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Abstract 27 

Vernacular built heritage in stone masonry remains and it is an evidence of the cultural and 28 

historical values. Therefore, it is important to preserve the stone of these buildings to harmful 29 

environment conditions like freeze-thaw and salt crystallization cycles, air pollution, excessive 30 

and frequent rain or snowfall, which can lead to decay processes which endanger the future of 31 

architectural heritage. For this, it is important to understand how environmental actions act on 32 

the physical and mechanical properties of building stones. In Portugal the most used building 33 

stone, particularly in the north region, is the granite, both in the vernacular and historical 34 

buildings. 35 

Therefore, this research aims at evaluating the performance of different types of granite, 36 

characteristic of the northeastern region of Portugal to the action of freeze-thaw cycles, for 37 

which this environmental action is relevant, given the wide temperature range and the 38 

possibility of occurrence of negative temperatures. Frost resistance is important for the 39 

durability of the building stone since the freezing-thawing cycles of the water inside the stone 40 

pores results in development of internal stresses, which can lead to cracking and progressive 41 

desegregation of material. The analysis of the influence of the freeze and thaw environmental 42 

action in the granites belonging to Portuguese vernacular buildings was carried out, based on 43 

an enlarged experimental program for the obtainment of the physical and mechanical properties 44 

of distinct types of granites before and after the freeze and thaw cycles. 45 

The present paper presents the experimental campaign of freeze-thaw cycles on three types of 46 

granites and discusses the main results analysing the standard damage indexes associated to the 47 

weathering process. Additionally, an analysis of the physical and mechanical properties and the 48 

variation of the ultrasonic pulse velocity (UPV) are provided. The freeze-thaw tests showed a 49 

considerable influence on the physical properties of granites. The UPV, dry mass and 50 

compressive strength decrease as the result of the material breakdown. The porosity of the 51 
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granite presents values significantly higher after the cycles of freeze-thaw, which also leads to 52 

the increased on the absorption by immersion and capillary absorption coefficient. 53 

 54 
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Introduction 57 

 58 

The deterioration of stone after freeze–thaw cycles is an important matter for natural building 59 

stones used in cold regions exposed to excessive freezing and thawing during the year. The 60 

assessment of stone deterioration due to environmental actions is an essential task for 61 

preservation and conservation purposes. For  the  quantification  of  deterioration,  a 62 

fundamental  understanding  of  stone  weathering  mechanisms  and  their  influence  on  stone 63 

structure is necessary. Weathering processes can affect the physical and mechanical properties 64 

of stone and induce several changes in its structure, such as modification of porosity and pore 65 

structure, development of cracks and loss of stone cohesion. The  study  of  these  changes  and  66 

the  correlation  of  stone  properties  in  different  weathering conditions with easily measurable 67 

quantities help to develop classification schemes, whereby the  deterioration  level  of  stone  68 

can  be  assessed (Nicholson, 2001; Benavente et al., 2004; Tugrul, 2004). 69 

The weathering induced by the action of freeze-thaw cycles associated to extreme 70 

environmental conditions results from many mechanisms associated to the change water state 71 

into rock voids. In the early nineteenth century some engineers had planned experiences about 72 

the decay of rocks by the action of ice. However, they used the crystallization of salts as the 73 

method of simulating the action of the ice, as made in the pioneering work of Evans (1970). 74 

With this respect, several studies are available in literature reporting the explanatory mechanics 75 

involved in aging of materials subjected to freeze-thaw and saline crystallization, both 76 

individually and in a combined way. It has been agreed that the main mechanism of degradation 77 

results from the development of internal hydraulic pressure, attributed to ice crystallization 78 

inside the material (Evans, 1970; Powers, 1945). This phenomenon was demonstrated in 1961 79 

by Everett (1961), known as Taber-Everett effect. The Everett model´s suggests the importance 80 

of microcracking on the connection between larger pores. The comprehension of the 81 

deterioration phenomenon resulting from the action of freeze-thawing has deserved a closer 82 
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look of the scientific community due to the complexity of the variables involved, such as, the 83 

properties of water near the point of gelation, the gelation process and the properties of the ice. 84 

The phenomenon of freezing-thawing has also been extensively studied in concrete because it 85 

is a material commonly used in built patrimony. Tensions that repeatedly increase and decrease 86 

during the formation of successive layers of ice results in the fracture of the material (Chatterji, 87 

1999). According to Scherer (2000), the crystallization pressure resulting from formation of ice 88 

in the pores consists of the main reason for the concrete degradation, which was demonstrated 89 

by the pressure developed by the crystallization of salts and ice against the pores walls of the 90 

material. However, there has been a contestation of the principle of crystallization pressures on 91 

freezing process as the basis for degradation of concrete. The pressure exerted by the water, 92 

which is enclosed in the icing, is considerate more important than the super cooling 93 

phenomenon that occurs in nature (Chatterji, 2000). 94 

The action of freezing in materials like rocks depends on their physical properties, where the 95 

porosity degree and pores network determine the infiltration of the water and further positioning 96 

of ice in porous body. The temperature has been pointed out as the most important variable in 97 

the freeze-thaw process, followed by the transport properties of water and finally by the 98 

mechanical effects (Matsuoka, 1991). In fact, the geometry of the porous network influences 99 

the critical temperature, permeability controls the transport of water, and porosity influences 100 

the volumetric expansion and the consequent ice expansion stresses. The resistance to the ice 101 

in the form of dendrites inside the pores is conditioned by the mineralogical composition and 102 

pore spatial arrangement as the pore size determines the volume of ice crystals (Exadaktylos, 103 

2006). 104 

Recently, several works were carried out to study the resistance of rocks to freeze–thaw cycles 105 

(Maurenbrecher et al., 2005; Gao Pei-wei et al., 2006; Shang et al., 2008; Vegas et al., 2009; 106 

Pospíchal et al., 2010; Uddin et al., 2010; Martínez-Martínez et al., 2013). These researches 107 
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indicated that a minimum number of freeze–thaw cycles of 100 should be considered in order 108 

to guarantee that a considerable decay develops in the samples. The  assessment of the influence 109 

of the freeze-thaw cycles was studied based on several physical properties namely, volume loss, 110 

open porosity variation, visual damage progress, water capillarity variation and ultrasonic pulse 111 

velocity. It was found that a linear relation exists between the of strength loss with the mass 112 

loss subjected to cycles of freezing and thawing. In relation to mechanical properties (strength 113 

and elastic modulus), it was observed that the uniaxial compression strength reduction is an 114 

important parameter indicating the deterioration due to freeze-thaw cycles (Bayram, 2012).  115 

Frost weathering has been discussed as a major physical deterioration process.  Freeze and thaw 116 

cycles are probably responsible for most damages in natural building stones during the winter, 117 

limiting their durability. Taking into account that the daily temperature amplitudes are very 118 

different in some days in the winter in the Northeastern region of Portugal, where great part of 119 

the vernacular construction was built in granitic stone, it is important to assess the vulnerability 120 

of this material to this type of environmental action.  From an in-situ survey, it was possible to 121 

identify granular disintegration of the stone blocks from outside masonry façades of old 122 

masonry stone buildings (centenary houses) in Foz Tua valley, in the northeastern region of 123 

Portugal. Aesthetically, stone buildings exhibit a textured and aged color. Some rocks appeared 124 

so deteriorated that probably can disintegrate during next years. The degradation of stone 125 

building materials due to the variation of climatic conditions was also observed in other types 126 

of building stone, such as limestone in monuments in Austria, with alveolar form weathering, 127 

granular disintegration and efflorescence (Alomari et al., 2013). 128 

Therefore, the present paper presents an experimental campaign of freeze-thaw tests on three 129 

distinct types of granites, which are characteristics of vernacular construction from northeastern 130 

region of Portugal, and discusses the main results associated to the weathering process of the 131 

granites. The assessment of the weathering of the granites to freeze-thaw cycles is carried out 132 
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based on the damage indexes proposed by European standard and, additionally, on the variation 133 

of physical properties, namely porosity, water immersion by immersion, water capillary 134 

absorption and ultrasonic pulse velocity. The compressive strength and elastic modulus were 135 

also compared before and after the maximum number of freeze-thaw cycles. 136 

 137 

Experimental campaign 138 

Given that the main aim of this paper is the obtainment the frost resistance and the assessment 139 

of the influence of the freeze and thaw cycles on the physical and mechanical properties of 140 

granites used in vernacular buildings, an experimental campaign based on freeze and thaw tests 141 

on different types of granites was designed. Physical and mechanical tests were also carried out 142 

for physical and mechanical characterization of granites before and after the imposition of the 143 

freeze and thaw cycles. 144 

Materials 145 

The  granites  adopted  in  the  present  work  were  collected  from  the northern  region  of  146 

Portugal. According to the information given in Table 1, three types of granites were 147 

considered, namely: (1) the granite designated by MDB, which is medium-grained two-mica 148 

granite. Two directions were considered for this granite, namely the direction parallel to the 149 

foliation plan and the direction perpendicular to the foliation plane. The foliation is given by 150 

the orientation of the biotite minerals; (2) the granite designated by PTM, which is a fine to 151 

medium-grained two-mica granite; (3) the granite FT, which is a fine to medium-grained two-152 

mica granite. Contrarily to the granites MDB and PTM, which were taken from two distinct 153 

quarries, the granites FT was gathered from an abandoned vernacular construction from the Tua 154 

Valey, in the northeastern region of Portugal, which is very close to the Douro region. The idea 155 

was to characterize the typical granite found in different vernacular constructions of Tua Valey 156 
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as some of them will be submerged in the sequence of the dam built in the Tua river. A brief 157 

and simplified petrologic description of the granites is shown in Table 1. 158 

Equipment 159 

For the freeze-thaw tests, it was decided to use an adapted freezer so that the conditions of 160 

testing defined in the European standard EN 12371 (2010) could be accomplished. The freezer 161 

was altered in order to carry out the freeze and thawing cycles in an automatic sequence (Fig. 162 

1a). For this, an electric resistance, a water agitator and a ventilator was added to the freezer. 163 

The electric resistance enables to increase the temperature until a value that is compatible with 164 

the standard, the water agitator enables to have the water, where the specimens are immersed, 165 

with uniform temperature and the ventilator enables both the internal environment temperature 166 

uniform and the renovation of air, see Fig.1b. The freezer (see Fig. 1c) is also equipped with a 167 

pump to empty and fill the chamber with water, where the specimens are stored, and with a 168 

heater for heating the water in the defrost phase. Two temperature sensors were considered to 169 

measure the internal environmental temperature of the freezer and the environmental 170 

temperature outside the freezer, so that it was possible to assess that the internal environment 171 

of the freezer was completely independent of the outside environment conditions. Additionally, 172 

a control temperature sensor was installed in the center of a control granitic specimen to monitor 173 

the continuous evolution of the temperature inside the specimen, and compare it with the 174 

internal environment temperature. This reference specimen enables to validate the test 175 

procedure defined with the adapted equipment, according to the values stipulated by European 176 

standard EN 12371 (2010) shown in Table 2. It was also seen that temperature sensors inside 177 

the freezer and inside the control specimen showed coincident readings.  178 

A labview software (Fig.1d) application was developed to: (1) control the temperature in the 179 

freezer and make the sequence of the freeze-thawing cycles possible; (2) record the 180 

temperatures of the control sensors (Fig. 1c and Fig. 1d). According to the standard EN 12371 181 
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(2010), the freezing and thawing of the stone specimens should have a duration of 6 hours each, 182 

see Table 2. The labview software application addresses the computational cycles 183 

automatically, controlling the cycles of icing and thawing during 6 hours (21600 seconds) each, 184 

being also accounted the time to empty the chamber (beginning the cycle of ice when the 185 

samples are subjected to temperatures between 0ºC and -12°C), and the time to fill the recipient 186 

to fully immerse the specimens in water at a temperature between +5°C and +20ºC (starting of 187 

the defrost cycle), whose duration is 150 seconds. In this process, the temperature inside the 188 

freezer and the temperature inside the control specimen are recorded. Table 2 shows the 189 

temperature values required by the standard to which the specimens should be subjected. 190 

Preliminary tests were carried out to validate the testing procedure, being necessary to make 191 

some adjustments to obtain temperature readings within the required intervals. 192 

The software developed to control the freeze-thaw cycles records automatically files related to 193 

the monitoring of the temperature in the control sample, inside the chamber and the outside 194 

atmosphere (ambient temperature). Fig. 2 shows the typical diagram with the evolution of the 195 

temperature in the center of the control specimen during 12 hours. It is seen that in the thaw 196 

cycle the temperature is reached in a very short time due to the introduction of water in the 197 

recipient and it is kept practically constant during 6 hours. In the freezing cycle, the decreasing 198 

in the temperature is more progressive but it is possible to accomplish the target temperatures 199 

at the times required by the European standard with slight small variations. Notice that the 200 

imposition of the freezing in the specimens is carried out after the water is taken out the recipient 201 

and it is promoted with the low air temperature that circulates in the freezer.   202 

Testing procedures 203 

As already mentioned, the freeze-thaw tests on the specimens were carried out according to the 204 

European standard EN 12371 (2010). Cubic specimens (70x70x70 cm) were adopted according 205 

to the recommendations   about   the   geometry  and dimensions of the specimens described in 206 
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the European standard EN 12371 (2010). A total of 28 specimens, 4 for granite PTM, 8 for 207 

granite MDB and 16 to the granite FT were tested to the action of freeze-thaw cycles. Notice 208 

that two loading directions were considered for the granite MDB, namely in the perpendicular 209 

and parallel directions to the foliation plan. Even if the EN 12371 (2010) indicated a maximum 210 

number of 240 freeze-thaw cycles if any of the damage thresholds is achieved, a total of 334 211 

freeze-thaw cycles were considered in this work so that the damage progress could be recorded 212 

for a longer period. In Portugal, the freeze-thaw cycles occur essentially at the northeastern 213 

region, where temperatures reach values below -8°C during the night and reach values above 214 

5ºC during the day. This daily temperature amplitude causes daily freeze-thaw cycles. 215 

Analyzing the meteorological data of the last three years and considering the most serious 216 

situation for Portugal (northeastern region), the temperature variations imposed by the 217 

European standard EN 12371 (2010) occur, in average, in approximately 8 annual days, 218 

meaning that 8 freeze-thawing cycles per year are imposed (Institute of Meteorology of 219 

Portugal 2011-2013). Taking this into account, it can be said that the effect of the 334 freeze-220 

thaw cycles considered herein relate to the effect for a useful life of stone buildings of about 221 

42years. Notice that, however, the conditions of the freeze-thaw tests are different from the 222 

ones occurring in real in-situ conditions, meaning that this equivalence should be seen with 223 

care. 224 

Methodology to assess the deterioration of granites 225 

In accordance to the European standard EN 12371 (2010), the assessment of the damage 226 

progress of the specimens submitted to freeze-thawing cycles should be made through: (1) 227 

visual inspection; (2) the variation of the dynamic modulus of elasticity; (3) the variation of the 228 

apparent volume. All control measurements were made after defrosting period (after the 229 

immersion of samples in water for 6 hours) according to the recommendations of EN 12371 230 

(2010). The determination of changes in the apparent volume during cycles of freezing-thawing 231 
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allows accounting for the losses of material due to the deterioration experienced by the samples. 232 

It is considered that the deterioration of the specimens completes when the reduction in apparent 233 

volume, calculated according to European standard EN 12371 (2010), reaches 1% of the 234 

original apparent volume.  235 

For the assessment of the variation on the dynamic modulus of elasticity during the freezing-236 

thawing cycles, it was decided to measure the progress of the ultrasonic pulse velocity. Through 237 

the determination of the dynamic modulus of elasticity during cycles of freezing-thawing it is 238 

possible to detect internal deterioration associated to the appearance of microcracks and voids.  239 

A sample is considered deteriorated when the reduction in the dynamic elastic modulus reaches 240 

30% in relation to the value measured at the initial state. As indicated by ISRM (1977) 241 

suggested methods, the dynamic modulus of elasticity (Ed) can be determined according to the 242 

eq. 1: 243 

𝐸𝑑  =  𝜌 × 𝐶𝑝
2 × 10−9 (GPa) (1)           .  

Where ρ is the stone density in kg/m3 and Cp is the ultrasonic pulse velocity (P-waves) in m/s. 244 

The ultrasonic pulse velocity is also a useful method to provide information about the 245 

homogeneity of materials and detection of possible cavities and cracks in the internal structure. 246 

According to several authors (Popovics S. and Popovics J., 1997; Qasrawi, 2000; Turgut, 2004; 247 

Vasconcelos et al., 2008), the damage progress of granites, inducing alteration of the internal 248 

structure of the material, may be reasonably evaluated by the ultrasonic pulse velocity. The 249 

ultrasonic pulse velocity is affected by the moisture content of the material. As reported by 250 

Wang et al. (1990), the compressional wave velocities exhibit distinct values according to the 251 

different pore fluid present in the rock, and saturation increases compressional velocities. 252 

Similar results were pointed out also by Kahraman (2008) and by Vasconcelos et al. (2008).  253 

This is the reason by which the ultrasonic pulse velocity should be obtained in dry specimens. 254 
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Thus, besides the calculation of the dynamic modulus of elasticity, it was decided to analyze 255 

the variation of the UPV in a qualitative approach and, to certain extent, to correlate it with the 256 

observed deterioration. The ultrasonic testing was carried out in accordance with the European 257 

standard EN 14579 (2004). For the ultrasonic pulse velocity measurements piezoelectric 258 

transducers of 54KHZ were used. To measure the ultrasonic pulse velocity, it was necessary to 259 

previously dry the samples until reach constant mass. The samples were then re-immersed in 260 

water for 48 hours before restart the freeze-thaw cycles to ensure its saturation state for the next 261 

ice cycle. 262 

Visual inspection of the specimens is a fast, economical and easy method to assess the 263 

superficial textural changes on the granites. After the freeze- thawing cycles, all the faces of the 264 

specimens were examined carefully and classified according to the scale suggested in the 265 

European standard  EN 12371 (2010): (0) intact specimen; (1) very little damage (small 266 

rounding of corners and edges) that do not compromise the integrity of the specimen; (2) one 267 

or several cracks (<0,1mm wide) or detachment of small fragments (≤10mm2 by fragment); (3) 268 

one or several cracks, holes or detachment of small fragments superior to those defined for 269 

classification “2”, or alteration of the material contained in grains; (4) specimen broken in two 270 

or with large cracks; (5) specimen broken into several pieces or disintegrated. A sample is 271 

considered deteriorated when reaches classification “3”.  272 

                        273 

Physical and mechanical characterization 274 

Complementary to the damage indexes indicated in the European standard EN 12371 (2010) to 275 

assess the deterioration process due to freeze-thaw cycles, it was decided to evaluate the 276 

variation of the physical and mechanical before and after the freeze-thaw cycles. The physical 277 

properties were obtained for each control point and the mechanical properties under uniaxial 278 

compression were obtained before and after the completion of the freeze and thaw cycles.  279 
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The physical characterization of granites included the obtaining of the key physical properties, 280 

such as porosity, the water absorption coefficient by immersion and capillary coefficient. 281 

Capillary water absorption is one of the most significant physical properties of natural stone. 282 

Capillarity occurs due to a process of suction water through the rock as water progresses often 283 

from the soil by capillary rising. The network of pores in the structure of granites influences the 284 

suction capacity and subsequent penetration of water and chemical substances. The  negative  285 

influence of water in many physical and mechanical properties of stone is well known (Almeida, 286 

2000; Costa, 2009). The freeze-thaw cycles change the microstructure of the materials, 287 

influencing its strength and frost resistance. The quantity of capillary water absorption and its 288 

retention in the pores has a significant impact on the durability of  individual  varieties  of  289 

natural  stone.  If  the absorbed capillary water is retained for a longer period of time at 290 

temperatures lower than 0ºC, ice crystallizes. With the growth of ice crystals and the increased 291 

volume of the ice, the durability can be significantly reduced. For these reasons, physical 292 

properties were calculated before and after the selected control freeze-thaw cycles. The 293 

coefficient of water absorption was determined based on the European standard EN 13755 294 

(2008) and capillary absorption of water at atmospheric pressure was determined in accordance 295 

of EN 1925 (1999) standard. The porosity of the samples was obtained in accordance with the 296 

procedures given in ISRM suggested methods (1981) and in EN 1936 (2007) standard. The 297 

samples after the defrost phase were saturated by water immersion in a vacuum of less than 298 

800Pa for a period of two hours, to eliminate the air contained in the pores, and after this its 299 

saturated-surface-dry mass, Msat, was determined. The grain mass, Ms, is defined after oven 300 

drying at a temperature of 70ºC. The apparent volume of the samples, V, is calculated as: 301 

𝑉 =
𝑀𝑠𝑎𝑡−𝑀𝑠𝑢𝑏

𝜌𝑤
           (2) 302 

where Msub is the saturated-submerged mass and ρw the water density. 303 

The volume of open pores, Vv, is equal to: 304 
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𝑉𝑣 =
𝑀𝑠𝑎𝑡−𝑀𝑠

𝜌𝑤
           (3) 305 

The open porosity (or apparent porosity), n, is the ratio between the volume of open pores and 306 

apparent volume of the specimen (expressed in percentage): 307 

𝑛 =  
𝑉𝑣

𝑉
× 100              (4) 308 

The uniaxial compression tests were carried out to evaluate the deterioration degree of the 309 

specimens promoted by the freeze-thaw cycles, based on the decrease on the compressive 310 

strength and modulus of elasticity. Cubic samples (70×70×70mm3) of each type of granite were 311 

tested before and after 334 freeze-thaw cycles. The uniaxial compression tests were carried out 312 

in a very stiff frame connected with an appropriate closed-loop control system, see Fig. 3a, at 313 

the Structural Laboratory of University of Minho. For the correct adjustment of the specimen 314 

to the upper steel plate, cubic steel pieces with the area of the sample surface were used to allow 315 

the adequate alignment of the applied force, see Fig. 3b. The axial displacements were recorded 316 

by means of three linear variable differential transformers (LVDT) located in three sides of the 317 

specimen, according to the disposition indicated in Fig. 3b. These LVDTs have a linear field of 318 

10mm with a resolution of 0.05%. The elastic modulus was calculated as the slope of the tangent 319 

line up 30% of the maximum compressive strength (Fairhurst and Hudson, 1999). 320 

Experimental results  321 

The analysis of the damage progress resulting from the freeze-thawing cycles is carried out 322 

based on the standard damage indexes suggested in the European standard and complementary 323 

based on the variation of the ultrasonic pulse velocity, physical and mechanical properties. The 324 

damage control due the freeze and thaw was performed at 0, 34, 74, 104, 136, 178, 224, 258 325 

and 334 freeze-thaw cycles.  326 

Assessment of the standard damage indexes  327 
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The standard damage indexes are composed by the variation of mass, variation of the dynamic 328 

modulus of elasticity, complemented with a damage scale defined through visual inspection. 329 

Fig. 4a presents the mass loss during freezing-thawing cycles and Fig. 4b shows the decrease 330 

of the apparent volume along the control cycles. It is observed that from 0 to 74 cycles the mass 331 

loss in granite PTM ranges between 0.4g and 1.3g, representing a reduction of approximately 332 

0.18% in the apparent volume. For the granite MDB the mass loss was about 1.8g, 333 

corresponding to a reduction of approximately 0.20% in the apparent volume. The granite FT 334 

lost in average 0.9g of material (reduction of 0.6% in apparent volume). In comparison to 335 

granites MDB and PTM, the granite FT is a more weathered due to the prolonged exposure to 336 

environmental conditions, contrarily to granites MDB and PTM whose origin was a quarry. 337 

This results in a higher degree of damage in the first cycles of freeze and thaw.  After cycle 338 

number 74 up to cycle 224, the loss in all specimens is higher, reaching values ranging from 2g 339 

up to 3g (reduction in apparent volume between 0.6% up to 0.95%). 340 

In the last freeze-thaw cycle, the granite MDB showed a decrease in apparent volume of 3.0% 341 

(reduction of 3.1g in mass), the granite PTM presented a variation of 2.50% (reduction of 2.6g 342 

in mass), and granite FT presented a reduction of the apparent volume of 2.4% (reduction of 343 

3.1g in mass). In all cases, the reduction of the apparent volume is higher than 1%, as required 344 

by the European standard EN 12371 (2010) for the specimens to be considered damaged. 345 

The variation of the ultrasonic pulse velocity and the variation of the dynamic modulus of 346 

elasticity calculated according to ISRM (1977) are shown in Fig. 5a and Fig. 5b, respectively. 347 

The reduction of the dynamic modulus of elasticity appears to be coherent with the increase on 348 

the mass variation. The specimens show a significant drop in dynamic elastic modulus after the 349 

freeze-thaw cycle number 74, decreasing in the range of 10% to 15% when 136 freeze-thawing 350 

cycles are completed. The reduction on the dynamic modulus of elasticity (DME) reached 351 

values close of 30% in the last freeze-thaw cycle. It is noteworthy that in average the specimens 352 
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showing higher reduction of the apparent volume (MDB and PTM), achieved a decrease in the 353 

value of the dynamic modulus of elasticity between 25% up to 28% in the last cycle number 354 

334. However, according to the criterion described in EN 12371 (2010) relatively to the 355 

variation of the dynamic modulus of elasticity, only the granite FT can be considered degraded, 356 

since it reached a reduction over 30% on the dynamic modulus of elasticity.  357 

The ultrasonic pulse velocity measured during the freeze-thaw cycles decreases progressively 358 

as the number of cycles increases. In the last cycle, the ultrasonic pulse velocity is, in average, 359 

14%, 10% and 21% lower than the initial values for the granite PTM, MDB and FT, 360 

respectively. These results are in line with the results found by other reserachers pointing out a 361 

decrease of the ultrasonic pulse velocity in more weathered rocks as the result of freeze-thaw 362 

cycles comparatively with healthy rocks (Iliev, 1966; Matsuoka, 1990; Matsuoka, 1991). The 363 

decrease on the ultrasonic pulse velocity, which reflects also the decrease in the dynamic 364 

modulus of elasticity, is associated to the alteration in the microstructure of the granites, due to 365 

weathering resulting from the freeze-thaw cycles. The loss of surface grains, formation of 366 

cracks and fissures (void formation) leads to the increase in the time of propagation of the 367 

ultrasonic waves, with a consequent reduction in its propagation velocity. From the evolution 368 

of ultrasonic pulse velocity shown in Fig. 5a, it is also possible to compare the behaviour among 369 

the distinct granites due to the degradation induced by the freeze-thaw cycles: (1) the more 370 

weathered granite in the initial state (granite FT) appears to experience a higher degree of 371 

internal changes; (2) the different values of the ultrasonic pulse velocity on the granite MDB 372 

results from the orientation according to which it is measured, namely in the direction parallel 373 

and direction perpendicular to the foliation plane. However, it should be noticed that the 374 

decreasing observed in the two directions measured presents the same trend.    375 

Table 3 sets out the results obtained from the visual inspection for each freeze-thaw control 376 

cycle. This inspection revealed some degree of wearing at the surface, particularly in granites 377 
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MDB and FT, see Fig. 6. In the last cycle, the specimens presented significant changes with 378 

detachment of small fragments at the corners, and according to the European standard EN 379 

12371 (2010), they can be considered degraded as it was considered that the damage observed 380 

can be included in the degradation index of 3.  381 

Assessment of the variation of the physical properties 382 

In this section, an analysis of the variation of the physical properties with increasing number of 383 

freeze-thaw cycles is provided, namely: (1) variation of the porosity; (2) variation of the water 384 

absorption by immersion; (3) variation of the water absorption by capillary. The variation of 385 

the physical properties can give an indication about the changes on the internal structure 386 

induced by the damage associated to the freeze-thaw cycles. The variation on the porosity takes 387 

a central role, because its increase is directly related to the development of voids and internal 388 

microcracks due to the freeze-thaw induced damage. The increase on the porosity should result 389 

also in changes in the behavior of granites against water, which is related to several pathologies 390 

seen in the granites, namely formation of fungi and higher vulnerability to the salt attack. 391 

The initial average values found for the porosity for granites MDB, PTM and FT cycle were 392 

respectively 4.10%, 3.95%, and 4.55% (see Table 1). The initial higher porosity of the granite 393 

FT is attributed to its higher degree of aging due to the environmental conditions, given that the 394 

granite specimens were taken from stones used in construction for long time. From the variation 395 

of the values of porosity shown in Fig. 7, it is seen that an important increase on the porosity 396 

was found after the completion of 34 freeze-thaw cycles and progressively increased for the 397 

subsequent freeze-thaw cycles. However, the increase on the porosity in less pronounced after 398 

the freeze-thaw cycle number 178 until the completion of the tests (334 cycle). It is seen that 399 

the scatter found for the granite FT is much higher, when compared to the granites PTM and 400 

MDB. This should be associated to the weathering process developed in the stone during the 401 

years as the specimens were cut from different stones.  At the end of the freeze-thaw cycles, the 402 
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porosity of the granites MDB, PTM and FT is 5.30%, 4.89% and 6.10% respectively, 403 

corresponding to an increase on the porosity of about 24% for the PTM specimens, 31.5% for 404 

the MDB granite and 34% for the FT granite. This result indicates that the damage due to the 405 

freeze and thaw cycles was higher in granite FT. The mass loss analyzed previously is related 406 

to the disaggregation of the material. This means that the imposition of freeze-thaw cycles to 407 

the granites reduced the dry mass and consequently increased the porosity. The direct relation 408 

between the loss on dry mass and the increase on the porosity is shown in Fig. 8, through the 409 

linear correlation found between both variables, which, despite the scatter, presented a 410 

reasonable coefficient of correlation. 411 

The increase on the porosity is directly associated with the higher values of water absorption 412 

by immersion and capillary. As shown in Fig. 9a the water absorption by immersion increased 413 

after the freeze-thaw cycles ranging in average from 1.47% up to 1.97% for granite PTM, from 414 

0.79% up to 2.30% for the granite MDB and from 1.84% up to 2.52% for the granite FT. The 415 

variation of the water absorption by immersion presents a nonlinear evolution, being the rate of 416 

increase higher in the earlier freeze-thaw cycles and much lower in case of the last cycles, 417 

similarly to the trend observed for the variation of porosity. With respect to the water absorption 418 

by capillarity, the values were increased during the freeze-thaw cycles in accordance with the 419 

diagram of Fig. 9b. Contrarily to the increasing nonlinear trend observed with regard to the 420 

water absorption by immersion, the water absorption by capillary exhibits a linear increasing 421 

trend.   422 

It is also observed that the increase on the capillary coefficient during the freeze-thaw cycles is 423 

more pronounced in case of the granite FT. The maximum absorption capillary coefficient 424 

obtained after the last cycle is 0.362 g/cm2h1/2 in granite FT, followed by granite MDB with 425 

0.231 g/cm2h1/2 and finally by the granite PTM with a capillary coefficient of 0.174 g/cm2h1/2. 426 

Before the freeze-thaw cycles, these granites exhibited an initial value for the absorption 427 
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coefficient of 0.264 g/cm2h1/2 (FT), 0.164 g/cm2h1/2 (MDB) and 0.127 g/cm2h1/2 (PTM), 428 

meaning that variations of about 27.1%, 29% and 27% were found for granites FT, MDB and 429 

PTM respectively. The difference found in the water absorption by capillary can be also seen 430 

in Fig. 10, where the curves of water absorption by capillarity versus the square root of time 431 

before and after the completion of freeze-thaw cycles are presented. Besides the increase on the 432 

slope of the linear range, reflecting the increase on the water absorption capillary coefficient, it 433 

is possible to notice the decrease on the scatter in the linear range. It is interesting to notice also 434 

that after the completion of the freeze-thaw cycles, there is a more clear separation between the 435 

capillary curves between granite PTM and granite MDB, which may indicate that the 436 

weathering induced process becomes the internal porosity more homogeneous. Similarly to 437 

what was found for porosity, the increase of the water absorption by immersion and by 438 

capillary, which results from the material degradation, results from the mass loss during the 439 

action of freeze and thawing. A linear correlation was found between the dry mass loss and the 440 

increase on the water absorption and capillary absorption, as shown in Fig. 11a and Fig. 11b, 441 

respectively. It is observed some scatter characterizes these statistical correlations but the 442 

coefficient of correlation is considered to be reasonable.  443 

Assessment of the variation of the mechanical properties 444 

The diagrams regarding the relation between uniaxial compressive strength and strain obtained 445 

in the uniaxial compressive tests on cubic specimens before and after the freeze–thaw cycles 446 

are shown in Fig. 12. Besides, the average values found for the compressive strength and for 447 

the elastic modulus are summarized in Table 4. From this data it is observed that the initial 448 

uniaxial compressive strength was 79.03 MPa for the granite MDB-P in the perpendicular 449 

direction to foliation, 77.27 MPa for the granite MDB in the parallel direction to foliation, 87.90 450 

MPa for the granite PTM and 45.67 MPa to the granite FT. These results show that the 451 

compressive strength of granite FT is clearly lower than the values found for the other granites, 452 
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due its higher degree of initial weathering and higher initial porosity. The compressive strength 453 

obtained after 334 freeze-thaw cycles was about 46.11MPa for granite MDB in the 454 

perpendicular direction to foliation, 54.26MPa for the granite MDB in the parallel direction to 455 

foliation, 69.83MPa for granite PTM and 39.40MPa for granite FT, corresponding to a lowering 456 

of about 37%, 21% and 14% respectively for granite MDB, granite PTM and granite FT. 457 

Relatively to the elastic modulus, the reduction is less pronounced for granites MDB and PTM 458 

(23.5% and 11% respectively) but higher variation was found for granite FT with an average 459 

decreasing of about 34%. It should be noticed that the induced damage due to the freeze-thaw 460 

cycles led to the considerable increase on the scatter of the force-displacement diagrams, 461 

resulting naturally in the higher scatter of the mechanical properties.  462 

The crack patterns of the granites results from splitting in slice shapes. From the comparison of 463 

the failure modes observed in the cubic specimens before and after the freeze-thaw cycles it is 464 

seen that any clear change was observed , see Fig. 13 and Fig. 14. Similar results were pointed 465 

out by Tan et al. (2011), which investigated the influence of the freeze-thaw cycles on the 466 

mechanical properties of granites. 467 

 468 
Concluding remarks 469 
 470 

Natural stones are generally used as building materials for construction and ornamentation. 471 

Aiming at assessing the degradation process of granitic stones due to the freeze-thaw action, a 472 

laboratory experimental campaign was designed based on physical and mechanical tests and on 473 

freeze-thaw cycles. The damage indexes suggested by European standard were analysed, 474 

namely the variation on the apparent volume, the variation on the dynamic modulus and the 475 

damage characterization based on visual inspection. Additionally, the variation of physical and 476 

mechanical properties (compressive strength and modulus of elasticity) before and after freeze-477 

thaw cycles was analysed. 478 
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Based on the results of the experimental campaign on the freeze-thaw cycles on the three 479 

distinct types of granites, it was observed that all the criteria suggested by the EN 12371 (2010) 480 

to characterize the degradation are sensitive and can be used as damage indexes. In fact, both 481 

dynamic modulus of elasticity and variation on the apparent volume varies considerably during 482 

the sequence of freeze-thaw cycles. However, it should be noticed that the granites under study 483 

are considered deteriorated for greater number of freeze-thaw cycles, particularly in case of 484 

granite PTM and granite MDB. Even if great part of the specimens of granite FT can be 485 

considered deteriorated after 136 freeze-thaw cycles in terms of variation of the apparent 486 

volume, in case of the dynamic modulus and visual inspection only after the 258 cycles these 487 

criterion was accomplished. For the granites MDB and PTM, the specimens reached the 488 

deterioration after 258 freeze-thaw cycles: (a) variation on the apparent volume higher than 1%; 489 

(b) damage index defined by visual inspection equal to 3 in the scale from 0 to 5; (3) decrease 490 

on the dynamic modulus of elasticity close to 30%. It should be stressed that the granites under 491 

study present a higher initial porosity, meaning that in fresh granites with much lower porosity, 492 

it is feasible that deterioration cannot be achieved for the maximum number freeze-thaw cycles 493 

of specimens suggested by the European standard. 494 

The freeze-thaw cycles showed to have a considerable influence in the physical and mechanical 495 

properties of granites: (1) the ultrasonic pulse velocity progressively decreased in all samples 496 

after the freeze-thaw cycles following a linear decreasing trend. The decreasing was more 497 

pronounced in the granite with higher initial porosity; (2) the dynamic elastic modulus 498 

calculated based on ultrasonic pulse velocity also decreased with increased number of freeze-499 

thaw cycles; (3) the dry mass varied as a result of the detachment of material and alteration of 500 

the internal structure of granite. The reduction on the dry mass resulted in the variation of the 501 

apparent volume; (4) the granites present a considerable increase on the porosity after the 502 

freeze-thaw cycles ranging from 24% (granite PTM) to 34% (granite FT); (5) the increase on 503 



 22 

the porosity also leads to the increase on the absorption by immersion and on the capillary 504 

absorption coefficient; (6) the uniaxial compressive strength and, particularly, the elastic 505 

modulus decrease after the last freeze-thaw cycle considered (334). 506 

Additionally, it was observed that, generally, specimens with greater visible surface damage 507 

were those with greater mass reduction and greater variation on porosity. The ultrasonic pulse 508 

velocity demonstrated also to be a good indicator about the deterioration of the granitic 509 

specimens induced by the freeze-thaw cycles. A linear decreasing trend was observed for the 510 

three distinct types of granites, being the slope greater in the granite with higher porosity. 511 

It should be stressed that the results of this investigation are limited to the granites under study, 512 

which can be found in several vernacular and historical ancient buildings in the northeastern 513 

region of Portugal. It is considered that further results are needed to understand better the 514 

influence of the freeze-thaw cycles in other types of granites, namely in the granites with lower 515 

porosity and, thus, lower levels of initial weathering. It is also considered important to extend 516 

the present study to other types of building stones as it is believed that the degradation evolution 517 

due to the freeze-thaw cycles is dependent on the internal structure of the materials. 518 

Additionally, the impact of the freeze-thaw cycles on the physical properties should be also 519 

different in distinct types of building stones. 520 
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Figures Captions 659 
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Fig. 1. Equipment for testing the freeze-thaw: (a) setup tests; (b) ventilator on the chamber lid; (c) 661 

automatic program and (d) detail of the interior of the chamber 662 

Fig. 2. Monitoring of temperature at the center of the control specimen during the freeze thaw cycles 663 

Fig. 3. Uniaxial compression test: (a) testing equipment (b) test setup 664 

Fig. 4. Mass evolution during freeze-thawing cycles: (a) dry weight and (b) decrease of the apparent 665 

volume 666 

Fig. 5. Ultrasonic pulse test: (a) evolution of UPV; (b) variation of dynamic modulus of elasticity 667 

Fig. 6. Damage characterization in the process of freeze-thaw cycle 334 through visual inspection: (a) 668 

wear along the edge of the sample MDB; (b) detachment of a corner portion of the sample PTM and (c) 669 

wear along the edge of the FT sample  670 

Fig. 7.  Porosity vs. number of freeze–thaw cycles 671 

Fig.  8. Relation between weight loss and porosity 672 

Fig. 9. Behavior of granites to water during the freeze-thawing cycles; (a) water absorption by 673 

immersion and (b) water absorption by capillarity 674 

Fig. 10. Behaviour of granites to water absorption by capillary: (a) before the freeze-thaw cycles and 675 

(b) after freeze-thaw cycles (last cycle number 334) 676 

Fig. 11 Assessment of the influence of the weight loss in the physical properties; (a) water absorption 677 

by immersion; (b) water absorption by capillary  678 

Fig. 12. Stress-strain relationship for uniaxial compression tests: (a) before freeze–thaw cycles (b) after 679 

last freeze–thaw cycle 680 

Fig. 13. Typical failure modes for uniaxial compressive test before freeze–thaw cycles: (a) MDB 681 

samples, (b) PTM samples and (c) FT samples 682 

Fig. 14. Typical failure modes for uniaxial compressive test after freeze–thaw 334 cycle: (a) 683 

MDB samples, (b) PTM samples and (c) FT samples  684 

 685 

Tables List 686 



 27 

Table 1. Description of granites under study 687 

Table 2. Temperature values in the control sample required by the EN 12371 (2010) standard 688 

for the testing of freeze-thaw 689 

Table 3. Results of the visual inspection in specimens after each freeze-thawing cycles 690 

Table 4. Average compressive strength and elastic modulus before and after o freeze–thaw 691 

cycles. Coefficient of variation in brackets 692 

 693 

  694 



 28 

Table 1. Description of granites under study 695 

Granite 

Designation 

Description Mean length 

(mm) 

Grain size 

range (mm) 

Porosity 

(%) 

MDB 

 

Medium-grained two- mica granite 0.7-0.9 0.3-14.5 4.10 

PTM Fine to medium-grained two-mica 

granite 

0.7-0.8 0.3-12.0 3.95 

FT Medium-grained two- mica granite 0.7-0.9 0.3-13.5 4.55 

 696 

  697 
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Table 2. Temperature values in the control sample required by the EN 12371 (2010) standard     698 

for the testing of freeze-thaw 699 

Procedure Temperature in center of the specimen  Time 

Cycle start ≥ + 5 ºC ≤ + 20 ºC T0 

Phase 1 ≤ 0 ºC ≥ - 8 ºC T0 + 2h 

Phase 2 ≤ - 8 ºC ≥ - 12 ºC T0 + 6h 

Phase 3 Full immersion T0 + 6,5h 

Phase 4 ≥ + 5 ºC ≤ + 20 ºC T0 + 9h 

Phase 5 ≥ + 5 ºC ≤ + 20 ºC T0 + 12h 

 700 

  701 
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Table 3. Results of the visual inspection in specimens after each freeze-thawing cycles 702 

Granite Cycles 

0 34 74 104 136 178 224 258 334 

PTM 0 0 1 1 1 1 2 3 3 

MDB 0 0 1 1 2 2 2 3 3 

FT 0 0 1 1 1 2 2 3 3 

(0) intact specimen; (1) very little damage (small rounding of corners and edges); (2) one or several cracks (<0,1mm wide) or detachment of small fragments 703 
(≤10mm2 by fragment); (3) one or several cracks, holes or detachment of small fragments superior to those defined for classification “2”, or alteration of the 704 
material contained in veins; (4) specimen broken in two or with large cracks; (5) specimen broken into several pieces or disintegrated 705 
  706 
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Table 4. Average compressive strength and elastic modulus before and after o freeze–thaw cycles. 707 
Coefficient of variation in brackets 708 

Granite Compressive strength (N/mm2) Elastic modulus (N/mm2) 

 
Before freeze-

thaw 

After freeze-

thaw 

Before freeze-

thaw 

After freeze-

thaw 

MDB-P 79.03(6%) 46.11(21%) 10538(11%) 7277(20%) 

MDB-L 77.27(7%) 54.26(15%) 10545(6%) 9489(10%) 

PTM 87.90(5%) 69.83(20%) 12386(15%) 11791(20%) 

FT 45.67(12%) 39.40(18%) 4184(10%) 2763(20%) 

 709 

  710 
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(a) (b) (c) (d) 

Figure 15.   Equipment for testing the freeze-thaw: (a) setup tests; (b) ventilator on the chamber lid; (c) 711 
automatic program and (d) detail inside the chamber 712 

 713 

Figure 16.   Monitoring of temperature at the center of the control specimen during the freeze-thaw 714 
cycles 715 

  
(a) (b) 

Figure 17.   Uniaxial compression test: (a) testing equipment (b) test setup 716 

 717 

 718 

 719 
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(a) (b) 

Figure 18.   Mass evolution during freeze-thawing cycles: (a) dry weight and (b) variation of the 720 
apparent volume 721 

  
(a) (b) 

Figure 19.  Ultrasonic pulse test: (a) evolution of UPV; (b) variation of dynamic modulus of elasticity 722 

 723 

   

(a) (b) (c) 

Figure 20. Damage characterization in the process of freeze-thaw test through visual inspection: (a) 724 
wear along the edge of the sample MDB; (b) detachment of a corner portion of the sample PTM and (c) 725 
wear along the edge of the FT sample  726 
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 727 

Figure 21.   Porosity vs. number of freeze–thaw cycles 728 

 

Figure 22. Relation between weight loss and porosity 729 
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(a) (b) 

Figure 23.  Behavior of granites to water during the freeze-thawing cycles; (a) water absorption by 730 
immersion and (b) water absorption by capillarity 731 

  
(a) (b) 

Figure 24.   Behaviour of granites to water absorption by capillary: (a) before the freeze-thaw cycles 732 
and (b) after freeze-thaw cycles (last cycle number 334) 733 

 
(a) 

 
(b) 
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Figure 25 Assessment of the influence of the weight loss in the physical properties; (a) water 734 
absorption by immersion; (b) water absorption by capillary  735 

  
(a) (b) 

Figure 26.   Stress-strain relationship for uniaxial compression tests: (a) before freeze–thaw cycles (b) 736 
after last freeze–thaw cycle 737 

   
(a) (b) (c) 

Figure 27.   Typical failure modes for uniaxial compressive test before freeze–thaw cycles: (a) MDB 738 
samples, (b) PTM samples and (c) FT samples 739 

   
(a) (b) (c) 

Figure 28.   Typical failure modes for uniaxial compressive test after freeze–thaw cycles: (a) MDB 740 
samples, (b) PTM samples and (c) FT samples  741 

 742 
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