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RÉSUMÉ ÉTENDU

Ce résumé étendu a été préparé sous la forme d'un article de synthèse pour le projet national C2ROP : Chutes de blocs, Risques Rocheux et Ouvrages de Protection. viii Évaluation quantitative du risque rocheux : de la formalisation à l'application sur les linéaires et les zones urbanisées Résumé : Les chutes de blocs représentent un aléa majeur dans les zones montagneuses, menaçant infrastructures collectives et zones urbanisées. Les conséquences de ces événements peuvent être importantes pour les collectivités locales ainsi que les pouvoirs publics, qui restent démunis en matière de méthode de diagnostic et d'analyse du risque de chutes de blocs. Dans ce contexte, l'évaluation quantitative du risque rocheux est devenue incontournable pour l'aménagement des territoires de montagne et le choix des stratégies destinées à réduire le risque. Seulement, compte tenu de la complexité et du caractère soudain du phénomène, de telles approches restent rares ou limitées à l'étude de l'aléa. De même, les quelques études qui quantifient le risque rocheux font l'hypothèse de la stationnarité du phénomène, limitant la gestion de ce dernier dans un cadre durable. Enfin, le risque rocheux reste systématiquement évalué par la moyenne des dommages, valeur souvent peu accommodante aux contraintes court-termes/long-termes auxquelles doivent faire face les gestionnaires du risque. A cet égard, cette contribution vise à renforcer les bases formelles du calcul du risque dans le domaine des chutes de blocs, et à démontrer sa faisabilité sur des zones urbanisées/urbanisables et réseaux de transport. Les effets de la non-stationnarité du phénomène, et l'apport de nouvelles mesures de risque pour l'analyse décisionnelle, sont également abordés.

Mots clés : Chutes de blocs • Analyse quantitative du risque • Alpes Françaises • Cordillère des Andes

A. Introduction

L'aléa de chute de blocs est caractérisé par le détachement brutal d'une masse rocheuse, depuis une paroi (sub)verticale, qui se propage rapidement vers l'aval sous l'effet de la gravité par rebonds successifs [START_REF] Varnes | Slope movement types and processes[END_REF]. Ces événements, fréquents en zones de montagne [START_REF] Badoux | Natural hazard fatalities in Switzerland from 1946 to 2015[END_REF][START_REF] Haque | Fatal landslides in Europe[END_REF], représentent un aléa majeur pour les infrastructures collectives et les habitations, et induisent fréquemment de graves accidents. En France, par exemple, le détachement d'un volume rocheux de 30 m 3 en 2014 a provoqué le déraillement du train touristique des Pignes (département des Alpes-de-Haute-Provence), faisant deux victimes et neuf blessés [START_REF] Assali | Modélisation géostructurale 3D de parois rocheuses par lasergrammétrie et photogrammétrie terrestres en milieu ferroviaire[END_REF]. Sur la même période, un événement rocheux de 50 m 3 a détruit une maison dans la municipalité d'Isola (département des Alpes-Maritimes), conduisant au décès de deux enfants. De même, l'endommagement des voies et la perturbation du trafic ferroviaire suite à un événement rocheux survenu en 2015 entre Moûtiers et Bourg-Saint-Maurice (département de la Savoie) a induit 1.34Me de réparations, et 5.4Me de dommages indirects.

Ces différents événements illustrent bien notre vulnérabilité face aux événements rocheux, et soulignent que les collectivités locales et les pouvoirs publics sont encore fréquemment démunis en matière de méthode de diagnostic et d'analyse du risque de chute de blocs. Dans ce contexte, l'évaluation des risques par une approche de type quantitative, appelée QRA (de l'anglais Quantitative Risk Assessment), est devenue incontournable pour l'aménagement des territoires de montagne et le choix des mesures de mitigation. A la différence des approches qualitatives, où le risque est exprimé à partir de critères objectifs et résumé par les termes fort, moyen, et faible (Ferrari et al., 2016), les approches quantitatives offrent des valeurs de risque objectives et reproductibles (Corominas et al., 2013). Chaque terme de l'équation du risque, dont les composantes principales sont l'aléa, la vulnérabilité, et l'exposition, sont fidèlement quantifiés, offrant des informations sur les dommages potentiels (en euros par an, par exemple).

Malgré le vif intérêt alloué aux approches de type QRA pour la gestion des risques rocheux, de telles applications restent encore inhabituelles. La rareté de ces approches est principalement liée à la difficulté à évaluer précisément chacune des composantes du risque. De plus, les quelques études qui proposent une approche de type QRA dans le domaine rocheux font généralement l'hypothèse de la stationnarité du processus [START_REF] Eckert | Repenser les fondements du zonage règlementaire des risques en montagne « récurrents[END_REF], alors que l'étalement urbain, ou l'évolution de l'occupation des sols [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF][START_REF] García-Hernández | Reforestation and land use change as drivers for a decrease of avalanche damage in mid-latitude mountains (NW Spain)[END_REF][START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF], qui modifient le fonctionnement du processus ne sont pas intégrés. Enfin, le risque rocheux -comme la plupart des autres risques naturels -est exprimé par la moyenne des dommages [START_REF] Eckert | Repenser les fondements du zonage règlementaire des risques en montagne « récurrents[END_REF]. Cependant, cette moyenne arithmétique est associée à plusieurs faiblesses, et n'offre qu'une seule valeur du risque, généralement inadaptée aux contraintes budgétaires, politiques, sociales, ou environnementales auxquelles doivent faire face les différents gestionnaires [START_REF] Bernier | Décisions et comportement des décideurs face au risque hydrologique[END_REF][START_REF] Jonkman | An overview of quantitative risk measures for loss of life and economic damage[END_REF][START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF].

Dans ce contexte, l'objectif de cette contribution est (i) de renforcer les bases formelles du calcul du risque dans le domaine des chutes de blocs, (ii) d'évaluer les effets des changements environnementaux sur le risque rocheux, et (iii) de proposer une méthode où le risque de chutes de blocs est quantifié à partir de mesures de risque alternatives à la moyenne arithmétique. A cet effet, nous proposons une procédure holistique de QRA où le risque rocheux est quantifié en combinant un modèle de simulation trajectographique avec des courbes de vulnérabilité et un large spectre de volume rocheux et de zones de départ de chutes de blocs. La faisabilité et l'intérêt de cette procédure est illustré sur deux cas d'études réels : la commune de Crolles, dans les Alpes Françaises, et la vallée de l'Uspallata, dans la Cordillère des Andes. Par ailleurs, nous mesurons l'effet des changements environnementaux sur le risque de chutes de blocs en appliquant la QRA dans différents contextes d'utilisation et d'occupation des sols. Enfin, nous proposons une approche innovante où deux mesures de risque, dites "quantile-based measures", sont introduites. Ces dernières permettent une meilleure prise en compte des événements extrêmes et permettent d'envisager la gestion du risque à divers horizons temporels.

Ces recherches ont été pleinement menées dans le cadre de la thèse de doctorat de Manon Farvacque, et cette contribution propose une vue d'ensemble des méthodologies, résultats, et conclusions issus de cette dernière.

B. Méthodologie

B. 1. Procédure générale

Le risque est classiquement défini comme une combinaison du phénomène dommageable et de ses conséquences [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], exprimé en dommage moyen attendu par an. A partir de la distribution cumulée des dommages L(d), intégrée sur la distribution des volumes des événements rocheux, le risque peut alors être exprimé comme [START_REF] Cruden | on Landslide Risk Assessment[END_REF][START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF] :

R z = q(z) × - Z × λ × E L(d) , (1) 
où R z représente les conséquences attendues suite à l'activité de chute de blocs sur un enjeu z, associé à une exposition spatio-temporelle q(z) et une valeur -Z. Ces enjeux sont généralement physiques (personnes, infrastructures routières/ferroviaires, bâtiments, etc.), mais d'autres aspects moins tangibles peuvent être introduits [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. L'occurrence temporelle des chutes de blocs (en événements/an, quel que soit le volume) est introduite à travers le facteur λ.

x Néanmoins, la soudaineté et la complexité du phénomène, le manque de retour d'expérience, et la difficulté de certains formalismes limitent cette approche généraliste. Dans l'état des conditions actuelles, le risque rocheux peut donc être quantifié de la façon suivante :

R z = q(z) × - Z f (v) p z (E | v) V z (E) dE dv , (2) 
où f (v) correspond à la fréquence annuelle d'un événement rocheux de volume v, p z (E | v) à la probabilité d'atteinte de l'enjeu z avec une énergie E et un volume v, et V z (E) à la vulnérabilité de l'élément z face à un impact rocheux d'énergie E. Il apparaît donc que la variabilité de l'aléa est réduite à celle du couple volume -énergie cinétique et, qu'en outre, la vulnérabilité n'est supposée dépendre que de l'énergie cinétique.

En pratique, le risque rocheux est calculé numériquement via des sommes discrètes sur un ensemble de simulations trajectographiques pour plusieurs classes de volumes v Cl :

R z = q(z) × - Z × l i=1 f (v Cl i ) × p z (v Cl i ) × Dz (v Cl i ) , (3) 
où f (v Cl ) correspond à la fréquence annuelle des événements rocheux pour la classe de volume v Cl , p z (v Cl ) à la probabilité d'atteinte de l'enjeu z par un bloc rocheux dont le volume appartient à v Cl , et Dz (v Cl ) à la moyenne de la distribution des dommages produits par les blocs impactant l'enjeu z dans la classe de volume v Cl .

B. 2. Approches alternatives

Dans le domaine des processus naturels, le risque est traditionnellement fondé sur la moyenne de la distribution des dommages [START_REF] Karlsson | Risk-based analysis of extreme events[END_REF] ; mais, la moyenne arithmétique présente des faiblesses qui remettent en cause la robustesse du risque calculé (cf. Chap. 5), et n'offre qu'une valeur du risque généralement inadaptée aux différentes contraintes auxquelles doivent faire face les gestionnaires du risque [START_REF] Bernier | Décisions et comportement des décideurs face au risque hydrologique[END_REF][START_REF] Jonkman | An overview of quantitative risk measures for loss of life and economic damage[END_REF][START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF]. Pour éviter de se fonder sur une approche unique, d'autres mesures du risque, comme la value-at-risk (VaR) et l'expected shortfall (ES), calculées sur la distribution complète des dommages (Eq. 1), ont été introduites. Ces dernières, très populaires dans le domaine financier [START_REF] Guerra | Are quantile risk measures suitable for risk-transfer decisions?[END_REF][START_REF] Emmer | What is the best risk measure in practice? A comparison of standard measures[END_REF], ont été choisies pour leur efficacité à évaluer les dommages liés aux événements de faibles probabilités (ou événements rares/extrêmes).

La value-at-risk et l'expected shortfall sont des mesures de risque dites "quantile-based" qui sont définies pour un seuil de confiance α ∈ (0,1) [START_REF] Mcneil | Quantitative risk management: concepts, techniques and tools[END_REF]. Ces deux mesures permettent d'évaluer les dommages minimum et moyen attendus dans les (1-α)% pires scénarios de la distribution des dommages. La VaR est un quantile de la distribution des dommages, calculé de la façon suivante :

VaR α = inf d ∈ R | Pr{D d} (1 -α) = inf d ∈ R | L(d) α) , (4) 
où L(d) est la distribution des dommages et Pr{D d} la probabilité que le dommage D soit supérieur ou égal à une valeur de dommage d.

De la même manière, l'expected shortfall est une mesure de risque étroitement liée à la valueat-risk, mais elle est davantage sensible à la queue de distribution. Cette mesure est définie comme la moyenne des dommages au-delà de la VaR par :

ES α = E (D | D VaR α ) .
(5)

xi Étant donné que le quantile α est défini par le gestionnaire en fonction de son attitude face au risque, avec α = 0 étant neutre face au risque et α = 1 conservateur [START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF], aucune recommandation claire n'est donnée quant au choix du α. Dans cette contribution, les mesures value-at-risk et expected shortfall ont été évaluées pour différentes périodes t (en année), correspondant à des horizons de gestion du risque définis par un certain niveau de confiance α comme :

α = 1 - 1 λt , (6) 
où λ représente l'occurrence temporelle des chutes de blocs (en événements/an, quel que soit le volume).

En s'appuyant sur l'Équation 1, le risque rocheux pour les mesures value-at-risk et expected shortfall est calculé comme :

R z = q(z) × - Z × 1 t × VaR α ES α , (7) 
où VaR α et ES α correspondent au dommage mesuré sur la distribution complète des dommages par la value-at-risk et l'expected shortfall au quantile α, respectivement.

C. Sites d'étude

Le cadre méthodologique présenté dans la section précédente a été appliqué sur deux cas d'étude réels : la commune de Crolles, dans les Alpes Françaises, et la vallée de l'Uspallata, dans la Cordillère des Andes. Ces deux sites ont été choisis pour leur forte activité de chutes de blocs, et la multiplicité des enjeux présents.

C. 1. La commune de Crolles

La commune de Crolles est située dans la conurbation Grenobloise, sur les contreforts du massif de la Chartreuse. Cette commune péri-urbaine, surplombée par une falaise calcaire haute de 300 mètres, est soumise à un aléa rocheux générateur de risque. Les archives historiques (catalogue d'événements, photographies), les cicatrices d'impacts observées sur les arbres, les cratères sur le sol, ainsi que les blocs récents de plusieurs m 3 observés sur le versant confirment une activité rocheuse, et traduisent également l'intensité et le caractère destructeur du phénomène. Par ailleurs, le versant de Crolles a connu de profondes modifications de l'occupation et de l'usage des sols depuis 1850, à l'origine d'une évolution rapide de l'aléa de chute de blocs. Le paysage viticole dominant au début du XXème siècle a progressivement disparu. La déprise agro-sylvo-pastorale et l'urbanisation ont conduit a une expansion du front urbain, et à une densification et expansion de la forêt dans la partie aval.

C. 2. La vallée du l'Uspallata

Notre second site d'étude est localisé dans la vallée de l'Uspallata, située entre la commune de Los Andes au Chili et la frontière avec l'Argentine. Cette vallée constitue un passage stratégique entre les deux pays, dispose de nombreuses ressources naturelles, et constitue, par conséquent, une zone de forte attractivité économique qui concentre de nombreux enjeux. On y retrouvera, par exemple, des habitations, des stations hydroélectriques, l'axe routier No. 60 sur lequel circulent voitures, pickups, bus et camions, et une ligne ferroviaire nouvellement utilisée pour l'exploitation minière. De plus, le développement économique induit un étalement des enjeux le long des versants, augmentant leur exposition à l'aléa de chute de blocs. Ces événements rocheux, xii principalement déclenchés par des événements météorologiques ou sismiques, ont d'ailleurs été reconnus comme un aléa majeur dans les Andes [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF]. Sur le site étudié, les nombreux blocs frais identifiés le long des versants, le fort degré de facturation de la falaise, ainsi que les divers témoignages des locaux démontrent la forte activité de l'aléa de chute de blocs dans la vallée du l'Uspallata. D. Évaluation des différentes composantes du risque de chute de blocs D. 1. Aléa rocheux L'aléa rocheux est défini autour de trois notions : (1) la susceptibilité, (2) la fréquence, et (3) la propagation. La susceptibilité consiste à identifier les zones depuis lesquelles des événements rocheux sont susceptibles de se déclencher. La fréquence correspond à l'occurrence annuelle de chutes de blocs pour différentes classes de volumes. Enfin, l'objectif de la propagation est d'évaluer les trajectoires potentielles des chutes de blocs.

Susceptibilité

Les zones de départ de chutes de blocs ont été identifiées à partir d'une approche géomorphométrique dite slope angle frequency distribution (SAFD ; [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF]. Cette dernière, basée sur l'utilisation d'un modèle numérique de terrain (MNT), permet de décomposer la distribution des pentes sur le site en plusieurs distributions gaussiennes considérées comme des unités morphologiques caractéristiques (par ex., pentes abruptes, pieds de pente, plaines, etc.). Le terrain est ensuite considéré comme source potentielle de chutes de blocs si son inclinaison dépasse une valeur limite. Dans le cas de Crolles, cette approche a été appliquée pour les 300 mètres de parois sub-verticales qui surplombent le village (cf. Chap. 2). Dans la vallée d'Uspallata, la qualité insuffisante du MNT n'a pas permis la mise en oeuvre de la SAFD. Les zones sources ont été identifiées sur la base d'une carte géomorphologique et des observations de terrain (cf. Chap. 3).

Fréquence des chutes de blocs

Pour chacun des deux sites d'étude, la relation volume-fréquence des événements rocheux a été élaborée en suivant la procédure proposée par De [START_REF] De Biagi | Estimation of the return period of rockfall blocks according to their size[END_REF], qui examine séparément (i) l'occurrence temporelle des événements de chutes de blocs, et (ii) la distribution en volume associée. A Crolles, la temporalité des chutes de blocs a été évaluée sur la base d'un catalogue d'événements répertoriés sur le versant (cf. Chap. 2). Dans la vallée de l'Uspallata, elle a été estimée grâce à modèle de rupture sismique (cf. Chap. 3). Par ailleurs, la distribution des volumes rocheux a été systématiquement élaborée en utilisant la statistique des valeurs extrêmes (loi de Pareto généralisée GPD ; [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]. La fréquence cumulée des événements rocheux est ainsi exprimée comme :

f (V > v | u) = λ × GPD σ, ξ = λ × 1 + ξ v -u σ -1/ ξ , (8) 
où V correspond au volume (en m 3 ) et λ à l'occurrence temporelle des chutes de blocs. u, σ, ξ sont les paramètres de position, d'échelle, et de forme, respectivement.

Propagation et énergies des blocs

Les trajectoires des événements rocheux ont été simulées au moyen du logiciel Rockyfor3D (Dorren, 2012), qui modélise la trajectoire d'un bloc en 3D à partir de séquences de chute libre dans l'air, de rebonds sur la surface de la pente, et d'impacts contre des arbres. Rockyfor3D prend en compte de l'hétérogénéité de l'occupation et de l'usage des sols, à travers des facteurs de rugosité et d'élasticité du sol, et de densité du couvert forestier. Les résultats fournis sont utilisés pour évaluer la distribution des énergies d'impact sur les enjeux considérés, et déterminer des probabilités d'atteinte.

D. 2. Vulnérabilité des enjeux

Les énergies des blocs fournies par le logiciel Rockyfor3D ont été converties en valeurs d'endommagement à partir de courbes de vulnérabilité. Ces dernières permettent de transformer l'énergie d'un bloc en un degré de dommage D compris entre 0 (pas de dommage) et 1 (destruction totale). Dans le cas des objets roulants, cette relation est décrite par D(E) = 1, où E correspond à l'énergie d'impact (en Joules). Le degré de dommage sur le bâti est évalué au moyen de la courbe de vulnérabilité d [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], issue de la rétro-analyse d'un événement rocheux en 2004 à Fiumelatte (Italie). Cette relation est donnée par l'expression suivante :

D(E) = 1 - 1.358 1 + e E-129000 120300 
.

D. 3. Exposition et valeur des enjeux

Dans le cas des bâtiments, comme nous ne tenons pas compte de l'élément touché (colonne angulaire, mur non-porteur, colonnes centrales, etc. ; [START_REF] Mavrouli | Rockfall vulnerability assessment for reinforced concrete buildings[END_REF], le facteur d'exposition est égal à 1 (éléments statiques). Au contraire, l'exposition des objets roulants découle de la probabilité d'être sur la trajectoire d'un bloc rocheux (probabilité spatiale), au moment de l'événement (probabilité temporelle).

La probabilité spatiale a été calculée en tenant compte de la longueur du tronçon à risque, la longueur du véhicule, et le diamètre moyen de l'événement rocheux. Il est calculé comme :

Sp z (v Cl ) = d(v Cl ) + l(z) × 1/L si d(v Cl ) + l(z) < L 1 sinon , (10) 
où d(v Cl ) est le diamètre moyen d'un bloc rocheux (en m) dans la classe de volume v Cl , et L la longueur du tronçon à risque (en m) sur lequel circule l'enjeu z de longueur l (en m).

De la même manière, la probabilité temporelle a été définie en considérant la vitesse de l'enjeu, comme :

Tp z = l(z) + L ν z × 1 24 × 60 × 60 , (11) 
où ν z est la vitesse de l'enjeu z (en m/s).

En croisant la probabilité spatiale, la probabilité temporelle, et le trafic journalier moyen τ , l'exposition d'un enjeu roulant z sur un tronçon à risque est donné par :

q(z w | v Cl ) = Sp z (v Cl ) × Tp z × τ z . ( 12 
)
xiv Enfin, la valeur des bâtiments a été donnée par leur surface au sol (emprise de l'enjeu sur le MTN). Le risque est alors exprimé comme la surface moyenne du bâti détruite chaque année. Pour les objets roulants, la valeur de l'enjeu correspond à sa valeur d'achat. Le risque est alors exprimé en termes monétaires.

E. Synthèse des résultats E. 1. Analyse quantitative du risque de chutes de blocs sur le site de Crolles Considérant des volumes rocheux de 1 à 20 m 3 issus des 300 mètres de parois sub-verticales qui surplombent le village de Crolles, le risque rocheux, exprimé en surface moyenne détruite chaque année, a été évalué pour chaque bâtiment référencé dans le plan cadastral de la municipalité (cf. Chap. 2). Sur le plan spatial, la cartographie du risque rocheux démontre que les enjeux menacés sont principalement situés sur le front urbain. Le risque individuel excède rarement 0.01 m 2 détruits par an, mais un quartier où le risque peut dépasser cette valeur fait exception. Par ailleurs, le risque rocheux pour le bâti de Crolles a été calculé pour 19 classes de volume. La distribution du risque en fonction de ces classes de volume met en évidence la proportion importante du risque total liée aux classes comprises entre 7 et 12 m 3 (Fig. 1). La décroissance du risque pour des volumes supérieurs résulte de la diminution des fréquences d'occurrence pour des événements de fortes magnitudes. A l'inverse, pour des classes de volume inférieures, le risque diminue du fait de la protection induite par le couvert forestier. E. 2. Analyse quantitative du risque de chutes de blocs dans la vallée de l'Uspallata Notre méthodologie de calcul, initialement proposée sur le plan urbain de Crolles, a été transposée à une zone de très forte activité économique où l'on peut retrouver des enjeux variés et présents en grand nombre. Nous nous sommes ainsi intéressés à la vallée de l'Uspallata, dans la Cordillère des Andes, où le risque rocheux, exprimé en des termes monétaires ($/par an), a été évalué sur les bâtiments (maisons individuelles et centrales électriques) et infrastructures collectives (linéaire routier et ferroviaire) pour des volumes rocheux compris entre 0.5 à 19.5 m 3 xv (cf. Chap. 3). Dans l'ensemble, le risque rocheux est très élevé et atteint 13,390,608$/an. En détails, 83% de cette valeur est distribuée sur les 183 bâtiments fréquemment impactés par les simulations trajectographiques (maisons individuelles et stations hydroélectrique confondues), et 15% est associée au trafic de poids lourds circulant le long l'axe routier No. 60. Il apparaît donc que le risque rocheux dans la vallée de l'Uspallata est lié aux éléments statiques et au trafic des camions. Sur le plan spatial, la cartographie du risque rocheux démontre que les enjeux menacés sont principalement situés dans la municipalité de Rio Blanco (Fig. 2A,C). De même, l'analyse du risque sur chaque tronçon individuel de route a permis d'identifier les 7 kilomètres de route les plus sujets au risque rocheux (tous types de véhicules confondus). Des tronçons particulièrement à risque sont par exemple identifiés à proximité de l'aire de péage de la route (Fig. 2B,D).

Risque rocheux ($/an) 0 < 1,000 1,000 -2,000 2,000 -3,000 3,000 -4,000 4,000 -5,000 5,000 -6,000 6,000 -7,000 7,000 -8,000 8,000 -9,000 9,000 -10,000 10,000 -50,000 50,000 -100,000 100,000 -500,000 > 500,000 

E. 3. Influence des changements paysagers sur le risque rocheux

Pour approfondir notre approche, notre méthodologie de calcul, déjà appliquée dans le contexte actuel de la commune de Crolles, a été étendue à trois modèles d'occupation et d'usage des sols observés par le passé sur le versant de la commune (cf. Chap. 4). Ces derniers, proposés par [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF], reprennent la cartographie de l'occupation des sols de 1850 (paysage binaire forêt-vigne), 1956 (mosaïque de forêt, vigne, culture, prairie, et friche), et 1975 (mosaïque de forêt, culture, prairie, et friche). Nos différents résultats, exprimés pour chaque bâtiment référencé dans le plan cadastral de Crolles, ont permis de démontrer que la politique de reboisement du versant depuis les années 1850 offre une réduction du risque rocheux d'environ 50% (Farvacque et al., 2019a). Néanmoins, cette diminution n'a pas été proportionnelle à la progression du couvert forestier. En effet, la réorganisation parcellaire du paysage en aval du versant entre 1956 et 1975 a fortement contrebalancé l'action protectrice de la forêt contre les chutes de blocs. Par exemple, l'abandon des vignes pour de la prairie entre 1850 et 1956 a multiplié le risque rocheux par un facteur 5. Par ailleurs, l'étude au cas par cas des bâtiments a permis de démontrer que les secteurs les plus à risque varient en fonction de la structure paysagère (Fig. 3). Aujourd'hui, le risque rocheux est concentré sur quelques bâtiments situés à l'aval d'une parcelle de prairie de faible rugosité, elle-même localisée à la débouché d'un talweg, ce qui induit une augmentation des probabilités d'impact. xvii E. 4. Quantification du risque rocheux par des mesures alternatives du risque L'analyse quantitative du risque fondée sur la moyenne de la distribution des dommages présente des faiblesses qui remettent en cause la robustesse de la valeur de risque calculée. Afin de proposer des valeurs alternatives, d'autres métriques, plus précisément la value-at-risk (VaR) et l'expected shortfall (ES), ont été introduites (cf. Chap. 5). Ces métriques ont été testées sur un quartier (dit du Brocey) de la commune de Crolles en supposant un scénario d'urbanisme futur. Le risque rocheux a été évalué sur chaque bâtiment théorique, réparties de manière homogène le long de la pente, pour des horizons de gestion du risque rocheux compris entre 100 et 10 000 ans. Les cartes obtenues à partir de la VAR (Fig. 4A,C) montrent une absence de risque pour t < 100 ans (certitude à 98% ; Fig. 4A). Au-delà de cet horizon t, le nombre de bâtiments à risque augmente, préférentiellement le long des couloirs rocheux, mais reste très restreint et le taux de destruction annuel n'excède jamais 0.5 m 2 (Fig. 4C). Les cartes obtenues à partir de l'ES démontrent au contraire que le risque existe sur l'ensemble du secteur considéré (Fig. 4B,D). En amont des couloirs, par exemple, 2% des événements rocheux attendus sur 100 ans endommageront, en moyenne, plus de 0.1 m 2 /an (Fig. 4B). Nos résultats démontrent aussi que tant que le risque VaR est égale à 0 m 2 /an, le risque ES est strictement égal au risque moyen. 

F. Conclusion

Dans cette contribution, nous proposons des solutions simples pour renforcer les fondamentaux du calcul quantitatif du risque rocheux à travers de modèles analytiques, statistiques, ou numériques. Contrairement aux études précédentes où le risque rocheux est généralement évalué sur des scénarios prédéfinis, nous prenons systématiquement en compte un large éventail de volumes de chutes de blocs et de zones de départ. À cet égard, le spectre complet de l'aléa rocheux est intégré dans le calcul du risque.

xviii Notre cadre méthodologique a été testé sur deux sites d'étude : la commune de Crolles, dans les Alpes, et la vallée de l'Uspallata, dans les Cordillère des Andes. Les résultats obtenus démontrent la faisabilité de la QRA dans le contexte de chute de blocs, mais mettent également en évidence la valeur ajoutée de ces procédures dans la gestion des risques. En effet, la QRA offre une vue d'ensemble du problème, et permet aussi d'identifier et de hiérarchiser les zones à risque. Ainsi, les différents résultats permettent une meilleure compréhension du risque, et sont un atout majeur pour l'aménagement du territoire et l'optimisation du positionnement et du dimensionnement des ouvrages de protection.

Par ailleurs, l'implémentation de contextes non-stationnaires dans le calcul du risque rocheux a permis de mieux comprendre les interactions entre la structure du paysage et le risque de chutes de blocs. Cette approche dynamique démontre l'intérêt de la prise en compte systématique de l'évolution du paysage dans l'évaluation quantitative des risques naturels rocheux.

Enfin, l'introduction des nouvelles métriques (VAR et ES) offre une approche innovante de la QRA. Encore inédite dans le domaine des chutes de blocs, elle permet la quantification du risque pour différents horizons temporels. Les cartes de risque individuel qui en résultent constituent des alternatives pour les choix d'aménagement du territoire ainsi que la prise en compte des différentes contraintes court-termes/long-termes auxquelles doivent faire face les gestionnaires du risque. Cela devrait aider à trouver le juste équilibre entre la nécessité de sécurité et le besoin de développement durable dans divers contextes. 

Introduction

Rockfall events represent a major hazard in mountainous areas endangering human lives, transportation infrastructures, industries and housings (Fig. 1.1). Abundant literature reports fatalities around the world, e.g., in Switzerland [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Badoux | Natural hazard fatalities in Switzerland from 1946 to 2015[END_REF], Italy [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], Austria [START_REF] Haque | Fatal landslides in Europe[END_REF], Canada [START_REF] Bunce | Assessment of the hazard from rock fall on a highway[END_REF], China [START_REF] Li | Integrated rockfall hazard and risk assessment along highways: An example for Jiuzhaigou area after the 2017 Ms 7.0 Jiuzhaigou earthquake, China[END_REF] or Argentina [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF]. Damages and causalities due to rockfalls are also significant in France, especially in the French Alps. For instance, a 30 m 3 rockfall event in February 2014 violently impacted the Train des Pignes (a famous touristic train crossing the Alpes-Maritimes and Alpes-de-Haute-Provence departments) causing two fatalities and injuring nine people [START_REF] Assali | Modélisation géostructurale 3D de parois rocheuses par lasergrammétrie et photogrammétrie terrestres en milieu ferroviaire[END_REF]. Over the same period, a block of 50 m 3 destroyed a dwelling house in the municipality of Isola (Alpes-Maritimes department), causing the death of two children. These events demonstrated that local communities and public authorities face difficulties for preventing the risk related to rockfalls. In this context, quantitative analysis and mapping of rockfall risk have become crucial issues for stakeholders when planning and implementing urban developments (Corominas et al., 2013). For this purpose, a rigorous evaluation of the hazard must be performed, derived thereafter in term of risk by including into the analysis the exposure of the elements at risk and their vulnerability (risk framework).

The first part of this introduction is dedicated to synthesize the basis of rockfall hazard and risk, and existing approaches for their evaluation. Key knowledge gaps resulting from this state of the art are thereafter introduced. Based on the latter, the main objectives of this PhD are detailed in the last part of this introduction.

State of the art

Rockfall hazard

Landslides are complex natural phenomena that refer to a wide variety of slope movements, such as rock topple, debris slide, or earth flow (also known as mud flow). Different landslide types can be distinguished by the type of movement (i.e. fall, topple, slide, lateral spread or flow) and the kind of material involved (i.e. bedrock or engineering soils). A fairly complete description of landslide types has been proposed by [START_REF] Varnes | Slope movement types and processes[END_REF], and an abbreviated classification is provided in Table 1.1. In this thesis, only rockfall phenomenon is broached. [START_REF] Varnes | Slope movement types and processes[END_REF].

Among slope movements, rockfall represents one of the most common process in mountain areas worldwide [START_REF] Hungr | The Varnes classification of landslide types, an update[END_REF]. According to [START_REF] Varnes | Slope movement types and processes[END_REF], this specific landslide type refers to the fall of a detached mass from an area of bedrock (Tab. 1.1). In greater details, rockfalls correspond to the detachment of individual rocks of any size from (sub)vertical outcrops followed by rapid to extremely rapid downslope motions characterized by free falling, bouncing and/or rolling (Lambert, 2011;Ferrari et al., 2016). Rockfall activity of a given site is defined by the intrinsic features of the slope, characterized by the morphological, geological and hydrogeological context, the discontinuity patterns in rock slope, the mechanical properties of rocks and soil [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF], as well as stress-relief features. However, pre-failure processes can evolve with time due to the effects of external processes such as meteorological factors (rainfall, sunshine, freeze-thaw, temperature variations, snow and ice melt;[START_REF] D'amato | Influence of meteorological factors on rockfall occurrence in a middle mountain limestone cliff[END_REF], earthquakes (Vidrih et al., 2001), volcanic eruptions (DeRoin and[START_REF] Deroin | Rockfalls at Augustine Volcano, Alaska: The influence of eruption precursors and seasonal factors on occurrence patterns 1997-2009[END_REF], vegetation (root wedging; [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF] or human activities (anthropogeneous factors; [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF].

Moreover, rockfalls are characterized by their long-runout and punctual impacts (Lambert, 2011). Their dynamic is a complex function of the geometry and mechanical properties of both the block and the slope, as well as the location of the detachment point [START_REF] Crosta | A methodology for physically based rockfall hazard assessment[END_REF].

Hence, the rockfall hazard definition incorporates the concepts of:

1. Susceptibility, i.e. where a rockfall event could occur; 2. Frequency, i.e. when a rockfall event could occur; 3. Propagation, i.e. trajectory and maximum runout of the falling blocks.

The concept of susceptibility refers to the detection of potentially unstable cliff sections from which rock blocks could be released. Assessing susceptibility requires to describe the predisposition of an area for future rockfall events and results in an mapping of where rockfalls are likely to occur (Ferrari et al., 2016). Several methods with different levels of complexity have been proposed in the literature to identify potential release areas. The simplest empirical approaches identify rockfall sources from field observations, expert judgments, historical data or theoretical assumptions [START_REF] Toppe | Terrain models -a tool for natural hazard mapping[END_REF][START_REF] Guzzetti | Rockfall hazard and risk assessment in the Yosemite Valley, California, USA[END_REF][START_REF] Frattini | Assessment of rockfall susceptibility by integrating statistical and physically-based approaches[END_REF][START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF][START_REF] Li | Integrated rockfall hazard and risk assessment along highways: An example for Jiuzhaigou area after the 2017 Ms 7.0 Jiuzhaigou earthquake, China[END_REF]. Field observations consist, for example, in detecting geostructural evidences of future failures, such as unfavourably oriented joints, tension cracks or open joints. A refined identification of discontinuities predisposed to rock failures can be carried out based on multiparameter rating systems derived from tunnelling and mining engineering [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. Examples are the Rock Mass Rating (RMR) or the Slope Mass Rating (SMR) systems [START_REF] Pellicani | Rockfall trajectory modeling combined with heuristic analysis for assessing the rockfall hazard along the Maratea SS18 coastal road (Basilicata, Southern Italy)[END_REF]. Nowadays, recent technologies involving photogrammetry [START_REF] Budetta | Quantitative rockfall risk assessment for an important road by means of the rockfall risk management (RO.MA.) method[END_REF] or LiDAR surveying method [START_REF] Strunden | Spatial and temporal variations in rockfall determined from TLS measurements in a deglaciated valley, Switzerland: Rockfall in a deglaciated valley[END_REF][START_REF] Macciotta | Probabilistic estimation of rockfall height and kinetic energy based on a three-dimensional trajectory model and Monte Carlo simulation[END_REF][START_REF] D'amato | Influence of meteorological factors on rockfall occurrence in a middle mountain limestone cliff[END_REF] allow detecting discontinuities within a structure with high quality resolutions. Similarly, increasing availability of both digital elevation models (DEM) and geographic information systems (GIS) lead to a rapid detection of potential rockfall sources based on slope angles statistics [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF].

In addition to susceptibility, the temporal probability of failure must be addressed to define the probability of occurrence of rockfall events, expressed in terms of frequency or return period. Based on the idea that "the past is the key to forecasting the future", the most common approach for evaluating the hazard frequency involves the retro-analysis of past events. In that respect, the analysis of site-specific inventories provides the mean number of events that occur within a period of time (Ferrari et al., 2016). In the field of rockfalls, such approaches are still rare given the scarcity of available and exhaustive historical data sets [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF]. This lack results from (i) the low number of instrumental measurements existing for studying rockfall activity, and (ii) the continuous and long-time scale observations necessary to encompass a wide variety of processes. Frequency quite often has been obtained from the temporal occurrence of the triggering factors (e.g. rainfalls, earthquakes) with known annual exceedance probabilities [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF]. Alternative methods are also proposed in the literature involving lichenometry techniques (lichen colonization on individual boulders; [START_REF] Luckman | Estimating long-term rockfall accretion rates by lichenometry[END_REF], optically stimulated luminescence dating (age determinations of rockfall events; [START_REF] Kanari | Evaluating earthquakeinduced rockfall hazard near the Dead Sea Transform[END_REF] and dendrogeomorphic approaches [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces, Western French Alps[END_REF]. Yet, as rockfall events can be initiated for different magnitude scenarios, the frequency must consider different size of rockfalls. As a consequence, magnitude-cumulative frequency (MCF curve) relationships have been developed for rockfalls by using inventories of past rockfall events [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF] or aerial photo interpretation [START_REF] Guerin | Brief communication"Estimating rockfall frequency in a mountain limestone cliff using terrestrial laser scanner[END_REF]. The magnitude of rockfall events can refer to a multitude of factors involving the mass, the volume, the density or the shape of the detached block.

Predicting the rockfall runout is also essential to accurately describe the rockfall hazard [START_REF] Crosta | A methodology for physically based rockfall hazard assessment[END_REF][START_REF] Jaboyedoff | An attempt to refine rockfall hazard zoning based on the kinetic energy, frequency and fragmentation degree[END_REF]. The maximum runout of falling blocks can be evaluated empirically by the shadow angle or energy line method, according to which the maximum travel distance of blocks is defined by the intersection of the topography with an energy line having an empirically-estimated inclination [START_REF] Jaboyedoff | Technical Note: Preliminary estimation of rockfall runout zones[END_REF]. Unfortunately, this approach does not account for block and slope interactions [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]Ferrari et al., 2016) and remains insufficient for detailed trajectory analyses. In that case, numerical modelings involving physically based deterministic algorithms combined with stochastic approaches provide a more accurate description of rockfall physics and allow for a better evaluation of rockfall spatial distribution [START_REF] Crosta | A methodology for physically based rockfall hazard assessment[END_REF][START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. Numerical modeling softwares include 2D [START_REF] Stevens | Rocfall: A tool for probablistic analysis, design of remedial measures and prediction of rockfalls[END_REF][START_REF] Budetta | Quantitative rockfall risk assessment for an important road by means of the rockfall risk management (RO.MA.) method[END_REF] or 3D topography [START_REF] Agliardi | High resolution three-dimensional numerical modelling of rockfalls[END_REF][START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF], but 2D approaches neglect the geometrical and dynamic effects of a 3D topography on rockfalls. Hence, 3D numerical modeling has been shown essential to account for the lateral dispersion of trajectories and the related effects on reach probabilities [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. Lastly, as rockfall events can also be addressed in term of destructiveness, Corominas et al. (2013) suggests describing the hazard by taking into consideration not only the magnitude of the event but also its corresponding magnitude of damage (i.e. its intensity). In rockfall terminology, intensity refers to the kinetic energy of failing blocks (in Joules) and is assessed at each location along the fall path from numerical models [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF]. Similarly, given the difficulty to evaluate precisely each rockfall physical property, a simplified characterization of the magnitude in which only the rock volume (in m 3 ) is considered is generally adopted [START_REF] Bourrier | Accounting for the variability of rock detachment conditions in designing rockfall protection structures[END_REF].

Mathematically speaking, rockfall hazard (number of event per year) for a volume v and intensity E at a specific location z is therefore given by:

H z (v, E) = f (v) × p z (E | v) , (1.1)
where f (v) describes the occurrence frequency of rockfall events with a volume v (at a given rockfall source location), and p z (E | v) the reach probability at the location z for a block of volume v and energy E [START_REF] Jaboyedoff | An attempt to refine rockfall hazard zoning based on the kinetic energy, frequency and fragmentation degree[END_REF].

Qualitative and quantitative risk assessments

Although hazard mapping is a useful tool for land use planning, the design and optimization of both structural and non-structural protective countermeasures require comprehensive risk analysis and evaluation [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. In the field of natural hazards, risk is generally defined by the product of hazard, exposure, and vulnerability, i.e. a combination of the damageable phenomenon and its consequences [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. Exposure is the probability that a given element at risk, within the area z affected by the rockfall, is at the impact location at the time of impact (temporal and spatial probabilities). In the most common configurations, the elements at risk are physical (i.e., people, traffic infrastructure, buildings), but other less tangible aspects can be introduced such as the image and aesthetics of an element [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. Similarly, the degree of loss suffered by the element impacted by a rockfall is given by its vulnerability. It ranges between 0 (no loss) and 1 (total loss). The risk therefore describes a level of severity per year, in terms of disadvantage, damage, injury, or loss of life (Ferrari et al., 2016), as:

R z (v, E) = H z (v, E) × V z (E) × q(z) × - Z , (1.2)
where R z (v, E) is the annual rockfall risk from a volume v and intensity E at a specific location z, V z (E) the vulnerability resulting from an intensity E on the element at risk located at z, q(z) the exposure of the element at risk in z, and -Z its economic value.

Depending on the nature of the problem, the risk analysis can be either qualitative or quantitative (Ferrari et al., 2016).

Qualitative risk analysis consists in analyzing the rockfall consequences by using qualitative descriptors of the hazard, the elements at risk and their vulnerabilities [START_REF] Fell | A framework for landslide risk assessment and management[END_REF]Ferrari et al., 2016). This may comprise tools such as ranked attributes, weighted indices, rating systems, scoring schemes, ranking matrices and classifications [START_REF] Fell | A framework for landslide risk assessment and management[END_REF]. The value attributed to each qualitative descriptors can be based on either objective estimates (statistical or mathematical), subjective estimates (professional judgments or assumptions), or combinations of both (Ferrari et al., 2016) In practice, qualitative methods for risk analysis are appreciated due to their ease and speed of use (Ferrari et al., 2016). But such approaches are progressively replaced in the field of natural hazards by quantitative risk assessment (QRA) procedures [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], as the latter allow risk to be quantified in an objective and reproducible manner (Corominas et al., 2013). QRA procedure involves evaluating each term of the risk equation in terms of probabilities and consequences, so that risk can be expressed in monetary value (Ferrari et al., 2016;[START_REF] Hackl | Estimating the risk related to networks: a methodology and an application on a road network[END_REF]. Hence, QRA allows cost-benefit analyses to be performed increasing the appreciation of the efficiency of the actions undertaken. It also helps with the identification of gaps in the input data, and to understand the weakest points of the analysis (Corominas et al., 2013). In fine, risk estimates can be compared with societal acceptability criteria [START_REF] Fell | A framework for landslide risk assessment and management[END_REF]Corominas and Mavrouli, 2013) or from one location to another (Ferrari et al., 2016). QRA methods have therefore a significant interest for risk mitigation and facilitate discussions and exchanges among geoscientists, stakeholders and decision-makers (Corominas et al., 2013).

In the field of rockfalls, QRA procedures have been adapted from quantitative analyses of landslide risk [START_REF] Fell | A framework for landslide risk assessment and management[END_REF][START_REF] Fell | Guidelines for landslide susceptibility, hazard and risk zoning for land use planning[END_REF]Corominas et al., 2013;[START_REF] Lari | A probabilistic approach for landslide hazard analysis[END_REF]. However, in practice, quantifying rockfall risk was proven to be a rather difficult exercise, as knowledge regarding each component of the risk equation is usually insufficient to perform a reliable assessment (Ferrari et al., 2016). Indeed, input data suffer from epistemic and aleatory uncertainties [START_REF] Baecher | Reliability and statistics in geotechnical engineering[END_REF], that refer to the lack of knowledge regarding each component of the risk calculation, and to the natural randomness of the rockfall process, respectively. We noticed, for instance, the quasi total absence of physical vulnerability functions in the current literature. Similarly, no unified and harmonized guidelines or recommendations for calculating rockfall risks have been formulated so far (Ferrari et al., 2016). Hence, QRAs in rockfall-prone regions remain scarce, or focus on the sole hazard quantification, thus poorly investigating the potential losses. Table 1.3 provides a brief overview of the main studies which so far performed QRAs for rockfall. 

Risk measure

Since both probability and intensity strongly depend on the initial volume of rockfall events, rockfall risk must be assessed for different volume scenarios [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. For this reason, by considering all the scenarios which characterize a risk situation, the risk is classically computed as an expected value by the integration of the consequences and their probability of occurrence [START_REF] Melching | Comprehensive risk assessment for natural hazards[END_REF]. This writes:

R z = q(z) × - Z f (v) p z (E | v) V z (E) dE dv , (1.3)
where R z represents the expectation of the consequences (or a certain amount of loss) of rockfall activity from a single rockfall source for the element at risk at the location z and of value -Z. In the field of natural hazard, mathematical expectation has traditionally been used as risk measure in risk-based optimal decisions [START_REF] Karlsson | Risk-based analysis of extreme events[END_REF]. However, the use of such a measure is becoming increasingly controversial. Indeed, a major limitation of the standard loss expectation is that it fails to fairly capture consequences due to rare events [START_REF] Yoshikawa | Financial Seismic Risk Analysis of Building Portfolios[END_REF]. Consequently, the expected loss may not represent the real risk for which outcomes may be catastrophic, event if their probability is very low. The expected damage is therefore an underestimate of what society is willing to pay to avoid an adverse outcome from a natural disaster [START_REF] Melching | Comprehensive risk assessment for natural hazards[END_REF]. Similarly, the expected loss offers a unique solution to a given problem, while in an operational context multiple issues should be proposed since decisionmaker preferences facing risk are affected by short/long term constraints and trade-offs between protection and costs. Specifically, major limitations of the expected loss as sole risk measure can be overcome by adopting measures of risk that consider the trade-off between high probability events/low losses and low probability events/high losses. In that respect, [START_REF] Thompson | Evaluation and Presentation of Dam Failure and Flood Risks[END_REF] proposed a methodology for flood risk based on the partitioned multiobjective risk (PMRM) approach that describes the conditional expected losses from various events contributing to the total risk. More radically, actuarial sciences have developed different robustness measures based on the full distribution of losses that hedge against worst-case risks in a set time period. These approaches are widely used in financial market risks and are nowadays extended to other domains such as cybersecurity [START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF] or hydrology [START_REF] Bernier | Décisions et comportement des décideurs face au risque hydrologique[END_REF][START_REF] Xu | Alternative risk measure for decision-making under uncertainty in water management[END_REF]. Among these measures, the value-at-risk and the expected shortfall seem to be the most usual [START_REF] Emmer | What is the best risk measure in practice? A comparison of standard measures[END_REF]. They define the quantile of the distribution of random losses that is not exceeded at a certain confidence level α and the expected loss in the α worst-case tail of the loss distribution, respectively. Many others measures of risk exist, with mathematical properties and practical advantages/limits that remain discussed [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF].

Key knowledge gaps

From this state of the art, different critical points can be identified. In the following, we focus on some of them.

Unsurprisingly, we highlight the difficulties in quantifying each risk components, and consequently, in assessing rockfall risk. In urbanized areas, these different issues have been well identified in the working groups and technical committees convened at the initiative of the General Directorate for Risk Prevention (DGPR) for revision of the guides for natural risk prevention plans (PPRN). However, the solutions envisaged cover the problems partially only, due to methodological and practical limitations in existing engineering tools. Similarly, road owners and train operators working together in the French national project C2ROP (Chutes de blocs, Risques Rocheux et Ouvrages de Protection) mentioned a significant lack of tools and methods to manage rockfall risk on linear networks.

Additionally, rockfall risk studies remain generally restricted to a limited number of release areas and specific block volumes, that generally correspond to rare achievements or reference scenarios predefined in terms of magnitude and intensity. However, past rockfall events have amply demonstrated the complexity and the unpredictability of the process, and the use of specific scenarios therefore leads to a minimum estimate of the rockfall risk.

Similarly, risk evaluation is nearly always performed under stationary assumptions, i.e. under the assumption that the hazard arises with a constant probability distribution over time [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. However, over the last few decades, mountain zones have experienced strong and rapid socio-environmental mutations [START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF]). Yet, to our knowledge, no QRA study has integrated evolutions of calimate and landscape patterns, that may affect rockfall risk. This lack of dynamical analysis precludes reliable anticipation of rockfall risk in a context where environmental conditions are evolving rapidly and substantially.

Finally, rockfall risk studies carried out so far are always based on the sole standard loss expectation. This precludes from in-depth awareness and understanding of risk to propose effective allocation of mitigation actions in respect to their political, psychological and social constraints [START_REF] Jonkman | An overview of quantitative risk measures for loss of life and economic damage[END_REF]. Hence, the most validated alternative measures should be used in rockfall risk, leading to valuable tools and optimal solutions for decision-makers in light of their personality as well as political preferences, strategies of loss minimization, and social/budgetary constraints [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF].

Outline of this thesis

Overview of the work

Grounding on this state of the art and critical gaps in rockfall hazard and risk assessment, this thesis aims at (1) reinforcing the basis for better quantifying rockfall risk, (2) proposing analysis under an explicit non-stationary context, and (3) developing a methodology for quantifying rockfall risk based on alternative measures of risk.

In order to reach these goals, we developed a procedure for rockfall risk quantification based on analytical, statistical or numerical models. This procedure involves a rockfall simulation model coupled with the physical vulnerability of potentially affected structures and a large range of rockfall volumes as well as release areas. Our procedure has been implemented on two real case studies, i.e. the Crolles municipality, in the French Alps, and the Uspallata valley, in the Central Andes mountains, for which we adapted our approach to the availability and quality of data. Additionally, the municipality of Crolles has been more specifically investigated for quantifying the effect of environmental changes on rockfall risk. A detailed analysis has been also performed in a smaller area of the latter based on two alternative measures of risk and on the basis of individual risk as a tool for future land use planning.

The resulting analyses include four chapters, each intended to be a self-containing journal published article. Chapter 2 has been published in Géomorphologie: relief, processus, environnement, and Chapter 4 in Global and Planetary Change. The remaining chapters (chapters 3 and 5) remain to the state of drafts that should be submitted soon. A detailed overview of each chapter is proposed in the following section. Finally, chapter 6 synthesizes the PhD thesis and proposes perspectives for pursing this work.

Main chapters content

In chapter 2, we developed the first quantitative analysis of rockfall risk for the French Alps, in the municipality of Crolles, northeast of the Grenoble conurbation (edge of the Isère Valley). The risk, expressed as the mean surface destroyed each year (m 2 /year), has been calculated at the level of each individual dwelling house by considering a wide range of volumes (1-20 m 3 ) and the 300-m-high sub-vertical cliff overhanging the village. Based on detailed historical/field observations, the rockfall volume-frequency relationship has been evaluated from an asymptotic model of the generalized Pareto family. Similarly, rockfall trajectories have been assessed based on the Rockyfor3D model, and the impact energies resulting from the latter have been derived in term of damages from the physical vulnerability curve of [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. This first study demonstrates the practicability of the QRA at a municipality scale, and the detailed spatial results allow to precisely maps the elements subjected to the highest risk. Volume classes making a major contribution to total risk have also been highlighted.

The procedure for rockfall risk quantification, applied for the municipality of Crolles in chapter 2, has been extended in chapter 3 to a large-scale case study located in the Central Andes mountains, namely the Uspallata valley. In addition to including individual houses, this study accounts for a large range of static and mobile elements at risk, such as hydroelectric plants, cars, pickups, buses, trucks, and trains. Similarly, as the strong seismic activity in this region plays a key role in rockfalls triggering, we propose a risk analysis where the frequency is assessed at the level of each rockfall source by means of regional seismicity. This study therefore proposes a holistic QRA procedure for an unusually large area and in highly strategic high mountain environment. Our results evidence sections and urban areas on which detailed investigations and mitigation measures will be the most efficient, and proposes risk assessment diagnostics at various scales usable by local stakeholders.

On the basis of chapter 2, chapter 4 aims at assessing the impacts of environmental changes on rockfall risk at Crolles. For this purpose, we implemented in the QRA four characteristic landuse and land-cover (LULC) patterns, representative of observed landscapes on calcareous slopes in different periurban regions in the Alps. Our results, transposable to a wide range of calcareous south-facing slopes in the Alps, enable to quantify the protection value of the landscape. This chapter thus involves a key innovative approach mixing risk assessment and non-stationarity.

Last, in chapter 5, rockfall risk is evaluated for the so-called Le Brocey neighborhood at Crolles. Based on a scenario of potential building development, the mean surface destroyed per year is evaluated at each location along the slope on an individual risk basis. The QRA is extended to alternative measures of risk, namely the value-at-risk (VaR) and the expected shortfall (ES), chosen for better assessing the risk resulting from extreme events. By considering risk-management horizon periods, the panel of individual risk maps resulting from the latter metrics constitute appropriate bases for land use planning choices corresponding to different acceptability criteria and/or short-term/long-term constraints faced by decision-makers.

Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)

This section is composed of an article entitled "Quantitative risk assessment in a rockfallprone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)" which was published in Géomorphologie : relief, processus, environnement, Volume 25(1), Pages 7-19, 2019. DOI: 10.4000/geomorphologie.12778. The following authors were involved in this paper: Jérôme Lopez-Saez, Christophe Corona, David Toe, Franck Bourrier and Nicolas Eckert.

Abstract:

The rockfall phenomenon is defined as a rock block that detaches from a vertical or sub-vertical cliff and travels down the slope in rapid motions. Every year, some rockfalls reach urbanized areas, causing damage to structures and injuring people. In this context, a precise rockfall risk analysis has become essential for authorities and stakeholders. Given the importance of characterizing the risk in an objective and reproducible manner, this study proposes a quantitative risk analysis (QRA) procedure accounting for the specificities of the rockfall process.

Here, the risk for buildings is calculated at the scale of the municipality of Crolles (southeastern slopes of the Chartreuse Mountains, French Alps), by considering a wide range of volumes (1-20 m 3 ) and the 300-m-high sub-vertical cliff overhanging the village. he results, expressed as the mean surface destroyed per year, demonstrate (i) the protective effect of the forest stand for block volumes up to 7 m 3 , and (ii) the surprisingly high proportion of total risk due to intermediate volume classes (7-12 m 3 ). On a spatial plan, these results make it possible to identify the areas most prone to risk and show that a large proportion of the total risk is concentrated on a few buildings located in the Le Coteau neighborhood. From a practical point of view, and despite epistemic uncertainties related to the rockfall magnitude/frequency relation, the parameterization of the trajectory model and the absence of a site-specific vulnerability curve, this study clearly demonstrates the value of QRA as a reproducible and objective method for risk zoning and risk management.

Keywords: Rockfall • Quantitative Risk Analysis • French Alps

Introduction

Rockfalls are a common type of fast moving landslide [START_REF] Hungr | The Varnes classification of landslide types, an update[END_REF] and are a major hazard in mountain areas worldwide, endangering human lives, transportation infrastructures, industry and dwellings [START_REF] Guzzetti | Rockfall Hazard and Risk Assessment Along a Transportation Corridor in the Nera Valley, Central Italy[END_REF]. Abundant literature reports fatalities in alpine environments, e.g. in Switzerland [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Badoux | Natural hazard fatalities in Switzerland from 1946 to 2015[END_REF], France (Assali, 2015), Italy [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] and Austria [START_REF] Haque | Fatal landslides in Europe[END_REF]. Rockfall protection through rigorous land-use planning based on hazard zoning maps and/or appropriate risk mitigation measures is therefore a crucial issue for authorities and stakeholders in rockfall-prone areas (see e.g. [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF].

However, rockfall risk analysis is inherently complex and difficult. These difficulties derive from several factors such as the lack of historical catalogues, the site-specific nature of rockfalls, the complexity of properly simulating the spatial distribution of the hazard as well the lack of knowledge regarding the vulnerability of the elements at risk [START_REF] Wang | Uncertainty assessment in quantitative rockfall risk assessment[END_REF]. For these reasons, probabilistic methods are suitable approaches for quantifying rockfall risk. Quantitative risk assessment (QRA) procedures developed for landslides [START_REF] Fell | A framework for landslide risk assessment and management[END_REF][START_REF] Fell | Guidelines for landslide susceptibility, hazard and risk zoning for land use planning[END_REF]Corominas et al., 2013;[START_REF] Lari | A probabilistic approach for landslide hazard analysis[END_REF] have been adapted to account for the specificities of rockfall processes [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF]Corominas et al., , 2013;;Corominas and Mavrouli, 2013;[START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF]. In QRAs, rockfall risk for exposed elements is estimated by including each term of the risk components -hazard, exposure and vulnerability -in the form of probabilities. Hazard integrates the annual probability of occurrence usually estimated from rockfall inventories [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF] and the spatial probability of impact on structures evaluated through rockfall 3D numerical models [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Exposure is the probability that a given element at risk is at the impact location at the time of impact (temporal and spatial probabilities). Then vulnerability curves derived from the retro-analyses of documented events are used to evaluate the degree of loss on the elements at risk. QRA is a valuable tool for stakeholders because it allows risk to be quantified in an objective and reproducible manner, and the results can be compared from one location to another (Corominas et al., 2013). Furthermore, it is also useful because it allows cost-benefit analyses to be performed, and it provides the basis for the prioritization of management and mitigation actions. However, in practice the quantitative estimation of the different components of risk is challenging [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF] due to epistemic and aleatory uncertainties [START_REF] Baecher | Reliability and statistics in geotechnical engineering[END_REF] that refer to the lack of knowledge on a variable and to the natural randomness of the process, respectively [START_REF] Wang | Uncertainty assessment in quantitative rockfall risk assessment[END_REF]. As a consequence, quantitative risk analyses remain rare in rockfall-prone regions (see Corominas et al., 2013, for a summary), are mostly site-specific (Ferrari et al., 2016) and are restricted to source areas where a historical inventory of the rockfall events that have occurred in the study area is available [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. In addition, most of these studies only consider a reduced distribution of rockfall volumes that do not account for the spectrum of hazard scenarios.

In the present study, through the investigation of a 3-km-long limestone cliff from the southernmost slopes of the Chartreuse Mountains, we propose the first quantitative risk analysis for the French Alps. In the municipality of Crolles, where numerous rockfalls have been reported since the beginning of the 20th century [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF], we (i) determined the volumefrequency relationship for rockfall events through detailed historical/field observations and (ii) performed a quantitative risk analysis including all potential release areas and rock volumes within the range of 1-20 m 3 .

Study site

The village of Crolles is located in the Isère department, northeast of the Grenoble conurbation (Fig. 2.1A, B). It covers an area of 14.2 km 2 from the Bec Margain (1,036 m a.s.l.) to the Isère River (220 m a.s.l.). The village is situated on the eastern slope of the Chartreuse Mountains (French Alps), with slope angles that decrease gradually from 45-50 • in its upper portion to 15 • at the urban front, with a marked concavity between 300 and 350 m a.s.l. It is topped by a 300 m-high sub-vertical cliff made of thick-bedded limestones and marls from the upper Jurassic period (Fig. 2.1C, D;[START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF]. The cliff triggers rockfall with sizes varying from gravel clasts to blocks with volumes > 30 m 3 . The village of Crolles has constantly faced rockfall hazards as reflected in toponymy: the root of Crolles, corrotulare, literally means to roll a block in Latin [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]. Historical archives, fresh blocks, recent impact craters on the ground and visible growth disturbances (i.e., scars, decapitated trees) on the forest stand confirm ongoing numerous rockfall activity on the slopes. Since the mid-20 th century, the village has experienced an intense periurban expansion, the total population increasing from 964 inhabitants in 1946 to 8,345 in 2015. Several neighborhoods such as Le Fragnès, Magny, Le Coteau, and Ardillais (Fig. 2.1E) have spread over the slopes of the Chartreuse Mountains and experienced an increasing risk related to rockfall activity (Fig. 2.2). As a consequence, since the 1990s, several protective walls have been constructed to reduce rockfall risk (Fig. 2.1E). Above the protective walls, disregarded in our analysis in order to account for homogeneous rockfall propagations throughout the study site, the slope is characterized by a dense forest cover and discontinuous grassland plots (Fig. 2.3).

Risk framework and numerical model set-up

General framework and computation

Rockfall risk can be defined as the simple product of probabilities summed for all the at-risk elements considered, according to the following equation [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]:

R w = z ∈ w q(z w ) z w f (Event) p z (Event) D z (Event) dEvent , (2.1)
where R w represents the expectations of the consequences (or a certain amount of damage) of hazard activity for the whole system at risk, w. This system is composed of a set of any element or combination of elements z potentially at risk, characterized by an exposure factor q(z w ) and a metric z w . The frequency f (Event) of the hazard, the reach probability p z (Event) on an element at risk z and the resulting damage D z (Event) are derived for all possible events and are representative of the physical and kinetic properties of rockfall.

Due to the complexity and suddenness of the rockfall process, several parameters such as the real shape or impact characteristics that would be useful for risk assessment are systematically lacking [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF][START_REF] Bourrier | Accounting for the variability of rock detachment conditions in designing rockfall protection structures[END_REF]. As a consequence, a simplified equation that only includes rock volumes and kinetic energies is generally adopted:

R w = z ∈ w q(z w ) z w f (v) p z (E | v) D z (E) dE dv , (2.2)
where f (v) corresponds to the occurrence frequency of rockfall events with a volume v, p z (E | v) the reach probability on an element at risk z by a block of volume v with an energy E and D z (E) the resulting damage on z for an impact energy E. Risk analysis is performed numerically on a case-by-case basis by distinguishing each element at risk z identified in the system w. The risk value specific to each element z is approximated by discrete sums on several volume classes. For each of these volume classes, the damaging value is evaluated by the Monte Carlo method as:

Dz (v Cl i ) ≈ 1 N N k=1 D(z, E k ) , (2.3) 
where

E k ∈ [1, N]
is the local distribution of rockfall energies evaluated over N simulations.

The risk for the element z is expressed as:

R z = q(z w ) × z w × l i=1 f (v Cl i ) × p z (v Cl i ) × Dz (v Cl i ) , (2.4)
where the volume distribution is discretized in V CL classes.

Finally, the total risk for the system w is the sum of individual risks for each of the elements z [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]:

R w = m z=1 R z .
(2.5)

Rockfall probability

Rockfall hazard definition incorporates the concepts of magnitude, recurrence time and geographical location. The first refers to the intensity (volume, energy) of the rockfall event, which conditions its destructive power; the second refers to the temporal frequency of the event; the third (better known as susceptibility) implies the ability to identify the place where the phenomenon may occur [START_REF] Guzzetti | Landslide hazard evaluation: an aid to a sustainable development[END_REF].

Susceptibility is the likelihood that a block departure event will occur in a specific area based on the local terrain conditions [START_REF] Brabb | Innovative Approaches for Landslide Hazard Evaluation[END_REF]. In this study, potential rockfall release areas have been deduced from a DEM-based geomorphometric approach known as the Slope Angle Frequency Distribution (SAFD) procedure [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF]. In this procedure, based on the Histofit routine, slope angle distribution is broken down into several Gaussian distributions that can be considered characteristic of morphological units (such as rock cliffs, steep slopes, foot slopes and plains). The terrain is considered as a potential rockfall source if its slope angle exceeds the frictional angle of the rock mass, which in turn is defined where the Gaussian distribution of the morphological unit "rock cliff" becomes dominant over the "steep slope" unit.

Statistical analyses of historical data related to natural phenomena (public archives or catalogues developed by, for example, forest rangers, local administrations and road owners) suggest that the volume (magnitude) of events and their frequencies can be fitted by a power law [START_REF] De Biagi | Estimation of the return period of rockfall blocks according to their size[END_REF]. This approach developed for earthquakes in the 1950s has been transposed to several mass movements such as landslides [START_REF] Lari | A probabilistic approach for landslide hazard analysis[END_REF], snow avalanches and rockfalls [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF][START_REF] Hantz | An historical, geomechanical and probabilistic approach to rock-fall hazard assessment[END_REF][START_REF] Guerin | Brief communication"Estimating rockfall frequency in a mountain limestone cliff using terrestrial laser scanner[END_REF]. In the case of rockfalls, it has been expressed as:

N = αV -b , (2.6)
where V is the rockfall volume, N the cumulative number of rockfalls greater than V , b the cumulative power-law scaling exponent, and α a site-dependent parameter. Table 2.1: Rockfalls events inventoried along a 900-m-long transect located in the Ardillais neighborhood (Fig. 2.1). According to the parallelepiped shapes of calcareous blocks, their volumes were estimated through the measurement of their x-, y-and z-axes.

Contrary to previous studies, here we applied the volume-frequency relationship proposed by De Biagi et al. ( 2017), which separately investigates (i) the temporal occurrence of historical rockfall events and (ii) their associated volume distribution. For this purpose, 29 fresh blocks (Tab. 2.1) with volumes ranging from 0.2 m 3 to 10 m 3 were systematically inventoried along a 900-m-long transect located in the Ardillais neighborhood (Fig. 2.1C-E).

The temporal occurrence was defined with volumes greater than u = 1 m 3 , the most susceptible to significantly damaging the buildings. Then we used extreme value theory (EVT) to characterize the volume distribution by an asymptotic model from the generalized Pareto (GPD) family [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]. The annual cumulative frequency of rockfall events (Fig. 2.4) is given by:

f (V > v | u) = λ × GPD σ, ξ = λ × 1 + ξ v -u σ -1/ ξ , (2.7)
where V represents the volume of the blocks, λ is the temporal occurrence frequency of rockfall per unit of area, and u, σ, ξ the location, scale and shape of the distribution, respectively. The circumflex denotes statistical estimates obtained from the data using a maximum likelihood procedure.

Trajectory and maximum runout of falling blocks

To assess rockfall hazard, knowledge of the spatial distribution of rockfalls is crucial. To obtain this information, we used the probabilistic process-based rockfall trajectory model Rockyfor3D, capable of simulating rockfall processes in three dimensions. The model was described extensively in [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF], and here we will only briefly illustrate the inputs and outputs. On the basis of slope and surface characteristics, the model provides information on, for example, rock propagation for any location on the study site such as the number, in the simulation sample, of rocks passing through a given surface or the kinetic energy of rocks. At Crolles, the topography was described using a 5-m resolution DEM (RGE, IGN) while slope surface properties were characterized on the basis of a current land-use and land-cover (LULC) map. LULC patchiness was derived, according to the cadastral map, from aerial photo interpretation using standard photographic keys (i.e., tone, texture, pattern, shape and size) and information available from the French digital cadaster database. Then soil types (e.g., fine soil material or bedrock) and roughness parameters were associated with each LULC class. For the latter parameter (roughness), three variables representing the obstacle height encountered on 10% (Rg10), 20% (Rg20) and 70% (Rg70) of the surface (Tab. 2.2), respectively, were defined. The oldest forest allotments present in the upper part of the slopes, in contact with the cliff, were mainly located on steep scree slopes susceptible of considerably modifying rockfall propagation. Field observations in these allotments reveal that 10%, 20% and 70% of the total surface was occupied by blocks with heights of 0.25 m, 0.15 and 0.05 m, respectively (Tab. 2.2). On the contrary, a more limited roughness (Rg10: ≤ 0.05 m; Rg20: 0.00 m; Rg70: 0.00 m) was associated with flatter allotments occupied by cultivated land (i.e., grassland, culture allotments) and urbanized areas (Tab. 2.2). Finally, the protective walls were removed from the DEM and gaps were corrected by a spatial interpolation.
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Reach probability, mean damage and elements at risk

A total of 20,331 potential cell sources were mapped on the DEM and 10,000 rockfalls with volumes randomly extracted between 1 m 3 and 20 m 3 were simulated from each source cell.

Volumes that exceed 20 m 3 were not included in the analysis so as to (i) preserve the efficiency of data storage and processing and to (ii) remain in the Rockyfor3D model validity range.

Despite the wide variety of at-risk elements present in Crolles (roads, paths, vehicles, people, etc.), the analysis focused on the buildings mapped on the cadastral map. Simulations were parameterized to stop in case of an impact with a building. The reach probability on building z for blocks belonging to the volume class v Cl was computed as:

p z (v Cl ) = Sim z (v Cl ) Sim TOT (v Cl ) , (2.8)
where Sim z (v Cl ) is the total number of blocks simulated in the volume class v Cl that reach the building z and Sim TOT (v Cl ) the total number of blocks simulated in the volume class v Cl .

Knowing the impact energies recorded over the simulations, we derived the degree of loss from the physical vulnerability curve developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. This curve resulting from the back analysis of the 2004 rockfall event in Fiumelatte (Italy) converts the energy of the impact into potential damage varying between 0 (no structural damage) and 1 (total collapse). As a building z can be reached by a large number of simulations in a given volume class v Cl , its damage value is set by the mean of the distribution as follows:

Dz (v Cl ) = 1 k n k ∈ v Cl 1 - 1.358 1 + e E k -129000 120300 , (2.9)
where Dz (v Cl ) is the mean damage on element at risk z for blocks belonging to the volume class v Cl , and E k is the impacted energy (in J) for the block belonging to the v Cl class. Contrary to vehicles, trains and humans, buildings are static and consequently exposure factor q(z w ) = 1. Finally, the values z w are defined as the floor area (m 2 ) approximated from the current cadastral map. The risk is thus expressed as the mean surface destroyed each year (m 2 /yr).

Results

Rockfall frequency and release areas

The fitted generalized Pareto model is characterized by maximum likelihood estimators σ and ξ equal to 0.940 and 0.355, respectively (Fig. 2.4A). Based on the relative freshness of the blocks (limited patina, absence of blunt or rounded-off edges, lichens or vegetation on the surface) and on the presence of visible scars on tree stems [START_REF] Trappmann | Counting scars on tree stems to assess rockfall hazards: A low effort approach, but how reliable?[END_REF], we estimated that the reference period for the computation of rockfall frequency should not reasonably exceed one century. Based on this estimated timeframe, we inventoried 17 blocks > 1 m 3 potentially released from a 11.5-hm 2 cliff section located above the representative transect chosen for field analysis. As a consequence, the rockfall frequency λ was estimated at 0.015 events/yr/hm 2 . According to the Histofit routine, the threshold slope angle for source areas was set at 49 • . The total surface of the potential release areas was evaluated at 127.85 hm 2 and consequently, the frequency of rockfalls > 1 m 3 and > 20 m 3 was estimated at 1.890 and 0.005 events/yr, respectively. These results were compared with those obtained from a more classical approach in which the volume-frequency distribution is fitted by a power law (see eq. 2.6). Figure 2.4B shows the cumulative distribution of block volumes recorded along the study transect and the associated power law. The estimators α and b were evaluated at 13.53 and -0.97, respectively. Based on the rock wall surface (11.5 hm 2 ) and the timeframe (one century) mentioned above, the parameter α, which represents the rockfall frequency per year and per hm 2 , was estimated at 0.012 events/yr/hm 2 . Considering the surface of the whole cliff (127.85 hm 2 ), the frequency of rockfalls > 1 m 3 and > 20 m 3 was estimated at 1.50 and 0.08 events/yr, respectively.

Probability and energy of rockfall impacts

Regardless of the volume class, in the simulation campaign we recorded 1,645,834 rockfall impacts on 177 buildings mainly located in the first two rows of houses that compose the urban front. A total of, 16,196 (> 1%) of these impacts have been recorded for volume classes up to 7 m 3 (Fig. 2.5). Above this threshold, the number of recorded impacts increased linearly and exceeded 250,000 for the class > 19 m 3 . Regardless of the volume class, 92% of the impacted elements at risk had a reach probability p z < 0.01%, such as buildings ID-1390, ID-452, ID-1352 and ID-455, all located in the Le Fragnès neighborhood, and impacted by 21,529,25,222,265 and 9,828 blocks,respectively (Fig. 2.1E,Fig. 2.6). By contrast, two buildings located in the Le Coteau neighborhood (ID-1549, ID-1908) were characterized by a p z value > 0.05%. Interestingly, they account for 10% and 42% of the total number of recorded impacts, respectively. With regard to the intensity of rockfall simulations, 18% of the blocks stopped at the level of the urban front were characterized by a kinetic energy < 100 kJ while 41% of the impacts, mainly related to block with volumes > 10 m 3 , exceeded 1,000 kJ.

These results are very sensitive to Rockyfor3D parameterization, especially with regard to the roughness values. For example, a 5-cm increase in the Rg70, which represents the height of a representative obstacle that a falling block encounters in 70% of the cases during a rebound, induced a sharp decrease in the total number of impacts at the level of the urban front. In the buildings with IDs 452, 455, 1352 and 1390, the respective numbers of impacts decreased from 25,222 to 63 ; 9,828 to 12 ; 265 to 0 and 21,529 to 274, for values of the Rg70 in the forest allotments increasing from 0.05 to 0.10 m (Fig. 2.6). With an Rg70 value set at 0.15 m, no impact was recorded on the buildings with IDs 452, 455 and 1,352 while only 19 blocks reached the ID-1390 house. 

Vulnerability and risk analysis results

The energies of rockfall impacts at the level of each element at risk were converted to a damage level based on the empirical vulnerability function developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. The mean damage associated with volume classes > 10 m 3 systematically exceeded 0.60 and was above 0.75 for the 19-to 20-m 3 class volume. Unsurprisingly, the energies were lower for volume classes up to 10 m 3 and the mean damage induced by blocks in the 1-to 2-m 3 class was 0.4. Following Eq. 2.4 and Eq. 2.5, which combine the rockfall frequency, the individual reach probability and the mean degree of loss for each element at risk integrated for each volume class, we computed the risk to buildings in terms of mean annual destroyed surface per year (m 2 /yr). Following this approach, the mean total risk R w was 0.1 m 2 /year. In detail, the individual risk was < 0.001 m 2 /yr for a large majority of the impacted buildings (Fig. 2.7). If we consider a typical structure of 150 m 2 , this value corresponds to the complete destruction of the building every 150,000 years. On the other hand, it exceeds 0.01 m 2 /yr (100-year life expectancy) for the ID-1549 building located in the Le Coteau neighborhood (Fig. 2.1, Fig. 2.7). Figure 2.5B summarizes the distribution of the risk values for the 19 classes of volumes considered in this study. This distribution was compared with the expected value of risk when the degree of loss is set to a value of 1. The discrepancies between the two distributions induced a 35% difference in the rockfall risk. These differences illustrate the influence of energy on the risk, namely the ability of masonry walls to resist low-energy impacts.
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In addition, the rockfall risk was < 5% of its total value for rock volume classes up to 7 m 3 as a result of the reduced number of impacts associated with these classes (Fig. 2.5A). At the upper limit of the volume distribution (> 12 m 3 ), the risk values did not exceed 7% of the total risk value due to the lower frequency of rockfall events in these classes (Fig. 2.4A). Finally, higher risk values were associated with volume classes between 7 and 12 m 3 .

Discussion

Contributions of the quantitative analysis for rockfall risk management

In this study, we developed the first quantitative analysis of rockfall risk for the French Alps, in the municipality of Crolles (Fig. 2.1). To integrate a wide spectrum of probability of occurrence, propagation, intensity, impact probability and resulting damage to buildings, the complete distribution of block volumes within the range 1-20 m 3 was implemented in our rockfall risk calculation. The results are presented for the different volume classes both at the municipality and individual levels, thus identifying the most critical volume classes for risk management, so that the most risk-prone areas can be mapped.

The results evidence a nonlinear relationship between the risk and the volume classes with a tipping point in the distribution of risk observed for volumes within the range 7-12 m 3 (Fig. 2.5B). The almost comparable distributions of risk values obtained with the empirical vulnerability function developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] and a physical vulnerability set at 1 suggest that this tipping point does not depend on rockfall energy. As a consequence, we hypothesize that the maximum risk associated with volumes within the 7-to 12-m 3 range could be attributed to a sharp decrease in the protective function of the forest, which can no longer reduce rockfall propagation. This hypothesis is further supported by the results of [START_REF] Dupire | The protective effect of forests against rockfalls across the French Alps: Influence of forest diversity[END_REF] and [START_REF] Toe | A Novel DEM Approach to Simulate Block Propagation on Forested Slopes[END_REF], which demonstrated that (i) forest-block interactions reduce both the reach probability and the energy of rockfalls and (ii) the protective function of the forest is limited for rock volumes > 10 m 3 . They are also consistent with the findings of [START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF] at two sites in the Swiss Alps, which demonstrated that risk is strongly reduced (between 20 and 50%) in forest for volumes < 5 m 3 but can remain considerable for greater volumes in case of sufficiently long forested slopes. By contrast, the risk decrease observed for classes above 12 m 3 is attributed to the low frequency of high-magnitude events (Fig. 2.4A).

On a spatial plan, the risk map (Fig. 2.7) shows a rockfall risk limited to the buildings exposed first. The existence of a critical risk-prone area in the Le Coteau neighborhood seems to result from specific terrain conditions and the LULC pattern where the most impacted building (42% of the reach probability, 27% of the total risk) is overhung by a grassland plot (Fig. 2.3), characterized by an absence of roughness (Tab. 2.1), located downslope from of a preferential rockfall path.

To summarize, these results (i) confirm the protective effect of the forest for rockfall risk reduction for volumes up to 7 m 3 ; (ii) evidence that the risk reduction associated with continuous afforestation can be counterbalanced by the landscape reorganization below the forest front; (iii) show the importance of accounting for intermediate volume classes with propagation poorly affected by the forest stands and still characterized by frequencies significant enough to influence the risk.

Pros and cons of the quantitative risk analysis approach undertaken at Crolles

Previous quantitative rockfall risk analyses mainly focused on back analysis of historical events [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. They are restricted to a limited number of release areas and to specific block volumes. By contrast, by including all potential release areas from a 300-m-high sub-vertical cliff that threatens the village of Crolles, the risk map proposed here provides, for each building, a probability of physical losses due to rockfalls in a wide spectrum of volumes. In addition, in current practices, the risk is usually expressed as damage in monetary value [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF]. This makes them tributary of the economic values affected to each element at risk, which are susceptible to change over time and space. Conversely, we deliberately quantified the risk as a physical loss expressed in m 2 /yr in order to express the risk in an objective and reproducible manner. We believe that the holistic approach chosen here is a major interest for stakeholders in charge of risk management because it allows for prioritization and dimensioning protective structures [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF](Corominas et al., , 2013). Yet, one must keep in mind several limitations related to (i) the magnitude/frequency of rockfall, (ii) the parameterization of Rockyfor3D and (iii) the absence of a site-specific vulnerability curve for Crolles buildings.

Uncertainties related to the frequency-volume relationship

The first limitation related to the absence of a historical catalogue was overcome through detailed field observations along a representative transect. Despite the care taken during the fieldwork, our survey resulted in different uncertainties relating to the representativeness of the transect, the temporal window (one century) and the surface (11.5 ha) of the cliff considered as a potential source for the sampled blocks. The reliability of the survey is also hampered by several inaccuracies related to (i) the simplification of rockfall shape to parallelepipeds, (ii) the high probability of rock removed in the lower part of the slope (Fig. 2.2) and (iii) potential biases on the volume estimations related to fragmentation during rockfall propagation (Corominas and Mavrouli, 2013).

The second limitation is associated with the choice of the model used to fit the volumefrequency relationship. Here, following the recommendations of De Biagi et al. ( 2017), we characterized the volume distribution using the extreme value theory rather than the more frequently used power law model [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF][START_REF] Guerin | Brief communication"Estimating rockfall frequency in a mountain limestone cliff using terrestrial laser scanner[END_REF]. The generalized Pareto model (GPD) was demonstrated to be more suitable to quantify, in a generic way, the stochastic behavior of large occurrences of any process [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]. The choice of the GPD instead of the power law has limited impacts on the characterization of low-magnitude high-frequency events but induces significant differences at the tail of the distribution. The return periods associated with rockfall events > 20 m 3 thus increase from 12.5 years to 200 years when the GPD is used instead of the power law model.

Sensitivity of rockfall modelling to initial parameterization

Regarding rockfall propagation [START_REF] Bourrier | Toward objective rockfall trajectory simulation using a stochastic impact model[END_REF], technical restrictions concern the ability of the Rockyfor3D model to properly simulate rockfall trajectories. The soil mechanical properties attributed to each of the allotments remain difficult to estimate. This difficulty is even more detrimental in that our results, in agreement with [START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF], demonstrate that a slight increase in roughness parameters may significantly reduce reach probabilities (Fig. 2.6). Furthermore, soil mechanical properties have been attributed to each LULC type on the basis of field surveys in representative allotments. Yet, they do not account for the strong heterogeneity possible in each LULC type. Similarly, no roughness was attributed to the urban area despite the variety of elements in this environment (asphalt roads, enclosure walls, public gardens, etc.).

Finally, the Rockyfor 3D model was coded to stop the rockfall simulation when it intersects an element at risk. This assumption is warranted by the absence of precise knowledge on the rockfallbuilding interaction. It may induce, however, an underestimation of the risk since the retroanalysis of past events, e.g. in Fiumelatte or Tramin in Italy [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], demonstrated that a block could pass through a building or damage several neighboring houses. In the future, better characterization of these interactions could significantly improve the risk analysis in an urban context.

Absence of site-specific vulnerability function and inaccuracy in exposed housing areas

The damage assessment is based on the vulnerability function specifically developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] in the aftermath of the Fiumelatte event (Italy) in November 2004. The use of this function was driven by (i) comparable slope lengths (> 500 m) and rockfall volume classes at Crolles and Fiumelatte, (ii) the lack of damaging events at Crolles that would have enabled a sitespecific retroanalysis and (iii) the scarcity of continuous vulnerability functions for structural elements in the literature. For example, the approach developed by [START_REF] Mavrouli | Rockfall vulnerability assessment for reinforced concrete buildings[END_REF] was not applicable in this study because (i) it accounts for the impact location of the rock requiring detailed information on the structure (information not available at our study site scale) and (ii) it is developed for a smaller volume range (up to ∼ 4 m 3 ) than those of the study.

Yet, the results of the present study should be considered cautiously given that the vulnerability curve of [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] was calibrated on a limited number of documented events and it is impossible to precisely evaluate the relevance of its transposition to our case study. With respect to the issue, additional uncertainties are related to the evaluation of housing areas (z w ) potentially exposed to rockfall hazard. Indeed, despite the existence of multi-storey housing in Crolles, this study only accounts for surfaces affected on the ground floor. In addition, these can be overestimated due to the resolution of the raster file used in Rockyfor3D (25 m 2 ). For example, a building with a ground floor of 70 m 2 that overlaps four cells of our raster file will be assigned a total surface of 100 m 2 in our risk calculation.

In view of these different limitations, the risk values obtained in this study can be considered as indicative (Corominas et al., 2013), but cannot be used as is for zoning purposes, for example. As a consequence, additional work is required to further assess the weight of the different assumptions and limitations presented above on the final risk estimates. Specifically, a systematic quantification of uncertainties associated with each of the risk components would greatly improve the reliability of the results [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Wang | Uncertainty assessment in quantitative rockfall risk assessment[END_REF].

Conclusion and outlooks

In this study, we developed a quantitative analysis of rockfall risk in the municipality of Crolles that integrates volumes in the 1-to 20-m 3 range. The approach developed here (i) accounts for all distributions of rockfall volumes, (ii) precisely maps the elements highly subjected to risk and (iii) evidences the volume classes making a major contribution to total risk. Epistemic uncertainties mainly related to the magnitude and frequency of rockfall, the parameterization of the trajectory model and the absence of a vulnerability curve for the study site, for example, are the most critical steps of the risk analysis procedure. Hence, we strongly believe that a better estimation of the rockfall frequency relationship through Lidar monitoring [START_REF] Guerin | Brief communication"Estimating rockfall frequency in a mountain limestone cliff using terrestrial laser scanner[END_REF], for example, or tree-ring analyses [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces, Western French Alps[END_REF] would greatly increase the reliability of QRA studies. In addition, we also encourage more systematic coupling between rockfall modelling and field-based dendrogeomorphic approaches as the potential of the latter repeatedly demonstrated its potential for the calibration of rockfall simulations [START_REF] Stoffel | Assessing the protective effect of mountain forests against rockfall using a 3D simulation model[END_REF][START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF]. Finally, to our knowledge, vulnerability curves that are potentially usable for rockfall QRAs have been developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] and [START_REF] Mavrouli | Rockfall vulnerability assessment for reinforced concrete buildings[END_REF]. Owing to the efforts needed to develop such vulnerability functions, we are aware that specific curves cannot be developed at each study site. However, additional retro-analyses of past events should be encouraged in the future in order to assess existing models.

Introduction

A rockfall is defined as a fragment of rock (a block) of any size that detach from a vertical or subvertical cliff and travel downslope by free falling, bouncing and/or rolling [START_REF] Varnes | Slope movement types and processes[END_REF][START_REF] Erismann | Dynamics of Rockslides and Rockfalls[END_REF]. Rockfalls are triggered by multiple factors, such as meteorological events (repeated freeze-thaw cycles, snowmelt, abrupt variations of temperature or intense rainfall), permafrost degradation, seismic activity, vegetation (root wedging) or anthropogenic activities [START_REF] Noetzli | Mountain permafrost and recent Alpine rock-fall events: a GIS-based approach to determine critical factors[END_REF][START_REF] D'amato | Influence of meteorological factors on rockfall occurrence in a middle mountain limestone cliff[END_REF]. Given this multiplicity of triggering factors as well as the lack of reliable precursor signals, rockfalls are usually non-predictable therefore threatening human lives, buildings, and transportation corridors. As a consequence, in order to prevent future economic losses or fatalities, short-term mitigation measures in addition to long-term decisions, such as land-use planning or design of defense structures are needed.

In that respect, quantitative risk assessment (QRA) procedures have been demonstrated to be the most robust tool to quantify rockfall risk. In these procedures, rockfall risk for exposed elements, expressed in the form of probabilities, depends on three main components, including (i) hazard, (ii) exposure and (iii) vulnerability. Hazard includes the temporal occurrence of the rockfall process, usually estimated from historical archives [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF], as well as the spatial probability of impacts on elements at risk, evaluated through 3D numerical models of block propagation [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Exposure represents the probability for a given element at risk to be at the impact location at the time of impact (temporal and spatial probabilities). Finally, vulnerability relates the degree of loss of the element at risk to the intensity (kinetic energy) of rockfall impact.

QRA is a relevant tool for stakeholders as it allows quantifying the risk in an objective and reproducible manner (Corominas et al., 2013). However, in practice, the quantitative estimation of the different components of risk is challenging [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF]. Major limitations include the recurrent lack of historical inventories of past events [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]Ferrari et al., 2016). Recently, different techniques, such as optically stimulated luminescence [START_REF] Kanari | Evaluating earthquakeinduced rockfall hazard near the Dead Sea Transform[END_REF], dendrogeomorphology [START_REF] Stoffel | Tree-ring correlations suggest links between moderate earthquakes and distant rockfalls in the Patagonian Cordillera[END_REF], terrestrial laser scanning [START_REF] D'amato | Influence of meteorological factors on rockfall occurrence in a middle mountain limestone cliff[END_REF], or seismic monitoring [START_REF] Deroin | Rockfalls at Augustine Volcano, Alaska: The influence of eruption precursors and seasonal factors on occurrence patterns 1997-2009[END_REF], have been used to estimate past rockfall activity and to relate it with potential drivers (e.g. earthquakes, weather events, volcanic activities) but to date, these approaches have been hardly ever implemented in quantitative risk analysis [START_REF] Unterrader | Rockfall in the Port Hills of Christchurch: Seismic and non-seismic fatality risk on roads: Rockfall fatality risks in the Port Hills[END_REF]. Similarly, the lack of knowledge regarding the vulnerability and both the exposure and economic value of all the potential elements at risk (Ferrari et al., 2016) also challenge the implementation of QRA procedures, and often making them oversimplified with regards to reality. As a consequence, existing rockfall QRAs remain scarce (see Corominas et al., 2013, for a review) and restricted to small-scale sites (in general a few hectares; [START_REF] Guzzetti | Rockfall Hazard and Risk Assessment Along a Transportation Corridor in the Nera Valley, Central Italy[END_REF][START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF][START_REF] Budetta | Quantitative rockfall risk assessment for an important road by means of the rockfall risk management (RO.MA.) method[END_REF].

In this paper, we propose a quantitative rockfall risk assessment for a 50 km-long segment of the Uspallata valley (Central Chile). This large-scale analysis integrates a wide spectrum of elements at risk, primarily the Route 60, an strategic road between Chile and Argentina, which is crucial for international trade, but also includes mining exploitation, hydroelectric plants, and buildings located at the vicinity of the road. Fresh blocks on the slope, recent impact craters on the ground, and testimonies from local security services confirm ongoing strenuous rockfall activity and consequently the risk that it represents for the latter. In the Andean mountains, high magnitude earthquakes are susceptible to induce cascading effects (e.g. landslides, floods, tsunamis) and are considered as, e.g., one of the main driver of rockfall activity [START_REF] Stoffel | Tree-ring correlations suggest links between moderate earthquakes and distant rockfalls in the Patagonian Cordillera[END_REF]. For example, the 2015 M w 8.3 earthquake event in Illapel (280 km north of Santiago de Chile) triggered numerous rockfalls that reached transportation networks and destroyed miti-gation fences [START_REF] Candia | Geotechnical Reconnaissance of the 2015 Illapel Earthquake[END_REF]. As a consequence, at our study site, rockfall frequency has been quantified, at each rockfall source, using a slope failure model that explicitly relates rockfall and seismic activities. Our QRA procedure was supported by high-resolution 3D numerical modelling performed using the Rockyfor3D (v5.0) code [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF] for rockfall volumes in the range 0.5-19.5 m 3 . Our results, expressed in monetary terms and casualties, are compiled on different scales relevant for local decision-makers. They evidence the added value of large-scale QRA when it comes to identify sections where detailed investigations and mitigation measures are crucial. More generally, this paper should be considered as a first attempt to develop QRAs in the Andean mountains where such analyses are sorely lacking. It also provides a rigorous and comprehensive way to evaluate indirect consequences related to large earthquakes.

Study site

The study site consists in a portion of the Uspallata valley, located in the Central Andes mountains, east of Los Andes municipality, in the Valparaíso Region, in Chile (Fig. 3.1, Fig. 3.2). This 50 km-long section extends from Los Chalets (1,000 m a.s.l.) to the international tunnel Christ the Redeemer (3,200 m a.s.l.) along the Rio Aconcagua, Rio Juncal and Rio Juncalillo rivers (Fig. 3.2). The study site is encompassed by abrupt slopes made of highly fractured andesites and dacites from the Tertiary period (Fig. 3.2B, Fig. 3.3A; [START_REF] Sernageomin | Geologic map of Chile: Digital version[END_REF], that trigger rockfalls with sizes varying from gravel clasts to blocks with volumes up to 20 m 3 (Fig. 3.3B, C). The province of Los Andes -similar to the vast majority of the territory of Chile -is affected by strong seismic activity resulting from tectonic processes between South American and Nazca plates. Earthquakes can be considered as the main drivers for rockfall activity at our study site. Additional events related to, e.g., meteorological or anthropogeneous factors [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF], can not be obviously excluded but were not taken into account in this study.

From a socio-economic perspective, the upper valleys of the Mendoza (in present-day Argentina) and Aconcagua rivers are highly strategic as they provide a straight east-west path through the Andes. The use of the Uspallata valley to cross the Andean mountains dates back to the Inca empire but its interest strongly increased during the colonial times as it provided the quickest and most direct route between Santiago de Chile and Buenos Aires [START_REF] Fifer | Andes Crossing: Old Tracks and New Opportunities at the Uspallata Pass[END_REF]. Unfortunately, the elevation (3,810 m a.s.l at Uspallata pass) and natural hazards (snow avalanches, rockfalls, and landslides) were making the path challenging. In 1873, in order to increase international trade and to secure the trips, the Clark brothers were given permission to construct a railroad, namely the Transandine railway, which roughly followed the ancient route used by travelers and mule-trains (Fig. 3.2A; [START_REF] Purcell | Portillo: el espíritu de los Andes = The spirit of the Andes[END_REF]. Unfortunately, given repetitive delays or closure due to (i) damages on tracks and bridges by natural events and (ii) the lack of coordination in train timetables, the Transandine railway closed in 1978-79 [START_REF] Fifer | United States perceptions of Latin America, 1850-1930: a New West south of Capricorn ? Manchester University Press; Distributed exclusively in the USA[END_REF][START_REF] Fifer | Andes Crossing: Old Tracks and New Opportunities at the Uspallata Pass[END_REF][START_REF] Purcell | Portillo: el espíritu de los Andes = The spirit of the Andes[END_REF]. Given improvements in automotive travel, a road has been simultaneously constructed parallel to the railroad and has been given the number 60 on the Chilean side (Fig. 3.2A). In order to protect the section of the Uspallata pass against natural hazards, the so-called "Christ the Redeemer" tunnel, has been built 665 meters below the summit (Fig. 3.2A; [START_REF] Fifer | Andes Crossing: Old Tracks and New Opportunities at the Uspallata Pass[END_REF]. The latter was inaugurated in the 1980s and crosses the Central Andes along 3,080 meters. Nowadays, the Uspallata road is the most famous Andes crossing and one of the main transportation corridor between Chile and Argentina resulting in heavy truck, automobile and bus traffics. In detail, the traffic amounts on average 1,983 vehicles/day (about 1 vehicle every 44 seconds) consisting of over 54% trucks, 42% cars and 4% buses (Centro Nacional de Investigación para la Gestión Integrada de Desastres Naturales CIGIDEN).

In addition, the presence of natural resources reinforces the attractiveness of the region. On the Chilean side, the hydrological network allowed the creation of several hydroelectric plants (Fig. 3.2A). South of Rio Blanco, mineral wealth led to the development of mining activities (Fig. 3.2A) which importance is attested by (1) the traffic of pickups used for mineral exploitation that represents 40% of the road No. 60 car traffic while (2) the rail section of the Transandine railway has been reopened for the transport of mining materials from Rio Blanco to Los Andes (Fig. 3.2A).

Eventually, intense economic developments have taken place along the road No. 60 during the 20th century. Infrastructures as well as local populations have spread over the slopes, some of them being highly exposed to rockfall hazards. Furthermore, even higher exposure to rockfall risk may be expected in the future due to further urban expansion, tourist development and the possible restoration of the Transandine railway [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF]. Unfortunately, while snow sheds and deflection structures were implemented to prevent snow avalanches (Fig. 3.2A), no mitigation plan currently exists to protect the various exposed stakes against rockfall events. 

General framework and computation

Risk is traditionally defined as a combination of the damageable phenomenon and its consequences [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], thus describing a statistical value for the expected loss per year. By considering all the scenarios which characterize a risk situation, rockfall risk can be expressed with the following integral:

R w = z ∈ w q(z w ) z w f (Event) p z (Event) D z (Event) dEvent , (3.1)
where R w represents the expectations of the consequences (or a certain amount of damage) of hazard activity for the whole system at risk, w. This system is composed of a set of any element or combination of elements z potentially at risk, characterized by an exposure factor q(z w ) and a value z w (physical quantity, economic value, etc.). In the most common configurations, these elements are physical (i.e. people, traffic infrastructure, buildings), but other less tangible aspects can be introduced such as the image and aesthetics of an element [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF].

The frequency f (Event) of the hazard, the reach probability p z (Event) on the element at risk z and the resulting degree of loss D z (Event) are derived from all possible events and are representative of physical and kinetic rockfall properties (i.e. volume, mass, shape, translational and rotational energies, passing height, impact angle, etc.). Depending on the purpose of the analysis, the degree of loss can refer, e.g., to a damage probability to buildings, utilities and infrastructure (physical vulnerability) or to the probability that a particular life will be lost, given that the person is affected by the hazard (vulnerability of people). It is expressed on a scale of 0 (no loss) and 1 (total loss), making use of so-called vulnerability curves [START_REF] Cappabianca | Snow avalanche risk assessment and mapping: A new method based on a combination of statistical analysis, avalanche dynamics simulation and empirically-based vulnerability relations integrated in a GIS platform[END_REF]Corominas et al., 2013).

Due to the complexity and suddenness of rockfall processes, several parameters that would be useful for risk assessment are systematically lacking [START_REF] Bourrier | Accounting for the variability of rock detachment conditions in designing rockfall protection structures[END_REF]. A simplified approach in which only rock volumes and kinetic energies are included is generally adopted following the equation:

R w = z ∈ w q(z w ) z w f (v) p z (E| v) D z (E) dE dv , (3.2)
where f (v) corresponds to the occurrence frequency of rockfall events with a volume v, p z (E|v) is the reach probability on an element at risk z by a block of volume v with an energy E and D z (E) is the resulting degree of loss on z for an impact energy E.

Risk analysis is performed numerically on a case-by-case basis by distinguishing (i) each element at risk z identified in the system w and (ii) each potential rockfall source detected along the cliff. The risk value specific to each element z is approximated by discrete sums on several volume classes. For each of these volume classes, the degree of loss is evaluated by the Monte Carlo method as:

Dz (v Cl | ∆) ≈ 1 N N k=1 D(z, E k ) , (3.3) 
where

E k ∈ [1, N]
is the local distribution of rockfall energies evaluated over N simulations from the rockfall source ∆.

Thus, the risk for an element at risk z is evaluated by summing over all source areas as:

R z = z w × l i=1 q(z w | v Cl i ) × m j=1 f (v Cl i | ∆ j ) × p z (v Cl i | ∆ j ) × Dz (v Cl i | ∆ j ) , (3.4)
where the volume distribution is discretized in v Cl classes.

Finally, the total risk for the system w is the sum of individual risks for all elements of the system w [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], i.e.:

R w = n z=1 R z .
(3.5)

3.4 Determination of hazard components

Identification of release areas

Identification of potential rockfall release areas is a challenging task, especially in this study.

Difficulties stem from (i) the large extent of the site, and (ii) the limited resolution (30 m) of the ASTER (GDEM.V2) digital elevation model (DEM) which precludes from a precise detection of rockfall sources. Consequently, DEM-based geomorphometric approaches usually employed for the identification of potential release areas [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF] were not found suitable at our study site. Potential rockfall release areas were rather defined from the large-scale geomorphological map supplied by the Instituto Geográfico Militar de Chile on which vertical rock-covered surfaces are well-identified. This sketch was assessed by extensive field observations. Indeed, several sub-vertical sources, easily detectable given the numerous open cracks and partially detached rock blocks on cliff, as well as the high number of blocks accumulated downslope, are not included in the geomorphic maps. The latter were thus added to our susceptibility map, thereafter integrated into a Geographical Information System (GIS) and converted in a raster layer of 10m-resolution, yielding 191,780 starting cells.

Rockfalls temporal occurrence

At our study site, the temporal occurrence of rockfall has been derived from a Probabilistic Seismic Hazard Analysis (PSHA) used to compute local seismic hazard curve for peak ground acceleration (PGA) at each of the identified rockfall source [START_REF] Candia | A New State-of-the-Art Platform for Probabilistic and Deterministic Seismic Hazard Assessment[END_REF]. PSHA is a customary tool widely adopted by researchers and engineers in seismology which characterizes the level of ground shaking intensities to which a specific site may be subjected within a period of time by taking into account all possible scenarios and their respective rate (Fig. 3.4A). For a region consisting of N s seismic sources, the annual rate of exceedance Λ of a given threshold value (x), considering a ground motion intensity parameter (pga), can be expressed as [START_REF] Candia | A New State-of-the-Art Platform for Probabilistic and Deterministic Seismic Hazard Assessment[END_REF]:

Λ(pga > x) = Ns i=1 N i (M min ) M i max m=M min Rmax r=0 P r(pga > x | m, r) f i M (m) f i R (r, m) drdm , (3.6)
where the term N i (M min ) is the activity rate of the i-th seismic source, defined as the average number of earthquakes per year with magnitude greater or equal to a magnitude threshold M min . f i M (m) is the probability density function for the earthquake magnitude distribution of the i-th source, and f i R (r, m) the probability density function of the site-to-source distance, which is a function of the site location, the source geometry, and the rupture area model adopted. Finally, the probability Pr(pga > x | m, r) is the probability that pga exceeds x given an earthquake of magnitude m at a distance r from the source and is obtained from a ground motion model [START_REF] Candia | A New State-of-the-Art Platform for Probabilistic and Deterministic Seismic Hazard Assessment[END_REF].

Knowing the seismic hazard curve for all rockfall starting points, a minimal ground acceleration promoting slope failure must be assigned. For this purpose, we used the model developed by [START_REF] Wilson | Predicting Areal Limits of Earthquake Induced Landsliding, Evaluating Earthquake Hazards in the Los Angeles Region[END_REF], which determines the critical ground acceleration A c allowing to overcome the maximum resistance of the slope to sliding depending on slope steepness, groundwater level and geological properties (Fig. 3.4B; [START_REF] Wilson | Predicting Areal Limits of Earthquake Induced Landsliding, Evaluating Earthquake Hazards in the Los Angeles Region[END_REF]. In that respect, A c was calculated at each individual rockfall starting cell based on their average slope angle Φ, deduced from the 30m-resolution DEM. The probability function H to slope failure is therefore expressed as:

H(pga) = 1 if pga ≥ A c 0 otherwise , (3.7)
where pga corresponds to the peak ground acceleration (in g) and A c to the critical ground acceleration promoting slope failure (Fig. 3.4C).

Assuming that a slope failure occurring in a rockfall source necessarily induces the detachment of an individual rock mass, the annual frequency of rockfall initiation due to regional seismic events is given by:

λ = N -1 i=1 H(pga i ) × Λ(pga i+1 ) -Λ(pga i ) , (3.8)
where λ is the temporal occurrence of rockfalls (events/yr) due to regional seismic activity.

Magnitude of the events

In the literature, the magnitude of rockfalls is usually expressed as the volume of the detached mass [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF]. In this study, rockfall volume distribution has been derived from field observations of 104 fresh blocks inventoried along a 200-m-long transect located downslope of switchbacks on way up to Portillo (Fig. 3.2). This transect was chosen for (i) its accessibility and proximity with the cliff, (ii) its representativeness (diversity of block volumes), and (iii) the low probability of block removal due to human or snow avalanche activities.

Probability distribution of rockfall volumes was obtained by fitting on this data an asymptotic model from the generalized Pareto (GPD) family [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF], for volumes greater than u = 0.5 m 3 . This threshold, namely the location parameter, was considered as the minimum volume that can produce significant damage regardless the nature of exposed-elements. Following this approach, the cumulative rockfall volume distribution at Uspallata is given by:

P r V > v | V > u = 1 + ξ v -u σ -1 / ξ , (3.9)
where V represents the volume of the blocks (in m 3 ) and u, σ and ξ, the location, scale and shape of the GPD distribution, respectively. The circumflex denotes statistical estimates obtained from the data using a maximum likelihood procedure. However, the rockfall volume distribution deduced from the block inventory is not seismicspecific and obviously includes rockfall triggered by other drivers, such as meteorological events (Corominas et al., 2013). In order to account for this uncertainty, a confidence interval was added to our distribution. This was obtained by dividing and multiplying the scale parameter ( σ) by a factor of 2 (Fig. 3.5). This choice does not modify the shape of the distribution ( ξ parameter) but assumes that, with regards to the distribution of all rockfall, those triggered by earthquakes can be characterized by a scale of the distribution slightly larger or lower. 

Trajectory and maximum runout of falling blocks

QRA procedures must also account for rockfall propagation [START_REF] Crosta | A methodology for physically based rockfall hazard assessment[END_REF]. On the basis of the 30-m resolution DEM (ASTER GDEM.V2), rockfall events were modeled using the Rockyfor3D (v5.0) code [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF]. This probabilistic process-based rockfall trajectory model combines physically-based deterministic algorithms with stochastic approaches to simulate rockfall in three dimensions. The model calculates sequences of classical, uniformly accelerated parabolic free fall through the air and rebounds on the slope surface and trees (for details see [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF]. As outputs, the model provides, for example, information on rock propagation for any location in the study site, the number of rocks passing through a given surface or the mean of the maximum kinetic energy values of all simulated blocks at a given location.

In the transit area, Rockyfor3D uses a normal and a tangential coefficient of restitution to calculate rock rebound on the slope surface [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. The normal coefficient of restitution (r n ) defines the change in normal velocity during impact. In Rockyfor3D, r n values are associated with slope materials depending on mechanical properties, i.e. the capacity of slope materials to dissipate energy. The tangential coefficient of restitution (r t ) defines the reduction in tangential velocity during impact. Both coefficients depend on (i) the rock shape and radius and (ii) the depth of the impact crater during a rebound [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF].

The parameters adopted to characterize interactions between the block and the soil -soil mechanical properties (i.e. restitution coefficients) and soil roughness -were described by the land-use and land-cover (LULC) patchiness. In this study, the LULC map was derived from field observations and integrated into Rockyfor3D through its spatial modelling features. Given the sparse vegetation and the poor soil development [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF], the vast majority of the study area was described as a medium compact soil (r n = 0.33). The roughness component was evaluated for three variables, representing the obstacle height encountered on 10% (Rg10), 20% (Rg20) and 70% (Rg70) of the surface, respectively. The landforms resulting from fluvial deposits along the main rivers of the site (Fig. 3.2) were given roughness values of 0.05 m (Rg10), 0.05 m (Rg20) and 0.03 m (Rg70). In transit allotments (from cliff to river), bare terrains are mainly flat. Roughness values of 0.05 m, 0.05 m, and 0.00 m (Rg70) were thus assigned to Rg10, Rg20 and Rg70, respectively.

Risk assessment

Rockfall-frequency and reach probability

The risk calculation developed in this study integrates the complete distribution of block volumes in the range 0.5-19.5 m 3 as well as a wide spectrum of potential rockfall sources. Based on the temporal occurrence of rockfall events (section 3.4.2) and the probability distribution of rockfall volumes (section 3.4.3), the annual probability distribution of earthquake induced rockfalls at a source cell ∆ is given by:

f (v Cl | ∆) = λ ∆ × Pr V ∈ v Cl , (3.10) 
where λ ∆ corresponds to annual earthquakes-induced rockfalls frequency at the source cell ∆ and Pr V ∈ v Cl to the probability of rockfalls to occur in the volume class v Cl .

Moreover, rockfall release areas were considered as starting points for trajectographic analyses. To obtain sufficiently stable outputs and preserve the efficiency of data storage and processing, 1,900 rockfalls with volumes randomly extracted between 0.5 m 3 and 19.5 m 3 were simulated at each of the 191,780 source cells, yielding 364,382,000 simulations. Despite larger block volumes could be observed in Uspallata, our analysis is limited to 19.5 m 3 in order to remain within the Rockyfor3D model validity range.

The position of elements at risk combined with rockfall trajectories allow to quantify reach probabilities. In Uspallata, exposed-elements involve buildings, hydroelectric plants, and vehicles (cars, pickups, buses, trucks and trains) circulating on transport lifelines (i.e., road No. 60 and Transandino open path). To provide a detailed analysis of rockfall risk for vehicles along transportation corridors, these latter were divided in 10m-sections. Also, buildings have been considered on an individual basis and were considered in Rockyfor3D as obstacles with infinite height and resistance. Simulations reaching buildings were therefore automatically stopped, in contrast with road/rail sections where we assumed that: (1) in case of no impact, rockfalls cross the linear; (2) in case of impact with a vehicle, the latter is insufficiently resistant for stopping the falling block in its propagation.

For each simulation reaching a building or a linear section, the volume of the block and its kinetic energy (in kJ), as well as the simulation, impacted object and starting cell IDs were recorded in a database used subsequently to compute the probability of an impact as: 

p z (v Cl | ∆) = Sim z,∆ (v Cl ) Sim ∆ (v Cl ) , ( 3 

Vulnerability and mean damage

Based on the rockfall energies recorded over the simulations, the degree of loss on exposedelements were evaluated by making use of vulnerability curves (Corominas et al., 2013). By focusing on buildings and hydroelectric plants, we derived the degree of loss from the physical vulnerability curve developed by Agliardi et al. (2009) (Fig. 3.6A). This curve results from the back-analysis of the 2004 rockfall event in Fiumelatte (Italy) and combines observed damage on structures and impact energies computed from the HY-STONE code. As a structure can be reached by a large number of simulations, its damage value is set by the mean of the distribution as follows:

Dz (v Cl | ∆) = 1 k n k=1 1 - 1.358 1 + e E k -129000 120300 , (3.12) 
where Dz (v Cl | ∆) is the mean damage on the building z for blocks belonging to the volume class v Cl and the source cell ∆, and E k the energy of impact (in J) for the block belonging to the v Cl class and triggered from ∆.

Regarding vehicles, the physical vulnerability refers to the damage suffered by the vehicle cabin due to rockfall impact. According to [START_REF] Bunce | Assessment of the hazard from rock fall on a highway[END_REF], a rock with sufficient energy to deform the road pavement could destroy a vehicle. In Uspallata, severe damages from rockfall events were observed on road/rail tracks (impact marks, irregular depressions, severely impacted retaining walls). Consequently, we assumed that the degree of loss of a vehicle impacted by a rockfall would be inexorably 1 (Fig. 3.6B). 

Exposure and value of elements at risk

Contrary to vehicles or humans, buildings and hydroelectric plants are static objects. Additionally, as we disregard the impact location of rockfalls on structures [START_REF] Mavrouli | Rockfall vulnerability assessment for reinforced concrete buildings[END_REF], their exposure is directly provided by the reach probability, so that q(z w ) = 1. In contrast, the probability to impact a vehicle in each road and rail section was adjusted by the probability to which a vehicle is in the path of the rockfall (spatial probability) at the time of its occurrence (temporal probability; Lambert, 2011; Corominas et al., 2013;[START_REF] Budetta | Quantitative rockfall risk assessment for an important road by means of the rockfall risk management (RO.MA.) method[END_REF]. Also, the exposure component for vehicles must integrate the characteristics of traffic intensity, such as their frequency and their mean velocity. In this study, we assume that the traffic is uniformly distributed in space and time (i.e. no slow down of traffic or jams) and that damages result from a direct impact of a falling block.

Following the equation proposed by [START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF], the spatial probability of a moving vehicle z to encounter a block belonging to the volume class v Cl in a predefined road or rail section is given by:

Sp z (v Cl ) = d(v Cl ) + l(z) × 1/L if d(v Cl ) + l(z) < L 1 otherwise , (3.13)
where d(v Cl ) represents the mean diameter of a block volume belonging to the volume class v Cl , l(z) is the average length of the moving vehicle and L the length of the transport lifeline section. Lengths are expressed in meters.

Furthermore, by assuming that the exposure time of a vehicle to rockfalls corresponds to the elapsed time between its entrance in the transport lifeline section and its total exit, the temporal probability of a moving vehicle to encounter a block belonging to the volume class v Cl every day in a year is expressed as:

Tp z = l(z) + L ν z × 1 24 × 60 × 60 , (3.14)
where ν z is the mean velocity of the vehicle (in m/s).

Given the daily traffic density, the exposure is therefore given by:

q(z w | v Cl ) = Sp z (v Cl ) × Tp z × τ z , (3.15) 
where Sp z (v Cl ) and Tp z correspond to the spatial and temporal probability of a moving vehicle z to encounter a block belonging to the volume class v Cl , respectively, and τ z to the annual average daily traffic of vehicles z.

Finally, the value z w was defined as the cost of the element at risk z, expressing the risk in monetary terms ($/yr). The choice of this unit stems (1) from the necessity to harmonize results and to assess the amount of money necessary for disaster recovery [START_REF] Melching | Comprehensive risk assessment for natural hazards[END_REF], and (2) from our motivation to increase decision markers awareness. For buildings, this value was approximated by multiplying the floor area (in m 2 ) of the structure by the average price (in Dollars US) per m 2 of a typical building in the province of Los Andes. Based on local current land prices, this value corresponds to 1,440$/m 2 . A highest floor price of 2,300$/m 2 has been given to hydroelectric plants. Regarding vehicles, z w corresponds to their average buying price. Values of 9,000$, 11,000$, 221,000$, 166,000$ and 1,200,000$ has been given to car, pickup, bus, truck and train, respectively. The risk is therefore expressed as an expected monetary loss per year.

Results

Rockfall frequency

The seismicity in Central Chile is controlled by the subduction of the Nazca plate under the South American plate, which generate a wide range of earthquakes magnitudes from interface sources and intermediate depth intraslab sources. The seismic hazard at the sites of interest is expressed as the mean annual rate of exceedance of a ground motion intensity parameter (the peak ground acceleration PGA in this case), using a probabilistic framework that accounts for uncertainties in earthquake size, earthquake location and rupture area, as well as the scientific uncertainty from alternative models of the problem. All the hazard computations we implemented the software SeismicHazard [START_REF] Candia | A New State-of-the-Art Platform for Probabilistic and Deterministic Seismic Hazard Assessment[END_REF] using the real geometric of the slab as proposed by [START_REF] Hayes | Slab1.0: A three-dimensional model of global subduction zone geometries: SLAB1.0 3D SUBDUCTION GEOMETRY[END_REF], and the seismic source parameters by [START_REF] Poulos | An Updated Recurrence Model for Chilean Subduction Seismicity and Statistical Validation of Its Poisson Nature[END_REF]. Unsurprisingly, given the proximity between the different rockfall sources, individual seismic hazard curves do not differ much from cell source to another. The results in the study area indicate that the PGA values corresponding to return periods of 500 years, 1,000 years, and 10,000 years are, respectively, 0.45g, 0.59g, and 1.26g (Fig. 3.4A).

The critical acceleration A c was evaluated at each of the 191,780 potential rockfall sources for a strongly cemented rock lithology (Fig. 3.4B; [START_REF] Wilson | Predicting Areal Limits of Earthquake Induced Landsliding, Evaluating Earthquake Hazards in the Los Angeles Region[END_REF]. Given the steepness of rocky cliffs, the vast majority of rockfall sources are associated to A c values ≤ 0.25. Thus, regardless the volume class, 155,141 (81%) out of the 191,780 starting cells are characterized by rockfall return periods ≤ 250 years (Fig. 3.7). The minimal and maximal return periods are equal to 96 years and 1,086 years, respectively.

The fitted generalized Pareto model is characterized by maximum likelihood estimators σ and ξ equal to 1.42 and 0.24, respectively (Fig. 3.5). Since an upper bound for released volumes was set (19.5 m 3 ), the frequencies per volume class f (v Cl ) were normalized by 1 -∞ 19.5 GPD( σ, ξ) to obtain a probability density function with a total probability of one. Based on Eq. 3.9, the rockfall probabilities in the volume classes 0.5-1.5 m 3 and 18.5-19.5 m 3 are to 0.48 and 0.0005, respectively.

Probability of rockfall impacts and vulnerability

Regardless of the volume class, 180,315,768 (50%) out of the 364,382,000 rockfall simulations reached the different identified stakes (buildings, power plants, road and rail network), resulting in 372,569,238 rockfall impacts (rockfalls are not stopped when reaching transport sections, threatening structures located below; Section 3.5.1). In greater details, 4,614,782 (1%); 198,793 (<1%); 356,274,877 (96%); and 11,480,786 (3%) impacts were recorded on 169 buildings, 14 hydroelectric plants, 3,928 10m-road sections, and 1,020 10m-railway sections, respectively. In other words, the probability to be reach by a rockfall event is different from 0 for 25%, 74%, 56%, and 37% of the buildings, hydroelectric plants, road network, and train network, respectively.

With regard to the intensity of rockfall simulations, 96% of the blocks stopped by impacting buildings are characterized by kinetic energies > 1,000 kJ. Among these values, a maximum energy of 76,410 kJ has been recorded for a block volume of 19.4 m 3 . The energies of rockfall impacts at the level of each building and hydroelectric plant were converted into a damage level based on the empirical vulnerability function developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Unsurprisingly, these values were equal to 1 for the vast majority of the impact energies. 

Exposure of the elements at risk

The exposure factor has been calculated for each road and rail section (10-m length) by distinguishing cars, pickups, buses, trucks and trains. The length, speed, and daily traffic of these latter are summarized in Table 3.1. The spatial probability (Eq. 3.13) is calculated regarding the block diameter in each volume class. In this study, this value is derived from spherical block shapes and equal, e.g., 1.24 and 3.31 meters for to the volume classes 0.5-1.5 m 3 (1 m 3 -spherical block) and 18.5-19.5 m 3 (19 m 3 -spherical block), respectively. In that respect, the spatial probability for cars and pickups in linear sections of 10 meters to encounter a block within the volume class 0.5-1.5 m 3 is equal to 0.624 and 0.724, respectively. These values increase to 0.831 (cars) and 0.931 (pickups) for blocks within the 18.5-to 19.5-m 3 range. Regarding buses, trucks and trains, the spatial probability is 1 regardless of the volume class (l > L). Similarly, based on Eq. 3.14, the temporal probability to encounter a block in a 10m-section is 6.95 -6 (car), 7.41 -6 (pickup), 1.31 -6 (bus and truck), and 9.17 -6 (train).

Based on the annual average daily traffic and both the temporal and spatial probabilities, exposures of cars and pickups (in the 10-m length sections) to rockfalls in the volume class 0.5-1.5 m 3 are equal to 0.0026 and 0.0013, respectively. These values are equal to 0.0035 (cars) and 0.0016 (pickups) for blocks ranging between 18.5 and 19.5 m 3 . Regardless the volume class, exposure of buses, trucks and trains are 0.0010, 0.0140 and 9 -5 , respectively.

Rockfall risk

Risk to property

The risk associated to rockfall activity has been determined for block volumes in the range 0.5-19.5 m 3 . Following Eq. 3.5, the total risk R w reaches 13,390,608$/yr (min = 12,717,572$/yr; max = 14,117,904$/yr). In greater details, 83% of R w (11,082,269$/yr) results from static elements. Houses account for 9,819,711$/yr (73% of R w , min = 9,267,961$/yr; max = 10,408,749$/yr), and hydroelectric plants for 1,262,558$/yr (10% of R w , min = 1,229,985$/yr; max = 1,298,378$/yr; Fig. 3.8). The remaining 17% of the total risk is associated to transport lifelines (Fig. 3.8). The risk associated with the road No. 60, regardless of the vehicles, is 2,304,484$/yr (min = 2,215,817$/yr; max = 2,406,870$/yr). Cars and pickups represent a potential annual loss of 43,449$/yr (0.3% of R w , min = 41,777$/yr; max = 45,379$/yr). Traffic of buses leads to a risk of 192,491$/yr (1.4% of R w , min = 185,085$/yr; max = 201,043$/yr). For truck traffic, the risk (2,068,544$/yr, 15% of R w , min = 1,988,955$/yr; max = 2,160,448$/yr) is significantly higher. By contrast, the risk for train traffic is limited (3,855$/yr, <1% of R w , min = 3,809$/yr; max = 3,907$/yr; Fig. 3.8). A detailed summary of these results is provided in Table 3 Spatially, amongst the 169 out of the 682 houses impacted by rockfall simulations, 105 have an annual rockfall risk < 5,000$/yr (Fig. 3.9C, D). The maximal value of 2,634,081$/yr (20% of R w ) was recorded on the toll (Fig. 3.9D). On the contrary, no impact was recorded on the ski resort of Portillo (Fig. 3.2A), obviously resulting in a rockfall risk of 0$/yr. The rockfall risk is < 1,000$/yr for 74% of the hydroelectric plants and a maximum value of 1,142,489 (8% of R w ) was recorded for the hydroelectric plant located between the municipality of Rio Blanco and the toll (Fig. 3.2A).

Maps in Fig. 3.9 detailed the risk for each 10-m road and rail sections. Regardless the vehicle type, the risk exceeds 1,000$/yr over about 7 kilometers of the road No. 60 (about 10% of the road). Unsurprisingly, the latter sections are located between the toll and the transect chosen for field analysis (Fig. 3.2). In total, the potential loss resulting from these high-risk sections amounts 1,643,874$/yr (12% of R w ) of which about 90% (1,475,569$/yr) result from truck traffic. Finally, the risk resulting from train traffic is < 10 $/yr for a large majority of the sections. In the most risk-prone section, located between Los Azules and Los Riecillos, the risk value amounts 65$/yr.

Rockfall risk ($/yr) 0 < 1,000 1,000 -2,000 2,000 -3,000 3,000 -4,000 4,000 -5,000 5,000 -6,000 6,000 -7,000 7,000 -8,000 8,000 -9,000 9,000 -10,000 10,000 -50,000 50,000 -100,000 100,000 -500,000 > 500,000

Nr passages (x10²) 50 -100 100 -200 200 -300 300 -400 400 -500 500 -600 600 -700 700 -800 800 -900 900 -1 000 1 000 -1 500 1 500 -1 750 

Risk to people

In order to quantify the potential number of fatalities per year resulting from rockfall activity in the Uspallata valley, the QRA performed in this study has been extended to people. To this end, the local population (1,395 persons according to the Centro Nacional de Investigación para la Gestión Integrada de Desastres Naturales CIGIDEN), have been homogeneously distributed over the 682 houses mapped in the studied area (occupancy rate of 0.008 person/m 2 ). Based on an individual vulnerability of 0.9 and on a exposure value of 0.5 (occupation of the house 12 hours per day), the risk to people within buildings reaches 7.6 fatalities/year. Interestingly, 33% of the fatalities (2.5 fatalities/year) result from a unique house located in the municipality of Rio Blanco (Fig. 3.10). More generally, the annual causality rate exceeds 0.25 for 5 houses while it does not exceed 0.02 fatalities/years for the remaining houses threatened by rockfall events. Sports centers and toll were excluded from this calculation. Finally, our results demonstrated that 3, 1, 1, and 12 vehicle accidents due to rockfalls are expected every years for cars, pickups, buses, and trucks, respectively. Assuming that a person inside a impacted vehicle has no chance of survival after the crash, 17 fatalities are therefore expected every year along the road No. 60. This value is a minimum estimate since the number of person in each vehicle may be much higher. In other words, the mean number of fatalities per year expected at each 10-m at risk-section is equal to 0.004 (one fatality every 250 years).

Discussion, conclusion and outlook

In this study, we propose a rockfall risk analysis in the Uspallata valley, in the Central Andes mountains. This QRA integrates the complete distribution of rock volumes observed in the valley as well as various elements at risk, attracted by strong economic interests and the strategic crossing between Chile and Argentina. This study is not only pioneering due to its large-scale and its Andean context, but also demonstrates the relevance of QRA approaches in areas where the high economic activity requires an in-depth knowledge and understanding of rockfall risk.

In Uspallata, rockfall activity, well-known from local security services and road owners, mainly results from earthquakes. As a consequence, we used a PSHA to estimate the temporal occurrence of rockfalls. This innovative approach involves three main steps: (1) the compilation of the seismic hazard curve for peak ground acceleration from a probabilistic seismic hazard analysis approach;

(2) the determination of the critical ground acceleration promoting slope failure according to [START_REF] Wilson | Predicting Areal Limits of Earthquake Induced Landsliding, Evaluating Earthquake Hazards in the Los Angeles Region[END_REF] model; (3) the estimation of the seismic return period for rockfall initialization. Although this approach obviously underestimates real rockfall frequency as it does not include rockfall triggered by extreme albeit sporadic rainfall episodes that occur regularly at Uspallata, it is all the more important that it enables to quantify rockfall risk in regions where seismic activity is susceptible to produce considerable cascading effects.

Rockfall risk values are presented on three different scales: (i) at individual level (i.e., individual structure and linear sections), (ii) by exposed element types (i.e., road, railway, hydroelectric plants, houses), and (iii) over the whole system at risk. This multiscale approach allows to address the risk from diverse perspectives, and (1) to precisely map the most risk-prone areas, (2) to identify the most at-risk stakes, and (3) to quantify the risk at the regional scale. In Uspallata, we thus precisely mapped risk-prone buildings and linear sections, and demonstrated that truck traffic as well as individual houses were accounting for the largest proportion of the total risk. The large-scale approach used for our QRA is not common in rockfall risk studies. The latter was chosen as it accounts for the complexity of the whole system, allowing to identify areas where detailed investigations and mitigation actions will be the most efficient. It is also suited for planning urban developments or warning systems (Corominas et al., 2013). Yet, this approach requires several compromises. For instance, the number of rockfall simulations have been adjusted (1,900 simulations/starting cell) to preserve data storage and processing. Similarly, the interpolation of the DEM at a resolution of 10m did not enable to include small elements at risk (< 10m). For example, our analysis could not account for penstock pipes carrying water to hydroelectric plants or transmission towers of electricity network. This lack is all the more detrimental that rockfall impacts on these structures could lead to significant indirect damages (e.g. grid outage).

The above-mentioned limitations do not hamper the interest of our study. Indeed, the latter reveals that the total risk at Uspallata could amount several million dollars per year, demonstrating the crucial need for a rigorous implementation of mitigation strategies in the future. It is all the most important that: (i) alternative communication axes to cross the border are located hundreds kilometers from Uspallata, thus generating important detours in case of road No. 60 closure; (ii) urban expansion, tourist development, and potential reinstallation of the Transandino railway will increase rockfall risk in the future [START_REF] Moreiras | Frequency of debris flows and rockfall along the Mendoza river valley (Central Andes), Argentina: Associated risk and future scenario[END_REF].

How is rockfall risk impacted by land-use and land-cover changes? Insights from the French Alps

This section is composed of an article entitled "How is rockfall risk impacted by land-use and land-cover changes? Insights from the French Alps" which was published in Global and Planetary Change, Vol 174, Pages 138-152, 2019. DOI: 10.1016/j.gloplacha.2019.01.009. The following authors were involved in this paper: Jérôme Lopez-Saez, Christophe Corona, David Toe, Franck Bourrier and Nicolas Eckert.

Abstract: Due to intense urban sprawl in rockfall-prone areas, a precise rockfall risk assessment has become a crucial issue for public authorities and stakeholders. In this context, quantitative risk analysis (QRA) procedures, accounting for the specificities of the rockfall process, have been developed. For the last few decades, several studies have examined the impacts of global warming on rockfall activity, especially at high-altitude sites. However, the influence of land-use and landcover (LULC) changes, very frequent at lower altitudes and in the vicinity of urbanized areas, on rockfall propagation and associated risks has received little attention.

This study proposes a holistic QRA on a municipality scale (the municipality of Crolles, in the French Alps) that includes both all the potential release areas at the whole cliff scale and a wide spectrum of rockfall volumes randomly extracted from volume classes distributed between 1 and 20 m 3 . In addition, to quantify precisely the effect of LULC changes on rockfall risk, four characteristic scenarios representative of LULC changes observed in the municipality and more generally in the Alps since the mid-19th century, have been included in the analysis.

The results demonstrate the significant impacts of landscape reorganization on the spatial distribution of risk with increasing forest cover, which can be counterbalanced by evolving LULC in a transition unit located between the forest strip and the urban front. They also evidence that a large proportion of the risk is explained by small block volumes, which are the most affected by landscape structure and evolution. From a practical point of view, and despite several uncertainties related to different modelling assumptions, the results reported herein clearly demonstrate the applicability and the value of QRA for rockfall risk management at a municipality scale in a context of rapid and intense environmental changes.
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Introduction

Rockfalls are widespread phenomena in mountainous regions, described as the free falling, bouncing and/or rolling of individual rocks and boulders of different sizes originating from (sub)vertical cliffs [START_REF] Varnes | Slope movement types and processes[END_REF][START_REF] Erismann | Dynamics of Rockslides and Rockfalls[END_REF]. They are triggered by multiple factors such as short-term weather conditions (freeze-thaw events, temperature variations or intense precipitation), seismic activity, permafrost degradation, vegetation (root wedging) or human activities [START_REF] Noetzli | Mountain permafrost and recent Alpine rock-fall events: a GIS-based approach to determine critical factors[END_REF][START_REF] D'amato | Influence of meteorological factors on rockfall occurrence in a middle mountain limestone cliff[END_REF]. This multiplicity of triggering factors, the lack of reliable precursor signals, the sudden occurrence of rockfalls as well as individual rock detachment [START_REF] Hantz | Gestion de l'incertitude et de l'ignorance, dans l'évaluation de la probabilité de déclenchement des éboulements rocheux[END_REF] result in a spatio-temporal unpredictability that endangers human lives, transportation infrastructure, industry and housing. Abundant literature reports fatalities in Alpine environments, e.g., in Switzerland [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Badoux | Natural hazard fatalities in Switzerland from 1946 to 2015[END_REF], France [START_REF] Assali | Modélisation géostructurale 3D de parois rocheuses par lasergrammétrie et photogrammétrie terrestres en milieu ferroviaire[END_REF], Italy [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] and Austria [START_REF] Haque | Fatal landslides in Europe[END_REF]. Rockfall protection through rigorous land-use planning based on hazard zoning maps and/or appropriate risk mitigation measures is therefore a crucial issue for authorities and stakeholders in rockfall-prone areas (see e.g. [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Although hazard zoning is a useful tool for land planning, the design and optimisation of both structural and non-structural protective countermeasures require precise risk analysis and evaluation [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF].

In that respect, quantitative risk assessment (QRA) procedures developed for landslides [START_REF] Fell | A framework for landslide risk assessment and management[END_REF][START_REF] Fell | Guidelines for landslide susceptibility, hazard and risk zoning for land use planning[END_REF]Corominas et al., 2013;[START_REF] Lari | A probabilistic approach for landslide hazard analysis[END_REF] have been adapted to account for the specificities of rockfall processes [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]Corominas et al., 2013;Corominas and Mavrouli, 2013;[START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF]. They classically include each term of the risk components in the form of probabilities and the estimation of probable consequences, so that risk can be expressed in monetary value [START_REF] Hackl | Estimating the risk related to networks: a methodology and an application on a road network[END_REF]. In addition, in the case of rockfalls, they integrate 3D numerical models to evaluate the spatial probability and intensity of impacts on structures [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. QRA differs from qualitative risk analysis by the input, the procedures used in the analysis and the final risk output. In contrast with qualitative risk analysis, such as the Rockfall Hazard Rating System (RHRS) [START_REF] Budetta | Assessment of rockfall risk along roads[END_REF][START_REF] Budetta | Comparison between qualitative rockfall risk rating systems for a road affected by high traffic intensity[END_REF]Ferrari et al., 2016), which yields results in terms of weighted indices, QRAs quantify the probability of a given level of loss. For society in general, QRAs help increase the awareness of existing risk levels and the appreciation of the efficiency of the actions undertaken (Corominas et al., 2013). However, in practice, the quantitative estimation of the different components of risk is challenging [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF] due to the spatially distributed nature of rockfall processes, for which both the probability of an impact on different elements at risk and intensity vary significantly along block trajectories. The challenge also stems from the detailed data and/or economic resources required for these analyses (Ferrari et al., 2016). As a consequence, the literature focusing on QRAs in rockfall-prone regions remains scarce (see Corominas et al., 2013, for a review). QRAs are mostly site-specific (Ferrari et al., 2016) and restricted to critical release areas with a retro-analysis of rockfalls involving a few blocks [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. In addition, most of these studies only consider a partial distribution of rockfall volumes and do not account for the spectrum of hazard scenarios. More broadly, as for other natural hazards, classical rockfall risk evaluation procedures are defined under stationary conditions, implying that events arise with a constant probability distribution over time. This ignores possible rockfall activity variations related to environmental changes [START_REF] Eckert | Repenser les fondements du zonage règlementaire des risques en montagne « récurrents[END_REF]. However, over the last few decades mountain zones, where most rockfall risk is located, have experienced strong and rapid socio-environmental mutations combined with the rapidly changing climate (e.g., [START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF]. Since the beginning of the last century, in European mountain regions [START_REF] Walther | Land Abandonment in the Swiss Alps: A New Understanding of a Land-Use Problem[END_REF][START_REF] Kamada | Influence of cultural factors on landscapes of mountainous farm villages in western Japan[END_REF][START_REF] Romero-Calcerrada | The role of land abandonment in landscape dynamics in the SPA 'Encinares del rıéo Alberche y Cofio, Central Spain, 1984-1999[END_REF], the abandonment of traditional agriculture has produced vegetation succession occurring at varying rates dependent on the site conditions. This process results in dense shrub cover and finally in reforestation [START_REF] Tasser | Impact of land use changes on mountain vegetation[END_REF]. In the vicinity of urban areas, this rapid agro-pastoral decline has been followed by intense periurban expansion since the mid-20th century. Interactions and retroactions between natural hazard processes, social practices, periurban sprawl and ecosystem changes are numerous (e.g., Field and on Climate Change, 2012). This results in substantial changes in mountain risks, potentially differing greatly from one area to another (e.g., [START_REF] Stoffel | Effects of climate change on mass movements in mountain environments[END_REF]. In the specific case of rockfall, a few studies have documented an increase in high-altitude rockfall frequency related to global warming and permafrost degradation [START_REF] Noetzli | Mountain permafrost and recent Alpine rock-fall events: a GIS-based approach to determine critical factors[END_REF][START_REF] Ravanel | Climate influence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif) since the end of the 'Little Ice Age[END_REF][START_REF] Einhorn | Climate change and natural hazards in the Alps: Observed and potential impacts on physical and socio-economic systems[END_REF]. Yet, to our knowledge, at lower altitudes and within a QRA approach, no study has integrated the evolution of landscape patterns that potentially affect rockfall propagation and energy [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]. This lack of dynamical analyses precludes reliable anticipation of rockfall risk in a context where environmental conditions are evolving rapidly and substantially.

In contrast to previous studies restricted to the retro-analysis of a few critical release areas, we investigated here a complete 3-km-long limestone cliff, located on the edge of the Isère Valley (French Alps), in the municipality of Crolles, where (i) numerous rockfalls, (ii) an intense agropastoral decline and (iii) rapid periurbanisation -related to the nearby Grenoble conurbation (500,000 inhabitants) -have been reported since the beginning of the 20th century [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]. To quantify the impacts of land-use and land-cover (LULC) changes on rockfall risk, we (i) determined a volume-frequency relationship for rockfall events at Crolles using an asymptotic model of the generalized Pareto family, which better accounts for the frequency of extreme events than previously used power-law approaches, through detailed historical/field observations; (ii) performed a quantitative risk analysis simultaneously including all the release areas that potentially threaten the village as well as (iii) the whole distribution of rockfall volumes randomly extracted in the range 1-20 m 3 ; (iv ) adapted a rockfall simulation model to keep track of each simulated individual trajectory; (v ) expressed the risk in m 2 destroyed per year at the level of each individual building and (vi) compared the spatial risk distribution, the overall mean annual value at the scale of the entire study area and the risk distribution among 19 equal volume classes for four characteristic LULC patterns observed over the last 150 years at Crolles. These different LULC patterns, associated with the pre-industrial, post-World-War II, urban sprawl and current periods in Crolles, can all still be encountered today on south-facing slopes in the calcareous Alps.

Based on this approach, we propose a holistic QRA procedure where each risk component is precisely quantified. The implementation of the four archetypal landscapes within the analysis contributes to the broader scope of the results providing, for the first time, a risk analysis that takes into consideration non-stationary environmental conditions.

Study site

The village of Crolles (45 • 17'09"N, 5 • 53'01"E) is located in the Isère department, northeast of the Grenoble conurbation (Fig. 4.1A, B). It covers an area of 14.2 km 2 from the Bec Margain (1,036 m a.s.l.) to the Isère River (220 m a.s.l.) (Fig. 4.1C). The village is settled on the eastern slope of the Chartreuse Massif (French Alps), with slope angles that decrease gradually from 45 to 50 • in its upper portion to 15 • at the level of the urban front with a marked concavity between 300 and 350 m a.s.l. It is topped by a 300-m-high sub-vertical cliff made of thickbedded limestones and marls from the upper Jurassic period [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF]. The cliff triggers rockfall with sizes varying from gravel clasts to blocks with volumes > 30 m 3 . Historical archives, fresh blocks, recent impact craters on the ground and visible growth disturbances (i.e. scars, decapitated trees) on the forest stand confirm ongoing numerous rockfalls released from the entire cliff section. Since the mid-20th century, the village has experienced intense periurban expansion. Several neighbourhoods (Fragnès, Magny, Coteau, Ardillais) have spread over the southeastern slopes of the Chartreuse Massif (Fig. 4.1C), and are therefore exposed to increasing danger related to rockfall activity. As a consequence, since 1995 several protective walls have been constructed to reduce rockfall risk and an additional 1-km-long dike will soon be finalized (Fig. 4 At Crolles, LULC patterns have undergone major changes since 1850 with a clear trend towards an increase in forest cover and urban areas (Fig. 4.1D, E). In 1850, the slope was characterized by a quasi-binary landscape with vineyards occupying up to 28 • slope gradients at altitudes below 450m a.s.l. where a continuous forest strip then took over to extend up to the base of the calcareous cliff (Fig. 4.1D). Urban and cultivated allotments are scattered below 280 m a.s.l. but only cover spatially limited surfaces, typically on gentle slopes. For the period between 1850 and the 1950s, historical documents evidence a generalized abandonment of vineyards. A similar decline in viticulture has been observed in alpine vineyards between 1880 and the 1970s and is related to (i) the generalized agricultural decline after the First and Second World Wars, (ii) the phylloxera (Phylloxera vastatrix) outbreaks that destroyed most vineyards in 1880-1890[START_REF] Veyret-Verner | L'agriculture du Grésivaudan[END_REF][START_REF] Stevenson | The diffusion of disaster: The phylloxera outbreak in the département of the Hérault, 1862-1880[END_REF], (iii) the increasing competition from wines from southeastern France and (iv ) the disappearance of the Grenoble military market in 1925 [START_REF] Grandvoinnet | Les emprises militaires dans l'urbanisme grenoblois du XXe siècle : des opportunités foncières au patrimoine paysager[END_REF]. Schematically speaking, downslope wine plots have been replaced by grasslands. The upslope allotments were abandoned first and were either replaced with untilled land or colonized by the upcoming forest. In the 1980s, the abandonment of agricultural plots and the spread of the forest continued to affect the areas upslope of the main constructed areas. Finally, nowadays the landscape is characterized by a dense forest cover on most of the slope and the presence of discontinuous grassland plots scattered among constructed and wooded plots (see [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF], for a detailed description). LULC changes are accompanied by a sharp increase in the length of the urban front potentially exposed to rockfall controlled by the rapid expansion of the Grenoble peri-alpine conurbation (Fig. 4.1E).
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In this paper, we deliberately decided to disregard the urban development from our analysis in order to isolate the impacts of landscape dynamics on the rockfall risk. This decision was also supported by the complexity of evaluating exposed structures in the mid-19th century. For the same reasons, the risk calculation does not account for the current protective walls. As a consequence, we decided to use four LULC maps obtained from the diachronic landscape analysis performed in [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF] as patterns roughly representing the pre-industrial (hereafter referred to as the binary pattern), post-World-War II (mosaic A pattern), urban sprawl (mosaic B pattern) and current (densely forested pattern) periods (Fig. 4.2). The urban front exposed to rockfalls was delineated from the cadastral map and included in the quantitative risk analysis for each pattern.

Risk framework and numerical model set-up

General framework and computation

Risk is generally defined as a combination of the damageable phenomenon and its consequences [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], thus describing a statistical value for the expected damage per year. By considering all the scenarios which characterize a risk situation, the rockfall risk can be expressed with the following integral:

R w = z ∈ w q(z w ) z w f (Event) p z (Event) D z (Event) dEvent , (4.1)
R w represents the expectations of the consequences (or a certain amount of damage) of hazard activity for the whole system at risk, w. This system is composed of a set of any element or combination of elements z potentially at risk, characterized by an exposure factor q(z w ) and a value z w .

In the most common configurations, these elements are physical (i.e. people, traffic infrastructure, buildings), but other less tangible aspects can be introduced such as the image and aesthetics of an element [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF].

The frequency f (Event) of the hazard, the reach probability p z (Event) on an element at risk z and the resulting damage D z (Event) are derived for all possible events and are representative Risk analysis is performed numerically on a case-by-case basis (Fig. 4.3) by distinguishing each element at risk z identified in the system w. The risk value specific to each element z is approximated by discrete sums on several volume classes. For each of these volume classes, the damaging value is evaluated by the Monte Carlo method as:

Dz (v Cl ) ≈ 1 N N k=1 D(z, E k ) , (4.3)
where E k ∈ [1, N] is the local distribution of rockfall energies evaluated over N simulations. Thus, the risk for the element z is expressed as:

R z = q(z w ) × z w × l i=1 f (v Cl i ) × p z (v Cl i ) × Dz (v Cl i ) , (4.4)
where the volume distribution is discretized in v Cl classes.

Finally, the total risk for the system w is the sum of individual risks for each of the elements z [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], i.e.:

R w = m z=1 R z .
(4.5)

Rockfall probability

In rockfall terminology, the rockfall hazard refers to the probability of an event (rockfall) of a given magnitude (volume) or intensity (energy) over a predefined period of time and within a given area (see e.g. [START_REF] Varnes | Landslide hazard zonation: a review of principles and practice[END_REF]Ferrari et al., 2016). This parameter involves both the spatial probability of occurrence (i.e. susceptibility) and the related temporal probability, which is also called the probability of failure (i.e. frequency).

Susceptibility is the likelihood that a block departure event will occur in a specific area based on the local terrain conditions [START_REF] Brabb | Innovative Approaches for Landslide Hazard Evaluation[END_REF]. Previous studies mostly used release points of historical rockfall events or geological/geostructural/geophysical approaches (characterization of discontinuities and failures, photogrammetry, terrestrial laser scanning, microseismic monitoring; [START_REF] Budetta | Assessment of rockfall risk along roads[END_REF][START_REF] Assali | Modélisation géostructurale 3D de parois rocheuses par lasergrammétrie et photogrammétrie terrestres en milieu ferroviaire[END_REF] to detect and map rock instabilities. These approaches are usable for small-scale sites but are not suitable for larger-scale approaches. Given that gravity is the main driving force acting on slopes and that it is directly proportional to the inclination [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF], the morphology of a terrain displays characteristic slope angles that can be directly related to morphological units (such as rock cliffs, steep slopes, foot slopes and plains). In this study, we applied a DEM-based geomorphometric approach known as the slope angle frequency distribution (SAFD) procedure [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF] to detect rockfall release areas at the whole-cliff scale. In this procedure, using the Excel-based Histofit application, slope angle distribution is decomposed in several Gaussian distributions. The terrain is considered a potential rockfall source if its slope angle exceeds a certain threshold, which in turn is defined where the Gaussian distribution of the "rock cliff" morphological unit becomes dominant over the "steep slope" unit.

In addition to susceptibility, the temporal probability of failure must be addressed to define the probability of the occurrence of a rockfall event, expressed in terms of frequencies or return periods (Ferrari et al., 2016). In this study, the temporal probability of a rockfall with a given volume was evaluated through a return rockfall-frequency procedure [START_REF] De Biagi | Estimation of the return period of rockfall blocks according to their size[END_REF], which investigates historical events to (i) describe the temporal occurrence of the events and (ii) describe the rockfall volume distribution. For this purpose, 29 blocks with volumes ranging from 0.2 m 3 to 10 m 3 were inventoried along a 900-m-long transect located in the Ardillais neighbourhood (Fig. 4.1C). (1) estimating the rockfall frequency in class v Cl according to the adopted volume-cumulative frequency relationship, (2) rockfall propagation through the Rockyfor3D code, (3) calculating the reach probability p z on each element at risk z related to volume class v Cl , (4) converting the related impact energies as a degree of loss to determine the mean damage for the element z and (5) assess the risk as the mean surface destroyed each year by integrating the raster surface. Total risk is obtained by an additional summation over the different volume classes.

Statistical modelling of extreme values has now emerged as an important statistical discipline that aims at generically quantifying the stochastic behaviour of extreme events [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]. Here, by contrast with previous studies where a power-law approach was used [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF][START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF], we adopted an asymptotic model from the generalised Pareto distribution (GPD) family to characterise the distribution of volumes exceeding a volume threshold value u. According to [START_REF] Pickands | Statistical Inference Using Extreme Order Statistics[END_REF], for any random variable, this is the true limiting distribution as soon as u is high enough. In this study, the threshold u = 1 m 3 was used because we consider it the minimum volume that can significantly damage buildings. Finally, a catalogue containing only the volumes u and greater was retained from field observations. Given an estimated observation period evaluated at 100 years (see Results section), this catalogue is used to estimate the temporal occurrence frequency of the events ( λ) and the local estimates for the GPD model. The annual cumulative distribution of rockfall volumes (Fig. 4.4) is then given by:

f (V > v | u) = λ × GPD σ, ξ = λ × 1 + ξ v -u σ -1/ ξ , (4.6)
where V represents the volume of the blocks (in m 3 ), λ is the temporal occurrence frequency of rockfall per unit of area (events/yr/hm 2 ), and u, σ, ξ the location, scale and shape of the GPD distribution, respectively. The circumflex denotes statistical estimates obtained from the data using a maximum likelihood procedure.

Trajectory and maximum runout of falling blocks

Due to the scattering of the rockfall phenomenon, the propagation component must also be taken into account in rockfall hazard assessments [START_REF] Crosta | A methodology for physically based rockfall hazard assessment[END_REF].

The proportion of risk analysis involving the interaction between rockfalls and elements at risk (i.e. impact probability and vulnerability) was supported by high-resolution 3D numerical modelling performed using the Rockyfor3D (v5.0) code [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF]. On the basis of a digital elevation model, this probabilistic process-based rockfall trajectory model combines physically based deterministic algorithms with stochastic approaches to simulate rockfall in three dimensions. The model calculates sequences of classical, uniformly accelerated parabolic freefall through the air and rebounds on the slope surface and trees (for details see [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF]. During each rebound, the model allows the block to deviate from its direction before rebounding. If an impact against a tree takes place, part of the rock energy is dissipated as a function of the stem diameter of the corresponding tree and the relative position between the rock and tree center. LULC patchiness is explicitly integrated into Rockyfor3D through its spatial modelling features. The parameters used to characterize the interactions between the block and the soilsoil mechanical properties (i.e. restitution coefficients) and soil roughness -are implicitly related to LULC patterns. As outputs, the model provides, for example, information on rock propagation for any location in the study site such as the number, in the simulation sample, of passing rocks through a given surface or the mean of the maximum kinetic energy values of all simulated blocks in a given location. In the transit area, Rockyfor3D uses a normal and a tangential coefficient of restitution to calculate rock rebound on the slope surface [START_REF] Volkwein | Rockfall characterisation and structural protection -a review[END_REF]. The normal coefficient of restitution (r n ) defines the change in normal velocity during impact. In Rockyfor3D, r n values are associated with slope materials depending on mechanical properties, i.e. the capacity of slope materials to dissipate energy. The tangential coefficient of restitution (r t ) defines the reduction in tangential velocity during impact. Both coefficients depend on (i) the rock shape and radius and (ii) the depth of the impact crater during a rebound [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF]. Given that the composition and size of the material covering the slope surface and normal restitution coefficients are closely related to land use, they were translated into several LULC classes (Tables 4.1 and 4.2). The oldest forest allotments present in the upper part of the slopes, at the contact with the cliff, were mainly located on steep scree slopes. These forests have been assigned high surface roughness values (Rg10: 0.25 m; Rg20: 0.15 m; Rg70: 0.05 m). In contrast, limited roughness (Rg10:≤0.05 m; Rg20: 0.0 m; Rg70: 0.0 m) was associated with cultivated land (i.e. grassland, farmland allotments) and urbanized areas. Finally, the protective walls were removed from the DEM and gaps were corrected using a spatial interpolation method.

(v -u) σ 1 + ξ f an (V > v | u) = λ (u, σ, ξ ) = (

Reach probability, mean damage and elements at risk

Quantitative risk assessment was performed for the four land-use and land-cover maps introduced above. This study does not account for rockfalls with volumes that exceed 20 m 3 so as to (i) preserve the efficiency of data storage and processing as well as to (ii) remain within the Rockyfor3D model validity range. Rockfall cell sources defined through the slope angle frequency distribution approach were mapped on the DEM and 10,000 rockfalls with volumes randomly extracted between 1 and 20 m 3 were simulated from each source cell. For each landscape pattern, Table 4.2: LULC types and related tree cover implemented in Rockyfor3D. Nb.trees.ha values correspond to the density of trees (number of stems per hectare). Mean diameter of trees and associated standard deviation are described by DBH mean and DBH std values, respectively. Based on these values, the Rockyfor3D model randomly placed a given number of trees within each of the covered allotments [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF].

the elements at risk considered in the analysis include the buildings currently existing in the Crolles urban map (Fig. 4.1C). In Rockyfor3D the latter are characterized as obstacles with infinite height and resistance. As a consequence, in case of any impact with an element at risk, each block is stopped. The original source code of Rockyfor3D was modified to enable the storage, for each simulation, of (i) the building reached, (ii) starting cell IDs, (iii) the volume of the block and (iv ) its kinetic energy (in kJ). The results are recorded in a database used subsequently to compute the probability of an impact on the elements at risk z as:

p z (v Cl ) = Sim z (v Cl ) Sim TOT (v Cl ) , (4.7) 
where p z (v Cl ) is the reach probability on element at risk z for blocks belonging to the volume class v Cl . Sim z (v Cl ) is the total number of blocks simulated in the volume class v Cl that reach the element at risk z and Sim TOT (v Cl ) is the total number of blocks simulated in v Cl .

Impact energies recorded over the simulations which impact an element at risk were expressed as a damaging value on a structure. Considering that all the houses in Crolles were constructed using similar materials (e.g. masonry or reinforced concrete framing), damage values were obtained from the physical vulnerability curve of [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], which derives the energy of impact as a potential degree of loss evolving between 0 (no structural damage) and 1 (total collapse). This curve results from the back-analysis of the 2004 rockfall event in Fiumelatte (Italy). It combines observed damage on structures and computed impact energies (through the HY-STONE code). Since an element at risk can be reached by a large number of simulations in a given volume class v Cl , its damage value is set by the mean of the distribution as following:

Dz (v Cl ) = 1 k n k ∈ v Cl 1 - 1.358 1 + e E k -129000 120300 , (4.8) 
where Dz (v Cl ) is the mean damage on element at risk z for blocks belonging to the volume class v Cl , and E k is the impacted energy (in J) for the block belonging to the v Cl class. Contrary to vehicles, trains and humans, buildings are static and consequently exposure factor q(z w ) = 1. Finally, the values z w are defined as the floor area (m 2 ) approximated from the current cadastral map. The risk is thus expressed as the mean surface destroyed each year (m 2 /yr).

Results

Rockfall frequency and release areas

The fitted generalized Pareto model is characterized by maximum likelihood estimators σ and ξ equal to 0.94 and 0.355, respectively (Fig. 4.4). The related uncertainty is obtained by propagating the maximum likelihood estimation asymptotic covariance matrix of the estimates using a delta-like approach. Based on the relative freshness of the blocks (limited patina, absence of blunt or rounded-off edges, lichens or vegetation on the surface) and the presence of visible scars on tree stems, we estimated that the reference period for the computation of rock frequency should not reasonably exceed one century. Based on this estimated timeframe, we inventoried 17 blocks > 1 m 3 potentially released from a 11.5-hm 2 cliff section located above the representative transect chosen for field analysis. As a consequence, the rockfall frequency λ was estimated at 0.015 events/yr/hm 2 . According to the Histofit routine, the threshold slope angle for source areas was set at 49 • and 20,331 cells were identified as potential rockfall release areas. These sources were evaluated to correspond to a total surface of 127.85 hm 2 , and consequently the frequency of rockfalls > 1 m 3 and 20 m 3 were estimated at 1.89 and 0.005 events/yr, respectively. Last, since a limited distribution (up to 20 m 3 ) was considered, the frequencies per volume class f (v Cl ) were normalized by 1 -∞ 20 GPD( σ, ξ) to obtain a probability density function with a total probability of one.

Probability and energy of rockfall impacts

The database obtained from the rockfall simulations was used to estimate probabilities and energies of rockfall impacts. These were interpreted at the level of each individual house as well as at the municipality scale (i.e. regardless of the single elements at risk), for all the volume classes or in specific volume ranges.

In the binary pattern, the landscape is characterized by a continuous forest strip at the base of the cliff and the presence of vineyards below 450 m a.s.l. (Fig. 4.2A). At the municipality scale, and regardless of the volume class, 1,115,111 impacts, homogeneously distributed at the scale of the urban front, were recorded on 342 buildings (Fig. 4.5). A total of 96% of the impacted buildings had an individual reach probability (p z ) below 0.01% while p z never exceed 0.05% (Table 4.3). The impacts were not restricted to the upper portion of the urban front, but blocks passing in the intervals between houses reached the sixth row of buildings in, for example, the Coteau neighbourhood (Fig. 4.5). In addition, the kinematic energies exceeded 1,000 kJ for 85% of the impacts and are typically associated with volumes greater than 10 m 3 .

In the mosaic A pattern, despite the widening of the forest strip on the upper part of the slope (from 36 to 51% of the total surface) (Fig. 4.2B), the number of blocks that reached the urban front was multiplied by almost 10. In contrast, the 11,320,596 impacts were distributed over a more limited number of buildings (263) (Fig. 4.5). The individual reach probability p z exceeded 0.05 for 19 (7%) elements at risk (Table 4.3). Overall, the impact energies were lower and did not exceed 1,000 kJ for 61% of the impacts.

The mosaic B pattern differed from mosaic A in its limited afforestation (+6%) (Fig. 4.2C), but the density of the forest stand in Rockyfor3D increased from 1,000 to 1,500 trees/ha (Table 4.2). This change in the forest stand structure induced a sharp decrease in the total number of impacts (1,267,674). The number of impacted buildings remained stable (260) (Fig. 4.6), yet p z exceeded 0.05% for three buildings that concentrated 35% of the total number of simulated impacts. Energies > 1,000 kJ accounted for 66% of the impacts.

Finally, in the last pattern implemented in rockfor3D -representative of the current landscape at Crolles (Fig. 4.2D) -1,645,834 impacts were recorded on 177 buildings (Fig. 4.6). The impacts were restricted to the first two rows of exposed buildings. In total, 92% of the impacted elements at risk had a reach probability p z < 0.01%, but two buildings located in the Coteau neighbourhood were characterized by a p z value > 0.05%. Interestingly, they accounted for 10 and 42% of the total number of recorded impacts, respectively. The increase of forest coverage (+11% wrt mosaic B pattern) induced a substantial dissipation of block energies, with only 41% of impacts exceeding 1,000 kJ at the level of the urban front.

Maximum energies of 78,400 kJ (block volume, 20 m 3 ), 70,700 kJ (block volume, 19 m 3 ), 75,300 kJ (block volume, 20 m 3 ) and 66,400 kJ (block volume, 18 m 3 ) were recorded for the binary, mosaic A, mosaic B and densely forested patterns, respectively. 

Vulnerability and risk analysis results

The energies of rockfall impacts at the level of each element at risk were converted to an expected damage level based on the empirical vulnerability function developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. In the binary pattern, the means of the damage distribution of volume classes above 5 m 3 were always higher than 0.9. For smaller volumes, distributions were more scattered (Fig. 4.7), but the mean damage values remained above 0.8 regardless of the volume class. In the mosaic A pattern, the energy of the blocks that reached the urban front was considerably reduced irrespective of the volume. Comparing the binary and mosaic A patterns, the mean damage induced by blocks whose volume was in the classes 1-2, 5-6, 10-11 m 3 , for example, decreased from 0.8 to 0.3, 0.9 to 0.5 and 0.9 to 0.75, respectively. In mosaic B, the mean damage value (0.75) for 1-to 2-m 3 blocks was comparable to the binary pattern and varied between 0.8 and 0.9 for volume classes above 2 m 3 (Fig. 4.7). Finally, in the densely forested pattern, despite the lower number of blocks that reached the urban front, the mean damage was greater than in mosaic A for volume classes up to 7 m 3 . Conversely, the energies of the largest class volumes were lower in the densely forested pattern, the mean damage decreasing from, for example, 0.75 to 0.6 and 0.9 to 0.8 for the volume classes 10-11 m 3 and 19-20 m 3 , respectively. Following Eqs. (4.4) and (4.5) -which combine the rockfall frequency, the individual reach probability and the mean degree of loss of each element at risk, for each volume class (Fig. 4.3)we computed the risk to buildings in terms of mean annual destroyed surface per year (m 2 /yr). Following this approach, the mean total risk R w decreased from 0.2 to 0.1 m 2 /year between the binary and the densely forested patterns. Despite the progressive afforestation of the slope (from 36 to 68%), it should be stressed that the risk did not decrease linearly. Mosaic patterns A and B were characterized by destroyed surfaces ten times greater than (1.1 m 2 /yr) and similar to the binary pattern (0.2 m 2 /yr), respectively. In detail, the individual risk was < 0.001 m 2 /yr for the vast majority of the impacted buildings for each pattern (Fig. 4.5,4.6). If we consider a typical structure of 150 m 2 , this value corresponds to the complete destruction of the building every 150,000 years. On the other hand, it exceeds 0.01 m 2 /yr for 5, 21, 4 and 1 buildings for the binary, mosaic A, mosaic B and densely forested patterns, respectively, but the location of these most impacted elements changes depending on landscape patterns (Fig. 4.5, Fig. 4.6). Fig. 4.8 shows the risk for each pattern depending on the 19 volume classes. Each distribution is compared with the expected risk value when the degree of loss is set at a value of 1. With the exception of volume classes < 2 m 3 , both distributions collapsed for binary and mosaic B patterns. Conversely, for the mosaic A and densely forested patterns, the discrepancies between the two distributions induced a difference of 38 and 35% in the rockfall risk, respectively. These differences illustrate the influence of energy on the risk, namely the ability of masonry walls to resist "low" energy impacts. In addition, for all the patterns, the distributions of risk with maximum and mean degrees of loss presented a single peak. This peak was observed for similar volume classes (2-3 m 3 ) for the binary and mosaic B patterns, whereas they occurred for volume classes 8-9 and 10-11 m 3 in the case of binary and densely forested patterns, respectively. The shift of these peaks from 1 to 2 m 3 to higher values evidences the nonlinear relationship between reach probabilities and volumes directly related to the influence of landscape structures.

Discussion

Impacts of landscape organisation on rockfall risk

In this study, we developed a quantitative analysis of rockfall risk in the municipality of Crolles (French Alps). To integrate a wide spectrum of probability of occurrence, propagation, intensity, impact probability and resulting damage to buildings, the complete distribution of block volumes in the range 1-20 m 3 was implemented in our rockfall risk calculation. Applied to four LULC patterns representative of the landscape observed on south-facing calcareous slopes in several alpine valleys, this provides a better understanding of the interactions between the landscape structure and the rockfall risk. The results were presented at the level of each building and at the municipality scale, in order to map the most risk-prone areas and to identify the impacts of LULC changes on the overall risk, respectively. Unsurprisingly, these results demonstrate that the risk was reduced by a factor of 2 as a result of the intense afforestation process observed between the binary and densely forested patterns (+32%). This reduction is attributed to forest-block interactions that significantly reduce both the reach probability and the energy of rockfalls (Dupire et al., 2016a,b;[START_REF] Toe | A Novel DEM Approach to Simulate Block Propagation on Forested Slopes[END_REF]. In the densely forested pattern, our analysis demonstrates that the high and dense forest cover has a significant influence on rockfall risk associated with lower volumes, but its protective function is limited for rock volumes > 10 m 3 . These results are consistent with the findings of [START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF] at two sites in the Swiss Alps, demonstrating that risk is strongly reduced (between 20 and 50%) in forest areas for volumes < 5 m 3 but can remain considerable for greater volumes when forested slopes are sufficiently long. Each distribution is compared with the risk distribution when the physical vulnerability is set at a value of 1 (total destruction of the building as soon as it is hit, red line).

On a spatial plan, the comparison of risk maps shows (i) changing distributions of exposed buildings for each pattern and (ii) a risk limited to the first exposed buildings in the densely forested pattern. In greater detail, the existence of critical risk-prone areas in the densely forested pattern seems to result from specific terrain conditions and LULC patterns, as observed in the Coteau neighbourhood where the most impacted building (42% of reach probability, 27% of the total risk) is overhung by a grassland plot located downslope from a preferential corridor (Fig. 4.9). To a certain extent, these results validate the observations on virtual slopes that have shown the importance of forest fragmentation on the reduction of rockfall intensity and, more specifically, demonstrated that the kinetic energies of blocks are significantly higher in forest stands with a clustered tree structure and in forests with gaps or aisles compared to random tree distribution [START_REF] Dupire | The protective effect of forests against rockfalls across the French Alps: Influence of forest diversity[END_REF][START_REF] Toe | A Novel DEM Approach to Simulate Block Propagation on Forested Slopes[END_REF]. More interestingly, despite a wider and denser forest strip, the risk does not decrease gradually and is, for example, ten times greater in mosaic A than in the binary pattern. We hypothesize that this paradoxical evolution is mainly driven by the evolution of soil mechanical properties implemented in Rockyfor3D, with vineyards (Rg10 = 0.10, Rg20 = 0.05, Rg70 = 0, r n = 0.23) more likely to stop or decelerate blocks and to reduce their energy than grassland characterized by an absence of roughness and larger normal restitution coefficients (r n = 0.28; Table 4.1). This hypothesis is further supported by the propagation maps for the binary pattern showing the large proportion of rockfalls stopped in the vineyard allotments (above 300m a.s.l.). The protection function of the forest should not be underestimated in the mosaic A pattern since we demonstrated its impacts on propagation for lower volume classes (Fig. 4.8). Yet, the expansion of the forest strip remains insufficient to compensate for the loss of roughness stemming from grassland expansion.

Finally, for mosaic B, R w is (i) comparable to the binary pattern, but the risk is less diffuse on the urban front and clustered in a limited number of risk-prone areas and (ii) considerably lower than mosaic A despite limited differences in LULC patterns. These discrepancies could be explained by the expansion of wood formation (forest and untilled land) on grassland and concomitant increasing roughness in the most concave portion of the slope [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF] and to a lesser extent the increase in forest density.

All in all, these results suggest a key role played by the landscape structure and the associated roughness on rockfall risk, especially with respect to low-volume/high-frequency classes, and clearly evidence that the risk reduction associated with continuous afforestation can be significantly counterbalanced by landscape reorganization below the forest front. Similar effects of LULC changes have been reported for snow avalanche risk [START_REF] García-Hernández | Reforestation and land use change as drivers for a decrease of avalanche damage in mid-latitude mountains (NW Spain)[END_REF]. By contrast, the scarce existing literature devoted to the non-stationarity of rockfall processes mainly focuses on recent high-altitude changes under climate warming (e.g. [START_REF] Ravanel | Climate influence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif) since the end of the 'Little Ice Age[END_REF]. By focusing on LULC changes and explicitly quantifying the risk at a lower-altitude location where the population is rapidly increasing, our results complement the current knowledge and broaden the perspective, opening the door to the assessment of the complete response of a complex system to substantial simultaneous physical, environmental and societal changes.

Novelty and limitations of the quantitative risk analysis approach undertaken at Crolles

Rockfall risk studies are usually based on the retro-analysis of rockfall events [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] to implement a restricted number of rockfall volumes released from critical areas. Here, in order to propose a more holistic risk analysis, we considered all the release areas that potentially threaten the village studied as well as the complete distribution of rockfall volumes ranging from 1 to 20 m 3 . In addition, a power-law approach is commonly used to characterize rockfall frequencies [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF][START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]. By contrast, we used a volume-cumulative frequency relationship fitted by an asymptotic model of the generalized Pareto distribution. This approach has been demonstrated to be more suitable to quantifying the stochastic behaviour of numerous occurrences of any process in a generic way [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF], especially in the context of natural hazard assessment (e.g. [START_REF] Favier | Avalanche risk evaluation and protective dam optimal design using extreme value statistics[END_REF][START_REF] Evin | Has fire policy decreased the return period of the largest wildfire events in France? A Bayesian assessment based on extreme value theory[END_REF].

For each building, risk maps resulting from our analyses characterize a probability of physical losses due to rockfalls. Furthermore, the implementation of the complete spectra of rockfall volumes in our QRA procedure provides a robust understanding of the risk distribution associated with each volume class. This approach is of major interest for stakeholders in charge of risk management because it allows for prioritizing and designing mitigation measures [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF](Corominas et al., , 2013)). In addition, and in contrast to the current practices in which risk is usually expressed as damage in monetary values [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Moos | Integrating the mitigating effect of forests into quantitative rockfall risk analysis -Two case studies in Switzerland[END_REF], we deliberately quantified the risk as a physical loss expressed in m 2 /yr. The choice of this metric -independent of the spatial and temporal variability of the property prices -also guarantees the reproducibility of the procedure and facilitates site-by-site comparison. Finally, the implementation of LULC patterns in this analysis made it possible to document the impacts of landscape evolution on rockfall risk and ensures its replicability to a wide range of calcareous south-facing slopes in the Alps. The use of realistic landscape scenario changes allows rockfall risk analyses to be performed in a nonstationary context, which are urgently needed given the quick and consequential changes now affecting the environment in which mountain hazards arise [START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF][START_REF] Giacona | Avalanche activity and socio-environmental changes leave strong footprints in forested landscapes: a case study in the Vosges medium-high mountain range[END_REF]. It could also be used in further work for a precise monetization of ecosystem services, most particularly those related to the protective function of different landscape patterns.

Despite its high interest for stakeholders, one must keep in mind that our methodology is based on several assumptions inherent to quantitative risk analyses [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF] related to (i) the magnitude and frequency of rockfall, (ii) rockfall propagation and (iii) the scarcity of vulnerability relations in the existing literature. With regard to the frequency distribution of rockfall volumes, the lack of a statistically representative catalogue of rockfall events has been overcome at Crolles through detailed field observations along a representative transect. Despite exhaustive field investigations, inaccuracies remain in this rockfall catalogue due to (i) highly probable rock removal in the lower part of the slope and (ii) potential biases on the volume and frequency estimations related to potential fragmentation during rockfall propagation (Corominas and Mavrouli, 2013). Regarding rockfall propagation [START_REF] Bourrier | Toward objective rockfall trajectory simulation using a stochastic impact model[END_REF], technical restrictions concern the ability of the Rockyfor3D simulation model to properly simulate rockfall trajectories for large volumes. Furthermore, soil mechanical properties attributed to each of the allotments remain difficult to estimate and the results reported herein, in agreement with [START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF], demonstrate that slight variations in roughness parameters in the rockfall simulation model induce significant changes in energy loss and runout distance. Finally, damage assessment is based on the vulnerability function specifically developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] for the Fiumelatte (Italy) site. The choice of this function was driven by (i) comparable slope lengths (> 500 m) and rockfall volume classes at Crolles and Fiumelatte, (ii) the lack of damaging events at Crolles that would have enabled a site-specific retro-analysis and (iii) the scarcity of vulnerability curves for structural elements in the existing literature. For example, the approach developed by [START_REF] Mavrouli | Rockfall vulnerability assessment for reinforced concrete buildings[END_REF], which accounts for the impact location of the rock and requires detailed information on the structure, was not applicable at our study site scale. Yet, the results should be considered cautiously because (i) the vulnerability curve of [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF] was calibrated on a limited number of documented events and (ii) it is impossible to precisely evaluate the relevance of this transposition. In view of these different limitations, the risk values obtained in this study can be considered indicative (Corominas et al., 2013), but further work is certainly required to evaluate the weight of the different assumptions made on the final risk estimates. Specifically, a systematic quantification of uncertainties associated with each of the risk components would greatly improve the reliability of the results [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Wang | Uncertainty assessment in quantitative rockfall risk assessment[END_REF].

Conclusion and outlooks

In this study, we developed a quantitative analysis of rockfall risk in Crolles that integrates (i) four different land-use and land-cover patterns representative of observed landscapes on calcareous slopes in different periurban regions in the Alps, (ii) the complete distributions of rock volumes in the 1-to 20-m 3 range and (iii) all potential release areas in order to assess the risk for a wide spectrum of patterns at the level of the current urban front. As expected, the risk decreased significantly as the afforestation of the slope increased. Yet, we demonstrated that the risk decrease is not gradual and that the positive effect of increasing forest cover can be strongly counterbalanced by landscape reorganization (e.g. vineyard replaced with grassland) in the transition area located between the forest and the urban front. In addition, the approach developed here, at the municipality scale, not only precisely maps the elements highly subjected to risk, but also evidences significant changes in the risk patterns for different landscapes. These results, transposable to a wide range of calcareous south-facing slopes in the Alps, can quantify the protection value of the landscape. They also demonstrate the added value of a dynamic approach accounting for LULC changes for risk assessment. In the future, a similar procedure that would integrate socio-economic evolution such as urban sprawl is encouraged and would provide a complete and more reliable risk analysis. Finally, an additional key finding of the present study is that the evolution in rockfall risk is mainly driven by lower-volume classes. This result carried even greater interest in that for these volume classes both frequency and propagation could be potentially greatly affected by ongoing environmental changes in alpine regions (land abandonment) as well as global warming. Although the limitations mentioned in the Discussion should be kept in mind, they clearly demonstrate the practicability of the QRA at a municipality scale and its major value in terms of risk zoning in a context of significant and rapid socio-environmental change.

New individual risk measures for rockfall-prone areas

This section is composed of an article entitled "New individual risk measures for rockfallprone areas" which is still in preparation for a submission to Risk Analysis. The following authors were involved in this paper: Jérôme Lopez-Saez, Christophe Corona, David Toe, Franck Bourrier and Nicolas Eckert.

Abstract: Every year, rockfalls reach urbanized areas causing damage to structures and injuring people. In this context, a precise rockfall risk estimation in areas where real estate pressure is continuously increasing is essential for authorities and stakeholders. However, existing approaches remain scarce, focusing only on existing elements at risk and with the damage expectation as sole risk measure. Here, we propose, for the first time, an approach to evaluate the distribution of damages as a continuous function of space. Furthermore, rockfall risk is evaluated at each location through (i) the arithmetic mean and based on (ii) the value-at-risk and (iii) the expected shortfall metrics. VaR and ES metrics, defined as the α-quantile and the expected-value above VaR of the damage distribution, respectively, allow better assessing the risk due to extreme events and accounting for various short-term/long-term constraints faced by stakeholders. This procedure is applied to Le Brocey slope (municipality of Crolles, French Alps), frequently affected by rockfall events, illustrating its potential for land-use planning. Notably, individual risk values can be confronted with acceptability thresholds to perform legal zoning on sound basis, which should ultimately help finding the right balance between the need for safety and sustainable development in various contexts.
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Introduction

Rockfalls are a common type of fast moving landslide [START_REF] Hungr | The Varnes classification of landslide types, an update[END_REF], corresponding to the detachment of individual rocks and boulders of different sizes from a vertical or sub-vertical cliff and to their travel down the slope by free falling, bouncing and/or rolling [START_REF] Varnes | Landslide hazard zonation: a review of principles and practice[END_REF][START_REF] Erismann | Dynamics of Rockslides and Rockfalls[END_REF]. Rockfalls are triggered by multiple factors such as short-term weather conditions (freeze-thaw events, temperature variations or intense precipitation), seismic activity, permafrost degradation, vegetation (root wedging) or anthropogenic activities [START_REF] Noetzli | Mountain permafrost and recent Alpine rock-fall events: a GIS-based approach to determine critical factors[END_REF][START_REF] De Biagi | Estimation of the return period of rockfall blocks according to their size[END_REF]. This phenomenon represents a major hazard in mountain areas worldwide, endangering human lives, transportation infrastructures, industry and dwellings [START_REF] Guzzetti | Rockfall Hazard and Risk Assessment Along a Transportation Corridor in the Nera Valley, Central Italy[END_REF]Ferrari et al., 2016). Abundant literature reports fatalities, e.g., in Switzerland [START_REF] Straub | Modeling and managing uncertainties in rock-fall hazards[END_REF][START_REF] Badoux | Natural hazard fatalities in Switzerland from 1946 to 2015[END_REF], France [START_REF] Assali | Modélisation géostructurale 3D de parois rocheuses par lasergrammétrie et photogrammétrie terrestres en milieu ferroviaire[END_REF], Italy [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], Austria [START_REF] Haque | Fatal landslides in Europe[END_REF] or Canada [START_REF] Bunce | Assessment of the hazard from rock fall on a highway[END_REF]. Rockfall mitigation through rigorous landuse planning and/or design of defense structures is therefore a crucial issue for authorities and stakeholders in rockfall prone areas [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Specifically, hazard and risk zoning require approaches as specific and comprehensive as possible to optimize land-use. This is all the more true than real estate pressure is continuously increasing in these sensible systems [START_REF] Pörtner | IPCC Special Report on the Ocean and Cryosphere in a Changing Climate[END_REF].

In that respect, quantitative risk assessment (QRA) procedures developed for landslides [START_REF] Fell | A framework for landslide risk assessment and management[END_REF][START_REF] Fell | Guidelines for landslide susceptibility, hazard and risk zoning for land use planning[END_REF]Corominas et al., 2013;[START_REF] Lari | A probabilistic approach for landslide hazard analysis[END_REF] have been adapted to the specificities of rockfall processes, increasing the awareness of existing risk levels and the appreciation of the efficiency of the actions undertaken [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]Corominas and Mavrouli, 2013;Corominas et al., 2013). In QRAs, rockfall risk for exposed elements is estimated by including in the analysis each component of risk: the hazard, the exposure and the vulnerability. However in practice, this quantitative estimation is challenging [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)[END_REF], so that existing methods remain scarce. Notably, risk is always evaluated for already existing buildings and infrastructures only [START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]Moos et al., 2017a). Mathematically consistent approaches for evaluating individual risk as a continuous function of space in areas potentially suitable for establishing new stakes (e.g. new building constructions) are therefore lacking. This precludes (i) reliable anticipation of future rockfall risk in a context of urban plan evolving rapidly and substantially (Farvacque et al., 2019a), and (ii) zoning on the basis of acceptability thresholds [START_REF] Arnalds | Avalanche hazard zoning in Iceland based on individual risk[END_REF][START_REF] Eckert | Repenser les fondements du zonage règlementaire des risques en montagne « récurrents[END_REF]. Furthermore, risk remains in the field of rockfalls -as for most of natural hazards -always defined as the damage expectation [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF][START_REF] Favier | Sensitivity of avalanche risk to vulnerability relations[END_REF]. This risk measure has been classically adopted since it is intuitive and easy to compute. Indeed, given its linearity, the expectation of a sum of random variables is equal to the sum of the individual expectations, whether they are independent or not. From this perspective, risk is thus additive, allowing to evaluate easily the risk for a whole system by summing individual risks for each element of the system [START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)[END_REF]. However, damage expectation as risk measure is also hampered by several limitations. First, the damage expectation fails to capture the whole range of consequences especially those related to rare events [START_REF] Yoshikawa | Financial Seismic Risk Analysis of Building Portfolios[END_REF]. It therefore tends to underestimate the consequences of low-frequency/high-magnitude events. In addition, the sole damage expectation does not offer any alternative compatible with short/long term constraints or trade-offs between protection and costs faced by decision-makers. Finally, this metric does not include the time necessary to reach the expected damage, and the maximal damage that may be expected during this time [START_REF] Embrechts | Modelling Extremal Events[END_REF].

Quantifying risks is an old question in statistics, economics and finance. While variance and standard deviation were historically the dominating risk measures in financial markets, measures based on quantiles have became popular in actuarial sciences since the 1990s [START_REF] Guerra | Are quantile risk measures suitable for risk-transfer decisions?[END_REF][START_REF] Emmer | What is the best risk measure in practice? A comparison of standard measures[END_REF]. One of the most widely metric used in banking and other financial institutions is the value-at-risk (VaR). For example, this measure has been successfully adopted by the Basel Committee on Banking Supervision for the prudential regulation of banks and owes its popularity to its conceptual simplicity. Value-at-risk indicates the damage which is not exceeded for a portfolio, with a given probability α, over a predetermined horizon [START_REF] Mcneil | Quantitative risk management: concepts, techniques and tools[END_REF]. Unfortunately, VaR fails to capture the extent of consequences beyond the confidence level α. In view of this limitation, risk managers prefer in practice the expected shortfall (ES), sometimes called conditional value-at-risk (CVaR), average value-at-risk (AVaR) or expected tail (ETL), which measures the expected damage that is incurred in the events that are worse than the VaR of the portfolio [START_REF] Mcneil | Quantitative risk management: concepts, techniques and tools[END_REF]. Expected shortfall thus provides a better evaluation of damages due to unexpected or extreme scenarios of a portfolio.

In this context, we develop here an approach for evaluating the distribution of damages as a continuous function of space in an area where new constructions are envisaged. We apply it at each 10 × 10 m 2 cell of Le Brocey slope (Crolles municipality, French Alps), where numerous rockfalls and intense urban sprawl dynamic have been reported since the beginning of the 20th century [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]. The complete distribution of damages was obtained by combining rockfall simulations with the physical vulnerability of potentially affected buildings and the complete distribution of block volumes in the range 1-20 m 3 . At each cell, rockfall risk was evaluated through (1) the arithmetic mean, (2) the value-at-risk, and (3) the expected shortfall metrics. What follows details our innovative methodological approach and illustrates with the case study the added value of the resulting panel of risk maps for land-use planning.

General framework and alternative risk measures

Risk as an expected damage

Risk is traditionally defined as a combination of the damageable phenomenon and its consequences [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF], thus providing a statistical value for the expected damage per year. Based on the cumulative distribution function of the consequences L(d), integrated over the rockfall volume distribution, the risk can be expressed as [START_REF] Cruden | on Landslide Risk Assessment[END_REF][START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]United Nations International Strategy for Disaster Reduction, 2019):

R z = q(z) × - Z × λ × E L(d) , (5.1) 
where R z represents the expectations of the consequences (or a certain amount of damage) of hazard for the element at risk z, characterized by an exposure factor q(z) and a value -Z. In the most common configurations, these elements are physical (i.e. people, traffic infrastructure, buildings), but other less tangible aspects can be introduced such as the image and aesthetics of an element [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. λ is the temporal occurrence frequency of rockfall events (in events/yr) and L(d) the probability distribution of damages integrated over the rockfall volume distribution.

By considering all the scenarios which characterize a risk situation, the generic equation is traditionally decomposed in the field of rockfall as:

R z = q(z) - Z f (Event) p z (Event) D z (Event) dEvent .
(5.2)

The frequency f (Event) of the hazard, the reach probability p z (Event) on the element at risk z and the resulting damage D z (Event) are computed for all possible events and are representative of physical and kinetic rockfall properties (i.e. volume, mass, shape, translational and rotational energies, passing height, impact angle, etc.).

Depending on the purpose of the analysis, the damage can refer, e.g., to a damage probability to buildings, utilities and infrastructure (physical vulnerability) or to the probability of fatality (vulnerability of people). Based on vulnerability curves [START_REF] Cappabianca | Snow avalanche risk assessment and mapping: A new method based on a combination of statistical analysis, avalanche dynamics simulation and empirically-based vulnerability relations integrated in a GIS platform[END_REF]Corominas et al., 2013;[START_REF] Favier | Sensitivity of avalanche risk to vulnerability relations[END_REF][START_REF] Favier | Assessing fragility of a reinforced concrete element to snow avalanches using a non-linear dynamic mass-spring model[END_REF], it is expressed on a scale ranging from 0 (no damage) to 1 (total damage).

Due to the complexity and suddenness of rockfall processes, several parameters (e.g. fragmentation of the block, impact angle, etc.) that would be useful for risk assessment are systematically lacking [START_REF] Bourrier | Accounting for the variability of rock detachment conditions in designing rockfall protection structures[END_REF]. A simplified approach in which only rock volumes and kinetic energies are included is generally adopted following the equation:

R z = q(z) - Z f (v) p z (E | v) D z (E) dE dv , (5.3) 
where f (v) corresponds to the occurrence frequency of rockfall events with a volume v, p z (E|v) the reach probability on an element at risk z by a block of volume v with an energy E and D z (E) the resulting damage on z for an impact energy E.

The risk value specific to the element z is approximated by sums on several volume classes. For each of these volume classes, the damage is evaluated by the Monte Carlo method as:

Dz (v Cl i ) ≈ 1 M M k=1 D(z, E k ) , (5.4) 
where

E k ∈ [1, M]
is the local distribution of rockfall energies impacting z, with respect to the total simulated trajectories M. Thus, the risk for the element z is expressed as:

R z = q(z) × - Z × l i=1 f (v Cl i ) × p z (v Cl i ) × Dz (v Cl i ) , (5.5)
where the volume distribution is discretized in v Cl classes.

However, such an approach is unsuitable to extent the risk analysis to alternative risk metrics, such as quantile-based measures, that require the complete distribution of damages L(d). In that respect, we developed in this study a methodology that provides the cumulative distribution function of the consequences over the rockfall volume distribution, defined as:

L(d) = v Cl L(d, v Cl ) dv Cl = v Cl L(d|v Cl ) × Pr(v Cl ) dv Cl .
(5.6)

Value-at-risk and expected shortfall from the complete damage distribution

Given L(d) (Eq. 5.6), we consider here the value-at-risk (VaR) and the expected-shortfall (ES) risk measures. Value-at-risk and expected shortfall are quantile-based measures that hedge against worst-case damages defined beyond a confidence level α. In grater details, the value-at-risk at level α ∈ (0,1) of a variable D is given by the smallest damage d such that the probability that the damage D exceeds d is not larger than (1-α). In other words, VaR is simply defined as the α-quantile of the damage distribution L(d). Formally:

VaR α = inf d ∈ R | Pr{D d } (1 -α) = inf d ∈ R | L(d) α) , (5.7) 
where Pr{D d} is the probability that the damage D exceeds d and L(d) the cumulative distribution function of damage, both conditional to rockfall volume distribution.

Similarly, expected shortfall at level α ∈ (0,1) is defined as the expected coverage in the (1-α) worst-case damages. Hence, it is closely related to value-at-risk as it corresponds to the expected damage that is incurred in the events exceeding VaR. Here we get:

ES α = E (D | D VaR α ) .
(5.8)

By definition, value-at-risk and expected shortfall are risk measures which depend only on the damage distribution L(d) and on the confidence level α. For α set at 0, ES α is equal to the expected damage of the distribution. Similarly, if L(d) follows a normal distribution and α = 0.5, VaR α corresponds to E(D). Obviously, VaR α ≤ ES α (Fig. 5.1; [START_REF] Mcneil | Quantitative risk management: concepts, techniques and tools[END_REF]. No clear-cut recommendation can be given on the choice of α since the latter is a user-defined parameter that reflects the risk attitudes of the decision-maker [START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF]. Here, value-at-risk and expected shortfall were evaluated for different temporal horizons t (in years). Hence, t gives the length of the risk-management horizon for the stakeholder and is associated to a certain confidence level given by:

α = 1 - 1 λt , (5.9) 
where λ corresponds to the temporal occurrence frequency of rockfall events. Demonstration of this mathematical relation is proposed in Appendix 5.6.1.

Rockfall risk can therefore be estimated from quantile-based risk measures, where value-atrisk and expected shortfall describe (i) the minimum and (ii) the average risk per year expected over t years due to rockfall events involving worst-case scenarios. Based on Eq. (5.1), they are analytically given by:

R z = q(z) × - Z × 1 t × VaR α ES α , (5.10)
where t is the considered temporal horizon in years. Value-at-risk can as well be expressed as the annual risk that should not be exceeded by α% of the rockfall events expected over t years.

Material and method

Case study

For the purpose of illustration, our approach was applied on Le Brocey slope, located in the Crolles municipality (northeast of the Grenoble conurbation), in the Isère department (Fig. 5.2A, B, C). The study site formed a 700-m long talus slope settled on the eastern slope of the Chartreuse Massif (French Alps). Its elevation ranges between 420 to 260 meters a.s.l., from the lower limit of a centennial protection forest to the road D1090. Its slope angles decrease gradually from 20 • ± 5 • in the upper portion to 4 • ± 3 • at the level of the urban front (Fig. 5.2D, E). Land-use and land-cover pattern is characterized by a mosaic of wasteland, grassland, wooded and constructed plots [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF][START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)[END_REF] and is topped by a 300-m-high sub-vertical cliff made of thickbedded limestones and marls from the upper Jurassic period [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF]. The cliff triggers rockfall with sizes varying from gravel clasts to blocks with volumes > 30 m 3 . Historical archives, fresh blocks, recent impact craters on the ground and visible growth disturbances (i.e., scars, decapitated trees) on the forest stand confirm ongoing strenuous rockfall activity on the slopes.

Rockfall hazard

Rockfall susceptibility and volume distribution

In this study, potential rockfall release areas have been deduced from a DEM-based geomorphometric approach known as the slope angle frequency distribution (SAFD) procedure [START_REF] Loye | Identification of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF][START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF]. In this procedure, using the Excel-based Histofit application, slope angle distribution is decomposed in several Gaussian distributions. The terrain is considered a potential rockfall source if its slope angle exceeds a certain threshold, which in turn is defined where the Gaussian distribution of the "rock cliff" morphological unit becomes dominant over the "steep slope" unit. According to this analysis, the threshold slope angle for source areas was set at 49 • (Farvacque et al., 2019a). Terrain units exceeding the threshold slope angle were mapped into a Geographical Information System (GIS) and converted to raster for subsequent trajectographic analyses. The rock density in each source start cell was set at 2,650 kg/m 3 .

Assuming that any rockfall is characterized by the detachment of an individual block that will not disintegrate along the path, a local rockfall volume distribution has been developed based on rockfall events inventoried along a 900-m-long transect [START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps)[END_REF]. The distribution of volumes exceeding a volume threshold value u was characterized from an asymptotic model of the generalized Pareto distribution (GPD) family [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]. According to [START_REF] Pickands | Statistical Inference Using Extreme Order Statistics[END_REF], for any random variable, this is the true limiting distribution as soon as u is high enough. In this study, a volume threshold u = 1 m 3 was used as we consider it as the minimum volume that can significantly damage buildings. Hence, a reduced catalogue containing only the volumes u and greater was retained and used to evaluate the local estimates for the GPD model. The rockfall volume distribution is thus given by: Pr .11) where V represents the volume of the blocks (in m 3 ) and u, σ and ξ, the location, scale and shape of the GPD distribution, respectively. The circumflex denotes statistical estimates obtained from the data using a maximum likelihood procedure. 
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Rockfall propagation and impact energy

Rockfalls propagation was supported in this study by a high-resolution 3D numerical modelling performed using the Rockyfor3D (v5.0) code [START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF]. On the basis of a digital elevation model, this probabilistic process-based rockfall trajectory model combines physically based deterministic algorithms with stochastic approaches to simulate rockfall in three dimensions. The model calculates sequences of classical, uniformly accelerated parabolic free fall through the air and rebounds on the slope surface and trees (for details see [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF]. During each rebound, the model allows the block to deviate from its direction before rebounding. If an impact against a tree takes place, part of the rock energy is dissipated as a function of the stem diameter of the corresponding tree and the relative position between the rock and tree center.

The topography of the slope was implemented in the model through a 5m-resolution DEM while the parameters used to characterize the interactions between the block and the soil -soil mechanical properties (i.e. restitution coefficients) and soil roughness -were described by the current land-use and land-cover (LULC) pattern of Crolles (Fig. 5.2E;[START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF]Farvacque et al., 2019a). LULC patchiness was derived, according to the cadastral map, from aerial photo interpretation using standard photographic keys (i.e., tone, texture, pattern, shape and size) as well as information available from the French digital cadaster database. Soil types (e.g., fine soil material or bedrock) and roughness parameters were associated with each LULC class [START_REF] Lopez-Saez | Impacts of land-use and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF].

At Le Brocey scale, a total of 6,371 potential rockfall sources were mapped on the DEM, and for each of those, 10,000 rockfall simulations with volumes randomly extracted between 1 m 3 and 20 m 3 were simulated. To provide information on rock propagation at any location of the study site, the slope was divided in 4,700 cells z of 10 × 10 m 2 and rockfall energies were stored as:

E(S, z) = E(S, z) if S ∩ z 0 if S ∩ z = {∅} , (5.12)
where E is the kinetic energy (in Joules) of the block in a certain position z along the slope for rockfall simulation S. Similarly, rockfall volume and simulation ID associated to each energy value were stored (Fig. 5.3A).

Individual damage distribution

By considering Le Brocey site as a potential area theoretically available for urban development, this study aims at assessing rockfall risk for a potential structural element (building type) at any cell z along the slope. Hence, the energies recorded over the simulations were expressed in terms of damage value on a theoretical structure located at every cell based on the physical vulnerability curve proposed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. This curve results from the back analysis of the 2004 rockfall event in Fiumelatte (Italy) and converts the energy of the impact into potential damage varying between 0 (no structural damage) and 1 (total collapse). 

Database sample

Cumulative It is expressed as:

d(E) = 1 - 1.358 1 + e E-129000 120300 
, (5.13) where d represents the damage on a structure and E the impact energy (in Joules).

Furthermore, a typical structural element characterized by a floor area of 100 m 2 ( -Z, according to DEM resolution) and an exposure factor q(z) = 1 (buildings are consider as statics) was associated to each of the 4,700 cells z constituting the slope. Consequently, damages were expressed in terms of destroyed surface (in m 2 ) and evaluated at each cell along the slope for each simulation (Fig. 5.3A). Finally, the local cumulative damage distribution was compiled by considering a small sample of the total simulations according to the rockfall volume distribution (GPD model; Eq. 5.11; Fig. 5.3B).

Rockfall risk estimates from bootstrap sampling

In order to quantify the robustness of our results to the sampling scheme, a bootstrap procedure was performed for k = 100 iterations. Following this procedure, 100 damage distributions, integrated over the rockfall volume distribution (GPD model; Eq. 5.11), were associated to each of the 4,700 cells z. This especially accounts for the variability of the results, that may result from large volumes which induce high damage but are rare. Eventually, for each damage distribution, rockfall risk was quantified through the expected damage, the value-at-risk and the expected shortfall. The values from the bootstrap sampling were average at the cell scale and their dispersion were quantified through the standard deviation (SD) and the coefficient of variation (COV).

Results

Rockfall hazard

The fitted generalized Pareto model is characterized by maximum likelihood estimators σ and ξ equal to 0.94 and 0.355, respectively. The related uncertainty is obtained by propagating the maximum likelihood estimation asymptotic covariance matrix of the estimates using a delta-like approach [START_REF] Coles | An Introduction to Statistical Modeling of Extreme Values[END_REF]Fig. 5.3B). Based on the relative freshness of the blocks (limited patina, absence of blunt or rounded-off edges, lichens or vegetation on the surface) and the presence of visible scars on tree stems, we estimated that the reference period for the computation of rock frequency should not reasonably exceed one century. On this estimated time frame, we inventoried 17 blocks > 1 m 3 potentially released from a 11.5-hm 2 cliff section located above the representative transect chosen for field analysis. Assuming that rockfall stating points are homogeneously distributed on the rocky cliff, the rockfall frequency was estimated at 0.015 events/yr/hm 2 .

According to the Histofit routine, 6,371 cells were identified as potential rockfall sources, corresponding to a total surface of 35.9 hm 2 . These sources were evaluated to correspond to a total surface of 35.9 hm 2 , and consequently the total frequency λ of rockfalls in the range 1-20 m 3 was estimated at 0.53 events/yr.

Based on the Rockyfor3D model, 63,710,000 rockfalls were simulated. In total, 3,353,158 were extracted at each step of the bootstrap resampling procedure. On average, over the 100 bootstrap iterations, 392,229 simulations propagated over 3,031 out of the 4,700 cells z (64.5%) of Le Brocey slope. By contrast, 88% of the simulations were blocked in the centennial protection forest located upslope from the study site. Among the simulations reaching Le Brocey slope, on average, 112,610 (6%) and 719 (56%) were associated to the volumes in the range 1-2 m 3 and 19-20 m 3 , respectively. A reach probability 0 < p z ≤ 0.10% was associated to 90% of the 3,031 impacted cells z. The maximum value (p z = 0.0133) was recorded in the upper part of the study site, at the contact of the protection forest.

Based on the temporal occurrence probability λ, Fig. 5.4A shows the spatial distribution of rockfall recurrence intervals at Le Brocey. In detail, recurrence intervals lower than 1,000 years were observed on 195 cells z (4%). Unsurprisingly, these values were localized in rockfall corridors (where rockfall passages are the most frequent). The minimum value was estimated at 141 years (p z max. = 0.0133) in pixel z A . For the remaining cells, recurrence intervals were highest and exceeded 1,000,000 years downslope, mostly below the current urban front limit (Fig. 5.4A).

In addition, the mean kinetic energy along rockfall trajectories exceeded 650 kJ for a large part of the simulations (Fig. 5.4B). The maximum energy (73,000 kJ for a block volume of 20 m 3 ) was recorded in the lower part of the slope. High energy values observed in the lower part of the slope are related to (i) the limited roughness associated with grassland, wasteland as well as urbanized areas and (ii) to the steepness of the slope up to the level of the urban front. Furthermore, as the damage is close to 1 for kinetic energy E exceeding 650 kJ (see Eq. 5.13), 100 m 2 damage values were associated with a large proportion of simulations. 

Quantitative analysis of rockfall risk

Damage distribution

Damage distributions were computed for the 4,700 cells z of Le Brocey slope. For illustration purposes, Fig. 5.5 focuses on the empirical damage distribution associated to two specific cells z A and z B and is evaluated for to the bootstrap iteration k = 1. Both cells were chosen according to their reach probability p z : p z A is the maximum reach probability observed on the slope (p z A = 0.0133) whereas p z B is significantly lower (p z B = 0.003). Despite this difference, the mode of both damage distributions is 0 m 2 and the probabilities Pr{D=0 m 2 } are 0.9866 and 0.9970 on z A and z B , respectively. In addition, a second sharp increase in the cumulative distribution function is only observed on z A , for a damage value of 100 m 2 . In detail, the probability for having a damage value of 100 m 2 on z A is equal to 0.0013. 

Mean value

Following Eq. (5.5) -which combines the rockfall frequency and the expected damage -we computed the risk to buildings expressed as the mean annual surface destroyed per year (m 2 /yr). Fig. 5.5 shows the expected damage associated to cells z A and z B for bootstrap iteration k=1.

There is equal to 1.1 m 2 and 0.14 m 2 , respectively. Given the rockfall frequency λ=0.53 events/yr (see section 5.4.1), risk as expected damage was evaluated to 0.58 m 2 /yr and 0.074 m 2 /yr at cells z A and z B , respectively. 

Value-at-risk

The value-at-risk metric has been used to quantify the risk within fixed temporal horizons t.

It expresses the risk as the annual minimum damage expected over t years due to worst-case rockfall scenarios. Again, for illustration purposes, results first focus on z A and z B cells.

Based on Eq. 5.9, worst-case rockfall events represent 1% (α = 0.99) of the damage distribution for a temporal horizon t = 200 years. Given this configuration, the damage and risk values are evaluated at 86 m 2 and 0.43 m 2 /yr at z A , respectively (Fig. 5.5A). Similarly, worst-case rockfall events represent 0.2% of the damage distribution for t set at 1,000 years (α = 0.998). Based on this α-quantile, damage and risk values are 25 m 2 and 0.025 m 2 /yr at z B , respectively (Fig. 5.5B). In other words, the risk induced by rockfall events expected over 200 years should never exceed 0.43 m 2 /yr with a probability of 0.99 at z A . On z B , there is a probability of 0.998 that rockfall events expected over 1,000 years do not damage more than 0.025 m 2 /yr. Fig. 5.7 evaluates the VaR-damage and -risk values as continious function of the temporal horizons t ranging between 1/λ and 10 6 years. For z A , VaR-damages are 0 m 2 for temporal horizons up to t = 141 years (Fig. 5.7A). According to Eq. 5.9, this temporal horizon, associated with the probability of no damages, corresponds to a α-quantile < 0.9866. For z B , the same probability is observed up to t = 634 years (Fig. 5.7C) and α-quantile < 0.997. High rockfall energies observed at Le Brocey combined with the vulnerability curve of [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], result in a sharp increase of damage distributions from 0 to 100 m 2 for horizon above 141 years at z A and 634 years at z B . Damages reach systematically 100 m 2 when t exceeds 1,429 years (Fig. 5.7A) and 47,541 years (Fig. 5.7C) at z A and z B , respectively. Consequently, VaR-risk reach a maximum value for t = 209 years (0.43 m 2 /yr, z A ; Fig. 5.7B) and t = 1,977 years (0.038 m 2 /yr, z B ; Fig. 5.7D) and tend towards 0 m 2 /yr for longer time periods. Fig. 5.8 shows the spatial distribution of VaR-risk for specific temporal horizons t set to 100 years (α = 0.98), 300 years (α = 0.994), 1,000 years (α = 0.998) and 10,000 years (α = 0.9998). For a temporal horizon t of 100 years, the VaR-risk is null for each cell of the studied area (Fig. 5.8A). In other words, the probability that damages occur on any cell over 100 years is < 0.02 (1-α). Similarly, for a temporal horizon of 300 years, the probability for VaR-risk to be null is 0.994 for 4,683 out of 4,700 cells (Fig. 5.8B). Remaining cells associated with VaR-risk ranging between 0.1 m 2 /yr and 0.5 m 2 /yr are mainly located in the upper part of rockfall corridors. As expected, the number of cells characterized by non-null VaR-risk values increases downslope preferentially along rockfall corridors for t = 1,000 (Fig. 5.8C) and 10,000 years (Fig. 5.8D). For the latter horizon, VaR-damages are equal to 100 m 2 for 16 cells mainly located in the upper part of the study site at the contact of the protection forest (hatched area on map, Fig. 5.8D). In other words, as the VaR-damage values is 100 m 2 , worst-case scenarios (over 10,000 years) will necessarily fully destroy the building-like infrastructure present in these cells. Finally, our map shows that 99.98% of the events expected over 10,000 years will not reach the level of the current urban front.

Expected shortfall

Based on the expected shortfall, the damage and risk values expected at z A , over a 200-year horizon, are 98 m 2 and 0.49 m 2 /yr, respectively (Fig. 5.5A). They obviously exceed the VaRdamage and risk values (86 m 2 and 0.43 m 2 /yr). Similarly, at z B , ES-damage and ES-risk (70 m 2 and 0.07 m 2 /yr) for t = 1,000 years is approximately 3 times higher than VaR-damage and VaR-risk (25 m 2 and 0.025 m 2 /yr; Fig. 5.5B). Fig. 5.7B and Fig. 5.7D show the evolution of ES-risk for temporal horizons t between 1/λ years and 10 6 years. Unsurprisingly, in view of Eq. 5.9 and Appendix 5.6.2, ES-risk is equal to the expected value for t = 1/λ and as long as α < Pr{D=0 m 2 }. The differences between ES-risk and VaR-risk are maximum below 141 years (0.53 m 2 /yr) at z A (Fig. 5.7A, B) and 634 years (0.075 m 2 /yr) at z B (Fig. 5.7C, D). Above these temporal horizons, both risk distributions rapidly converge. They are strictly equal (shaded area on Fig. 5.7B, D) when α > Pr{D<100 m 2 }, for t > 1,429 years (z A ) and t > 47,541 years (z B ).

Maps presented in Fig. 5.9 show the spatial distribution of ES-risks for the 2% (100 years), 0.6% (300 years), 0.2% (1,000 years) and 0.02% (10,000 years) of worst-case scenarios. These maps using the expected-shortfall as risk metric strongly differ from those computed with the value-at-risk (Fig. 5.8). Again, in view of Appendix 5.6.2, the ES-map at a temporal horizon of 100 years is strictly similar to the one computed using the arithmetic mean (Fig. 5.6). Maps computed for 300 years, 1,000 years and 10,000 years show similar risk patterns but differ at cells were VaR-risk is not equal to 0 m 2 /yr (α > Pr{D=0 m 2 }; Fig. 5.8B, C, D). More interestingly, regardless of temporal horizons, low ES-risks are computed in cells located below the current urban front. This illustrates the non-null risk incurred in the currently inhabited area, in contrast with hazard (Fig. 5.4A) and VaR-risk (Fig. 5.8) maps, where rockfall events and therefore risks are expected for t > 10,000 years.

Bootstrapping

Figure 5.10 shows the standard deviation (SD) and the coefficient of variation (COV) for ES and temporal horizons t = 100 years, 1,000 years and 10,000 years. The standard deviations do not exceed 3e -3 at an horizon of 100 years (Fig. 5.10A). As damages tend more systematically to 100 m 2 through time, this minimum value decreases for 1,000 and 10,000 years temporal horizons (Fig. 5.10C, E). Obviously, the coefficient of variation which represents the ratio between the SD and the average of risk decreases through time (Fig. 5.10B, D, F). For each cell, SD and COV have been computed from the 100 bootstrap iterations (Section 5.3.4). Cells with pz < 3e -6 were excluded.

Discussion, conclusion, and outlooks

Traditionally, risk is evaluated through the standard damage expectation, widely adopted since it is intuitive, easy to compute and interpret, as well as additive. Yet, a major drawback lies in its inability to capture the extent of consequences due to rare events. In addition, it offers a unique risk estimate, which does not account for different short/long term constraints or trade-offs faced by risk decision-makers [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF]. To better assess the risk from extreme events, we proposed, in this study, an innovative approach where rockfall risk is estimated and mapped at each location along a slope, potentially suitable for building development, based on quantilebased measures. For this purpose, our approach requires the complete distribution of damages, individually assessed by combining rockfall simulations with the rockfall volume distribution of block volumes in the range 1-20 m 3 and the physical vulnerability of potentially affected buildings. Specifically, we introduced the value-at-risk (VaR) metric, which is nothing more than the α-quantile of the distribution of damages [START_REF] Embrechts | Modelling Extremal Events[END_REF]. Despite the high interest of the latter metric, it fails to capture potential consequences beyond the confidence level α [START_REF] Mcneil | Quantitative risk management: concepts, techniques and tools[END_REF]. We therefore complemented our metrics by introducing the expected-shortfall (ES), that aims at quantifying the consequences of events above the value-at-risk. Both value-at-risk and expected shortfall measures enable decision-makers to modulate their management according to different risk preferences: α close to 0 being more risk neutral, and α close to 1 more risk conservative [START_REF] Zheng | A Robust Approach for Mitigating Risks in Cyber Supply Chains: A Robust Approach for Mitigating Risks in Cyber Supply Chains[END_REF]. More generally, VaR and ES measures enable the ranking and comparison of risk management options and leave to decision-makers the final decision, depending on their personality and on their political, social and/or budgetary constraints which should help better managing rockfall risk in highly sensitive contexts where space is lacking and real estate pressure increasing. Additionally, the approach developed here not only precisely assess the rockfall risk due to extreme events, but also provide rockfall risk maps over different temporal horizons. Such an approach is a valuable tool for future land-use planning and decision-making.

For illustration, our approach has been implemented at Le Brocey slope, in the municipally of Crolles, where numerous rockfalls have been reported since the beginning of the 20th century (Farvacque et al., 2019a). Based on α-quantiles deduced from fixed temporal horizons t ranging between 100 years and 10,000 years, VaR-and ES-risk have been quantified at each location along the slope. The resulting panel of individual VaR-risk maps demonstrates that no risk exists as long as t < 100 years. Above this temporal horizon, the number of at-risk theoretical structure increases downslope, preferentially along rockfall corridors, but remains very limited. The absence of risk associated with a large majority of cells results from (1) the low probability for a rockfall event to propagate downslope due to the presence of the protection forest. This is particularly true given that the forest has significant impacts on rockfall propagation for lower volumes (< 3 m 3 ; Dupire et al., 2016a,b;[START_REF] Toe | A Novel DEM Approach to Simulate Block Propagation on Forested Slopes[END_REF], that represent 80% of the rockfall simulations at Le Brocey. Similarly, (2) individual rockfall events have a limited spatial extent as function of the trajectory of the block and its size. As a consequence, the latter generate very localized damages contrary to other mass movements such as snow avalanches, landslides, or seismic events, which are susceptible to produce widespread damages with the extent of a single event [START_REF] Cappabianca | Snow avalanche risk assessment and mapping: A new method based on a combination of statistical analysis, avalanche dynamics simulation and empirically-based vulnerability relations integrated in a GIS platform[END_REF][START_REF] Yoshikawa | Financial Seismic Risk Analysis of Building Portfolios[END_REF][START_REF] Favillier | Spatio-temporal maps of past avalanche events derived from tree-ring analysis: A case study in the Zermatt valley (Valais, Switzerland)[END_REF]. However, we observed that for a large proportion of the cells, rockfall damages lead to the near-total destruction of potentially exposed structures. This results from the specificity of rockfall processes, characterized by high energies, that mainly cause total destruction in case of an impact on a building-like structure (damage probability of 1; [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Moreover, individual ES maps highlight that rockfall risk is widely spread in Le Brocey but remains strictly equal to the expected damage value as long as α < Pr{D=0 m 2 } (or VaR-risk equal to 0 m 2 /yr). This means that the expected damage gives a first insightful risk estimate for a large part of the study area but leads to a significant overestimation of the risk for temporal horizons t above 1/λ (rockfall return period).

In the existing literature, rockfall hazard and risk assessments are classically based on trajectory models. However, given the complexity of the rockfall process (with respect i.e., rebounds, deviation and damage of energy induced by obstacles; [START_REF] Dorren | Mechanisms, effects and management implications of rockfall in forests[END_REF], multiple simulations are required to properly assess the distributions of rockfall trajectories and energies in each cell of our study site. In that respect, we applied a bootstrap process that (1) enables to integrate a large spectrum of potential rockfall events while (2) optimizing data storage and processing. Based on this process, 3,358,158 were sampled 100-times from the 63,710,000 trajectories stored from RF3D simulations. In the absence of bootstrapping, similar results would have required a number of simulations more than 5-times higher (3,358,158 × 100). In addition, this approach allows to verify the convergence of our results. The limited dispersion of rockfall risks at Le Brocey is related to the almost bimodal distribution of damages. We believe that this approach could be even more relevant for natural hazards for which only rare events will lead to a total destruction of the impacted structure.

Eventually, it is noteworthy that all the developments presented here for rockfalls are, in essence, usable for a wide range of natural hazards, such as snow avalanche or flooding [START_REF] Bernier | Décisions et comportement des décideurs face au risque hydrologique[END_REF]. In the future, an optimal value of the α-quantile could be determined by implementing the approach on different case studies and coupling it with interviews or surveys [START_REF] Xu | Alternative risk measure for decision-making under uncertainty in water management[END_REF]. Similarly, the choice of mitigation strategies could be optimized from the behavior of decisionmaker facing risk [START_REF] Eckert | Repenser les fondements du zonage règlementaire des risques en montagne « récurrents[END_REF]. Specifically, based on acceptability threshold, rockfall risk zoning maps could be proposed. Last, taking into account potential changes in rockfall activity and propagation related to, e.g., landscape evolution (very likely to occur within decades), would be an interesting perspective to enlarge relevance of the risk analysis in local contexts submitted to drastic changes. 5.6.2 Annualized expected shortfall for α lower than P r{D = 0} Following Eq. (5.1), the annualized expected damage is given by: R z = q(z) × -Z × λ × E L(d) .

(5.21)

By distinguishing null-and non null-damages in L(d), the mean risk per year can also be expressed as: (5.22) where Pr{D > 0) is the probability of having non-null damages.

R z = q(z) × - Z × λ × Pr{D > 0) × E D > 0 ,
According to Eq. (5.9), the temporal horizon t can be expressed as:

t = 1 λ(1 -α) ,
(5.23) and consequently ES is:

R ES z = q(z) × - Z × λ(1 -α) × ES α .
(5.24)

For 0 α < Pr{D = 0}, writes:

R ES z = q(z) × - Z × λ(1 -α) × Pr{D > 0 | D > D α } × E D > 0 .
(5.25)

The probability of D > 0 given D > D α is obtained from conditional probability rules:

Pr{D > 0 | D > D α } = Pr{D > 0 ∩ D > D α } Pr{D > D α } = Pr{D > 0} Pr{D > D α } .
(5.26)

Finally, knowing that:

Pr{D > D α } = (1 -α) , (5.27)

ES corresponds to: (5.28) in the specific case α < Pr{D = 0}.

R ES z = q(z) × - Z × λ(1 -α) × Pr{D > 0} 1 -α × E D > 0 = q(z) × - Z × λ × Pr{D > 0} × E D > 0 = R z ,

Conclusion and perspectives

In this thesis, we (i) reinforce the basis for quantifying rockfall risk by implementing a combination of analytical, statistical and numerical models, (ii) highlight the effect of environmental changes on rockfall risk, and (iii) propose a method for quantifying rockfall risk through measures alternative to the standard loss expectation. These developments have been illustrated on two real cases studies, i.e. the municipality of Crolles (in the French Alps), and the Uspallata valley (in the Central Andes mountains), both chosen for their strong rockfall activity and their numerous elements at risk. The work done was presented in this thesis manuscript though four chapters, for which the main outcomes are detailed in the following sections. The prospects for the continuation of this work are presented in the last section of this chapter.

Major contributions of this work and key findings

Towards a more comprehensive rockfall risk assessment Rockfall risk assessment requires summing up knowledge regarding hazards, exposure, and vulnerability. By refining all components of the analysis, this work is a step towards sharper estimates. In details, by contrast to previous studies restricted to a limited number of release areas and block volumes, the QRA procedure developed in this work systematically accounts for a wide spectrum of rockfall volumes as well as release areas. Similarly, an intensive use of the trajectory model Rockyfor3D allowed to quantify the reach probability on each of the 17,353 elements at risk identified in both case studies. In total, 1,241,332,000 rockfall simulations (70% at Crolles, 30% at Uspalatta) have been performed. In that respect, the QRA procedure developed in this work can be considered as holistic as it integrates a wide spectrum of the rockfall hazard.

Similarly, the rockfall volume distribution, essential for evaluating the risk on several volume classes, was characterized from extreme value theory -through the Generalized Pareto modelrather than through the power-law model more frequently used in existing literature. The choice of the Pareto model was guided by its efficiency to better quantify, in a generic way, the stochastic behavior of large occurrences of any process. Furthermore, in the case of Crolles, the temporal occurrence of rockfall events was assessed in a classical way, i.e. from a catalog of past events from detailed field observations. More originally, in the case of the Uspallata valley, regional seismicity and failure models have been used to quantify the temporal occurrence of earthquake-induced rockfalls. This methodology is an innovative approach for quantifying rockfall risk where time series of events are largely missing and where it can be assumed that a significant part of rockfalls results from earthquake activity.

Finally, rockfall damages were quantified based on physical vulnerability curves, more specifically from the one developed by [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF], in the aftermath of the Fiumelatte event 103 (Italy). The latter, one of the few curves usually existing in the field of rockfalls, allows converting from the impact energies recorded in each simulation the damage values of impacted structures. The risk is therefore precisely quantified as function of rockfall intensities, rather than on the basis of subjective judgments.

Contribution to rockfall risk management

In this PhD thesis, the QRA procedure developed for quantifying rockfall risk has been applied to two real case studies. In addition to demonstrating the practicability of QRA approaches, several outcomes highlight the added value of QRAs for risk practitioners.

First, by implementing the wide distribution of volume classes, the analysis allows, for instance, to identify the most critical volume classes for risk management. In the case of Crolles (chapter 2), a nonlinear relationship between the risk and the volume classes has been highlighted with a tipping point in the distribution of risk observed for volumes within the range 7-12 m 3 . This tipping point is attributed to a sharp decrease in the protective function of the forest, which can no longer reduce rockfall propagation. By contrast, the risk decrease observed for classes above 12 m 3 is attributed to the low frequency of such high-magnitude events. These results thus demonstrate the importance of accounting for intermediate volume classes for which propagation is poorly affected by the forest stands but which are characterized by frequencies large enough to influence the risk.

Similarly, by expressing the risk on different scales (e.g. at collective or individual levels) and for existing or potential future elements at risk, we showed that QRA offers both a global risk estimate and identifies risk-prone areas on which detailed investigations and mitigation actions will be the most efficient. In the specific case study of the Uspallata valley (chapter 3), we identified, for example, the road sections most prone to rockfall risk (about 7 kilometers), and demonstrated that buildings as well as truck traffic accounted for the largest proportion of the total risk. These results therefore highlight the added value of quantifying risk on various scales as useful hints for stakeholders.

Accounting for non-stationarity in rockfall risk assessment

The quantitative rockfall risk analysis performed in chapter 2 has been extended in chapter 4 by implementing four land-use and land-cover patterns, representative of the landscape observed on south-facing calcareous slopes in several alpine valleys.

Unsurprisingly, results demonstrated that rockfall risk for buildings currently existing in the Crolles urban area decreased significantly as the afforestation of the slope increased. Yet, this risk decrease is not gradual and the positive effect of increasing forest cover can be strongly counterbalanced by landscape reorganization (e.g. vineyard replaced by grassland). In greater details, results evidenced significant changes in the risk patterns for specific terrain conditions. For instance, the existence of a critical risk prone area in current conditions seems to result from a grassland plot located downslope from a preferential rockfall corridor.

The dynamic approach we introduced therefore provides a better understanding of the interactions between landscape structure and rockfall risk. It also allows to quantify the effect of environmental changes on rockfall risk, opening the door to the assessment of the complete response of a complex system to substantial simultaneous physical, environmental and societal changes.

In chapter 5, we proposed an innovative approach where the rockfall risk is calculated from two alternative measures of risk, namely the value-at-risk (VaR) and the expected-shortfall (ES). The latter have been introduced to better assess the risk resulting from extreme events, and have been expressed for different risk-management horizon periods on an individual basis suitable for the management of future urban areas.

For illustration purposes, this approach has been implemented on Le Brocey slope for horizon periods t ranging between 100 years and 10,000 years. The resulting panel of individual VaRrisk maps demonstrate that no risk is expected as long as t < 100 years. Above this horizon period, the number of theoretically at-risk structures increases downslope, preferentially along rockfall corridors, but remains very limited. On the contrary, individual ES-risk maps highlight that rockfall risk is widely spread in Le Brocey and remains strictly equal to the expected loss as long as VaR-risk is equal to 0 m 2 /yr. More widely, obtained VaR and ES estimates expressing severity of losses beyond a confidence level demonstrated that a portfolio of refined individual risk measures can be provided. They constitute an appropriate basis for land-use planning choices corresponding to different short-term or long-term constraints. This should help finding the right balance between the need for safety and sustainable development in various contexts.

Perspectives

At the end of this work, the following points appear as the main remaining challenges that could be addressed in further work:

Improving hazard and vulnerability quantification to refine rockfall risk components

A main weakness of QRA in the field of rockfall results in the large amount and variety of data necessary to perform the analysis, that are rarely available. We strongly believe that a better estimation of rockfall hazard through Lidar monitoring, for instance, or through tree-ring analyses would greatly increase the reliability of QRA studies. In that respect, we are currently implementing rockfall activity derived from increment cores analysis sampled on La Fory slope (Valais canton, Switzerland) during summer 2018 in our QRA procedure. Similarly, relating rockfall activity to triggering factors, such as earthquakes or meteorological drivers, would represent valuable alternatives to evaluate rockfall activity. More precisely, such in-depth investigations should help in assessing risk in areas where rockfall events time series are largely missing. Moreover, additional retro-analyses of past damageable events should be encouraged in the future in order to assess and reinforce the scarce existing vulnerability models.

Using the Bayesian approach to assess uncertainties

The rockfall risk analyses performed in this PhD thesis involve several models that inherently lead to uncertainties. The latter stem from different sources beside the models themselves, including, e.g., the rockfall volume-frequency distribution, the trajectory of blocks, or the vulnerability curve. Future developments could introduce Bayesian approaches to account for these uncertainties, and process these in a consistent way up to land-use maps.

Optimizing mitigation strategies

Another perspective of QRA analyses may be to integrate mitigation strategies. Indeed, based on the individual rockfall risk mapping, an "optimized" spatial distribution of mitigation strategies can already be proposed. In the future, the most strategic actions that reduce rockfall risk while achieving financial benefits, could be designed by performing cost-benefit analyses within the framework. For this purpose, the QRA procedure must be expanded into the analysis to mitigation actions, that influence, e.g., rockfall hazard (nets, protective walls, forest cover) or exposure (risk zoning).

Quantifying rockfall risks due to indirect losses

Rockfall events are threaten for people and can generate important costs for the restoration or repair of infrastructures. They can also indirectly affect societies by disrupting utility services (blockage of transport lifelines, power outage, etc.). The indirect outcomes of rockfall events are generally hard to evaluate (chain of cause-effect), and often are more albeit being more expensive than direct losses. In that respect, we really believe that it would be highly valuable to include this indirect losses in QRA. In practice, we are aware that such an approach is challenging as it requires, e.g., to identify the different economic activities in the area of interest and to evaluate how they could be affected by a disruption (that also depends on blockage time). However, this is clearly of great interest for enhancing knowledge on total risk and managing rockfall risk in an efficient and consistent way.

Figure 1 :

 1 Figure 1: Distribution du risque de chutes de blocs pour chaque classe de volume. La courbe rouge représente la distribution du risque quand le dommage est fixé à 1 (destruction totale du bâtiment à chaque impact).

Figure 2 :

 2 Figure 2: Cartographie du risque de chutes de blocs sur deux secteur particuliers de la vallée de l'Uspallata. (A, C) La commune de Rio Blanco ; (B, D) Secteur avoisinant le péage de la route No. 60.
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 3 Figure 3: Cartographie du risque de chutes de blocs sur le plan urbain actuel de Crolles pour différents scénarios d'occupation et d'usage des sols.

Figure 4 :

 4 Figure 4: Cartographie du risque rocheux (en m 2 détruits par an) à partir de la value-at-risk (A, C) et de l'expected shortfall (B, D) pour des horizons t de 100 ans (A, B) et 1 000 ans (C, D).

Figure 1 . 1 :

 11 Figure 1.1: Illustrative examples of rockfall events: (A) Departmental road in Savoie, Feb. 2014; (B) Lumbin municipality (Isère department), Jan. 2002; (C) Railway network in the Corrèze department, Aug. 2011. © J.-P. Clatot -AFP (A); S. Gominet -IRMa (B); Assali, 2015 (C).

Figure 2

 2 Figure 2.1: Location and geological setting of the study site. A: Location at the French Alps scale; B: Situation at the local scale (Crolles is located in the Isère valley, near the city of Grenoble, on the southeastern slopes of the Chartreuse Mountains); C: Overview of the Crolles slopes; D: Geomorphological sketch of the Crolles area; E: Overview of the Crolles urban area and neighborhoods. 1. Location of the 900-m-long transect used to inventory past rockfall events; 2. Berriasian (Marl); 3. Tithonian (Limestone); 4. Callovian-Oxfordian (Marl); 5. Quaternary; 6. Convex change of slope; 7. Ledge; 8. Concave break of slope (talus slope limits); 9. Hydrographic network; 10. Contour line; 11. Rockfall events; 12. Protective structures; 13. Urban front limit.
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 2223 Figure 2.2: Southeastern slopes of the Chartreuse Mountains in 1911 (A) and 2017 (B).

Figure 2 . 4 :

 24 Figure 2.4: Volume-cumulative frequency relationships in events/yr/hm 2 and derived from a rock volume inventory made along a 900-m-long transect located in the Ardillais neighborhood. A: obtained by an asymptotic model of the generalized Pareto distribution (GPD) family. The shaded area illustrates the model 95% confidence interval. B: Relation fitted with a power law (log-log scale).
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 25 Figure 2.5: Number of rockfall impacts recorded on buildings and distribution of the associated rockfall risk. A: Distribution of the number of impacts recorded on buildings for each volume class; B: distribution of the rockfall risk (% of the total value) for each volume class. The red curve represents the risk when the physical vulnerability is set at 1 (total destruction of the building in case of impact).
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 2 Figure 2.6: Number of impacts recorded on buildings IDs 1549 and 1908 located in the Le Coteau neighborhood (A, B) for Rg70 = 0.05 m (C). Number of impacts recorded on buildings IDs 455, 1352, 452 and 1390 in the Le Fragnès neighborhood (A, D) for Rg70 = 0.05 m (E), Rg70 = 0.10 m (F) and Rg70 = 0.15 m (G).

Fi

  gure 2.7: Rockfall risk map.

Figure 3

 3 Figure 3.1: (A-B) The study area is located in the eastern part of the province of Los Andes, in Valparaíso Region, Fifth Region of Chile, at the north-northeast of the city of Santiago.

Figure 3 Figure 3

 33 Figure 3.2: (A) The study site is located between 32 • 49'S-32 • 56'S and 70 • 28'W-70 • 04'W and extends 50 km from Los Chalets to the international tunnel Christ the Redeemer (TCR). (B) Geomorphological sketch of the study site highlighting potential rockfall source areas and location of the transect where block volumes have been inventoried.

Figure 3

 3 Figure 3.4: (A) Seismic hazard curve for annual rate of exceedance versus Peak Ground Acceleration (PGA). (B) Plots of critical acceleration (Ac) versus slope steepness for three sets of lithologies: Strongly cemented rocks (crystalline rock and well-cemented sandstone; group a); Weakly cemented rocks (sandy soil and poorly cemented sandstone; group b); Argillaceous rocks (clayey soil and shale; group c). The solid lines depict dry conditions (groundwater below level of sliding) and the dashed lines depict wet conditions (groundwater level at ground surface; Wilson and Keefer, 1985; FEMA); (C) Susceptibility function H to slope failure based on a critical acceleration Ac.
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 35 Figure 3.5: Probability density function of rockfall volumes (red line) obtained by an asymptotic model of the generalized Pareto distribution (GPD) family and related to rock volumes inventoried along a 200-m-long transect. Related uncertainty is evaluated by dividing or multiplying the scale parameter σ by 2.

  .11) where p z (v Cl | ∆) is the reach probability on element at risk z for blocks belonging to the volume class v Cl and released from the source cell ∆. Sim z,∆ (v Cl ) is the total number of rockfalls in the volume class v Cl and simulated from the source cell ∆ reaching z. Sim ∆ (v Cl ) corresponds the total number of blocks simulated from ∆ in the volume range v Cl .
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 3 Figure3.6: (A) Empirical assessment of the degree of loss suffered by structures in case of rockfall impact[START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. (B) Estimate of the degree of loss suffered by a vehicle when impacted by a rockfall.
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 37 Figure 3.7: Spatial distribution of rockfall return periods regardless of the volume class.
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 39 Figure 3.9

  Figure 3.10: Distribution of rockfall risk for people inside buildings (i.e. annual expected number of fatalities) at the municipality of Rio Blanco.

Figure 4

 4 Figure 4.1: (A-B) The pre-alpine conurbation of Crolles is located in the Isère valley, near the city of Grenoble, on the southeastern slopes of the Chartreuse Massif (French Alps); (C) General view of Crolles and the potential rockfall release areas. The urban plan is divided into four neighbourhoods, namely Le Fragnès, Magny, Ardillais and Le Coteau; (D-E) Historical photograph of Lumbin talus slope (close neighbour of Crolles) in 1911 (D) and a current photograph of the talus slope in 2017 (E).
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 43 Figure4.3: General scheme of the framework used to quantity the rockfall risk with regards to the volume class v Cl . The methodology is summarized in five main steps: (1) estimating the rockfall frequency in class v Cl according to the adopted volume-cumulative frequency relationship, (2) rockfall propagation through the Rockyfor3D code, (3) calculating the reach probability p z on each element at risk z related to volume class v Cl , (4) converting the related impact energies as a degree of loss to determine the mean damage for the element z and (5) assess the risk as the mean surface destroyed each year by integrating the raster surface. Total risk is obtained by an additional summation over the different volume classes.
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 44 Figure 4.4: Volume-cumulative frequency relationship in events/yr/hm 2 (red line) obtained by an asymptotic model of the generalized Pareto distribution (GPD) family and related to rock volumes inventoried along a transect located in the Ardillais neighbourhood. The shaded area illustrates the model 95% confidence interval.
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 46 Figure 4.5: Distribution of the rockfall risk (m 2 /yr) at Crolles for the binary and the mosaic A patterns.
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 47 Figure 4.7: Density function of the damage for each pattern and block volumes in the range of volumes 1-2 m 3 , 2-3 m 3 , 3-4 m 3 , 4-5 m 3 .

Figure 4 . 8 :

 48 Figure 4.8: Distribution of the rockfall risk in the 19 volume classes and for each landscape pattern.Each distribution is compared with the risk distribution when the physical vulnerability is set at a value of 1 (total destruction of the building as soon as it is hit, red line).

Figure 4

 4 Figure 4.9: (A) Estimation of the reach probabilities on buildings of Le Coteau from Rockyfor3D numerical modelling results and for the densely forested pattern. These results are mapped on the aerial picture of the area (B) to evidence specific terrain conditions (grassland plot located downslope of a preferential couloir).
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 51 Figure5.1: Simplified representation of the value-at-risk (VaR) and expected shortfall (ES) for α ∈ (0,1) on a normal (A) and a heavy-tailed (B) cumulative distribution functions. Quantile-based measures are compared with the expected damage value ( Ē). From the normal to the heavy-tailed distribution, minor variations are observed for the expected damage and the value-at-risk, while the expected shortfall varies substantially.

Figure 5

 5 Figure 5.2
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 53 Figure 5.3: General scheme of the framework used to quantify the distribution of individual damages due to rockfall for rock volumes in the range 1-20 m 3 . The methodology is summarized in two main steps: (A) Rockfall propagation through the Rockyfor3D code and data storage (simulation and cell IDs, volumes, energies and probabilities of damage). (B) Estimation of individual damage cumulative probability distribution by sampling simulation results.
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 5 Figure 5.4: (A) Rockfall hazard map derived for the area of Le Brocey. (B) Spatial distribution of rockfall mean kinetic energies. For each cell z the mean return periods (A) and kinetic energies (B) have been derived from 100 bootstrap iterations (Section 5.3.4).
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 55 Figure5.5: Rockfall cumulative damage distributions at zA (A) and zB (B) cells for the bootstrap iteration k = 1. For each distribution, the value-at-risk (blue dot) and the expected shortfall (red dot) have been computed for temporal horizons t = 200 years (α = 0.99) on zA and t = 1,000 years (α = 0.998) on zB. Results are compared with the mean damage (green dot).
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 556 Fig. 5.6 represents the spatial distribution of the expected damage per year (in m 2 /yr) evaluated over 100 bootstrap iterations (mean over the 100 iterations). In detail, it is < 0.01 m 2 /yr for 85% of the cells z and values below 0.0005 m 2 /yr are mainly located in the currently urbanized area. Highest values are computed in rockfall corridors and exceed 0.5 m 2 /yr at two cells, including z A .
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 57 Figure 5.7: Rockfall damage (A, C) and risk (B, D) as function of the temporal horizon t at zA and zB cells based on the value-at-risk and the expected shortfall. All curves were evaluated on the bootstrap iteration k=1.

  Figure 5.8

Figure 5 . 8 :

 58 Figure5.8: Map of the value-at-risk (in m 2 destroyed per year) at Le Brocey and for temporal horizons t of 100 years (A), 300 years (B), 1,000 years (C) and 10,000 years (D). For each cell, the mean VaR has been computed from 100 bootstrap iterations (Section 5.3.4).
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 595 Figure5.9: Map of the expected-shortfall (in m 2 destroyed per year) at Le Brocey and for temporal horizons t of 100 years (A), 300 years (B), 1,000 years (C) and 10,000 years (D). For each cell, the mean ES has been computed from 100 bootstrap iterations (Section 5.3.4).
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Table 1

 1 

.1: Abbreviated classification of landslide types based on Varnes' classification of slope movements

  . The final qualitative score is thereafter expressed in relative terms of rockfall risk, usually classified as high, moderate or low. According to Ferrari et al. (2016), numerous methodologies have been proposed in the literature for the qualitative assessment of rockfall hazards at local and site-specific scales. The latter are introduced in Table1.2. Although many methodologies have been developed to manage the hazard (Rockfall Hazard Rating System RHRS), they actually mix hazard-and exposure-related parameters, thus providing risk rating methods.

		METHOD	Developed for:	Useful for:
	RHRS	Rockfall Hazard Rating System	H	P
	RSRP	Rock Slope Rating Procedure	H	P
	mRHRS	Italian Modification of RHRS	H	I
	MORFH RS Missouri Rock Fall Hazard Rating System	H	P
	ORHRM	Ohio Rockfall Hazard Rating Matrix	H	I
	TRHRS	Tennessee Rockfall Hazard Rating System	H	P
	CRHRS	Colorado Rockfall Hazard Rating System	H	P
	RHRON	Rockfall Hazard Rating for Ontario	H	P
	R 3 S 2	Rockfall Risk Rating for Settlements	S	Z
	FRHI	Falling Rock Hazard Index	E	Z
	RRRS	Rockfall Risk Rating System	N	Z
	RII	Rockfall Intensity Index	N	I
	RHI	Rockfall Hazard Index	N	Z
	RARH	Risk Assessment of Rockfall Hazard	H	I
	ASRFR	Three Gorges Assessment System Rockfall Risk	N	I
	RAPH	Rockfall Hazard Assessment Procedure	N	Z
	ROFRAQ	Rockfall Risk Assessment in Quarries	Q	P
	Table 1.2: Summary of the qualitative rockfall hazard assessment methods proposed in the literature (from
	Ferrari et al., 2016). H: Highway; E: Excavated rock slopes; S: Settlements (inhabited areas); N: Natural rock
	slopes; Q: Quarries, P: Prioritization of mitigation measures, I: Identification of the most dangerous slopes; Z:
	Hazard zoning.			

  Table2.2: Values used for the parameterization of the Rockyfor3D model. Rg70, Rg20 and Rg10 represent the roughness (height, in centimeters, of obstacles encountered by the falling block) on 70%, 20% and 10% for the plot surface considered, respectively. The rn value (normal coefficient of restitution) defines the change in normal velocity during impact and is a function of the soil type. Nb.trees.ha represents the density of the forest stand expressed as the number of stems per hectare. Mean diameter of trees and associated standard deviation are described by DBH mean and DBH std values, respectively. Based on these values, the Rockyfor3D model randomly places a given number of trees within each of the allotments considered[START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF].

	LULC type	Rg70 Rg20 Rg10	rn	Nb.trees.ha DBH Mean DBH std
	Cliff	0	0	0.05	0.53	0	0	0
	Scree	0.1	0.2	0.35	0.38	400	5	2
	Vineyard	0	0.05	0.1	0.23	0	0	0
	Crops	0	0	0.05	0.28	0	0	0
	Grassland	0	0	0	0.28	0	0	0
	Thalweg	0.25	0.5	0.7	0.38	0	0	0
	Vegetated thalweg	0.25	0.5	0.7	0.28	400	10	5
	Wasteland	0.05	0.1	0.1	0.28	400	10	5
	Historical forest	0.05	0.15	0.25	0.33	3000	5	2
	Forest	0.05	0.15	0.25	0.33	1500	20	10

  Table3.1: Parameters for exposure calculation based on each type of vehicle. Vehicle lengths and speeds have been determined from field observations. Annual averages of daily traffic have been provided by CIGIDEN (Centro Nacional de Investigación para la Gestión Integrada de Desastres Naturales) for each type of vehicle. Given the lack of data on mining operation trains, corresponding values are estimates developed for this specific study.

	z	l [m]	ν [m/s]	τ [daily traffic]
	Car	5	25	600
	Pickup	6	25	235
	Bus	12	20	75
	Truck	12	20	1,073
	Train	100	14	1

  .2. Rockfall risk (i.e. % of the total risk value Rw) for the urban area (A) and vehicles circulating on transport lifelines (B) regardless of the volume class.

	A		B				
	100			20		
		80					
	Rockfall risk (% of the total risk)	40 60	Rockfall risk (% of the total risk)	10		
		20					
		0			0		
			URBAN			TRANSPORT LIFELINES
		Houses	Hydroelectic plants		Cars	Pickups	Buses	Trucks	Trains
	Figure 3.8: Risk ($/years)
				Best guess	Min	Max
				( σ transect)	( σ/2)	(2 σ)
			Houses	9,819,711	9,267,961	10,408,749
			Power plants 1,262,558	1,229,985	1,298,378
			Cars	27,638	26,575	28,866
			Pickups	15,811	15,202	16,513
			Buses	192,491	185,085	201,043
			Trucks	2,068,544	1,988,955	2,160,448
			Train	3,855	3,809	3,907
			Risk Total	13,390,608 12,717,572 14,117,904

Table 3

 3 

.2: Rockfall risk (i.e. annual expected cost in Dollars) associated to the elements at risk in the Uspallata valley based on asymptotic models of the generalized Pareto distribution (GPD) family for (1) a rock volume inventory made along a 200-m-long transect, and (2) by dividing or (3) multiplying the scale parameter σ by 2.

  Table4.1: LULC and related soil characteristics implemented in Rockyfor3D. Rg70, Rg20 and Rg10 correspond to the slope surface roughness (obstacles for the falling block lying on the slope) for 70%, 20% and 10% of the surface, respectively. rn value (normal coefficient of restitution) defines the change in normal velocity during impact and is associated with the different soil types[START_REF] Dorren | Rockyfor3D (v5.1) revealed -Transparent description of the complete 3D rockfall model[END_REF].

	LULC TYPE	RG70 RG20 RG10 rn
	Cliff		0	0	0.05	0.53
	Scree		0.10	0.20	0.35	0.38
	Vineyard		0	0.05	0.10	0.23
	Crops		0	0	0.05	0.28
	Grassland		0	0	0	0.28
	Thalweg		0.25	0.50	0.70	0.38
	Vegetated thalweg	0.25	0.50	0.70	0.28
	Wasteland		0.05	0.10	0.10	0.28
	Historical forest	0.05	0.15	0.25	0.33
	Forest	Mosaic patterns A and B 0.05 Densely forested pattern 0.05	0.10 0.15	0.20 0.25	0.33 0.33
	LULC TYPE	PATTERN		Nb.trees.ha	DBH mean DBH std
	Scree	All		400		5	2
	Vegetated thalweg/wasteland	Binary Mosaic A, mosaic B ans densely forested	200 400		10 10	5 5
	Historical forest	Binary Mosaic A, mosaic B and densely forested 3,000 750		20 5	10 2
	Forest	Mosaic A Mosaic B and densely forested		1,000 1,500		20 20	10 10

Table 4
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.3: Descriptive statistics of the number of houses impacted from Rockyfor3D simulations and reported in four reach probability classes (regardless of the volume class) for the four LULC patterns considered.

of physical and kinetic rockfall properties (i.e. volume, mass, shape, translational and rotational energies, passing height, impact angle, etc.).

Due to the complexity and suddenness of rockfall processes, several parameters that would be useful for risk assessment are systematically lacking [START_REF] Eckert | Quantitative risk and optimal design approaches in the snow avalanche field: Review and extensions[END_REF][START_REF] Bourrier | Accounting for the variability of rock detachment conditions in designing rockfall protection structures[END_REF]. A simplified approach in which only rock volumes and kinetic energies are included is generally adopted following the equation:

where f (v) corresponds to the occurrence frequency of rockfall events with a volume v, p z (E|v) the reach probability on an element at risk z by a block of volume v with an energy E and D z (E) the resulting damage on z for an impact energy E. The annual probability that k rockfall events have exactly a damage D ≤ d is given by:

Binary

(5.14)

Following extreme value theory, X ∼ P o(λ) with λ the average number of rockfall events per year [START_REF] Pickands | Statistical Inference Using Extreme Order Statistics[END_REF]. The annual probability is thus given by: (5.15) with L(d) the cumulative distribution function of damages. Hence,

and the annual probability that rockfall events have a damage D > d is:

(5.17)

The time period t between two events that have a damage D > d corresponds to:

(5.18) and inversely, the mean damage d over the period t is: (5.19) where α = 1 -1 λt .

(5.20)