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During underground resource extraction and deep underground engineering development, the engineering rock body frequently encounters elevated temperatures and water cooling, leading to alterations in the mechanical properties of the rock. These changes will have an impact on the safety and stability of the project. This study aimed to investigate the changes in mechanical properties of rocks following treatment with high temperatures and water cooling. The experiment involved subjecting layered sandstone samples to heating and water cooling, followed by conducting uniaxial compression tests using a high-temperature furnace and a WA-1000 universal testing machine. The effects of temperature and inclination angles on the uniaxial mechanical properties of layered sandstone were then analyzed. Furthermore, the utilization of the scanning electron microscope and various other microscopic testing devices allowed for the examination of the micro-mechanism behind rock damage and rupture subsequent to undergoing heating and water-cooling treatment. The findings from the experiment suggest that: 1) the relationship between the changes in sandstones’ mechanical properties and temperature and bedding inclinations can be attributed to the uneven deformation of minerals caused by heating and water-cooling treatment, leading to the distribution of microcracks within the rock. 2) The stress-strain curve of the specimen can be divided as four-stages. With the increase of bedding inclination, the compaction stage of the specimen is more prominent. 3) As the bedding inclination increases, the specimens exhibit a pattern of initially decreasing and then increasing in terms of peak strength and strain. With the increase of temperature, the peak axial strain gradually increases, while it first increases and then decreases with the increasing dip angles.
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1 INTRODUCTION
Underground resource extraction and underground engineering construction are often accompanied by high temperature (Sirdesai et al., 2017a; Huang et al., 2017; Zhu et al., 2018), and the mechanical properties of rocks undergoing high temperatures show different states with the variation of temperature (Liu and Xu, 2014; Gautam et al., 2016; Su et al., 2016; Sirdesai et al., 2017b). For some practical projects (e.g., coal mine fires, dry hot rocks, etc.), rocks exposed to high temperatures often experience quick cooling when submerged in water, and the mechanical characteristics of rocks following rapid cooling significantly impact the security of subterranean projects (Kang et al., 2021).
Sandstone, being a typical type of sedimentary rock, displays a distinct arrangement of layers. As the weak factor, the bedding surface often determines the strength and stability of sandstone (Zhou et al., 2019). The mechanical properties and damage modes are also significantly affected by the bedding angle and the stress level (Hu et al., 2017). The peak strength of different layered rocks is highly subjective to the layer angle, which is determined by various parameters including mineral composition, mineral size, pore distribution, and spacing of the bedding in different layered rocks. Based on experimental studies, it has been observed that the maximum peak stress in bedding sandstones occurs at an angle of 0°, while the minimum peak stress varies depending on the structural anisotropy of the bedding rocks (Rawling et al., 2002; Zhang et al., 2010). This minimum peak stress angle is approximately within the range of 30°–67.5°, which also coincides with the point of the rock body’s smallest energy storage limit (Donath, 1972; Dunn et al., 1973; Yan et al., 2023). The anisotropy of the longitudinal wave velocity and elastic modulus is also observed. The longitudinal wave velocity gradually increases as the layered inclination angle increases, while the change in elastic modulus with bedding direction is similar with that of strength, exhibiting a “U-shaped” variation (Yin and Yang, 2018; Shi et al., 2020). Three different failure mechanisms are observed when the specimen is damaged: 1) splitting damage throughout the specimen; 2) sliding damage along the laminar surface; and 3) a mixture damage of splitting and sliding (Yang et al., 1998). Laminated rocks with small angular inclinations have more drastic damage patterns than those with large angular inclinations (Wasantha et al., 2014).
Mechanical properties and micro-mechanisms of thermal damage in rocks can be studied with the help of micro-testing methods (SEM, X-ray diffraction and CT scanning, etc.) (Zhao et al., 2018; Zhou et al., 2020). The temperature range of 400°C–600°C was discovered to be the critical interval that impacts the alteration of sandstone’s physical and mechanical characteristics following exposure to high temperatures (Guo et al., 2017; Zhang et al., 2019; Dong et al., 2020). According to, the temperature prior to the critical temperature can be categorized into three phases depending on the release temperature of attached water, boundary water, and structural water within the rock (Zhang et al., 2016). The rise in temperature causes water to be released and particles to expand, leading to the gradual filling of the initial pores and cracks. This process ultimately strengthens the mechanical characteristics of the sandstone (Ranjith et al., 2012; Gautam et al., 2018). As the temperature rises above the critical point, the particles undergo continuous expansion, resulting in the formation of fresh pores and cracks. This, in turn, causes a decline in the sandstones’ physical attributes (including mass, density, dynamic peak strength, elastic modulus, P-wave and S-wave velocities) (Sun et al., 2016; Yang et al., 2017; Yang et al., 2023), as well as their mechanical properties (such as uniaxial and triaxial compressive strengths, elastic modulus) (Ding et al., 2016). After undergoing various cooling techniques like natural cooling (Zhao et al., 2023), water cooling, and liquid nitrogen cooling (Zhang et al., 2020), high-temperature rocks exhibit notable variations in their mechanical characteristics and modes of failure. The specimen experiences thermal shock when it is rapidly cooled in water, leading to an increase in cracks due to the non-directional heat transfer caused by the thermal shock. Hydraulic action also fluidizes rock particles, leading to an increase in rock porosity and permeability (Ma et al., 2022a; Ma et al., 2022b; Ma et al., 2022c). Over time, the fissures slowly intersect and infiltrate, creating a network of tiny cracks that negatively impact the mechanical characteristics. The values of the uniaxial compressive strength, elastic modulus, and tensile strength are all less than those of the specimen following natural cooling (Wu et al., 2021; Yang et al., 2021; Zhu et al., 2021; Chen et al., 2022). In addition, when water cools rapidly, it also heightens the thermal resistance between mineral particles, diminishes thermal conductivity, intensifies the concentration of stress in specific areas, and augments the disparity in local bearing capacity. Consequently, all of these factors contribute to the improvement of the rock samples’ ductile characteristics (Nin et al., 2021). On the other hand, the use of liquid nitrogen immersion cooling method creates a distinct difference in temperature, causing the microporous structure within the high-temperature rock samples to expand. This expansion leads to the clustering of microcracks, resulting in wider cracks, improved connectivity of crack networks, and a higher concentration of cracks. Consequently, this leads to a significant deterioration of the mechanical properties (Wu et al., 2019; Yang et al., 2019; Cai et al., 2022).
Extensive research has been conducted on the mechanical attributes of layered stone and the properties of stone following various cooling techniques. However, there has been limited investigation into the mechanical properties of layered sandstone, a prevalent rock formation in deep engineering, subsequent to undergoing thermal treatment. In order to further analyze the mechanical properties of bedded sandstone after high temperature and water-cooling treatment, and explore the microscopic mechanism of high temperature, this study focuses on layered sandstone and utilizes XRD, SEM, and uniaxial compression test to examine the mechanical characteristics of sandstone following treatment with high temperatures and water-cooling. Additionally, it explores the impact of temperature and inclination angle on the mechanical properties of sandstone. The findings aim to offer insights for assessing the stability of rock projects, like tunnels, after being subjected to high-temperature water-cooling, such as extinguishing fires with water.
2 TEST MATERIALS AND METHODOLOGIES
2.1 Characterization and preparation of rock samples
The rock specimens used in the test were sampled from Rizhao, Shandong Province, China, and appeared to be layered red sandstone, the average density of the rock samples is 2.23 g/cm3 in the natural state, and the porosity is 14% as measured by the water-saturated method. To maintain the uniformity of the specimens, all the samples utilized in this study were extracted from the identical block through drilling. The angle between the stratigraphic plane and the horizontal plane was defined as the bedding inclination α. The bedding angle of the rock mass was always kept horizontal during coring, and by adjusting the tilt angle of the drill bit, a total of five groups of sandstone samples with different bedding angles of 0°, 30°, 45°, 60° and 90° were obtained, and the schematic diagram of the samples is shown in Figure 1, which was made into a standard specimen of 100 mm in height, 50 mm in diameter, and the height-to-diameter ratio is 2, which is in line with the standard of the International Society for Rock Mechanics (ISRM).
[image: Figure 1]FIGURE 1 | Sampling diagram of layered sandstone.
The processed specimens are put into the box-type electric resistance furnace (SX2-12-12A) for heating treatment, and the preset temperatures are 300°C, 450°C, 600°C, and 750°C, respectively, and only one sample was prepared for each cooling group. After heated to the preset temperature at a heating rate of 5°C/min, the sample was kept in the furnace for 2 h to ensure uniform heating. After the heat preservation, the sample was directly put into the water bath for rapid cooling with a cooling temperature at 25°C ± 0.5°C for 2 h to ensure that the sample is completely cooled. The sample number is in the form of RA-B, where R represents layered red sandstone; A represents the bedding angle; B represents the heating temperature (the values 1, 2, 3, 4, and 5 indicate 25°C, 300°C, 450°C, 600°C, and 750°C, respectively).
Figure 2 demonstrates the XRD results of red sandstone heating and water-cooling treatment at various temperatures. As seen in Figure 2, the mineral composition of the rock specimen in the natural state is mainly quartz crystals, calcium compounds, sodium feldspar and iron oxides. At temperatures of 300°C and 450°C, there was no significant alteration in the internal mineral composition of the samples. While the internal composition of the specimen showed a significant change for quartz crystals, sodium feldspar, and potassium feldspar when the temperature reached 600°C. When the temperature was further increased to 750°C, the sample mineral composed of quartz crystals, sodium feldspar, and calcium oxide. In summary, the quartz and sodium feldspar compositions did not change at high temperatures, but the calcium compounds and iron compounds in the specimen changed as the temperature increased.
[image: Figure 2]FIGURE 2 | XRD composition analysis.
2.2 Testing equipment
In Figure 3A, the box-type resistance furnace SX2-12-12A is displayed, which is utilized for heating the specimen and has the capability to achieve a maximum heating temperature of 1,200°C. The WAW-1000 universal testing machine (depicted in Figure 3) was utilized to conduct the uniaxial loading test. The maximum axial load of Figure 3B is 1,000 kN, with a loading rate range of 0.1–100 mm/min and an accuracy class of 0.5.
[image: Figure 3]FIGURE 3 | Test apparatus. (A) Box-type resistance furnace. (B) WAW-1000 universal testing machine
2.3 Experimental scheme
The sample was raised to the target temperature (25°C, 300°C, 450°C, 600°C, and 750°C) at a heating rate of 10°C/min, kept constant for 2 h, and then put into water to cool to room temperature. and there are five cases of bedded inclination angle α of 0°, 30°, 45°, 60° and 90° in each temperature group. After conducting XRD and SEM micro-tests on the thermally treated specimens, uniaxial compression tests were performed at a loading rate of 0.1 mm/min.
3 EXPERIMENTAL RESULTS
3.1 Microscopic properties
The variation in the macroscopic mechanical property of rocks after high temperatures is a reflection of the variation in the internal micro-structure (Fan et al., 2020). The rock undergoes irregular deformation at high temperatures due to variations in the expansion coefficients of its mineral grains, leading to the formation of thermal cracks and subsequent alteration of its mechanical characteristics. Figure 4 displays the microscopic alterations of the rock at various temperatures to demonstrate the progression of mechanical characteristics in the layered sandstone under elevated temperatures.
[image: Figure 4]FIGURE 4 | SEM microstructure of layered sandstone after high temperature. (A) 25°C. (B) 300°C. (C) 450°C. (D) 600°C. (E) 750°C.
Figure 4A depicts the microstructure of layered sandstone at room temperature, with good ordering between the mineral particles of the original specimen, and a small number of micro-cracks were observed between some mineral particles. As the temperature increases, the inhomogeneous expansion of the minerals causes thermal cracks to initiate between the grains. Under the action of water cooling, the plastic deformation produced by the internal particles of the rock could not be recovered, thus causing the phenomenon that the thermal-induced cracks gradually increase with the increasing temperature, as shown in Figures 4B, C. As the temperature rises above 600°C, the internal cementation of the specimen gradually increases. Under the action of high temperature, some of the cemented material will be dissolved and then re-coalesced into new substances after water cooling. As shown in Figure 4D, as the temperature reaches 600°C, the rock exhibits a greater presence of visible micro-cracks and micro-pores, with a more intricate network of intersecting micro-cracks. The water-cooling effect caused the rock particles to produce unrecoverable plastic deformation, making the internal particle cementation state worse. At a temperature of 750°C, the disarray of the grains and fractures in the rock intensifies. Further due to the increase of cracks between the particles, a series of changes in composition occur, and deposition occurs when the composition is cooled by water.
3.2 Stress-strain curve
The uniaxial stress-strain curves of layered sandstone with different inclination angles at different temperatures are presented in Figure 5. The stress-strain curves of various specimens can be categorized into four stages: fracture compaction stage, elastic deformation stage, inelastic deformation stage, and destruction stage, which are observable. During the natural process of rock formation, gaps and cavities will develop between various particles in the rock. These gaps will gradually shrink and close as the rock is subjected to stress during the initial loading phase. The relationship between stress and strain at this stage is nonlinear, which is called the fracture compaction stage. Upon compaction of the fissures among the particles, the loading process exhibited a direct relationship between stress and strain, resulting in an almost linear stress-strain curve. This phase is commonly referred to as the stage of elastic deformation. With the gradual accumulation of internal damage, the stress-strain curve of the specimen transits from the elastic phase to the nonlinear phase until the specimen strength reaches the peak (the maximum limit of the rock specimen that can be loaded), which corresponds to the inelastic deformation phase. Upon reaching the point of maximum load-bearing capacity, a significant quantity of fractures within the rock persistently propagation, resulting in the formation of visible cracks. The specimen’s bearing capacity decreases quickly after damage due to the absence of circumferential pressure limitation, as evidenced by the rapid decline in post-peak stress, indicating typical brittle damage characteristics.
[image: Figure 5]FIGURE 5 | Axial stress-strain curves for the layered sandstone specimens with varying inclination angles after the same heat treatment. (A) 25°C. (B) 300°C. (C) 450°C. (D) 600°C. (E) 750°C.
To further examine the impact of varying bedding angles on the mechanical and deformation properties of the samples, a comparison was made between the stress-strain curves of the sandstone with different temperatures, as depicted in Figure 5. Figure 5 reveals variations in stress-strain curves among specimens with varying bedding angles at identical temperatures, with the most significant disparity occurring following exposure to 750°C. The compaction phase of the sample is most apparent and the maximum strength of the sample is also the highest at α = 0°, while the compaction phase and peak strength seemed to be diminished at other inclinations. The stress-strain curve of the specimen becomes less steep as the bedding angle increases, and the compaction stage becomes more pronounced, suggesting that the bedding angle has an impact on the stress-strain curve of the specimen. The results of the study indicate that in actual projects, it is more helpful to ensure the safety of the project if mining is carried out along the horizontal direction of the strata.
3.3 Strength characteristics of layered sandstone
Figure 6 illustrates the correlation between the inclination of bedding and the maximum resistance of samples at identical temperatures. Peak strength of layered sandstone shows a “V” type trend with increasing bedding angle, which decreases first and increases later. The lowest strength is found at α = 60°, and the highest strength is found at α = 0°. If the specimen is damaged by sliding along the surface of the laminate, which is the weak surface of the rock structure, its bearing capacity will be greatly reduced, which often occurs in the specimen when α = 60°. This phenomenon shows that in practical engineering, the specimen is most likely to be damaged when the stratums are located in the rock when α = 60°.
[image: Figure 6]FIGURE 6 | Variation in UCS with inclination angle.
Figure 7 presents the relationship between temperature and the peak strength at the same bedding angle. The specimen’s overall peak strength exhibits a trend of decreasing, then rising, and then decreasing again as the temperature increases. The specimen’s strength is slightly lower at 300°C compared to room temperature, but it gradually rises as the temperature reaches 600°C before declining again at 750°C.The sandstone’s durability increased from 300°C to 600°C, but declined beyond 600°C. After water cooling at 900°C, the specimens cracked along the stratum, and the grains were broken up and dispersed in the water in the form of sediment. In brief, the impact of subjecting sandstone to high temperatures and water cooling aligns with the identical trend observed for a specific bedding angle.
[image: Figure 7]FIGURE 7 | Variation in UCS with temperature.
3.4 Deformation characteristics of layered sandstone
The elastic modulus can characterize the ability of the specimen to resist deformation, and the variation of elastic modulus can better grasp the deformation characteristics of layered sandstone. Figure 8A depicts the elastic modulus of layered sandstone changes with α, it can be seen that the elastic modulus of the specimens is higher at different temperatures for α = 0° and 90°, while the minimum value of the elastic modulus occurs between 30° and 60°. The higher degree of specimen fragmentation at the temperature of 750°C results in the elastic modulus of specimens with different laminar inclination angles at this temperature being lower than that at other temperatures. In Figure 8B, the correlation between the temperature and elastic modulus of sandstone is illustrated for every bedding angles. The figure illustrates that the rock experiences thermal cracks as a result of high temperature, which diminishes its resistance to deformation. Consequently, the elastic modulus gradually declines as the temperature rises from 25°C to 300°C. While the elastic modulus gradually increases as temperature rises from 300°C to 450°C. As the temperature rises from 450°C to 750°C, the elastic modulus of the specimen gradually decreases due to a phase transition occurring at approximately 573°C. This decrease is associated with alterations in the internal composition of the specimen.
[image: Figure 8]FIGURE 8 | Variation of elastic modulus with bedding inclination and temperature. (A) Bedding angle. (B) Temperature.
Figure 9A illustrates the change in peak strain with α, which is the axial strain at the point of maximum strength. According to the results, under the action of a certain temperature, the peak strain of the specimen reduced first, then increased, with increasing bedding angle, and the peak strain was lowest at 60°. This is mainly due to the fact that the structure between the laminate is a weak zone, and the specimen is highly susceptible to damage when α = 60°, and the load carrying capacity reaches its limit at relatively small deformations.
[image: Figure 9]FIGURE 9 | Variation of peak strain with bedding inclination and temperature. (A) Bedding angle. (B) Temperature.
In Figure 9B, the correlation between peak strain and temperature is displayed, indicating that regardless of the bedding angle, the peak strain of the specimen rises as the temperature increases, and the rate of increase becomes progressively faster. That is, the variation is relatively gentle between 25°C and 300°C, while it is intensified at 600°C–750°C. In the case of α = 30°, the peak strain corresponding to 750°C is increased by 204% compared with that at 25°C. The rise in plastic deformation of the rock following heating and water-cooling treatment leads to an enhancement in the specimen’s ductile characteristics upon loading.
3.5 Failure mode
The failure modes of the layered sandstone specimens after undergoing heating and cooling treatments are displayed in Table 1. As the temperature and inclination angle vary, the failure modes undergo corresponding alterations. At α = 0°, the loading direction is orthogonal to the surface of the layer, and in this scenario, the layer has minimal impact on the damage mode, exhibiting damage in the form of axial splitting. When α = 30° or 45°, the effect of the weak layer structure on the specimen is more obvious, and the final damage mode is a mixed mode of axial split and slip along the layer. When α = 60°, the weak layer structure plays a decisive role in the damage mode of sandstone, which is the slip damage along the layer. At an angle of 90°, the layer aligns with the loading direction, resulting in lateral deformation caused by the Poisson effect when subjected to vertical load. Consequently, the damage pattern is characterized by tensile damage along the layer.
TABLE 1 | Failure modes of the layered sandstone specimens after heating and cooling treatments.
[image: Table 1]As the bedding angle reaches a specific point, the specimen’s damage escalates as the temperature rises. This is evident through the growing occurrence of cracks and spalling on the specimen’s surface. Nevertheless, once the temperature surpasses 750°C, the elevated heat degrades the sandstone structure, diminishing the impact of bedding tilt on the pattern of deterioration, resulting primarily in cracks forming along the axial direction. After reaching a temperature of 750°C, the specimens’ damage mode is primarily influenced by the temperature.
4 DISCUSSION
4.1 Influence of bedding on the mechanical properties of rocks
Through the analysis of uniaxial mechanical properties of rocks with different angles of bed, it can be found that when α = 60°, the specimen is the most likely to be damaged, and the peak strength is also the lowest, which is due to the existence of the stratum that make the weak zone at the internal granular cementation of the rock, and the specimen is more prone to be damaged. Therefore, in the actual project, attention should be paid to the excavation direction, and try to avoid the 60° inclination area, so as to ensure the safety of the actual project.
4.2 Temperature effects on rocks
By observing and analyzing the microstructure of rocks following heating and water-cooling treatment, it becomes evident that changes in the mechanical characteristics of rocks are connected to the development of internal micro-cracks. The rock undergoes a series of micro-cracks due to the uneven expansion of its internal grains caused by temperature fluctuations, resulting in alterations to its mechanical characteristics. Furthermore, the varying expansion coefficients (parallel or perpendicular to a certain direction) of the particles within the rock when exposed to elevated temperatures result in a range of alterations in the rock, as depicted in Figure 10, and sandstone have high expansion values because of the presence of quartz. At a temperature of 100°C, water present in natural rock will be released, whereas structural and tectonic water will be released at temperatures ranging from 100°C to 300°C and 300°C–500°C, respectively. Additionally, the water in the rock is free. At a temperature of 573°C, the quartz crystals within the rock experience a phase transition. As the temperature continues to rise, the internal metal bond of the specimen breaks, resulting in alterations to the rock’s internal structure, as depicted in Figure 11.
[image: Figure 10]FIGURE 10 | Relationship between the thermal expansion coefficient of quartz and feldspar with temperature (Winkler, 1994).
[image: Figure 11]FIGURE 11 | Water change process inside the specimen during heating treatment (Zhu et al., 2023).
The process of quickly cooling hot rock in a water bath is intricate, involving the rapid cooling of the initial high-temperature sample. The crack patterns become more intricate due to the temperature difference, as depicted in Figure 12. In practical engineering, the injection of cold water into hot rocks can result in increased damage and the formation of cracks, thereby causing issues in the actual project. Therefore, it is crucial to be mindful of these concerns in the relevant engineering tasks. Further, more cracks appeared in the rock under water cooling, and there was a certain variation in its strength along with the change in the composition of the particles during the heating treatment.
[image: Figure 12]FIGURE 12 | Process of rock damage during cooling (Zhang et al., 2022).
Conversely, the application of heat causes the depletion of both unbound and bound water in the rock, while also enhancing the cohesion of the clay minerals among the particles (Wu et al., 2019). Consequently, the temperature rise contributes to the augmentation of the durability of the sedimentary sandstone. In this study, it is necessary to take into account not just the impact of elevated temperatures but also the influence of water cooling. When the heating temperature is relatively low, the high temperature can only evaporate the free water and bound water, while the water cooling process, the grains and the clay minerals between them may reabsorb the water, resulting in a small change in strength, e.g., at T = 300°C. Furthermore, when the temperature of the heating reaches 450°C, the water within the structure will vaporize. This water loss cannot be compensated for promptly during the cooling phase, leading to a rise in strength. As the temperature rises to 600°C, the moisture in the grains and clay minerals undergoes evaporation, resulting in a subsequent enhancement of the overall strength. Nevertheless, the strength enhancement is somewhat restricted due to the thermal fissures caused by the elevated temperature at this particular moment, as depicted in Figure 7, the rate of increase in uniaxial compressive strength has slowed down. As the temperature rises to 750°C, the load-bearing structure of the specimen experiences greater damage due to thermal cracks. The strength of the specimen is then governed by the cracking caused by thermal damage, resulting in a reduction in its overall strength. Currently, the specimen’s failure mode is minimally influenced by the layer angle, but primarily governed by the thermal cracks, as indicated in Table 1.
The findings of this research can serve as a guide for the implementation of the real water-cooled rock initiative. Nevertheless, the impact of confining pressure was not considered in this study, and further investigations will be conducted on the scenario of rock confinement.
5 CONCLUSION
This study conducted uniaxial compressive tests on sandstone with varying laminar inclination after thermal treatment and rapid cooling in water. A comparative analysis was conducted on the impact of dip angle and temperature on the mechanical properties and failure modes of sandstone. Additionally, the microscopic equipment was used to examine the fine structure of sandstone samples following water cooling after varying temperatures. These results unveiled the mechanical damage mechanism of layered sandstone subsequent to exposure to high temperatures and water cooling. Main conclusions can be summarized as follows:
(1) The microscopic experimental results reveal that as the temperature rises, the presence, enlargement, and intersection of tiny cracks within the sample become increasingly apparent. This phenomenon is associated with the expansion of distinct particles within the sample and the occurrence of physicochemical reactions. The temperature within the sample rapidly decreases under cooling impact of water, intensifying the development of internal cracks due to the temperature difference.
(2) The stress-strain of layered sandstone samples at various temperatures can be categorized into four phases: fracture compaction, elastic deformation, inelastic deformation, and destruction. As the inclination angle increases, the compaction phase of the specimen becomes more noticeable, resulting in a flatter curve at the early stages of loading.
(3) The peak strength of the sample initially decreases and then increases as the dip angle increases, whereas with the rise in temperature, the peak strength follows a pattern of initial increase and subsequent decrease. The temperature has less impact on the elastic modulus, but it fluctuates as the temperature increases. The peak axial strain gradually rises as the temperature increases, but it decreases and then rises again as the inclination angle increases. The specimen’s failure mode is affected by a mix of temperature and dip angle.
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