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As the burial depth of shale exploitation increases, it is challenge to form fracture networks through hydraulic fracturing technology. When cryogenic fluid contacts with hot rock, heat exchange process occurs and temperature gradient is generated at the rock surface, resulting in thermal stress. Once the thermal stress exceeds the tensile strength, the fractures are generated. To study the initiation and propagation of fractures induced by thermal shock, a thermal-mechanical (TM) coupled two-dimensional model is developed in the paper. To simulate the heat exchange process, the heat convective boundary is applied in the surface between the fluid and the rock. In addition, the initiation and propagation of fractures are described by the cohesive zone model. The accuracy and reliability of the numerical model is validated by an existing analytical solution. Under the thermal shock, the temperature at the contact surface drops quickly. The stress distribution is determined by the temperature variation. The variations of temperature and stress are greatly affected by the heat exchange coefficient. With the fractures embedded in the model, the initiation and propagation of fractures are analysed. The multi-fracture propagation induced by thermal shock exhibits competition effect. With the propagation of fractures, the stress distribution in the rock changes. The heat exchange coefficient has a significant effect on fracture initiation and propagation, presenting more fractures generation in the larger coefficient.
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1 INTRODUCTION
Shale gas is a type of clean and efficient energy resource. Through long-term research and engineering practice, the development technology of shale gas in middle-shallow layer (<3,500 m) is relatively mature. With the deepening of the exploration, the deep shale gas (with the buried depth of over 3,500 m) is a highly promising resource, which takes over 65% of the whole shale gas reserve in China. Currently, the development of deep shale gas has made preliminary technical progress, but many challenges are reported in field, especially in the hydraulic fracturing as the key technique of shale gas efficiency development (Zhao et al., 2022).
Compared with shale gas in middle-shallow layer, the formation temperature and overburden pressure of deep shale increase, as well as the formation closure pressure, crustal stress difference, elastic modulus, failure strength and other mechanical parameters also increase in varying degrees (Guo et al., 2021). The reservoir characteristics listed above bring disadvantages to the hydraulic fracturing of deep shale gas, such as: (1) plasticity of shale is enhanced, which makes the fractures difficult to initiate and propagate; (2) it is challenge to improve the complexity of fractures and the volume of reservoir reconstruction; (3) the transportation of the proppant becomes difficult due to the narrow fracture width. At present, it is more realistic to form micro fractures with main fractures and relatively small extension ranges in deep shale hydraulic fracturing (Chang et al., 2022). It can be concluded that it is of great challenge to obtain an ideal fracturing region in deep shale reservoirs.
In addition to bearing external loads, rocks can also withstand thermal stress caused by internal temperature changes. Thermal crack is also an important factor in rock failure. Numerical simulation researches show that larger injecting fluid can effectively reduce the bottom hole temperature, with a maximum temperature drop of 80°C (well depth of 4,000 m) (Zhang et al., 2019). Field experiments and physical simulation experiments of enhanced geothermal extraction also indicate that reservoir permeability is improved by injecting cryogenic fluid into hot dry rocks (Garcia et al., 2015), (Rutqvist et al., 2015). Based on the above research conclusions, some researchers propose a type of fracturing method, namely, cryogenic fracturing technology (Tomac and Gutierrez., 2017). When cryogenic fluid is injected into a high-temperature formation, the temperature causes rock shrinkage and generate tensile stress. As the tensile stress is greater than the critical stress, fractures are generated in the rock (Enayatpour et al., 2018a). In addition, the cooling effect of cryogenic fluid can also effectively reduce the crustal stress and the critical value of fracture initiation or propagation, which is conducive to form a larger range of fracture network (Enayatpour et al., 2018b). Hence, a series of research on the cryogenic fracturing are conducted. For example, according to the experimental results, multiple cryogenic shocks could generate new fractures, increase the width of existing fractures, and rock characteristics would affect the generation of fractures (Cha et al., 2017; Wang et al., 2016; Enayatpour et al., 2018a; Enayatpour et al., 2018b) established a hydraulic fracturing model for shale reservoir under thermal shock (sharp thermal gradient). They analyzed the mechanism and effect of cryogenic fracturing, as well as the impact of rock thermophysical parameters and mechanical parameters. Based on the plane strain model for the initiation/propagation of secondary fractures, (Tran et al., 2012) discussed the effect of initial effective stress, elastic modulus, filtration loss, and temperature difference on the propagation of secondary fractures during cryogenic fracturing. (Bahr et al., 2010) found that the spacing between thermal shock fractures was proportional to the fracture length and inversely proportional to the propagation speed. Kim and Kemeny (Kim and Kemeny, 2009) analysed the effect of rapid cooling and unloading on rock damage by slowing heating and rapid cooling tests. (Dahi et al., 2014) investigated the effect of temperature on preexisting fractures and newly initiated fractures in the process of hydraulic fracturing. Generally, thermal shock has been recognized as an important type of fracturing.
Recently, liquid nitrogen (LN2) or liquid carbon dioxide (LCO2) is considered as fracturing fluid because of the strong thermal shock process. Many researches on the cryogenic fracturing are focused on LN2 or LCO2. (Cha et al., 2014) investigated the feasibility of fracture stimulation by using cryogenic fluids to create a strong thermal gradient surrounding a borehole. The experimental results showed that the material properties played a key role in the generation of fractures. (Han et al., 2020) found that after the immersion of cryogenic fluid nitrogen, shale rock exhibited obvious brittleness failure characteristics. In addition, (Wang et al., 2016; Qin et al., 2018; Zhang et al., 2016) and (Yang et al., 2019) conducted tri-axial fracturing experiments and the experimental phenomena indicated that larger complex fracture network can be obtained by cryogenic LN2 fracturing. (Cai et al., 2014) analysed the properties of sandstone, marble and shale after liquid nitrogen cooling. (Yao et al., 2017) developed a numerical model to identify the influence of different confining stress, injection pressure and failure criteria on the cryogenic fracturing.
Numerical method is a feasible method to study the cryogenic fracturing technology. Generally, cryogenic fracturing involves complex physical processes, which includes thermal conduction/convection, rock deformation, fracture initiation/propagation, fluid flow and phase transition. Additionally, the material properties vary with the temperature (Burlayenko et al., 2016), (Trevisan et al., 2016), especially for the heterogeneity (Huang et al., 2019) (Huang et al., 2023). Actually, it is difficult to consider these processes in the numerical model simultaneously. Most researches focus on the thermal shock process (e.g., thermal/mechanical response and the fracturing process), and some factors can be discussed. Unlike conventional hydraulic fracturing, as the low-temperature fluid enters the main fracture, secondary fractures with alternate length on the surface of the main fracture are formed due to thermal shock (Tang et al., 2020; Tang et al., 2016). Understanding the competitive propagation of multiple fractures is very important. It is beneficial to improve the volume and complexity of the fracture network. Unfortunately, rare researches are conducted to study the non-uniform propagation of fractures along rock surface, as well as the influence factors.
This study develops a TM coupled two-dimensional model in ANSYS software. It should be noted that heat convective boundary, rather than the first temperature boundary, is considered in the model. The initiation and propagation of fractures are described by the cohesive zone model. The accuracy and reliability of the numerical model is validated by an existing analytical solution. Thereafter, under the thermal shock, the temperature and stress distribution are discussed in the elastic stage. With the fractures embedded in the model, the initiation and propagation of fractures are analysed, as well as the effect of the heat exchange coefficient. Generally, this work should help to analyse the thermal shock performance to enhance the reservoir stimulation.
2 MATHEMATICAL DESCRIPTION OF THE TM MODEL
2.1 Model assumptions
As cryogenic fracturing is a complex physical process, some assumptions are made to develop the numerical model (Tran et al., 2012; Tang et al., 2016; Tang et al., 2020).
(1) Only the thermal shock is considered in the model. Herein, the fluid flow in the fracture is ignored.
(2) The properties of rock keep constant with temperature change.
(3) Several fractures are preset in the model to simulate the competitive propagation of multiple fractures. Only the tension failure is considered.
(4) The rock matrix exhibits linear elastic mechanical behavior.
(5) The relationship between heat flux vector and thermal gradients obeys Fourier’s law.
2.2 Governing equations
2.2.1 Thermalelasticity equations
Based on the assumptions expressed above, the governing equations of the thermalelasticity are as follows (Xu., 2016):
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where {ε} is the total strain vector; S is the entropy density; {σ} is the stress vector; △T (=T-Tref) is the temperature change; T is the current temperature; Tref is the reference temperature; T0 is the absolute reference temperature; (D) is the elastic stiffness matrix; {α} is the vector of coefficients of thermal expansion; ρ is the density; and Cp is the specific heat at constant stress or pressure.
Using {ε} and △T as independent variables, and replacing the entropy density S in Eq. 2 by heat density Q using the second law of thermodynamics (Q = T0S) for a reversible change, the following equation is obtained:
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where {β} is the vector of thermoelastic coefficients; and Cv is the specific heat at constant strain or volume.
2.2.2 Heat flow equations
The first law of thermodynamics states that thermal energy is conserved. Specializing this to a differential control volume, and the equation is written as (Zhao et al., 2023):
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where {L} is the vector operator; {v} is the velocity vector for mass transport of heat; {q} is the heat flux vector; q0 is the heat generation rate per unit volume.
Fourier’s law is used to relate the heat flux vector to the thermal gradients:
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where [K] is the conductivity matrix.
2.2.3 Coupled equation for TM model
Substituting the parameter Q in Eq. 4 into Eq. 7 produces the coupled equation of TH model.
[image: image]
2.3 Cohesive zone model
To avoid the stress singularity in the crack tip, the cohesive zone model is adopted to simulate the initiation and propagation of the fracture in the numerical model. The model is realized by interface element. Then, by defining the relationship between normal force and deformation, as well as tangential force and slip deformation, the mechanical behavior of the fracture is simulated. In this study, a bilinear traction-separation law is employed to describe the relationship, and the failure criterion is the maximum principal tensile stress criterion. The constitutive relation of the cohesive zone model is shown in Figure 1 (Tan et al., 2021).
[image: Figure 1]FIGURE 1 | Constitutive relation of the cohesive zone model.
In the numerical calculation, the relationship between the tensile stress and the gap between interface elements is described in the following equations:
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where P is the tension stress; Kn is the normal stiffness of fracture surface; un is the gap between interface elements; ui is the gap when P reaches to the maximum value; ud is the gap when P is zero; dn is the parameter which is used to describe the softening of material.
For rock, when un < ui, the material is in the elastic stage; when ui ≤ un ≤ ud, damage occurs in the material and the degree is described by dn; when un > ud, macroscopic fracture is occurred in the material and there is no force between interface elements.
3 VALIDATION OF THE COUPLED TM MODEL
To validate the coupled TM model developed in the paper, the analytical solution of thick-walled cylinder under thermal shock is adopted as simulation example. The two-dimensional model is described in Figure 2A. The outer and inner radius of the model are 25 mm and 2.5 mm, respectively. For the thermal boundary condition, the temperature of the external and inner walls is 2°C and 145°C, respectively. For the mechanical boundary condition, the axial stress of the external and inner walls is 0 MPa. In steady state condition, Xu (Xu, 2016) deduced the analytical solutions of the distribution of the temperature (T) and the hoop stress (σθ):
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where b is the inner radius; a is the outer radius; Ta is the temperature at the inner wall; Tb is the temperature at the external wall; r represents the distance between any point and the centre of the circle; E is the elastic modulus; μ is the Poisson’s ratio.
[image: Figure 2]FIGURE 2 | Description of the thick-walled cylinder model: (A) geometric modeling with initial boundary conditions; (B) finite element model.
According to the description of the thick-walled cylinder model, the numerical model is developed (Figure 2B), and the relevant parameters are listed in Table 1.
TABLE 1 | Parameters of the thick-walled cylinder under thermal shock (Tang et al., 2020; Tang et al., 2016; Zhao et al., 2023).
[image: Table 1]The comparison between the analytical solution and the numerical results is shown in Figure 3. The results include the temperature and hoop stress at different positions. The results obtained from the numerical model are identical to the analytical solution (Figure 3). As the variable parameter r increases from 2.5 mm to 25 mm, the temperature increases nonlinearly (Figure 4A). The rate of change gradually decreases. For the stress induced by temperature gradient, with the increase of r, the hoop stress changes from tension stress to compress stress (Figure 4B). Consistent with the trend of temperature change, the rate of stress change is first fast and then slow. The maximum tension stress obtained from the analytical solution and the numerical result is 30.2 MPa and 29.4 MPa, respectively. The maximum compress stress obtained from the analytical solution and the numerical result is 7.9 MPa and 8.2 MPa, respectively. The error is less than 4%, which can be ignored. Thus, the accuracy of the coupled TM model is verified.
[image: Figure 3]FIGURE 3 | Variation in results at different positions: (A) temperature; and (B) hoop stress.
[image: Figure 4]FIGURE 4 | Distribution of the physical fields: (A) temperature; and (B) hoop stress.
4 THERMAL SHOCK MODEL
4.1 Description of the model
There are two cases developed in the paper: (1) Case 1: only the elastic behavior is considered. Then, the distribution of stress and temperature is discussed; (2) Case 2: the numerical model consists of matrix system and fracture system. Under thermal shock, the matrix is assumed to behave elastically and rock damage occurs in the fracture system.
For the two cases, a plate with the size of 50 mm × 25 mm is developed. The model is discretized into 20,000 coupled-field quadrilateral elements (Figure 5A). For the second case, to study the competitive propagation of multiple fractures induced by thermal shock, nineteen fractures are embedded in the model. The spacing between two fractures is 2.5 mm (Figure 5B). The fractures are simulated with the cohesive elements and the number of elements is 1900. The relevant physical parameters are listed in Table 2.
[image: Figure 5]FIGURE 5 | Conceptual model of thermal shock: (A) matrix system, and (B) fracture system.
TABLE 2 | Physical properties (Tang et al., 2020; Tang et al., 2016; Zhao et al., 2023).
[image: Table 2]4.2 Initial and boundary conditions
The initial and boundary conditions of the TM model are listed as follows.
(1) Stress field. The bottom of the model is constrained along the y-direction, and the other surfaces are unconstrained.
(2) Temperature field. The initial temperatures of the rock and cryogenic fluid are 200°C and 20°C, respectively. The heat exchange occurs in the upper surface. In most studies, the boundary condition is defined as the first thermal boundary condition. For example, the upper surface is set by assuming that the temperature equals to that of cryogenic fluid, namely, 20°C. However, the definition ignores the process of heat exchange between hot rock and cryogenic fluid. The temperature of the rock surface in contact with cryogenic fluid does not immediately reach to 20°C. It is a heat convective boundary, rather than the first thermal boundary. The efficient of the heat exchange is described by the convective heat transfer coefficient between the fluid and the rock.
5 RESULTS AND DISCUSSION
5.1 Case 1
5.1.1 Temperature distribution induced by thermal shock
To describe the variation of the temperature at different time along the y direction, the nodes located in the middle of the plate (x = 0.025 m) are selected. With the distance from the upper surface increases from 0 m to 0.025 m, the temperature variations are shown in Figure 6. When the hot rock is subjected to thermal shock, it is a transient heat conduction process. The effect of the heat exchange cannot immediately occur in the whole rock. The efficient is determined by the thermal conductivity. Hence, the effect of the heat exchange time is an important factor when the temperature field is analysed. Generally, the temperature variation at different time is similar. As the heat exchange time continues, the temperature inside the rock gradually decreases. As shown in Figure 7, with the contact time between rock surface and cryogenic fluid increases, the temperature at the upper surface drops quickly. For example, when the time increases from 1 s to 50 s, the temperature drops from 133°C to 48°C. In a short period of time (e.g., t = 1 s, 5 s and 10 s), the process of the heat exchange only affects a certain distance from the upper surface, and the temperature of the region far away from the upper surface keeps constant. When the heat exchange time is 50 s, the temperature of larger region has dropped. With the location increases from 0 to 0.025 m, the variation rate of the temperature exhibits a characteristic of first fast and then slow. For the location which is at 0.02 m from the upper surface, the temperature is 195°C and has only dropped by 5°C.
[image: Figure 6]FIGURE 6 | Temperature variation in the plate at different time.
[image: Figure 7]FIGURE 7 | Stress variation in the plate at different time.
5.1.2 Stress distribution induced by thermal shock
During the process of heat exchange, the temperature distribution is non-uniform. Then, the temperature stress is induced by the temperature gradient. With the distance from the upper surface increases from 0 m to 0.025 m, the stress (along the x direction) variations are shown in Figure 7. At the thermal shock boundary, the temperature gradient is the highest. Hence, the maximum tensile stress (σt) occurs at the upper surface. When the heat exchange time is 1 s, σt is 12.5 MPa, which is greater than the tensile strength of shale. It can be seen that thermal shock in a short time is enough to generate damage in the rock. Similar with the temperature distribution, the stress occurs in the position which is near the upper surface. As the time of thermal shock increases, tensile stress is generated in a larger area inside the rock. With the location increases from 0 to 0.025 m, the stress quickly decreases, and the stress state transitions from tensile stress to compressive stress. Compare with the tensile area, the range of stress variation in the compressive area is relatively small.
5.1.3 Temperature and stress variation with time
5.1.3.1 Temperature variation
At the upper surface (x = 0.025 m), the variations of temperature with time are shown in.
Figure 8A. After the heat exchange of 50 s, the temperature decreases from 200°C to 50°C. The decline rate shows a trend of first fast and then slow (a) (b).
[image: Figure 8]FIGURE 8 | Variation of physical parameters with time at the upper surface (x = 0.025 m): (A) temperature; and (B) stress.
Figure 8A). In the first 5 s, the decrease of temperature can be up to 107°C. Over the next 5 s, the decrease of temperature is 16°C. Then, within the remaining 40 s, the temperature dropped by only 27°C. The decrease of temperature mainly occurs at the initial stage. For example, the temperature drop value in the first 5 s accounts for over 70% of the total decrease value. As the heat exchange continues, the temperature decreases slowly and tends to stabilize. According to the simulation results, it takes a time for the temperature at the boundary to decrease to the ambient temperature. More importantly, the efficiency of the thermal shock is determined by the heat exchange coefficient, and this parameter of different fluid varies greatly. Unfortunately, the first thermal boundary condition can not consider the effect of different fluid on the heat exchange. Applying this type of the boundary condition to the heat exchange surface is unreasonable. Otherwise, the effect of temperature stress will be overestimated.
5.1.3.2 Stress variation
At the upper surface (x = 0.025 m), the variations of stress with time are shown in Figure 8B. The stress variation is greatly determined by the temperature variation. Generally, the stress changes with time can be divided into three stages (a) (b).
Figure 8B firstly, the stress quickly increases to 12.5 MPa within 1 s. It corresponds to the stage of rapid decrease of temperature. Then, the stress slowly increases to the maximum stress, namely, 17.5 MPa, within the next 8.5 s. In the following heat exchange process, the stress decreases slowly. The final tensile stress value is 13 MPa. During the initial stage of thermal shock, the temperature of the heat exchange surface decreases rapidly and the cooling area is limited, which leads to a continuous increase in temperature gradient. Hence, the tensile stress generated at the heat exchange boundary continues to increase. Subsequently, due to the larger cooling area and the slow decrease rate of temperature at the upper surface, the temperature gradient gradually decreased, thereby reducing the tensile stress at the heat exchange boundary. Based on the stress variation with time, it can be concluded that once there is no damage occurred in the rock at the initial stage, there will be no damage in the later stage.
5.1.4 Effect of the heat exchange coefficient on the temperature and stress
The effect of the heat exchange coefficient on the variations of temperature and stress is shown in Figure 9. The heat exchange coefficient determines the decrease degree of the temperature. For example, when the values of the coefficient are 1000 W/(m−2 K−1) and 100 W/(m−2 K−1), the temperature drop is 150°C and 53°C, respectively. The difference is close to three times. Smaller heat exchange coefficient generates lower temperature gradient (Figure 9A). For the smaller coefficient of 100 W/(m−2 K−1), the stress increases slowly during the whole thermal shock process (Figure 9B). After the thermal shock of 10 s, the stress is only 4 MPa, which is much lower than 18 MPa when the coefficient is 1000 W/(m−2 K−1). Therefore, the heat exchange coefficient is an important parameter when selecting cryogenic fluid in thermal shock design.
[image: Figure 9]FIGURE 9 | Effect of the heat exchange coefficient on the physical parameters at the upper surface (x = 0.025 m): (A) temperature, and (B) stress.
5.2 Case 2
5.2.1 Propagation of fractures under thermal shock
When the tension stress exceeds the tensile strength, the fractures are generated in the rock. As the stress distribution is analysed above, the initiation of the fracture occurs at the upper surface, and the fractures propagate forward as the thermal shock continues. The initiation and propagation of multi-fracture is shown in Figure 10. In the initial stage (t = 0.1 s), the maximum tension stress is 3.7 MPa which is lower than the tension strength (7 MPa). Then, there is no fracture occurred in the upper surface. With thermal shock continues, the tension stress increases. Once the stress is greater than the tension stress, the rock is damaged. When t = 1 s, some fractures are generated and mainly concentrated in the middle area, which is determined by the stress distribution. The length of these fractures is relatively similar. Due to the small spacing between adjacent fractures, the propagation of a fracture inevitably affects the propagation of surrounding fractures. Hence, the multi-fracture propagation induced by thermal shock exhibits competition effect. During the subsequent thermal shock (t = 5–50 s), the competition effect is mainly manifested in three aspects: (1) there is difference in the fracture length; (2) the propagation rate of some fractures slows down, even being suppressed; and (3) some fractures change from the open state to the close state. After the thermal shock with 50 s, only two fractures keep propagating.
[image: Figure 10]FIGURE 10 | Propagation of fractures and stress distribution under thermal shock when heat exchange coefficient is 1,000 W/(m−2 K−1).
With the propagation of fractures, the stress distribution in the rock changes. When t = 0.1 s, the influence of thermal shock is mainly at the upper surface. The region is in a shrinkage state, and presents a tensile stress state. The interior of the rock is not affected by thermal shock and is in the compression state with low stress. With the heat exchange process continues (t = 1–5 s), the region surrounding the upper surface is affected by the fracture propagation. At the fracture tip, a stress concentration zone is formed. Because the temperature gradient is still high, the maximum tension stress occurs in the upper surface. When t = 10–20 s, the temperature gradient becomes small, and the maximum tension stress occurs in the fracture tip. It is noted that due to the stress release during fracture propagation, the maximum tension stress is small, which is lower than 4 MPa. In the interior of the rock, the influence of thermal shock is obvious gradually. The compressive stress decreases in the compression region. Finally, when t = 50 s, except for the region around the fracture tip, the other region in the rock is in a low stress zone.
5.2.2 Effect of the heat exchange coefficient on the fracture propagation
When the heat exchange coefficient is 500 W/(m−2 K−1), the propagation of fractures and stress distribution in the rock is shown in Figure 11. Unlike the former case, smaller coefficient induces lower temperature gradient. Then, the induced stress is also smaller. For example, when t = 1 s, the maximum stress in the upper surface is 6.8 MPa. During the period of thermal shock of 1 s, no fractures is generated in the rock. When t = 5 s, three fractures are generated. With thermal shock continues, the fractures propagate forward. However, there are no new fractures occurring. Generally, the characteristics is similar with the case with the coefficient of 1000 W/(m−2 K−1).
[image: Figure 11]FIGURE 11 | Propagation of fractures and stress distribution under thermal shock when heat exchange coefficient is 500 W/(m−2 K−1).
When the heat exchange coefficient is 100 W/(m−2 K−1), the stress distribution in the rock is shown in Figure 12. The maximum tension stress increases with the process of heat exchange. However, after the thermal shock of 50 s, the maximum tension stress is 5 MPa, which is lower than 7 MPa. Thus, there is no fractures generated in the rock.
[image: Figure 12]FIGURE 12 | Stress distribution when the heat exchange coefficient is 100 W/(m−2 K−1).
Based on the analysis above, the heat exchange coefficient has a significant effect on fracture initiation and propagation. When the coefficient is small (e.g., 100 W/(m−2·K−1)), there is no fracture generated in the rock. As the coefficient increases, the induced tension stress becomes high and lead to the fracture initiation. More important, the larger the coefficient, the more fractures are generated. Therefore, the fractures induced by thermal shock not only depend on the temperature difference between the hot rock and the cryogenic fluid, but also are determined by the heat exchange coefficient. By applying the heat convective boundary, the effect of the fracturing fluid on the fracture initiation and propagation can be further discussed.
6 SUMMARY AND CONCLUSION
In this paper, a TH coupled model is developed to study the thermal shock process. The novel model considers the heat conductive boundary between the hot rock and the cryogenic fluid. Then, effect of the thermal shock on the distribution of the temperature and stress, as well as the initiation and propagation of fractures are analysed. The conclusions are summarized as follows:
(1) Once the thermal shock occurs, the temperature at the upper surface drops quickly. The temperature inside the rock gradually decreases. With the location increases from 0 to 0.025 m, the variation rate of the temperature exhibits a characteristic of first fast and then slow. Due to the temperature gradient, the stress occurs in the rock. With the location increases from 0 to 0.025 m, the stress quickly decreases, and the stress state translates from tensile stress to compressive stress.
(2) At the upper surface, the temperature decline rate shows a trend of first fast and then slow. The stress changes with time can be divided into three stages, which is very important to rock damage. Once there is no damage occurred in the rock at the initial stage, there will be no damage in the later stage. In addition, the variations of temperature and stress are greatly affected by the heat exchange coefficient.
(3) With thermal shock continues, the tension stress increases. As the stress is greater than the tension strength, the rock is damaged. The multi-fracture propagation induced by thermal shock exhibits competition effect. This process is very important to further fracturing. With the propagation of fractures, the stress distribution in the rock changes. The heat exchange coefficient has a significant effect on fracture initiation and propagation. The larger the coefficient, the more fractures are generated.
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