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INTRODUCTION

Rock degradation due to weather conditions can be a triggering factor for rockfalls, generally, those weathering process are related to freeze-thaw phenomena [START_REF] Hall | Evidence for freeze-thaw events and their implications for rock weathering in northern Canada: II. The temperature at which water freezes in rock[END_REF][START_REF] Matsuoka | Rockfall activity from an alpine cliff during thawing periods[END_REF] . Nevertheless, thermal cycling whit temperatures far from extreme values may lead to the generation and propagation of existent fissures, inducing damage in the rock mass and eventually producing rockfalls, that may occurred without any evident triggering factor, like earthquakes or rains periods. [START_REF] Amaral Vargas | On the effect of thermally induced stresses in failures of some rock slopes in Rio de Janeiro, Brazil[END_REF][START_REF] Vlcko | Rock displacement and thermal expansion study at historic heritage sites in Slovakia[END_REF] The thermal degradation of rocks is mostly influenced by the different thermal properties of the minerals that compose the rock. Differences in thermal expansion, thermal conductivity and principal mineral axis direction, controls the mineral to mineral thermal stress induced by the thermal gradients. Hence, additional stress can be generated leading to failure across the minerals boundaries, and lines of weakness, producing some intergranular disintegration and propagation of existent fissures. [START_REF] Hall | Thermal fatigue and thermal shock in bedrock: An attempt to unravel the geomorphic processes and products[END_REF][START_REF] Walsh | Micromechanical modeling of thermal spallation in granitic rock[END_REF] This environmental thermal induce damage can be analysed under laboratory conditions by the evolution of different physical and mechanical properties, under prescribed thermal cycles. The elastic wave propagation velocity is a common parameter used for this purpose, since, it is extremely sensitive to the presence of defects in the sample, (like the internal fissures) due to the considerable difference of this parameter between the air and the solid materials [START_REF] Brotóns | Temperature influence on the physical and mechanical properties of a porous rock: San Julian's calcarenite[END_REF][START_REF] Martínez-Martínez | Spatial attenuation: The most sensitive ultrasonic parameter for detecting petrographic features and decay processes in carbonate rocks[END_REF] .

Additionally, the elastic wave propagation velocity can easily be related to the dynamic Young and Poisson modulus, allowing the comparison with the results obtained with mechanical test [START_REF] Kendrick | The influence of thermal and cyclic stressing on the strength of rocks from Mount St. Helens, Washington[END_REF] The response of this phenomena is commonly represented with microscopic models, were the mineralogical interaction is analysed [START_REF] Wanne | Bonded-particle modeling of thermally fractured granite[END_REF][START_REF] Shushakova | Microcracking in calcite and dolomite marble: Microstructural influences and effects on properties[END_REF] . For this reason, a numerical model is proposed with the aim of reproducing the macroscale phenomena observed whit an experimental program focused in the thermal fatigue of a Limestone coming from a rock cliff prone to rockfalls.

PROBLEM DESCRIPTION.

La Roque Gageac is a small town located at the south-west of France. It is placed in the border of La Dordogne river at the toe of an 80m high limestone cliff. As presented in Figure 1. This cliff has a troglodyte cavern that is an important tourist attraction to the region.. This cliff is mainly composed by limestones conformed under marine conditions from the intermediate and the upper coniacian. Due to its calcareous nature, the most permeable layer placed in the upper coniacian formation is affected by the karst phenomena. Nevertheless, this cliff is composed by layer of different ages: the upper coniacian and the lower coniacian (an impermeable layer) in the inferior zone. As consequence, the karst phenomena cannot be completely developed in vertical direction.

The town of La Roque Gageac has suffered several rock falls, with a periodicity of more or less 50 years. The last event occurred in January 2010 when a part of the roof of the troglodyte caver collapsed. After this event, several instrumentation systems were installed within and around the troglodyte cavern. Description and first results of this instrumentation program are presented in Ruiz (2013) [START_REF] Ruiz | Thermo-mechanical analysis of the stability of a rock-cliff under climatic actions[END_REF] and Gasc-Barbier (2015) [START_REF] Gasc-Babier | Termal fatigue in rocks-La Roque-Gageac's case study[END_REF] . The response observed with the devices installed show an important relation between deformations in the cliff and natural thermal cycles. As result, a laboratory program has been developed to evaluate the thermal-mechanical rock properties.

EXPERIMENTAL PROGRAM

An experimental program is developed to evaluate the possible damage induced natural thermal variations. For this, samples from La Roque Gageac limestone were submitted to thermal cycles. Since, the aim of this laboratory study is to evaluate the effect of natural thermal variations, the thermal gradient considered is close to the one observed in the cliff, 40ºC. Each cycle last 3 hours and temperature varies from 10ºC to 50ºC.

The degradation of the samples was evaluated through different mechanical parameters, like the elastic wave propagation velocity. The reduction in this parameter can be related to the rock damage, even if, the sample don't show any superficial crack [START_REF] Yavuz | Estimating the index properties of deteriorated carbonate rocks due to freeze-thaw and thermal shock weathering[END_REF] . Moreover, this parameter is obtained whit a non-destructive test, hence, is possible to evaluate its evolution in the same sample through the complete laboratory study. 

Samples description

For this experimental program two types of samples were considered: samples drilled from rock blocks dropped within the cavern during the 2010 event and samples drilled directly from the cliff face, nearby the troglodyte cavern.

Even if, both groups of samples were obtained from the same cliff, they show some mineralogical differences associated to the heterogeneity of this geological formation. From mineralogical analysis, it is observed that samples obtained from the blocks are mainly composed by calcite (90% calcite) but, samples form the cliff face are composed by quartz (50%) and calcite (45%)

This mineralogical composition difference may be the responsible of differences observed in the initial elastic wave propagation velocity Samples from the rock blocks have a mean compression elastic wave propagation velocity (VP) of 4400 m/s while samples from the cliff face 2900m/s

Elastic wave propagation velocities results.

The elastic compression (Vp) and shear (Vs) wave propagation velocities are obtained by the ultrasonic pulse technique following the French Standard NF P 94-411. From the results of elastic compression (Vp) and shear (Vs) wave propagation velocities, the dynamic Young (E) and Poisson () modulus can be calculated [START_REF] Kendrick | The influence of thermal and cyclic stressing on the strength of rocks from Mount St. Helens, Washington[END_REF] , following the next equation:
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After 500 cycles of temperature a reduction in Vp and Vs values is observed. This reduction represents a stiffness reduction around 6% for the calcite mainly composed samples and 18% for quartz-calcite composed samples, as example Figure 2 shows the evolution of Vp and Stiffness (K) for sample the 5 obtained from the rock blocks and the sample 27 taken from the face cliff.

A)

B) From de mineralogical point of view the thermal induce damage in rocks can be considered as a microstructural re-accommodation associated to the different thermo-mechanical response of the minerals that compose the rock. Nevertheless, the aim of this study is to be available of modelling this phenomenon at a macroscopic scale, not at mineral scale.

For this, the composite material model purposed by Vaunat and Gens (2003) [START_REF] Vaunat | Bond degradation and irreversible strains in soft argillaceous rock Degradación y deformación irreversible de una roca blanda arcillosa[END_REF] for argillaceous rocks is considered, this original model was modify in order to fulfilled the characteristics of the phenomena under study.

The model considers that the rock is composed by two different components: a strong matrix and bonds. As illustrated in Figure 3. For the case of La Roque Gageac, the matrix represents the sandy minerals, and the bonds, the calcite minerals. The mechanical response of the matrix may be defined by different failure criteria. In the other hand, the bond behaviour is defined by the scalar damage model proposed by Carol et al (2001) [START_REF] Carol | On the formulation of anisotropic elastic degradation. I. Theory based on a pseudo-logarithmic damage tensor rate[END_REF] , Its response is elastic, but with moduli that progressively decrease during loading as microcracks developed inside the material.

Figure 3 Schematic rock composition

From the original composite model, the principal difference introduced is that the two components of the material are considered to work in parallel; therefore, the new strain partition is defined as:

(2)

Where is the volumetric strain increment applied to the medium, the volumetric strain used to update soil porosity the volumetric strain inside bonds and the volumetric strain inside the matrix, Cb is the bond content and CM the matrix content. Two proportional coefficients between , and are defined, these coefficients are model parameters:

(3)

The stress partition is obtained by stating that the work input into the medium under any compatible external strain increment is equal to sum of the work input into the matrix and the bonds. Finally, the stress partition is defined by the equation 4. The composite material model previously described was implemented in the finite element code CODE_BRIGHT [START_REF] Olivella | Numerical formulation for a simulator (CODE_BRIGHT) for the coupled analysis of saline media[END_REF] . This model is used to reproduce the experimental results obtained with samples from La Roque Gageac subjected to thermal cycles between 10ºC to 50ºC. For instance, the responses of samples 5 and 27 (presented in section 3), are modelled at Gausspoint level. Table 1 presents the damage parameter considered, the mechanical behaviour of the matrix is defined by a Mohr-Coulomb failure criteria. Note that the bonding content (Cb) consider for the modelling is different for each sample, this is related to the different mineralogical composition of the samples considered. Sample 5 is mainly composed by calcite. Therefore, the predominant component is the bond, nevertheless, sample 27 is composed in a 50-50 relation by quartz and calcite, then its bonding content is lower that for the 90% calcite sample.

Parameter

Figure 4 presents the results obtained in the numerical modelling. In both cases the model is capable of reproducing the stiffness reduction observed whit the laboratory tests. Note also, that sample 5 has a slower damage rate that the one observed in sample 27, as is experienced whit the laboratory analysis. The thermal degradation of the rocks, induce the generation of micro-fissures but also the propagation of existent ones. This last phenomenon could be evaluated whit the numerical model presented. If we consider that the pre-existing fissure is a weaker zone whit lower bond damage locus stress. The response of this zone may increment the stress of the surrounding material inducing more damage.
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 1 Figure 1 La Roque Gageac localization
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 2 Figure 2 Laboratory results for samples 5 and 27 A) Vp evolution B) Stiffness evolution
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 4 Figure 4 Numerical model results A) sample 5 B) sample 27

Table 1 Damage model parameters

 1 

		Sample 5	Sample 27
	Matrix stiffness Ku (Mpa)	15900	15900
	Initial bonding stiffness KB0 (MPa)	18000	15200
	Porosity (n)	0.15	0.12
	Matrix thermal expansion M (1/ºC)	6e-6	6e-6
	Bond thermal expansion b (1/ºC)	6e-6	6e-6
	Bond damage locus rb0 (MPa)	1e-5	1e-5
	Damage evolution rate r1 (MPa)	0.005	0.005
	CB	0.7	0.5
	XM	3.5	2.5
	XB	5.5	5.5