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Abstract

:

A study of the weathering process of three types of stones, sandstone, marble, and granite, which are commonly found in artifacts worldwide, is presented. Freeze–thaw cycles are used to accelerate changes in the stone’s physical properties, such as the surface morphology, mass, and porosity. Pulsed infrared thermography, as an in situ non-destructive testing method, is adopted to measure the stone’s thermal properties, such as the diffusivity, effusivity, and conductivity. These thermal parameters influence the natural weathering process, and in turn can change with the decay of the stone materials. Preliminary experimental results show that all three types of stone experience a process of mass loss and porosity increase after the freeze–thaw cycles, and their thermal properties change differently depending on their types. Since the thermal effusivity can be obtained non-destructively by reflectance thermography, we propose for the first time the use of thermal effusivity to characterize the influence of the weathering process and as an indicator of the aging degree of stone artifacts.
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1. Introduction


Stone artifacts are not as strong as they may seem. Wetting–drying, microorganisms, heating, freezing–thawing, salt crystallization, and many other weathering factors cause exfoliation, bio-weathering deterioration, cracking, erosion, and mass loss in them. [1,2,3] The influence of weathering on stone buildings had been noticed no later than the 5th century BC, when Herodotus indicated that the pyramids were corroded by salt on the surface [4]. More recently, many studies of stone heritage preservation report the influence of weathering on stone materials all over the world. For example, the sandstone blocks of the Chengde Mountain Resort in Hebei (China) have suffered from scaling and disintegration due to weathering; [5] the sandstone constructions of the Church of San Mateo in Tarifa, Cádiz (Spain) have undergone hydric expansion and deterioration; [6] limestone houses and walls in Jerusalem (Israel) have suffered from dissolution due to the growing of endogenous lichen; [7] and the building stones of Anahita Temple (Iran) have experienced severe weather damage due to long-term freezing–thawing and salt crystallization processes [8].



Aging mechanisms of different types of stones have been discussed through a variety of artificial weathering experiments, in which researchers simulate and accelerate natural weathering processes by controlling specific factors such as the temperature of heating, [9] the number of freeze–thaw cycles, [10] and the type and concentration of salt and chemical contaminants [11]. Close attention has been paid to the alteration of petrophysical and mechanical properties between untreated and weathered stones, such as their static elastic modulus, compressive strength, and tensile strength [12]. However, a large number of stone artifacts are exposed to dramatic temperature changes, and in the ageing process, thermal properties play a complicated role, because they influence the natural weathering but also change as the stone material decays. This two-way process, however, has not been properly addressed in previous studies.



Typically, outdoor stone artifacts age slowly and unnoticeably. When damage becomes apparent, the strength of the artifacts has already declined significantly and irreversibly. Therefore, health condition monitoring methods are urgently needed. In previous studies, many methods have been applied to characterize the stones’ properties, but those based on taking samples for characterization are considered destructive and are thus not allowed to be applied to artifacts of cultural heritage. In recent years, infrared thermography (IRT), as a non-destructive testing method, has been applied in the field of archaeology and cultural heritage conservation on different kinds of art work, such as metal artifacts, [13,14] architectural grottoes, [15] panel paintings, [16] marqueteries, [17] mosaics, [18] and frescos [19]. As for stone artifacts, IRT has been successfully used for evaluation of conservation status and treatments of ancient buildings and cultural heritage monuments [20,21,22,23]. Passive IRT has been applied to monitor water ingress, assess stone cleaning and consolidate treatments through surface temperature mapping. Active IRT has been used to detect subsurface structures and defects, for example, disclosing the original mosaic-tesserae beneath plastered mosaic surfaces. Quantitative IRT measurements of the thermal diffusivity of stone materials have been reported in order to obtain a more accurate mathematical modelling. It has also been mentioned that thermal properties could be good indicators material decay. However, to the best of our knowledge, there is no existing study investigating the correlation between the stone materials’ degradation and their thermal properties yet.



This paper aims to analyze how thermal properties change with aging, and the mechanism behind this change. This study applies freeze–thaw cycles to three types of stones (sandstone, marble, and granite) to simulate and accelerate their aging process. The mass loss, porosity change, and pore size distribution of the samples with different freeze–thaw cycles are evaluated. Pulsed IRT configuration is applied to analysis of the variations in thermal properties (thermal diffusivity, thermal effusivity, and thermal conductivity in particular) [24,25]. The correlation between the freeze–thaw aging process and the thermal properties is analyzed. To obtain the thermal diffusivity and conductivity, a transmission experimental geometry is required, which is difficult to accomplish for in situ measurement. Based on that, we propose, for the first time, to use thermal effusivity obtained from reflectance thermography to characterize the influence of the weathering process and as an indicator of the aging degree of stone artifacts.




2. Materials and Methods


In this section, the research objects (three types of stones) are described, with their distribution and mineral components. Then, the research methods applied in this study are introduced, including freeze–thaw weathering cycles, mercury intrusion porosimetry, and active infrared thermography. Figure 1 explains the research process of the study.



2.1. Material Description


Stone artifacts are widely distributed in China. Many of them are made of sandstone, marble, and granite, representing sedimentary rock, metamorphic rock, and igneous rock, respectively. Figure 2 shows the wide range of geographical distribution and therefore great variety in the environmental conditions of artifacts made of the three stone types in China. The samples used in the current paper were freshly mined in Shandong Province and were without weathering damage; the mineral components were obtained with an Olympus TERRA II Portable XRD Analyzer and are summarized in Table 1.



These three stone materials are defined and described as follows:




	
Sandstone is mainly composed of albite quartz and feldspars, with a small amount of magmatic rocks and metamorphic rocks. It is a common building material worldwide, and has been used to construct important cultural heritage sites such as the Notre Dame Cathedral in Paris (France), and the Colosseum in Rome (Italy). In China, more than 80% of grottoes are dug in sandstone, for example, the Longmen Grottoes in Luoyang; the Mogao Grottoes in Dunhuang; and the Yungang Grottoes in Datong (Figure 3a). In addition to grottoes, ancient stone inscriptions are also found in sandstone.



	
Marble is mainly made up of calcite. Thanks to its hard and dense texture, marble is also commonly used in ancient buildings, such as the marble railings in the Forbidden City in Beijing, and the Lingquan Temple Grottoes in Anyang (Figure 3b).



	
The granite used in the experiment consists of albite crystals and quartz, which is the most representative stone of magmatic rocks. It is also one of the most popular materials for stone buildings, such as the walls of the Goguryeo tombs excavated in Tonghua, and the Northern Song dynasty bridge/Luoyang Bridge in Quanzhou (Figure 3c).









2.2. Artificial Weathering of Stone by Freeze–Thaw Cycles


The process of freeze–thaw cycles is widely accepted as a promising method for artificial weathering. In this experiment, all stone samples have been shaped as square pieces (length 50 mm; width 50 mm; height 5 mm, as shown in Figure 4). The freeze–thaw weathering process is conducted according to the following procedures:




	
Water saturation: put the dry samples in water at room temperature for 24 h;



	
Freezing: freeze the wet samples at −35 °C for 24 h;



	
Thawing: soak the frozen samples in water at room temperature for 24 h;



	
Drying: place the wet samples in a heating device at 100 °C for one hour, and then keep them at room temperature for 24 h.








During each pass of the four steps, all the samples are weighted after step one for their water-saturated mass, and after step four for the dry mass. After three passes, the readings of the two masses are averaged, and all the samples are tested by active infrared thermography for their thermal properties, which marks the end of a cycle. This procedure is illustrated in Figure 5. When the cycle has been repeated four times, mercury intrusion porosimetry is used to measure the porosity of the samples. The drying process is carried out to accelerate the evaporation of the wet stone samples. It is not guaranteed to remove all the water in the stones.




2.3. Mercury Intrusion Porosimetry


Mercury intrusion porosimetry (MIP) is widely used for characterizing interparticle and intraparticle porosities, pore size distribution, and pore tortuosity in porous materials. In this experiment, MIP (performed by the PoreMaster from Quantachrome Instruments) is carried out to evaluate the modification of the stone samples after different freeze–thaw cycles. At 25 °C and 101 kPa, mercury is in liquid state. When a certain inlet pressure is applied, the liquid mercury is forced into pores after its surface tension is overcome. At each pressure step, the intrusion volume is measured, which equals the accessible pore volume. In the meantime, the inlet pressure can be translated into an equivalent pore radius, following the Washburn equation, to obtain the pore size distribution [26]. Interparticle porosity refers to the proportion of voids between particles to the total particle volume, while the intraparticle porosity refers to the proportion of voids inside the particles to the total particle volume. They are calculated by the following equations:


   Interparticle   porosity    =  V v  /  V b   










   Intraparticle   porosity    = (  V t  −  V v  ) /  V b   








where    V b    is the bulk volume of the sample,    V v    is the volume of mercury intrusion up to the interparticle filling limit, and    V t    is the total volume of mercury intrusion up to the maximum pressure.




2.4. Active Infrared Thermography


Traditional thermal property measurement methods, such as differential scanning calorimetry (DSC) and hot wire methods, cannot be performed on site and require carefully prepared samples or calibrated instruments. On the contrary, IRT relies on the sample surface temperature variation in time and space to determine the structural discontinuity or thermal properties, and is considered a non-destructive testing method suitable for in situ applications.



In this study, active IRT is performed to measure the thermal properties of the stone samples after each freeze–thaw cycle. The thermal diffusivity (    mm  2  / s  ) describes the rate at which the temperature spreads through a material. The flash method is adopted for thermal diffusivity measurements with a transmission geometry [27]. The analytical solution of the temperature evolution can be derived from a heat conduction equation, using the method of Laplace transform with the corresponding initial and boundary conditions. For a single-layer sample of finite thickness  l , the temperature change after an instantaneous (Dirac delta) thermal excitation at the back surface is


  T  (  l , t  )  =  Q  ρ C l    [  1 + 2  ∑  n = 1  ∞     (  − 1  )   n  exp (   −  n 2   π 2  α t    l 2    )  ]   



(1)




where  Q  is the absorbed energy density on the surface, and   α ,    ρ  and  C  are the thermal diffusivity, density, and the specific heat of the sample, respectively. When the energy of the heat pulse is fully absorbed by the sample, ignoring the heat exchange with ambient air, the equilibrium temperature is    T ∞  = Q / ρ C l  . The normalized thermal response   T  (  l , t  )  /  T ∞    is shown in Figure 6, in which   ω =  π 2  α /  l 2   . Thermal diffusivity of the sample can be obtained by locating    t  1 / 2     when the surface temperature reaches the half of the maximum value, using   α = 0.139  l 2  /  t  1 / 2    . However, here,  α  is obtained from the measured surface temperature using a least-squares fit of Equation (1) for better accuracy.



The thermal effusivity (    Ws   1 / 2   /  m 2  K  ) describes a material’s ability to exchange heat with its surroundings, and thermal conductivity (  W / mK  ) is a measure of the ability to transfer heat through a material by conduction. They can be obtained simultaneously by active IRT in a reflection geometry. For a two-layer material with a semi-infinite substrate, the evolution of its front surface temperature after an instantaneous thermal excitation is


  T  (  0 , t  )  =  Q   e 1    π t      [  1 + 2  ∑  n = 1  ∞     (     e 1  /  e 2  − 1    e 1  /  e 2  + 1    )   n  exp (   −  n 2   l 1    2     α 1  t   )  ]   



(2)




where e is the thermal effusivity, and the subscripts 1 and 2 denote the first and second layer materials, respectively. From Equation (2), we can find that the logarithmic temperature slope,   d ln T / d ln t  , plotted as a function of time  t  exhibits a negative peak below the baseline of −0.5. As shown in Figure 7a, the thermal effusivity ratio    e 1  /  e 2    can be uniquely determined from the peak amplitude, and this is independent of all other material parameters. The logarithmic surface temperature of a two-layer material, with the second layer having different thermal effusivity, is shown in Figure 7b. Because typical thermography data have a low signal-to-noise ratio, direct implementation of Equation (2) would result in a low measurement accuracy. The pulse thermal imaging–multilayer analysis (PTI-MLA) method seeks a numerical solution of the governing heat transfer equation based on a Crank-Nicolson discretization algorithm. Based on fitting the numerical solution with the experimental surface temperature by least-squares fitting,    e 1  /  e 2    can be determined, from which we can obtain the substrate’s thermal effusivity,    e 2  ,   when    e 1    is known, or vice versa. From the measured thermal effusivity and diffusivity, the thermal conductivity   k = e  α  1 / 2     can be calculated [28,29,30].



Due to the inhomogeneity and semi-transparency of granite and marble, a thin layer of graphite spray with an emissivity of 0.99 is applied on the sample surface to maximize the experimental accuracy. The sandstone is denser and more homogeneous. Therefore, no surface processing is required. Flash lamps are used for uniform heat exposure. An IR camera (FLIR SC7000) sensitive to long wavelengths (7.7–9.3 μm) is used for capturing the thermal response on the surface of the sample. The infrared camera is operated at 50 Hz with a window size of 160 × 128 pixels. For thermal diffusivity measurements, a transmission thermograph is employed, with a flash lamp and IR camera placed on opposite sides of the sample. The experimental setup is shown in Figure 8a. For thermal effusivity measurement, a reflectance thermography is adopted, with two flash lamps placed in front of the sample at 45° for thermal excitation, and the infrared camera is placed in the center at the same side of the sample, as shown in Figure 8b. A layer of electric tape with known thickness and thermal effusivity is pasted on the surface of the sample to form a two-layer structure. The thermal conductivity of the sample can be calculated from the obtained effusivity and diffusivity [31].





3. Results


This section focuses on the experimental results of this study, corresponding to the research methods, including the stones’ physical change (surface condition and mass change), porosity change, and thermal property change.



3.1. Surface Condition


Figure 9 shows microscopic images of the sample surface before and after four freeze–thaw cycles (recorded by Leica S91 stereomicroscope). Most of the target areas have visually changed after the weathering process. An increase in surface roughness is observed, and the samples become powdery in texture and grayish in color.




3.2. Mass Change


The change between water-saturated mass and dry mass is an important indicator of the stones’ porosity and sorptivity. It is measured after each freeze–thaw pass and averaged after each cycle, as described in Section 2.2. Figure 10 shows that sandstone samples have the most dramatic weight change between water-saturated mass and dry mass. The difference fluctuates up and down between 5.0 and 7.3 g (about 1.98–2.89% of the total mass), indicating that the sandstone has a higher initial porosity and a stronger water absorption capacity than the other two types. For marble and granite samples, the mass differences between water-saturated mass and dry mass are smaller and fairly stable. The former is between 0.3 and 2.0 g (0.11–0.75% of the total mass), and the latter is between 1.0 to 2.3 g (0.36–0.82% of the total mass). This is because the textures of marble and granite are much denser than that of the sandstone, so water cannot easily get in or out of the material.




3.3. Mercury Porosimetry


To investigate the effects of freeze–thaw cycles on porosity, mercury porosimetry measurements were conducted on the three stone types. The results are shown in Figure 11 for untreated samples (dashed lines) and after four freeze–thaw cycles (solid lines). Figure 11a,c,e show the cumulative intruding mercury volume with pressure for sandstone, marble, and granite, respectively. The corresponding pore size distribution is derived from the pressure applied for the mercury intrusion and presented in Figure 11b,d,f, where the peak value corresponds to the dominant pore radius.



The intraparticle, interparticle and the total porosity provided by the mercury intrusion pore size analyzer are summarized in Table 2, showing that the growth in porosity is caused by the increase in intraparticle porosity. The last column in Table 2 presents the data of pore tortuosity, which shows a slightly decreasing trend after the freeze–thaw cycles for all the stone types.



In sandstone, the intruding mercury volume increases proportionally in the fourth freeze–thaw cycle, compared with the untreated samples (Figure 11a). The pore size distribution (Figure 11b) broadens with a larger contribution from small pores, indicating that after weathering, new intraparticle pores have developed, whereas other pores have enlarged. As a result, the total porosity increased from 0.2597% to 0.9115%, i.e., about 3.5 times.



In marble, the intruding mercury volume (Figure 11c) is higher when the pressure is low for the untreated samples. This could be caused by the inhomogeneity of the tested material. The sharp slope at high pressure indicates the existence of pores of a size below the MIP detection limit. After weathering, many small pores develop (Figure 11d), resulting in an increase in intraparticle porosity by more than ten times. The total porosity increases from 0.0175% to 0.0447%, about 2.5 times.



In granite, the intruding mercury volume after weathering shows a sudden increase at high pressure (Figure 11e) due to the formations of pores with a diameter smaller than 20 nm (Figure 11f). Compared with the untreated granite samples, the number of large pores is mostly unchanged. The total porosity of granite increased from 0.0290% to 0.4625%, i.e., about 16 times.




3.4. Active Infrared Thermography


The porosity change after the freeze–thaw weathering treatment also affects the thermal properties of the stone samples, which in turn play an important part in the aging process. The normalized experimental thermal response in transmission (  T /  T ∞   ) and reflection geometry after pulsed excitation for the three types of samples is summarized in Figure 12a,b. The thermal diffusivity is calculated from a fit of the analytical solution for a single-layer sample, as shown in Figure 13a. The thermal effusivity obtained from PTI-MLA method based on fitting a two-layer structure is shown in Figure 13b. The thermal conductivity derived from Figure 13a,b is presented in Figure 13c.



The thermal diffusivity of sandstone drops from 1.10 mm2/s to 0.92 mm2/s with the freeze–thaw cycles, while for marble and granite samples, the thermal diffusivity slightly increases from 1.25 mm2/s to 1.31 mm2/s, and from 1.34 mm2/s to 1.51 mm2/s, respectively (Figure 13a). The thermal effusivity and conductivity, on the other hand, increase for all three stone types, with small fluctuation (Figure 13b,c). Sandstone and granite experience a mild increase in thermal effusivity, from 1896.88 Ws1/2/m2K to 2309.26 Ws1/2/m2K and from 2151.28 Ws1/2/m2K to 2386.25 Ws1/2/m2K, respectively. Marble shows a larger increase from 2560.54 Ws1/2/m2K to 3303.59 Ws1/2/m2K. The thermal conductivity of sandstone increases only slightly, from 1.99   W /  (  m · K  )      to 2.21     W  /  (  m · K  )   , due to decreasing diffusivity and increasing effusivity. The marble and granite samples present an obvious increase from 2.87   W /  (  m · K  )    to 3.78    W  m · K   ,   and from 2.49   W /  (  m · K  )    to 2.93   W /  (  m · K  )   , respectively.





4. Discussion


This paper focuses on four aspects of the weathering evolution of stone samples: changes in (1) appearance; (2) mass; (3) porosity; and (4) thermal properties. After freeze–thaw weathering, the appearance shows a clear increase in surface roughness, indicating a possible growth in porosity and pore size. The texture and color change due to the precipitation of dissolved minerals and inorganic salts on the surface. The change between water-saturated mass and dry mass also meets expectations. Sandstone samples have the largest weight change due to their high initial porosity and water absorption capacity, while marble and granite are relatively compact and weakly permeable, resulting in a mass change limited to only about one-fifth of sandstone’s data. Both the water-saturated mass and dry mass show minor variations with the increase in the weathering process. The dry mass, for instance, decreases slightly, indicating a gradual increase in porosity, with the formation of more void spaces inside the material. Notably, when designing this experiment, the last step of drying does not aim to remove all the water, but to reach a humidity equilibrium, because complete dehydration is very unlikely to happen in a natural environment. Therefore, in the dry mass measurements, there might still be water trapped inside the stone samples. The MIP measurements verify again that sandstone has the largest initial porosity, and reveal that the freeze–thaw weathering process induces mostly intraparticle pores in all three types of stones. In marble and granite, new pores develop, with a diameter smaller than 20 nm. In sandstone, existing pores expand. The change in thermal conductivity in the freeze–thaw cycles is studied by performing IRT experiments in the laboratory, thereby obtaining the thermal diffusivity and effusivity. The results show a dependence on the stone type, which may potentially be correlated to the degree of the weathering process.



The shape of the samples was chosen to facilitate thermal diffusivity measurements in transmission geometry, but this is unlikely to be possible using materials acquired on site. On the other hand, thermal effusivity measurements are performed in reflection geometry using samples with a two-layer structure. The first layer is artificial, with known thermal properties. The second layer is the measured object, which can have an irregular chape and is approximated as a semi-infinite layer. In this case, a correlation between the weathering and the thermal effusivity must be established. According to the experimental results, the effusivity increases after the freeze–thaw aging process.



The thermal conductivity of porous materials can be calculated using existing models, depending on the fractal theories applied, such as the parallel and series model, the Maxwell–Eucken model, and the EMT model [32,33,34,35,36]. Under normal circumstances, the increase in the porosity of the samples is expected to produce a decrease in the effective thermal conductivity, since the air’s thermal conductivity is lower than that of bulk solids. However, in this study, the measured thermal conductivity of all stone samples grew, rather than dropping off, with the number of freeze–thaw cycles. This result can be interpreted by referencing the research conducted on soils. Ghauman found that thermal conductivity increases with an increase in the proportion of water content in soil [37]. Abu-Hamdeh also pointed out that for the same moisture content, the growth in soil density increases its thermal conductivity. Meanwhile, for the same soil density, the thermal conductivity in soil increases as the moisture increases [38]. In this freeze–thaw experiment, the newly developed pores, especially those of nanometer scale, lead to a higher moisture content after weathering. The sandstone’s thermal conductivity did not change much after the freeze–thaw cycles, suggesting that the relatively large pores facilitate water evaporation. Less moisture content also implies a slower weathering process in the natural environment. Therefore, sandstone artifacts are likely to be more resistant to freeze–thaw weathering. For marble and granite, however, their initial porosity and permeability are much lower than that of the sandstone. However, due to the large quantity of micropores developed in the freeze–thaw cycles, their aging process accelerates. From the trend line, it can be predicted that the value difference in thermal conductivity across the three types of stones will keep increasing if the aging test continues.



From a standpoint of reality, the weathering of stone artifacts is a combined effect of several factors. In the natural environment, where most stone artifacts are preserved, temperature changes dramatically over time. Taking northwest China for instance, the temperature fluctuates by as much as 20 °C between day and night. When the stone temperature is lower than the dew-point temperature, moisture in the environment will condense on the surface of the stone artifacts and penetrate deep into the stone through pores and other tiny open spaces. Temperature changes below and above the freezing point of water can force the water inside the stone to switch between liquid and solid state, further damaging the artifacts from the inside. If the thermal conductivity of the stones increases, water in the pores will freeze more easily with the drop in the external temperature, and as a consequence, the pores will be further expanded, creating a vicious and self-reinforcing cycle of aging. On the other hand, water in the pores forms condensation more quickly than on the surface, [39] implying that in a low-temperature environment, water may freeze and deteriorate at a faster pace inside the stone.




5. Conclusions


This paper studies the influence of the freeze–thaw weathering process on three types of stones (i.e., sandstone, marble, and granite), which can be seen as representatives of stone artifacts worldwide. It focuses on changes in the stones’ physical properties, such as surface condition, mass, porosity, and thermal properties. The surface morphology, mass, and porosity are characterized by stereomicroscope, weight, and mercury intrusion porosimetry, respectively. The thermal properties are characterized by pulsed IRT measurements, which provide thermal diffusivity and effusivity using different experimental implementations in transmission and reflection geometry, respectively. They are then used to calculate thermal conductivity.



Microscopic images recorded after the freeze–thaw cycles show a change in surface texture and an increase in surface roughness. The dry mass decreases with the aging process, indicating an increase in the stone’s porosity. The difference between the dry mass and the water-saturated mass corresponds to the stone’s texture and porosity. The experimental accuracy of the water-saturated mass is affected by water seeping out from the pores during the weighing process. The interparticle and intraparticle porosity obtained from the MIP measurements provide an insight into the material influence of the freeze–thaw cycles. The thermal diffusivity decreases for sandstone and increases for the other two types of stone with the aging process, due to their texture difference. The thermal effusivity and conductivity increase with the aging process. Normally, a low thermal conductivity can mitigate the temperature fluctuations, but our results show that for all the three stone types, the thermal conductivity increases with the freeze–thaw cycles, further accelerating the aging process. From our understanding, this is due to the humidity within the examined materials, which cannot be completely dried in the natural environment.



The main innovation of this study is that it is proposed for the first time to use the evolution of thermal effusivity to characterize the aging degree of materials using a non-destructive method. Although many thermal property measurement techniques are available in academia, most of them are time-consuming and inconvenient to use in the field. In contrast, thermal property measurements based on transient IRT methods require simple instrumentation and a shorter testing time.



Although absolute control of the humidity inside a porous material is difficult to achieve, further research is required to gain a more rigorous control of environmental humidity and to study the influence of moisture on the thermal properties of stone samples. More freeze–thaw cycles will be carried out to verify the predictions shown by the trend lines. Most stone artifacts are too complicated to be treated as simple experimental samples, not only because of the complex shape and spatial density variation, but also because they are normally kept in different environmental conditions, in which they are subject to different weathering forces, resulting in varying freeze–thaw processes and different levels of damage. Therefore, case-by-case studies are needed to verify our experimental conclusions and evaluate the diversity and the degree of influence of the main factors. Moreover, studies have been planned to examine more stone types to assess the variation in the results.
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Figure 1. Illustration of the research process. 
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Figure 2. Distribution of sandstone-, marble-, and granite-related heritage sites in China. 
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Figure 3. Representative heritage sites of the three types of stone in China (a) Yungang Grottoes, (b) Lingquan Temple Grottoes, (c) Luoyang Bridge. 
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Figure 4. Samples of the three stone materials after cutting. 
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Figure 5. Illustration of one freeze–thaw cycle and the research methods applied to the sample. 
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Figure 6. Temperature variation at the back surfaces for a single-layer sample. 
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Figure 7. Illustration of the logarithmic 1st derivative of surface temperature (a) for a two-layer material with a semi-infinite second layer under instantaneous surface heating, and (b) for the second layer with a different thermal effusivity. 
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Figure 8. Experimental setups for (a) transmission and (b) reflection IRT measurements. 
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Figure 9. Sample surface observed under stereomicroscope. 
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Figure 10. Mass change of three types of samples after different freeze–thaw cycles. 
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Figure 11. Intruding mercury volume with pressure (a,c,e) and the first derivative of pore volume with logarithmic pore diameter (b,d,f), for sandstone (S), marble (M), and granite (G). 
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Figure 12. Thermal response in (a) transmission (single-layer material) geometry and (b) reflection geometry (two-layer material). 
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Figure 13. Variation of (a) thermal diffusivity (b) thermal effusivity and (c) thermal conductivity (solid line) with different freeze–thaw cycles, and the trend (dash line). 
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Table 1. Mineral components of the stones and their proportions by X-ray diffraction.
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	Stone

Type
	Albite Low-Na (AlSi3O8)

(Wt%)
	Quartz Low, syn-SiO2

(Wt%)
	Calcite, syn-CaCO3

(Wt%)
	Clinochlore IIb-4

(Wt%)
	Muscovite-2M1

(Wt%)





	S
	71.8
	18.0
	4.7
	2.2
	3.3



	M
	-
	-
	100
	-
	-



	G
	72.9
	27.1
	-
	-
	-







Note: “S” = Sandstone; “M” = Marble; “G” = Granite; “-” = not present.
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Table 2. Mercury intrusion pore sizing test.
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	Sample ID
	Interparticle Porosity (%)
	Intraparticle Porosity (%)
	Total Porosity (%)
	Pore Tortuosity





	S-0
	0.0038
	0.2559
	0.2597
	2.2271



	S-4
	0.0066
	0.9049
	0.9115
	2.2197



	M-0
	0.0129
	0.0046
	0.0175
	2.2298



	M-4
	0.0024
	0.0423
	0.0447
	2.2295



	G-0
	0.0012
	0.0278
	0.0290
	2.2297



	G-4
	0.0128
	0.4497
	0.4625
	2.2248
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