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Abstract

:

During the construction of nuclear waste storage facilities, deep drilling, and geothermal energy development, high-temperature rocks are inevitably subjected to thermal shock. The physical and mechanical behaviors of granite treated with different thermal shocks were analyzed by non-destructive (P-wave velocity test) and destructive tests (uniaxial compression test and Brazil splitting test). The results show that the P-wave velocity (VP), uniaxial compressive strength (UCS), elastic modulus (E), and tensile strength (st) of specimens all decrease with the treatment temperature. Compared with air cooling, water cooling causes greater damage to the mechanical properties of granite. Thermal shock induces thermal stress inside the rock due to inhomogeneous expansion of mineral particles and further causes the initiation and propagation of microcracks which alter the mechanical behaviors of granite. Rapid cooling aggravates the damage degree of specimens. The failure pattern gradually transforms from longitudinal fracture to shear failure with temperature. In addition, there is a good fitting relationship between P-wave velocity and mechanical parameters of granite after different temperature treatments, which indicates P-wave velocity can be used to evaluate rock damage and predict rock mechanical parameters. The research results can provide guidance for high-temperature rock engineering.






Keywords:


high temperature; granite; cooling rates; P-wave velocity; mechanical properties; failure patterns












1. Introduction


The utilization of fossil energy has several worrisome environmental implications, such as the greenhouse effect and acid rain. In these circumstances, replacing gas and oil combustion with renewable energy resources can significantly reduce CO2 emissions and environmental pollution [1,2,3]. Therefore, clean renewable energy is the future direction of energy development and is attracting more and more attention [2,4]. Geothermal energy is a pollution-free and renewable energy source that has achieved rapid development [4,5,6]. Thus, many countries have focused on the exploitation of deep geothermal energy, including subsidizing deep geothermal exploitation and addressing challenges in geothermal energy production [2,4,7]. During deep geothermal energy exploitation, it is important to circularly pump a working fluid into an underground fracture network to realize heat extraction. Hot dry rocks (HDR) with a temperature up to 400 °C in a deep geothermal reservoir may be directly exposed to cool water and suffer great temperature gradients [8,9]. As a result, great temperature gradients will cause the propagation of microcracks and impact on the mechanical properties of HDR [8,9]. The effects of these changes are twofold. On the one hand, the stability of the shaft wall rock is reduced, which may lead to shaft wall collapse. On the other hand, the permeability of reservoir rock will increase, which is conducive to the improvement of the thermal recovery rate [10,11]. The effect of thermal shock on the physical and mechanical behaviors of deep rocks is also involved in other high-temperature deep rock engineering projects, such as the construction of nuclear waste storage facilities and deep hydraulic fracturing [4,12,13]. Geological exploration data have shown that deep crystalline rock (granite, biotite gneiss, etc.) reservoirs have sufficient geothermal energy to serve as geothermal reservoirs [14,15]. So, a deep understanding of the mechanical behaviors of crystalline rocks suffering drastic temperature changes is of great importance for engineering applications involving high-temperature rock mechanics [4,16]. It is significant to find out the change law and mechanism of mechanical properties of granite after suffering a thermal shock [4].



Past studies have shown that there is no doubt that high-temperature treatment and rapid cooling have a thermal shock on the mechanical properties of crystalline rocks. Scholars have done extensive research on the physical, mechanical, and microstructure performances of granites exposed to thermal shock [4,5,9,10,14,15,16,17,18,19,20,21,22,23,24]. Martyushev et al. confirmed that effective pressure can alter reservoir properties [25,26]. David et al. [27] found that rock microstructure has strong control of physical properties. Griffiths [28] and Fredrich [29] et al. established a link between the microstructural parameters and the mechanical behavior of rock by micromechanical models. With a thermal shock, the microstructure and the physical and mechanical properties of specimens may be changed. In general, the thermal treatment weakens the mechanical behavior and the dynamic elasticity properties of crystalline rock [30,31,32,33,34,35,36,37,38,39]. Zhao et al. [35] found that thermal shock reduces the mechanical properties of granite, especially when the temperature is over 400 °C, and the mechanical behaviors of granite deteriorated sharply. A high cooling rate or high-temperature gradients means intensive thermal shock, which will make the mechanical properties of rock deteriorate more seriously. Kumari et al. [23] studied the effect mechanism of cooling rate on the physical and mechanical properties of granite and found that thermal shock will weaken the mechanical behaviors of rock, which is mainly achieved by forming microcracks in rock. Zhu et al. studied experimentally the influence of thermal shock on the physical and mechanical properties of granite and the cracking characteristics of granite under the thermal shock [5,14,18,40,41]. The results show that the high temperature treatment causes lots of microcracks in the specimens. The existence of microcracks increases the volume of the rock, reduces the density and VP of the rock, and weakens it’s mechanical strength (uniaxial compressive strength, elastic modulus, etc.) [42]. Acoustic emission monitoring and ultrasonic velocity measurements can be used to study the influence of temperature on the microstructure of granite [43]. In addition, Zhu et al. [21] also explored the relationship between the P-wave velocity and the mechanical parameters of granite that underwent different thermal shocks. Shao et al. [44] investigated the fracture toughness of granite specimens after elevated temperature treatment and liquid nitrogen cooling. The scholars also considered the influence of heating/cooling rate on thermal cracking in granite, and their results confirmed that a rapid cooling rate caused more microcracks in granite [10,45,46,47]. However, Heap et al. confirmed that the heating/cooling rate does not alter mechanical behaviors of some rock, such as andesitic dome rock from Volcan de Colima (Mexico) [48,49]. In addition, Yang et al. [50] investigated the relationship between temperature treatment and thermal-mechanical properties by a fully coupled thermal-mechanical model.



In the above-mentioned previous studies, only some of the literature has reported the failure patterns or mechanical behaviors of granite exposed to different thermal shock. Therefore, the aim of this paper is to experimentally reveal the influence of exposure temperature (25 to 600 °C) and different cooling rates (cooling with water or air) on the mechanical behavior of granite through a uniaxial compression experiment and the Brazil splitting test. This study is expected to make a clear understanding of the mechanical behavior of high-temperature granite to provide a contribution to reservoir construction and well borehole stability during the development of geothermal energy.




2. Materials and Methods


2.1. Sample Preparation


The granite specimens chosen in this research work were collected from Xuzhou, Jiangsu Province, China. All the specimens were cored from an identical granite block with a depth of about 200 m to reduce the scatter of the experimental results. Then, the specimens were processed into cylinders with ϕ 50 mm × H 100 mm (for Uniaxial compression test) or ϕ 50 mm × H 50 mm (for Brazilian split test). In order to ensure the reliability of the experimental achievement, the non-parallelism error of the two end faces and the diameter error along the height of the specimens were less than 0.05 and 0.3 mm respectively, and the end faces were perpendicular to the axis of the test piece with the deviation angle less than 0.25°, as shown in Figure 1. The main mineral compositions of the granite, which was determined by X-ray diffraction analysis, were albite 53.44%, microcline 30.07%, quartz 9.04%, and muscovite 7.45%. In order for the specimens have better uniformity and consistency which can ensure the accuracy of the experimental results, the density and VP of the original specimens were taken as measurements, and the abnormal rock specimens were eliminated. The average density and VP of the tested specimens were 2.65 g/cm3 and 5365.67 m/s, respectively.




2.2. Test Equipment


As shown in Figure 2, the test equipment used in this study includes an SG-XL 1200 high-temperature furnace, DC-1020 constant-temperature bath, RSM-SY5 wave velocity detector, Universal strength testing machine, and RFP-03 Brazilian split testing machine. The SG-XL 1200 high-temperature furnace applied to heat rock specimens to different target temperatures, can reach a maximum temperature of 1200 °C with a constant heating rate and maintenance of the content temperature with a temperature control accuracy of ±3 °C. The DC-1020 constant temperature bath, which was used to cool the high-temperature rock specimens, maintained a constant temperature from −10 to 99 °C with a temperature error less than 0.3%. The maximum axial loading of the Universal strength testing machine was 2000 kN, and the axial loading can be performed as displacement-controlled with a stress resolution of 0.1 kN or stress-controlled conditions with a displacement resolution of 0.001 mm.




2.3. Experimental Procedure


The test flow chart is displayed in Figure 3. The treatment temperatures of specimens were 200, 300, 400, 500, and 600 °C, respectively. According to the different aim treating temperatures, the rock specimens were put into the high-temperature furnace in batches, and the specimens were heated to each aim temperature with the heating rate of 5 °C/min. After realizing the target temperature, the rock specimens were maintained in the furnace at the target temperature for 2 h to ensure the uniform temperature distribution of the rock specimens (Figure 4). The rock specimens exposed to a high temperature were cooled with two cooling shocks. Half of the specimens were taken out from the high-temperature furnace and put into a DC-1020 constant temperature bath filled with room-temperature water to cool them to room temperature, and then put into a drying vessel, which is a closed glass container with a desiccant used to absorb water from granite samples. For the remaining specimens, they were taken out from the high-temperature furnace and directly put into the drying vessel to cool to room temperature. After the rock specimens were completely dry, the physical and mechanical tests of the rock specimens were carried out.



For the uniaxial compression test, the treated granite specimens were put in the universal strength testing machine, and then the axial load was used at a loading rate of 0.03 mm/min until specimens failed to determine the uniaxial compression mechanical behaviors of specimens. The stress–strain curve is automatically recorded through the universal strength testing machine during the test. For the Brazilian split test, the treated rock specimens were put into the Brazilian split testing machine, and then the radial load was applied at a loading rate of 0.5 kN/s under radial stress control until the specimens failed.





3. Results


3.1. P-Wave Velocity


The variations in VP of granite specimens with temperature under different cooling methods are shown in Figure 5. High-temperature treatment decreased the VP of rock specimens, and the decrease degree of VP of water-cooling rock specimens was more dramatic than that of air-cooling specimens. When the heating temperature increases from 25 to 600 °C, the values of VP of the rock specimens cooled with water decreased by 5%, 19%, 39%, 52%, 56%, and 78%, respectively, while these of air-cooling specimens decreased by 6%, 15%, 33%, 44%, 46%, and 71%, respectively. In different temperature ranges, the decreasing amplitude of the P-wave velocity presents a different trend. The P-wave velocity of specimens decreased more rapidly in stage C than in stages A and B.




3.2. Stress–Strain Relations


The uniaxial compression stress–strain relations of specimens treated with different temperature routes are shown in Figure 6. The stress–strain relations are very similar and can be divided into four stages according to the changing characteristics: compaction, elastic deformation, yield, and failure.



As shown in Figure 6, heating temperature and cooling routes both have significant influences on the characteristics of different stages in the stress–strain curve. Under the same cooling condition, the compaction stage (the initial nonlinear part) showed a more obvious elongation tendency when the treating temperature increased from 25 to 600 °C. Meanwhile, granite specimens cooled by water have a more obvious compaction stage than those cooled by air. The compaction stage reflects the closure of microcracks, and both high temperature and cooling treatment induced the generation and propagation of microcracks in the granite specimens [30,31,51,52]. Therefore, the variation of stress–strain curve characteristics during the compression stage indirectly indicates the quantity of augmentation of microcracks [53]. The elastic deformation stage in the stress–strain curves is close to a straight line. As can be seen from Figure 6, under the same cooling rate, the slope of the line representing the elastic deformation stage shows a downward trend with the rise in heating temperature, which indicates that the elastic modulus of the granite specimens decreases with the rise in temperature. Under the same treatment temperature, the elastic modulus of air-cooling granite specimens is higher than that of water-cooling granite specimens. The obvious yield platform stage can be observed in the rock deformation’s yield stages, and the characteristics of the yield stage of granite specimens are not consistent under various experimental conditions. The peak strain of the rock specimen increases with the treatment temperature. Meanwhile, the peak strain of the water-cooling rock specimen is less than that of the air-cooling rock specimen at the same treatment temperature. The stress decreases significantly after the specimens reach the peak strength. In a word, the increase in temperature and the cooling treatment both decrease the elasticity of specimens and increase the plasticity of specimens. Cooling with water also provides the same effect, comparing to air cooling.




3.3. Mechanics Parameters


The UCS of granite is derived from the peak stress of the stress–strain curve. The E is defined by the tangent slope of the elastic deformation phase of the stress–strain curve from the uniaxial compression test. The splitting peak strength of granite specimens can be used to characterize the σt of specimens, which can be obtained from the Brazilian splitting test. The experimental results are shown in Table 1.



3.3.1. Uniaxial Compressive Strength


The influence of different high-temperature treatments on the UCS of specimens is shown in Figure 7. As the treatment temperature increases, the UCS of specimens generally shows a nearly linear downward trend. This indicates that the mechanical behaviors of granite deteriorate significantly with the rise in temperature. When the heating temperature gradually rose from 200 to 600 °C, the value of UCS of heated granite after water-cooling treatment was reduced to 88%, 75%, 60%, 51%, and 40% of that of granite specimens without heating treatment, respectively. The value of UCS of granite specimens after air-cooling decreased to 86%, 77%, 73%, 64%, and 58%, respectively. As for the effect of the cooling route on the UCS of granite specimens, it shows a different trend before and after 300 °C. In section A of Figure 7, the cooling rate has little effect on the UCS. However, in section B, the cooling rate had a great effect on the UCS of granite specimens, and the influence becomes more obvious with the increase in treatment temperature. Compared with air cooling, the average value of the UCS of granite specimens after water cooling from 400 to 600 °C decreased by 11.54, 11.07, and 17.46 MPa, respectively, and the reduction ranges were 15.97%, 17.58%, and 30.20%, respectively.




3.3.2. Elasticity Modulus


Under the same cooling condition, the value of E decreases with the increase in the treatment temperature of the granite specimen, and the decrease rate also gradually increases (Figure 8). In stage A in Figure 8, the value of E of heated granite specimens after two different cooling methods changed little with temperature. However, in stages B and C in Figure 8, when the temperature rises from 200 to 600 °C, the value of E of water-cooling granite specimens decreases to 97.76%, 89.04%, 82.81%, 76.46%, and 63.89% of that of original granite specimens, while the value of E of air-cooling rock specimens decreases to 98.27%, 95.43%, 90.86%, 88.40%, and 76.54%, respectively. In addition, with the increase in treatment temperature, the value of E of the granite specimens exposed to cooling water decreased more rapidly than that of granite exposed to air.




3.3.3. Tensile Strength


High temperature can significantly decrease the value of σt of granite specimens with the increasing of treatment temperature. Compared to the air-cooling specimen, the σt of the water-cooling granite specimen deteriorated more seriously (Figure 9). When the heating temperature rose from 200 to 600 °C, the value of σt of the granite specimens after air-cooling decreased by 1%, 4%, 21%, 35%, and 70%, while the granite specimens in the water-cooling group decreased by 4%, 16%, 32%, 50%, and 82%, respectively.





3.4. Failure Patterns


3.4.1. Failure Patterns under Uniaxial Compression Tests


Failure patterns of heated granite after different cooling methods under uniaxial compression tests are shown in Table 2. The stress energy gradually accumulates in the heated granite during the loading process, and the granite specimens will suddenly break down accompanying a huge sound when it reaches a certain extent. The failure patterns of heated granite specimens are different after different temperature treatment processes. Above 300 °C, the failure pattern of specimens cooled by water is mainly shear failure. However, the failure pattern of specimens cooled by air is still mixed with tension failure with the heating temperature increasing to 400 °C, and the extent of the damage was lower than the water-cooling specimens.



Under the same cooling condition, the failure degree of the specimens increases with treatment temperature. The volume of the block formed from the granite specimen treated by higher temperature was smaller. The cooling rates also have a significant influence on the failure pattern of heated specimens. At the same treatment temperature, the failure degree of specimens cooled by water is larger than that of the air-cooling granite specimens.




3.4.2. Failure Patterns under Brazil Splitting Tests


Failure patterns under Brazil splitting tests of granite specimens treated with different temperature routes are shown in Table 3. Only a radial failure path through the loading point of the specimen is generated in the Brazilian splitting tests. The granite specimens generated fragments in the Brazilian splitting tests, and the higher the temperature, the greater the amount of fragments. Meanwhile, the fracture morphology and the roughness of the failure surface of the granite specimen treated with different temperature routes slightly changed. Under the same cooling condition, the fracture path becomes more tortuous, and the fracture surface becomes rougher because of the increase in treating temperature, which was manifested by the larger fracture aperture. The fracture path of water-cooling rock specimens is more tortuous, and the fracture surface is coarser than that of air-cooling granite specimens. Below 400 °C, the fracture path is relatively straight, and almost no fragment falls off from air-cooling granite specimens. Above 500 °C, the fracture path becomes obviously twisted. However, the fracture path of water-cooling granite specimens becomes obviously twisted at 300 ℃.






4. Discussion


4.1. Relationship between VP and Mechanical Parameters of Granite


It is costly and time-consuming to determine the mechanical properties of rock by mechanical tests, but the non-destructive rock testing technology can solve this problem [18]. Acoustic waves would refract when they encounter cracks in the rock, which would reduce the macroscopic P-wave velocity of rocks. Therefore, the VP can reflect the pore structure and damage of engineering materials and is used to assess the deterioration degree of engineering materials [54]. The P-wave velocity is also used to characterize the microstructure inside the rock as a non-destructive testing method [55,56]. The VP has been employed to predict the mechanical strength to reduce the testing cost of rock mechanical properties [21].



The relationship between the VP of heated granite specimens after two different cooling methods are discussed in this study. Figure 10 shows the relationship between VP and rock mechanical parameters (UCS, E, σt), and a great asymptote fitting relationship between them is obtained. The relationship between mechanical parameters and VP is as follows:


  y = a − b ∗  c x   



(1)




where y is the mechanical parameter, x is VP, and a, b, c are the fitting coefficients which may depend on rock properties, such as mineral composition, joints, etc.




4.2. Effect of Temperature on Physical and Mechanics Behaviors


Thermal shock caused by heating and cooling treatment degrades the VP of granite specimens. In order to analyze the damage mechanism of temperature treatment on the VP of granite, the damage factor based on P-wave velocity was defined as follows [30]:


   D P  = 1 −    V  P T      V  P 0      



(2)




where DP is the damage factor of P-wave velocity, VP0 represents the VP of the untreated specimen, and VPT is the VP of granite specimens measured at high temperatures of T.



The relationship between DP and temperature under different cooling methods is shown in Figure 11. With the increase in temperature, DP shows a continuous upward trend with an increasing rate, indicating that the density of microcracks constantly increases with heating temperature, and it is easier to form microcracks inside the granite specimens treated with a higher temperature.



A high temperature will damage the mechanical properties of rock (Figure 7, Figure 8 and Figure 9). In order to access the damage degree of the mechanical parameters of specimens under different thermal shock, the damage factor based on the mechanical parameters of specimens were defined as follows:


   D  U C S   = 1 −   U C  S T    U C  S 0     



(3)






   D E  = 1 −    E T     E 0     



(4)






   D   σ t    = 1 −     σ s  T      σ s  0     



(5)




where DUCS, DE, and Dσt represent the damage factor based on UCS, E, and σt, respectively. UCS0, E0, and σt0 represent the UCS, E, and σt of original specimens, respectively, and UCST, ET, and σtT are the UCS, E, and σt of granite specimens measured at a high temperature of T, respectively.



With the increase in temperature, the damage degree of mechanical behaviors of specimens increases with treatment temperature (Figure 12). Meanwhile, the cooling rate also has an important influence on the thermal damage degree based on the different mechanical properties of the granite specimen. In Figure 12a, when the temperature was below 300 °C, the DUCS of water cooling was slightly greater than that of air cooling. When the temperature was above 300 °C, the DUCS of water cooling was larger than that of air cooling, and the difference between them gradually increased with the treatment temperature. DE and Dσt of water-cooling specimens were always greater than that of air-cooling granite specimens, and the difference between DE and Dσt with two different cooling rates increased with the increase in treatment temperature (Figure 12b,c).



There are two main reasons for the damage of rock physical and mechanical parameters: (1) when the temperature of granite specimens changes dramatically, various mineral particles will expand unevenly. This inhomogeneous expansion can lead to thermal stress and further induce the generation and propagation of microcracks [34,57]. Meanwhile, the increase in treatment temperature degrades the mechanical strength of granite (Figure 7, Figure 8 and Figure 9), and as a result, the specimens are more likely to rupture by a thermal stress-caused temperature gradient. Therefore, the increase in temperature further induces the internal microcracks in granite specimens. The presence of microfractures reduces the physical and mechanical behaviors of specimens. When the temperature is low, the thermal stress is not enough to degrade the mechanical behavior of the rock. So, when the temperature is lower than 200 °C, the DUCS, DE, and Dσt. of the granite are relatively small, and the influence of the cooling method on the mechanical behavior of rock is not obvious. (2) Heat treatment makes the composition of granite change. On the one hand, the various types of water (attached water, bound water, and constitute ion water) within the specimens evaporate at different temperature ranges [15,16]. On the other hand, temperature changes the mineral composition of the rocks. For example, at 573 °C, quartz will undergo α/β transition [10,45,58]. As a result, the microcracks and micropore volume increase with temperature. Additionally, the water entering the fracture induced by thermal stress will further weaken the bonds between mineral particles, and the swelling force generated by the water boiling and vaporizing in the microcrack also provides the power for the expansion of the microcrack. Therefore, the damage degree of physical and mechanical parameters of the specimens subjected to water cooling is greater than that of air-cooling the specimens.




4.3. Effect of Thermal Shock on Failure Patterns of Rocks


The failure pattern of granite specimens treated with different temperature treatment routes changes greatly (Table 2 and Table 3). The failure patterns of granite specimens conducted on uniaxial compression tests are obvious, so this part mainly discusses this. In order to quantify the failure patterns, the angle between the vertical direction of the granite specimens and the fracture surface was calculated, which is defined as the splitting angle, and the average splitting angle of rock specimens under different thermal shocks was obtained (Figure 13). It can be seen that the splitting angle gradually increases with temperature, and the rock failure pattern gradually transforms from longitudinal fracture to shear failure. This is because the number of microcracks in the rock and the degree of thermal damage increases, resulting in the decrease in the rock cohesion internal friction angle, and the continuous increase in splitting angle.




4.4. Application of the Present Experimental Investigation


During deep high-temperature drilling, cold drilling fluid continuously causes cooling shock to high-temperature sidewall rocks. In addition, the low temperature working fluid also continuously causes cooling shock to the high reservoir rocks during the long-term operation of the enhanced geothermal system [51]. Our studies show that cooling shock can deteriorate the mechanical behaviors of high-temperature granite. P-wave velocity, UCS, E, and σt of heated granite after two cooling methods all showed a decreasing trend with temperature. Therefore, the cooling shock should be concerned in deep high-temperature rock engineering.



Our research confirms that thermal shock can generate a large number of microcracks in granite. Therefore, we can create an efficient heat recovery reservoir with lots of cracks by thermal stimulation. Meanwhile, considering that thermal shock can produce cracks in the reservoir, we can improve the permeability of the reservoir by intermittent cool working fluid injection.



Additionally, there is a good fitting relationship between P-wave velocity and rock mechanical parameters, so we can use the P-wave velocity test as a nondestructive rock testing technology to reduce cost and improve efficiency.





5. Conclusions


In the present article, the mechanical behaviors of granite subjected to two different thermal shocks have been studied based on mechanical experiments and an ultrasonic test technique. The main conclusions can be drawn as follows:




	(1)

	
Thermal shock has a great influence on the physical and mechanical parameters of granite. VP, UCS, E, and σt of heated granite after two cooling methods all show a decreasing trend with temperature. There is a great asymptote fitting between mechanical strength and the P-wave of heated granite after two cooling methods.




	(2)

	
High temperature causes uneven expansion of different minerals and further induces the development of microcracks. The degradation of physical and mechanical properties can be attributed to the generation and propagation of microcracks.




	(3)

	
Water cooling further degrades the physical and mechanical behaviors of granite, compared with air cooling. Thermal shock caused by water cooling induces more microcracks, and water permeating into granite also further causes the propagation of microcracks.




	(4)

	
Thermal shock can change the mechanical behavior of granite specimens. The splitting angle gradually increases with treatment temperature, and the rock failure pattern gradually transforms from longitudinal fracture to shear failure. A rapid cooling rate can exaggerate the damage degree of the granite specimens.









In the future, we will further study the corresponding quantitative relationship between temperature gradient and thermal stress, which can provide a basis to predict the damage degree of rock under the action of thermal stress.
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Figure 1. Granite specimens used in the test. (a) Specimens for the uniaxial compression test; (b) specimens for the Brazilian split test. 
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Figure 2. Test equipment used in this study. (a) SG-XL 1200 high-temperature furnace; (b) DC-1020 constant temperature bath; (c) RSM-SY5 wave velocity detector; (d) universal strength testing machine; (e) RFP-03 Brazilian split testing machine. 
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Figure 3. Experimental flow chart. 
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Figure 4. Testing scheme of heating and cooling processes. 
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Figure 5. Variation of VP of rock specimens with temperature under different cooling routes. 






Figure 5. Variation of VP of rock specimens with temperature under different cooling routes.



[image: Energies 14 03721 g005]







[image: Energies 14 03721 g006 550] 





Figure 6. Stress–strain relations of rock specimens with different temperature treating routes. (a) water cooling; (b) air cooling. 
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Figure 7. UCS of granite specimens treated at different temperature methods. 
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Figure 8. Relationships between temperature and elasticity modulus. 
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Figure 9. Relationships between temperature and tensile strength. 
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Figure 10. Relationship between VP and mechanical parameters. (a) Uniaxial compressive strength; (b) elasticity modulus; (c) tensile strength. 
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Figure 11. The relationship between DP and temperature under different cooling paths. 
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Figure 12. Relationship between temperature and thermal damage based on mechanical properties of granite. (a) DUCS, (b) DE, (c) Dσt. 
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Figure 13. Relationship between rock splitting angle and temperature. 
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Table 1. Mechanical parameters of granite specimens after two different thermal shocks.
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Cooling Route

	
Water Cooling

	
Air Cooling






	
Temperature/°C

	
25

	
200

	
300

	
400

	
500

	
600

	
25

	
200

	
300

	
400

	
500

	
600




	
UCS/MPa

	
No. 1

	
94.38

	
89.93

	
71.06

	
60.72

	
47.55

	
41.20

	
102.99

	
91.37

	
73.73

	
72.26

	
69.09

	
57.02




	
No. 2

	
102.00

	
81.30

	
76.32

	
59.44

	
51.89

	
37.33

	
102.96

	
94.50

	
82.61

	
72.09

	
61.74

	
61.71




	
No. 3

	
95.91

	
81.02

	
71.81

	
61.98

	
56.64

	
40.34

	
99.13

	
85.11

	
76.07

	
73.17

	
62.96

	
57.80




	
Ave.

	
97.43

	
84.08

	
73.06

	
60.71

	
52.03

	
39.62

	
101.70

	
90.33

	
77.47

	
72.51

	
64.6

	
58.84




	
E/GPa

	
No. 1

	
7.99

	
7.91

	
7.38

	
6.83

	
5.99

	
5.00

	
8.09

	
7.71

	
7.84

	
7.64

	
7.27

	
5.97




	
No. 2

	
8.09

	
7.85

	
6.92

	
6.65

	
6.16

	
5.03

	
8.25

	
8.12

	
7.85

	
7.36

	
6.85

	
6.19




	
No. 3

	
8.01

	
7.8

	
7.15

	
6.47

	
6.27

	
5.36

	
7.96

	
8.05

	
7.5

	
7.08

	
7.36

	
6.44




	
Ave.

	
8.03

	
7.85

	
7.15

	
6.65

	
6.14

	
5.13

	
8.1

	
7.96

	
7.73

	
7.36

	
7.16

	
6.20




	
σt/MPa

	
No. 1

	
6.16

	
5.89

	
5.15

	
4.19

	
3.08

	
1.10

	
6.14

	
6.08

	
5.89

	
4.85

	
4.02

	
1.90




	
No. 2

	
6.18

	
5.89

	
5.09

	
4.27

	
3.09

	
1.15

	
6.14

	
6.10

	
5.87

	
4.86

	
4.02

	
1.89




	
No. 3

	
6.14

	
5.88

	
5.18

	
4.15

	
3.08

	
1.08

	
6.11

	
6.07

	
5.93

	
4.85

	
4.00

	
1.89




	
Ave.

	
6.16

	
5.89

	
5.14

	
4.20

	
3.09

	
1.11

	
6.13

	
6.08

	
5.9

	
4.85

	
4.01

	
1.90




	
VP/m/s

	
No. 1

	
4.69

	
4.35

	
3.45

	
2.44

	
2.38

	
1.35

	
5.27

	
4.35

	
3.77

	
3.23

	
3.14

	
1.61




	
No. 2

	
5.27

	
4.35

	
3.26

	
2.80

	
2.40

	
1.10

	
5.09

	
4.55

	
3.57

	
3.03

	
2.74

	
1.59




	
No. 3

	
5.26

	
4.35

	
3.13

	
2.56

	
2.33

	
1.04

	
4.84

	
4.75

	
3.37

	
2.83

	
2.86

	
1.49




	
Ave.

	
5.08

	
4.35

	
3.28

	
2.60

	
2.37

	
1.16

	
5.07

	
4.55

	
3.57

	
3.03

	
2.91

	
1.56
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Table 2. Failure patterns of high-temperature granite under different cooling routes.
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	Cooling Route
	25 °C
	200 °C
	300 °C
	400 °C
	500 °C
	600 °C





	Water Cooling
	 [image: Energies 14 03721 i001]
	 [image: Energies 14 03721 i002]
	 [image: Energies 14 03721 i003]
	 [image: Energies 14 03721 i004]
	 [image: Energies 14 03721 i005]
	 [image: Energies 14 03721 i006]



	Air Cooling
	 [image: Energies 14 03721 i007]
	 [image: Energies 14 03721 i008]
	 [image: Energies 14 03721 i009]
	 [image: Energies 14 03721 i010]
	 [image: Energies 14 03721 i011]
	 [image: Energies 14 03721 i012]
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Table 3. Failure patterns of heated granite underwent thermal shock under Brazil splitting tests.
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Cooling Method

	
25 °C

	
200 °C

	
300 °C

	
400 °C

	
500 °C

	
600 °C






	
Water Cooling

	
 [image: Energies 14 03721 i013]




	
Air Cooling

	
 [image: Energies 14 03721 i014]
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