risk analysis[END_REF], almost five decades ago. Since then, this method has become the most widely used method to assess seismic hazard and risk. The best known application of this method are certainly the seismic hazard maps, an essential tool for engineers, insurers, governments and industry, for structural design and earthquake engineering specifications. Almost all seismic design codes around the world have an official hazard map, which sets the design levels of acceleration, velocity and/or displacements required for structural design for a certain return period.

The main objective of a PSHA is to provide a quantitative analysis of the probability of exceedance of a certain ground motion level at a given site or region in terms of statistical moments (mean, median, variance or standard deviation) of the expected ground motion level, these, with the aim of deciding: safety criteria for nuclear power plants, producing official national hazard maps, developing building code requirements, and determining earthquake insurance rates. However, the PSHA is a tool that reflects the state of the art of science at a given moment and place, and should be re-estimated when better and new knowledge appears in the literature. For this reason, it is very common that hazard maps, as well as the standards of critical facilities, insurance rates, and design codes are subject to updates regularly. Thus, Probabilistic Seismic Hazard Assessment has become the preferred methodology around the world to predict seismic hazard and earthquake occurrence, despite some critics highlighting some possible conflict with earthquake physics (Mulargia et al., 2016).

In this chapter, we will briefly introduce the main components of a PSHA and draw the attention on some sources of uncertainties that can be included.

Components of PSHA

A typical probabilistic seismic hazard analysis can be described as a four-step process (Reiter, 1990) consisting of (Figure 1):

• A fault trace (usually a polyline). (i.e. a list of Longitude-Latitude tuples).

• A magnitude-frequency distribution.

• A magnitude-area scaling relationship.

• A representative value of the dip angle.

• Rake angle.

• Upper and lower depth values limiting the seismogenic interval (km);

Based on the previous description of the different possibilities to describe the seismic sources, the Seismic Source Model (SSM) contains uncertainty related to area external borders or fault trace, the seismogenic depth, the frequency distribution, the rupture aspect ratio, the area/fault plane and the hypocentral depth. These uncertainties can be treated inside one source model, or several source models.

For example, the SHARE European Seismic Hazard Model (Woessner et al., 2015), considers three alternative Seismic Source Model (SSM):

• Area Source Model: This model considers only polygonal areas with a Gutenberg-Richter recurrence model derived from all earthquakes spatially located within these areas. It has the largest weight in the logic tree (see logic tree definition in Section 1. 1.4). (Woessner et al., 2015). (SHARE file: area_source_model.xml, weight=0.5). • Faults + Background area Source Model: This model contains a set of faults with background seismicity, each characterized by a recurrence model; where no faults have been taken into account the area source model is used. However, this is the way we need to look forward on Seismotectonic Model updates, because a well described fault represents more realistically the hazard and allow to consider other effects, such as directivity, complex rupture plane and other source parameters that cannot be considered on an area source model. (Woessner et al., 2015). (SHARE file: faults_backg_source_model.xml (w=0.2)). • Seifa Model: This model is a smoothed seismicity model based exclusively on past seismicity. It is a time-independent gridded earthquake rate forecast for the European region including Turkey. The SEIFA-model applies a kernel-smoothing method to both, past earthquake locations and slip rates on mapped crustal faults and subduction. [START_REF] Hiemer | A smoothed stochastic earthquake rate model considering seismicity and fault moment release for Europe[END_REF]. (SHARE file: seifa_model.xml (w=0.3)).

The area source model is the most common model when performing PSHA analysis. Also, particularly for the SHARE model, it is the model with the highest weight assigned by experts on the logic tree. However, same work could also have been done with other source models such as the "Faults + Background area Source Model".

Recurrence Model

The recurrence model, better known as the Gutenberg-Richter model, was firstly proposed by Gutenberg and Richter in 1944. It models the Frequency -Magnitude relationship of the seismic activity of a region. It is widely used to model rates of occurrence of earthquakes in PSHA.
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Gutenberg-Richter Law

From observations on a long dataset from Californian earthquakes over a long period of time, Gutenberg and Richter found that the number of earthquakes (N) with magnitude (M) larger than a certain threshold (m) on a certain period of time follows a linear function on base 10 logarithmic scale (Eq. 1):

!"# !" ! ! = ! -!(!)
(Eq. 1)

! ! = 10 !!!(!) = exp (! -!) (Eq. 2)
Where =2.303a and =2.303b.

If earthquakes smaller than a lower threshold mo (minimum magnitude) are eliminated, the mean annual rate of exceedance can be written (McGuire and Arabaz, 1990) as:

! ! = ! • exp -! ! -!" ! > !"
(Eq. 3)

Other Recurrence Models

This very simple equation (Eq. 1), is still the base of most recurrence models, however, updated versions, such as the Bounded Guttenberg-Richter recurrence Law [START_REF] Mcguire | An introduction to probabilistic seismic hazard analysis[END_REF], the Characteristic Earthquake Recurrence Law [START_REF] Youngs | Implications of fault slip rates and earthquake recurrence models to probabilistic seismic hazard estimates[END_REF][START_REF] Lomnitz-Adler | A modified form of the Gutenberg-Richter magnitude-frequency relation[END_REF]. Also, different likelihood fitting method such as Weichert Method [START_REF] Weichert | Estimation of the earthquake recurrence parameters for unequal observation periods for different magnitudes[END_REF]), Kijko Method (Kijko 1988, least square method, among others, are used for the estimation of recurrence parameters (N and !).

Uncertainty on the Recurrence Models

The existence of several recurrence models and the need of different likelihood methods for the estimation of recurrence parameters (N and ! ), shows that fitting the recurrence of earthquakes is not a simple task, and that significant uncertainty especially in low to moderate seismic regions related to the recurrence model is expected and needs also to be address when performing a PSHA.

Epistemic uncertainty on a, b and maximum magnitude (Mmax) recurrence parameters is a common practice when constructing a recurrence model for a given seismogenic source. In some cases, especially in highly active seismic zones, the recurrence model can be retrieve with significant confidence, since the data clearly shows the magnitude rate up to large magnitude values. However, in low to moderate seismic zones, where the data is scarce, the recurrence model is highly variable, without enough observations to constrain it.

Ground Motion Prediction Equations (GMPEs)

GMPEs are of utmost importance for engineering seismology and earthquake engineering, as they are used to assess seismic hazard, thereby providing estimates of the loading that a structure may undergo during a future earthquake [START_REF] Douglas | Graph of ground motion prediction versus publication date[END_REF] http://www.gmpe.org.uk/.

The Ground Motion Prediction Equations, GMPEs, also called ground-motion models or attenuation relations, that are derived based on empirical data, numerical simulations or mixed empirical/simulations data that intend to describe the expected peak ground acceleration or other intensity measure generally as a function of the source (magnitude), path (distance and magnitude) and soil type. However, other parameters such as faulting mechanism, directivity coefficients, H/V ratio and/or stress drop among others can be also included. Some of these models propose rather simple regression forms. Though, recently the tendency is to propose more and more complex models, very difficult to understand for replication purposes, with complex functional forms.

The typically form of a GMPEs is expressed as follows: From observations it has been identified that the uncertainty of the spectral intensities (e.g. PGA, PGV, …) in the logarithmic scale follows a normal distribution (Eq. 4). Thus, for a given earthquake, these ground motion prediction models will provide a logarithm distribution of the acceleration or intensity measure characterized by a median value (!) and a standard deviation (!). It is important to emphasize the strong impact of the standard deviation of the GMPE on the hazard calculations, a parameter that needs to be properly considered in the uncertainties of the hazard model (See . A part of the database used by Boore et al., 2014 new NGA-West2 Ground Motion Prediction Equations is shown in Figure 3, with the magnitude and distance dependence of PSA at four periods for strike slip events. From this plot the source and path effect effects can be appreciated for the same site condition (V S30 =760 m/s). of-belief of the hazard analyst(s) in the corresponding model (more subjective) or can be estimated, e.g. with likelihoods methods and (more objective) subsequently treated as probabilities to calculate a distribution of hazard curves [START_REF] Bommer | The use and misuse of logic trees in probabilistic seismic hazard analysis[END_REF]. activity rate, GMPE) and assigning weights for the different branches [START_REF] Faccioli | Seismic hazard mapping for Italy in terms of broadband displacement response spectra[END_REF].
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The final hazard of a PSHA, will be defined as the probability distribution function of all outputs of the different branch combinations of the logic tree, propagating both the epistemic and aleatory uncertainty, and the distribution can be characterized by statistical moments such as mean, median and percentiles.

Seismic Hazard Calculations

Once defined the two main components of a PSHA analysis (Source Model, and the Ground Motion Prediction Model) and the Logic Tree to treat the uncertainties, then, it is possible to estimate the seismic hazard curves at a given site as follows (taken from Kramer 1996, p. 130):

For a given earthquake occurrence, the probability that a ground-motion parameter Y will exceed a particular value y* can be computed using total probability theorem, that is:

! ! > ! * = ! ! > ! * !] ! ! = ∫! ! > ! * !] !"(!)!" (Eq. 5)
Where ! is a vector of random variables that influence Y. In most cases the quantities in ! are limited to the magnitude, M, and distance, R. Assuming that M and R are independent, the probability of exceedance can be written as:

! ! > ! * = ∫∫! ! > ! * !, !] ! ! (!)! ! (!)!"!! (Eq. 6)
Where ! ! > ! * !, !] is obtained from the predictive relationship (GMPE) and ! ! (!) !"# ! ! (!) are the probability density functions for magnitude and distance, respectively.

If the site of interest is in a region of Ns potential earthquake sources, each of which has an average rate of threshold magnitude exceedance, ! ! = exp ! ! -! ! ! ! , the total average exceedance rate for the region will be given by:

! ! * = ! ! ! ! !!! ∫∫! ! > ! * !, !] ! ! ! (!)! ! ! (!)!"!! (Eq. 7)
The same expression in (Eq. 7) can also be expressed in discrete form as:

! ! * = ! ! ! ! !=1 ! ! !=1 ! ! !=1 ! ! > ! * ! ! , ! ! ] ! !" (! ! )! !" (! ! )!"!# (Eq. 8)
Following the previous methodology described on (Kramer, 1996;), the main three outputs of a PSHA are: hazard curves, HC, (Figure 7a), uniform hazard spectra, UHS, (Figure 7b) and magnitude and distance disaggregation of the hazard (Figure 7c).

Finally, with the exhibit PSHA outputs, HC and UHS, it is possible to build hazard maps for different spectral periods and different return periods. For example, Figure 8 exhibits the Italian SHARE Mean Hazard Model for PGA spectral period and for a 10% Probability of Exceedance in 50 years (475 years return period). Such maps are of extreme importance for seismic design and earthquake engineering, since they define the expected hazard solicitation at a given site for a certain period of time. Thus, the design forces the structure needs to be capable to resist. 

Local Site Effects

Once a brief introduction to the PSHA methodology has been made, it is very important to do the same for site effects, since these two main components constitute the backbone of this research work. For this reason, we provide below a small overview of site effects and their estimation, together with the most relevant bibliography on the subject.

Overview

Since very ancient observations, different authors such as MacMurdo, 1824, Mallet 1862, [START_REF] Wood | Distribution of apparent intensity in San Francisco[END_REF][START_REF] Reid | The machanism of the earthquake, in The California Earthquake of April 18, 1906[END_REF] noted the differences in terms of intensity of the ground shaking and earthquake damage related to the local geological conditions and soil properties. They observed that greater damage and stronger intensity of the ground motion took place in sites located in soil rather than rock conditions. In 1927, Gutenberg [START_REF] Gutenberg | Grundlagen der erdbebenkunde[END_REF] made the first effort on measuring such effects by developing site-dependent amplification factors based on recordings of microseisms at sites with different site conditions. (Kramer, 1996).

Nowadays it is widely recognized by the scientific and engineering communities that the local geometry of the subsoil structure has a large impact on ground motion at a given site. However the complexity of the effects of subsurface geometry on seismic ground motion made it impossible until now to include in a systematically, robust and realistic way such effects in earthquake hazard assessment and risk mitigation. The geometry of the subsoil structure, the variation of soil types and properties with depth, the lateral discontinuities, and the surface topography are at the origin of large amplification of ground motion and have been correlated to damage distribution during destructive earthquakes [START_REF] Aki | Local site effects on weak and strong ground motion[END_REF][START_REF] Bard | Effects of surface geology on ground motion: recent results and remaining issues[END_REF][START_REF] Faccioli | Seismic Amplification in the Presence of Geological and Topographic Irregularities[END_REF]1996;[START_REF] Chávez-García | Topographic site effects and HVSR. A comparison between observations and theory[END_REF][START_REF] Kawase | The cause of the damage belt in Kobe:"The basin-edge effect," constructive interference of the direct S-wave with the basin-induced diffracted/Rayleigh waves[END_REF]. [START_REF] Makra | Basin effects in seismic design: Efficiency of numerical tools in reproducing complex seismic wavefields[END_REF] With the appearance of the strong motion instrumentation, these observed site effects started being measured in a quantitative way, and were finally first introduced in a very simplified way in seismic provision early in the seventies after being a matter of debate among the engineering community at the time in spite of its extensive evidence (Kramer, 1996). Since then, numerous studies to better comprehend the physics of site effects have been performed up to now and have improved significantly from the time when the first observations were made (e.g. Boatwright et al. 1991a;Lermo and Chavez-García, 1993;[START_REF] Bard | Microtremor measurement: a tool for site effect estimation?[END_REF][START_REF] Bard | Effects of surface geology on ground motion: recent results and remaining issues[END_REF][START_REF] Phillips | Site amplification of coda waves from local earthquakes in central California[END_REF]Nogoshi andIgarashi, 1970, 1971;[START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF]Cadet et al., 2012aCadet et al., , 2012b;;[START_REF] Régnier | Assessing Nonlinear Behavior of Soils in Seismic Site Response: Statistical Analysis on KiK-net Strong-Motion Data[END_REF]Régnier et al., , 2016;;Bonilla et al., 2002, among many others).

More recent works have also identified that not only the local subsurface properties are affecting the ground shaking, but also the topography and the basin subsurface geometry [START_REF] Sánchez-Sesma | Diffraction of elastic waves by three-dimensional surface irregularities[END_REF][START_REF] Geli | The effect of topography on earthquake ground motion: a review and new results[END_REF][START_REF] Sánchez-Sesma | Diffraction of P, SV, and Rayleigh waves by topographic features: A boundary integral formulation[END_REF]1993;[START_REF] Bouchon | Seismic response of a hill: the example of Tarzana, California[END_REF][START_REF] Buech | The little red hill seismic experimental study: topographic effects on ground motion at a bedrock-dominated mountain edifice[END_REF][START_REF] Maufroy | A robust method for assessing 3-D topographic site effects: A case study at the LSBB Underground Laboratory, France[END_REF][START_REF] Maufroy | Frequency scaled curvature as a proxy for topographic site effect amplification and ground-motion variability[END_REF][START_REF] Massa | Overview of topographic effects based on experimental observations: meaning, causes and possible interpretations[END_REF][START_REF] Barani | Effects of surface topography on ground shaking prediction: implications for seismic hazard analysis and recommendations for seismic design[END_REF]. Lastly a more complex, physically based site effect has been proposed considering specific directional effects involving simultaneously the fault and the site effects observed in the 1999 Chi Chi earthquake in Taiwan [START_REF] Aagaard | Effects of fault dip and slip rake angles on near-source ground motions: why rupture directivity was minimal in the 1999 Chi-Chi, Taiwan, earthquake[END_REF], that could also be catalogued as geometrical site effects. rock, no scatter, no damping). Therefore, since commonly the density (ρ) and the shear wave velocity (Vs) of the soil profile materials near the surface are lower than at greater depths; the particle velocity, u, must increase. Nevertheless, in some cases where the shear wave velocity of the soil profile is not monotonically decreasing (e.g. stiffer or softer layers interleaved in the soil profile), there have been observed some particular site effects, such as liquefaction at a certain depth.

To perform instrumental characterizations of this type of effects, several techniques have been proposed in literature: the first one (by far the most common) is the use of standard spectral ratios technique, SSR, [START_REF] Borcherdt | Effects of local geology on ground motion near San Francisco Bay[END_REF][START_REF] Borcherdt | Effects of local geological conditions in the San Francisco Bay region on ground motions and the intensities of the 1906 earthquake[END_REF] comparing the Fourier spectra at the considered site and at a nearby rock site; another one is the horizontal to vertical spectral ratio called HVSR or H/V (e.g. [START_REF] Nakamura | A method for dynamic characteristics estimation of subsurface using microtremor on the ground surface[END_REF][START_REF] Bard | Microtremor measurement: a tool for site effect estimation?[END_REF]) which releases the need for a nearby reference site, others use generalized inversion techniques to identify simultaneously source, path and site effects [START_REF] Andrews | Objective determination of source parameters and similarity of earthquakes of different size[END_REF][START_REF] Castro | Site response, attenuation and source spectra of S waves along the Guerrero, Mexico, subduction zone[END_REF]Boatwright et al., 1991;[START_REF] Hartzell | Site response estimation from earthquake data[END_REF]. All methods except the H/V one allow to quantify the amplification with respect to a selected reference site (e.g. [START_REF] Phillips | Site amplification of coda waves from local earthquakes in central California[END_REF][START_REF] Chin | Simultaneous study of the source, path, and site effects on strong ground motion during the 1989 Loma Prieta earthquake: a preliminary result on pervasive nonlinear site effects[END_REF]Mayeda et al., 1991;[START_REF] Koyanagi | Frequency-dependent site amplification factors using the S-wave coda for the island of Hawaii[END_REF]Lermo and Chávez-Garcia, 1993;[START_REF] Steidl | Variation of site response at the UCSB dense array of portable accelerometers[END_REF][START_REF] Margheriti | A comparison of coda and S-wave spectral ratios as estimates of site response in the southern San Francisco Bay area[END_REF][START_REF] Kato | Site amplification from coda waves: validation and application to Swave site response[END_REF][START_REF] Su | Site amplification factors in central and southern California determined from coda waves[END_REF][START_REF] Hartzell | The 1994 Northridge, California, earthquake: Investigation of rupture velocity, risetime, and high-frequency radiation[END_REF][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][START_REF] St Fleur | Estimation des mouvements sismiques à Port-au-Prince (Haïti): mesures des amplifications locales et simulations numériques[END_REF]. For example, Figure 10 shows a very recent and complete study of local site effects using HVSR (gray) and SSR (blue) techniques with weak to moderate ground motions from the accelerometric stations of the RENAC-QUITO network (triangles) at the city of Quito in Ecuador. This type of studies are a valuable information that can be further used either directly to define the local site amplification and/or to calibrate numerical models used in site-specific PSHA on soil. SSR has proved to be an excellent empirical approximation of the site amplification function for 1D, 2D or 3D geometries, and linear and nonlinear behavior. Complementary, 1D numerical nonlinear models are the most common frequent way to calculate local amplification functions due to local soil sediments under strong motion in the nonlinear domain, nowadays calibrated using weak instrumental data. The main issues related to Site Response Analysis are discussed in Section 4.6 of Chapter 4 of this manuscript.

Subsurface Geometry Site Effects

The effects of subsurface geometry on seismic ground motion have been well recognized during the past decades, where the topographic irregularities and/or basin geometry significantly affect the shaking.

Topographic Site Effects

"The topographic site effect is a complex frequency dependent 3D phenomenon [START_REF] Sánchez-Sesma | Diffraction of elastic waves by three-dimensional surface irregularities[END_REF]Geliet al., 1988 ;[START_REF] Sánchez-Sesma | Diffraction of P, SV, and Rayleigh waves by topographic features: A boundary integral formulation[END_REF][START_REF] Bouchon | Seismic response of a hill: the example of Tarzana, California[END_REF][START_REF] Buech | The little red hill seismic experimental study: topographic effects on ground motion at a bedrock-dominated mountain edifice[END_REF][START_REF] Maufroy | A robust method for assessing 3-D topographic site effects: A case study at the LSBB Underground Laboratory, France[END_REF][START_REF] Maufroy | Frequency scaled curvature as a proxy for topographic site effect amplification and ground-motion variability[END_REF][START_REF] Massa | Overview of topographic effects based on experimental observations: meaning, causes and possible interpretations[END_REF] that produces large ground-motion amplifications in the vicinity of summits [START_REF] Gaffet | A site effect study in the Verchiano valley during the 1997 Umbria-Marche (Central Italy) earthquakes[END_REF][START_REF] Buech | The little red hill seismic experimental study: topographic effects on ground motion at a bedrock-dominated mountain edifice[END_REF][START_REF] Massa | An experimental approach for estimating seismic amplification effects at the top of a ridge, and the implication for ground-motion predictions: The case of Narni, Central Italy[END_REF] and deamplification at the trough (Figure 11), that may cause damages during large earthquakes (Çelebi, 1987 ;[START_REF] Kawase | Topography effect at the critical SV-wave incidence: Possible explanation of damage pattern by the Whittier Narrows, California, earthquake of 1 October 1987[END_REF][START_REF] Bouchon | Seismic response of a hill: the example of Tarzana, California[END_REF][START_REF] Spudich | Directional topographic site response at Tarzana observed in aftershocks of the 1994 Northridge, California, earthquake: implications for mainshock motions[END_REF][START_REF] Assimaki | Soil-dependent topographic effects: a case study from the 1999 Athens earthquake[END_REF][START_REF] Hough | Localized damage caused by topographic amplification during the 2010 M [thinsp] 7.0 Haiti earthquake[END_REF][START_REF] Pischiutta | Topographic effects on the hill of Nocera Umbra, central Italy[END_REF]. Numerous studies on topographic site effects have provided interesting findings to forecast the amplification produced by the topography [START_REF] Geli | The effect of topography on earthquake ground motion: a review and new results[END_REF][START_REF] Assimaki | Soil-dependent topographic effects: a case study from the 1999 Athens earthquake[END_REF][START_REF] Bouckovalas | Numerical evaluation of slope topography effects on seismic ground motion[END_REF]". (Maufroy et al., 2015).
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collapsed buildings were built prior to the 1985 earthquake or under seismic provisions that did not include site effects (Galvis et al., 2017), showing a significant improvement due to technical, scientific and governmental advances -still however with an unacceptable collapse rate for a densely populated city such as Mexico City. However, the main conclusion from Galvis et al., 2017 preliminary study, was the need to perform vulnerability surveys to identify the principal damaged structures than can cause major risk and life loss. Emphasizing that many of the collapsed structures after the 2017 earthquake, survived the 1985 event though suffering severe damage.

The Puebla-Morelos 2017 earthquake was able to disclose the inability of the authorities to identify the dangerous damaged constructions and demolish them when necessary, but could not identify new flaws of the current building code. "A number of investigations are underway to determine if changes are necessary to the New Mexico City building code that was about to be published. However, and in spite of the intermediate/strong acceleration levels observed, PGA=0.05g on stiff soil and PGA=0.2g on soft soil (Galvis et al., 2017), and the high death tolls (>350), "preliminary evaluations of the ground motions records available to date indicate that response spectral ordinates did not exceeded those of Appendix A of the 2004 code [START_REF] Ordaz | Propuesta de espectros de diseño por sismo para el DF[END_REF] or those of the new code that was about to be published. Similarly, preliminary evaluation of some of the post-1985 structures that collapsed suggests that these structures did not comply with one or more of the requirements of the building code" (Galvis et al., 2017).

Eurocode 8 (EC8) Seismic Previsions

Presently, site effects are accounted in a very generic, simplified way in most building codes. It is of common practice in most building codes to define ground types or soil classes, generally based on proxies such as the average shear wave over the top 30 meters (VS30), the SPT blow count (NSPT) and cohesion (Cu). Using these classification parameters, every soil can be classified for design purposes.

For example, the present version EUROCODE 8 proposes seven different soil classes (A, B, C, D, E, S1 and S2 see Figure 14), and ground shaking site effects are accounted for through a site factor (S). This factor represents the short period amplification with respect to outcrop conditions, and a spectral shape (defined by the TB, TC, and TD corner periods) for each soil class, which modify the spectral contents as a function of site class, enriching the long period content as soil softness increases. By briefly analyzing this table, we can say that the site effects are basically considered in EUROCODE 8 as linear (no variation consider as a function of the return period or the anchoring rock acceleration), and that the frequency dependence of site amplification is considerably simplified and smoothed through the recommended spectral shapes. Also, it is assumed to be related only with the shallow properties of the soil (top 30 meters: VS30 proxy). 
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Overview

This Chapter discusses the different methods that can be applied to take into account local geotechnical conditions in the assessment of seismic hazard (see Table 1). Most of the proposed approaches can, in general, be applied to either deterministic ("D") or probabilistic ("P") seismic hazard assessment (DSHA or PSHA). However, because probabilistic seismic hazard assessment (PSHA) has become the dominant practice at international level, the example applications and discussions along this text will refer only to PSHA. A description of the different approaches for the evaluation of site effects in PSHA with an increasing level of detail and complexity will be provided as we progress in this document.

The main elements of the two categories of the approaches that are detailed in this section are summarized in Table 1. This table lists a total of 10 approaches (one per column, labeled as detailed in the first rows), and indicates, for each of them, the method to be used for the estimation of site amplification, the gross characteristics of the associated rock hazard estimate (is it needed or not, with or without host-to-target adjustment, full or single-site sigma), and the kind of uncertainties (aleatory ad/or epistemic) that should be taken into account in the estimation of site hazard. It also indicates (last row) a rough correspondence to the US nuclear regulatory practice as mentioned in NUREG6728 if exists.

We separate the different approaches into two main categories:

(1) Generic or Partially Site-Specific Approaches: The site effects are taken into account in an average, approximate way through one or several site proxies, and based on simplified approaches. The basic site proxy used in GMPEs is the travel-time average of the shear wave velocity over the topmost 30 m (parameter V S30 , Level 0 from Table 1), but some other may be used to somehow refine the site correction factors (Level 0.5 from Table 1). As these correction factors are derived from average, non site-specific correlations, the aleatory uncertainty to be used in the selected GMPEs must be the full, ergodic sigma and cannot be reduced.

(2) Site-Specific Approaches. Here, the actual site amplification is considered on the basis of more refined, instrumental or numerical analysis, which allows using a single-site value for the aleatory uncertainty. Two main sub categories are introduced, depending on whether the site response is considered linear (i.e., independent of the rock ground motion level: Level 1), or nonlinear (i.e., dependent of the rock ground motion level: Level 2). These approaches (Levels 1 and 2) need a detailed site characterization and, most often, also need host-to-target adjustments, since the actual reference rock with respect to which the site amplification is estimated, is most often different from the "standard rock" definition that is used for standard PSHA estimates, a currently existing limitation in GMPEs. An alternative approach, fully empirical, linear approach, labeled Level 1a is also mentioned, which however requires careful site monitoring and data analysis. 

Rock to Hard Rock Corrections

The host-to-target (HTT) adjustments aims at modifying a GMPE, originally valid for a generic host condition, in order to apply it on significantly different, target site conditions (e.g. much harder rock). Such adjustments presently consider differences in the Vs profile and high frequency attenuation factor, kappa, (κ) values between the host and target conditions.

In the context of this document we will discuss only adjustment from generic rock to specific hard-rock conditions. This is generally the required adjustment to compute the seismic hazard that will then be used to specify the input motion for calculation of the soil site response.

Background

The adjustment of a GMPE derived for a host region to a target region was first proposed by Campbell in 2003(Campbell., 2003), in order to use GMPEs developed for Western US in applications in the Eastern US. In this case, the GMPEs were adjusted for the generic site characteristics and for the different regional attenuation. The Campbell (2003) approach is known as hybrid empirical method. In this method, the scaling of response spectra is based on a simple point-source stochastic model (Boore., 2003), using seismological models (source, path, and site) for the host region and for the target region. The point-source model is used to compute the response spectrum for the host and target regions, and the method then scales the response spectral values from the GMPE by the ratio of the point-source response spectral values from the two point-source (host and target) stochastic models. Examples of application of the Campbell (2003) methodology can be found in several studies (e.g., Cotton et al., 2006;[START_REF] Douglas | Ground-motion prediction equations for southern Spain and southern Norway obtained using the composite model perspective[END_REF]Van Houtte et al., 2011[START_REF] Bora | Fourier spectral-and duration models for the generation of response spectra adjustable to different source-, propagation-, and site conditions[END_REF]).

The Campbell (2003) approach presents two main limitations: 1) the method is applied even if the spectral shape of the GMPE and of the (host) point source model are significantly different; 2) there exists a non-negligible trade-off between the various parameters of the point-source stochastic model (κ, stress drop, and whole-path attenuation), which may bias the scaling factors linked to modifications in only one or two of these parameters.

A modified approach has thus been considered for: Al Atik et al., 2013use the forward and inverse random vibration theory (RVT and IRVT) to move back and forth between Fourier and response spectral domains, in order to translate the κ adjustments, easily from the Fourier domain into the response spectra domain. Such adjustments are, formally, GMPE and scenario dependent, and may therefore be quite heavy and time consuming to perform in full probabilistic calculations with dense logic trees.

On the other hand, the "V S " adjustments associated to the increased rock rigidity, are performed on the basis of the quarter-wavelength impedance term and the "generic rock profiles" proposed by Boore 2003, and in this case is scenario independent (and in principle also GMPE independent as soon as the used GMPE may be considered valid for a standard rock with V S30 = 800 m/s. This correction can be conducted as an a priori correction to the host to target adjustments.

Other approaches are presently explored to derive GMPEs directly for rock and hardrock conditions [START_REF] Laurendeau | Rock and stiff-soil site amplification: Dependency on VS30 and kappa (κ0)[END_REF](Laurendeau et al., , 2017)). Such an approach is much simpler. A main issue is that the first results obtained with this approach are very different from the results provided by the previous "Vs-κ" HTT adjustments techniques: they lead to significantly
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The next steps were followed to calculate the shear wave correction factor (VSC):

(1) Calculate the impedance amplification term with a reference site corresponding to standard rock (VS30 800 m/s ), ! ! ! !"!!""!/! . (2) Calculate the impedance amplification term with a reference site corresponding to hard rock (e.g. VS =2600)., ! ! ! !"!!"##!/!

(3) Calculate the Shear Wave Velocity, Vs, Correction (VSC), based on Boore., 2003a impedance amplification terms, by simply dividing the amplification term for very hard rock by the amplification factor for standard rock, Eq. 1.

!"# ! = ! ! ! !"!!"##!/! ! ! ! !"!!""!/!
Eq. 1

High Frequency Attenuation Factor, κo, Correction (KC):

The second correction is related to the high frequency attenuation factor "kappaκ o " first introduce by Anderson and Hough, 1984 as [!" !"#(-!κ o !)], corresponding to the deamplification D(f) of the site term G(f) term according to Boore., 2003a definition of the spectrum of the motion at a site: Based on this definition, several methodologies describing how to account for κ effects are currently available in literature (e.g., Cotton et al., 2006;[START_REF] Douglas | Ground-motion prediction equations for southern Spain and southern Norway obtained using the composite model perspective[END_REF]Van Houtte et al., 2011, Bora et al. 2013). However, the κ correction performed here follows the most recent methodology proposed by Al Atik et al., 2013. This selected method is a recent, simple and widely used method that proposes an a posteriori correction to the response spectrum by modifying the host κ of the selected GMPE by the target κ of the real site. According to the proposed definition of the κ correction by Al Atik et al., 2013, this one should be applied on the Fourier Spectra domain and inverted afterwards, in this case, via random vibration theory to obtain the κ-corrected response spectra.

! ! ! , !, ! = ! ! ! , ! ! !, ! ! ! !(!) !( ! ) = !( ! ) !( ! ) ! ! = !" !"#(-!! ! !)
The Inverse random vibration theory (IRVT) approach for deriving GMPE κ-scaling factors proposed by Al Atik et al., 2013is summarized in Figure 4, where the following steps are outlined:

(1) Compute host GMPE response spectra at short distances on stiff soil or on rock. Scenarios with short distances are used to minimize the impact of anelastic attenuation (Q) on the highfrequency part of the response spectrum and FAS. Relatively high VS30 values are used to avoid overwhelming the rock κo with soil damping.

(2) Use IRVT as implemented in Strata to invert the host GMPE response spectra to FAS.
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(3) Estimate host κ from the GMPE response spectra compatible FAS based on the slope in the high-frequency spectra by fitting the Anderson and Hough (1984) κ function, A0 exp(-πκf) , to the linear part of ln(FAS) versus f . The κ function is fit to the FAS between frequencies f1 and f2 where f1 and f2 are picked by visual inspection such that of ln[FAS.(f)] versus f is linear in this frequency range. f2 is chosen to be smaller than the frequency limit for WUS models of 35 Hz where the IRVT-derived FAS can deviate from theoretical FAS. It is important to note that the estimated κ value is not κ0 (zero-distance κ), but rather what we will call κ1, which refers to average κ estimated for scenarios at short distance (≤20 km). For such scenarios, the Q effect is considered negligible. The use of κ1 rather than κ0 is not critical as long as the κ definition is consistent for host and target regions. In our analysis, κ scaling is applied to scale spectra from their host κ1 value to a target κ1 value. The κ scaling fit to the high-frequency part of the FAS is shown in Step 3 of Figure 4. The κ1 calculated for the Campbell and Bozorgnia., 2008 scenario considered in this example is 0.041 s. In this example, κ scaling factors are derived for a target κ1 of 0.022 s.

(4) If the target κ is lower than the host κ, define a new host FAS (host-modified FAS) in which the high-frequency part (all frequencies greater than f1) is modified to follow the FAS slope fit between f1 and f2. That is, the slope is extrapolated to frequencies greater than f2. This step is required because the GMPE FAS derived using IRVT usually tend to deviate from the expected linear trend and have a flatter slope at frequencies greater than f2. We attribute the discrepancy to two factors: the high frequency shape of GMPE is not constrained to follow theoretical κ scaling and the IRVT -derived FAS tends to deviate from theoretical FAS at frequencies greater than 35 Hz for WUS models as discussed in the previous section. If the unmodified FAS above f2 is scaled to a smaller κ value (less steep high-frequency decay), unrealistically high values can be obtained at high frequencies because of the large FAS scaling factors that are applied to what is essentially noise.

(5) For a given target κ value, apply κ scaling by multiplying the host or host-modified FAS by exp [-πf(ktarget -khost)] .

(6) If target κ is lower than host κ and the κ scaled FAS falls below the GMPE response spectrumcompatible FAS at high frequencies, the κ scaled FAS is forced to be equal to the initial GMPE FAS at these frequencies. This step ensures that scaling the FAS to smaller κ values does not result in smaller FAS at high frequency as a result of using the modified FAS. [START_REF] Lee | Alternatives in evaluating soil-and rock-site seismic hazard[END_REF] Convert κ scaled FAS to response spectra using RVT. Chapter 2 |59

Vsκ Scaling Factors

According to the definition of this impedance term using the quarter-wave approximation (see Boore., 2003a), the VSC(f) and the KC(f) corrections are both derived the Fourier Spectrum Domain. However, since most of the engineering applications are established on the response spectra domain, VSC-KC factors also need to be derived on the same domain, to be applied directly to a response spectra or UHS. An example on how to calculate VSC-KC scaling factors on the response spectra domain is exposed in Appendix B. Is also worth noting that the VSC correction is GMPE independent, and can be applied directly to the uniform hazard spectra no matter the ground-motion prediction model used, while the KC correction is GMPE dependent, since the κ host is different for each GMPE.

Hard Rock GMPE for HTT Purposes

As mentioned before, significant uncertainty and high level of complexity (GMPE dependent, IRVT and RVT needed) when performing the VSC and KC corrections needs to be faced to perform the most common HTT adjustments proposed in literature. To face these shortcomings, we propose on this work another simpler way on how to implement this type of rock to hard rock corrections for probabilistic seismic hazard purposes.

This new way of performing host-to-target corrections that we propose is based on one of Laurendeau et al., 2017 proposed GMPEs (LA17 -DATAsurf+SURFcor): a hard rock GMPE derived on the basis of a KiK-net dataset, an approach for estimating hazard on hard rock sites comprising of ''host-to-target'' adjustment techniques based on V S30 . This correction is an empirical rock to hard rock correction, based on KiK-net data, where the control parameter is the V S on rock. The host-to-target adjustment factors propose here are simply the ratio between the hazard curve on hard rock and the hazard curve on standard rock, as in Eq.

3.

HTT Adjutment Factors T = Hard Rock HC vs = 2600

! ! Standard Rock HC vs = 800 ! ! = ! ! (!). !" (2600/800)
Eq. 3

The first step consisted on computing the hazard curve on standard rock (vs=800 m/s), as well as on hard rock (e.g. vs=2600 m/s) at the Euroseistest case with the same GMPE for different spectral periods (Figure 5). For this purpose, we wrote a python Openquake compatible script for LA17 GMPE, and perform the hazard calculations using the open source Openquake Engine (www.globalquakemodel.org). The obtained HTT Adjustment Factors are shown in Table 2. It is possible to notice that the derived factors are return period independent, hence ground motion independent. However, special care must be taken to this apparent conclusion, since these results were obtained based on a GMPE with limited and region specific dataset, and more research needs to be done related to this topic. Nevertheless, these results seem congruent with the fact that at such hard and standard rock nonlinearity is not expected, and hence, no variation as function of the ground motion level is expected. Also, we can observe that smaller adjustment factors are retrieved at high frequency than at low frequency, this off course in accordance to the VSC correction. However, no amplification at high frequency as we expected with the KC is observed, and this can be explained due to a compensation effect for the use of different κ o values, of all sites used for the GMPE regression, instead of a site-specific one. Ultimately, the hazard curve on hard rock results by simply scaling the hazard curve (derived with the selected GMPE) by the HTT Adjustment Factors at each period (An example of application of this method is presented in Chapter 4).

GMPE with explicit κ 0

More recently, a GMPE with explicit values of κ o , with the possibility to adjust κ o value has been proposed by [START_REF] Bora | Fourier spectral-and duration models for the generation of response spectra adjustable to different source-, propagation-, and site conditions[END_REF]2015;[START_REF] St Fleur | Estimation des mouvements sismiques à Port-au-Prince (Haïti): mesures des amplifications locales et simulations numériques[END_REF]2017[START_REF] Mayor | Capturing Regional Variations of Hard-Rock κ 0 from Coda Analysis[END_REF][START_REF] Bora | Development of a response spectral ground-motion prediction equation (GMPE) for seismic-hazard analysis from empirical Fourier spectral and duration models[END_REF] work, a subset of the RESORCE-2012 database (range of applicability: magnitudes 4≤Mw≤7 at distances≤200km) was used to propose an empirical model for the Fourier amplitude spectrum (FAS) and a model for the ground-motion duration. These two components are combined within the random vibration theory framework to obtain predictions of response spectral ordinates. This makes it possible to generate a response spectral model that is easily adjustable to different sets of seismological parameters, such as the stress parameter Δσ, quality factor Q, and kappa κ 0 .

A future interesting work would consist on deriving a GMPE with explicit value of κ 0 , such as Bora et al., 2015 using a database with significant recordings on standard rock and hard rock as Laurendeau et al., 2017.

Combined Vsκ Correction (VSC-KC):

If a combined Vs and κ scaling factors for GMPEs is desired, the decision of whether to apply first the Vs correction and then the κ correction or vice versa is not straightforward. By instance, Al Atik et al., 2013proposed to generate a combined VSC-KC scaling factors for GMPEs, by first performing the KC and then the VSC. They suggest that "the procedure described above (Figure 4) can be modified by including an additional step after Step 6, that multiplies the κ scaled FAS by the ratio of target-to-host crustal amplification functions to obtain Vs-κ scaled FAS". However, here it is considered that the shear wave velocity corrections (VSC) should be applied after step Step 2, and consist on multiplying the Fourier C. ARISTIZÁBAL Chapter 2 |61 spectra of the selected GMPE (vs=800 m/s) by the VSC correction factor, and then proceed with the other steps as proposed by Al Atik et al., 2013. It was decided to do it this way, because if done in the opposite way as proposed by Al Atik et al., 2013, the target final desired κ, would be affected by the VSC and the resulting vsmodified κ value would be different from the required target one. Special attention is required here since the order of the factors affects the product. This issue will be better addressed on Chapter 3.

Application of the combined (VSC-KC) correction to the UHS on Rock

The general effect of the VSC-KC adjustment, as it is implemented in Campbell 2003 or Al Atik et al., 2013, with the underlying, explicit or implicit assumptions is to decrease the ground-motion amplitudes at low-to-mid frequencies (say below 10 Hz) due to the VSC effects and to increase the amplitude at high frequencies due to the KC effect. The former effect caused by an increase of V S30 and the latter one by a decrease of κ usually observed for hardrock sites.

The application of VSC-KC correction can be summarized in the following methodological steps:

(1) Estimation of target Vs and κ. This is done primarily on the basis of data collected at the site of interest. Generally the Vs profile is available as part of the investigation performed in a sitespecific hazard assessment, through direct (e.g. SPT, CPT, Cross-Hole,…) or indirect (e.g., surface-waves inversion) methods. The κ value is usually more difficult to estimate because it requires a sufficient number of earthquake recordings at the site. Alternatively, correlation of κ with other parameters can be used (e.g. Van Houtte et al. 2011;Ktenidou et al. 2014). Also, the estimation of κ at a given site can be derived from the measurements at another site with proven similar characteristics to the target site. These alternatives usually imply large uncertainties in the κ value.

(2) Estimation of host Vs and κ. They are implicitly part of the dataset for which the GMPE was developed and not directly a modifiable variable in the attenuation model. At present, they are most often NOT provided by the authors of the GMPEs. For this reason it is hard to quantify and constrain these parameters, an "equivalent" κ and a representative Vs profile needs to be determined. This can be done using several approaches (see Cotton et al., 2006;Biro and Renault, 2012;Al Atik et al., 2013[START_REF] Poggi | Combined estimation of kappa and shear-wave velocity profile of the Japanese rock reference[END_REF].

(3) Estimation of vs-κ scaling factors as a function of spectral period. This step is performed primarily based on results of point-source stochastic model either applied directly to the response spectra or to Fourier spectra, then converted to response spectra via Random Vibration Theory. The definition of the scaling factor should be done for several (magnitude, distance) scenarios (focusing on those contributing the most to seismic hazard at the site, obtained by disaggregating the hazard), and for each GMPE, the process is described in the flow diagram in Abrahamson andSilva., 2008 (Figures from Biro andRenault., 2012).

An example of Vs-κ adjustment for the [START_REF] Abrahamson | Summary of the Abrahamson & Silva NGA ground-motion relations[END_REF] GMPE is presented in Figure 7, considering several values of target V S and κ. From these plots the impact of the uncertainty of the different parameters can be appreciated. However, very large ranges of uncertainty were treated on this example, rarely the case at a specific site.
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2.3.9.

Uncertainties on VS-κ Biro and Renault., 2012 clearly showed that in site-specific applications the Vs-κ HTT adjustmets carries several uncertainties that have a significant impact on the hazard results. Such uncertainties shall be clearly identified in the application of the host-to-target adjustment. The main uncertainties are related to:

(1) Estimation of the κ values and Vs profile for the target site. These uncertainties are related to the methodologies used to measure the Vs and κ.

(2) Estimation of κ values and Vs profile for host GMPEs. The estimation of an equivalent κ for a GMPE is still largely method-dependent and there is no consensus on the most appropriate approach. Similarly the definition of a Vs profile representative of a VS30 is subjected to uncertainties. For this reason, it is recommended to use alternative values of host κ and Vs profiles in a logic tree to capture such epistemic uncertainty.

A substantial reduction of the uncertainties in the estimation of the host κ would be reached by including in the functional form of the GMPE an explicit dependence on κ values estimated for the dataset used in the GMPE derivation. However, the efforts are still ongoing on this issue, and there are only very few GMPEs with an explicit consideration of κ [START_REF] Bora | Development of a response spectral ground-motion prediction equation (GMPE) for seismic-hazard analysis from empirical Fourier spectral and duration models[END_REF].

As mentioned above, another direction of improvement is the establishment of new generations of GMPEs which are valid also for very hard-rock, to avoid the required use of poorly constrained rock velocity models and the use also of the quarter-wavelength impedance approach which may underestimate some resonance effects and bias the V S correction factors. The main problem here is to have a good calibrated dataset for hard rock.

2.3.10.

Site Specific Residuals (δS2S) The availability of well recorded ground motions at single sites from multiple occurrences of earthquakes in the same regions allowed researchers to estimate the ground-motion variability without including the ergodic assumption, Al Atik et al., 2010. To consider the local variability, generally smaller, than the GMPE variability, a site-specific residual analyisis is required, where the local site term (δS2S) is calculated on the basis of local data. The use of single station sigma instead has become a common practice within the research community, and will be used in this work for several purposes.

A description on how to calculate site-specific residuals and its reduced aleatory uncertainty on standard-rock, ϕ SS , based Rodriguez-Marek et al, 2011; 2013 is shown in Appendix A.

The site-specific residual or site term (δS2S) can be also used to perform rock to hard rock correction. To implement this correction to the rock hazard, it is necessary to estimate the site-specific residuals between the station on hard rock (surface or borehole stations) and the selected GMPE using a VS30 corresponding to a standar rock (VS30=800 m/s). Then, the UHS on hard rock can be calculated as in Eq. 4, where the UHS on hard rock is calculated as the multiplication between the UHS with reduced aleatory uncertainty on standard-rock, ϕ SS , and the site residuals.
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Eq. 4

The term WOST in Eq. 4, refers to without site term, and means that the site-specific residual were calculated neglecting the site term of the GMPE, ln(S) ≈0. When the site term is fully site-specific (since ln(S)≈0 of the GMPE) then a reduce variability, ϕ SS , can be considered. On the contrary, if the site term of the GMPE used to calculate the site specific residuals is not fully site-specific (since ln(S)≠0 of the GMPE), then full variability, ϕ , needs to be used.

An application of site-specific residual for rock to hard rock corrections is shown in Chapter 3.

It is important to mention that the non-ergodic assumption requires adding epistemic uncertainty in the median-ground motion for each site/source combination, Al Atik et al., 2010. The use of site-specific residuals and its reduced aleatory uncertainty on standard-rock, ϕss, needs to be accompanied with its corresponding epistemic uncertainty on the site term, δS2Ss. This epistemic uncertainty is manifested with additional branches in the ground-motion logic tree, with different weights assigned to the site term (e.g. δS2Ss (W=0.68), δS2Ss+ϕss, (W=0.16) and δS2Ss-ϕss, (W=0. 16)). However, for the present case study, no epistemic uncertainty on the site term was considered since only median hazard estimates are compared.

Soil Hazard Estimates: Generic or Partially Site Specific Approaches

The generic simplified approaches to account for local site amplification can be used if they are expected to provide reliable and realistic results. These "Level 0" approaches make use of the site amplification as defined within the considered GMPEs, so the main condition that should be fulfilled is that the site parameters (e.g., most often, V S30 , and preferably of course measured) estimated at the site are included in the validity domain of considered GMPEs.

It is also possible to somewhat refine the estimate of the site amplification term considering some additional site information. Even though there are not many possibilities right now for the "Level 0.5" approach, they are expected to become more numerous in the near future, and to enlarge and enrich the panel of available, simple techniques which do not require a prominent expertise in the field of seismic hazard assessment.

Level 0 -Site Effect by Proxy in GMPEs

This method is simple and widely used approach that assumes that the soil conditions at the site resemble to those stations with similar proxies in the database considered for the development of the GMPEs and used for the hazard estimation. In this approach, the site response is assumed to be correctly captured by the site model included in the adopted GMPEs, and therefore the hazard spectra (deterministic or probabilistic) estimated with these GMPEs (by using different site proxies), already accounts, in a simplified and generic way, for site effects through an "averaged" site factor. It should be noted that this approach ignores virtually almost all the site-specific information (except for the value of the considered siteproxy e.g. VS30, fo, …) and, therefore, produces only an imprecise, generic assessment of the hazard corresponding to a global average over many sites with similar values of the site proxy.

Depending on the selected GMPEs several parameterization of the site response can be used. In general, the site amplification is described by one or more variables that act as
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proxies of the site amplification. Several proxies are proposed in the literature. A nonexhaustive list of the most commonly used proxies is presented in Table 3, including a brief description and reference to recent GMPEs employing them. Some GMPEs use a combination of two proxies (e.g., VS30 and Z1.0) aiming to capture different characteristics of the site amplification. Z1.0, Z2.5 alone are usually not considered as a site proxy but they are used complementary with VS30 in order to account for the site amplification due to basin effects and deep sediments in general. One must keep in mind however that these terms are very poorly constrained, even in the most extensively studied areas of the planet such as California, as different models conclude on quite different values, and as the associated socalled "basin effects" are indeed related to very specific basins such as those of the LA area, which cannot necessarily be extrapolated to other areas of the world.

Most of the presently existing site models are based on V S30 as a principal proxy, and can be divided into two categories, depending on the consideration or not of soil nonlinearity. Nonlinear site amplification as a function of V S30 and of the ground motion at a reference "rock" condition has been examined in depth by recent studies [START_REF] Seyhan | Site response in NEHRP provisions and NGA models[END_REF]Sandikkaya et al., 2013). These studies developed empirical (or semi-empirical) models for prediction of linear and nonlinear amplification factors for 5%-damped acceleration response spectra. Such results are then used in the development of nonlinear site models in GMPEs (e.g., Akkar et al., 2014;Boore et al.,2014). However, although not disputing the existence of soil nonlinearity for strong shaking at soil sites, several parallel studies also pointed out that such effects are not so obvious in their database and thus did not explicitly modeled it in their GMPEs (e.g., [START_REF] Akkar | Empirical prediction equations for peak ground velocity derived from strongmotion records from Europe and the Middle East[END_REF]Cauzzi and Faccioli 2008;[START_REF] Bindi | Pan-European groundmotion prediction equations for the average horizontal component of PGA, PGV, and 5%-damped PSA at spectral periods up to 3.0 s using the RESORCE dataset[END_REF].

As to GMPEs using site classes only, it is recommended to use GMPEs that consider site classes representative of Eurocode 8 or NEHRP site categories. The use of site classes simply representative of "rock" or "soil" (e.g., [START_REF] Berge-Thierry | New empirical response spectral attenuation laws for moderate European earthquakes[END_REF] is considered out of date and is thus discouraged, as well as most site classes GMPEs.

Table 3 shows that most of the GMPEs use V S30 or V S30 site classes as proxies of site amplification. Only few of them use the site fundamental frequency f 0 as a site proxy. The site parameterization is a relevant source of epistemic uncertainties in the GMPEs as shown in Figure 8, where the site amplification as a function of V S30 is shown for several GMPEs (Stewart et al. 2014). One important site parameter that has not been included so far in the GMPEs is the factor kappa, κ (or κ 0 ),to characterize the high-frequency attenuation of the acceleration Fourier Spectra. This parameter is known to substantially affect the high-frequency groundmotion at a site [START_REF] Ktenidou | A study on the variability of kappa (κ) in a borehole: Implications of the computation process[END_REF], and is more and more often attributed to the attenuation (damping) in the shallow-most site layers. It is worth mentioning that [START_REF] Laurendeau | Rock and stiff-soil site amplification: Dependency on VS30 and kappa (κ0)[END_REF] tested the effect of considering κ 0 in the development of a GMPE using Japanese recordings. Their conclusions suggest that in the future κ 0 may be considered in addition to V S30 in order to account for high-frequency attenuation. For the time being the limited number of measured κ 0 and the huge associated uncertainties prevent the use of such parameter directly in the GMPEs. More discussion on κ 0 can be found in Section 2.3.3.

It should also be emphasized at this stage that all the site proxies mentioned in this section and used in the GMPEs should actually be measured and not only guessed from the correlation with other parameters. Indications and recommendations on the way to measure those proxies can be found in Hollender et al., 2015. Also, some GMPEs change the value of the aleatory variability depending on whether the site proxy (basically V S30 ) is measured or simply "inferred" (Chiou and Youngs, 2008;Derras et al., 2016), with larger values in the latter case. 
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Level 0.5 -A posteriori modification of the site term using a "SAPE"

This approach requires a further methodological step with respect to the previous one. It is assumed that the simple site amplification from the GMPEs is a first-order model for the target site response, but that some site-specificity can be included in order to provide a better description of the site response. Then, a correction factor can be developed and applied, as a post-processing to the uniform hazard spectrum (UHS) computed as described below.

In other words, the idea is to separate the site term, S, of the GMPE to be handled through specific Site Amplification Prediction Equations, SAPEs, and use the GMPEs only to estimate the hazard on rock. This allows to take into account some additional site information, and in principle, in the long run, could allow to account for effects of the surface or subsurface geometry (topography or basin effects), or nonlinear effects, in a more physical (though still simplified) way than what is proposed even in the most recent, most complex, GMPEs.

Site Amplification Models Accounting for other Site Proxies

The term Site Amplification Prediction Equation, SAPE, was firstly introduced by Cadet et al., 2012a;[START_REF] Papastiliou | An exploration of incorporating site response in to PSHA -part II: Sensitivity of hazard estimates to site response approaches[END_REF] to define empirical prediction of (linear) site amplification as a function of few parameters (V SZ , with z equal to 5, 10, 20, 30m and fo) derived from Japanese strong-motion data (KiK-net). Cadet et al., 2012a;[START_REF] Papastiliou | An exploration of incorporating site response in to PSHA -part II: Sensitivity of hazard estimates to site response approaches[END_REF] estimated the amplification factor from the ratios between the surface and down-hole horizontal response spectra, corrected for the varying depths and impedance of the down-hole sites in order to obtain an amplification factor with respect to "standard, outcropping rock", with V S30 between 750 and 850 m/sec and fundamental resonance frequency, fo, higher than 8 Hz (Figure 9).
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Eq. 5

The application of this approach requires the knowledge of the fundamental frequency, fo, and the average shear wave velocity of the top z meters, V SZ, of the site, in order to calculate the amplification function. The "standard rock" hazard spectrum is then multiplied by the amplification function, Eq. 5. Special care must be taken when combining the hazard spectrum and the amplification function to avoid double counting the site effect in both GMPEs and SAPE. Meaning, that if a SAPE based on V S30 and f 0 is used, then the hazard spectrum shall be calculated using a reference rock V S30 (e.g., V S30 = 800 m/s) in the GMPEs.

Accounting for Subsurface Geometry Effects with "Aggravation Factors"

Basically, the notion of aggravation factor (Chavez-García and Faccioli 2000; [START_REF] Pitilakis | 2D vs 3D site effects with potential applications to seismic norms: the case of EUROSEISTEST and Thessaloniki[END_REF]Kristek et al., 2015aKristek et al., , 2015b;;Bard et al., 2014Bard et al., , 2015aBard et al., , 2015b;;[START_REF] Riga | Aggravation factors for seismic response of sedimentary basins: A code-oriented parametric study[END_REF], AGF(T) (Eq. 6), is related to the ratio between a multidimensional amplification function and a 1D amplification function. Thus, the aggravation factor aims to evaluate the modulation of site amplification in relation to a complex local geometry with respect to 1D soil response, which is due to the soil property log or soil column just beneath the studied site. The aggravation factor could be derived using 1D and 2D/3D computations (if appropriate and investigating different model hypotheses), implementing linear or nonlinear rheology and using accelerograms that are consistent with the level of hazard at the site under study.

Response spectra are then computed for each type of models and accelerograms, from which ratios between 2D/3D and 1D scenario response spectra are then derived corresponding to "Simplified Aggravation Factor" (Eq. 6).

!"#(!) = !" 2!, 3!(!) !" 1! (!) Eq. 6
A mean or median final aggravation factor (and the associated standard deviation) is deduced from this set of "single" aggravation factors, taking into account the variability of the response and/or the lack of knowledge on the actual subsurface geometry of the site. This final aggravation factor is then applied to a pre-established "reference" hazard spectra in which the 1D response of the soil is assumed to be integrated.

Chapter 2 |70

The aggravation factor does not exclude the use of empirical evaluation of site effects (as SSR approaches) in order to check if the 2D/3D computations are consistent with true amplification at low input motions (usually, strong-motions are not addressed by empirical approaches due to lack of data, especially in low to moderate seismicity contexts, but also in more active zones because of the long recurrence intervals). One of the advantages of the aggravation factor approach is related to the use of ratio in the computation: at the first order, a slight to moderate change in the model description (e.g. a velocity change) will act in the same way on both 1D and 2D/3D computations. The overall results are then less sensitive to a change in the model description (Kristek et al., 2015b(Kristek et al., , 2018;;Bard et al., 2015bBard et al., , 2018 (submitted) (submitted); Moczo et al., 2018).

One can distinguish two approaches in order to determine the aggravation factor. The first one is the simplest one, and consists in determining a set of simplified parameters (V S30 , ratio between height and width of the basin, contrast with bedrock, among others…) and then determining the "Simplified Aggravation Factor" using available results form previous studies (e.g., NERA JRA1 work, Bard et al., 2014Bard et al., , 2015a)). This kind of studies involved massive numerical simulations on a wide range of site typologies. The second one consists in computing a "Detailed Aggravation Factor" by 1D, and 2D or 3D simulations using the detailed geotechnical model of the studied site (that needs a higher characterization level). In the former case, "simplified aggravation factors" derived from gross correlation studies, cannot be referred to as "site-specific" and therefore correspond to the Level 0.5, where the use of single station sigma is not allowed, while the latter case is typically site-specific and allows the use of single-site sigma and corresponds to Level 1c.

Other types of "SAPE"

One may also think of other estimates of site amplifications, which may be intermediate between the very crude approaches used in most GMPEs, with one single site proxy like V S30 , and site-specific approaches. For instance, some investigations are presently under way to improve the description and accounting of the effects of soil nonlinearity through some "modulation functions" that are function of the site class (defined either through V S30 or f 0 ), and of the rock PGA value, as proposed for instance in Régnier et al., 2016. Such approaches could for instance be used in addition to classical GMPEs that do not account for soil nonlinearity.

Soil Hazard Estimates: Site-Specific Approaches

The use of site-specific approaches generally requires the assessment of an input motion at the base of the local soil profile in order to properly account for the soil response. The previous sections introduced the calculations on rock and the required corrections to move from standard rock to hard rock hazard, essential step to define the input hazard levels for the site response analysis.

Coming up next, we will discuss one by one the different site-specific methods available in the literature to include site effects into PSHA as well as the method that we propose on this work, our main contribution to the current state of the art.

Level 1 -Linear Site Response Analysis

The linear site response analysis or Level 1, is defined as independent of input motion, which means that the resulting amplification functions, AF(f), is only frequency dependent, and its amplification will remain constant no matter the selected input accelerograms. In linear site C. ARISTIZÁBAL Chapter 2 |71 response analyses the uniform hazard spectrum on rock (UHS Rock ) and the amplification function (AF(f)) can be completely decoupled in two different terms, thanks to the independence on the input motion. This is generally the case of stiff/hard materials mostly with linear elastic behavior, or soft materials with elastoplastic nonlinear behavior under weak ground-motion only. To calculate the UHS on soil when using linear site response analysis, the Hybrid Method, HB, is used. This method consist on multiplying the UHS on rock by the linear amplification function, AF(f), as in Eq. 7, (Equivalent Approach 1 or Approach 2, NUREG 6728).
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Eq. 7

Level 1a -Instrumental AF(f) (Site-specific Residual, δS2S)

When a large enough number of ground-motion recordings1 are available at the site of interest, S, it is possible to estimate more precisely the site-specific effects by analyzing the site-specific residuals, classically characterized by their average value δ S2Ss , and its standard deviation ϕ ss,s , with respect to the various GMPEs used for the PSHA estimates. Such a sitespecific bias (δ S2Ss ) may then be used to correct the GMPE predictions for the site under consideration. As mentioned above, the specificity of the site term allows to replace the total within-event residual standard deviation (ϕ) of the GMPE by the single-station within-event variability (ϕ ss,s ) of the site. It is important however to notice that not all the GMPEs have their standard deviation separated into between-event and within-event components. Therefore, some of them cannot be used for this approach unless a separation of its standard deviation is previously done. The site specific residuals (δ S2Ss ) and the single-station within-event variability (ϕ ss,s ) should be evaluated separately for each GMPE, and currently most of these two terms can only be predicted on the linear domain (on the basis of weak motion), and should be applied only on the linear domain of the hazard.

Similarly as for the rock to hard rock corrections (Section 2.3.10), the site-specific residual can be used to include the local amplification of the site. The UHS on soil can be calculated in two different ways using site-specific residuals:

Case 2: When the UHS soil (ϕ,Vs=soft soil) has the site term embedded and based on the Vs of the GMPE, where the site term (S) of the GMPE is not zero as for the case in Eq. 4, ln(S) 0. Then, the site term is not fully site-specific and considered both, via the δS2S(T) and the site term of the GMPE. Hence, the use of total standard deviation ( σ) and the corresponding variability (ϕ) needs to be used, as in Eq. 8:
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Eq. 8 Case 3: Similarly, in this case, the UHS(Rock (ϕss,Vs=standard rock) is calculated without using the site term of the GMPE, ln(S)≃0. Then, the site effects are fully site-specific and considered via the δS2S(T) only, then the use of the site-specific standard deviation (σ !! ) and the corresponding variability (ϕ SS ) can be used, as in Eq. 9:
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Eq. 9

*WOST: Without site term (S). **WIST: With site term (S).

A description on how to calculate site-specific residuals and the site-specific singlestation within-event variability, ϕ SS , based Rodriguez-Marek et al, 2011; 2013 is shown in Appendix A. An application of site-specific residual to consider local site effects is shown in Chapter 3.

Level 1b -Instrumental AF(f) , (SSR)

Under this approach the linear site-specific amplification function, AF(f), can be estimated in a purely empirical way on the basis of a dedicated instrumentation and by using the Standard Spectral Ratios (SSR) technique. The SSR technique first introduced by [START_REF] Borcherdt | Effects of local geology on ground motion near San Francisco Bay[END_REF] and widely studied by many others (e.g. [START_REF] Field | A comparison and test of various site-response estimation techniques, including three that are not reference-site dependent[END_REF]Rieple al., 1998), is a method that consists on comparing records at nearby sites, using one as the reference site. It is then assumed that records from the reference site, in general a station installed on outcropping hard bedrock or bedrock at borehole, contain the same source and propagation effects for a given record. This technique has been widely used in literature to evaluate site effects by comparing the soil station with an adjacent rock station. Using this technique, the AF(f) at a site can be calculated by dividing the Fourier Amplitude Spectra (FAS), the Response Spectra (RS) or more recently the site term (δS2S) of the site-specific residuals on soil by the corresponding spectra on rock (outcrop or borehole). The UHS at soil surface can then be obtained by multiplying the UHS on rock, corrected if needed as mentioned for the two latter cases and depending on the reference station, by the linear amplification function AF(f), (e.g. SSR(FAS), SSR(RS), SSR(δS2S) based).

Level 1c -Numerical AF(f)

The linear site-specific amplification function can be also estimated numerically, the main difference with respect to the previous approach (Level 1b) is the way the amplification functions from rock to soil are calculated. In the previous case, the amplification function was derived using instrumental data, while in this case it calculated numerically. For this case study, we only considered the 1D ground response, but the same approach could be used with 2D or 3D simulation codes, as done by Maufroy et al., 2015Maufroy et al., , 2016Maufroy et al., , 2017. The linear 1D response has been computed here using weak ground-motion data, the nonlinear code NOAH (Nonlinear Anelastic Hysteretic finite difference code, Bonilla., 2000) and the velocity profile indicated in Chapter 1 (Table 1). The corrections to be applied for the hazard at the reference hard-rock site are the same as in the previous case (Level 1b). The amplification function is calculated using also the SSR technique as mentioned before, but the records used are: stochastic numerical or real (scaled or not) records on rock, and its corresponding numerical soil records obtained after performing 1D soil site response analysis.
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Level 2 -Nonlinear Site Response Analysis: AF(Sa,f)

The nonlinear site response analysis or Level 2, is defined as dependent of the input motion, which means that the resulting amplification functions, AF(Sa,f), is frequency and also input motion-dependent, and its amplification will vary depending on the ground-motion level, Sa. In non-linear site response analyses the rock hazard and the amplification function cannot be decoupled in two different terms, due to the input motion dependency. This is generally the case of soft materials with significant non-linear behavior even at low ground-motion levels, or soft median to stiff materials with non-linear behavior under strong ground-motion levels. Also, nonlinear behavior possibly could induce pore pressure effect to both stiff and soft sites.

Level 2a -Partially Probabilistic Hybrid Method (PPHM)

Similarly to the linear amplification function obtained in Level 1c, a nonlinear response can be calculated using the same soil profile and a set of strong-motion accelerograms selected to fit the target (corrected) UHS at the reference rock. The nonlinear site response is then computed with respect outcropping or within rock conditions. Depending on the reference rock, some correction might be required, as we explain in the previous sections. Since the site response is in this case, input motion dependent, the surface spectrum resulting from multiplication of the UHS on rock at the reference site and the nonlinear site response amplification function, AF(f,Sar), can no longer be considered to represent the UHS for soil site, as it was so for the linear UHS response case, Eq. 10. This is the reason why this method is called Partially Probabilistic Hybrid Method, PPHM, since the rock hazard is calculated in a full probabilistic way using classical PSHA methodology. However, the nonlinear amplification function is calculated in a deterministic way. Despite the fact that the meaning of probability of exceedance is lost for the soil hazard with this method, the resultant hazard is often considered as an acceptable representation of the hazard on soil and it is widely used by the engineering and scientific community (Approach 1 or Approach 2, NUREG 6728).
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Eq. 10

Level 2b -Full Probabilistic Stochastic Method (SM)

What is proposed on this work as the Full Probabilistic Stochastic Method, SM, is nothing else than the hazard curve built from the site surface time histories. In theory, there are two ways to build a hazard curve using this method: one with real time histories on soil and another with synthetic time histories on soil. Although using real data in theory is an option, in reality it is impossible, since there are sufficiently strong motion recordings to construct hazard curves from real data (main reason why PSHA exists). However, based on real time histories (used to calibrate the synthetic model and its variability), and numerical stochastic methods, it is possible to generate site surface synthetic time histories consistent with a predefined hazard on rock. These time histories should be generated following the recurrence model of the site (e.g. Gutenberg-Richter Law) and representative of the hazard on rock at a site. To obtain the corresponding synthetic time histories on soil, the time histories on rock need to be propagated from bedrock to surface with the help of a 1D, 2D, 3D linear equivalent or nonlinear site response code (e.g. SHAKE91, NOAH, Deepsoil, EERA, or many others). Once calculated the synthetic time histories on soil, the way to compute the stochastic hazard curve on soil is very simple, it consists in calculating the annual rate of exceedance of a certain ground-motion threshold (X), by counting the number of events for which the considered ground motion parameter x is Chapter 2 |74 exceeding the ground-motion threshold value, X, and then dividing it by the catalogue time length as expressed in Eq. 11. A complete example of application of this approach can be found in Aristizábal et al., 2018 (Chapter 4).
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Eq. 11

Level 2c -Analytical Approximation of the Full Convolution Method (AM)

In order to calculate a fully probabilistic hazard curve on soil at the surface (or at any desired depth), Bazurro and Cornell., 2004a,b proposed three different approaches, that lead to similar results in terms of hazard, by convolving the site-specific hazard curve at the bedrock level with the probability distribution of the amplification function, AF(f,Sar). The approaches presented in their work, provide more precise surface ground-motion hazard estimates than those found by means of standard attenuation laws for generic soil conditions. One of the proposed methods correspond to an approximation of the Full Convolution Method, called here Analytical Method (AM) or as they called "Analytical Estimate of the soil hazard". This method is a simple, closed-form solution that appropriately modifies the hazard results at the rock level, to finally obtain an estimation of the hazard curve on soil, Eq. 12. The main advantages of this method are: [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] The amplification produced due to the soil site effects is considered as an a posteriori correction to the hazard calculations. (2) The full meaning of the hazard curve and UHS is respected. (3) The calculations of the hazard curve on soil are rather simple and with low computational demand. ( 4) Fewer accelerograms are required to calculate the AF(f,Sar,) with respect to the SM.
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Eq. 12

Under the scope of this work, we aim to compare the median hazard curve estimates on soil calculated using the simplest method (the Analytical Approximation of the full Convolution Method), with the median hazard curve obtained in the previous section using the stochastic catalogue event set that we previously defined using Boore et al., 2005. The "Analytical Estimate of the Soil Hazard" method is a simple, closed-form solution that appropriately modifies the hazard results at the rock level to finally obtain the hazard curve on soil. They proposed a simplified way to calculate the hazard curve on soil based on the hazard curve on rock as follows:
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Eq. 13

Bazurro and Cornell 2004b, stated that the hazard curve on soil at a given site, Gz(z), where Sar=z/AF, can be estimated as the multiplication of the hazard curve on rock at the site, H(Sar,z), and an exponential factor that depends on several parameters related to the amplification function, AF(f), of the site. 

Level 2d -Full Probabilistic Classical PSHA with Soil-Specific GMPE (SGM)

The estimation of seismic hazard curves at the surface of a soil deposit can be also calculated using a site-specific attenuation relationship, GMPE, and use it on conventional PSHA calculations. This is the second proposed method by Bazurro and Cornell., 2004a,b, where they explore the use of existing rock-attenuation laws amended with an additional term to account for local soil conditions with uncertain properties, Eq. 14, and its corresponding standard deviation, Eq 15. An example of application of this approach can be found in Bazurro and Cornell., 2004b andPapaspiliou et al., 2012. (Equivalent Approach 4, NUREG 6728).
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Eq. 14

The corresponding standard deviation of the site-specific attenuation relation can be calculated as follows:

!"#, !"# (!) ≈ (!1 + 1) ! ⋅ !"#, !"# ! ! + !"#, !" (!) ! Eq. 15
Where, !ln, !"# is the standard deviation of the site-specific ground motion prediction equation. !ln, !"# is the standard deviation of the GMPE on rock and C1 and !ln, !" (!) are the slope and the standard deviation of the piecewise-linear models of the AF( f ) Vs. Sar(f ) respectively.

Level 2e -Full Probabilistic Integration Based Methods (IBM)

The last method proposed by Bazurro and Cornell., 2004a,b in order to calculate hazard curves on soil is what we called here Full Probabilistic Integration Based Method, IBM, which is the standard PSHA equation, Eq. 16, in which z is soil hazard, Z=Sas(f); x is rock hazard, X=Sar(f); Y is the amplification function probability distribution , Y= AF(f); fx(x) is the probability density function (pdf) of the rock hazard, Sar(f). An example of application of this approach can be found in Bazurro and Cornell., 2004b andCramer 2003. This is the most complex method, and current hazard codes for Probabilistic Seismic Hazard Assessment such as Openquake Engine, do no include calculation tools for this purpose. (Equivalent Approach 3, NUREG 6728).

!" !"#$ ! = ! ! ≥ ! !
Uncertainties should be considered in evaluating soil response for site-specific studies. The consideration of uncertainties is fundamental because the soil properties are inevitably known with some degree of approximation. Two main uncertainties are involved in the calculation of site-specific hazard, each one containing aleatory and epistemic components:

(2) Uncertainties in the soil hazard. Most of the ground-motion uncertainties come from epistemic uncertainty (due to the lack of knowledge) on the soil properties (Vs, Vp, ρ profiles, degradation curves, κ, wave propagation code, …)

For an appropriate representation of the seismic hazard it is important that uncertainties in the two above-mentioned parts are not double counted. In a site-specific study, part of the site response variability is already included in the standard deviation of the GMPEs because a large number of different sites is included in the database, and used to represent the variability of ground-motion at a single site (ergodic assumption).

For site-specific PSHA, additional information on site response can be used to improve the prediction of the GMPE at the site; in which case, the partially non-ergodic standard deviation must also be used to reflect this additional information. Such a reduction of the GMPE standard deviation is performed through the use of the single-station sigma, SSS, which drops the "site-to-site variability of the site response, as site-specific hazard is in essence addressing the hazard at a single site (Al- Atik et al., 2010;Rodriguez-Marek et al. 2013, see also Appendix A). It is important to stress that the single station sigma can only be used when local site response analysis, including uncertainties, is used to estimate the site-specific hazard at the surface.

Different Levels of Uncertainty

Epistemic uncertainties can be considered in the calculation of the site-specific hazard with different levels, from a simplified approach to a complete probabilistic consideration of uncertainties. Three levels of consideration of uncertainties are distinguished here:

(1) Level A: This is the simplest approach. The site amplification is considered only in terms of a best estimate amplification function. The rock hazard is calculated using GMPEs with a "full sigma" (i.e., ergodic values) because, the site-specific response is not accounted for and the SSS ("single-site sigma") cannot be applied.

(2) Level B: The epistemic uncertainties in the site response are considered for some of the parameters mentioned in Section 2.6.5 (e.g., variations in the Vs profile). The amplification function is defined in terms of distribution (median and standard deviation). In this case the single station sigma can be used to replace the standard deviation of the considered GMPEs.

(3) Level C: Fully probabilistic consideration of uncertainties through detailed logic tree. For each step in the process of the site response calculation, uncertainties are identified and appropriately accounted for in the analyses. The rock hazard is calculated using GMPEs with single station sigma. Such aleatory sigma could in theory be modified to consider the specificity of the variability of the nonlinear site response in relation with variability of input motions; this requires, however, quite sophisticated analysis and very detailed documentation.

The application of Level C is in principle preferable. However, such an approach in the consideration of uncertainties is indeed time consuming and rather expensive, and it will therefore be applicable in practice only to very few sites with key importance. It is recommended to apply Level A approach when Level C is not possible due to scarcity of data, and in such cases consider as a minimum, uncertainties in the Vs profile and in the input time histories.
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1D Site Response Analysis

The evaluation of site response is without doubt one of the most common and most important problems in geotechnical earthquake engineering. These types of analysis are commonly used to develop design response spectra, to evaluate dynamic stress and strains for evaluation of liquefaction hazard, to determine the earthquake-induced forces to a given structure and particularly used by earthquake engineers and seismologist to asses quantitative methods for predicting the influence of local site effects under strong ground. There are two main types of ground response analysis: (1) Instrumental and ( 2) Numerical. The Instrumental ground response analysis can be used when enough observations are available to properly propose empirical models to predict ground motion response; this is regularly the case for the more common low to moderate ground response on instrumented sites, and rarely the case for the less frequent strong ground motion. Also, the site response analysis can vary from the simpler 1D wave propagation problem, to a more complex 2D case, up to a full 3D model. In literature all of this approaches have been studied (1D, 2D and 3D), but the 1D cases still remains the most frequently used for their simplicity and because it requires fewer input parameters. This section will explain the main characteristics of a 1D Site Response Analysis, the method that is used on this work to construct the instrumental/numerical amplification functions, AF( f ), or soil ground motion models using the soil characterization of the Euroseistest site.

Further recommendations on how to perform Instrumental and Numerical site response analyses, together with some recommendation can be found in Appendix C.

1D Linear Site Response Analysis

The linear site response consists on calculating the amplification function of a soil column. The most useful and realistic application of the linear site response correspond to the amplification function of a layered damped soil on elastic rock, that consist on solving the equation of motion for N number of layers, assuming that each one of them behave as a Kelvin-Voigt solid. The main characteristic of this method is that the damping and the shear modulus of a given layer remains constant, and does not vary as a function of the input motion or strain level, to consider this strain dependency, a nonlinear method is required.

1D Equivalent Linear Approximation of Nonlinear Site Response Analysis

The theory of approximation of real nonlinear dynamic soil behavior by equivalent linear approach first was proposed by Schnabel et al., 1972, Idris and Sun 1992and Kramer 1996. Equivalent-linear modeling uses relationships describing the variation of material shear modulus (G) and damping ratio ( ) with shear strain. These relationships are referred to as modulus reduction and damping curves. One of the first computer programs developed for this purpose was SHAKE (Schnabel et al., 1972). SHAKE computes the response in a horizontally layered soil-rock system subjected to transient and vertical travelling shear waves. SHAKE is based on the wave propagation solutions of Kanai 1951, Roesset and Whitman 1969, and Tsai and Housner 1970. This code based on the multiple reflection theory, and nonlinearity of soil is considered by the equivalent linear method. The basic assumptions used are: a) The soil layers are horizontal and extend to infinity, b) The ground surface is flat, c) Each soil layer is completely defined by the shear modulus and damping as a function of strain, the thickness, and unit weight, d) The non-linear cyclic material behavior is adequately represented by the linear visco-elastic (Voigt) constitutive model and implemented with the Chapter 2 |79 equivalent-linear method, and e) The incident earthquake motions are spatially-uniform, horizontally-polarized shear waves, and propagate vertical incident plane S waves (Hosseini et al., 2010).

In the equivalent linear approach proposed by Schnabel et al. 1972 the effects of nonlinearity are approximated by performing a series of linear analyses in which the average, or secant shear modulus and the damping ratio are varied until their values are consistent with the level of the strain induced in the soil. However, Yoshida 1994, Huang et al. 2001and Yoshida and Iai 1998 showed that equivalent linear analysis exhibits larger peak acceleration." (Hosseini et al., 2010). Some of the most common computer programs for equivalent linear onedimensional ground response analysis are (Table 4).

1D Nonlinear Site Response Analysis

"Although the linear equivalent approach is computationally convenient and provides reasonable results for many practical problems, it remains an approximation to the actual nonlinear process of seismic ground response. An alternative approach is to analyze the actual nonlinear response of a soil deposit using direct numerical integration in the time domain. By integrating the equation of motion in small time steps, any linear or nonlinear stress-strain model or advance constitutive model can be used. At the beginning of each time step, the stress-strain relationship is referred to obtain the appropriate soil properties to be used on that time step. By this method, a nonlinear inelastic stress-strain relationship can be followed in a set of small incrementally linear steps.

Most currently available nonlinear one-dimensional ground response analysis computer programs characterize the stress-strain behavior of the soil by cyclic stress-strain models (e.g. hyperbolic model, modified hyperbolic model, Ramberg-Osgood model, Hardin-Drnevich-Cundall-Pyke (HDCP) model, Martin-Dkov, model, and Iwan-type model). Others have been based on advanced constitutive such as the nested yield surface model" (Kramer 1996).

The teams shown in Table 4, are the different Participants to the PRENOLIN Project Verification Phase (Reigner et al., 2016). For this project, some of the most common computer programs for linear, equivalent-linear and nonlinear one-dimensional ground response analysis were used and can be observed in column four under "Code Name", with its corresponding references.
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The difference between epistemic modeling variability and aleatory modeling variability can be illustrated considering the following example concerning soil nonlinearity. Let suppose that a particular model 'A' considers soil behavior to be linear elastic, and assume that soil behavior is indeed strain-independent. Nonlinear soil effects would then contribute to the scatter, or modeling variability, in the residuals between measured ground responses and model 'A' predictions, and this scatter would be considered random (inherently irresolvable). However, if one examines the scatter as a function of ground-motion amplitude, one might find a systematic trend or "bias" to the scatter, with an over prediction of high-amplitude motions and/or under prediction of low-amplitude motions. This bias can be viewed as modeling uncertainty, and one could choose to "calibrate" or correct the linear-soil model (A*) in some fashion so as to eliminate this consistent trend for the strain levels represented in the data set, thus leaving only the randomness components to the scatter. As an alternative means to remove the amplitude-dependent bias, one might adopt a new model (B), which explicitly accounts for nonlinear soil behavior.

Using the same topic, an example of parametric variability is the range in predicted response associated with a range of possible functions describing nonlinear material curves for the soil layers. The parametric uncertainty is that portion of response variability that could be reduced by a better definition of the curves, say, by using high-quality laboratory testing. However, such curves can never be perfectly defined due to both measurement errors and natural spatial variations within the soil deposit for a particular site. That portion of response variability associated with the "indefinable" range would be considered part of the aleatory parametric variability.

A non-exhaustive list of the aleatory uncertainties includes:

(1) Motion-to-motion variability (frequency content and phase) in the set of selected motions representative of the hazard spectrum on rock;

(2) The incidence angle of input motion and more generally the variability of the wavefield of the incident motion, which is far from being composed of vertically incident plane S waves…

(3) The effect of the input motions on the nonlinear behavior of the soil (e.g., Li and Assimaki., 2010);

(4) The small-scale lateral variations of the soil properties. These are commonly taken into account (in a simplified way) by performing analyses for multiple realizations of e.g., 1D shear-wave velocity profiles assuming some spatial correlation model between the layers (e.g., Toro et al., 1995).

Besides the aleatory uncertainty related to the nonlinear soil behavior dependent on the input motion, the other sources of variability, also apply to the rock motion are already included in the aleatory variability of the GMPEs. For this reason, except for cases where the variability of the nonlinear behavior is significant, it is not necessary to increase the sigma of the GMPEs to account for aleatory variability in site response. This would avoid double counting of aleatory uncertainties in the rock hazard and in the site hazard.

Epistemic uncertainties can in principle be reduced with the increase of knowledge on the site properties. A non-exhaustive list includes:

(1) Uncertainties (parametric) on the velocity profile and damping (Vs(z), ς(z) in 1D) ;

(2) Uncertainties (modeling) on the geometry of the different lithology (1D, 2D, 3D); C. ARISTIZÁBAL
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(3) Uncertainties (parametric) in the nonlinear properties of the soil (degradation curves G-ς-γ, τ-γ, ...).

These uncertainties are usually considered in the analysis by using logic tree and Monte Carlo random sampling. For example a number of Vs profiles can be used or alternative hypothesis on the degradation curves of the soil. Several recent dramatic events drew the attention on the need to carefully reassess the very rare, highimpact, seismic hazard for large urban centers and critical facilities. Presently, the trend all over the world is to more and more rely on probabilistic approaches to estimate seismic hazard and to determine annual exceedance probabilities for various ground-motion levels (down to very low probability levels).
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Most current developments in literature and in current practice regarding the probabilistic seismic hazard assessment (PSHA) have been focused on rock sites, although, many cities are located on soft-soil that can significantly affect the shaking due to site effects, such as Mexico's 1985 Michoacán earthquake, Ms=8.1 and Japan 1995 Kobe earthquake, Mw=6.9. For this reason, it is necessary to try more and more to include site effects on PSHA. Nevertheless, the amplification of the soil is usually taken into account in a crude way in classical PSHA, where hazard estimates can be both potentially under-estimated (e.g. resonance effects are ignored) or over-estimated (nonlinear effects are ignored or poorly accounted through GMPEs). The hazard is traditionally calculated for rock conditions (McGuire and Toro, 2008), with siteamplification added later on by applying amplification factors (such as the ones specified in several seismic design codes) or by applying the site factors used in GMPEs. These simplified approaches do not capture properly the site effects phenomena, as they consider soil amplification as an independent problem of the fundamental frequency (fo) and input ground motion (Sar).

As an example, the Eurocode 8 proposes a site amplification factor (S) for each of the soil classes to amplify the whole range of periods of the design spectra, neglecting the nonlinear behavior of the soil and the frequency dependence. Some of the newest GMPEs (NGA2, RESORCE) currently account for the soil nonlinearity as a function of the acceleration level. However, many GMPEs still in use do not account for nonlinear behavior, potentially leading to a significant overestimation of hazard at high frequency for high acceleration levels, as will be shown in the present study. Nonetheless, several authors have been working on the development of methods to perform site-specific seismic hazard analysis and provide uniform hazard spectra, UHS, and hazard curves, HC, including site effects within a probabilistic framework (Kramer., 1996;Cornell and Bazzurro 1997;Bazzurro., 1998;Bazzurro et al. 1998;Lee et al. 1998Lee et al. , 1999;;Lee 2000;Tsai 2000;Silva et al., 2000;Cramer 2003;Cramer., 2005;Bazzurro and Cornell., 2004a,b;Stewart et al., 2006;Papaspiliou et al., 2012a,b).

The purpose of the present study is to illustrate the impact of these recent proposals on one case study, the Euroseistest site, where different approaches are applied and compared. The Euroseistest site is located at about 30 km east of Thessaloniki (Greece) and has been the target site of detailed geophysical and geotechnical surveys, a dedicated instrumentation, and extensive numerical simulation benchmarking exercises (Régnier et al., 2014a(Régnier et al., ,b, 2015(Régnier et al., and 2016b;;Maufroy et al., 2015Maufroy et al., , 2016Maufroy et al., and 2017;;Chaljub et al., 2015).

The Euroseistest site meets the requirement for performing a Site-specific PSHA, with a significant amount of data available:

• Geological, geophysical and geotechnical characterizations yielding a realistic model of the soil column; • Significant amount of instrumental earthquake recordings to estimate the site amplification function and to be able to derive a partially non-ergodic PSHA [START_REF] Anderson | Probabilistic seismic hazard analysis without the ergodic assumption[END_REF]Abrahamson, 2012).

After a short presentation of the site characteristics, the various methods considered to account for site effects in a probabilistic framework are shortly presented, from the simplest to the more complex ones, with applications at Euroseistest. The results are then compared and discussed. The most complex approaches intend to better model the physical phenomena of wave propagation in a soil column, but are generally associated with an additional level of epistemic uncertainty. Finally, recommendations are provided on how to integrate site effects into PSHA, discussing the epistemic uncertainties related to each approach and their impact on the probabilistic seismic hazard estimates. Maufroy et al., 2015Maufroy et al., , 2016Maufroy et al., and 2017) ) and the average shear wave velocity over the top 30 meters is VS30=186 m/s. The 1D simulations that will be later performed on this study are based on the proposed parameters in this section and will be calibrated off course to the instrumental observed amplification functions, AF(f).

Methodology 3.3.

This section presents an overview of the various approaches that are used here to account for site effects in a probabilistic assessment framework, with an increasing level of detail and complexity. They are therefore labeled from level 0 to level 2, also including some sub-classification as described below (see Table 2).

Generic or Partially Site-Specific Approaches

These methods consider site effects in an average and approximate way through one or several site proxies, and are based on simplified approaches.

Level 0 -Site Effects by proxy in GMPEs

This is the simplest (and most widely used) approach, which consists in assuming that the actual amplification at the site of interest can be approximated by the site term of the GMPEs used in the hazard estimation. In other words, the site response is assumed to be correctly captured by the average site amplification of all stations in the GMPE strong-motion database exhibiting similar values of the site proxy. Therefore, the uniform hazard spectra, UHS, estimated with the GMPEs for the corresponding value of the site proxy, account, in a simplified and generic way for site effects through an "averaged" site factor. It should be noted that this approach ignores virtually almost all the site-specific information. It therefore produces only a relatively imprecise and generic assessment of the hazard, corresponding to a global average over many sites with similar values of the site proxy and is associated to a relatively large site-to-site variability. The most common proxies used to describe site conditions in GMPEs are the shear wave velocity of the top 30 meters, VS30, (by far the most frequent), the fundamental frequency, f0, (very rarely used as a continuous parameter), the site class (based on VS30 and/or f0 ranges), and the depth at which the shear wave velocity first exceeds a given threshold, for instance 1.0 km/sec or 2.5 km/s (Z1.0 and Z2.5 , respectively). Some GMPEs use a combination of two proxies (e.g., VS30 and Z1.0) in view of capturing different characteristics of the site amplification. The depth proxies (Z1.0, Z2.5) are usually not considered as a single site proxy in a GMPE, but they are used complementarily with VS30 in order to account for the site amplification due to deep sediments in general -also improperly called "basin effects".
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Level 0.5 -A posteriori modification of the site term using a "SAPE"

This approach requires a further methodological step with respect to the previous one (Level 0). It is assumed that the simple site amplification from the GMPEs is a first-order model for the target site response, but that some additional site-specificity can be included in order to provide a better description of the site response. Then, a correction factor is applied as a post-processing to the UHS. In other words, the idea is to estimate the hazard curve on rock, and handle the site term through specific Site Amplification Prediction Equations (SAPEs), first introduced by Cadet et al., (2011a,b), are estimated independently of the GMPE and thus without any trade-off related to source and path terms. Some additional site information is taken into account when using SAPEs, and in principle, in the long run, could allow to account for effects of the surface or subsurface geometry (topography or basin effects), or nonlinear effects, in a more physical though still simplified way than what is proposed even in the most recent and increasingly complex GMPEs.

To derived the SAPEs, Cadet et al., (2011a,b), calculate the amplification factors with respect to a standardrock were computed for a large number of KiK-net sites and correlated with site parameters to define as "stand-alone" site terms. Several proxies were considered on the empirical SAPE such as the travel-time average S-wave velocities over the top z meters, VSZ, with z from 5 to 30 m, and the fundamental frequency, f0. The SAPEs were calculated for each individually proxy (V5, V10, V20, V30, fo) and by pair of proxies (f0, VSZ). The considered couples (f0, VSZ) and the amplification factors were correlated in the dimensionless frequency (f/f0) domain. The best performance in predicting site amplification was obtained with the couple parameters (VS30 -f0), while the best single parameter proved to be f0, in agreement with other studies (Luzi et al., 2011). Some recent papers also address other site proxies (Stambouli et al., 2016;Derras et al., 2016), however, only Cadet et al., 2011a,b were used under the scope of this study. The UHS on soil can be calculated as expressed in Eq. ( 1).
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Rock to Hard-Rock Corrections

Once the partially Site-Specific Approaches (Level 0 and Level 0.5) have been introduced, we will present some rock to corrections that are often required as prerequisite to the Site-Specific Approaches (Level 1 and Level 2). These corrections are required, since the rock hazard for a specific site is often different from the standard-rock definition (Vs=800 m/s). Rock to hard-rock corrections are required depending on the reference rock used to estimate the amplification function. For example, at Euroseistest, some amplification functions have been derived using TST196 downhole station as the reference rock (Fig. 1b), which involves a correction to account for: (1) Higher shear wave velocity VSTST196=2600 m/s, (2) different regional attenuation (!) and ( 3) constructive and destructive interference from surface to bedrock, known as depth corrections factors. Neither the high impedance contrast nor the high velocity of the rock, can be captured properly by the most widely used GMPEs (only capture by GMPEs derived for very hard-rock such as Laurendeau et al., 2017), hence, some correction prior to the introduction of the site-specific amplification are required:

• Shear Wave Velocity Correction (VSC): When the true shear wave velocity of the target rock is much larger than the VS30 validity range of ground-motion prediction equations (upper bound usually around 1200-1500 m/s), a correction to properly account for this is required.

• Kappa Correction (KC): When the high frequency attenuation factor, κ, (Anderson and Hough, 1984) characterizing the generating dataset of the GMPE, is different from the κ of the selected site, a correction to properly account for this is required. • Depth Correction (DCF): When the reference station used to calculate the site amplification function, AF(f), is located at depth, a Depth correction factors is required in order to account for the existence at depth of destructive interferences and the absence of free-surface effects in the high-frequency range.

The first two corrections (VSC-KC) are better known as host-to-target adjustments (HTT). The selection of host models has been well documented first by Cotton et al., 2006, then by Delavaud et al., 2012 and more recently by Seyhan and Stewart., 2014. The basis for host-to-target adjustments, including both velocity/impedance corrections and high-frequency attenuation kappa, κ, correction, are related to the site term of the stochastic model presented in Boore 2003a, and we will refer to them as the VSC-KC correction.

Shear Wave Velocity, Vs, Correction (VSC)

For some of the soil amplification functions, AF(f), on this example of application, the reference rock will be the TST196 station, located on very hard-rock at the bottom of the basin, with a high shear wave velocity of 2600 m/s. Then, the shear wave correction intends to account for this high velocity that cannot be accounted in the currently available GMPE, since its usable range is often up to 1200-1500 m/s. To perform this correction, the Boore 2003a approach is followed, relying on two crustal amplification functions: (1) the crustal amplification function estimated with a generic profile corresponding to a standard-rock (TST0, VS30 800m/s ), and ( 2) the crustal amplification function estimated also with a generic profile corresponding to a hard-rock site (TST196, Vs=2600 m/s). Once the crustal amplification functions are derived as proposed by Boore 2003a, (!(!(!)), the VSC can be obtained by simply dividing the amplification factor for very hardrock by the amplification factor for standard-rock, see Eq. ( 2):

!"# ! = ! ! ! !"!!"##!/! ! ! ! !"!!""!/! ( 2 ) 
For further information on how to derived the crustal amplification functions are derived as proposed by Boore 2003a, refer to Appendix B.

High Frequency Attenuation Factor, κ, Correction (KC):

The second correction is related to the high frequency attenuation factor "kappa", κ, first introduced by Anderson and Hough, 1984. The kappa correction is performed here according to the most recent methodology proposed by Al Atik et al., 2014. In principle, kappa should be known for both, the host GMPE and for the target site. In general we know kappa for the later but not for the former. Currently, several methodologies describing how to account for kappa effects are available in literature (Cotton et al., 2006;[START_REF] Douglas | Ground-motion prediction equations for southern Spain and southern Norway obtained using the composite model perspective[END_REF]Van Houtte et al., 2011, Bora et al. 2013). The Al Atik et al., 2014 selected method is a recent, simple and widely used method that proposes an a posteriori correction to the calculated response spectrum. According to the definition of the kappa correction by Al Atik et al., 2014, this one should be applied on the Fourier Spectra and inverted afterwards, via random vibration theory (RVT) to obtain the κcorrected response spectra. The methodology to perform this correction is described step by step on Al Atik et al., 2014. Another key point to emphasize is the dependency of the kappa correction on ground-motion prediction model, whereas the VSC correction is GMPE independent but related to the definition of the generic crustal velocity profile described in Boore 2003. For the kappa correction, it is necessary to calculate the κ -scaled factors for each GMPE, as each GMPE has its own host kappa. Finally, having mentioned the most relevant aspects concerning the KC, we expose in Eq. ( 3), Anderson and Hough, 1984 expression of the highfrequency spectral decay of an earthquake spectra.

! ! = !" !"#(-!κ ! !) ( 3 ) 
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Combined Vs-κ Correction (VSC-KC):

If a combined Vs and κ scaling factors for GMPEs is desired, the decision of whether to apply first the VS correction and then the kappa correction or vice versa is not straightforward. By instance, Al Atik et al., 2014 proposes to generate combined Vs and κ scaling factors for the GMPE, by first performing the KC and then the VSC. However, we propose to apply first the VSC and then proceed with the KC. It was decided to do it this way, because if done in the opposite way as proposed by Al Atik et al., 2014, the target final desired kappa, would be affected by the VSC and the resulting vs-modified κ value would be different from the required target one. However, on our way this does not happens. Special attention is required here since the order of the factors affects the product. This issue will be better address on the result section.

Depth Correction (DCF)

The DCF proposed by Cadet et al., 2012a (Borehole/Surface) was designed to account in a simplified and physically acceptable way for the existence at depth of destructive interferences and the absence of freesurface effects in the high-frequency range. There are two options for accounting for the depth correction: (1) Depth correction factors implicitly included in the data when using the local site-specific residuals at depth, ( 2) Depth correction factors using Cadet et al., 2012a (Borehole/Surface) expression (BSR_F/TF).

At the Euroseistest the DCF from Cadet et al., 2012a expression are used, to move the UHS from surface to depth and when using the site-specific residuals from TST0 station??. However, when the residuals from TST196 are used to calculate the hazard on rock at depth, there is no need to use the DCF from Cadet et al., 2012a, neither to apply the VSC-KC correction, since both effects are embedded in the already measured residuals.

Site-specific Residuals (δS2S S )

Traditionally, empirically based ground-motion prediction equations have been built based on the ergodic assumption, [START_REF] Anderson | Probabilistic seismic hazard analysis without the ergodic assumption[END_REF]Abrahamson, 2012), meaning that the ground-motion variability evaluated from a database with multiple sites and source-to-site paths is applicable to describe ground-motion variability in time at another site. However, when the site is instrumented and well characterized, this ergodic standard deviation may be replaced by a "single-station" standard deviation (σss) estimated using the Site-Specific Residual for the site (e.g. Rodriguez-Marek et al, 2011).

The standard deviation of ground-motion prediction equations (σ) is usually split into between-event (τ) and within-event (ϕ) variability. Within-event variability is addressed here, as it deals with the site effect. The within-event residual standard deviation (!) of the GMPE can be split into a site-to-site variability (ϕ !"! ) and a single-station variability (ϕ !! ) term. If recordings of ground-motion are available at the site, S, it is possible to estimate the site term, !!2!!, and the standard deviation !!!, !. Since the site term, !!2!!, at a well instrumented site is no longer aleatory but deterministic, then the residuals can be added to the hazard estimates and the site term variability, ! !!! can be ignored leaving only the single-station variability.

Following Al Atik et al., 2010, the total residuals, Δ, and its corresponding standard deviation, !, can be expressed as shown in Eq. ( 4) and Eq. ( 5):

! = !! !" + !! ! ( 4 ) 
! = ! ! + ! ! ( 5 ) Symbol Residual Component Standard Deviation Δ Total Residuals σ (Aleatoric) δB ! Between event residual τ (Aleatoric) δW !"
Within-event residual ϕ (Aleatoric)

However, the within-event residual term, !! !" , can be further breakdown into a site term, δS2S ! , and a site and event term, δWS !" , as in Eq. ( 6), converting the total standard deviation, !, as in Eq. ( 7).
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!! !" = !!2! ! + !!" !" ( 6 ) 
! = ! !!! ! + ! !! ! + ! ! ( 7 ) 
Symbol Residual Component Standard Deviation δS2S ! Site term ϕ !"! (Epistemic) δWS !" Site and event term ϕ !! (Aleatoric) ! !!! : Site to site variability (Spatial).

! !! : Single-station within-event variability (Temporal).

Since the !!2! ! can be defined for a single site (deterministic), then, the residuals can be added to the hazard estimates and the variability induced by these residuals should also be removed from the calculations as in Eq. ( 8).

! = ! !!! ! + ! !! ! + ! ! ( 8 )
Resulting in the single-station standard deviation (! !! ):

! !! = ! !! ! + ! ! (1) ( 9 ) 
The single-station standard deviation (! !! ) will now be "partially non ergodic", since the original betweenevent term (τ) remains.

The systematic deviation of the observed amplification at this site, !"2!", which is period-dependent and can be determined by calculating the local residuals, needs to be added to the modified hazard values obtained with the single-station standard deviation !!!, ! and the rock and hard-rock corrections . Then, the local sitespecific UHS considering the local residuals can be calculated by applying the following expression to the uniform hazard spectrum calculated using the GMPE with local sigma, !"# !"#$(!) (! !!,! ) ! , as in Eq. ( 10):

!"# !"#$!!"#$%&%$ ! = !"# !"#$(!) (! !!,! ) ! • !"# !"!! ! ! ( 10 )

Site-Specific Approaches

The "site-specific" term means that the site is well characterized (velocity profile, NL parameters, 2D or 3D underground structure, among others) or is equipped with instruments that provide enough recordings to allow the estimation of the site amplification functions. The availability of records allows reducing the aleatory uncertainty on the GMPEs, through the use of the local "single-site sigma" (Rodriguez-Marek et al.,2013, 2014;Al Atik et al., 2010) values, more appropriate than the generic "site-to-site" variability of the GMPE (estimated from all sites with the same proxy value, e.g. VS30 value). Two levels of complexity are considered in the present work, depending on whether the site response is considered linear and independent of the rock hazard level (Level 1), or nonlinear and dependent on the rock hazard level (Level 2).

In addition to a detailed site characterization, these approaches (Levels 1 and 2) also need, most often, hostto-target (HTT) adjustments, since the actual reference rock is rarely within the rock validity range of the GMPEs. Very often, the bedrock velocity is much larger than the standard value of 800 m/s, as it is the case at the bottom of the Euroseistest (vs=2600 m/s), where the current available GMPEs in literature cannot predict the motion for such hard bedrock (i.e., with velocities in between 1500 to 3500 km/s). It exists however, even in the case of a very hard bedrock, a fully instrumental way to avoid host-to-target adjustment, which requires careful site monitoring and data analysis (Level 1a).

Level 1 -Linear Site Response Analysis (AF(f), ground-motion-independent)

The linear site response analysis or Level 1, is defined as input ground-motion-independent, which means that the resulting amplification functions, AF(f), is only frequency dependent, and its amplification will remain constant no matter the selected input accelerograms. This is generally the case of stiff/hard materials mostly with linear elastic behavior, or soft materials with elastoplastic nonlinear behavior under weak ground-motion only. To calculate the UHS on soil when using linear site response analysis, the Hybrid Method, HB, is used. This method consist on multiplying the UHS on rock by the linear amplification function, AF(f), as in Eq. ( 11), (Equivalent Approach 1 or Approach 2, NUREG 6728). When a large enough number of ground-motion recordings are available at the site of interest, S, it is possible to estimate more precisely the site-specific effects by analysing the site-specific residuals, classically characterized by their average value δS2Ss, and its standard deviation ϕss,s, with respect to the various GMPEs used for the PSHA estimates. Such a site-specific bias (δS2Ss,) may then be used to correct the GMPE predictions for the site under consideration. As mentioned above, the specificity of the site term allows to replace the total within-event residual standard deviation (ϕ) of the GMPE by the single-station within-event variability ϕss,s of the site. It is important however to notice that not all the GMPEs have their standard deviation separated into between-event and within-event components. Therefore, some of them cannot be used for this approach unless a separation of its standard deviation is previously done.

!"# !"#$ (!) = !!" !"#$ (!) • !"(!) ( 11 

Level 1b -Linear Site Response Analysis with Instrumental AF(f) , (SSR)

Under this approach the site-specific amplification function, AF(f), can be estimated in a purely empirical way on the basis of a dedicated instrumentation and by using the Standard Spectral Ratios (SSR) technique. The SSR technique first introduce by [START_REF] Borcherdt | Effects of local geology on ground motion near San Francisco Bay[END_REF], is a method that consists on comparing records at nearby sites, using one as the reference site. It is then assumed that records from the reference site, in general a station installed on outcropping hard bedrock or bedrock at borehole, contain the same source and propagation effects for a given record. This technique has been widely used in literature to evaluate site effects by comparing the soil station with an adjacent rock station. Using this technique, the AF(f) at a site can be calculated by dividing the Fourier Amplitude Spectra (FAS), the Response Spectra (RS) or more recently the site term (δS2) of the site-specific residuals on soil by its corresponding spectra on rock (outcrop or borehole).

The UHS at soil surface can then be obtained by multiplying the UHS on rock, corrected if needed as mentioned for the two latter cases and depending on the reference station, by the linear amplification function AF(f), (e.g. SSR(FAS), SSR(RS), SSR(δS2S) based).

Level 1c -Linear Site Response Analysis with Numerical AF(f)

The amplification function can be also estimated numerically, the main difference with respect to the previous approach (Level 1b) is the way the amplification functions from rock to soil are calculated. In the previous case, the amplification function was derived using instrumental data, while in this case it has been calculated numerically. For this case study, we only considered the 1D ground response, but the same approach could be used with 2D or 3D simulation codes, as done by Maufroy et al., 2015Maufroy et al., , 2016Maufroy et al., , 2017. The linear 1D response has been computed here using weak ground-motion data, the nonlinear code NOAH (Nonlinear Anelastic Hysteretic finite difference code, Bonilla., 2000) and the velocity profile indicated in Fig. 2. The corrections to be applied for the hazard at the reference hard-rock site are the same as in the previous case (Level 1b). The amplification function is calculated using also the SSR tehcnique as mentioned before, but the records used are: stochastic numerical or real scaled reccords on rock, and its corresponding numerical soil records obtained after performing 1D soil site response analysis.

Level 2 -Nonlinear Site Response Analysis (AF(Sa,f), ground-motion-dependent)

The nonlinear site response analysis or Level 2, is defined as input ground-motion-dependent, which means that the resulting amplification functions, AF(Sa,f), is frequency and also input ground-motion-dependent, and its amplification will vary depending on the ground-motion level, Sa. This is generally the case of soft materials with significant elastoplastic behavior at low ground-motion levels, or soft, median stiff materials with elastoplastic nonlinear behavior under strong ground-motion levels.
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Level 2a -Partially Probabilistic Hybrid Method (PPHM)

Similarly to the linear amplification function obtained in Level 1c, a nonlinear response can be calculated using the same soil profile and a set of strong-motion accelerograms selected to fit the target (corrected) UHS at the reference rock. The nonlinear site response is then computed with respect outcropping or within rock conditions. Depending on the reference rock, some correction might berequiered, as we explain in the previous sectios. Since the site response is in this case is input motion dependent, the surface spectrum resulting from multiplication of the UHS on rock at the reference site and the nonlinear site response amplification function, AF(f,Sar), can no longer be considered to represent the UHS for soil site, as it was so for the linear response case, Eq. ( 12). This is the reason why this method is called Partially Probabilistic Hybrid Method, PPHM, since the rock hazard is calculated in a full probabilistic way using classical PSHA methodology, however, the nonlinear amplification function is calculated in a deterministic way. Despite the probability of excedance meaning is lost for the soil hazard under this method, the resultant hazard has been used as an acceptable representation of the hazard on soil and it is widely used by the engineering and scientific community (Approach 1 or Approach 2, NUREG 6728).
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Level 2b -Full Probabilistic Stochastic Method (SM)

What it is proposed here as the Full Probabilistic Stochastic Method, SM, is nothing else than the hazard curve build from stochastic time histories on soil. There are two ways to build a hazard curve using this method, one with real time histories on soil and another with synthetic time histories on soil. Although using real data in theory is an option, in reality it is impossible, since there are not long enough seismic catalogs to construct hazard curves from real data (main reason why PSHA exists). However, based on real time histories (used to calibrate the synthetic model and its variability), and numerical synthetic stochastic methods, it is possible to generate multiple synthetic earthquake time histories on rock, following the recurrence model at a site (e.g. Gutenberg-Richter Law), and representative of the hazard on rock at a site. Next, to obtain the synthetic time histories on soil, the time histories on rock are propagated with the help of a nonlinear site 1D, 2D, 3D, response code (e.g. SHAKE91, NOAH, Deepsoil, …). Finally, to build a stochastic hazard curve on soil, the annual rate of exceedance of a certain ground-motion level (X), can be calculated as follows expressed in Eq. ( 13). An example of application of this approach can be found in Aristizábal et al., 2017b.
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Level 2c -Full Convolution Analytical Method (AM)

In order to calculate a fully probabilistic hazard curve on soil at the surface (or at any desired depth), Bazurro and Cornell., 2004a,b proposed three different equivalent approaches by convolving the site-specific hazard curve at the bedrock level with the probability distribution of the amplification function, AF(f,Sar). The approaches presented on their work, provide more precise surface ground-motion hazard estimates than those found by means of standard attenuation laws for generic soil conditions. One of the proposed methods correspond to the Full Convolution Analytical Method (AM) or as they called "Analytical Estimate of the soil hazard". This method a simple, closed-form solution that appropriately modifies the hazard results at the rock level, to finally obtain the hazard curve on soil, Eq. ( 14). The main advantages of this method are: [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] The amplification produced due to the soil site effects is considered as an a posteriori correction to the hazard calculations. (2) The full meaning of the hazard curve and UHS is respected. (3) The calculations of the hazard curve on soil are very simple and with low computational demand. ( 4) Few accelerograms are required to calculate the AF(f,Sar,).

HC !"#$ (!) = HC !"#$ (!) • ! !"#$ !"#$%& ( 14 )

Level 2d -Full Probabilistic Classical PSHA with Soil Specific Attenuation Equation (SGM)

The estimation of seismic hazard curves at the surface of a soil deposit can be also calculated using a sitespecific attenuation relationship, GMPE, and use it on conventional PSHA calculations. This is the second proposed method by Bazurro and Cornell., 2004a,b, where they explore the use of existing rock-attenuation laws amended with an additional term to account for local soil conditions with uncertain properties, Eq. ( 15). An example of application of this approach can be found in Bazurro and Cornell., 2004b andPapaspiliou et al., 2012. (Equivalent Approach 4, NUREG 6728).
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Level 2e -Full Probabilistic Integration Based Methods (IBM)

The last method proposed by Bazurro and Cornell., 2004a,b in order to calculate hazard curves on soil is what we called here Full Probabilistic Integration Based Method, IBM, which is the standard PSHA equation, Eq. ( 16), in which z is soil hazard, Z=Sas(f); x is rock hazard, X=Sar(f); Y is the probability distribution, Y= AF(f); fx(x) is the probability density function (pdf) of Sar(f), Eq. ( 16). An example of application of this approach can be found in Bazurro and Cornell., 2004b andCramer 2003. This is the most complex method, and current hazard codes for Probabilistic Seismic Hazard Assessment such as Openquake Engine, do no include calculation tools for this purpose. (Equivalent Approach 3, NUREG 6728).

!" !"#$ ! = ! ! ≥ ! !
Once a brief review of the different methods available in literature to predict soil hazard have been introduced, it is important to mention that under the scope of this study, only the Hybrid Based Methods will be discussed (Level 1 and2 

Results

3.4.

An overview of the results obtained at Euroseistest site with the different discussed Hybrid Based Methods is presented in this section. The uniform hazard spectra (UHS) on soil obtained from generic or partially sitespecific approaches (Level 0 and 0.5) are shown, as well as for the site-specific approaches (Level 1a, 1b, 1c and 2a).

Generic or Partially Site-Specific Approaches

Level 0 -Site effects by Proxy in GMPEs

First, we calculate Level 0 for eight different GMPEs ( Table 3). For this purpose, the four active shallow crust GMPEs selected for SHARE European Model (Akkar and Bommer 2010, Cauzzi and Faccioli 2008, Chiou and Youngs 2008, Zhao et al. 2006), and their updated versions (Akkar et al. 2014, Cauzzi et aL. 2014, Chiou and Youngs 2014, except for Zhao et al. 2016 which is not yet available in OpenQuake) were selected. Also, the NGA2 model, Boore et al., 2014, was considered. The rock and soil hazard curves were calculated at the Euroseistest site, for three different spectral periods (PGA, 0.2s and 1.0s) using a shear wave velocity as proxy on the GMPE of 186 m/s, VS30=186 m/s (Fig. 3). The rock hazard curves in Fig. 3a,b, unveils the epistemic uncertainty related to the GMPEs selection on standard-rock (VS30=800 m/s) and on soil (VS30=186 m/s), respectively. The uncertainty varies as a function of the spectral period and the considered return period. Table 4 summarizes the uncertainty factors between the lowest and the highest predicted accelerations on rock using the eight different GMPEs, while Table 5 shows the uncertainty factors on soil hazard. A significant increase of the epistemic uncertainty on soil hazard, Fig. 3b, with respect to rock, Fig. 3a, can be observed from this exercise for low probabilities of exceedance in 50 years (POE). Based on the obtained results of the hazard on rock and soil, we calculate the ratio between the hazard curves on soil with respect to rock, as in Eq. ( 17), and the obtained factors for the different GMPEs are shown in Fig. 4. .28 -3.98] [1.25 -5.52] [1.32 -2.67] The ratio between the maximum and minimum predicted hazard values, Eq. ( 17), on soil and on rock for all GMPE are shown in Table 4 and Table 5 respectively, for different return periods (Tr) or probabilities of exceedance (POE) and different spectral periods (PGA, 0.2s and 1.0s). For AB10, CF08, ZA06 and CA14, the ratios remain mostly constant and above a factor of 1.0, thus indicating linear behavior with systematic amplification at all return periods (acceleration levels) and for the three spectral periods, meaning that these equations do not consider nonlinear soil behavior. On the other hand, ratio between the hazard on soil and on rock for AA14, CY08, CY14 and BA14 decay with increasing return period (increasing level of acceleration) for the three different spectral periods, thus, in consistency with the fact that these equations do consider nonlinear behavior. This simple test with different GMPEs allow to estimate the epistemic uncertainty with respect to the attenuation models on a classical PSHA approach, to distinguish between linear and nonlinear GMPEs, and finally to select a single representative GMPE for the example of application. The same procedure applied to a C. ARISTIZÁBAL
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single GMPE on this work, should also be done for each selected ground-motion model on the logic tree of a seismic hazard study.

For the rest of this paper, the hazard will be calculated using only Akkar et al., 2014 (AA14). This GMPE is selected for three reasons: (1) it includes nonlinear behavior, ( 2) its standard deviation is separated in between event (τ) and within-event terms (ϕ), a requirement for some of the methods applied in the present study, (3) it was in the short list of equations selected by Stewart et al., 2015 for crustal shallow earthquakes.

Once the GMPE was selected, the disaggregation on rock hazard at the Euroseistest for AA14 at 5000 years return period was also calculated for three different spectral periods (PGA, 0.2s and 1.0s). From the rock hazard disaggregation, Fig. 5, a mayor contribution to the hazard comes from magnitudes Mw=[6.0 -7.0] and distances Rhyp= [0 -20] km. This information will be addressed when the site-specific approaches are applied, since the magnitude and the distance that contributes most to the hazard are input parameters required for the calculations. 

Level 0.5 -A Posteriori Modification of the Site Term Using a SAPE

The application of this approach requires the knowledge of the f0 and VSZ of the site in order to derive the amplification function. The standard-rock (800 m/s) hazard spectrum is then multiplied by the SAPE according to Eq. ( 18), where the various subscripts of "SAPE" correspond to the different proxies (fo, VS5, VS10, VS20 and VS30). Care must be taken when combining the hazard spectrum on standard-rock (800 m/s) and the amplification function, in order not to double count the site effects in both GMPEs and SAPE. It is worth mentioning that when the reference rock shear wave velocity is within the range of applicability of the GMPE, this particular correction is not required, such as the case at the Euroseistest when PRO station is used, since its shear wave at the surface is around Vs=800 m/s, a value within most ground-motion prediction models.

High Frequency Attenuation Factor, κ, Correction (KC):

The technique proposed by Al Atik et al., 2014 is applied to evaluate a target UHS, UHS(target) (see Al Atik et al., 2014 for more details on the procedure):

(1) Define the target (! ! ) high frequency attenuation factor (kappa) based on local records. Kappa value at the Euroseistest is estimated κ ! =0.024 s by Perron et al., 2016 (for further information on how to calculate this parameter, refer also to Ktenidou et al., 2014a). ( 2) Based on the disaggregation results at 5.000 years return period (Fig. 5), the magnitude and distance ranges contributing the most to the hazard are identified. The correction factor is estimated then for only one scenario (Mw=6.5 at D=10 km), assuming that it is roughly representative of the magnitude and distance intervals identified. (3) Calculate the host response spectra, RS800, predicted using AA14 (800 m/s) for the selected scenario. ( 4) Calculate the Fourier amplitude spectra (FAS800) of the response spectra, RS800, via Inverse Random Vibration Theory (IRVT) using the python code Strata (Kottke and Rathje, 2008a,b) or other. ( 5) Multiply the host FAS800 by the Vs correction factors, VSC, Fig. 7b, derived on the previous section, to obtain the Vs2600FAS. This step is optional, (6) Define host kappa (k ! ) of the Vs2600FAS. ( 7) Correct the Vs2600FAS using host kappa (κ ! ) and target kappa (κ ! ), according to Eq. ( 19) . ( 8) Apply RVT, also using the python code Strata (Kottke and Rathje, 2008a,b) or other, to obtain AA14 (2600 m/s) response spectra, Vs2600RS. ( 9) Calculate the VSC-KC(f) correction factor as in Eq. ( 20). ( 10) Finally, multiply the AA14 (800 m/s) UHS, by the VSC-KC(f), in order to obtain the AA14 (2600 m/s) UHS.

!"# -!" ! !"#$%! -! !!"# ( 19 ) !"# -!" = !" !"## !"/ !" !"" !" ( 20 ) 
C. ARISTIZÁBAL Chapter 3 | 110 spectral ratios). The former has not further discussion since it is included in the local data, and the latter will be explain next. Cadet et al., 2012a proposed "a depth correction designed to account, in a simplified and physically acceptable way, for the existence at depth of destructive interferences and the absence of free-surface effects in the highfrequency range; and an impedance correction designed to normalize the shear wave velocity at depth. The proposed DCF is described in the dimensionless frequency space, and defined as the product of two frequency-dependent functions: C1 and C2. Where C1 is linked to the free surface and attenuation effects, and C2 is linked with the destructive interference effects, mainly around the fundamental frequency. It is therefore peaked at the fundamental frequency, and characterized by a peak amplitude A. The proposed functional forms are a smoothed step (arctan) for C1, and Gaussian like for C2:"

DCF = C1 • C2 ( 21 ) !1 ! = 1 + ! • arctan (!/! !"#$ ) ! 2 ( 22 ) !2 ! = 1 + (! -1) • ! !(!/! !"#$ !!) ! (!!) ! ( 23 
)
From the proposed expressions by Cadet et al., 2012a, we will use the BSR_F/TF (mix of numerical and empirical approaches), with A=2.2; σ=0.15; B=1.6. The resultant DCF(f) using the fundamental frequency at the Euroseistest, fo=0.7 Hz, is shown in Fig. 9. These corrections factor are required in combination with the VSC-CK, and should only be applied when residuals at the surface are used to derive hazard at the surface. Otherwise, there is a risk of double counting this effect. This topic will be discussed in depth as we apply each of the different amplification functions throughout the different site-specific approaches.

Site-Specific Residuals

To implement this correction to the rock hazard, we use the work by Ktenidou et al. 2015 to estimate the sitespecific residuals at two different satations, TST0 and TST196 , and we follow the methodologies proposed by Rodriguez-Marek et al.,2013, 2014and Al Atik et al., 2010 for the partially non-ergodic PSHA. These adjustments were performed using the open source Openquake python codes (available on GitHub) for the selected GMPE. It is important to mention that not all the GMPEs have their standard deviation separated into between-event and within-event. Therefore, some of them cannot be used for this approach unless a separation of its standard deviation is previously done.

Three different within-event variability, !, values were considered at the Euroseistest to evaluate the impact of the standard deviation in the partially non-ergodic hazard estimates:

(1) A period dependent ϕ, AA14, proposed in Akkar et al., 2014 GMPE, based on data from the Mediterranean region and the Middle East. (2) A constant value of site-specific within-event variability, ϕss=0.45, independent of the spectral period, proposed by Rodriguez-Marek et al., 2013, RM13, derived from a large database of ground-motions from different regions (California, Switzerland, Taiwan, Turkey and Japan). ( 3) A period dependent site-specific within-event variability, ϕss, KA15, determined by Ktenidou et al., 2015 at Euroseistest with local data.

The analysis by Ktenidou et al., 2015 relies only on weak ground-motion data (PGA < 0.1 g), from mostly small magnitudes. However, when using this single-station within-event variability ϕ ss, KA15 inside the GMPE, is then assumed valid for all distance and magnitude couples contributing to both strong and weak groundmotion of the PSHA calculations. These assumption, could lead to a possible overestimation of the hazard since observations have shown that the ϕ ss calculated using strong-motion data is smaller than only using weak data (Abrahamson and Sykora., 1993;Toro et al., 1997).

To evaluate the impact of ϕ ss in terms of hazard estimates, calculations were performed using the three different single-station within-event terms, see Fig. 10, and as expected, the hazard is decreasing while ϕ ss also decreases. The systematic deviation of the observed amplification at this site, !"2!", which is period-dependent and can be determined by calculating the local residuals, needs to be added to the modified hazard values obtained with the single-station standard deviation !!!, ! and the rock and hard-rock corrections. This should be done by applying the following expression to the estimated UHS with reduced variability, !"# !"#$(!) (! !!,! ) ! :

!"# !"#$!!"#$%&%$ ! = !"# !"#$(!) (! !!,! ) ! • !"# !" (!"!! ! ! ) ( 24 ) 
The Different within-event variability, ln(ϕ) and ln(ϕ ss ), and site terms ln(δS2S) used on this study are shown in Table 8. Also, the Euroseistest site term (!!2! ! ) and its corresponding within-event variability, ! !!! . derived using Ktenidou et al., 2015 site-specific residuals are shown in Fig. 11a,b, respectively.

Case 1: Now, the UHS on hard-rock at depth (TST196) at the Euroseistest can be estimated by using the residuals from TST196 with respect to AA14 (800 m/s) and the UHS with reduced aleatory uncertainty on standard-rock, ϕss. On this particular case, there is no need to use depth correction factors, DCF, since the residuals at depth already include all its effects. Also, the likelihood of soil nonlinearity on harder rock at depth is very low; then, the possibility of over amplification due to residuals derived from weak-motion is not longer an issue.

!"# !"#$ !"#$ ! = !"# !"#$ (! !! !"!!"" !/!) ! • !"# !" (!"!! !"!!"# ! !"#$ * * ) ( 25 
)
The term WOST in Eq. ( 25), refers to without site term, and means that the site-specific residual were calculated neglecting the site term of the GMPE, ln(S) ≈0, using a Vref on the GMPE equal to 1000 m/s. For this particular case, the site term is fully site-specific (since ln(S)≈0 of the GMPE) and the reason why a reduce variability, ! !! , is considered. Fig. 12a, shows the 5,000 years UHS on standard-rock for the three different within-event variability, ϕss, where a systematic reduction of the hazard along all periods when using ϕ ss KA15 with respect to ϕAA14, can be observed. Also, a conservative choice at high frequencies and basically the same behavior at low periods is made, if ϕss=0.45 (period independent) is used instead of ϕss KA15. Finally, Fig. 12b, shows the UHS (800 m/s) at surface with reduced within variability using ϕss KA15 and the hard-rock UHS (2600 m/s) at depth also with reduced within variability, obtained as in Eq. ( 25).

(a) (b) Fig. 12 -(a) Impact of the single-station within-event variability (ϕ ss ) on the UHS at the Euroseistest for the 5.000 years return period (1% probability of exceedance in 50 years) for three different values of (ϕ ss ). (b) Impact of the site term (δ S2S ) on the UHS at the Euroseistest for the 5.000 years return period (1% probability of exceedance in 50 years), using only ϕ ss KA15.

Finally, since local site-specific residuals exist at the Euroseistest, all site-specific calculations will be performed using ϕss KA15 , even though the use of ϕss=0.45 could also be an acceptable choice.

Rock to Hard-Rock Corrections Impact

The impact on hazard estimates of the presented rock to hard-rock corrections can be explored in Fig. 13, where the UHS calculated for different definitions of rock on this study are shown, as well the impact of each correction. As it is possible to observe, significant part of the variability on hazard estimates is linked to the uncertainty on the rock correction.
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!"# !"#$ ! = !"# !"#$ (! !! , !"!!"" !/!) ! • !"# !" (!"!! !"!! ! !"#$ * * ) ( 27 )
There are two main aspects to discuss under the scope of this case: (1) the fact that AA14 does not have a linear and nonlinear term separately to apply total standard deviation for the nonlinear term and single-stationsigma for the linear term. Hence, (2) the fact that all the !"2! calculated at the Euroseistest were derived only using weak data, therefore, it is possible that these residuals overestimate the actual site amplification since as mentioned before observations have shown that the within variability, ϕ ss, calculated using strong-motion data is smaller than only using weak data (Abrahamson and Sykora., 1993;Toro et al., 1997). However, since the use of ϕ ss from weak data could induce to an overestimation of the amplification, it is still a conservative decision.

One must be very careful in the value of !"2! ! to be used for the correction, either with or without site term. Generally, the default values of !"2! ! estimated from the GMPEs commonly are the residuals with respect to the predictions including the site term, S, embedded in the GMPE. Also, as a small reminder, this is a fully instrumental way to account for site effects, hence, no host-to-target adjustment (VSC, KC and DCF) are required, since this effect is already embedded in the local site residuals.

Level 1b -Linear Site Response Analysis with Instrumental AF(f) (SSR)

The site-specific amplification can be estimated in a purely empirical way on the basis of a dedicated instrumentation. Many site response studies have been performed at the Euroseistest, where instrumentation has been installed since 1993. Strong-motions recorded by the permanent network are available online (http://euroseisdb.civil.auth.gr) for visualization and/or downloading (Pitilakis et al., 2013). Two types of linear instrumental site response analysis have been used under this approach (See Fig. 19a).:

(1) Amplification function calculated using Standard Spectral Ratios based on the accelerometric dataset recorded on the Euroseistest array (Raptakis et al., 1998), outcrop reference station, PRO. (2) Amplification function calculated using the δS2S approach (Ktenidou et al., 2015), reference station, TST196.

Based on instrumental records, the site amplification with respect to a reference site was obtained. The reference site could be either a standard-rock or a hard-rock, and with a motion that may be either "outcropping motion" (at the surface) or "within motion" (at depth), Fig. 1b, a very important matter that needs to be correctly addressed when estimating the hazard at the corresponding reference site.

The simplest case for Level 1b, is when the reference site is an outcropping standard-rock such as PRO station (Fig. 1). Here, the amplification function was either provided using the GMPE site-specific residual δS2S (in the present case δS2STST0 with respect to AA14 GMPE) Ktenidou et al., 2015, or the amplification function using the standard spectral ratios technique (SSR) with respect to an outcropping, standard-rock (PRO station), as done in Raptakis et al., 1998. In such cases, to estimate the hazard on soil, it is necessary to combine the classical PSHA hazard on rock with the amplification function.

Since both amplification functions (Raptakis et al., 1998 andKtenidou et al., 2015) were derived with respect to different reference stations (PRO and TST196 respectively), and in the Fourier Domain and Response Spectra Domain respectively, a different procedure to obtain the hazard on soil is required for each case.

The procedure to calculate the UHS on soil using Raptakis et al., 1998 amplification function was the following (Fig. 14): (1) Calculate the partially non-ergodic UHS on standard-rock (UHSVS=800 m/s) using AA14 as defined in the previous section using single-station sigma instead of the total standard deviation. (2) Invert the UHS via inverse random vibration theory (IRVT) to obtain the corresponding Fourier Amplitude Spectra (FAS), since the amplification function has been derived in the Fourier domain. (3) Multiply the linear amplification function obtained via standard spectral ratios (TST0/PRO) by Raptakis et al., 1998 with the FAS, to obtain the FAS on soil. ( 4) Invert again via random vibration theory (RVT) the FAS on soil, to obtain its corresponding UHS on soil databases (e.g. AA14: RESORCE Mediterranean region and the Middle East database (Akkar et al. 2013c), Cadet et al 2001b SAPE: KiK-net database). On the other hand, Levels 1a (WOST), Level 1b, Level 1c and Level 2a, consider the site-specific amplification. Hence, the use of local aleatory variability, (ϕss), was used, in this case with significant reduction of the median hazard with respect to the full aleatory variability, (ϕ), of AA14 GMPE. It is important to state that we do not considered on this case study a full propagation of the site term uncertainty. However since we only used one GMPE for this example (AA14), the median hazard estimates will not be affected if the site term uncertainty is included, only the confidence intervals will be affected. Nevertheless, in most PSHA analysis, the use of multiple GMPEs is a common practice, hence, in this case it is indispensable the propagation of the site term uncertainty since it will impact the mean/median hazard curve derived from multiple GMPEs. Level 0.5 considers a SAPE accounting for both f0 and VS30 proxies at TST0, which leads to a systematically and significantly larger hazard than the one predicted by AA14 using VS30 as proxy (Level 0). These differences are especially large around the fundamental frequency f0=0.7Hz at the Euroseistest. The reason for this higher estimates is two-fold: a) the absence of nonlinear behavior in the considered SAPE, while the selected GMPE does take it into account some (this is the main reason for the short period differences); b) low values of f0 and VS30 proxies lead to larger (linear) amplification than simply low VS30 such as the case of AA14 (this explains the differences at long periods, where nonlinear effects are not expected to be significant).

Before commenting the results obtained on the site-specific approaches, it is very useful to compare the corresponding rock spectra (Fig. 13), obtained with different values of the within-event variability (full or single-station sigma), with or without host-to-target adjustments, HTT (VSC-KC), with or without depth correction factors, DCF. At short and intermediate periods (say, T ≤ 1 s), a large hazard reduction (a factor of [1.8-2.8]) can be noticed. This reduction it is associated to the reduction of the within-event variability (singlesite-sigma effect), and to the within motion effect, to be used only when the site-specific amplification is measured or computed with respect to the motion at depth). For this particular example, at short periods, the impact of the within effect (VSC-KC-DCF or DCR), implies larger reduction effects than the single-stationsigma effect. For example, in the case where VSC-KC host-to-target corrections are used, 42% reduction derives from the reduction of the within-event variability ( ϕss), while 58% comes from host-to-target corrections (VSC-KC). Similarly, when using DCR, 49% reduction emanates from the reduction of the withinevent variability and 51% from the DCF. On the other hand, at long periods (say, T ≥ 1 s), the hazard reduction due to both corrections, VSC-KC-DCC or DCR, has smaller impact than at shorter periods. This time, inversely to the short period case, the within-event variability effect has more impact than the within motion effect, still not small enough to be neglected. For this particular example, at long periods, the impact of the within effect (VSC-KC-DCC or DCR), implies a lower reduction effect than the single-station-sigma effect.

It is also worth mentioning that the host-to-target adjustments (VSC-KC) have only limited effects along all periods, [5%-26% impact], despite the high shear wave velocity at depth, this, mainly because of the κ correction, which "boosts" the short periods. There are some indications that this peculiar effect is deeply correlated with the current VSC-KC host-to-target approach and the underlying assumptions (stochastic modeling with Vs effects accounted through impedance effects only, possible bias in κ measurements). Other approaches using GMPEs specifically established for hard-rock sites (Laurendeau et al., 2015), would lead to larger reductions than the discused cases, in particular at short periods, suggesting that the presently used host-to-target adjustment techniques, when implemented with the existing Vs-κ corrections as proposed by Van Houtte et al., 2011, are likely to be significantly conservative.

The variability on the reference rock hazard spectra (single site sigma estimates, with or without host-to-target adjustments, outcropping or within motion), is all displayed in Fig. 21a (gray), while the hazard spectra (UHS and HS) on soil of all approaches (Level 0, Level 0.5, Level 1 and Level 2) is shown in Fig. 21a (red). Both figures highlight the large uncertainty of the median hazard estimates in both rock (gray) and soil (red). Even though the variability on rock and soil are shown together on the same plot, its important to understand that both, rock and soil variability, originates from different sources of uncertainty. While the rock variability is mostly related to the reference rock properties (shear wave velocity, kappa, outcrop or within motion), the C. ARISTIZÁBAL To better understand the method-to-method variability of soil hazard predictions, a separation between hazard spectrums calculated using linear amplification function, LAF, and nonlinear amplification function, NLAF, as well as the instrumental and numerical amplification functions, is shown in Fig. 21b. As expected, the linear approaches (magenta) predict systematically larger hazard values than those methods that consider nonlinear behavior (green). However, the use of LAF could be appropriate for low return periods in moderate to low seismic zones. Nevertheless, for high return periods or even in low return periods at high seismic zones such as the case of the Euroseistest, the LAF leads to an overestimation of the hazard, with unrealistic high levels at very long return periods.

Also from Fig. 21b, it is possible to say that at the Euroseistest the 1D numerical LAF (red line in magenta zone) underestimates the actual soil hazard, being located below both linear instrumental functions, implying that 2D/3D effects are present as suggested by other authors (Maufroy et al., 2016(Maufroy et al., , 2017)), and that can be perceived on the instrumental data but not with the simple 1D wave propagation model. To solve this issue, a 2D/3D numerical simulation could be performed to derive a more complex AF(f), or the use of 2D/3D aggravation factors (Maufroy et al., 2016(Maufroy et al., , 2017) ) could also be an option to account for the basin effect. However, it has not been considered here to avoid too many complexities.

Finally, for this application example, no extra epistemic uncertainty on the soil profile was considered even when we know that it is a significant source of uncertainty. All calculations were performed considering only mean hazard estimates and mean amplification functions. The next step consists on adding extra epistemic uncertainty on numerical estimates by considering: 2D/3D shape of the basin, shear wave velocity profile epistemic uncertainty, degradation curves variability and different wave propagation codes (e.g. SHAKE91, NOAH, among others.)

Conclusions

3.6.

Site-specific hazard calculations aim to provide improved hazard estimates at well-characterized sites. Several authors have shown that nonlinearities in site response and the associated uncertainties are important in estimating site-specific hazard (McGuire et al., 2001 andBazzurro andCornell, 2004a). However, classical PSHA does not capture properly these phenomena, and only the most recent ground-motion prediction equations (such as the NGA-West2) are able to take into account nonlinear behavior, though in a very generic and approximate way.

Several approaches are available in literature to merge site-specific estimates of site response and hazard on rock, corresponding to different complexity levels and different sources of epistemic uncertainty. The aim of this work was to illustrate the application of the various methods at one site, discuss the associated issues, and to compare their results, in order to better appreciate the gains against the required costs and efforts when performing this type of analysis. There are certainly numerous limitations in this single example of application, which prevent from drawing too general conclusions and recommendations. However, several relatively robust lessons can be drawn from the panel of results obtained at the Euroseistest.

One of the characteristics of the selected example site is the existence of a large amplification over a broad frequency range, due to a combination of several factors (the large velocity contrast at depth, the low velocity at surface, and the graben structure leading to additional "valley effects"), which leads to a site amplification significantly larger than the generic, average amplification accounted for in GMPEs. Basically, site-specific hazard estimates are thus larger than generic Level 0 estimates for low acceleration levels / short return periods, and lower at long return periods / large acceleration levels because of the impact of nonlinear effects in thick, soft sediments.

With respect to Level 0, when the panel of selected GMPEs includes both linear and nonlinear site terms, the epistemic variability of Level 0 hazard estimates on soil sites is significantly larger than the corresponding estimates on rock site. One may also highlight that recent GMPEs have very complex functional forms, and it is recommended to use already written and validated implementations. This is the case of the Openquake engine hazard tool used on this work, where several quality tests have been performed. Concerning Level 0.5, it has been found for Euroseistest that: (a) The use of twin proxies VS30 and f0 leads to higher amplification compared to the site term in the GMPEs, even when only the linear part of the site term is considered in the latter. This increased amplification is more consistent with the actual observations and measurements for the considered site, for the reasons already mentioned above. (b) The limitation of the considered SAPE to the linear domain leads to an overestimation of the site response for high rock hazard levels: critical infrastructures should be designed for large return periods (i.e., 5000 years or more), leading to ground-motion levels where nonlinearity is expected. For this reason, further research on developing SAPE, including nonlinear effects and possibly also 2D/3D (aggravation factors) is encouraged.

Site-specific approaches Levels 1 and 2 present the major advantage of allowing a reduction of the withinevent variability, which leads, at long return periods at the Euroseistest, to a significantly reduced rock hazard. However, it should be very clearly stated that performing a site-specific hazard analysis does not necessarily imply a reduction of the hazard but only of the aleatory uncertainty. The site response may indeed be significantly different, and thus in some cases larger, than the "average", "generic" effects accounted in a very simplified and crude way in GMPEs. Also, if the site-specific knowledge is severely limited, the use of singlestation sigma should be accompanied with additional epistemic uncertainty (e.g. soil profile, degradation curves, wave propagation code, 1D/2D/3D,…) which may partly or totally compensate for the reduction of the aleatory variability in terms of hazard estimates (Al Atik et al., 2014).

The linear response analysis corresponding to Level 0.5 (ϕ, SAPE), Level 1a (ϕ !! ,δS2S TST0), Level 1b (ϕ !! , Raptakis), Level 1b (ϕ !! , VSC -KC, Linear AF NOAH) leads to significantly higher spectra than the Level 0 (ϕ, Vs !" ) for this particular example. This illustrates the strong impact of soil nonlinearity (included in the AA14 GMPE) compared to the linear response, and therefore the practical interest to include soil nonlinearity in hazard estimates. However, this should be done very carefully, with the use of several independent GMPEs, or with dedicated SAPEs, to be sure that the linear part of the site response is not severely underestimated. [START_REF] Liotier | Modelisation des ondes de volume des seismes de l'arc Ageen[END_REF] of the mainshock (red) and epicenters of the largest events of the sequence (green, yellow) [START_REF] Carver | Aftershocks of the June 20, 1978, Greece earthquake: a multimode faulting sequence[END_REF] are also depicted. Dotted lines mark the Mygdonian graben and surface ruptures after the 1978 earthquake [START_REF] Mountrakis | The geotectonic regime of the 1978 Thessaloniki earthquakes[END_REF] are shown as red lines (Figure from http://euroseisdb.civil.auth.gr/geotec). (b) 3D model of the Mygdonian basin geological structure [START_REF] Manakou | 3D soil structure of the Mygdonian basin for site response analysis[END_REF]. 135 . Hazard curves at Euroseistest site for three different spectral periods (PGA, 0.2 s, 1.0 s), applying AA14 GMPE (blue for standard rock, green for hard rock -with HTT adjustments) or built from stochastic time histories on hard rock generated using SMSIM code (Vs=2600 m/s, κ0 =0.024s, Δσ=30±0.68 bars, CAF(f) from [161]). 141

Figure 8. (a)

Correction factors or ratios between synthetic accelerations and accelerations predicted by AA14 (adjusted at 2600 m/s), for a series of magnitudes at different spectral periods: median ± one standard deviation of all available ratios for a given magnitude (Mw), µ is the average of all median correction factors considering all magnitudes, and σ the corresponding standard deviation. (b) Variation of the correction factor with spectral period: average ratio ± one standard deviation estimated over all magnitudes and distances; black solid line: interpolated frequency-dependent median correction factor, dashed line: median + one standard deviation, dot-dashed: median + two standard deviations. (c) Example of an Mw=7.9 accelerogram generated using SMSIM (red) and then scaled by the interpolated median + two standard deviations correction factor (black). 142 Table 1. Material properties of the Euroseistest soil profile used on this study to perform the different site response calculations. 135
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Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences Furthermore, [START_REF] Bazzurro | Vector-valued probabilistic seismic hazard analysis (VPSHA)[END_REF][START_REF] Lee | Alternatives in evaluating soil-and rock-site seismic hazard[END_REF][8][START_REF] Tsai | Probabilistic seismic hazard analysis considering nonlinear site effect[END_REF][START_REF] Cramer | Site-specific seismic-hazard analysis that is completely probabilistic[END_REF][START_REF] Cramer | Erratum: Site-Specific Seismic-Hazard Analysis that is Completely Probabilistic[END_REF] have also published similar studies on this subject. A relevant overview with enlightening examples can be found for instance in [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] and [START_REF] Papaspiliou | An exploration of incorporating site response into PSHA-Part I: Issues related to site response analysis methods[END_REF][START_REF] Papaspiliou | An exploration of incorporating site response into PSHA-part II: Sensitivity of hazard estimates to site response approaches[END_REF]. However, research on this topic is still needed since the integration of site effects is still treated in a rather crude way in most engineering studies, as the variability associated to the non-linear behavior of soft soils and its ground-motion frequency dependence is generally neglected. For instance, the various approaches discussed in [START_REF] Aristizábal | Site-specific PSHA: Combined effects of single station sigma, host-o-target adjustments and non-linear behavior. 12 p. multigr[END_REF][START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF] correspond to hybrid (deterministic -probabilistic) approaches [START_REF] Campbell | Prediction of strong ground motion using the hybrid empirical method and its use in the development of ground-motion (attenuation) relations in eastern North America[END_REF], where the (probabilistic) uniform hazard spectrum on standard rock at a given site is simply multiplied by the linear or nonlinear median site-specific amplification function, AF(f) or AF(f,! ! ! ) respectively. The main drawback of those different hybrid-based approaches (currently the most common way to include site effects into PSHA) is that once the hazard curve on rock is multiplied with the local non-linear frequency-dependent amplification function, AF(f ,! ! ! ), the exceedance probability at the soil surface is no longer the one defined initially for the bedrock hazard. At a given frequency, the same soil surface ground motion can be reached with different reference bedrock motion (corresponding to different return periods and/or different earthquake contributions) with different non-linear site responses. [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] concluded from their studies at two different sites (clay and sand) that the hybrid-based method tends to be non-conservative at all frequencies and at all mean return periods with respect to their approximation of the fully probabilistic method (AM) discussed here.

The present research work constitutes a further step along the same direction, trying to overcome the limitation of hybrid-based approaches for strongly non-linear sites by providing a fully probabilistic description of the site-specific hazard curve. The aim of this work is to present a comparison exercise between hazard curves obtained with two different, fully probabilistic site-specific seismic hazard approaches: [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] The Analytical approximation of the full convolution method (AM) proposed by [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] and ( 2) what we call the Full Probabilistic Stochastic Method (SM). The AM computes the site-specific hazard on soil by convolving the site-specific hazard curve at the bedrock level,, ! ! ! (f), with a simplified representation of the probability distribution of the site-specific amplification function, AF(f,! ! ! ). While the SM is nothing else than the hazard curve directly derived from synthetic time histories at site surface, combining point-source stochastic time histories for bedrock inferred from a long enough earthquake catalog, coupled with non-linear site response. This comparative exercise has been implemented here for the Euroseistest site, a multidisciplinary European experimental site for integrated studies in earthquake engineering, engineering seismology, seismology and soil dynamics [START_REF] Pitilakis | The EUROSEISTEST Strong-Motion Database and Web Portal[END_REF]. To perform PSHA calculations, the area source model developed in the SHARE project is used [START_REF] Woessner | The 2013 European seismic hazard model: key components and results[END_REF].

Study Area: The Euroseistest Site 4.2.

"The Euroseistest site is a multidisciplinary European experimental site for integrated studies in earthquake engineering, engineering seismology, seismology and soil dynamics. It is the longest running valley-instrumentation project worldwide, and is located in Mygdonia valley (epicenter area of the 1978, M6.4 earthquake), about 30 km to the NE of the city of Thessaloniki in northern Greece, Figure 1a [START_REF] Liotier | Modelisation des ondes de volume des seismes de l'arc Ageen[END_REF][START_REF] Carver | Aftershocks of the June 20, 1978, Greece earthquake: a multimode faulting sequence[END_REF][START_REF] Mountrakis | The geotectonic regime of the 1978 Thessaloniki earthquakes[END_REF]. It consists of a 3D strong motion array and an instrumented SDOF structure (EuroProteas) to perform free and forced tests." [START_REF] Pitilakis | The EUROSEISTEST Strong-Motion Database and Web Portal[END_REF].

This site was selected as an appropriate site to perform this exercise, because of the availability of extensive geological, geotechnical and seismological surveys. The velocity model of the Euroseistest basin has been published by several authors [START_REF] Jongmans | EURO-SEISTEST: Determination of the geological structure of the Volvi basin and validation of the basin response[END_REF][START_REF] Raptakis | Site e f f e c t s a t E u r o s e i s t e s t -I. Determination of the valley structure and confrontation of observations with 1D analysis[END_REF][START_REF] Chávez-Garcıa | Site effects at Euroseistest-II. Results from 2D numerical modeling and comparison with observations[END_REF][START_REF] Manakou | 3D soil structure of the Mygdonian basin for site response analysis[END_REF]; varying from 1D up to 2D and 3D models (Figure 1b). These models were used to define the 1D soil column for the present exercise (Figure 2a and Table 1). Degradation curves were also available to characterize each soil layer, (Figure 2b,c) [START_REF] Pitilakis | Geotechnical And Geophysical Description Of Euro-Seistest, Using Field, Laboratory Tests And Moderate Strong Motion Recordings[END_REF], as well as local earthquake recordings to calibrate the model in the linear (weak motion) domain. For the present exercise, the cohesion was assumed to be zero in all layers (C=0 KPa).

Several studies performed at the Euroseistest, both instrumental and numerical, have consistently shown a fundamental frequency (f0) around 0.6 -0.7 Hz [START_REF] Raptakis | Site e f f e c t s a t E u r o s e i s t e s t -I. Determination of the valley structure and confrontation of observations with 1D analysis[END_REF][START_REF] Riepl | Detailed evaluation of site-response estimation methods across and along the sedimentary valley of Volvi (EURO-SEISTEST)[END_REF][START_REF] Maufroy | Earthquake ground motion in the Mygdonian basin, Greece: the E2VP verification and validation of 3D numerical simulation up to 4 Hz[END_REF][START_REF] Maufroy | 3D numerical simulation and ground motion prediction: Verification, validation and beyond-Lessons from the E2VP project[END_REF][START_REF] Maufroy | Source-Related Variability of Site Response in the Mygdonian Basin (Greece) from Accelerometric Recordings and 3D Numerical Simulations[END_REF] with an average shear wave velocity over the top 30 meters (VS30) around ±186 m/s. The 1D simulations performed in this study are based on the parameters listed in Table 1, which have been shown to be consistent

Methods

4.3.

The methods followed in this work correspond to two different, fully probabilistic procedures to account for highly non-linear soil response in PSHA, a Full Probabilistic Stochastic Method (SM) developed for the present work, and the Analytical approximation of the full convolution method (AM).

For both approaches, the first step was to derive the hazard curve for the specific bedrock properties of the considered site. As shown in Figure 2a and Table 1, this bedrock is characterized by a high S-wave velocity (2600 m/s), and is therefore much harder than "standard rock" conditions corresponding to VS30 = 800 m/s. Hence, host-to-target adjustments of the GMPE are required [START_REF] Cotton | Criteria for selecting and adjusting ground-motion models for specific target regions: Application to central Europe and rock sites[END_REF][START_REF] Van Houtte | Analysis of the origins of κ (kappa) to compute hard rock to rock adjustment factors for GMPEs[END_REF][START_REF] Delavaud | Testing the global applicability of ground-motion prediction equations for active shallow crustal regions[END_REF][START_REF] Biro | Importance and impact of host-to-target conversions for ground motion prediction equations in PSHA[END_REF] to account for the larger shear wave velocity and the different high-frequency attenuation of the reference rock better known as Vs-kappa effect [START_REF] Anderson | A model for the shape of the Fourier amplitude spectrum of acceleration at high frequencies[END_REF]. For sake of simplicity in the present exercise, the hazard curve has been derived with only one ground-motion prediction equation better known as GMPE (Akkar et al., 2014) (AA14) [START_REF] Akkar | Empirical ground-motion models for point-and extended-source crustal earthquake scenarios in Europe and the Middle East[END_REF], which is satisfactorily representative of the mean hazard curve on rock obtained with seven other GMPEs deemed relevant for the European area (see [START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF]). For sake of simplicity also, the host-to-target adjustments have been performed on the basis of simple velocity adjustments calibrated on KiKnet data using Laurendeau et al., 2107 GMPE [38].

For the SM approach, the next step consists in generating a synthetic earthquake catalog sampling the earthquake recurrence model. The area source model developed in SHARE [START_REF] Woessner | The 2013 European seismic hazard model: key components and results[END_REF] is sampled with the Monte Carlo method to generate the earthquake catalog (OpenQuake engine, Stochastic Event Set Calculator tool, [START_REF] Pagani | OpenQuake engine: an open hazard (and risk) software for the global earthquake model[END_REF]). The Boore (2003) Stochastic Method [START_REF] Boore | Simulation of ground motion using the stochastic method[END_REF][START_REF] Boore | SMSIM: Fortran programs for simulating ground motions from earthquakes: Version 2[END_REF]) is then applied to generate synthetic time histories at the bedrock site corresponding to all earthquakes in the catalog. Some specific adjustments and corrections were required to obtain ground motions compatible with the ground-motion model (AA14) used in the classical PSHA calculation. This step, which is not trivial, is described in detail in the results section. The hard rock corrected and scaled time histories are then propagated from depth to surface using two different 1D non-linear site response codes.

One set of time histories on soil is generated based on the SHAKE91 linear-equivalent (EL) code [START_REF] Schnabel | SHAKE a computer program for earthquake response analysis of horizontally layered sites[END_REF][START_REF] Idriss | User's manual for SHAKE91: a computer program for conducting equivalent linear seismic response analyses of horizontally layered soil deposits[END_REF][START_REF] Schnabel | SHAKE-91: equivalent linear seismic response analysis of horizontally layered soil deposits, the earthquake engineering online archive NISEE e-library[END_REF], while the second set was derived using the NOAH [START_REF] Bonilla | NOAH: users manual[END_REF] fully non-linear code (NL). Both codes were used with the objective of incorporating somehow the code-to-code variability, which has been shown in all recent benchmarking exercises to be very important [START_REF] Régnier | International benchmark on numerical simulations for 1D, non-linear site response (PRENOLIN): verification phase based o n canonical cases[END_REF][START_REF] Régnier | PRENOLIN: International Benchmark on 1D Nonlinear Site-Response Analysis-Validation Phase Exercise[END_REF]. The final step in the SM method consists in deriving the site-specific hazard curve by simply calculating the annual rate of exceedance from the set of surface synthetic time series.

The AM approach as proposed by [2] requires a description of the amplification function AF(f, ! ! ! ) -whatever the used site response code -with a piecewise linear function, together with an appropriate lognormal distribution accounting for its variability as a function of input ground motion. The large number of synthetic time histories at site surface were used to derive the piecewise linear function of the AM (AF(f) Vs. ! ! ! (f)). The bedrock hazard curve (including host-to-target adjustments) is then convolved analytically with the simplified amplification function following [2], to obtain an estimate of the site surface hazard curve, to be compared with the SM estimate.

Results for Hard Rock Hazard 4.4.

The site-specific soil hazard estimates at the Euroseistest using the two different fully probabilistic methods are presented below, with step-by-step explanations of the hypotheses considered and obtained results.

Rock Target Hazard

The first step consists in defining the target hazard on standard rock at the Euroseistest, to be able to generate a set of consistent synthetic time histories. Following the methodology described in [START_REF] Aristizábal | Site-specific PSHA: Combined effects of single station sigma, host-o-target adjustments and non-linear behavior. 12 p. multigr[END_REF][START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF], the hazard curve calculated using the AA14 GMPE was selected as the target hazard curve for EC8 standard rock (VS30 = 800 m/s) for this exercise. Figure 3 displays the AA14 hazard curves at three different spectral periods (PGA, 0.2 s and 1.0 s, respectively) using 5% spectral damping ratio Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences (ξ=5%). The hazard is calculated using the area source model developed in the European SHARE project [START_REF] Woessner | The 2013 European seismic hazard model: key components and results[END_REF] (xml input files available on the efher.org website) and the Openquake Engine [START_REF] Pagani | OpenQuake engine: an open hazard (and risk) software for the global earthquake model[END_REF][START_REF] Gem | The OpenQuake-engine User Manual[END_REF]. 

Host-to-target Adjustments

As presented in more detail in [START_REF] Mountrakis | The geotectonic regime of the 1978 Thessaloniki earthquakes[END_REF][START_REF] Jongmans | EURO-SEISTEST: Determination of the geological structure of the Volvi basin and validation of the basin response[END_REF], the bedrock beneath the Euroseistest basin (~196 m depth) has a shear wave velocity of about 2600 m/s, much larger than the validity range of most GMPEs. It is therefore mandatory to perform what is known in literature as "host-to-target adjustment" corrections (HTTA [START_REF] Cotton | Criteria for selecting and adjusting ground-motion models for specific target regions: Application to central Europe and rock sites[END_REF][START_REF] Van Houtte | Analysis of the origins of κ (kappa) to compute hard rock to rock adjustment factors for GMPEs[END_REF][START_REF] Delavaud | Testing the global applicability of ground-motion prediction equations for active shallow crustal regions[END_REF][START_REF] Biro | Importance and impact of host-to-target conversions for ground motion prediction equations in PSHA[END_REF]). As discussed in [START_REF] Aristizábal | Site-specific PSHA: Combined effects of single station sigma, host-o-target adjustments and non-linear behavior. 12 p. multigr[END_REF][START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF], the high level of complexity and uncertainty associated to the current HTTA procedures [START_REF] Laurendeau | Derivation of consistent hard rock (1000< VS< 3000 m/s) GMPEs from surface and down-hole recordings: analysis of KiK-net data[END_REF][START_REF] Ktenidou | Empirical estimation of high-frequency ground motion on hard rock[END_REF][START_REF] Kottke | VS30-k0 relationship implied by ground motion models?[END_REF][START_REF] Al Atik | Kappa (κ) scaling of ground-motion prediction equations using an inverse random vibration theory approach[END_REF], have motivated us to use here another, simpler and straightforward, way to account for the Vs-kappa effect from based on a rock to hard rock correction for probabilistic seismic hazard purposes.

This simpler way is based on the work by Laurendeau et al., 2017 (LA17) [START_REF] Laurendeau | Derivation of consistent hard rock (1000< VS< 3000 m/s) GMPEs from surface and down-hole recordings: analysis of KiK-net data[END_REF], who proposed a new rock GMPE that is valid for surface velocities ranging from 500 m/s to 3000 m/s, and derived on the basis of the Japanese KiK-net dataset [START_REF] Okada | Recent progress of seismic observation networks in Japan-Hi-net, F-net, K-NET and KiK-net[END_REF]. This GMPE present the advantage to rely only on the value of rock velocity, without requiring the κ0 values either for the host region nor for the target site, but the kappa effect has been intrinsically included since the HTT factors have been derived using a GMPE calibrated with real data. It provides rather robust predictions of rock motion whatever the approach used for their derivation: deconvolution of surface recordings to outcropping bedrock with the known 1D profile, or correction of down-hole recordings, see [START_REF] Laurendeau | Derivation of consistent hard rock (1000< VS< 3000 m/s) GMPEs from surface and down-hole recordings: analysis of KiK-net data[END_REF] for the corresponding discussion.

The LA17 GMPE is based on a combined dataset including surface recordings from stiff sites and hard rock motion estimated through deconvolution of the same recordings by the corresponding 1D linear site response. The site term in the proposed (simple) GMPE equation is given by a simple dependence on rock s-wave velocity value VS30 in the form of the site term of LA17, S1(T). ln(VS30/1000), where S1 is tuned from actual recordings for each spectral oscillator period (T). The HTT adjustment factor can thus be computed as follows in Eq. ( 1 ):
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( 1 ) Since the site terms in LA17, for such hard and standard rock, do not include any non-linearity, the resulting HTT adjustment factors are ground-motion independent, and thus return period (Tr) independent. The correction procedure consists simply in computing the hazard curves for standard rock (Vs=800 m/s) for the AA14 GMPE, and then corrects them with the so defined, frequency-dependent LA17 HTTA factor. The values listed in Table 2 indicate that hard rock motion is systematically smaller than the standard rock motion at all spectral periods, with larger reduction factors at short periods. Of course, these corrections are in principle valid only for Japanese rock sites, but on the other hand most of HTTA methods are implicitly based on typical US-California velocity rock profiles, and there is no obvious reason why such US profiles would be Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences more acceptable for Europe than Japanese results. Ultimately, the hard-rock hazard curve is then derived by simply scaling the AA14 hazard curve with the HTTA factors for each period (Figure 4). One might wonder why scaling AA14 curve instead of using directly LA17 in the calculations. The main reason was that AA14 (Vs=800 m/s) provides a good approximation to the mean hazard estimate at the Euroseistest on standard rock from seven explored GMPES [START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF]), while the estimates with LA17 (Vs=800 m/s) is located outside the uncertainty range of the same selected representative GMPEs.

Table 2. Host-to-target adjustments factors derived using LA17 hazard curves from a standard rock (VS30=800 m/s) to the Euroseistest hard rock (VS30=2600 m/s). This is probably due to the very simple functional form used in LA17, and to the fact it is elaborated only from Japanese data. Its main interest however is to provide a rock adjustment factor calibrated on actual data from a large number of rock and hard rock sites, without any assumptions regarding non-measured parameters such as κ0. Once the approach proposed here and initially based in LA17 is tested on other data sets, the corresponding results can be used to provide alternative scaling factors between hard rock and standard rock.

Spectral

Synthetic Earthquake Catalog

Once defined the target hazard on hard rock, we proceed to generate a long enough seismic catalog to build synthetic hazard curves both on rock and soil at the selected Euroseistest site. The earthquake catalog is obtained by sampling the area source model of SHARE. To handle a reasonable amount of events, only the sources contributing to the hazard must be sampled. To identify which area sources contribute to the hazard at t h e E u r o s e i s t e s t s i t e , t h e i n d i v i d u a l contributions from the crustal sources in the neighborhood o f t h e s i t e w e r e c a l c u l a t e d . T h e individual hazard curves corresponding to each source were compared to the total hazard curve using all sources, showing that the area source enclosing the Euroseistest site (GRAS390) fully controls the hazard at all considered periods, so that we can neglect the other sources in our calculations.

The stochastic earthquake catalog was generated by sampling the magnitude-frequency distribution (truncated Gutenberg-Richter model) of the area source zone , and earthquakes are distributed homogeneously within the area source zone. For this purpose we use the Stochastic Event Set Calculator tool from the Openquake Engine [START_REF] Pagani | OpenQuake engine: an open hazard (and risk) software for the global earthquake model[END_REF][START_REF] Gem | The OpenQuake-engine User Manual[END_REF]. The generated catalog must be long enough to estimate correctly the hazard for the return period of interest, 5,000 years (equivalent to a Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences mentioned above, as performed recently for instance by [START_REF] Zandieh | An Equivalent Point-Source Stochastic Simulation of the NGA-West2 Ground-Motion Prediction Equations[END_REF]. Hence, we opt for a much faster, easier and entirely pragmatic scaling technique as described below. First we calculated the mean? accelerations predicted by AA14 (VS30=800 m/s), for the magnitude set Mw= [4.7 5.3 5.9 6.5 7.1 7.3] and distances Dhyp= [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF][START_REF] Bazzurro | Three proposals for characterizing MDOF nonlinear seismic response[END_REF][START_REF] Cramer | Site-specific seismic-hazard analysis that is completely probabilistic[END_REF][START_REF] Liotier | Modelisation des ondes de volume des seismes de l'arc Ageen[END_REF][START_REF] Ktenidou | Empirical estimation of high-frequency ground motion on hard rock[END_REF]75,100,150] km at a series of spectral periods T=[0.01, 0.05, 0.2, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0] s. These predictions were then modified using the site term of the LA17 GMPE to derive the expected motion for a hard rock with Vs = 2600 m/s (see HTT section, Eq. ( 2)). Then, for each event (Mw, Dhyp), we calculate the ratios between the synthetic spectral acceleration and the corrected AA14 acceleration (vs=2600 m/s). The ratios obtained for different spectral periods are displayed in Figure 8a. The error bar represents the median ± one standard deviation calculated over all ratios available for a given magnitude. The variability comes from the inconsistency between the distance term in the AA14 GMPE and its equivalent contribution in the SMSIM approach (i.e., the combination of the geometrical spreading term and the crustal / site attenuation terms).

AA14 (vs = 2600 m/s) = AA14 (vs = 800 m/s) • HTT(T).

(

) 2 
The horizontal black lines in Figure 8a represent the average correction factors when all magnitudes and distances are considered and the associated standard deviation (dashed lines). These values are displayed in Figure 8b as a function of the spectral period, showing that the largest correction corresponds to rather long periods (around 2 s), suggesting that part of this discrepancy could be due to the fact that only point sources were considered. Indeed, the correction factors in Figure 8a increase with magnitude, which suggests that the use of a code considering extended source should be preferred. Figure 8b also displays the values of the median correction factor + one and two standard deviations, and their interpolation from period to period to derive a continuous, period-dependent average correction factor, required to scale the generated stochastic time histories to match the target hazard at all spectral periods. The ratios between the target AA14 accelerations (2600 m/s) and the scaled stochastic accelerations, interpolated for a series of annual exceedance rates, are shown in Figure 10. The best agreement is obtained by applying the CF+2σ scaling factor; the resulting ratio is close to 1.0 for most annual rates of exceedance (and especially the smallest) at the three displayed spectral periods. It is important to mention that the CF+2σ correction factor is a pragmatic non-physical parameter that we used to scale the accelerograms in order to fit a certain target hazard level. The best fit is obtained using the scaling factor CF+2σ at all spectral periods.

Figure 11 displays the synthetic acceleration values before and after the scaling process (Figure 11a and Figure 11b respectively) for all Mw 4.7 events in the catalog at different hypocentral distances. A scaling factor at +2σ was necessary because we used an average value calculated over all magnitudes and distances (Figure 8b), although large magnitudes required much larger scaling factors than small magnitudes (Figure 8a). As mentioned before, this correction is only a pragmatic way of scaling accelerograms and does not rely on a physics-based scaling strategy. Nonetheless, it does provide a very good fit between the stochastic hazard curves and the target hazard curves at all spectral periods, and it maintains the original variability of the accelerograms. Future applications should improve this step to find a more physics-based optimal fitting (such as higher, possibly magnitude-dependent, stress drops, frequency-dependent geometrical spreading and crustal quality factor). Results for Soft Soil Hazard 4.5.

Synthetic Time Histories on Soil

Based on the (CF+2σ) scaled synthetic time histories on hard rock, we can now generate the corresponding time histories on soil by performing a 1D equivalent linear (EL, SHAKE91) and 1D non-linear (NL, NOAH, Nonlinear Anelastic Hysteretic Finite Difference code [START_REF] Bonilla | NOAH: users manual[END_REF]) site response analysis.

The soil profile (Table 1) and the degradation curves for all layers (Figure 2b,c) were used to perform the 1D site response calculations. SHAKE91 requires only degradation curves, while NOAH requires the maximum stresses, related to the cohesion, friction angle φ and the coefficient of earth at rest K0. For the present exercise, the cohesion was assumed to be zero in all layers.

It is important to highlight that the (CF+2σ) scaled synthetic time histories on hard rock are compatible with the AA14 (vs=2600 m/s) predictions at the surface, therefore special care needs to be made on the way they are inserted into the site response programs. Either the user opts for removing manually the free-field impedance contrast effect (approx. ~2.0), or he specifies inside the wave propagation code whether the input motion corresponds to an incident wave field or a free surface wave field.

Focus on Nonlinear Ground Motion Saturation

An interesting way to analyze the surface synthetics is to compare the spectral acceleration on soil, with respect to the corresponding input motion on rock. Figure 12a shows the results at three spectral periods (PGA, 0.2 s and 1.0 s) for the SHAKE91 computations and Figure 12b for the NOAH computations.

In both cases, the soil presents significant nonlinear behavior even at weak/intermediate motion levels (0.01g -0.1g), and de-amplification is observed on soil with respect to the rock motion at ground motion levels around 0.1g-0.3g. Moreover, a saturation level of the acceleration is always reached in both soil cases (SHAKE91 and NOAH) and at all spectral periods. The point where the saturation limit is reached depends strongly on the spectral period (at least for this example), and less on the propagation code used for the site response analysis. The saturation limit appears faster at high frequency than at low frequency for both codes. These results also indicate a larger variability of the data for a given rock input level when using SHAKE91 compared to the NOAH results. Using SHAKE91, the dispersion of calculated accelerations increases with the spectral period (this is not the case using NOAH). 

Ground Motion Variability

It is also of interest, to better comprehend what happens with the ground motion variability after performing the 1D site response analysis with the two selected codes. For this purpose, we compared the probability density function (PDF) of the ground motion acceleration (PGA) on hard rock at depth with respect to the PDF on soil, for different magnitude and distance ranges (Figure 13).
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To build the stochastic hazard curves we calculate the annual rate of exceedance of a given ground motion levels (X), for a given spectral period, as follows:

! ! ≥ ! = ! !"!#$% (! ≥ !) !"#"$%&'( !"#$ !"#$%& ( 3 )

SM Results for Hard Rock

The stochastic hazard curve on hard rock, HC(f), is thus built from the annual rate of exceedance of the scaled synthetic time histories set as expressed in Eq. ( 3) for three different spectral periods (PGA, 0.2 s and 1.0 s), Figure 14 (black).

SM Results for Soft Soil using SHAKE91

Similarly, we calculate the hazard curves on soil at the site for different spectral periods, using the synthetic time histories on soil obtained with the SHAKE91 [START_REF] Schnabel | SHAKE a computer program for earthquake response analysis of horizontally layered sites[END_REF][START_REF] Idriss | User's manual for SHAKE91: a computer program for conducting equivalent linear seismic response analyses of horizontally layered soil deposits[END_REF][START_REF] Schnabel | SHAKE-91: equivalent linear seismic response analysis of horizontally layered soil deposits, the earthquake engineering online archive NISEE e-library[END_REF] equivalent linear site response analysis code. The results displayed in Figure 14 exhibit two characteristic features compared to their rock equivalent. For all spectral periods, the soil hazard curves exhibit a much larger convexity than for the rock hazard curves: this is related to the non-linear behavior of soil, which saturates the ground motion for the upper acceleration range at long return periods. This is also true for the longest spectral period considered here (1.0 s), because it corresponds to a shorter period than the site fundamental period (around ~1.5 s), and therefore it is affected by the non-linear behavior over the whole soil column.

SM Results for Soft Soil using NOAH

Lastly, we calculate the hazard curves on soil at the site based on the synthetics obtained with NOAH (see section 5.1). Results displayed in Figure 14, exhibit the same overall features than the SHAKE91 results: a pronounced convexity related with the existence of an upper bound for the surface ground motion due to the non-linear behavior. As the saturation is better accounted for in fully NL codes than in equivalent linear approaches, the hazard curve predicted using NOAH is saturated at acceleration levels lower than in the SHAKE91 case. 

Analytical Approximation of the Full Convolution Method (AM)

In order to calculate a fully probabilistic hazard curve on soil at the surface (or at any desired depth), [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] proposed three different approaches to calculate hazard on soil, consisting in the convolution of the site-specific hazard curve at the bedrock level with simple to more complex descriptions of the site amplification function. These approaches provide more precise surface ground-motion hazard estimates than those found by means of standard GMPEs for generic soil conditions. These three different methods are: • Full Convolution of the reference rock hazard curve with the NL amplification function AF(f; ! ! ! ) and its variability.

• PSHA with a Site-Specific GMPE (i.e., with the generic site term of the original GMPE being replaced by a site-specific term, S, derived form the site-specific amplification functions AF(f; ! ! ! ), and the original aleatory variability being also modified to account for the actual variability in the site-specific amplification function.

•

Analytical Estimate of the soil hazard convolving the probabilistic rock hazard curve with a statistical description of the non-linear site response and its variability.

In the present comparison work, we decided to use only one of these 3 approaches, the last one, which is also the simplest one to implement. The "Analytical Estimate of the Soil Hazard" method (AM), provides a simple, closed-form solution that appropriately modifies the hazard results at the rock level to obtain the hazard curve on soil. Under several assumptions, discussed in their paper, [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] stated that the acceleration on soil ! ! ! (!) can be predicted from the acceleration on rock ! ! ! ! as follows:

ln (! ! ! ! ) = C ! + (C ! + 1)ln (! ! ! ! ) ( 4 ) 
The amplification function is :

!"(!) = ! ! ! (!) ! ! ! (!)
, ( 5) Equation 4simply corresponds to a log-linear dependence of the amplification factor AF(f) in Eq. ( 5) and the loading level ! ! ! (f) in the form ln(AF(f)) = C0 + C1 ln(! ! ! (f)), with a variability described by a standard deviation σln(AF(f)), as in Figure 15.

They also assumed that the rock hazard curve !"(! ! ! (!)) may be locally described with a power law dependence on the spectral acceleration as follows :

!" ! ! ! (!) = ! ! • ! !,! ! !! ! ( 6 ) 
By convolving the rock hazard curve with the lognormal distribution of the site amplification factor and its linear dependence on the loading level, they could then derive a closed-form expression for the hazard curve at soil site as follows:

HC(! ! ! ! ) = HC(! ! ! ! ) • ! ! ! ! ! ! ! ! (! ! !!) ! , ( 7 ) 
Where σ stands for a simplified writing of σln(AF(f)), and ! ! ! (f) is related to the ! ! ! (f) level through the corresponding median amplification curve AF(f; ! ! ! (f)). In case an uncertainty can be associated to the rock hazard curve, the resulting uncertainty in the soil site hazard curve may be written as proposed by [2] for the site-specific GMPE:

! !!" ! ! (!) ≈ (!1 + 1) ! ⋅ ! !"! ! ! ! ! + ! !"#$ (!) ! ( 8 ) 
The first step in the proposed procedure consists in calculating the amplification factors on the response spectra domain !"(!) for all input motions and for each site response approach (SHAKE91 and NOAH), and then to fit piecewise linear regressions to obtain the values of the coefficients C0 and C1, together with the associated variability σln(AF(f)). The results are illustrated in Figure 15 for the two site-response codes (Figure 15a for SHAKE91, and The regression coefficients are listed in Table 3 together with their standard deviations. The hazard curves on soil can now be estimated according to Eq. [START_REF] Lee | Alternatives in evaluating soil-and rock-site seismic hazard[END_REF].

It is worth discussing the limitations of this simplified analytical method (AM), as already acknowledged by [2]. The functional form provided in Eq. ( 7) presents instabilities when the argument of the exponential is too large, i.e. when C1 is close to -1, and/or when the variability of the amplification factor (σ) is large. Such a situation occurs at Euroseistest for high acceleration levels (green lines in Figure 15a,b). It is also interesting to notice that non-linear behavior is observed even at relatively large spectral periods (1.0 s), and low input acceleration levels (blue regression lines in Figure 15a,b). The explanation for such non-linear behavior can be explained by the soil non-linear response even at small strain levels and the recently proposed magnitude dependence of the response spectral amplification, which may manifest as apparent soil non-linearity at low strain [START_REF] Stafford | Scenario Dependence of Linear Site-Effect Factors for Short-Period Response Spectral OrdinatesScenario Dependence of Linear Site-Effect Factors for Short-Period Response Spectral Ordinates[END_REF].

The hazard curves obtained are presented in Figure 16a (SHAKE91) Figure 16b (NOAH). In most cases (all except at PGA level in Figure 16b), for both site response models, the nonlinearity is so important that the AM approach is not even capable to provide results at the most common 475 years return period, since C1 tends to -1.0 where Eq. ( 7) diverges. . This limitation is one of the main drawbacks of the AM method, which cannot be used in case of strong non-linearity. Also, as We consider that the differences related to the number of accelerograms choice between [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]2] work and this study, might be associated to the following reasons:

1) the authors calculated the reference median ln(AF) based on 78 records only along all acceleration levels, while in our case we have more than ~21,800, with more than 78 events per selected bin (the color changes on Figure 18 and Figure 19 represent the different bins);

2) since both studies are site-specific studies, it is very likely that the minimum number of records to estimate the mean of ln(AF) with a given accuracy is expected to be different. However, we found that in our case, the expression in Eq. ( 9) is insufficient and under conservative. Such differences cannot be explained by differences in the accelerograms, since in their study the authors considered records with magnitudes and distances between Mw= [5.0-7.4] and Dhyp=[0.1-142] km, while we explore magnitudes and distances between Mw= [4.7 -7.9] and Dhyp= .

With respect to the robustness of the standard deviation of AF(f, ! ! ! ), nothing was said by the authors. We decided to explore the behavior of the standard deviation considering 30, 50 and then whole set of accelerograms. Figure 18 and Figure 19, displays the amplification factor, AF(f, ! ! ! ), (top) and its standard deviation (bottom), versus the input hazard on hard rock, ! ! ! (f), using SHAKE91 and NOAH results respectively. The mean standard deviation as a function of the input hazard on hard rock, ! ! ! (f), does not vary significantly when increasing the number of accelerograms, for both SHAKE91 and NOAH results. The apparent larger variation at high input acceleration levels is due to the lack of data on such acceleration levels. Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences observed for all explored return periods. This is simply because this 1s period is close to (slightly shorter) the fundamental period of the site (~1.5 s), where the corresponding linear amplification is larger (close to a factor of 10) and is not reduced enough by the non-linearity for the loading levels corresponding to the longest return periods.

Concerning the ground motion variability analysis, the standard deviation of the ground motion on soil, σln(Sas), remains in both cases (SHAKE91 and NOAH) of the same order of magnitude at low ground motion levels (Figure 13a), and its larger for SHAKE91 than for NOAH at strong ground motion levels (Figure 13c). This can be partially explained by the larger variability of the AF(f) using SHAKE than NOAH (Figure 15, Table 3, !(!")). Additionally, our results are in qualitative agreement with observations from real recordings on soil and rock [START_REF] Abrahamson | Variations of ground motions across individual sites[END_REF][START_REF] Toro | Model of strong ground motions from earthquakes in central and eastern North America: best estimates and u n c e r t a i n t i e s . S e i s m o l o g i c a l[END_REF], where the standard deviation on soil, σln(Sas), is smaller than the standard deviation on rock, σln(Sar), for all ground motion levels. Currently, this phenomenon is presumed to be due to nonlinearity of the soil response during severe shaking [2] and also the effect of a lower damping at low strain levels on rock that makes the ground more sensitive to the input motion.

For validation purposes of our numerical models, we compared the numerical predictions with current available data at the site. Figure 21 plots the soil spectral acceleration, Sa Soil(f), as a function of the corresponding input spectral acceleration on rock, Sa Rock(f), for both, the equivalent linear (SHAKE91, red) and nonlinear (NOAH, green) site response codes together with the instrumental observations from different events reported in the Euroseistest database [START_REF] Pitilakis | The EUROSEISTEST Strong-Motion Database and Web Portal[END_REF] (yellow). The same amount of earthquakes were used at the three different spectral periods, nevertheless, as only accelerations above 0.001g are displayed on this plot, this is the reason why the number of yellow points varies from figure to figure. From visual inspection, the two models are compatible with actual observations at low/intermediate ground motion levels, and we can thus expect that the actual hazard curve of the site to be comprised between the two proposed hazard models, since most of the data is located within the two model dispersion, and follows similar shape. SHAKE91 might be thought slightly better to predict site surface motion for low ground motion levels [Sa < 0.01g], while NOAH could be thought slightly more accurate for intermediate ground motion levels [0.01g ≤ Sa ≤ 0.1g]. No conclusion however can be drawn related to which model performs better at higher acceleration levels [0.1g ≤ Sa ≤ 0.1g] because of the lack of instrumental data for very strong motion.

Related to the real data variability, it seems that the synthetic time histories and site response computations of both models (SHAKE91 and NOAH) somewhat u n d e r e s t i m a t e t h e a c t u a l variability, since some of the yellow points are located outside the scatter range of both cases.

Conclusions

4.7.

We found remarkable consistency between the two methods explored, the analytical approximation of the full convolution method (AM) and a fully probabilistic method relying on stochastic simulations (Full probabilistic stochastic method, SM) at least for the return periods that were able to calculate before reaching the indetermination of the AM. Two different propagation Geosciences 2017, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences codes were used to calculate the time histories on soil at the surface, EL-SHAKE91 and NL-NOAH. In this case study example, the code-to-code variability (SHAKE91 and NOAH) is found to control the uncertainty in terms of hazard estimates, rather than the method-to-method variability (AM and SM). It must be emphasized however that the numerical limitation of the AM approach for strongly non-linear sites prevents from retrieving the surface site hazard curve for intermediate and long return periods at the Euroseistest because the AM reaches a numerical limitation when C1~-1.0. The SM does not present this numerical limitation, and the hazard curve on soil could be derived even at long return periods, yet, with a much higher computational price.

Concerning the ground motion variability on soil with respect to rock, we found that the soil variability obtained as a result after preforming the propagation is smaller on soil than on rock, this, in qualitative agreement with observations from real recordings on soil and rock [START_REF] Abrahamson | Variations of ground motions across individual sites[END_REF][START_REF] Toro | Model of strong ground motions from earthquakes in central and eastern North America: best estimates and u n c e r t a i n t i e s . S e i s m o l o g i c a l[END_REF]. Currently, this phenomenon is presumed to be due to nonlinearity of the soil response during severe shaking [2]. We also found that the expression describing the required amount of records proposed by [2] falls rather short in our case, being insufficient and under conservative, especially for capturing the whole variability of the site response. For this particular example, we needed records per acceleration bin, to predict the AF(f) within a 10% error margin with respect to full stochastic sample, for both propagation codes and at the three studies spectral periods (PGA, 0.2 s and 1.0 s).

By comparing the two models with real in-situ data, we observed that the two site response models (EL and NL) are consistent with the few available recordings at the Euroseistest, in terms both of median values and event-to-event variability. One can thus expect that the actual hazard curve of the site falls in the range provided by the two proposed hazard models, at least at the low/intermediate ground motion range, since most of the in-situ data is located within their dispersion. Also based on the available data, SHAKE91 may be thought slightly better to predict lower ground motion levels on soil [Sa < 0.01g], while NOAH would be preferable for ground motion levels between [0.01g ≤ Sa ≤ 0.1g]. However more data might be needed to validate this observation. No conclusion can be made at high acceleration level [0.01g ≤ Sa ≤ 0.1g], since no real data is available to calibrate the model in this range.

We believe that the selection of the synthetic time histories and the scaling procedure that we followed here might raise several questions related to the 'true ground motion' at the Euroseistest. However, the selection of the input time histories on rock is not relevant to this study, and will not impact the conclusions that we addressed here. Nevertheless, we highlight that the selection of accelerograms compatible to a given GMPE is still a state of the art problem and needs to be better address in the future. Recent works such as those proposed by [START_REF] Zandieh | An Equivalent Point-Source Stochastic Simulation of the NGA-West2 Ground-Motion Prediction Equations[END_REF][START_REF] Hassani | Adjustable Generic Ground-Motion Prediction Equation Based on Equivalent Point-Source Simulations: Accounting for Kappa Effects[END_REF] might provide a more physical approach for this purpose than the one proposed here.

Finally, we encourage the use of ground motion simulations calibrated with real data to integrate site effects into PSHA, since models with different levels of complexity can be included (e.g. point source, extended source, 1D, 2D and 3D site response analysis, kappa, hard rock…), and the corresponding variability of the site response can be quantified. In most practical cases, this is presently not possible with real data because of their scarcity at high acceleration levels.

Conclusions and Perspectives

Probabilistic Seismic Hazard Assessment, best known as "PSHA", has become the preferred methodology around the world to predict seismic hazard by treating in a quantitative way a much variable phenomenon, involving several components (such as the earthquake occurrence and the expected ground motion) which include a high level of epistemic uncertainties and random variability. Such is the popularity that this methodology has acquired, that country scale and even continental scale projects, (e.g. SHARE European project) have been funded by relevant institutions to better predict future ground motions and the expected life and economic losses together with their social impacts. Today, there is a complete community (e.g. seismologists, engineers, risk catastrophe modelers, among others) dedicated almost exclusively to the investigation and improvement of probabilistic hazard and risk models.

Currently almost every country with a seismic design code includes an official national hazard map of expected ground motion for seismic design purposes that has been developed using this methodology. Also, the vast majority of new critical facilities are currently asked to consider PSHA hazard analysis to define its design hazard levels, while older ones are more and more often asked to update their hazard estimates and evaluate the associated safety margins. Countries with more modern seismic hazard models (e.g. EFEHR for Europe and middle East, USGS for the USA) currently count with public, sometimes official webpages, where site-specific hazard curves, uniform hazard spectra, hazard disaggregation, among many other outputs are completely free and available to download, just one click away from the user.

Still, most (no to say all) official hazard maps in seismic provisions have been derived for "standard rock" conditions (V S30 =800 m/s), a premise undoubtedly very distant from real local site conditions. In some places (e.g. Japan, Europe, USA, Canada), official seismic hazard maps have been developed with sophisticated logic trees, capable to consider in a very complex way the variability of the phenomenon, and its related uncertainty. There are models that have been derived considering thousands of branches with epistemic uncertainty, countless hours of calculations and with experts from all over the world. In short, these models are excellent efforts in better predicting expected seismic hazard levels for a certain period of time. Nevertheless, they provide state-of-the-art hazard estimates only for standard rock sites. However, it is widely recognized by the scientific and engineering communities that the surface soil conditions and local geometry of the subsoil structure have a large impact on ground motion at a given site, through various physical phenomena usually referred under the collective designation of "local site effects". And in spite the fact that site effects are a key issue for a reliable seismic hazard assessment, in most PSHA studies the effects of local soil deposits at the site is often taken into account in a relatively crude way, with less rigor than it should deserve given their potential critical impact (Bazurro and Cornell, 2004b). Current ways of including soil site effects into probabilistic hazard estimates can lead to either underestimations (e.g. resonance effects are ignored) or over-estimations (e.g. nonlinear effects are ignored). Therefore, designed facilities (standard or critical) neglecting local site effects within the framework of PSHA may thus have unknown safety margins, with the possibility of underdesign.

As we mentioned along this work, the most consistent way to consider site effects for seismic design of structures in the future, should be by providing accurate, probabilistic sitespecific hazard assessment for a given site or seismic hazard maps on soil, rather than by a post-processing of seismic hazard outputs for standard rock (V S30 =800 m/s), through deterministic modifications by simple "site factors", as it is currently done in most seismic codes. The biggest challenge yet, is that the derivation of reliable site-specific hazard estimates requires an important amount of a priori information related to the soil properties and the subsurface geometry, which is presently only rarely available for most sites. However, this main current limitation does not prevent from focusing the efforts toward this direction, since there exist several well-instrumented sites, such as the Euroseistest, to investigate the feasibility, main advantages and weaknesses of the currently available techniques, and to propose improvements or new approaches. In such a way that when site information is available, we can move forward with well justified site-specific studies and define where efforts should be focused for instrumentation and/or geophysical or geotechnical measurements.

For all the mentioned reasons, the main purpose of this research work was to provide recommendations on how to integrate site effects into PSHA by exploring several, distinct approaches presently available in literature. We applied different methodologies involving the simultaneous consideration of various components such as site-specific characterization, single-station-sigma, host-to-target adjustments and nonlinear behavior of a soil column. We also proposed a new, essentially numerical approach based on the coupling of stochastic and non-linear simulation methods to account for site effects into PSHA in a fully probabilistic way.

We perform a comprehensive review of different techniques available in literature (Chapter 2), providing the most relevant bibliography on the subject, together with a discussion on the main advantages and drawbacks of the different methodologies.

The first results of this work are shown in Chapter 3, where we compare, for the Euroseistest example, the mean hazard estimates provided by some of the approaches listed in Chapter 2, i.e., the classical PSHA method including site effects in a generic way only with V S30 as a proxy on the GMPES, and different Partially Probabilistic Hybrid Method (PPHM) available in literature. We explore the effects in terms of hazard estimates when considering a much harder rock than most current GMPEs are derived for, better known as host-to-target adjustments. Also, the method-to-method variability is explored; highlighting a clear separation between the hazard derived with linear and nonlinear amplification functions. There are certainly numerous limitations in this single example case study, which prevent from drawing too general conclusions and recommendations. However, several relatively robust lessons can be drawn from the panel of results obtained at the Euroseistest.

First, related to the rock hazard, we found that the largest impact on rock hazard estimates at the Euroseistest was due to single station sigma correction, followed by the depth correction when applicable, and the smallest impact was due to HTT adjustments (with Al Atik., et al. 2014 procedure). The latter result is due to the existence of a reliable, in-situ measurement of κ 0 , with a value of 0.024s, i.e., significantly higher than what would be expected for a very hard rock (VS = 2600 m/s) from usual VS30κ 0 relationships. On the other hand, related to soil hazard estimates, we found that the method-to-method variability is significantly higher than for rock hazard. This comes from the large variability in site response estimates. In particular, linear amplification functions, AF(f), lead to over-estimations of the hazard with very high spectral acceleration levels for a 5,000 years return period at the Euroseistest, where non-linearity is expected and observed. Conversely, 1D linear simulations are found to significantly underestimate the actual site response (consistently with the observed importance of geometrical effects at this 3D site), and therefore the hazard at small return periods. 1D NL simulations might thus also lead to hazard underestimations at long return periods

In the second main part of this work, Chapter 4, we have presented a comparison between two (almost) fully probabilistic methods on the Euroseistest, for the integration of site effects into PSHA. Also, an alternative host-to-target correction based on with a new simple empirical method was proposed. The aim of this exercise was to compare the hazard curves obtained for a soft non-linear site with two different fully probabilistic site specific seismic hazard methods: [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] The analytical approximation of the full convolution method (AM) and, ( 2) what we call the Full Probabilistic Stochastic Method (SM).

We found comparable hazard results using both AM and SM approaches, whatever the site response code and along all the studied periods. Also, the impact of site response, code-tocode variability (Equivalent Linear versus fully Non-Linear) is found more important than the method-to-method variability (AM versus SM), despite the fact that no uncertainty on the soil profile, neither on the degradation curves or any other type of uncertainty on the soil properties was considered.

We recognize the larger relevancy of these two methods over the hybrid ones, since, in the strict sense of probability theory, meaningful and consistent probabilistic hazard curves are obtained as result. However, the numerical limitation of the AM approach already acknowledged by its authors, is confirmed to impede retrieving the hazard curve for strongly non-linear soft soil at intermediate to long return periods. Nevertheless, a possible way to overcome this problem in a conservative manner is proposed. The SM does not present this numerical limitation, and the hazard curves on soil were derived even at long return periods, though with a much higher computational price, and with the requirement of an ad-hoc correction to tune stochastic simulations to empirical GMPEs.

From this exercise, we encourage the use of such stochastic simulations to integrate site effects into PSHA, since it allows in principle to better explore the variability of the site specific motion in relation to the physics of wave emission and propagation (e.g. point source, extended source, 1D, 2D and 3D site response analysis, kappa, hard rock…), something that currently is not possible with real data due to either their scarcity (specially at high acceleration levels), or the absence of the required metadata.

On that regard, there are several prospects for future research on the integration of site effects into Probabilistic Seismic Hazard Assessment.

First of all, a significant effort to better understand the ground motion on hard rock needs to be made, since significant part of the hazard uncertainty is related to this matter. Current host-to-target adjustment results are significantly user dependent, complex to perform, time consuming, GMPE dependent, difficult to implement in PSHA, and still too much based on too poor (and possibly biased) estimates of the kappa parameter. The proposed procedure for host-to-target adjustment based on the LA17 GMPE presents the advantage of being a much simpler method and easier to implement in seismic hazard assessment, but still needs to be tested in some other datasets. Likewise, more instrumentation on hard rock is required in general, not only for host-to-target adjustment techniques, but also to enlarge the currently available range of applicability of GMPEs. A future interesting work would consist on deriving a GMPE with explicit value of V S30 and κ 0 , such as [START_REF] Laurendeau | Rock and stiff-soil site amplification: Dependency on VS30 and kappa (κ0)[END_REF][START_REF] Bora | Development of a response spectral ground-motion prediction equation (GMPE) for seismic-hazard analysis from empirical Fourier spectral and duration models[END_REF], using a database with significant recordings on standard rock and hard rock as Laurendeau et al., 2017, and careful, reliable, κ 0 measurements for every recorded site.

With respect to the soil hazard, a most interesting perspective will be to improve the use of stochastic methods (SM) by properly accounting for epistemic uncertainty in the site properties: shear wave velocity profile, degradation curves, other nonlinear codes, and possibly 2D/3D wave propagation models, among others, to hierarchize the main contributors to the epistemic uncertainty, such as we did for the rock-to-hard rock corrections. Another interesting future work would be to develop simple methods to tune simple stochastic simulations such as the one embedded in the SMSIM code, to reproduce any empirical GMPE.

Also, it will be very useful to implement the Full Probabilistic Integration Based Methods (e.g. Bazurro and Cornell 2004b;Cramer 2003) in calculation tools such as the Openquake Engine, for regional seismic hazard assessment on soil. With such a tool, it would then become possible to derive site-specific hazard curves, by calculating the probability density functions of the AF(f )conditional on a rock-level amplitude (Bazurro and Cornell 2004b) at each point of the grid of the zone of interest. The lack of an open access and open source tool to perform these calculations is currently the main reason why Full Probabilistic Integration Based Methods does not develop faster. Nevertheless, easing the use of the siespecific GMPEs also requires to investigate thoroughly the correlation between the respective variabilities of the reference rock motion and the site amplification function, as double counting may be an important source of overestimation.

Finally, for further implementation of site-specific seismic hazard assessment such as the one performed here, some recommendations form the current experience can be made:

(1) The use of linear amplification functions, AF(f ), that are assumed to be groundmotion-independent, should be encouraged only for low seismicity regions, where expected ground motion at the studied return period correspond to weak/intermediate levels (PGA<0.1g), and/or stiff sites for which the induced strains remain small enough not to enter the non-linear domain. In this case, amplification functions, AF(f ), such as Site Specific Residuals and SSR (derived from weak motion data), linear SAPE (e.g. Cadet et al., 2011a) and linear numerical AF, could accurately predict local site effects, mostly producing amplification on soil hazard with respect to rock.

(2) On the contrary, soft sites located in high seismicity regions (PGA>0.1g) with expected or observed nonlinearity effects should use non-linear amplification functions, AF(f, S ar ), that are ground motion dependent.

(3) The decision whether to use linear, equivalent-linear or nonlinear site response analysis should depend on the spectral period of interest as well as on the PGA or maximum shear strain reached within the soil. Trying to enlighten the site response analyst decision, Kaklamanos et al., 2013 and[START_REF] Kim | Relative differences between nonlinear and equivalent-linear 1-D site response analyses[END_REF] proposed approximate ranges of applicability for each site-response analyses, something that will result very useful at the beginning of a project.

(4) If using the analytical method (AM), a fair or very low computational capacity is needed if using a equivalent linear approach. However, significant computational power is needed for fully non-linear, time-domain calculations. From our experience, we can say that SHAKE is at least ten times faster than NOAH. The computational time is definitely an important matter for regional scale studies, not much for site-specific studies such us the one performed here. One must mention also the requirement by fully NL codes of a larger number of site-specific geotechnical parameters, the measurement of some of them being associated with large uncertainties.

(5) In the case where significant and good instrumental data such as the one available at the Euroseistest, the site-specific residuals is a powerful and simple way to account for site effects (e.g. host-to-target adjustments, local amplification/deamplification, local variability instead of GMPE variability (σss), among other), but most often only in the linear domain. One should therefore be careful in coupling the use of single station sigma and site-specific residuals in hazard studies, whenever the used GMPEs include a generic accounting of soil non-linearity: the resulting hazard curves may underestimate the actual hazard.

A.5. Site Specific Residuals (Single Station Sigma, ! !! )

Traditionally, empirically based ground-motion prediction equations have been built based on the ergodic assumption, [START_REF] Anderson | Probabilistic seismic hazard analysis without the ergodic assumption[END_REF][START_REF] Abrahamson | Application of single-station sigma ground motion prediction equations in practice[END_REF], meaning that the ground-motion variability evaluated from a database with multiple sites and source-to-site paths is applicable to describe ground-motion variability in time at another site. However, when the site is instrumented and well characterized, this ergodic standard deviation may be replaced by a "single-station" standard deviation (σss) estimated using the Site-Specific Residual for the site (e.g. Rodriguez-Marek et al, 2011;2013).

Following Rodríguez Marek et al., 2011, a general form of a ground-motion prediction model can be written as:

!"# = !!" + ! !"
Eq. 1

Where Y es is the logarithm (natural or base10) of the observed ground-motion parameter for an event "e" at the site "s", and µ es is the median ground-motion (log value) predicted by a GMPE. Δ !" are the corresponding ground-motion total residuals (or variability).

Following Rodríguez Marek et al., 2013 notation, the total residuals, Δ !" , and its corresponding standard deviation, !, can be expressed as shown in Eq. 2 and Eq. 3: The standard deviation of ground-motion prediction equations (σ tot ) is usually split into between-event (τ) and within-event (ϕ) variability. Within-event variability is addressed here, as it deals with the site effect. The within-event residual standard deviation (ϕ) of the GMPE can be split into a site-to-site variability (ϕ S2S ) and a single-station variability (ϕ SS ) term. If recordings of ground-motion are available at the site, S, it is possible to estimate the site term, δS2Ss, and the standard deviation (ϕ SS ). Since the site term, δS2Ss, at a well instrumented site is no longer aleatory but deterministic, then the residuals can be added to the hazard estimates and the site term variability, ϕ S2S can be ignored leaving only the single-station variability.

Δ !" = δW !" + δB ! Eq. 2 σ = ϕ ! + τ ! Eq. 3
The between-event (also called inter-event) residual, δBe, represents the average shift of the observed ground-motion in an individual earthquake, e, from the median predicted by a GMPE. δBe, can be estimated as follows: For an individual earthquake e, let there be NS stations recording the event. Then, the average misfit between observations and predictions for earthquake e, using a specific GMPE, is:

!"! = 1 !" ! !" -! !" !" !!!
Eq. 4

The within-event residual (also called intra-event), δWes, is the misfit between an individual observation at station s from the earthquake-specific median prediction, which is defined as the median prediction µ es of the model plus the between-event term δBe for earthquake, e. Thus δWes also represents the difference between an individual observation (i.e., Y es ) and the event-corrected median estimate, i.e.

!"#$ = ! !" -! !" + !" ! Eq. 5

However, the within-event residual term, δWes, can be further breakdown into a site term, δS2Ss, and a site and event term, δWSes, as in Eq. 6, converting the total standard deviation, σ tot , as in Eq. 7.

!! !" = !!2! ! + !!" !"
Eq. 6

! !"! = ! !!! ! + ! !! ! + ! ! Eq. 7
If NE s earthquake events are recorded at station s, the within-event residuals computed from a GMPE for that station are used to define the average site correction term δS2Ss as follows:

!"2! ! = 1 !" ! !" !" !" ! !!! Eq. 8
δS2S s is a random variable that represents the average within-event residual at station s and is referred to as the site term. For a given station, it takes a deterministic value. Assuming no bias in the recordings obtained at each station, δS2S s, has zero mean (across all stations used for the derivation of the GMPE) and its variance is ϕ s2s 2 . The latter quantifies the component of site-to-site variability, which is not explained by GMPEs, for instance not captured by the sole consideration of the V S30 parameter. That is why both the δS2S s and ϕ s2s 2 values are GMPE specific and SHOULD NOT be extrapolated from one GMPE to another, at least before having been corrected for the site term included in the GMPE used to compute the site residuals.

Since the δS2Ss can be defined for a single site (deterministic), then, the residuals can be added to the hazard estimates and the variability induced by these residuals should also be removed from the calculations:

! = ! !!! ! + ! !! ! + ! ! Eq. 9
Resulting in the single-station standard deviation (! !! ):

! !! = ! !! ! + ! ! Eq. 10
The single-station standard deviation, σ ss, will now be "partially non ergodic", since the original between-event term (τ) remains.

Finally, the deterministic systematic deviation of the observed amplification at this site, δS2Ss, which is period-dependent and can be determined by calculating the local residuals, needs to be added to the modified hazard values obtained with the single-station standard deviation, ϕ SS , and the rock and hard-rock corrections. This should be done by applying the following expression to the estimated, UHS GMPE(ϕSS) (T):

!"# !"#$!!"#$%&%$ ! = !"# !"#$(!) (! !! ) ! • !"# !"(!"!! ! ! )
Eq. 11 

B.5. Host to Target Adjustments

At Euroseistest, a very high velocity contrast has been observed at the bottom of the basin (196 m depth), with the presence of a very hard rock (V S = 2600 m/s, see soil profile in Figure 1) This high impedance contrast effect cannot be captured properly by the selected ground-motion models, and in addition, the high rock velocity requires some correction to the rock prior to the introduction of the site-specific amplification, for two reasons: a) the real shear wave velocity of the rock is out of the useable range of all the selected GMPEs and b) the high frequency attenuation factor (!) implicitly present in the GMPE models through the original data set they are based on, is not necessary the same as the one of the selected site.

The selection of host models has been well documented first by Cotton et al. 2006, then by Devaud et al., 2012and Stewart et al., 2014. The basis for host to target corrections, including both veolcity / impedance correctios and high-frequency attenuation "κ" correction, are related to the site term of the stochastic model presented in Boore 2003a. Boore 2003a expresses the total spectrum of the motion at a site as: 

! ! ! , !, ! = ! ! ! , ! ! !, ! ! ! !(!) Y(Mo,
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To perform the host-to-target adjustment, corrections on both the amplification and the diminution terms are required, and described in the following.

B.5.1. Correction 1: Shear Wave Velocity Correction Factor (Amplification term A(f))

Firstly, the amplification term is given by the square root of the impedance ratio between the source and the surface (Boore 2003a):

! ! ! = ! ! /!(!) ! ! = ! ! ! !
Where ! ! and ! ! are the density and shear-wave velocity near the source. ! (!) is an average of near-surface seismic impedance. It is a function of frequency because it is a timeweighted average from the surface to a depth equivalent to a quarter wavelength:

! ! = ! ! ! ! !" ! ! ! ! !" !(! ! ) !
In which the upper limit of the integral is the time for shear waves to travel from depth C. ARISTIZÁBAL 177| Appendix B !(!) to the surface. The depth is a function of frequency and is chosen such that ! is a quarter-wavelength for waves traveling at an average velocity given by:

! = ! ! ! ! ! !" !(!) !
The condition of a quarter-wavelength,

! = ! 4!
Then yields the following implicit equation for ! (!),

! = 1 4 ! ! ! !" !(!) !
In practice, it is easiest to compute ! and ! for a given !. By changing variables from time to depth, the previous equation becomes: 2). (Anderson and Hough, 1984). The correction is performed here according to the most recent methodology, as proposed by Al Atik et al. 2014. It is important to mention, that several approaches describing how to account for kappa effects are currently available in literature. However, for this study the Al Atik et al. 2014 method is selected for being a recent, simple and widely accepted method that can be applied as an a posteriori correction to the already calculated uniform hazard spectrum.

! ! = ! ! ! ! !" / !(! ! )
According to the exposed definition of the kappa corrections, this one should be applied on the Fourier Spectra domain and inverted afterwards, in this case, via random vibration theory to obtain the corrected response spectra.

The decision of whether to apply first the V S correction and then the kappa correction or vice versa is not straightforward. However, it was decided to apply first the V S correction, which will affect the host kappa definition, and then apply the kappa correction to finally reflect the target kappa. If done in the reverse way, the target kappa would be affected by the V S correction and the resulting modified k value would be different from the wished one.

Another key point to emphasize is the dependency of the kappa correction on groundmotion prediction model, whereas the Vs / impedance correction is GMPE independent. For the kappa correction, it is necessary to calculate the k-scaled factors for each GMPE, as each GMPE has its own host kappa.

Having mentioned the most relevant aspects that concern this correction and to get to the point, the high-frequency spectral decay of earthquake spectra has been modeled by Anderson and Hough (1984) 

B.6. Host to Target Application

Applying the Vs correction (Boore 2003a) and following the Al Atik et al., 2014 method for deriving kappa (!) scaling factors to account for site-specific (!) estimates, a partially non-ergodic UHS corrected to a very hard rock (Vs-kappa correction) was finally obtained.

Along all this study, the python open source tool Strata (Kottke and Rathje, 2008 a,b) was used to migrate from the response spectra domain to the Fourier spectra domain and vice versa. This open source computational tool allows us to derive Fourier amplitude spectrum (FAS) consistent with the response spectrum from the GMPE. Host-to-target corrections (impedance correction based on rock V S30 , and correction) are then applied in the Fourier domain, and the modified Fourier spectra are converted into Response Spectra on target rock surface using the same RVT based tool.

Below, a description on how to apply step by step the host-to-target adjustments is described.

B.6.1.

Step 1: From Disaggregation Select the Mw that contributes more to the hazard.

The hazard disaggregation on standard rock allows to identify the main magnitude and distance scenarios contributing to the hazard.

Figure 5 shows the disaggregation in magnitude and distance at 5000 yrs, when using the ground-motion equation AA14 for a standard rock (800 m/s), for three representative spectral periods (0, 0.2 and 1.0 s). In this case, magnitudes 5 to 8, with a predominance of magnitude between 6 and 8, are contributing to the hazard at distances lower or equal to 20 km. The scenario Mw=6.5 at D=10 km, which corresponds satisfactorily to all dominant scenario whatever the oscillator period, is selected to calculate the response spectra and apply the Vs-k-correction.

Al Atik et al., 2014 propose averaging kappa from different scenarios to obtain the Vskappa scaling factors. However, in the present study we have observed that the estimation of kappa following Al Atik method (visual inspection) highly depends on the practitioner, and in fact depends more on the practitioner than on a given magnitude/distance scenario.

B.6.2.

Step 2: Calculate the host GMPE response spectra for the selected Mw, D scenario.

The response spectra are computed for the selected magnitude and at short distances on stiff soil or on rock, for each of selected GMPEs. Scenarios with short distances are used to minimize the impact of anelastic attenuation (Q) on the high-frequency part of the response spectrum and FAS. Relatively high V S30 values are used to avoid over-whelming the rock with soil damping.

To perform the host-to-target adjustments, it is necessary to calculate the response spectra for the Mw=6.5 and D=10 km scenario for the 8 selected GMPEs, since the kappa correction is ground-motion model dependent. For illustration purposes, the methodology is applied using AA14 ground-motion model (Figure 6). within-and bteween-event aleatory components (ϕ) and (τ) are clearly separated terms are considered. The "host-kappa" values are found to vary significantly from 0.0312 to 0.0442, which indicates that the κ-adjustment will be more or less significant depending on the GMPE, with a final impact of the hazard estimates depending on the weights of each GMPE. It would be by far simpler, and less subjective, if the κ values to be associated to each GMPE were provided by the GMPE developers (for new GMPEs), or in summary, consensual tables for already existing GMPEs. The target kappa was derived by analyzing the slope in the high-frequency spectra from various acceleration records at the Euroseistest. The analysis was originally performed by O.J. Ktenidou within the framework SIGMA project, and the target κ value was selected on this basis. Since the corrections are made for a very hard rock at depth, the station used to derive this kappa was TST_196 (Table 2). The value consdired here should be considered as an example in order to illustrate the κ-correction procedure. The κ-scaling is then applied (Figure 9b) by multiplying the host, VS30 modified FAS by the exponential term: There exists a very abundant literature on the data processing techniques that can be used for deriving the site-specific amplification from instrumental recordings (e.g. Parolai, 2013). The present section will therefore essentially focus on the performance of in-situ seismic instrumentation, and on the resulting recommendations for in-situ monitoring.
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C.5.1.1. Usefulness of Seismological Instrumentation

This section will focus on the usefulness of seismological instrumentation, with a special focus on moderate seismicity countries.

While the instrumental approaches seem easy and immediately efficient in high seismicity areas (Japan, Greece...), where numerous events corresponding to at least moderate magnitudes can be recorded within a rather short lapse-time, they are most generally considered more difficult to implement in low seismicity areas, such as central, northern and western Europe. In those areas, events leading to potential recordings are deemed few and corresponding either to moderate-to-large distant earthquakes (far from the site of interest, and with predominantly low frequency content), or regional and local earthquakes with only lowto-moderate magnitude. In such low-to-moderate seismicity areas, it is therefore often considered useless (especially in the engineering community) to spend money on seismic instrumentation, because of three major factors that are thought to decrease the chances to get a sufficient amount of usable earthquake recordings:

(1) The local seismicity: obviously, the higher the number of earthquakes that may occur at a regional scale, the higher the chances to record valuable time histories. Nevertheless, distant earthquakes can also be used, especially to constrain the low-frequency response.

(2) The local level of noise: Indeed, noise level may exhibit a very high variability from one location to another. For industrial facilities in particular, the existence of heavy machineries is definitely not favorable for getting earthquake recordings from low-to-moderate events with a high enough signal-to-noise ratio.

(3) The frequency range of the site effect under study: This is also important because if we consider a low frequency site effect context, small earthquakes, even close to the site, will be useless because their low frequency content is too weak, and may not exceed the noise level. Conversely, even distant earthquakes (but with quite large magnitude) could produce valuable records.

Actually, this feeling, or belief about the limited usefulness of in situ seismic instrumentation has been recently proved inappropriate through dedicated experiments in sites of industrial facilities located in low-seismicity areas [START_REF] Perron | Apport des enregistrements de séismes et de bruit de fond pour l'évaluation site-spécifique de l'aléa sismique en zone de sismicité faible à modérée[END_REF]. The following lines describe what are the main findings of these recent investigations, and what the requirements for an economically affordable instrumentation to provide useful recordings within a reasonable, relatively short duration.

Continuous measurements performed recently with two types of sensors: velocimeters and accelerometers, on several French sites demonstrated that the number of useable events (i.e., those which provide a good signal-to-noise ratio) obtained from a relatively short duration experiment (2 years) is high in comparison with what was expected before implementing the instrumentation, and high enough to get valuable information on site characteristics and site response. On one French site with low seismicity in a rather low noise context, it was possible to obtain very robust estimates of the amplification function, based on SSR analysis, with more than one hundred of usable events in the intermediate frequency range [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF][2][3][4][START_REF] Bazzurro | Three proposals for characterizing MDOF nonlinear seismic response[END_REF][START_REF] Bazzurro | Vector-valued probabilistic seismic hazard analysis (VPSHA)[END_REF][START_REF] Lee | Alternatives in evaluating soil-and rock-site seismic hazard[END_REF][8][START_REF] Tsai | Probabilistic seismic hazard analysis considering nonlinear site effect[END_REF][START_REF] Cramer | Site-specific seismic-hazard analysis that is completely probabilistic[END_REF][START_REF] Cramer | Erratum: Site-Specific Seismic-Hazard Analysis that is Completely Probabilistic[END_REF][START_REF] Papaspiliou | An exploration of incorporating site response into PSHA-Part I: Issues related to site response analysis methods[END_REF][START_REF] Papaspiliou | An exploration of incorporating site response into PSHA-part II: Sensitivity of hazard estimates to site response approaches[END_REF][START_REF] Aristizábal | Site-specific PSHA: Combined effects of single station sigma, host-o-target adjustments and non-linear behavior. 12 p. multigr[END_REF][START_REF] Aristizábal | Integration of site Effects into Probabilistic Seismic Hazard Methods[END_REF]. On this site, it was also possible to evaluate the ! ! parameter (i.e., the site component of the highfrequency spectral decay), which is an even more encouraging result on the usefulness of site monitoring because it needs a high frequency analysis, where Signal/Noise is usually lower, and also needs numerous events for the extrapolation of single events ! ! values, mixing the site-specific component and the regional contributions, to the sole site-component ! ! [START_REF] Perron | Apport des enregistrements de séismes et de bruit de fond pour l'évaluation site-spécifique de l'aléa sismique en zone de sismicité faible à modérée[END_REF].

These results, obtained at sites with relatively low-noise level within a large industrial / research area, have been extrapolated to other sites with relatively higher ambient noise level and/or a lower seismicity, to evaluate the number of recordings which would still have an acceptable signal-to-noise ratio to allow a useful analysis, as a function of the noise level. This extrapolation procedure may be discussed, but can provide useful though rough estimates. The conclusion (Perron et al., 2015) is that a velocimetric instrumentation is likely to produce within a couple of years of continuous monitoring a sufficient number of recordings to obtain a robust estimate of the site amplification, while the estimation of ! ! parameter, with the current classical methods, may be more difficult in case of a high level of noise at high frequency and/or a too low local seismicity.

It must be stressed however that site instrumentation, even if it can and does provide important and very useful information about site effects, cannot solve alone the whole site amplification issues. Indeed, the events that one can expect to record in low-to-moderate seismicity areas within a reasonable duration (i.e., a few years), are most often regional or teleseismic events, with only a few local, weak events than can be assimilated to "point source" events. Numerical simulations thus remain unavoidable to assess the effect of sensitivity of the site response to path and source characteristics (incidence and back-azimuth angles, extended sources). Also, related to the loading level, reasonably expectable events recorded in such short period of time are expected to produce very weak motions with very low strain levels, which cannot provide information on the actual non-linear response of the shallow, softer soils, another reason why numerical simulations are required.

Meanwhile, as repeatedly shown in all benchmarking exercises over recent years (for a recent overview see Chaljub et al., 2015and Maufroy et al., 2015a, 2015b, 2017), site instrumentation appears a key element to allow the validation of numerical simulation tools for a given range of incidence angles, source sizes and motion levels. Once the simulation codes and models are validated by a successful comparison to instrumental measurements, they can be used to explore other scenarios involving extended sources, nonlinearity, etc.

C.5.1.2. Implementation and Recommendations

This section presents the main recommendations derived from the dedicated investigations conducted within the framework and the French Cashima, SIGMA R&D and STREST projects (CASHIMA 2005;[START_REF] Sigma Prjects | SeIsmic Ground Motion Assessment. It is jointly supported by EDF, AREVA, CEA, ENEL[END_REF]).

In order to implement an instrumental setup that aims to provide information about site effects, it is strongly recommended to use (at least) velocimeters (Figure 1 and Figure 2). Of course, a few accelerometers can be used as a complement and safety in case of strong events, for example one at the reference station and another one as close as possible to the location to study.

The position of velocimeters on soil conditions should be a compromise between noise level (as low as possible) and distance from the site of interest (as close as possible); it is recommended to install several velocimeters (not only one) around the area of interest in order to avoid possible bias due to spatial variability. Very often in "old, developed" countries such as in Europe, site-specific seismic hazard assessment studies are performed for already existing facilities or for new facilities on already existing, industrialized sites. This is of course a drawback for instrumentation as it raises the anthropogenic noise level. It is thus recommended to prepare the instrumentation by performing a quick analysis of noise on several locations around the site before implementing longer recordings. In order to choose a "rather low noise" location, we may consider the overall geometry of the basin / sedimentary cover that is expected to produce site effects, in order to prefer station location that are in similar context (e.g. depth of the basin beneath the station, distance from the border of the basin…) with respect to the exact location of the actual target site. In addition to one or a few "rather low noise" stations equipped with velocimeters, it is recommended to install a station located closer to the target site, and equipped with both a velocimeter and an accelerometer:

(1) The basic aim of such "rather low noise stations" is to record as many events as possible.

(2) This purpose of the "closest" station is two-folded: (1) Comparing response with other stations on the "strongest" events (the one that will exceed the local, higher noise level), ( 2) obtaining unclipped recordings of (rare but possible) events that may induce a saturation of the velocimeter recordings, thanks to the accelerometer (local environmental noise or instrumental noise are no more an issue for such strong local events). framework of the NERA project (Bard et al., 2014(Bard et al., , 2015;;Burjanek et al., 2016) could easily be performed.

For very wide basins, finding the "optimal" location of a reference station is not an easy issue. The use of generalized inversion (Drouet et al., 2008), site-specific residual (Al Atik et al., 2010;Rodríguez Marek et al., 2011;Faccioli et al., 2013) or specific coda processing techniques (Sèbe et al., 2003(Sèbe et al., , 2005) ) to evaluate site amplification may allow using "reference" stations that are farther from "site" stations in comparison with standard SSR evaluation. Implementing such approaches requires however not only more sophisticated processing, but also complementing the data from the dedicated in-situ monitoring instrumentation, with data from regional networks with a good seismological catalogue. Another alternative is of course the use of downhole reference stations that reach the rock beneath the basin; this is relatively affordable when the bedrock is not too deep (i.e., typically less than 100 m), but may become very expensive for very thick deposits.

Finally, another recurrent question about instrumentation has long been the recording mode: continuous or triggered? The mind of engineers dealing with managing the seismic risk at industrial facilities is often oriented towards triggering mode, for mainly historical reasons, when on-site instrumentation was basically aimed at operational safety purposes in case of strong shaking. It should be clear that the evolution of technology and the changes in the objectives of site monitoring induce a complete reversal in the recording mode selection. On one hand, configuring an acceptable trigger setup takes quite long time during which one may miss a lot of events, as using too high threshold leads to miss a lot of events, whereas using too low threshold leads to get a very high amount of false events that are finally more difficult to manage than a continuous database. On the other hand, both instruments (that have now local storage devices that allow several months of continuous recordings) and transmission capabilities allow today implementing instrumentation in continuous mode, without any problem and any additional cost. The choice of continuous recording is obvious and should not call for any discussion. C.5.1.3. Site-Specific Residuals: δS2S,s and ΔδS2S,s :

As mentioned earlier, an alternative site-specific approach consists in applying a purely empirical correction to the GMPEs median values. This approach can be used when a sufficient number of records 1 is available at the target site. In essence, this approach is comparable to the generalized inversion techniques, GIT, [START_REF] Andrews | Objective determination of source parameters and similarity of earthquakes of different size[END_REF]Castroet al.,1990;Boatwrightet al.,1991;[START_REF] Hartzell | Site response estimation from earthquake data[END_REF]. The main difference is that the GIT technique is applied to the Fourier spectra, while the "Site-Specific Residual" technique is applied directly to response spectra. To use this techniques, it is in any case desirable, if not mandatory, that the earthquakes recorded at the site span a sufficient range of magnitudes, distances and azimuth angles. An example application within the framework of the SIGMA project can be found in Faccioli et al., 2013 for a site in the Po plain, which greatly "benefitted" from a major earthquake sequence (the Emilia Romagna 2012) which allowed the recording of a large data set.

In this approach GMPE predictions are modified through site-specific correction factors (labeled "δS2S") and the GMPE's aleatory variability (sigma) is replaced -and reducedwith the single-station sigma (σss) (see Rodríguez Marek et al., 2011 for the meaning of the symbols). It should be kept in mind however that the δS2S residuals are in principle associated to one GMPE, and dp vary from one GMPE to another -especially as the "generic site term" (generally linked with V S30 ) does not have the same functional form in all GMPEs -while only the single station variability, σss, could in first approximation be considered as an intrinsic characteristic of the site, and, as such, should be roughly independent from the GMPE used to calculate them. However, the comparison of the residuals at two sites (ΔδS2S), for instance between the site under study and a "reference site", should be approximately GMPE independent, once it is corrected for the site term included in each GMPEs.

C.5.1.4. Use of δS2S to Modify GMPEs in Hazard Analyses

As said, the main ingredients of the site-specific residuals are the two coefficients δS2s and ϕss, computed as explained in the previous section. These coefficients may be used to modify the predictions by a GMPE, in a very simple way. The within-event standard deviation, ϕ, of the GMPE is replaced with the single station standard deviation, ϕss, while the site correction term modifies the GMPE median prediction as follows (if logarithm base 10 is considered):

!"# !"#$!!"#$%&%$ ! = !"# !"#$(!) (! !! ) ! • !" !"!! ! ! Eq. 1 Figure 3 shows an example of site terms and relative amplification factors obtained by Chen and Faccioli 2013 from the analysis of strong-motions recorded at selected stations during the Canterbury earthquake sequence in New Zealand (another area where the application of this approach greatly "benefitted" from the occurrence of a very active earthquake sequence: applying it before 2010 would have been much more difficult…).

For present applications, there are never enough data to incorporate a nonlinear term in such a δS2S approach: δS2S is mainly estimated from weak to moderate events, corresponding to a linear behavior. It should thus be considered as being on the safe side, except if the site frequency is slightly larger than the structural frequencies. [START_REF] Bazzurro | Vector-valued probabilistic seismic hazard analysis (VPSHA)[END_REF] The incorporation of nearby extended fault sources in such simulations constitutes an additional source of epistemic uncertainty, since such sources, whatever the modeling approach (kinematic or dynamic), must be characterized by a series of additional parameters which are very poorly known.

(7) Finally, the decision to consider or not the 2D or 3D character of the structure (topography and/or underground geometry) is not trivial, and is presently a matter of subjectivity. This issue is addressed in the guidelines (Ameri et al., 2015) for the accounting of site effects for the French nuclear facilities, a SIGMA project report that will be issued soon. The propositions included in this report are based on simplified "aggravation factor models" resulting from comprehensive parametric studies performed within the framework of the NERA project, relating the over amplification due to the sole subsurface geometry to simple, relatively easily available geomechanical characteristics of the site (valley width and depth, velocity contrast, position within the valley). The threshold values beyond which such simplified estimates imply the realization of 2D or 3D computations is proposed to be 1.25 (i.e., increase of +25%) for the maximum spectral amplification factor; both the approach and the value would need to be discussed with the engineering community before reaching a consensus.

The main drawbacks of the numerical approach are thus the high sensitivity of the results to the input model parameters, which are affected by large uncertainties in most practical cases. One must in addition be aware that as a general rule, 3D numerical simulations do not presently allow to calculate deterministically beyond a maximum frequency of the order of 2 to 5 Hz, because of limitations both in computer performance, and in the resolution of geophysical survey techniques, which are unable to provide a correct mapping of short wavelength heterogeneities. Finally, this approach is time consuming and requires powerful computers. It is strongly recommended to ask such simulations to expert seismological teams who can demonstrate some experience in the field.

However, the main advantage of this approach is to help to apprehend the nature of physical phenomena, which may affect the site under consideration, and allow quantifying their potential effects. It can be a very valuable guide to optimize the instrumentation scheme for answering some unsolved issues because of the inaccessibility of some parameters. It is strongly recommended to always check the results of numerical simulation with any available piece of observation derived from in-situ seismological recording, from simple H/V micro tremor measurements to more sophisticated analysis of earthquake: this could help in particular to constrain the variability of input model parameters within limits consistent with the observed variability of fundamental frequency (H/V) or site-to-reference amplification functions.

The latest version of the recommendations from the series of benchmarking exercises for numerical simulation of seismic ground-motion in 3D linear media can be found in Maufroy et al., 2015b;[START_REF] St Fleur | Estimation des mouvements sismiques à Port-au-Prince (Haïti): mesures des amplifications locales et simulations numériques[END_REF]2017. 
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 2 (Mo,R,f): Total Fourier spectrum of the motion at a site. E(M_o,f): The source term P(R,f): The Path term G(f): The Site term I(f): Type of Ground-motion
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 8 Compute κ scaling factors for response spectra by dividing the κ scaled response spectral values by the GMPE response spectral values.
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 4 Figure 4. Hazard curves at Euroseistest, for three different spectral periods (PGA, 0.2 s, 1.0 s); blue: for standard rock; green: for hard rock, calculated from the hazard curves on standard rock scaled with LA17 HTT adjustment factors.
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  R,f): Total spectrum of the motion at a site. E(Mo,f): The source term P(R,f): The Path term G(f): The Site term I(f): Type of Ground Motion Following Boore's definition, the corrections applied here are related to the site term G(f), which in turn is subdivided into and amplification term A(f) and the attenuation or diminution operator D(f)
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 1 Figure 1 -S-wave velocity versus depth used by Boore and Joyner 1997 for computing amplifications on generic ''soft'' rock sites (adapted from Boore and Joyner, 1997) The V S correction factors were calculated based on the site amplification function derived by Boore et al. 2003a (Figure 2).
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 4 Figure 4 -Combined effect of generic rock amplification and diminution terms for a rock with Vs=600 m/s. (Boore 2003a).
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 123 Figure 1 -Evaluation of the signal to noise ratio of the 101 events recorded on a cumulated duration of 231 days of continuous recording at a rock station of our test-site (south-east of France) with an accelerometer. Each sub-figure shows the analysis at a given frequency, from 0.25 to 32 Hz, within a magnitude to distance plot. Each point corresponds to 1 earthquake. The color gives an indication about the corresponding signal-to-noise ratio (computed with a time windows centered on signal and another one on noise before the earthquake arrival). For example, we see that at 1 Hz, 1 event was recorded with a S/N > 10 (green point) (Figure from Perron et al., 2017). ................................................................ 193 Figure 2 -This figure is the same as the previous one, but realized with data coming from a velocimeters at the same place and on the rigorously same period of time. We see that the "usable" events are much more numerous than with the accelerometer. This amount of signals allows SRR analysis and κ determination. The recording duration is less than one year. (Figure from Perron et al., 2017). .................................................................................... 194 Figure 3 -Example of site term dS2Ss (left) and amplification factor (right) for selected stations in New Zealand. From Chen and Faccioli 2013. ........................................................................ 197
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Table 1 -

 1 Partially Site-Specific and Site-Specific Approaches for the integration of site effects into Probabilistic Seismic Hazard Assessment.

	Generic

or Partially Site- Specific Approaches Site-Specific Approaches Level 1 Linear Site Response AF(f) Ground-motion-independent Level 2 Nonlinear Site Response AF(Sa, f) Ground-motion-dependent Level 0 Level 0.5 Level 1a Level 1b Level 1c Level 2a Level 2b Level 2c Level 2d Level 2e Site Effects Estimation Method

  

				Instrumental	Numerical		Instrumental (if enough data) but mostly numerical
		Site effects by proxy in GMPEs. e.g. VS30, measured or inferred, linear or nonlinear	Site effects by proxy in GMPEs and Amplification Factors. (e.g. SAPE (Vs,z , fo). Cadet et al., 2012a) Other proxies could also be included)	Partially Probabilistic Hybrid Method (HM) Based on disaggregation Cramer 2003 Classical PSHA UHS Rock AF(f) AF(f) from Site-specific Residual (δS2S,s and ϕss,s from GMPEs) (e.g. Ktenidou et al., 2015) AF(f) from Standard Spectral Ratios (SSR). (Surface Soil/ Borehole Rock Surface soil/ Surface Rock) (e.g. Raptakis et al., 1998) AF(f) from Numerical simulations of weak ground-motion Any kind: 1D, 2D, 3D (e.g. Aristizábal et al., 2017)	Partially Probabilistic Hybrid Method (PPHM) AF(Sa,f) from numerical simulations of strong ground-motion Any kind: 1D, 2D, 3D (e.g. Bazzurro and Cornell, 2004a)	Full Probabilistic Stochastic Method (SM) Stochastic PSHA Soil (e.g. Aristizábal et al., 2018 )	Analytical approximation of the full convolution method (AM) Classical PSHA HC Rock *AF(Sa,f) (e.g. Bazzurro and Cornell, 2004a,b; Aristizábal et al., 2018)	Full Probabilistic Classical PSHA with Site-Specific GMPE (SGM) Classical PSHA Soil (e.g. Bazzurro and Cornell, 2004a,b; Papaspiliou et al., 2012a,b)	Full Probabilistic Integration Based Method (IBM) Classical PSHA Soil (e.g. Bazzurro 1998; Bazzurro et al., 1999; Cramer 2003, Bazzurro and Cornell., 2004a,b)
	Prerequisite: Rock hazard	Not Necessary	Standard-rock VS30 = 800 m/s	No /Yes (Verify if			Site-specific Bedrock (e.g. VS = 2600 m/s)
				included inside				
				δS2S residuals)				

GMPEs Host-to-target Adjustment No No Yes (If necessary) Uncertainty in GMPEs Rock Hazard
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						σ total			
			Total Standard Deviation (σ total)	or (σss) if δS2S with respect to	Single-station Standard Deviation (σss)
						rock.			
	Site Response	Aleatory	ϕ -No Additional Uncertainty			ϕ or ϕSS,S or ϕSS if available No Additional Uncertainty	
	Uncertainties	Epistemic	n/a	Various SAPE (f)		Uncertainty on δS2S,s	Different: AF (Instrumental or Numerical), Soil Profiles, Degradation Curves, Propagation Codes, 1D, 2D or 3D Models.
	Calculation of Soil Hazard	n/a	Classical PSHA SAPE (f)	δS2S,s	Approach 1 and 2 NUREG 6728	n/a	n/a	Approach 4 NUREG 6728	Approach 3 NUREG 6728
		C. ARISTIZÁBAL						

Table 2 -

 2 Host-to-target adjustments factors derived using LA17 hazard curves from a standard rock (VS30=800 m/s) and a hard rock (VS30=2600 m/s) at the Euroseistest.

	Spectral Period (s)	PGA 0.05 0.1	0.2	0.5	1.0	2.0
	HTT adjustment factor 0.47 0.45 0.38 0.51 0.70 0.78 0.86

Table 3 -

 3 Example of site effect proxies used in GMPEs.

	Parameter	Description	Use

Example of GMPEs (Some of the GMPEs use more than one site proxy) Average Shear wave velocity over the top 30 m (VS30)
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	Parameter	Description	Use
			Site amplification is a
			continuous function of VS30.
			Two main models exist.	Linear model:
			Linear model:	Bindi et al. 2014
			Site amplification is function	Bora et al., 2014
		Sites are classified according	of VS30 and spectral period
		to their travel-time average	only.	Nonlinear model:
		shear-wave velocity over the	Nonlinear model:	Akkar et al., 2014
		upper 30 m of the profile.	Site amplification at each	Boore and Atkinson 2008
			spectral period is function of	Boore et al., 2014
			VS30, spectral period and	Abrahamson and Silva 2008
			ground-motion at a reference	Abrahamson et al., 2014
			"rock" site condition (PGA or	...
			PSA(T))
	C. ARISTIZÁBAL	

Example of GMPEs (Some of the GMPEs use more than one site proxy)

  

	Site Classes	Sites are classified according to site categories, usually defined by EC8 or NEHRP. Classification is usually based on surface geology. Site classes are implicitly connected to a range of VS30.	Site amplification is assumed constant within each site class. (e.g. Eurocode 8 site clsses: A, B, C, D, E, S1, S2)	Ambraseys et al., 2005 Akkar and Bommer 2010 Bindi et al. 2011 Faccioli et al., 2010 Bindi et al. 2014 Cauzzi and Faccioli, 2008
		The fundamental frequency		
		(f0) of a site is usually		
	Fundamental Frequency (fo) or period (To)	determined based on the average horizontal-to-vertical (H/V) spectral ratios of	Site amplification is assumed constant within each f0 class.	Zhao et al. 2006 Di Alessandro et al. 2012
		ground-motion. Classes of f0		
		are used.		
				Abrahamson & Silva 2008
	Z1.0	Depth to the horizon having a Vs=1.0 km/s	Continuous function, usually coupled with VS30.	Abrahamson et al., 2014 Boore et al., 2014
				Chiou & Young 2014
	Z2.5	Depth to the horizon having a Vs=2.5 km/s	Continuous function, usually coupled with VS30.	Campbell & Bozorgnia 2008 Campbell & Bozorgnia 2014
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 7 Host kappa, κh for Mw=6.5 and D=10 km different GMPEs on standard-rock (vs=800 m.s). .............................................................................................................................................................

Table 8 -

 8 Different within-event variability, ln(ϕ) and ln(ϕss), and site terms ln(δS2S) used in this study. .

Table 2 -

 2 Partially Site-Specific and Site-Specific Approaches for the integration of site effects into Probabilistic Seismic Hazard Assessment.

	Generic

or Partially Site-Specific Approaches Site-Specific Approaches Level 1 Linear Site Response AF(f) Ground-motion-independent

  

											Level 2
										Nonlinear Site Response
										AF(Sa, f) Ground-motion-dependent
			Level 0	Level 0.5		Level 1a	Level 1b	Level 1c	Level 2a	Level 2b	Level 2c	Level 2d	Level 2e
						Instrumental		Numerical		Instrumental (if enough data) but mostly numerical
	Site Effects Estimation Method	Site effects by proxy in GMPEs. e.g. VS30, measured or inferred, linear or nonlinear	Site effects by proxy in GMPEs and Amplification Factors. (e.g. SAPE (Vs,z , fo). Cadet et al., 2012a) Other proxies could also be included)		Partially Probabilistic Hybrid Method (HM) Based on disaggregation Cramer 2003 Classical PSHA UHS Rock AF(f) AF(f) from Site-specific Residual (δS2S,s and ϕss,s from GMPEs) (e.g. Ktenidou et al., 2015) AF(f) from Standard Spectral Ratios (SSR). (Surface Soil/ Borehole Rock Surface soil/ Surface Rock) (e.g. Raptakis et al., 1998)	AF(f) from Numerical simulations of weak ground-motion Any kind: 1D, 2D, 3D (e.g. Aristizábal et al., 2017)	Partially Probabilistic Hybrid Method (PPHM) AF(Sa,f) from numerical simulations of strong ground-motion Any kind: 1D, 2D, 3D (e.g. Bazzurro and Cornell, 2004a)	Full Probabilistic Stochastic Method (SM) Stochastic PSHA Soil (e.g. Aristizábal et al., 2018 )	Analytical approximation of the full convolution method (AM) Classical PSHA HC Rock *AF(Sa,f) (e.g. Bazzurro and Cornell, 2004a,b; Aristizábal et al., 2018)	Full Probabilistic Classical PSHA with Site-Specific GMPE (SGM) Classical PSHA Soil (e.g. Bazzurro and Cornell, 2004a,b; Papaspiliou et al., 2012a,b)	Full Probabilistic Integration Based Method (IBM) Classical PSHA Soil (e.g. Bazzurro 1998; Bazzurro et al., 1999; Cramer 2003, Bazzurro and Cornell., 2004a,b)
	Prerequisite: Rock hazard	Not Necessary	Standard-rock VS30 = 800 m/s		No /Yes				Site-specific Bedrock (e.g. VS = 2600 m/s)
	GMPEs Host-to-target Adjustment	No	No		(Verify if included inside δS2S residuals)				Yes (If necessary)
	Uncertainty in GMPEs Rock Hazard	Total Standard Deviation (σ total)	σ total or (σss) if δS2S with respect to rock.			Single-station Standard Deviation (σss)
	Site Response	Aleatory	ϕ -No Additional Uncertainty				ϕ or ϕSS,S or ϕSS if available No Additional Uncertainty
	Uncertainties	Epistemic	n/a	Various SAPE (f)		Uncertainty on δS2S,s		Different: AF (Instrumental or Numerical), Soil Profiles, Degradation Curves, Propagation Codes, 1D, 2D or 3D Models.
	Calculation of Soil Hazard	n/a	Classical PSHA SAPE (f)	δS2S,s		Approach 1 and 2 NUREG 6728	n/a	n/a	Approach 4 NUREG 6728	Approach 3 NUREG 6728

Table 3 -

 3 Active Shallow Crust Ground-motion Prediction Equations (GMPEs).

	Active Shallow Crust (SHARE model)	Active Shallow Crust (Additional
	AB10	Akkar and Bommer, 2010.	AA14	models) Akkar et al., 2014.
	CF08	Cauzzi and Faccioli 2008.	CA14	Cauzzi et al, 2014.
	CY08	Chiou and Youngs 2008.	CY14	Chiou and Youngs, 2014.
	ZA06	Zhao et al., 2006.	BA14	Boore, et al, 2014.

Table 4 -

 4 Rock epistemic uncertainty factors (UF) of the selected GMPEs

	POE	Tr (years)	PGA	Sa(0.2s)	Sa(1.0s)
	0.1	475	1.41	1.78	1.43
	0.01	4975	1.46	1.38	1.73
	[1 -0.01]	[0 -4975]	[1.37 -1.91]	[1.34 -2.69]	[1.36 -1.93]

Table 5 -

 5 Soil epistemic uncertainty factors (UF) of the selected GMPEs

	POE	Tr (years)	PGA	(0.2s)	(1.0s)
	0.1	475	1.55	1.7	1.49
	0.01	4975	2.76	3.42	2.15
	[1 -0.01]	[0 -4975]	[1		

Table 3 .

 3 Intercept (C0), slope (C1) and standard deviation (σ) of the piecewise-linear regression models (PLM) for AF( f ) Vs. Sar(f ).

	Spectral	Piecewise-Linear		SHAKE91			NOAH	
	Period (s)	Models	C0	C1	σ[ln(AF)]	C0	C1	σ[ln(AF)]
		PLM 1 (Blue)	0.7487	-0.1089	0.15	0.5585	-0.1833	0.11
	PGA	PLM 2 (Red)	-0.1202	-0.2906	0.19	-0.2539	-0.3649	0.08
		PLM 3 (Green)	-1.3990	-1.2140	0.19	-1.6390	-0.8594	0.08
		PLM 1 (Blue)	0.2855	-0.1475	0.19	1.0730	-0.1020	0.12
	(0.2)	PLM 2 (Red)	-0.5356	-0.4043	0.18	-0.0906	-0.4789	0.13
		PLM 3 (Green)	-1.1360	-1.1970	0.27	-0.9453	-1.1172	0.35
		PLM 1 (Blue)	0.8846	-0.0561	0.27	1.7030	-0.0170	0.11
	(1.0)	PLM 2 (Red)	0.4191	-0.1438	0.14	0.7180	-0.3298	0.22
		PLM 3 (Green)	0.9606	-1.2900	0.08	2.2100	-1.4930	0.26

Table 4 .

 4 Number of records, n, required to predict a median value of AF(f) associated with a given ! ! ! (f) bin on rock within ±10% of the true value (, for three different spectral periods (PGA, 0.2 s and 1.0 s).

	Code	n, (PGA)	n, (0.2 s)	n, (1.0 s)
	SHAKE91	30	60	50
	NOAH	8	50	30

Table 1 -

 1 Components of Total Standard Deviation

	Residual Component	Residual Notation	Standard Deviation Component	Definition of Standard Deviation Component*
	Total Residuals	Δes	Total standard deviation	σtot=stdev(∆) (Aleatoric)
	Event term	δBe	Between-event standard deviation	τ≈stdev(δBe) (Aleatoric)
	Event-corrected residual	δWes	Within-event standard deviation	ϕ≈stdev(δWes) (Aleatoric)
	Site term	δS2Ss	Site-to-site variability	ϕS2S≈stdev(δS2Ss) (Epistemic)
	Site-and event corrected residual	δWSes	Event-corrected single-station standard deviation (single-station phi)	ϕss≈stdev(δS2Ss) (Aleatoric)
	*stdev represents the standard deviation operation.	
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Table 1 -

 1 High frequency attenuation factor (κh) for the selected ground motion models, where (ϕ) and ( ) were separated terms.

			Kappa Host (κh) -GMPE		
	AB10	CY08	ZA06	AA14	CA14	BA14	CY14
	0.0366	0.0331	0.0353	0.0395	0.0312	0.0442	0.0321

Table 2 -

 2 High frequency attenuation factor (! ! ) at the Euroseistest derived from the analysis of ground motion records at station TST_196.

	Kappa Target (! ! ) -Euroseistest
	0.024
	B.6

.6. Step 6: Correct kappa host (κh) and kappa target (κt)

  

STREST European Project (http://www.strest-eu.org).

An exact quantification of the word "sufficient" is not easy and depends on the authors: some (such asRodriguez-Marek et al., 

2011) consider estimations are reliable for15-20 recordings, other (Maufroy et al., 2016) report mis-estimations (i.e., with bias or underestimation of the scatter) for as many as 50 recordings. The key issue is to have a representative azimuthal and distance coverage.

(1) Uncertainties in the rock (or hard-rock) hazard. Most of the ground-motion uncertainties come from the seismicity model, standard deviation of the GMPE and from host-to-target adjustment, if applied.
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Appendix C: Site Response Analysis

C.5. Site Response Analysis

The evaluation of site response is without doubt one of the most common and most important problems in geotechnical earthquake engineering. These types of analysis are commonly used to develop design response spectra, to evaluate dynamic stress and strains for evaluation of liquefaction hazard, to determine the earthquake-induced forces to a given structure and particularly used by earthquake engineers and seismologist to asses quantitative methods for predicting the influence of local site effects under strong ground. There are two main types of ground response analysis: (1) Instrumental and ( 2) Numerical. The Instrumental ground response analysis can be used when enough observations are available to properly propose empirical models to predict ground motion response; this is regularly the case for the more common low to moderate ground response on instrumented sites, and rarely the case for the less frequent strong ground motion. Also, the site response analysis can vary from the simpler 1D wave propagation problem, to a more complex 2D case, up to a full 3D model. In literature all of this approaches have been studied (1D, 2D and 3D), but the 1D cases still remains the most frequently used for their simplicity and because it requires fewer input parameters. This section will explain the main characteristics of a 1D Site Response Analysis, the method that is used on this work to construct the instrumental/numerical amplification functions, AF( f ), or soil ground motion models using the soil characterization of the Euroseistest site.

C.5.1. Instrumental Site Response Analysis

Since several of the different exposed methods to integrate site effects into PSHA are based on instrumental site response analysis, we have dedicated this section to discuss the main issues that must be taken into account when the site effects are estimated in a purely empirical way on the basis of a dedicated seismological instrumentation, using or not a reference site.

By "seismological instrumentation", we designate instruments that allow to record, on the studied site and/or in its vicinity, the ground-motions induced by local, regional or even teleseismic earthquakes. Based, on these recordings, a number of "instrumental" approaches can be implemented, allowing:

(1) To access a direct measurement of the site-specific transfer function or other characteristics of the ground-motion modifications linked with local site conditions, through various techniques (site-to-reference spectral ratio (SSR), generalized inversion, deconvolution of coda waves, sitespecific residual with respect to existing GMPEs, duration increase, among others…).

(2) To consider the use of instrumentally based ground-motion prediction methods, such as the empirical Green's function technique.

(3) To evaluate the attenuation of high frequency of seismic signals (measuring the "κ" parameter).

(4) To validate the accuracy of numerical simulation tools.

another one on noise before the earthquake arrival). For example, we see that at 1 Hz, 1 event was recorded with a S/N > 10 (green point) (Figure from [START_REF] Perron | Apport des enregistrements de séismes et de bruit de fond pour l'évaluation site-spécifique de l'aléa sismique en zone de sismicité faible à modérée[END_REF]. The choice of good reference station(s) (which allow a direct measurement of the site amplification) is also an important issue. The noise level issue is generally less problematical for such sites, but there exist other important requirements, which should be addressed for establishing a good reference station:

(1) It should not be too far from the "site" stations (a few kilometers at most) (2) It should not be affected by significant topographic site effects (for instance, rock outcrops outside of an alluvial valley or sedimentary basin are often corresponding to hill slopes or ridges),

(3) It should be representative of the rock condition that is present beneath the basin, (4) It should not be affected by any type of "lithological" site effect, even at high frequency (the presence of a thin colluvium deposit layer or a weathered layer may induce a high frequency site effect)

This implies the need for a careful characterization of the local conditions at the reference station(s) too (including at least geophysical investigations for obtaining the local Vs profile with a reliable VS30 measurement). For topographic site effect estimation, the computation of a quite simple proxy (Maufroy 2010[START_REF] Maufroy | Frequency scaled curvature as a proxy for topographic site effect amplification and ground-motion variability[END_REF]), together with microtremor measurements according to the site-specific procedure proposed within the 

C.5.2. Numerical Site Response Analysis

As explained before, the numerical site response analysis is a common practice in earthquake engineering to predict the soil ground motion under strong levels of loading. There exist several possible ways to estimate the site response using numerical simulation tools. The experience from various benchmarks exercises have led to the following SIGMMA, CASHIMA recommendations:

(1) Proper documentation on the methods used and their implementation in the numerical codes specifically used for the application, with special emphasis if they include new developments.

(2) Reproducibility of results (in particular, keep track of all hidden parameters), checks on the robustness of the results with respect to the poorly constrained assumptions / parameters.

(3) Guarantees on the expertise and experience of the operator team in order to ensure the reliability of the results.

C.5.2.1. Introductive Remarks

In this section, we fundamentally describe topics related to numerical computations. This does not mean that empirical/ instrumental approaches (detailed in the previous section) do not have any role to play in site effect assessment; actually, in the absence of instrumental data, the corroboration of the validity of the numerical model is not possible. Then, it is highly recommended that such instrumental approaches be implemented at least in order to control the validity and representativeness of computations. Instrumental recordings definitely help in reducing the epistemic uncertainties (for example to better "tune" the models used for simulation, and to avoid being forced to introduce in hazard computation a too wide range of assumptions on site property description).

Still, in low-to-moderate seismicity contexts, these recordings will most often correspond to weak-motions, with a limited coverage of back-azimuth and incidence angles. Thus, these records cannot address nonlinearity issues or variability due to different incidences. Numerical simulations must therefore be considered as complementary to instrumentation, and indispensable in particular to understand and extrapolate the instrumental observations.

C.5.2.2. Numerical Modeling and Consideration of Complex Geometries

It consists in estimating the amplification and/or the resulting site-specific groundmotion through a numerical simulation of the wave propagation phenomena occurring in the immediate vicinity of the considered site. Many numerical simulation codes have been proposed, using different techniques and numerical schemes (boundary integral methods, finite differences, finite elements, spectral elements, discrete elements, discontinuous Galerkin,...), which allow to address different configurations:

source, the latter one being more realistic if the source-site distance is smaller or comparable to the fault size, and being thus preferable for earthquakes with magnitude larger than 6.

(3) Finally, the rheology of the propagation medium can be viscoelastic (the simplest case, where only elastic and damping characteristics need to be known for P and S waves), or can incorporate a constitutive law with nonlinear behavior, at least in a limited area corresponding to the softest soils and/or the largest velocity / mechanical contrasts where the largest strains are expected.

There already exist codes claiming they can deal with 3D geometries and nonlinear behavior; it must be emphasized that they have never been fully validated, nor even carefully cross-checked. It is thus recommended, at this stage, to investigate separately the effects of the underground 2D or 3D geometry, and the effects of soil nonlinearities on 1D soil columns. The former are more likely to be related to deeper, larger scale structures, while the latter to be mainly due to shallow soft soils. This distinction may in some cases be incorrect if large enough strains are developed at large depth by a major impedance contrast between a very hard rock and a deep, stiff sedimentary unit. However, the nonlinear behavior of such stiff soil under large confining pressure is still poorly known, and the recommended approach is on the safe side. The use of numerical simulation raises three main issues about the reliability of the results:

(1) The first relates to the accuracy and relevance of the numerical method and its implementation.

Apart (in principle) from the simple case of a 1D soil column impinged by vertically incident plane waves, such calculations require considerable experience and great caution. Even the simplest 1D case may provide variable results if the problem is not exactly defined, as different communities may interpret differently the same words (see the outcomes of the "Prenolin -Including 1D nonlinear and 3D linear excercises" project, Régnier et al., 2015aRégnier et al., ,b, 2016Régnier et al., , 2018)).

In particular, the robustness and reliability of the results decrease almost always with the growing sophistication of the models used. Different comparative tests to date (Tsuno et al, 2009;Bielak et al, 2009;Chaljub et al., 2009[START_REF] Chaljub | Quantitative comparison of four numerical predictions of 3D ground motion in the Grenoble valley, France[END_REF]Chaljub et al., , 2015;;Maufroy et al., 2016) conclude that at the present, it is essential to perform in parallel two independent calculations by two different teams with different simulation codes to ensure a minimum confidence level.

(2) It is recommended that the pair (code, computing team) can prove its expertise by comparing its results to those obtained by a collection of other methods on some "canonical" or "well documented" cases, such a those proposed during the E2VP and available on www.sismowine.org with on-line, well designed comparison tools.

(3) A special attention must be devoted to the implementation of attenuation, which may be valid only in a very narrow frequency range, or over a much broader frequency range (the latter should be be systematically preferred).

(4) The discretization for the medium may also have a significant influence on the computational accuracy: this step must be carefully documented and justified.

(5) The representativeness of the underground model used for simulation and its relevance to the real site. The results are indeed very sensitive to the exact geometry of the underground structure and to mechanical parameters as well, the most important being the S-wave velocity and damping (and in the nonlinear case their variations with shear strain and confining pressure). When these parameters are not well constrained, it is necessary to perform sensitivity studies to assess the variability of the results in relation to the actual uncertainty on input model parameters (see below parametric uncertainty in Error! Reference source not found.). [START_REF] Bazzurro | Vector-valued probabilistic seismic hazard analysis (VPSHA)[END_REF] The incorporation of nearby extended fault sources in such simulations constitutes an additional