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Introduction:

Flagstone or tilestone [START_REF] Laycock | Revitalising Collyweston limestone slate production by artificial freeze/thaw splitting[END_REF] (figure 1) is a natural stone material, splits along horizontal lines of weakness of stone, that can be used for roofing. This material is either metamorphic rock (slates [START_REF] Cárdenes | Petrography of roofing slates[END_REF]), sedimentary rock (sandstone, limestone or volcanic tuffs [START_REF] Laycock | Revitalising Collyweston limestone slate production by artificial freeze/thaw splitting[END_REF][START_REF] Ingham | Roofing slate[END_REF][START_REF] Swinburne | The Plattenkalk facies : a deposit of several environments[END_REF]), or magmatic rock (Clinkstone). Tilestones are used for roofing in many regions in Europe (France, Italy, Spain, Great Britain [START_REF] Cárdenes | Petrography of roofing slates[END_REF][START_REF] Cárdenes | Guidelines for selecting roofing slate for the restoration of historical buildings and monuments: two case studies[END_REF]) and contribute to the authenticity of a region, such as in the Massif Central area in France, where they constitute a key element of the Mediterranean agropastoral cultural landscape of the "Causses and Cévennes" perimeter registered on the UNESCO World Heritage List. Limestone tilestone subjected to aggressive climatic conditions could undergo mechanical damage, compromising its roof sealing function. The freeze-thaw cycle protocol, which is conducive to simulate such aggressive environmental conditions, has often been used to study the behavior of limestone used in building heritage [START_REF] Walbert | Evolution of the mechanical behaviour of limestone subjected to freeze thaw cycles[END_REF][START_REF] Eslami | Influence of physical and mechanical properties on the durability of limestone subjected to freeze-thaw cycles[END_REF].

In sedimentology, limestone of stratum formation results from cyclicity changes insedimentary deposition conditions, inducing either a change in sediment input rate, sediment composition, or alternation in the sedimentation and non-sedimentation phases [START_REF] Swinburne | The Plattenkalk facies : a deposit of several environments[END_REF].

« Plattenkalk » is the name used in the literature to describe a type of tilestone asbeing sequences of fine-grained, laminated limestones, bedded in centimeter-decimeter thickness [START_REF] Swinburne | The Plattenkalk facies : a deposit of several environments[END_REF][START_REF] Flugel | Microfacies of Carbonate Rocks. Analysis, Interpretation and Application[END_REF]. The studyof limestone tilestone structure must consider(1) boundary bedding surfaces, (2) bedthickness, (3) composition and internal structure ofbeds or core tilestone (figure 2): boundary bedding surfaces (upper and lower surfaces of beds) are caused by abrupt changes in depositional conditions, non-deposition or erosion. However, these bedding planes also result from diagenetic processes or weathering [START_REF] Flugel | Microfacies of Carbonate Rocks. Analysis, Interpretation and Application[END_REF]. Bed thickness of limestone tilestone can range from about three to eight centimeters. Composition and internal structure of beds (core tilestone) depend on sedimentary diagenetic process [START_REF] Swinburne | The Plattenkalk facies : a deposit of several environments[END_REF][START_REF] Flugel | Microfacies of Carbonate Rocks. Analysis, Interpretation and Application[END_REF]. Differences between diagenetic processes could lead to different pre-existing diagenetic features characteristic of core tilestone. These pre-existing diagenetic features, coupled with rock strength and textural properties, have been shown to have an influence on the deterioration mode of limestone subject to freeze-thaw cycles [START_REF] Nicholson | Physical deterioration of sedimentary rocks subjected to experimental freeze-thaw weathering[END_REF]. In fact, while some pre-existing diagenetic features such as syndepositional deformation structures do not appear to influence breakdown, others such as incipient fractures, cavities and minor lithological boundaries frequently coincide with concentrations of deterioration [START_REF] Nicholson | Physical deterioration of sedimentary rocks subjected to experimental freeze-thaw weathering[END_REF]. We will adopt the classification of pre-existing diagenetic featurespresented as "flaws" by Nicholson [START_REF] Nicholson | Physical deterioration of sedimentary rocks subjected to experimental freeze-thaw weathering[END_REF] to characterize the pre-existing diagenetic features of the limestone tilestones that will be used inthis study (figure 2). In addition to the influence of pre-existing diagenetic features on the deterioration process of limestone subject to freeze-thaw cycles, previous work of othersfocused on further stone physical parameters, such as the importance of the degree of saturation. In literature, a ratio of 80% [START_REF] Prick Angélique | Critical Degree of saturation as a Threshold Moisture Level in Frost Weathering of Limestones[END_REF] or 70% [START_REF] Chen | Effect of water saturation on deterioration of welded tuff due to freeze-thaw action[END_REF] of the degree of saturation is proposed as a critical degree of saturation and beyond that threshold the material is damaged by frost. The porous network characteristics such as the distribution of pore size, is also a physical parameter that influences deterioration of limestone subject to freeze-thaw cycles. In fact, Bellanger [START_REF] Bellanger | Water behavior in limestones as a function of pore structure: application to frost resistance of some lorraine limestones[END_REF] proposes that grainstone, with a bimodal porosity, a low degree of saturation and a high volume of trapped air, is more resistant to frost than mudstone facies which has an unimodal, well-connected pore network, a high degree of saturation and a low volume of trapped air [START_REF] Bellanger | Water behavior in limestones as a function of pore structure: application to frost resistance of some lorraine limestones[END_REF]. The influence of the mechanical parameters like Young'smodulus and transfer parameters like permeability is also investigated. Saad [START_REF] Saad | Microstructural weathering of sedimentary rocks by freeze-thaw cycles: Experimental study of state and transfer parameters[END_REF] found that rocks with high permeability and low young modulusYoung's modulus are more frost resistant than rocks with low permeability and high Young's modulus. And more recently, Eslami [START_REF] Eslami | Influence of physical and mechanical properties on the durability of limestone subjected to freeze-thaw cycles[END_REF] studied the influence of physical and mechanical properties on the durability of limestone subjected to freeze-thaw cycles. Indeed, in this studythe authorshave proposed the possibility to predict frost damage of limestone from the ratio of the volume fraction of water to that of air rather than from only the total porosity or degree of saturation [START_REF] Eslami | Influence of physical and mechanical properties on the durability of limestone subjected to freeze-thaw cycles[END_REF]. In most cases, non-destructive methods based on monitoring of wave velocity are used to monitor damage to the limestone subject to freezethaw [START_REF] Walbert | Evolution of the mechanical behaviour of limestone subjected to freeze thaw cycles[END_REF][START_REF] Eslami | Influence of physical and mechanical properties on the durability of limestone subjected to freeze-thaw cycles[END_REF][START_REF] Martínez-Martínez | Non-linear decay of building stones during freeze-thaw weathering processes[END_REF]. But Saad [START_REF] Saad | Influence du changement climatique et des conditions extrêmes sur les massifs fracturés : rôle des fluides dans leur processus d'altération[END_REF] has shown that although the vibration method and the ultrasonic method are two equivalent methods to characterize the damage [START_REF] Christaras | Determination of the moduli of elasticity of rocks. Comparison of the ultrasonic velocity and mechanical resonance frequency methods with direct static methods[END_REF][START_REF] Allison | A non-destructive method of determining rock strength[END_REF], the vibration method is more suitable for monitoring limestone subject to freeze-thaw cycles, because it is more sensitive to structural changes than the ultrasonic method [START_REF] Saad | Microstructural weathering of sedimentary rocks by freeze-thaw cycles: Experimental study of state and transfer parameters[END_REF][START_REF] Saad | The resonant frequency measurement and cracking evolution in rocks[END_REF]. In reference [START_REF] Saad | Microstructural weathering of sedimentary rocks by freeze-thaw cycles: Experimental study of state and transfer parameters[END_REF] some limits of the use of resonant frequency measurement werepresented, such as the impossibility to discriminatetwo similar rocks with different frost damage sensitivities, or the inefficiency of the use of damping parameters for monitoring damage. Vibration damage monitoring is frequently used in the field of damage monitoring of concrete subject to freeze-thaw cycles [START_REF] Wu | Experimental investigation on freeze-thaw durability of Portland cement pervious concrete (PCPC)[END_REF][START_REF] Matalkah | Freeze thaw and deicer salt scaling resistance of concrete prepared with alkali aluminosilicate cement[END_REF][START_REF] Lund | Evaluation of freeze-thaw durability of pervious concrete by use of operational modal analysis[END_REF].In particular Lund [START_REF] Lund | Evaluation of freeze-thaw durability of pervious concrete by use of operational modal analysis[END_REF] used Operational Modal Analysis (OMA) [START_REF] Brincker | Introduction to Operational Modal Analysis[END_REF] to assess the damage of pervious concrete subject to freeze-thaw cycles. In this case, all frequencies shown the same decay during the weathering process. In the case of natural stones, because of the heterogeneity and the anisotropy of the material (pre-existing or induced by the weathering process), eigenmodes and frequencies could exhibit a different sensitivity to damage severity.

Damping ratio is not often used to monitor weathering of limestone or concrete subjected to freeze-thaw cycles. As it is related on [START_REF] Cao | Structural damage identification using damping: A compendium of uses and features[END_REF], the use of damping ratio on the assessment of damage in a structure has many advantages, such as being more sensitive than frequency todamage [START_REF] Shahzad | Detection of corrosion-induced damage in reinforced concrete beams based on structural damping identification[END_REF] or in some cases, while the crack is undetectable on frequency, it is although possible to measure an increase in the damping ratio [START_REF] Modena | Damage Localization in Reinforced Concrete Structures by Using Damping Measurements[END_REF].

The purpose of the present work was to monitorthe impulse vibration response of several tilestone limestone samples during freeze-thaw cycles and to compare this response to the structure damage observed at mesoscale and microscale. The first part will concern the sensitivity on frequency and damping ratio during freeze-thaw cycles. Then, a correlation between the vibration response and the damage process at microscale and mesoscale will be made. We will conclude by investigating the implications in terms of mechanical properties of our structures, by assessingthe Young's modulusthrough a FE model updating technique on the basis of the experimental naturalfrequency measurements.

Materials and Methods:

Characteristics of studied stones:

Limestone tilestone samples were taken from the three active quarries of Montdardier, Lavaldu-Tarn and Sauclière, located in the departments of Gard, Lozère and Aveyron (in the southernarea of the Massif Central region of France). Three parallelepiped samples were cut from each selected tilestone (Laval-du-Tarn (L) = L1, L2, L3; Montdardier (M) = M1, M2, M3; Sauclière (S) = S1, S2, S3) for the freeze-thaw cycle. (Figure 3) Table 1: dimensions of samples Samples L and M are micritic limestone [START_REF] Bodeur | The Upper Jurassic lithographic limestones of the Causse de Blandas-Montdardier (Languedoc, France) in their palaeostructural framework[END_REF] made of 97% of calcite and Sample S is Gray dolomite with varying facies and sedimentary figures [START_REF] Sciau | Dans les pas des Dinausaures des Causses : Inventaires des sites à empreintes[END_REF]. These stones have been chosen firstly because they are quarriedfrom the last remaining active quarries that producelimestone tilestone in France that has been widely used in the construction of vernacular and heritage architecture in the Massif Central (Table 2), and secondly because they present classic diagenetic features often observed in this sedimentary stone at the material scale according to the Nicholson classification [START_REF] Nicholson | Physical deterioration of sedimentary rocks subjected to experimental freeze-thaw weathering[END_REF]. In fact, from an optical microscope observation of a polished section of these samples, it is possible to distinguish diagenetic features such as Of= primary diagenetic features(O) with shell fragments(f), Ds= diagenetic and metamorphic effect(D) with stylolites and pressure solution features(s); Dv= diagenetic and metamorphic 

Porous characteristics:

The mercury porosimetry was carried out in Micromeritics'AutoPore IV 9500 Series Mercury

Porosimeters and was performed on two fragments for each stone to investigate the pore size distribution. The water porosities was measured, to determine the open porosity No and total porosity Nt, according to the NF EN 1936standard [START_REF] Afnor | Méthodes d'essai des pierres naturelles -Détermination des masses volumiques réelle et apparente et des porosités ouvertes et totale[END_REF]. The water absorption at atmospheric pressure was measured to assess the saturation rate after 48 hours, according to the NF EN 13755standard. Table 2 summarizes these physical properties. Stone L and M are very low porous material with unimodal porous networks consisting essentially of micropores (about 13 nanometers for sample L and less than 7 nanometers for sample M since there was no intrusion of mercury during the test (figure 4). Whereas stone S is a more porous media with a bimodal porous network, and consists of a majority of mesoporous (between 100 nm and 1000 nm) and a few parts of micropore (figure 4). 

Freeze-thaw test:

Freeze-thaw testing for this study was carried out in a Dycometal freezing chamber (model CHD -525). Before beginning the cycle, all the samples were saturated by immersing them for 48 hours at 20°C. The test was performed so as to be harsher than EN 12371 standard used for natural stone [START_REF]European Committee for Standardization, EN 12371 Natural Stone tests methods: determination of frost resistance[END_REF] and consists of four parts: (1) decrease of temperature in chamber from 20°C to -30°C for 30minutes without water, (2) constant temperature in chamber gel at -30°C for 1.5 hours, (3) increase of temperature in chamber from -30°C to 10°C for 30minutes, (4) constant temperature thaw in chamber at 10°C for 1.5 hours under water. Thawing is done under water in order to keep the ratio of water constant in the sample. After the first ten cycles, and every 20 cycles, samples are removed from the freezing chamber so as to monitor the damage with vibration response measurement and to analyze of the microstructure.

Damage monitoring:

Test setup for vibration response acquisition

A Kistler instrumented hammer was used to impact the sample so as to produce vibration of the structure. From a Kistler accelerometer sensor installed on the sample, the transient response is acquired with a National Instruments (NI) acquisition system (USB-4431) and the corresponding Frequency Response Function (FRF) is computedthrough an FFT algorithmembedded in ModalViewsoftware.Specimens are "suspended" by using soft foam supports, which allows considering free-free boundary conditions of the beam in the ongoing eigenparameters calculations [START_REF] Corn | Identification des propriétés viscoélastique d'un PMMA par analyse vibratoire : comparaison entre différentes méthodes expérimentales Abstract[END_REF](Figure 5).

Extraction of modals parameters

Modal analysis is performed by usingthe curve fitting of FRFtechnique available in the ModalView Software. Curve fitting technique basically consists in interpolating the measurement points of the FRF in the vicinity of each frequency peak (figure 6)with a parameterized function ofthe damped vibration response of a single-dof model [START_REF] Ewins | Modal Testing: Theory, Practice and Applications[END_REF]. From the FRF fit, the natural frequencies (f i (n)) and the damping ratio (DR i (n)) of mode i are extracted and monitored for the first three modes after each sequence of n cycles [START_REF] Ewins | Modal Testing: Theory, Practice and Applications[END_REF][START_REF] Chalko | Non-linear curve fitting for modal analysis[END_REF]. 

Vibration damage monitoring parameters

After every n cycle, the Relative dynamic elasticmodulus for each mode i (RDEM n [START_REF] Lund | Evaluation of freeze-thaw durability of pervious concrete by use of operational modal analysis[END_REF] and Damping Ratio (DR i (n)) are calculated to assessthe loss of stiffness and thus the deterioration rate of the specimens under freezing and thawing at n cycles. The RDEM n of the specimen is determined with the following formula (1) and (DR i (n)) is obtained from the extracted modals parameters.

RDEM n

² ² 100 (%)
Where, fi(n) = natural frequency of mode i after n cycles of freezing and thawing; fi(0) = initial natural frequency of mode i.

Microstructure damage assessment:

For the microstructural investigations, pieces of cylindricalpolished samples of 3 cm of diameter were examined using a Quanta 200 FEG SEM from FEI coupled to an Oxford INCA X-sight energy dispersive X-ray spectroscopy (EDX) analyzer. An optical microscopy observation has also been investigated on polished section of these materials before and after freeze-thaw cycles, especially on the zone where the damage occurred, so as to characterize weathering on a mesoscale and microscale.

Elastic coefficients evaluation technique:

A frequency analysis of each beam specimenwas performed in the FE software COMSOL. mechanical parameters, by using a mixed numerical-experimental identification method based on the modal response of samples of tilestone. This technique is founded on the minimization of the discrepancies between the eigenvalues computed with a3D finite element model with adjustable elastic properties and thecorresponding experimental quantities(figure 8) [START_REF] Cugnoni | Identification par recalage modal et fréquentiel des propriétés constitutives de coques en matériaux composites[END_REF][START_REF] Lauwagie | Mixed numerical-experimental identification of elastic properties of orthotropic metal plates[END_REF].

Figure 8 Principle of the iterative resolution of the inverse numerical problem of identification

In order to maximize the quality of the identification, free-free boundary condition ischosen for the experimental determination ofthe eigenfrequencies. A classical Levenberg-Marquardt nonlinear least squares minimization algorithm is used tosolve the inverse problem of finding the elastic constitutive parameters which bestmatch the experimental modal data (Figure 9). 

Vibration damage monitoring of tilestone subject to freeze-thaw cycle:

The first result of this study concerns frequency monitoring of tilestone subject to freeze-thaw cycle and is shown on figure10. A variation of at least 5% is usually required to consider that the structure has damaged [START_REF] Salawu | Detection of structural damage through changes in frequency: a review[END_REF]. We observe that (figure 10), for each sample cutfrom the same stone, the sensitivity to weathering during freeze-thaw is not identicalbetweeneach mode. This means that, frequency response is sensitive to different processes of weathering occurring in different samples and different types of stone. Figure11 is a comparison of the mean of RDEM n of the three samples. As we can observe, there are 3 scenarios of frequency responses. The first is associated to a negligible sensitivity on frequencies (stone M). In the second scenario, not all the frequencies have the same sensitivity to weathering (stone L). In the last scenario, all the frequencies are sensitive to weathering (stone S). These scenarios are obviously a manifestation of damage occurring inside the structure at the meso and thus the micro scale of each sample.

Besides, Figure 10 presents the evolution of the damping ratio (DR). Damping ratio mainly increasedduring the freeze-thaw cycles, and this increase is higher for the modesthat exhibit the higher decrease in frequency. The increase of the damping ratio, which is a measure of the energy dissipation of a vibrating structure, is probably the consequence of the micro-frictions of the cracks inducedin the samples during freeze-thaw cycles. Indeed, while the sensitive of frequency indicates an eventual occurrenceof damage, damping is useful to revealthe modeswhich are the most sensible to that damage. The sampleswhich show the highest sensitivity on frequencies alsoexhibitthe highest damping ratio. 

Relationship between macroscopic damage and micro/mesoscale structure

Vibration response allows assessing and monitoring damage that occursin a stone submittedto a freeze thaw cycle. Thisdamage is a manifestation of defects appearing in the structure because of the strain generated by the hygrothermal process occurring during the freeze / thaw cycles. According to the network characteristic of stones L and M, these stones are frost resistant. In fact, stone L and M havea unimodal porous network and consist essentially of micropores (about 13 nanometers for sample L and less than 7 nanometers for sample M),These poral characteristics make them have, either a difficult saturation, due to a poor capillarity, or a lower temperature of freezing due to the fineness of pore sizes. In fact, for a porous media of a few nanometers, the freezing temperature can be lowered to -80°C [START_REF] Harnik | Combined Influence of Freezing and Delcing Salt on Concrete-Physical Aspects, Durab[END_REF].

However for samples of the stone S, the porous media is bimodal, and consists of a majority of mesoporous (between 100 nm and 1000 nm) and a few parts of micropores (figure 4). For pores of this size, water contained in the media can be frozen (freezing temperature for pore of 0,1µm diameter is -10°C [START_REF] Cugnoni | Identification par recalage modal et fréquentiel des propriétés constitutives de coques en matériaux composites[END_REF]), generating straininside the sample which can lead to damage, as has been observed (Figure 15). This strain can be caused either by the increasing of the water size, or the migration of water from the small sized pore to the large sized pore by cryosuccion [START_REF] Bellanger | Water behavior in limestones as a function of pore structure: application to frost resistance of some lorraine limestones[END_REF]. Although stone L is frost resistant, due to its porous characteristics, partial damage has been observed throughvibration response and at the mesoscale by the appearance of horizontal cracks. A zoom on these damaged zonesshows that damage occurred on pre-existant diagenetic feature zones (Ds in Nicholson classification) called stylolite. This diagenetic feature is due to a phenomenonof pressure dissolution occurring inside the rock during its formation [START_REF] Renard | Three-dimensional roughness of stylolites in limestones[END_REF]. Stylolite is characterized by its size and its internal composition, which is insoluble (figure12). This diagenetic feature is often encountered in limestone bedrock.

Stylolite has been shown as being a zone of weakness since the porosity in the vicinity of this diagenetic feature is always higher than that of the host rock, and further there is a significant strength reduction expectedwith the presence of a stylolite in a stone, even when thin and closed [START_REF] Baud | Impact of stylolites on the mechanical strength of limestone[END_REF].

MEB and microscopic observation and investigation on this pre-existing diagenetic feature zone where the damage has occurredreveal that, on sample L and sample S,Ds is either a zigzag or a wavy suturedzone with macropores (around 5 µm of diameter), and inside it is possible to find insoluble siliceous residue (Figure 13). These macropores were not identified with mercury porosity measurements. The difference between stylolite in samples S and L is the ratio and the size of the porous zone in its vicinity. As observed on Figure 14, the contrast of gray level proves that thediagenetic feature zone in sample S is more porous (around 5 µm for sample L and around 100 µm for sample S) and thus makes it less resistant and more vulnerable to hydrothermal process occurring during the freeze-thaw cycle(Figure 15) 

Discussionon the mechanical properties:

Table 3 below presents the mechanicals parameters of each tilestone at their initial state and after 94 cycles, determined by using a mixed numerical-experimental identification method based on the modal response of samples of tilestone. As expected, there is a reduction of Young and shear modulus after the 94 cycles for damaged samples. Sample S presents a reduction of Young and shear modulus of about -42 % at the end of the cycles.These values are consistent to thoseused in the case of concrete which is 40% [START_REF] Lund | Evaluation of freeze-thaw durability of pervious concrete by use of operational modal analysis[END_REF] for damaged specimens. In addition, we observed that for samples with partial damage (Sample L), the shear modulus decreased more than the Young modulus. This phenomenon is consistent with the process of damage occurring in this sample. In fact the existenceof a horizontal crackindicates that the rock has undergoneshear damage.

Conclusions

This study investigatesthe freeze-thaw resistanceof limestone roofing stone, selected from the last remaining active quarries in the southern region of the Massif Central, through a method based on the vibration response of the structure.The ongoing damage induced by freeze-thaw cycles was quantified from the loss of stiffness, obtained by FE model updating techniques,and the increase of damping monitored from the vibration response of beam samples. The main conclusions from the study can be summarized as follows:

1) Monitoring of frequency and damping ratio is actually efficient to measure damage occurring during the freeze-thaw cycle: while frequency monitoring allows assessing the occurrence of damage, damping ratio informs on its severity in the structure. The use of mixed numerical-experimental identification method applied on isotropic FE model, to assess dynamic mechanical parameters and damage, is effective.

2) Limestone tilestone with unimodal porous media consisting of essentially micropore are more frost resistant than limestone tilestonewith bimodal porous media consisting of partially mesopore. However, presence of pre-existing diagenetic features, such as stylolites (Ds in Nicholson classification), insidelimestone tilestonewith unimodal micropore, or with presence of high porosity volume,constitute weaknesses of the stone that canlead to damage.

Further investigations will concern on the one hand, the characterization of the damaging process occurring in this material by comparing the influence of thermal and hydric process, and on the other hand the improvementof the FEM(Finite Element Model)-basedidentification strategy, in order to account for the possible anisotropy of the stone structure induced by its sedimentary formation and possibly increased by the occurrence of local damage.
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  Figure 1Limestone tilestone from Causse Larzac (Aveyron -France)

Figure 2

 2 Figure 2 Structure of limestone tilestone and classification of pre-existing rock diagenetic features observed at the material scale [9]

  Figure 2 Sample used on this studyRocks origin Laval-du-Tarn (L) Montdardier (M) Sauclière (S) Samples name L1 L2 L3 M1 M2 M3 S1 S2 S3 Length (mm) 156,6 156,6 156,6 160,3 160,3 160,3 135,23 135,13 135,15 Width (mm) 45,25 50,5 46,6 44,4 43,3 45,2 41 38 41,53 Thickness (mm) 32,13 29,5 32,28 41,3 36,9 38,33 43,48 42,4 42,75

Figure 4

 4 Figure 4 Pore size distribution curves of the studied limestones

Figure 6 Figure 3

 63 Figure 6 Measured FRF and curve fitting in ModalView software

Figure

  Figure 7shows the first three mode shapes that were analyzed. The COMSOL model

Figure 7

 7 Figure 7 Modes 1, 2, and 3 of COMSOL beam model used for frequency analysis

Figure

  Figure 9Simplified Levenberg-Marquardt minimisation algorithm developed in JAVA in COMSOL API

2 Figure

 2 Figure 4Evolution of RDMEi (%) and DRi (%) during freeze-thaw cycles of different samples for the 3 first eigenmodes. RDMEi (%) is in solid line (left vertical axis) and DRi (%) is in bars (right vertical axis).
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 123123123 Figure 5Evolution of RDMEi (%) of stone samples during freeze-thaw cycles

Figure 6 40 ]Figure 13 (

 64013 Figure 6 Three-dimensional block diagram of a layered rock with a horizontal stylolite. The front half of the upper rock mass has been removed to show the columns of the lower block[40]

Figure 14

 14 Figure 14 Microscopic observation of flaw zone of stone S. The contrast of porosity is expressed by the gray level contrast. Ds is located among a highly porous zone (1), then it is weaker than zone (2)

Figure 15 SEM

 15 Figure 15 SEM BSE and optical microscope images comparison obtained from pre-existing diagenetic feature of sample S and sample L before and after freeze-thaw cycle at meso and micro scale. (a) Sample S break at pre-existing diagenetic feature (b) Pre-existing diagenetic features (Ds) exist and it is not very visible. (c) After freeze-thaw cycle cracks appear in the zone where there are pre-existing diagenetic features.

  

Table 3 :

 3 Comparison of mechanicals parameters before and after freeze-thaw cycles

	Mechanicals parameters		Stone L	Stone M	Stone S
		Before 61,88 (+/-0,65)	63,98 (+/-1,98)	64,38 (+/-2,1)
	E (GPa)	After	60,56 (+/-1,12)	63,29 (+/-1,66)	37,16
	Evolution of Young's modulus	-2%	-1%	-42%
	G (GPa)	Before 24,24 (+/-0,31) After 20,84 (+/-0,81)	25,17 (+/-0,48) 24,85 (+/-0,74)	25,85 (+/-0,39) 14,77
	Evolution of Shear Modulus	-14 %	-1,3 %	-43 %
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