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Highlight: 
Low calorimetry measurement technics allow to determine stone frost features: freezing 

temperature and quantity of ice grown inside pores. 

 

Presence of stylolite inside stone leads to increase locally the pore rate and size, with 

connected pores. 

 

Stone frost damage is related to heterogeneous nucleation, followed by rapid growth and 

propagation of an ice front inside the connected porosity induced by stylolite. 

 

Limestone tilestone without any stylolite and carrying a freezing temperature lower than 

the minimum of temperature often encountered in a region, will be frost resistant thus 

adapted for roofing in this region. 

  

Increase of ice quantity inside stylolite pores comparing to host rock is a criterion to 

forecast stone frost susceptibility.  
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Abstract: 
Freeze temperature and ice quantity formed inside porous media has been 

investigated on limestone tilestone samples by Differential Scanning Calorimetry (DSC) 

measurements. The aim was to determine the role of these stone frost features on limestone 

damage to Freeze-Thaw (FT) cycles, in relation to the presence of stylolite inside their 

structure. In fact, the presence of stylolite inside the structure leads to increase locally the 

pore rate and size, with connected pores. This implies a local increase of ice quantity 

formed at the surround of stylolite. Damage is thus associated to a heterogeneous 

nucleation, a rapid growth and ice-front propagation inside pores induced by the presence 

of stylolite. Specimens exhibiting an increase of quantity of ice formed inside their stylolite 

-- of more than 30% compared to host rock -- were damaged by freeze/thaw cycles. 

Furthermore, stones with freezing temperature lower than the minimum of FT cycles 

temperature are frost resistant. Finally, low-temperature calorimetry appears to be a 

practical and cheap method for quickly assessing frost limestone susceptibility. For 

example, this method can benefit some modest heritage constructions in UNESCO World 

Heritage site “Causse & Cevennes”, made by craftsmen who need to quickly know the 

frost resistance of the stones they use. 

 

 

Keywords: 

Freeze-thaw; limestone roof tiles; low temperature calorimetry; ice formation 

mechanisms; stylolite
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Introduction 
Tilestone is a natural stone material used in various European heritage architectures such as ovens 

or cazelles in the “Causses and Cévennes” perimeter registered on the UNESCO World Heritage List 

(France); such as Trulli also registered on the UNESCO World Heritage List in Alberobello (Italy); such 

as Apethorpe Palace in Northamptonshire (United Kingdom); such as the “Brandas das Gêmeas” in 

Sistelo (Portugal) or “borda” in Aragonese Pyrenees region (Spain) also registered World Heritage List, 

as illustrated in Table 1. 

Table 1. examples of European architectural heritage roofed with tilestone 

Country Illustration Heritage 

England 

 

Apethorpe Palace in Northamptonshire (© Gallagher) 

Italy 

 

Trulli in Alberobello (registred in UNESCO World 

Heritage List) (©UNESCO) 

Portugal 

 

Brandas das Gêmea - Peneda-Gerês national parc - 

Sistelo (©Barroso) 

Spain 

 

Sheepfold in Ordesa Monte Perdido National Parc 

(registred in UNESCO World Heritage List) (@Caubet) 

France 

 

Cazelle in Lot department 

(©Fogue Djombou) 
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The various sedimentary diagenetic processes occurring on this material formation can lead to 

different types of diagenetic features inside their internal structure [1]. Stylolite (Fig. 1) is a common, 

and probably the most frequent diagenetic feature encountered in this sedimentary material [2]. This 

diagenetic feature results from the phenomenon of pressure-solution [2]. Pressure-solution is the 

petrologic process wherein minerals dissolve as the result of pressure applied externally to them [3]. 

This process can start as shallow as 90 m during diagenesis in sedimentary basins [4] and still be active 

during highly metamorphic conditions [5].  

 
 

Fig. 1 an example of stylolite [6] 

Stylolites are rough surfaces of dissolution, lined by a thin layer of relatively insoluble particles, 

which are thought to accumulate while the more soluble major constituent of the rock (e.g. carbonate, 

quartz) dissolves away [3]. Stylolite is characterized by its morphology, its size or amplitude and its 

internal composition (Fig. 2). 

 

 
Fig. 2 Structure of limestone tilestone and stylolite [3]  
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Previous studies (Table 2) showed that this internal part of the stylolite implies a local increase of 

porous media than the host rock due to the transport of the soluble element after dissolution[7]. Thus, 

presence of stylolite may lead to an area of weakness where water could seep in. Turned into ice during 

freezing, it causes damages to tilestone [1, 8, 9]. Weathering processes occurring on stone subjected to 

freeze-thaw cycles were so far explained by the induced stresses related to ice growth mechanisms 

occurring in porous media [6, 7, 10–15]. In fact, the ice growth inside porous media can generate stresses 

due to hydraulic pressure caused by the crystal formed (Fig. 3). 

 

 

Fig. 3 Simplified representation of the pressure induced within the stylolite during freezing 

In addition, the pore shape has an influence on the stresses developed. Indeed, if the ice crystal 

grows in a pore with a small radius entry, the stresses will be higher than if the crystals grown in pores 

with large entries because of a higher crystal-liquid interface curvature at the pore with small entry 

radius [14, 16] (Fig. 4). On tight sandstone, pore ice growing from larger pores into smaller ones, 

generate excess pressure that causes frost damage in micropores, which is manifested in the decrease in 

mechanical properties [14]. 

 

Fig. 4 Two pores shapes with different entry radii : pore 1 with large entry radius and pore 2 with 

small entry radius. Stresses induced during freezing are higher in pore 2 than pore 1 because of the 

high interface curvature (R>>r)  [17, 18] 

Pores shapes influence several stone physical parameters that control damaging mechanisms of 

stone subjected to FT cycles. For example, the degree of saturation beyond a certain threshold, between 

70 and 80% [19, 20], could lead to damage. In addition, the rock texture influences the porous network 

structure which also plays a role in frost susceptibility. In this regard, oolithic limestones can carry 

inkbottle ooid voids served as expansion reservoirs that preserve stone during FT cycle [21]. Moreover, 

a grainstone with a bimodal porosity, a low degree of saturation and a high volume of trapped air is 

more resistant to frost than a mudstone facies which has an unimodal, well- connected pore network, a 

high degree of saturation and a low volume of trapped air [22].  

Furthermore, in porous media, the appropriate temperature and pressure conditions for ice 

formation depend on the pore size (Fig. 5). In stone materials, it is often considered that, micropores 

correspond to pores with radius lower than 0,01m, mesopores correspond to pores with pore radius 

range from 0,01 m to 1 m and macropores correspond to pores with pore radius upper to 1 m [19, 

23–25]. The temperature of crystallization inside these pores can range lower than -50°C [19–22]. For 

example, for a stone with micropore of 6 nm radius, water should freeze at -20° C [26].  
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Fig. 5 Ice freezing temperature as a function of the radius of the pores after Stockhausen [26, 27] 

The crystallization of ice is an exothermic reaction, which occurs in two stages: nucleation and 

crystal growth. The morphology of the pore network controls the phenomenon of nucleation and ice 

crystal growth inside the pore. Depending on the pore network characteristics (rate, size and 

connectivity), two mechanisms of ice formation can occur. The first is heterogeneous nucleation in 

macropores, followed by rapid growth and the propagation of an ice front. The second is homogeneous 

nucleation in unconnected pores, not allowing the propagation of an ice front. These mechanisms are 

well observed in the curve obtained from Differential Scanning Calorimetry (DSC) tests [28]. While the 

first mechanism is represented by a sharp peak in the heat flow curve, corresponding to an abrupt 

decrease in the heat flow, the second mechanism is represented by a more rounded curve [24] (Fig. 6). 

Ice contented in porous media can be estimated by DSC measurements [29–31]. Finally, the minimum 

number of freeze-thaw cycles required to observe a clear deterioration of natural stones appears to be 

50 cycles [26]. 

 

Fig. 6 Typical DSC-curve of freezing and thawing for cement stone. Mechanism 1 (peak curve): heterogeneous 

nucleation in capillary pores, followed by rapid growth and the propagation of an ice front, mechanism 2 

(rounded curve): homogeneous nucleation in unconnected pores, not allowing the propagation of an ice front [28] 

The degradation of the limestone roofing tiles subjected to freezing should likely be related to the freezing 

temperature and quantity of ice formed inside porous media, which has so far not been investigated. Thereby, the 

present work aims to use DSC measurement to examine the role of ice formation mechanisms on the damage 

process of limestone tilestone subjected to freeze-thaw cycles. After subjecting various samples, some with 

Mechanism 1 (peak curve) 

Mechanism 2 (rounded curve) 
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stylolites, to different severe FT cycles, the influence of the quantity of ice formed in these diagenetic features on 

the frost susceptibility has been investigated. Finally, a criterion for predicting frost susceptibility, which relies on 

the assessment of the ice quantity formed inside the diagenetic features, is proposed. The finality of this study is to 

propose an alternative method, more affordable and more relevant, to assess quickly frost susceptibility of 

limestone tilestone. 

Table 2 Table of relevant studies mentioned in this article 

Title Authors 
Journal and year 

of publication 
Result 

Crystallization in pores George W Scherer, 

Cement and 

Concrete 

Research, 1999 

For fracture to occur, the crystals must 

propagate through a region of the 

network large enough that the stress 

field can interact with the large flaws 

that control the strength 

Physical deterioration of 

sedimentary rocks 

subjected to experimental 

freeze-thaw weathering 

D.T. Nicholson, 

F.H. Nicholson 

Earth Surf. 

Process. 

Landforms, 2000 

Damage in limestone is due to pre-

existing diagenetic features 

Impact of stylolites on the 

mechanical strength of 

limestone 

P. Baud, A. 

Rolland, M. Heap, 

T. Xu, M. Nicolé, T. 

Ferrand, T. 

Reuschlé, R. 

Toussaint, N. Conil 

Tectonophysics, 

2016 

Presence of a stylolite lead to a 

significant strength reduction even if 

there are thin and closed 

Kinetics of water freezing 

in mesopores determined 

by differential scanning 

calorimetry 

Marcin 

Koniorczyk*, Piotr 

Konca 

 

International 

Journal of 

Thermal 

Sciences, 2017 

For a slow differential scanning 

calorimetry test, we could assume that 

ice grows much faster than 

temperature changes, therefore the 

equilibrium between ice and water 

exists at any temperature. 

The permeability of 

stylolite-bearing 

limestone 

Heap M, Reuschlé 

T, Baud P, et al 

J Struct Geol, 

2018 

Stylolites are characterized by zone of 

higher porosity, with larger less 

spherical pores, than the host rock. 

Freeze-thaw resistance of 

limestone roofing tiles 

assessed through impulse 

vibration monitoring and 

finite element modeling 

in relation to their 

microstructure 

Y.I. Fogue 

Djombou, S. Corn, 

L. Clerc, D. Salze, 

E. Garcia-Diaz 

Construction and 

Building 

Materials, 2019 

The damage in limestone under 

freeze-thaw cycle is due to the pre-

existing diagenetic features, such as 

stylolite, in its structure 

Frost Damage in Tight 

Sandstone: Experimental 

Evaluation and 

Interpretation of Damage 

Mechanisms 

Ding S, Jia H, Zi F, 

et al 
Materials, 2020 

Pore ice grows from larger pores into 

smaller ones, generate excess pressure 

that causes frost damage in 

micropores and then nanopores 

 

 

 

 

https://www.sciencedirect.com/author/7201712186/g-w-scherer
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1. Materials and Methods  

1.1. Materials 

1.1.1. Studied stones description 
Limestone tilestone samples were taken from three active quarries at Montdardier, Laval-du-Tarn 

and Sauclière, located in the Gard, Lozère and Aveyron departments (in the southern area of the “Massif 

Central” region in France). Beam-shaped samples, polished section and smalls fragments were sampled 

from each selected tilestone. Samples L, M and S are respectively referred to Laval-du-Tarn quarry, 

Montardier quarry, and Sauclière quarry. Number n corresponds to the stratum where the stone was 

sampled. The Table 3 below summarizes the description of samples chosen for the study.  

Table 3 designation of samples used for the study 

Locality Geological age 
Stone 

designation 

Number of 

samples 

Beam-shaped samples 

designation 

Xn= X: stone, n : sample 

number 

Laval-du-Tarn 
Upper Jurassic 

(Rauracian-Sequanian) 
Stone L 10 

L1, L2, L3, L4, L5, L6, L7, L8, 

L9, L10 

Montdardier Upper Oxfordian Stone M 5 M1, M2, M9, M11, M13 

Sauclière Lotharingian Stone S 9 S1, S2, S3, S4, S5, S6, S7, S8, S9 

Stones L and M are micritic limestones [32] made of 97% of calcite and Stone S is grey dolomite 

with varying facies and sedimentary figures [33]. These stones were chosen because firstly they are 

mainly used in vernacular construction in central massif area and secondly because they carry inside 

their structure a wide variety of diagenetic features often observed in this sedimentary stone [1]. In fact, 

from optical microscope observations of polished sections of these stone specimens, it is possible to 

distinguish diagenetic features such as: Ds= diagenetic and metamorphic effect (D) with stylolites and 

pressure solution features (s); Dv= diagenetic and metamorphic effect (D) with mineral veins and healed 

fractures (v); Wb= weathering effects (W) with banding (b); Sl=primary depositional structure (S) with 

laminations (l); Lm= lithological variations (L) with variations in mineralogical composition (m); Lt= 

lithological variations (L) with truncated surface (t) F= fracture (F), weak incipient fractures (w). The 

sampling was performed so as to have the entire range of pre-existing diagenetic features mentioned 

on Table 4 above. 

1.1.2. Porous characteristics of studied materials 
On the purpose to characterize the porous media of studied stones, standard NF EN 1936, standard 

NF EN 13755 and standard NF EN 1925 were used to obtain water-open porosity, saturation rate after 

48 hours and capillary water absorption. The mercury intrusion porosimetry was carried out in 

Micromeritics AutoPore IV 9500 Series Mercury Porosimeters to investigate the pore size distribution. 

A sorption isotherm of stones studied was carried out using the static gravimetric method with salts 

saturated solutions. These physical properties are mentioned in Table 5, Fig. 7 and Fig. 8 below.  
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Table 4 Pre-existing diagenetic features and samples associated (Eg L1 = sample n°1 of Laval-du-

Tarn quarry) 

 

 

 

 

 

 

 

 

 

 

Initial diagenetic 

feature 
Samples 

Diagenetic feature 

description 
Example of illustration 

Ds 

L1, L2, L3, L4, L5, 

L6, L10, M1, M9, 

M11, M13, S1, S2, 

S3, S4, S6, S8 

metamorphic and 

diagenetic effect with 

stylolites and pressure 

solution features 

 

Dv 
L1, L2, L3, L4, L5, 

L6, L7, L8 

metamorphic and 

diagenetic effect with 

mineral veins and 

healed fractures 

 

Wb M1, M2, L1, L2, L3 
weathering effects with 

banding 

Sl 
S1, S2, S3, S4, S5, 

S6, S7, S8, S9 

primary depositional 

structure with 

laminations 

 

Lm S1, S2, S3, S4 

lithological variations 

with variations in 

mineralogical 

composition 

Lt S1, S2, S3, S4 
lithological variations 

with truncated surface 

Fw M1, M2 Weak incipient fractures 

 

Ds 

Dv 

Fw 

Wb 

Sl 

Lt Lm 

Stone L 

Stone L 

Stone S 

Stone M 
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Table 5 physical characteristics of studied samples 

 

 

Fig. 7 Results of sorption isotherm 

 

Fig. 8 Pore size distribution curves of the studied limestones obtained by mercury intrusion measure 
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Pore size diameter (nm)

Laval-du-Tarn

Montardier

Sauclières

 Stone L Stone M Stone S 

Water-open porosity (%) 1.8 1.8 10.8 

Apparent density (kg/m3) 2647 2630 2513 
    

Saturated porosity at 48h (%) 1.5 1.7 9.1 

S48 water-saturation coefficient (%) 80 95 85 

    

Absorption coefficient (g/cm²/√𝑠) 2.3 30.2 0.4 

    

Mercury intrusion porosity (%) 0.9 - 7.4 

Average pore diameter (nm) 15 - 143 
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The results from the porous characterization of these materials present two categories of rock. A 

first with a mudstone facies with low porosity and high rate of micropore of radius under 10 nm, and 

second category of rock with bimodal connected micropore distribution, with high rate of micropore 

radius over 100 nm. Although the stone M has the same pore characteristics of stone L (according to 

capillary water absorption and water-open porosity measurement, …), it did not present any signal to 

mercury intrusion porosimetry. This may be explained by the fact that the porosity of stone M is divided 

and is not accessible by mercury intrusion porosimetry which is useful for connected porosity. 

According to these porosity assets, except for stone S, stones L and M are likely frost resistant for 

common climate. In fact, they have ice freezing temperature under common temperature, so ice does 

not form and there is no induced stress. This hypothesis will be investigated in this study. 

1.1.3. MEB stylolite observation 
For each stone, stylolites have been observed, on pieces of cylindrical polished samples of 3 cm of 

diameter with the Quanta 200 FEG SEM from FEI coupled to an Oxford INCA X-sight energy dispersive 

X-ray spectroscopy (EDX) analyzer (Fig. 9). 

   
Fig. 9 SEM observation of different size of stylolite on Montardier rock. 

To characterize the severity of diagenetic flaw, we evaluated the porosity increased locally, by 

comparing the local porosity, obtained by image analysis, with the total porosity of the stone. Gray-

level threshold analysis, with ImageJ software, allows to determine the local porosity. Then flaw 

severity is obtained by dividing total porosity to imageJ local porosity. According to this measure, M9 

and M13 have the highest flaw severity. It is not possible to characterize stylolite of sample S4, because 

host rock porosity is high and cannot be distinguished at gray-level image to the stylolite-induced 

porosity (Table 6). 

 

 

 

 

 

 

M13 M11 M9 
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Table 6 stylolite characterization with ImageJ software threshold gray-level analysis 

Sample name Image J gray level analysis 
Total porosity 

(%) 

ImageJ local 

porosity (%) 

Flaw 

severity 

Sample L1 

 

2,9 9,23 3,18 

Sample M9 

 

3,44 22,53 6,55 

Sample M11 

 

3,44 16,71 4,86 

Sample M13 

 

3,44 23,13 6,72 

Sample S4 

 

11,99 23,42 1,95 
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1.2. Methods performed. 
On the purpose to characterize the damage occurred during the cycling tests and the role of stone 

frost features, multi-scaled investigations were carried out on samples (Fig. 10). Materials properties 

investigated are presented below: 

 

Fig. 10 multi-scaled methods investigated and characterized properties 

1.2.1. Determination of stone frost features: freezing temperature and quantity of ice 

grown inside pores 
In order to assess the freezing temperature of the water within the pores of stones, specimens were 

tested by Differential Scanning Calorimetry (DSC) over a temperature range from −30° C to 20° C, with 

a scanning rate of 10° C per minute. Before the tests, all the samples were saturated by immersing them 

for 48 hours at 20°C. The data obtained from Differential Scanning Calorimetry (DSC) measurements 

were analyzed with the software of the Pyris device so as to obtain the phase change temperatures Tcryst 

and the energy released ΔHcryst during the phase change. The energy released during the fusion or 

crystallization of water corresponds to the area between the curve and the asymptote at the base of the 

curve. 

The enthalpy of phase change ΔHice at temperature T is given by the formula from Matala [29], 

equation (1): 

ΔHice = 334+4.83T+0.0125T² (1) 

So the ice quantity χ (in g / g) formed during freeze inside the pores, is determined by the equation 

(2) below: 

𝜒 =
𝛥𝐻𝑐𝑟𝑦𝑠𝑡

𝛥𝐻𝑖𝑐𝑒

 
(2) 

In this article, we refer to stone frost features, both parameters freezing temperature and quantity 

of ice grown inside pores. 

1.2.2. Mechanical damage monitoring and Finite Element Model Updating (FEMU) 

methods. 

Vibration damage monitoring (VDM) and Finite Element Model Updating (FEMU) methods were 

performed to assess damages occurring during freeze-thaw test [9, 34, 35]. Modal parameters (natural 

frequencies) of the three first modes (two bends (one in the longitudinal axis and the other in the 

transverse axis) and one twist around the longitudinal axis) are determined with VDM methods. From 
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FEMU methods, it will be possible to obtain dynamic elasticity modulus by adjustment to an isotropic 

FEM. The FEMU method developed in this study, represented in the figure (Fig. 11), consists of 

minimizing the quadratic difference between the frequencies obtained experimentally and those 

obtained numerically by updating the elastic parameters of a finite element model. The minimization 

procedure was developed in the COMSOL software programming environment. 

 
Fig. 11 FEMU procedure developed 

Therefore, the loss of stiffness with the Relative Dynamic Elastic Modulus (RDEM(n)) obtained 

after every n cycles allow to assess the degradation occurring. The RDEM(n) are determined using the 

formulas below: 

RDEM(n) =
E(n)

E(0)
 (%)    (3) 

Where E(n) is dynamic elasticity modulus obtained after n cycles with FEMU method. 

 

1.2.3. Freeze/thaw test setups 

Several tests were performed on samples on the purpose to assess the frost resistance of studied 

stones. Freeze/thaw tests for this study were carried out in a Dycometal freezing chamber (model CHD 

- 525) (Fig. 13). Two freeze/thaw cycles, represented on Fig. 12 were performed: 

- Cycle FT1-FT4: This test is divided in two parts: FT1 and FT4 cycles. 

Cycle FT1 was defined according to meteorological data for the studied geographical area, 

from the website infoclimat.fr. The data used for establishing the cycle are the hourly data for 

the period 1981-2010, from 5 weather stations: Gourdon (Lot), Mende-Brenoux (Lozère), 

Mende-Chabrits (Lozère), Millau-Soulobres (Aveyron), Rodez (Aveyron). Data analysis 

consisted in taking the days with the highest daily temperature amplitude and selecting those 

among them with the lowest temperatures (below -5 ° C). The test cycle developed from this 

analysis was in 4 parts: (1) decreases in temperature in chamber from 10°C to -12°C for 30min 

without water, (2) constant freezing temperature in chamber at -12°C for 1h30, (3) increase in 

temperature in the chamber from -12°C to 10°C for 30min, (4) constant thawing temperature 

in chamber at 10°C for 1h30 under water. 

Cycle FT4 was defined as the previous cycle, but making it even more severe by increasing 

the amplitude between the minimum and maximum temperatures, and it also consisted of 

four parts: (1) decreases in temperature in the chamber from 20°C to -30°C for 30min without 

water, (2) constant freezing temperature in the chamber at -30°C for 1h30, (3) increase in 
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temperature in the chamber from -30°C to 20°C for 30min, (4) constant thawing temperature 

in chamber at 20°C for 1h30 under water. 

50 FT1 cycles follows by 50 FT4 cycles have been done. 

 
- Cycle FT3: this test was performed so as to be harsher than the standard for natural stone (EN 

12371) and consists in four parts: (1) decreases in temperature in chamber from 10°C to -30°C 

for 30min without water, (2) constant freezing temperature in chamber at -30°C for 1h30, (3) 

increase in temperature in the chamber from -30°C to 10°C for 30min, (4) constant thawing 

temperature in chamber at 10°C for 1h30 under water. 

100 FT3 cycles has been done. 

 

Fig. 12 the freeze/thaw experimental flow charts 

 

Before beginning the cycles, all the samples (Table 7) were saturated by immersing them for 48 

hours at 20°C. Thawing was done under water on the aim to keep the saturation degree constant in the 

sample. 

Table 7 samples subjected to freeze/thaw cycle 

Freeze/thaw 

cycle 

Sampled tested 

FT1 – FT4 L9, L10, L11, L12, L13, M9, M10, M11, M12, M13, S5, S6, S7, S8, S9 

FT3 L1, L2, L3, L4, L5, L6, L7, L8, M1, M2, M3, M4, M5, M6, M7, M8, S1, S2, S3, S4 
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Fig. 13 Samples in the freeze/thaw chamber model CHD – 525 

2. Results 

2.1. Damages occurred during freeze/thaw cycles related to the diagenetic feature and 

the severity of the cycling test. 

The first result of this study concerns the damage occurring in relationship with the test severity 

and the presence of diagenetic feature inside the samples. Damage was manifested by cracking 

apparition or high decrease of Relative Dynamic Elastic Modulus. A sample was considered as damaged 

if its RDEM decrease up 10%. In fact, all samples deteriorated, manifested by crack apparition, before 

the end of the FT cycles had an RDEM lower than 90%. Table 8, summarizes state of samples after 100 

cycles. 

Table 8 Comparison of damage-rate of samples after 100 FT cycles. Samples with stylolites are 

underlined 

Damage after 100 

cycles 

FT1-FT4 FT3 

No physical 

damages 

L9, L10, L11, L12, L13, M10, 

M11, M12, S3, S5, S7, S9 

M3, M4, M5, M6, M7, M8, 

M2, L1, L2, L3, L5, L6, L7, 

L8 

Apparent crack or 

high (>10%) 

RDEM decrease 

S6, M9, M13, S6, S8, L4, M1, M2, M17, S1, S2, 

S3, S4 

For convenient reading, we will present in following paragraphs results related to samples L1, 

M9, M11, M13 and S4 because they exhibited all degradation cases. For suitable comprehension, we 

propose the following graphic chart (Table 9) 
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Table 9 graphic chart use for results paragraph 

 FT cycle 

Denomination (italic for 

FT3 cycle and regular 

for FT1-FT4 cycle) 

Line chart 
Mark for sample 

with stylolite 

Mark for sample 

without stylolite 

Sample L1 FT3 L1  

 

 

 

 

 

 

 

Sample M9 FT1-FT4 M9  

Sample M11 FT1-FT4 M11  

Sample M13 FT1-FT4 M13  

Sample S4 FT3 S4  

Most samples carrying diagenetic features Ds (stylolite) or Fw (incipient fracture) were damaged 

during FT cycles. Furthermore, when the cycle is harsh -- low minimum temperature and high 

amplitude -- the damaging process occurred faster. For example, the cycle FT3 being harsher than first 

part (before 50 cycles) of FT1-FT4, S4 was earlier damaged than M9 or M13. 

However, for same cycling conditions, M13 sample presents earlier damage than M9 sample. This 

appears to be correlated to initial severity of the flaws inside the samples as the observations made with 

the SEM show.  

 

 
Fig. 14 Evolution of Relative Dynamics Modulus of Elasticity as a function of the number of FT cycles 

Table 10 monitoring of Dynamics Modulus of Elasticity, RDEM and the number of FT cycle when the 

damaged occurred 

 L1 M9 M11 M13 S4 

Initial Dynamics Modulus of Elasticity (GPa) 58,8 67,9 59,3 58,2 60,2 

Relative Dynamics Modulus of Elasticity after 50 FT1 

cycles (%) 

- 100,2 100,3 98,4 - 
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Number of FT3 cycles when damage occurred  >94 - - - 39 

Relative Dynamics Modulus of Elasticity after 50 FT3 

cycles (%) 

95,5 - - - 73,8 

Number of FT4 cycles after 50 FT1 cycles when 

damage occurred 

- 30 >50 15 - 

Relative Dynamics Modulus of Elasticity after 50 FT1 

cycles + 50 FT4 cycles (%) 

- 75,2 98,4 89,5 - 

Thus, in this paragraph we confirm that limestone damage to FT cycles is related to the presence 

of pre-existing diagenetic flaws (stylolites) inside them and depends on initial severity flaw and the FT 

test harshness. The following results will concern further investigations on these diagenetic flaws. 

2.2. Influence of stylolite on ice-growing mechanisms occurring inside its porous network 
during freezing 

DSC measurements has been investigated on small Fragments from samples M9, M13, M11, L1 and 

S4. Fig. 15 represents normalized ENDO UP heat flow (W/g) for each specimen with stylolite (M9e, 

M11e, L1e, and S4e) and without stylolite (M9s, M11s, L1s, and S4s). The first observations made on 

these curves concerns their shapes. Some of them present a sharp peak (L1e, L1s, M9e, M13e, M13s, S4e 

and S4s) and other a rounded peak (M11s and M11e). Theses curve shapes correspond to the ice 

formation mechanisms occurring inside the pores. In fact, the first mechanism of ice formation, 

represented by a sharp peak, corresponds to heterogeneous nucleation in connected pores, associated 

to a rapid growth of ice-front propagation. The second mechanism, represented by a rounded peak, 

corresponds to homogeneous nucleation in segmented pores that do not allow the propagation of an 

ice front.  

 

 
Fig. 15 example of comparison of normalized heat flow endo up between specimens with DS and specimen 

without DS 
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Samples deteriorated by freeze/thaw cycles present a heat flow curve with a sharp peak, and those 

that were not damaged present both sharp and rounded peak. So, the damage of the limestone is 

associated to mechanism of heterogeneous nucleation associated to a rapid growth of ice-front 

propagation inside stylolite pores. These mechanisms are controlled by stylolite pore assets. In fact, the 

presence of stylolite implies locally the increase of porosity rate and radius, and their connectivity. 

Following results will allow to verify these statements. 

Table 11 Results summarize of comparison between mechanical damaging, flaw severity, ice formation 

mechanism and freezing temperature 

 RDEM 
Flaw 

severity 
Ice formation mechanism 

Freezing 

temperature 

with DS (°C) 

Sample S4 27,99% 1,95 Heterogeneous nucleation followed by rapid 

growth and the propagation of an ice-front 

-8,2 

Sample L1 92,48% 3,18 - 12,6 

Sample M9 75,20% 6,55 

Homogeneous nucleation in segmented pores 

-18,0 

Sample 

M13 
89,49% 6,72 -12,1 

Sample 

M11 
98,65% 4,86 - 18,8 

 

2.3. Influence of stone frost feature on damaging in relation to pore and diagenetic 
features 

The quantity of ice produced inside pores during freezing and the ice formation temperature 

(freezing temperature) have been determined. These parameters have been compared to the RDEM. 

Firstly, we observe that, the presence of stylolite influence stone frost features. In fact, two phenomena 

have been observed (Fig. 16). Firstly, the presence of stylolite leads to an increase of ice formation 

temperature. Secondly, the presence of stylolite causes an increase of the ice quantity formed inside 

stylolite pore comparing to host rock. These observations are consistent with the statement that stylolite 

can induced locally an increase of the rate and size of the pore than the host rock. 

 

Fig. 16 Comparison of quantity of ice formed and ice formation temperature between samples with 

stylolites and samples without stylolites 
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None of the samples M9, M11, M13 were damaged after first 50 cycles of cycle FT1-FT4 (cf. Table 

10 and Fig. 14). In fact, the FT1 minimum setpoint temperature (-12°C) is higher than the freezing 

temperature of samples M9 (-14,8°C), M11(-18,8°C), M13 (-12,1°C). When this setpoint become lower (-

30°C) than the freezing temperature of stones, samples M9 and M13 were damaged and M11 resisted. 

These observations are consistent with the fact that if the freezing temperature of a stone is lower than 

the minimum temperature often encountered in a climate of a region, the stone will be frost resistant 

and adapted for roofing in this region. 

The degradation of limestones does not necessarily depend on the amount of ice formed in the 

pores. In fact, samples S4, M9 and M13 have been damaged although the quantities of ice formed inside 

the pores are very different (Fig. 16). M9 and M13 damaged has very low ice quantity whereas S4 

damaged has very high ice quantity. However, the amount of ice formed inside pores is consistent with 

the total porosity and pore size of the stones (Fig. 16). Although this ice quantity formed in M13 and L1 

is very closed, L1 is frost resistant. 

 

 
Fig. 17 Relation between percentage of porosity filled with ice and ice formation temperatrure 

Concerning the percentage of pores filled with ice, damage can occur either when the percentage 

of porosity filled with ice is high (sample S4 and M13) or low (sample M9) (Fig. 17). However, sample 

M11 (frost resistant) exhibited a higher percentage of ice formed in the pores than sample M9 (frost 

damaged). Considering this, it is difficult to confirm the role of the percentage of porosity filled with ice 

on the frost deterioration of limestone. However, for stones with the same porous characteristics 

(sample M9, M11 and M13), the damage may be correlated with the flaw severity.  

From observations made on this paragraph, it can be concluded that the measurement of the 

freezing temperature of a limestone without diagenetic flaws can allow to predict whether the material 

is adapted to a given climate. Insofar as if the freezing temperature of a stone is lower than the freezing 

temperature often encountered in a region, it will be frost resistant. The analysis of percentage of 

porosity filled with ice presents some intriguing results because the relation to damaging was not 

testified although the relationship between damaging and the stylolite flaw severity has been observed 

for a specific case -- stones with the same porous characteristics --. 

2.4. Discussion: low-temperature calorimetry as a tool for assessing the frost susceptibility 
of limestone 

On previous paragraph, we investigated the influence of stylolite presence inside a healthy host 

rock on frost damaging process. The presence of stylolite has the effect to increase locally the size and 
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the rate of the pore (Table 12). However, we observed that the increase of pore size and quantity of ice 

formed in the pores is not enough to conclude on the frost susceptibility. In this paragraph, we will 

compare the quantity of ice formed in the rock with stylolite to the quantity of ice formed in the healthy 

host rock. 

The increase of ice quantity formed in rock with stylolites is defined as follow: 

𝐼 =
𝜒𝑠 − 𝜒ℎ

𝜒ℎ

 (4) 

Table 12 influence of stylolite on rock properties and ice formed quantity 

 

Freezing 

temperature in 

healthy rock 

(°C) 

Freezing 

temperature 

in rock with 

stylolite (°C) 

Ice quantity 

formed in 

healthy rock 

h (g/g) 

Ice quantity 

formed in 

rock with 

stylolite s 

(g/g) 

Increase 

of ice 

quantity  

Damage 

rate 

(RDEM) 

Sample S4 -8,5 -8,2 0,0182 0,0330 +81% 27,99% 

Sample L1 -15,1 -12,6 0,0032 0,0040 +26% 92,48% 

Sample M9 -19,5 -18,0 0,0001 0,0003 +112% 75,20% 

Sample 

M11 
-19,7 -18,8 

0,0012 0,0014 +18% 
98,65% 

Sample 

M13 
-15,3 -12,1 0,0029 0,0058 +95% 89,49% 

 

Fig 18 shows the increase of ice quantity formed in stylolites in relation with RDEM. The 

observation of Fig. 17 shows a trend that when the increase of ice quantity formed in stylolites is higher, 

the damage severity is higher. According to the results of this study, a threshold of 30% may be defined: 

a tilestone limestone will be damaged by frost when the increase of ice quantity formed in stylolites is 

higher than 30%. Indeed, the pores of the stylolites are coarser than those of the host rock as shown by 

the SEM observations made (Fig. 9) as well as the results of the Table 12: the freezing temperature of 

healthy rock is systematically lower than that of rock with stylolites. The stylolites represent defects in 

the host rock in which will concentrate the degradations related to freeze-thaw cycles. In order to refine 

the critical threshold value, it would be necessary to carry out additional low temperature calorimetry 

tests on healthy rocks and on rocks with stylolites. 

 

 
Fig. 18 Relation between increase of ice quantity inside stylolite and RDEM 
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3. Conclusions 
The purpose of this study was to characterize the stone frost features and investigate their role on 

the damaging of freeze-thaw cycles, in relationship to the presence inside its structure of diagenetic flaw 

called stylolite. The first part of the study assessed the frost susceptibility of this material, using a 

vibration-based damage monitoring method in relation to the presence of stylolite inside the stone. The 

results confirm that damage is related to the presence of stylolite inside their structure, their severity, 

and the harshness of the test. Then, the stone frost features and their implication on damaging process 

were investigated. Firstly, for limestone rocks with a connected pores network (Laval-du-Tarn and 

Sauclière), it has been stated that degradation of these materials is associated to a mechanism of ice 

formation corresponding to heterogeneous nucleation, followed by a rapid growth and propagation of 

an ice front. For limestone rocks with a divided pores network (Montardier), it has been stated that 

degradation of these materials is associated to a mechanism of ice formation corresponding to 

homogeneous nucleation in unconnected pores. Besides, limestone tilestones without any diagenetic 

flaw and carrying a freeze temperature lower than the minimum temperature often encountered in a 

region, is frost resistant and suitable for roofing in this region. Finally, specimens that exhibited an 

increase in the ice quantity inside their stylolite of more than a threshold of 30% compared to their 

healthy matrix were damaged by FT cycles. It could be a criterion to forecast the frost susceptibility of 

the building material. 

Subsequent studies will concern an investigation of low temperature calorimetry technics on more 

stone of various geology (schist, sandstone, …) so as to define a more precise frost susceptibility criterion 

based on frost features (freeze temperature and ice quantity growth). Thereby, in some construction 

projects, standard Freeze/thaw cycles, which are expensive, long, and tedious can be replaced by this 

criterium. For example, it could be helpful for certain modest heritage sites, where craftsmen need to 

quickly know if the rock taken in the surrounding can be used without problem for their construction 

project. 
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