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Freeze-thaw damage of rocks is one of significant natural causes for geo-hazards such as collapse and rockfall in alpine areas. To explore damage evolution in granite in a freeze-thaw environment, specimens of granite in Nyingchi Prefecture, Tibet, China were collected as research objects. Saturated and dry rock specimens were subjected to cyclic freeze-thaw tests of 0, 36, 72, and 144 cycles and freeze-thaw damage of the rock was analyzed by combining computed tomography (CT) scanning and three-dimensional (3D) visualization. Results show that the peak stress of granite decreases to different extents with the increasing number of freeze-thaw cycles; compared with dry rock specimens, saturated granite deteriorates more significantly and shows obviously different stress–strain curves under loading. The moisture condition exerts significant influences on the degree of freeze-thaw damage to granite: after 144 freeze-thaw cycles, the mass loss rates of dry and saturated rock specimens are 0.06% and 0.44% and their loss rates of uniaxial compressive strength (UCS) reach 4.08% and 26.2%, respectively. Under freeze-thaw cycles, the frost heave of pore water causes initiation and development of micro-defects and new micro-cracks mainly develop along relatively weak areas such as inherent defects (pores and fractures) and boundaries between different mineral crystals, resulting in intergranular and transgranular cracking. For dry rock specimens, the non-uniform contraction and expansion of minerals therein are main causes for deterioration inside the rock. The freeze-thaw damage of rocks is calculated using the improved elastic modulus loss method. The damage development trend conforms to the strength deterioration trend and the pore development in the rock, reflecting the evolution of freeze-thaw damage to granite.
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INTRODUCTION
With the implementation of the Belt and Road Initiative, more engineering works are under construction in the alpine area of the Tibet Plateau, including a Sichuan–Tibet railway and China–Nepal railway. In these regions, rocks can be severely damaged under the effect of large day/night and seasonal temperature difference, affecting normal engineering operations (Qi et al., 2017; Peng et al., 2020). Therefore, studying the freeze-thaw damage of rocks and the mechanism of such damage is of important theoretical and practical significance for engineering construction and maintenance therein.
To ascertain the damage mechanism to rocks under freeze-thaw actions, scholars have investigated the physico-mechanical properties of rocks subject to freeze-thaw cycling. Nicholson et al. (2000) conducted cyclic freeze-thaw tests on several types of rocks to compare influences of lithology on damage and fracture of rocks. Based on cyclic freeze-thaw tests on rock specimens at different moisture contents, Kodama et al. (2013) studied influences of saturation on the strength loss and failure mode of rocks. Park et al. (2015) performed cyclic freeze-thaw tests on basalt and tuff and considered that frost heave of water inside rocks is the main cause for rock weathering, manifest mainly as increased porosity, crack initiation, and particle falling induced by volume expansion after the water-ice phase change. Jiang et al. (2017) assessed the influences of saturation and the number of freeze-thaw cycles on the uniaxial compressive strength of sandstone and identified the number of freeze-thaw cycles as an important factor affecting the strength loss. Bayram (2012) evaluated the impact strength, elastic modulus, and water absorption of frozen-thawed limestone and established a statistical model for the rate of loss of the UCS. Luo et al. (2014) and Khanlari et al. (2015) conducted cyclic freeze-thaw tests on sandstone and limestone and found the decrease of P-wave velocity in rocks. By studying the freeze-thaw properties of several types of rocks at −45 to 15°C, Aoki et al. (1990) found that the P-wave velocity of rocks decreases significantly, and the tensile strength is decreased by as much as 15% after freeze-thaw cycling. Zou et al. (2017) stated that the initiation of new cracks is caused by temperature change and mainly occurs in the cooling stage of the freeze-thaw cycles, which is macroscopically shown as strength reduction in rocks induced by freeze-thaw damage. In summary, numerous scholars have discussed influences of freeze-thaw action on the physico-mechanical parameters (strength, porosity, and wave velocity) of rocks under conditions of different freeze-thaw environments, lithology, fracture characteristics and saturations, and analyzed the damage mechanism and evolution model of rocks (Yamabe and Neaupane, 2001; Park et al., 2004; Zhang et al., 2008; Tan et al., 2011; Yavuz, 2011; Martinez-Martinez et al., 2013; Ghobadi and Babazadeh, 2015; Momeni et al., 2016). However, changes in macroscopic physical and mechanical properties of rocks are caused by the superposition and evolution of mesoscopic mechanical properties and it is difficult to expound the failure mechanism of rocks from the macroscopic perspective solely.
In recent years, many scholars have found that microscopic and mesoscopic quantitative and qualitative analysis of rocks can reveal the deterioration characteristics and failure mechanisms of rocks. For example, some scholars explored micro and mesoscopic damage evolution in rocks using techniques such as scanning electron microscopy (SEM) and computed tomography (CT). By using SEM, Liu et al. (2005) and Fang et al. (2014) observed that freeze-thaw damage of rocks starts from locations of pre-existing defects, and damage of cement between particles and extrusion and dislocation of local particles facilitate initiation and development of microcracks. Tian et al. (2021) used SEM to study red sandstone subjected to freeze-thaw cycles and found that micropores and microcracks increase significantly in frozen-thawed red sandstone. Based on SEM, Qin et al. (2017) investigated pore structures in coal after different numbers of freeze-thaw cycles and calculated the sizes of defects therein. With the development of new techniques, research on damage is no longer limited to analysis of surface cracks or bonding characteristics of particles. Researchers have used CT visualization technology to study the fracture propagation on the entire cross section of rocks from the mesoscopic perspective. Yang et al. (2002) used CT to conduct cyclic freeze-thaw tests on soft rocks and discussed the constitutive relationship pertaining to damage propagation in rocks. In addition, they adopted the CT number as a variable to define freeze-thaw damage of rocks. Song et al. (2019) studied two-dimensional (2D) CT scanning images of rocks by virtue of programming software and described the development of new pores and the evolution mechanism of freeze-thaw damage. Based on CT, Bubeck et al. (2017) performed quantitative and visual processing on data including the size, volume, and spatial orientation of pores, which compensated for the limitation of traditional 2D image analysis. By means of the non-destructive testing approach of CT scanning, Maji et al. (2019) conducted 3D visualization analysis on sandstone and chalk under freeze-thaw cycles and explored the deterioration of mesoscopic structures under the cyclic freeze-thaw effect. They proposed three probability functions for describing freeze-thaw damage to rocks.
Meso-scale observation results indicate that freeze-thaw cycles can heavily damage the internal structures of rocks, which is the primary cause for changes in the macroscopic mechanical properties of rocks. However, the resolution of images acquired in freeze-thaw cycles is generally above 20 μm, taking CT techniques, with their favorable visualization effect, as an example (Promentilla and Sugiyama, 2010; Kock et al., 2015; Deprez et al., 2020; Fan et al., 2021; Yang et al., 2021). They cannot readily reveal the characteristics of rocks in the initiation, development, and coalescence of micro-cracks. Considering this, the spatial resolution of the CT scanner used in this study is significantly improved to explore internal freeze-thaw damage of rocks and the limit crack width that the CT scanner can measure is 0.2 μm. The CT scanning results are analyzed and linked to uniaxial compression testing results to establish a damage index that can effectively quantify the strength deterioration of rocks subject to freeze-thaw actions.
MATERIALS AND METHODS
Specimen Preparation
Moderately weathered fine- and medium-grained granite (Figure 1) collected at Binghu (Cuomujiri Lake) Hydropower Station in Nyingchi Prefecture, south-eastern Tibet, China was used in the cyclic freeze-thaw tests. Selection of the specimens met requirements for the same location, same batch, and similar mechanical properties. Minerals were detected using a polarizing microscope, revealing compositions of the granite (Table 1).
[image: Figure 1]FIGURE 1 | Medium weathered granite collected in the Tibet Plateau.
TABLE 1 | Constituents of the tested granite.
[image: Table 1]The specimens in the cyclic freeze-thaw tests were prepared as follows: 1) a core drilling machine was used to drill rock cores at a low speed; 2) the top and bottom of each specimen were slowly cut and ground using a manual grinding tool to avoid damage at the edges; 3) cylindrical granite specimens with a diameter of 10 mm and height of 25 mm (Figure 2) were obtained. Cylindrical specimens were selected to avoid production of artefacts in the CT scanning process and specimens were machined to maximize the spatial resolution possible during CT scanning. During the imaging process, the artifacts on CT images refer to abnormal images unrelated to the scanned tissue structure.
[image: Figure 2]FIGURE 2 | Granite specimens.
Test Methods
A Phoenix v|tome|x m micro-focus CT scanning system was used in the test, which comprised two ray tubes (micron- and nanometer-sized ones), a rotating stage, and an X-ray detector. The resolution of the detector reached 4048 × 4048 pixels that can detect a feature as small as 0.8 μm. During CT scanning, high-energy electrons bombard a metal target to produce conical X-ray beams, which were focused on the rock specimen placed on the stage. Then, the detection panel automatically acquired the omnidirectional ray images of the specimen, thus realizing 3D measurement and non-destructive analysis of internal structures of rocks, such as spatial distribution of cracks, porosity distribution, and density changes of rocks. For the nondestructive probing technology, the CT scanning will not affect the subsequent freeze-thaw test. Figure 3 shows the CT scanning system.
[image: Figure 3]FIGURE 3 | Configuration of the CT scanning system.
In the test process, specimens were wrapped in thin foam to avoid artefacts caused by shaking in the scanning process. The specimens were scanned for 45 min in each time and the acquisition parameters during scanning are listed in Table 2. Among the CT scanning parameters provided, the current and voltage separately determine the number and penetration intensity of X-rays.
TABLE 2 | CT scan parameters.
[image: Table 2]A high and low alternating temperature and humidity test chamber (Figure 4) was used in the cyclic freeze-thaw tests (internal dimensions: 500 mm × 600 mm × 750 mm). The test chamber could operate across the temperature range of -40–150°C with a tolerance of ± 0.5 °C. The test chamber has the programming control function, through which the temperature and humidity can be switched automatically.
[image: Figure 4]FIGURE 4 | High-low temperature alternating test chamber.
The rock specimens were tested under two moisture conditions: dry and saturated. The dry specimens were obtained by drying the rock at 60°C for 48 h in a thermostat, while the saturated specimens were prepared by placing the rock in a water container which was then immersed for 72 h under a vacuum pressure. The freeze-thaw temperature range was set as (−20 °C, 20°C) and freezing and thawing both took 6 h, in a complete cycle. 144 freeze-thaw cycles were designed and the humidity in the freeze-thaw chamber was maintained at around 100% throughout.
After 0, 36, 72, and 144 freeze-thaw cycles, CT scanning and uniaxial compression tests were conducted on saturated and dry specimens. It is worth noting that to reveal the development of fractures in rocks under freeze-thaw cycles, the same rock specimen was selected for CT scanning after different numbers of freeze-thaw cycles.
MICRO-FOCUS COMPUTED TOMOGRAPHIC SCANNING
Computed Tomography Images
Figures 5, 6 present comparisons of CT cross-sectional images of dry and saturated specimens after different numbers of freeze-thaw cycles. The lower and upper parts of the figures illustrate the grey-scale map and porosity diagram of granite on the same cross section. The numbers at the lower right corner of the porosity diagram represent the proportion of pore area within the total cross sectional area.
[image: Figure 5]FIGURE 5 | 2D cross-sectional CT images of a dry granite sample (a∼d) scanned after different freeze-thaw cycles: (A) 0 cycle, (B) 36 cycles, (C) 72 cycles, and (D) 144 cycles. The lower half shows the original grayscale CT images and the upper half shows the extracted pores and micro-cracks in each figure. The number indicates the fractional number of defect pixels over the total pixel number.
[image: Figure 6]FIGURE 6 | 2D cross-sectional CT images of a saturated granite sample (a∼d) scanned after different freeze-thaw cycles: (A) 0 cycle, (B) 36 cycles, (C) 72 cycles, and (D) 144 cycles.
As shown in Figure 5, there are a few cracks on the cross section of dry granite specimens before freeze-thaw cycles, and many micro-defects measuring 5–10 μm are distributed within the rock cores. Over all freeze-thaw cycles, the defects on the cross-section change little and no obvious crack initiation and pore expansion are observed. Only slight debris falling on side edges is observed after 72 freeze-thaw cycles. Such falling is shown as the increased dark and black area around the circumference in the porosity diagrams. After 0, 36, 72, and 144 freeze-thaw cycles, the proportions of pores on cross sections demonstrated are 1.49%, 1.51%, 1.52%, and 1.55%, respectively, showing slow growth.
Figure 6 demonstrates that there are a few cracks on the cross section of saturated granite specimens before freeze-thaw cycles and the proportions of pores are 1.65%, 1.68%, 1.85% and 2.48% after 0, 36, 72, and 144 freeze-thaw cycles, respectively. This indicates that the debris spalling from the sides of saturated granite specimens is more obvious in the freeze-thaw process compared with dry specimens and significant fracture development is observed on the circular cross-section after 144 cycles.
To explore the development of defects in dry granite, the area marked by the red rectangular box on the cross-sectional image of the dry granite specimen (Figure 5) was studied, and the amplified image is shown in Figure 7. Figures 7A–D show the grey-scale images of the same selected area after 0, 36, 72, and 144 freeze-thaw cycles, respectively. Microcracks at k1, k2, k3, and k4 are selected for analysis, wherein the widths of cracks are 13.4, 13.4, 13.8, and 15.8 μm, respectively. That is, the crack width only increases by 2.4 μm after 144 cycles, proving that dry granite shows favorable freeze-thaw resistance.
[image: Figure 7]FIGURE 7 | Evolution trend of defect in the rectangle areas of dry granite sample scanned after different freeze-thaw cycles. (A) 0 cycle, (B) 36 cycles, (C)72 cycles, and (D) 144 cycles.
The area indicated by the red rectangular box in the saturated granite specimen (Figure 6) was selected to investigate the development of defects in saturated granite, as shown in Figure 8. Figures 8A–D indicate grey-scale images of the same selected area after 0, 36, 72, and 144 freeze-thaw cycles, respectively. Microcracks at m and n on the cross section are selected for analysis, where crack widths at m1, m2, m3, and m4 are 12.6, 12.6, 12.8, and 17.2 μm; while those at n1, n2, n3, and n4 are 17.6, 17.6, 18.0, and 24.8 μm, respectively. The result indicates that the cracks develop slowly in saturated granite in the first 72 freeze-thaw cycles and crack development mainly takes place between 72 and 144 freeze-thaw cycles.
[image: Figure 8]FIGURE 8 | Evolution trend of defect in rectangle areas of saturated granite sample scanned after different freeze-thaw cycles. (A) 0 cycle, (B) 36 cycles, (C)72 cycles, and (D) 144 cycles.
Furthermore, the red fan-shaped area marked in Figure 6 (showing a saturated granite specimen) was selected for analysis. Differences in pores on the cross sections of saturated granite after 72 and 144 freeze-thaw cycles are illustrated in Figure 9. Cross-sections in Figures 9A,B represent grey-scale images of the selected cross section after 72 and 144 freeze-thaw cycles, respectively. Areas L and P marked by red boxes show representative debris falling at side edges of saturated granite. Large defects appear in area L in Figure 9A after 144 freeze-thaw cycles, that is, falling of local debris particles. Compared with Figure 9B, water accumulates and expands after being frozen and microcracks initiate in area L after the occurrence of defects. The microcracks develop rapidly along the inherent defects (microcracks at y1) beneath the area because the frost-heave stress generated by the water-ice phase-change in a new cycle exceeds the ultimate tensile strength of the rock. The microcracks propagate to area Q and develop intergranular cracks at the boundary between mica and plagioclase in the area. Here, y1 and y2 represent the width of microcracks and are 9.8 and 17.4 μm respectively, indicative of apparent crack development. Then, cracks further develop along the direction of inherent defects (cracks) marked in area V, which are shown as local transgranular cracks in mica in areas T and U and obvious intergranular fractures in areas R and S. The transgranular cracks occur over small areas because their occurrence calls for more energy, that is, a greater frost-heave force. Dimensions x1 and x2 denote the widths of inherent cracks after 72 and 144 freeze-thaw cycles and are 22.0 and 31.8 μm, respectively; z1 and z2 represent widths of new cracks, which are 17.0 and 12.2 μm, respectively. Under these conditions, cracks in areas L, Q, V, T, R, U, and S (Figure 9A) have been coalesced, where the granite is at a higher risk of damage and spalling. A comparison of CT images and data indicates that damage of saturated granite generally develops from defects at edges to the interior of the rock core. The interior of the rock core is not obviously damaged after a small number of freeze-thaw cycles, which is highly consistent with the development of defects shown in Figure 9.
[image: Figure 9]FIGURE 9 | Defect evolution in fan-shaped area of a saturated granite sample scanned after different freeze-thaw cycles: (A) 72 cycles, (B) 144 cycles.
In summary, debris falling on external surface occurs to both the saturated and dry rock specimens after 72 freeze-thaw cycles; whereas, new microcracks only initiate at defects on external surfaces of saturated rock specimens in the process from 72 to 144 cycles and they develop along directions of two weak areas, that is, inherent cracks and defects inside specimens and boundaries between different mineral compositions. These microcracks develop to wide coalesced cracks after repeated freeze-thaw cycles. Defects on the cross section displayed in the dry rock specimen do not change to any significant extent after 144 cycles because of the absence of frost-heave force generated by the water-ice phase change as the driving force for development of defects. Apparently, occurrence of new cracks is the essential cause of the accelerated development of defects in these saturated rock specimens.
3D Reconstruction of Rocks
CT scan slices were imported in VG Studio and Avizo for image processing and the reconstruction method based on superposition was used to attain the 3D reconstructed model of the granite. To reveal the nature and extent of the damage caused by freeze-thaw cycling, internal defects such as pores and cracks were taken as research objects. The 3D visualization software was used to analyze grey values of the CT images and calculate the porosity. Figure 10 shows the change trends of porosity of saturated and dry specimens, as well as fitted curves and goodness of fit R2 of corresponding data. P in the fitting formula represents the porosity of the rock. It can be seen that as the number of freeze-thaw cycles increases, the porosity of saturated and dry specimens increases in a quasi-linear manner and the saturated specimen is more sensitive to the freeze-thaw cycles with a change rate of porosity being 7.2 times that of dry granite.
[image: Figure 10]FIGURE 10 | Porosity evolutions of granite samples after different freeze-thaw cycles.
Figure 11 shows renderings of cracks and relatively large pores in saturated granite after different numbers of freeze-thaw cycles. Pores with a volume of less than 0.001 mm3 are ignored to improve the visualization effect in 3D reconstruction. Figures 11A–D display results after 0, 36, 72, and 144 freeze-thaw cycles, respectively. It can be seen from the figure that the volume of inherent defects in the saturated specimen is between 0.001 and 0.594 mm3 before freeze-thaw actions. After 36 freeze-thaw cycles, the isolated crack with the largest volume (0.600 mm3) appears in the red area at the bottom of the specimen in Figure 11B and the crack only expands slightly compared with the initial state. After 72 cycles, the volume of the defect in the red area at the bottom of the granite in Figure 11C changes to 0.630 mm3, remaining the largest defect. After 144 cycles, the spatial form of 3D defects in the saturated specimen begins to change significantly. The volume of the crack (green area) at the bottom of the rock in Figure 11D increases to 1.0 mm3, while the crack of the largest volume (1.450 mm3) appears at the top of the rock. The rate of crack development at the ends of the saturated specimen is apparently larger than that of the interior because granite is an intrusive magmatic rock in plutonitic masses, in which mineral crystals are highly compact. However, cracks inside the granite are not highly coalesced after 144 freeze-thaw cycles but remain as isolated segments. The volume of defects is larger at the two ends while smaller in the middle. Because defects change insignificantly in the dry granite after 144 freeze-thaw cycles, they are not analyzed in detail herein.
[image: Figure 11]FIGURE 11 | Evolutions of defect volume in 3D reconstructed models of a saturated granite sample (a∼d) after different freeze-thaw cycles: (A) 0 cycle, (B) 36 cycles, (C) 72 cycles, and (D) 144 cycles.
STRENGTH DETERIORATION OF GRANITE SUBJECT TO FREEZE-THAW ACTIONS
Stress–Strain Curves
An MTS 815 testing system was used to conduct uniaxial compression tests on frozen-thawed granite specimens to reveal their mechanical properties. Figure 12 shows the compression test results on cylindrical granite specimens, which were obtained by with a static resistance strain gauge. To ensure the accuracy of strain measurement, the test followed recommendations of the International Society for Rock Mechanics (Fairhurst and Hudson, 2000). The displacement-controlled mode was selected to apply load to the rock specimens at a cross-head displacement rate of 0.001 mm/s. At room temperature, uniaxial compression tests were conducted on saturated and dry granite specimens after different numbers of freeze-thaw cycles.
[image: Figure 12]FIGURE 12 | Uniaxial compression test of a granite specimen on a MTS 815 system.
Figures 13A,B illustrate the stress–strain curves of dry and saturated specimens after different freeze-thaw cycles. The strength of dry granite specimens decreases to the least extent after freeze-thaw cycles, and the stress–strain curves tend to stretch rightward and descend with the increasing number n of freeze-thaw cycles, resulting in a longer compaction stage and slight loss of elastic modulus of the granite. In the process of 0–72 freeze-thaw cycles, stress–strain curves of saturated granite show a small difference; while the elastic modulus and UCS of saturated granite decrease significantly with increasing axial strain after 144 freeze-thaw cycles. Observation of test curves after 144 freeze-thaw cycles in Figure 13B shows that, after reaching the peak strength, the curves descend slowly at first and then rapidly. This is because defects on two ends of saturated granite develop at a rate faster than those in the core of the rock specimens, so that local compressive failure occurs at the ends of the specimen in the uniaxial compression test.
[image: Figure 13]FIGURE 13 | Representative stress-strain curves of (A) dry granite and (B) saturated granite samples subject to different freeze-thaw cycles.
Strength Deterioration
To quantify the strength deterioration trend of granite in the freeze-thaw process, Figure 14 displays UCS of the granite after different freeze-thaw cycles. In the figure, R2 represents the fitting degree (subscripts SG and DG to the dependent variables represent saturated and dry granite, respectively).
[image: Figure 14]FIGURE 14 | Evolutions of the uniaxial compressive strength of dry and saturated samples subject to cyclic freeze-thaw actions.
It can be seen from Figure 14 that the strength of both saturated and dry granite decreases linearly and the absolute values of slopes of their fitted curves are 0.11 and 0.03, respectively; after 144 freeze-thaw cycles, strength losses of dry and saturated granite reach 4.08% and 26.2%, respectively, which indicates that the strength deterioration rate of the saturated granite is significantly higher than that of the dry granite. Because strength deterioration of dry granite is mainly attributed to differences in the coefficients of thermal expansion and cold contraction of mineral compositions, incompatible deformation occurs in the cyclic cold contraction and reheating that impairs rock structures. This is supported by falling of debris from the external surface and occurrence of microcracks inside. In comparison, the complex water-ice phase change also occurs in the saturated granite, exerting extra damages to the rock.
EVOLUTION OF FREEZE-THAW DAMAGE TO TEH ROCK
Mass Loss Characteristics
Surface spalling of rocks during freeze-thaw cycles resembles rockfall of frozen rocks in cold-region engineering. To comprehensively explore the evolution of rock appearance in freeze-thaw cycles, saturated granite with greater debris falling was taken as an example. It shows that visible (yet tiny) fragments of debris begin to appear on the external surface after 72 freeze-thaw cycles. After 144 cycles, obvious small-scale defects are seen on ends of multiple cylindrical granite specimens. Changes in the appearance of granite match the CT visualization results.
The mass loss rate of rocks subject to freeze-thaw actions is defined as the proportion of lost mass of a dry specimen at the end of freeze-thaw cycles in the total mass of the dry specimen before freeze-thaw cycles, and saturated rock specimens need to be dried before calculating their mass loss rate. Figure 15 shows the mass loss rates of saturated and dry granite after n freeze-thaw cycles. The fitted curves and R2 of corresponding data are also provided. In the fitting formula, MLSG and MLDG represent the mass loss rates of saturated and dry granite, respectively. Tests results are statistical means of data from multiple test specimens.
[image: Figure 15]FIGURE 15 | Evolutions of the mass loss rates of granite samples during freeze-thaw cycles.
With the increase in the number n of freeze-thaw cycles, the fitted curves for mass loss rates of dry and saturated granite are both shown as the first-order function model, whose slope reflects the difficulty with which the rock sheds mass under freeze-thaw cycling: the greater the slope, the easier the mass is lost from the rock in the freeze-thaw process. It is worth noting that changes in the appearance and mass loss rate of the rock only mirror the resistance of the surface and local areas of the rock to freeze-thaw damage but fail to comprehensively describe freeze-thaw damage to the rock.
Quantitative Description of the Freeze-Thaw Damage
To quantify the damage evolution in granite after different numbers of freeze-thaw cycles, it is considered that responses of the macroscopic mechanical properties of the rock can reflect deterioration within the rock from the perspective of the macroscopic damage mechanics. The damage variable is expressed as follows based on the degree of loss of elastic modulus:
[image: image]
where D represents the damage index of granite due to freeze-thaw cycles, and En represents the elastic modulus of the rock after n freeze-thaw cycles and Eo denotes the initial elastic modulus of the rock before freeze-thaw cycling.
Considering the random distribution of defects inside the rock, the pore content and degree of fracture coalescence both significantly influence the failure process, hence, changes in the effective load-bearing area of the rock in the freeze-thaw process are considered and used as an improvement coefficient Z, as shown below:
[image: image]
where Ve and V represent the effective load-bearing volume and apparent load-bearing volume of the rock (mm3), respectively, and Vpo is the initial pore volume in the rock (mm3). Here, V is composed of two parts: one is the matrix volume Ve, that is, the effective load-bearing volume; another is the volume of pores and cracks Vp (mm3), which is also termed the initial damage considering various defects in the rock itself. To eliminate influences of this initial damage, the initial pore volume VP0 in the rock is subtracted from V. Combining Eqs 1, 2, the damage variable is given by
[image: image]
According to mechanical tests on the rock and analysis results of the 3D visualization software, the freeze-thaw damage index D of the rock could be calculated using Eq. 3. To date, many scholars have proposed the mathematical model for the relationship between the freeze-thaw damage index and the number of freeze-thaw cycles (Altindag et al., 2004; Oezbek, 2014; Liu et al., 2015). Based on properties and test data of the studied rock, the first-order function model of D(n) = kn could be used to describe the damage evolution. In this model, parameter k represents the sensitivity of the rock to the freeze-thaw action, and the larger the value is, the faster the damage accumulates. According to the equation, the damage-evolution models (Eqs 4, 5 were obtained for the saturated and dry granite:
[image: image]
[image: image]
where DSG and DDG represent the freeze-thaw damage index of saturated granite and dry granite, respectively.
Figure 16 illustrates comparison of the predicted curve and measured value of the damage index of granite: the predicted values are a good fit to the measured data. The slope of the fitted curve reflects the rate of change in the damage. The growth rate of damage of saturated granite is about four times that of dry granite.
[image: Figure 16]FIGURE 16 | Relations between the damage index D and the number of freeze-thaw cycles n of granite.
To test the reasonability of calculation of the freeze-thaw damage index D, the relationship between the freeze-thaw damage index D and UCS was drawn, as shown in Figure 17, in which the fitted curve agrees well with the measured strength. This finding can verify the feasibility of the improved elastic modulus loss method. The UCS linearly decreases as the damage index D changes. When D = 0, there is no loss of UCS; when D = 1, the UCSs of the saturated and dry granite both approximate 0 on the fitted curve, that is, the rock has completely lost its bearing capacity.
[image: Figure 17]FIGURE 17 | Relations between the uniaxial compressive strength UCS and the damage index D of granite.
CONCLUSION
To explore damage evolution in granite under cyclic freeze-thaw actions, characteristics of microcracks and evolution of macroscopic mechanical parameters in the freeze-thaw process were quantitatively analyzed. In the process, cyclic freeze-thaw tests, high-resolution CT scanning, and uniaxial compression tests were carried out. The main concluding remarks are
1) The number of freeze-thaw cycles and the moisture condition significantly influence the mechanical properties of granite. As the number of freeze-thaw cycles increases, the peak stress of granite decreases to different extents. Compared with dry rock specimens, saturated granite shows more significant deterioration. After 144 freeze-thaw cycles, the strength losses of dry and saturated granite are 4.08% and 26.2%, respectively.
2) High-resolution CT scanning allowed visualization of the freeze-thaw processes underway in the rock, which intuitively shows the evolution of damage and deterioration of granite. Under freeze-thaw cycles, the frost heave of pore water in saturated granite causes new micro-defects to initiate and develop and new cracks mainly develop from surface defects to the interior of the rock cores, accompanied by non-uniform deformation of different mineral compositions. This facilitates pores and cracks in the rock to constantly propagate and coalesce. For dry rock specimens, the non-uniform contraction and expansion of minerals therein are main causes for internal deterioration of the rock, and its rate of structural deterioration is much lower than that of saturated granite specimens.
3) The elastic modulus loss method introduced with the correction coefficient of effective load-bearing volume deliver a high accuracy when calculating freeze-thaw damage to granite. The damage index D increases linearly with the increase in the number of freeze-thaw cycles and it matches the strength deterioration trend and pore development of the granite, thus reflecting the evolution of freeze-thaw damage in granite.
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