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Abstract

:

Nuclear power is a high-quality clean energy source, but nuclear waste is generated during operation. The waste continuously releases heat during disposal, increasing the adjoining rock temperature and affecting the safety of the disposal site. Basalt is widely considered a commonly used rock type in the repository. This study of basalt’s mechanical characteristics and damage evolution after thermal damage, with its far-reaching engineering value, was conducted by combining experimental work and theory. Uniaxial compression tests were conducted on basalt exposed to 25 °C, 500 °C, 700 °C, 900 °C, and 1100 °C conditions, and acoustic emission (AE) equipment was utilized to observe the acoustic emission phenomenon during deformation. This study was carried out to examine the mechanical characteristics, the sound emission features, the progression of damage laws, and the stress–strain framework of basalt after exposure to different types of thermal harm. As the temperature rises, the rock’s maximum strength declines steadily, the peak strain rises in tandem, the rock sample’s ductility is augmented, the failure mode changes from shear to tensile failure, and cracks in the failure area are observed. At room temperature, the acoustic emission signal is more vigorous than in the initial stage of rock sample loading due to thermal damage; however, after the linear elastic stage is entered, its activity is lessened. In cases where the rock approaches collapse, there is a significant surge in acoustic emission activity, leading to the peak frequency of acoustic emission ringing. The cumulative ring count of acoustic emission serves as the basis for the definition of the damage variable. At room temperature, the damage evolution of rock samples can be broken down into four distinct stages. This defined damage variable is more reflective of the entire failure process. After exposure to high temperatures, the initial damage of the rock sample becomes more extensive, and the damage variable tends to be stable with strain evolution. The stress–strain constitutive model of basalt deformation is derived based on the crack axial strain law and acoustic emission parameters. A powerful relationship between theoretical and experimental curves is evident.
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1. Introduction


As the base-bearing source of the “zero carbon” energy system, the nuclear power industry urgently needs to meet the significant strategic needs of the country’s “double carbon” target [1]. The World Nuclear Energy Alliance is devoted to augmenting the utilization of nuclear energy and other low-carbon technologies to meet carbon reduction objectives [2], with nuclear energy being a potential answer to global climate change. The rapid advancement of nuclear energy has enabled the establishment of a green, low-carbon economy, guaranteeing sustainable energy growth and providing immense benefits to humanity; however, it has also caused an upsurge in the amount of nuclear waste [3].



For nuclear waste disposal and deep rock mass engineering construction, frequently, it is essential to take into account the impact of elevated temperatures on rocks [4,5,6,7]. The engineering significance of studying the mechanical features and the law of destruction development in rock after thermal harm is thus considerable.



Much research has been conducted by scholars both domestically and abroad on the mechanical properties of rocks after thermal damage. Yan-jun Shen et al. [8] examined how cracks spread in high-temperature granite when exposed to various cooling shocks and obtained the temperature range for crack macro-morphology mutation through experiments and numerical simulation. Tubing Yin et al. [9] employed a servo-regulated compressor alongside an acoustic emission (AE) surveillance system and investigated how temperature and varying load conditions affect the elastic properties of standard rocks, discovering a notably higher sensitivity of the elasticity to temperature changes compared to strain. Zhao et al. [10] investigated how Beishan granite, when thermally impaired, conducts heat under uniaxial compression through the transient plane source (TPS) technique. The heat treatment temperature’s augmentation caused the cumulative acoustic emission hit amount at the crack damage stress and peak stress to rise non-linearly, the sample’s initial thermal conductivity and peak thermal conductivity diminished, and their divergence was augmented. Zhi Cheng Tang et al. [11] investigated the physical, thermal, and mechanical characteristics of fine-textured marble and discovered that heat treatment weakened the rock’s properties while increasing its ductility during deformation, despite varying temperatures (20, 200, 300, 400, 500, and 600 °C) and time spans (0.5, 1, 2, 3, 4, and 8 h). When the treatment temperature reached 300 °C, the high-temperature duration had less impact on the rock’s properties than did the temperature magnitude during treatment. By combining scanning electron microscopy (SEM) techniques, P.K. Gautam et al. [12] investigated the thermal effects on the physical and mechanical properties of Jalore granite in India. The findings revealed that the rock’s compressive and tensile strength grew gradually with a temperature decrease below 300 °C, but plummeted sharply above 300 °C. Based on the Lemaitre strain equivalence theory, Zhu Zhennan et al. [13] assumed that the strength of thermally damaged rock micro-units obeyed a normal distribution, and the micro-unit failure conformed to the Mohr–Coulomb strength criterion. A variable for thermal damage was incorporated, followed by the creation of a statistical model for the constitutive thermal damage of rock post-high-temperature establishment. Liu et al. [14] adopted the Drucker–Prager criterion and Weibull distribution to establish a statistical damage constitutive model of high-temperature granite considering the damage threshold, residual stress, and thermal damage. Yaoliang Zhu et al. [15] proposed a rock fatigue damage model considering the influence of temperature based on phenomenology. Fatigue damage is defined using the residual strain method, and the Harris attenuation function is introduced to characterize the evolution of cyclic damage. The proposed model takes into account the influence of initial damage and temperature. Wang et al. [16] studied the tensile strength, Young’s modulus, Poisson’s ratio, and thermal expansion coefficient of granite at 1000 °C, and deduced the temperature dependence, taking into account the influence of initial damage and temperature in the proposed model. The uniaxial compression test was used to validate the novel constitutive law, which was integrated with the traditional Mohr–Coulomb model’s strain softening and tension cut-off. Wang et al. [17] analyzed the three-shear Drucker–Prager yield criterion: a compaction coefficient, damage variable correction factor, and thermal damage variable were introduced. A novel comprehensive thermo-mechanical constitutive model was developed, taking into account the rock’s compaction phase in the uniaxial compression test and its strain-softening due to thermal shock. After exposure to high temperatures, the model can accurately portray the entire rock damage process with strain alteration.



The previously mentioned academics carried out organized investigations into the mechanical characteristics of rocks post-high-temperature exposure, deriving numerous significant insights by integrating different tools and techniques. Nonetheless, the studies primarily concentrated on the examination of mechanical aspects, with lesser emphasis on the law governing the evolution of rock damage. Three primary approaches exist for analyzing rock damage and the constitutive model: (1) the definition of the damage variable and the determination of its correlation with stress and strain were derived from experimental results. (2) This relationship between the damage variable and stress and strain is established by the random distribution of the strength of the rock micro-element, and three primary approaches exist to analyze rock damage and the constitutive model. (3) The damage tensor is established using the homogenization theory to study the failure law of rock. However, in the case of rock subjected to elevated temperatures, only a handful of academics have examined its damage and constitutive model through the analysis of acoustic emission parameters. The intricate composition of basalt minerals, along with their varying thermal expansion coefficients, leads to thermal stress between them when exposed to high temperatures, thus causing cracks to form within the rock [18,19]. Acoustic emission technology can be used to monitor the change in microcracks in rock in real time [20]. Consequently, a more profound comprehension of basalt’s failure process post-thermal damage is essential to more accurately determine the link between acoustic emission parameters and alterations in basalt’s mechanical characteristics and failure mechanisms. In this study, uniaxial compression tests were carried out on basalt after different temperature treatments, and the results were studied in conjunction with acoustic emission parameters. The findings of this study are anticipated to serve as a crucial guide in the fields of nuclear waste management and the construction of deep rock mass engineering.




2. Test Scheme and Test Process


2.1. Rock Sample Selection and Heating Process


The basalt selected in the experiment was taken from Wutai County, Shanxi Province, and the rock samples had good integrity. Pyroxene and plagioclase were the main minerals of their composition, with olivine, hornblende, biotite, apatite, and other secondary minerals also present. The longitudinal wave velocity of the samples ranged from 5801.71 to 6015.02 m/s, and the density ranged from 2.896 g/cm3 to 2.916 g/cm3, with relatively small dispersion. The International Society of Rock Mechanics [21] prescribed the transformation of the sample into a cylindrical form, measuring 50 mm in diameter and 100 mm in length. To guarantee uniformity in the characteristics of the samples, all the samples were taken from the same basalt; these are shown in Figure 1. Fifteen rock specimens were chosen and divided into three groups, each containing five rock specimens, to conduct five sets of uniaxial acoustic emission tests at room temperature (25 °C) and various temperatures (500 °C, 700 °C, 900 °C, and 1100 °C). A KSL-1200X muffle furnace (Sino-US joint venture Hefei Kejing Materials Technology Co., Ltd., Hefei, China) served as the heating device. At a rate of 20 °C/min, the specimens were heated and kept at that temperature for an hour before being placed in a furnace to reach room temperature.




2.2. Test Equipment and Method


	(1)

	
Uniaxial loading







The loading equipment adopted the MTS 815 high-rigidity rock mechanics test system, as shown in Figure 2. The hydraulic servo-control system is a system that can display real-time test curves and automatically record and store data. The axial loading capacity reaches a peak of 4600 kN, and the rigidity of the testing system is 11.0 × 109 N/m. The experiment implemented deformation control, maintaining a loading speed of 0.05 mm/min until the sample was ultimately disposed of.



	(2)

	
Acoustic emission monitoring







The system for monitoring acoustic emissions employed the American Physics Acoustic Corporation’s (PAC) PCI-II acoustic emission testing system. Figure 3 shows a threshold of 45 dB, with a pre-gain of 45 dB, a sampling frequency of 1 MHz, and the RT50-AE acoustic emission sensor (American Physical Acoustics Company Beijing Representative Office, Beijing, China). Vaseline was used as a bridge between the acoustic emission probe and the rock sample to reduce signal weakening. At the start of the compression examination, acoustic emissions were monitored and data were gathered.





3. Mechanical Properties of Thermally Damaged Basalt


3.1. The Apparent Morphology and Failure Mode of Basalt after High-Temperature Exposure


When basalt is subjected to high temperatures, it induces chemical changes in the mineral composition of the rock sample, leading to a transformation in its observable structure. Figure 4 displays the morphology of a rock sample after various temperature treatments.



It can be seen from Figure 4 that the rock sample was lead gray at room temperature. When the heat treatment temperature reached 500 °C, the apparent morphology of the rock sample was a flaxen color. When the temperature reached 700 °C, the apparent morphology of the rock sample was a beige color. When the temperature reached 900 °C, the apparent morphology of the rock sample was a soil color. When the rock sample reached 1100 °C, it took on a purple–black form, characterized by significant volumetric expansion and the appearance of cracks.



Figure 5 illustrates how basalt fails due to thermal damage. Our observations indicate variations in the failure patterns of the rock samples following exposure to diverse temperatures. At room temperature, the rock sample showed shear failure, mainly due to the shear stress on the fracture surface exceeding its shear strength, and the crack mode was mainly an inverted Y-shaped crack. At a temperature of 500 °C, the rock specimen displayed shear failure, causing the fracture surface to shift towards the center. This caused the fracture surface to appear at the top and the secondary crack to be in the middle. Additionally, many small cracks were present around the primary shear cracks. The rock sample at 700 °C also showed shear failure. At 900 °C, the rock sample underwent a transition from shear failure to tensile failure, with a Y-shaped fracture and primary and secondary cracks that were staggered. This fracture section had a variety of cracks, with the primary ones usually parallel. The rock sample at 1100 °C showed tensile failure. Radial tensile stress surpassing the rock’s tensile strength was the primary cause, and the fracture surface was parallel or nearly parallel to the loading direction.



As the experimental temperature increased, the basalt underwent thermal damage, causing changes in its structure, microcrack development, and mineral composition. When the minerals reached a certain critical temperature, they underwent a phase shift, resulting in diminished particle bonding and subsequent deterioration of the rock. The varying types of rock materials caused varying levels of deterioration in the same rock sample’s bearing segments, resulting in a variety of material strengths. As axial stress increased on the rock specimen, the weaker parts initially gave way, resulting in a decrease in bearing capacity and, in turn, the transfer of stress. At 700 °C, the rock samples underwent peak stress of 170.54 MPa, which then rose to 127.63 MPa after 900 °C. This stress and elastic strain in the rigid region caused shear cracks to expand and fuse, leading to shear failure in the uniaxial compression test. With the maximum stress of the rock sample being significantly reduced post-900 °C compared to 700 °C, it is deduced that the pivotal temperature for basalt minerals’ phase change is between 700 °C and 900 °C, resulting in a transition from shear to tensile failure after 900 °C. In Figure 5c, it can be seen that the basalt was destroyed after exposure to 700 °C: it did not have fully penetrated shear cracks and had many small splitting cracks resulting from the combined action of tensile cracks and shear cracks.




3.2. Mechanical Properties of Basalt under Different Temperatures


Figure 6 displays the mean values of the test data for each set of rock samples. As the physical and mechanical properties of rock samples differ at different temperatures, the peak strengths closest to the average were selected for this study. Figure 7 displays the uniaxial compressive stress–strain curve of basalt under various temperatures. The results suggest that the uniaxial compressive stress–strain dynamics of rock specimens exposed to different temperatures can be divided into five stages, each corresponding to one of the five stages of gradual rock failure: crack closure, elasticity, stability of crack propagation, unsteadiness of crack propagation, and post-peak failure.



The five stages above are, respectively, reflected in Figure 7. During the phase of crack sealing, there is a steady rise in the curve’s gradient, and as the temperature escalates, so does the duration of the crack-sealing phase, signifying that higher temperatures lead to increased initial thermal harm in the rock specimen and a higher count of microcracks within it. During the elastic phase, the curve’s gradient remains steady and progressively diminishes as the temperature rises. No discernible decline in the curve’s incline is observed before 1100 °C, indicating that the rock sample has no discernible plastic yield capability. After 1100 °C, a plastic region with an irregular association between strain and stress appears, and a yield platform is then formed. When the stress continues to increase, the rock sample undergoes fracture failure. At the same time, a noteworthy decrease in tension and a considerable rise in strain is seen, culminating in a distinct peak that symbolizes the peak of the curve. In the post-peak failure stage, before 900 °C, the stress sharply decreases, the strain remains unchanged, and the curve decreases almost linearly, showing brittle failure. However, the curve at 1100 °C has a stress fluctuation phenomenon, showing obvious plastic characteristics.



The rock specimens experienced peak stress levels of 192.56, 185.04, 170.54, 127.63, and 65.64 MPa at temperatures of 25 °C, 500 °C, 700 °C, 900 °C, and 1100 °C, in that order. As the temperature increased, the maximum stress experienced by the specimens decreased in proportion. The decrease amplitudes at 500 °C and 700 °C were almost the same. Nonetheless, the maximum stress experienced by the rock samples exposed to 900 °C decreased to 66.3% compared to those at ambient temperature (25 °C), suggesting that temperatures between 700 °C and 900 °C lead to more significant thermal harm to the rock samples. The thermal expansion of particles within a rock can vary, resulting in structural thermal stress that can cause either formation of new cracks or enlargement of existing ones. This leads to a deterioration of the mechanical properties of basalt and a decrease in its strength. At temperatures ranging from 700 °C to 900 °C, minerals undergo phase transformation, thus decreasing their bearing capacity [22]; in other words, some minerals start to decompose, resulting in a gradual decline of basalt’s mechanical properties. When the temperature reaches about 1100 °C, the basalt undergoes intense melting, and the crystal state of the rock worsens. Furthermore, the rock sample loses its bearing capacity. As strength decreases, the stress–strain curve’s compaction phase lengthens, the elastic phase contracts, and the peak stress-associated maximum strain increases. This is due to the high temperature improving the rock’s ductility. Moreover, a rise in temperature causes a decrease in the elastic modulus of basalt.





4. Acoustic Emission Characteristics of Thermally Damaged Basalt


4.1. Acoustic Emission Peak Frequency


The characteristics of acoustic emissions in the frequency domain align with the data available on the scale of rock fractures [23]. Microcracks, known for their swift expansion and confined scope, are capable of producing sound emission signals at higher peak frequencies, while those at lower frequencies correlate with the formation of microcracks that propagate more slowly and in a high-frequency manner. The varying acoustic emission frequencies of basalt specimens may be the source of the intrinsic fracture principle. Figure 8 displays the peak frequency of basalt acoustic emission at various temperatures.



Figure 8 shows that before 900 °C, there are only very few acoustic emission signals during the initial loading phase, attributed to the reduced number of primary fractures in basalt specimens, and the peak frequency aggregation occurs near the peak stress. Post-900 °C, a heightened peak frequency appeared before reaching peak stress, attributed to the modified manner in which rocks fail due to damage caused by heat. There is an increase in the peak frequency preceding the maximum stress level of the rock specimen. The rock’s fluctuating collapse due to elevated temperatures results in a decrease in peak frequency from its peak to its lowest at the point of elastic energy release, leading to a rebalancing of the fracture surface’s stress state amidst this unstable failure. The healing of cracks and the further growth of local ones take place in the course of the procedure. As the temperature increases, the peak frequency aggregation time advances, and the duration becomes longer, but the maximum peak frequency decreases. Studies show that fissures caused by thermal damage accelerate the early development of small cracks, accelerating their expansion but reducing their total spread.




4.2. Acoustic Emission Ringing Count


The count of signal oscillations whose amplitude surpasses a certain threshold is referred to as ‘acoustic emission ringing count’. The frequency of ringing per time unit is indicative of the rate of acoustic emission ringing, while the aggregate number of ringing in each phase is equal to the total acoustic emission ringing. The frequency of ringing mirrors both the overall and individual activities of the rock’s sound emission, aligning closely with the formation, enlargement, merging, and infiltration of fissures in the rock. The rate and total count of acoustic emission ringing were selected for this research study’s analytical purposes. Figure 9 displays the stress–strain curves of the rock samples under varying temperatures, along with the change law of acoustic emission parameters.



Figure 9 illustrates that during the initial loading phase, the acoustic emission ringing count rate was not clear-cut, but it gradually increased in density as the loading advanced. The elevation of the temperature tended to result in a denser acoustic emission ringing count rate. This principle exists because acoustic emissions can be perceived as external outcomes stemming from the creation and development of internal cracks in rock samples, corresponding to the condition of the damage. The rock specimens experienced an increase in temperature, resulting in the formation and propagation of internal fissures, thereby augmenting the energy release rate and the ringing of acoustic emission.



Figure 9b–e illustrates the acoustic emission properties of rock specimens post-high-temperature processing. The results at temperatures of 900 °C and 1100 °C were significantly different from those at room temperature. At the outset of compaction, a rise in acoustic emission signals and a rapid rate of ringing were noticed, implying that high temperatures caused considerable thermal harm to the rocks, resulting in more distinct cracks than those in rocks exposed to ambient temperature. After the linear elastic stage was initiated, the ringing count rate stayed relatively low. After the linear elastic stage was entered, the ringing count rate was maintained at a relatively low level. After the stable crack-propagation stage was entered, the ringing count rate was improved to some extent, which can be distinguished from the linear elastic stage, but the activity of acoustic emission at high temperatures was not as intense as that at room temperature. After the unstable crack-propagation stage was entered, the ringing count rate suddenly rose to a small peak, but the increase was smaller than that at room temperature. Upon the stress attaining its maximum intensity, the rate of ringing did not hit this peak but was marginally delayed compared to the peak stress strength. At elevated temperatures, the initial harm to the rock specimens intensified, thus intensifying the acoustic emission signal during the initial loading stage. At high temperatures, the acoustic emission ringing count rate did not differ as drastically as at room temperature due to the increased ductility of rock, which causes the progressive failure process to be slower with a rise in strain than at room temperature.





5. Damage Evolution Law and Constitutive Model of Basalt


5.1. Damage Variable and Evolution Law of Basalt


The alteration in the cumulative ringing count is demonstrated to be linked to the alteration in mechanical properties and microstructure of materials [24]. Therefore, it is inferred that there is an inevitable connection between the total number of ringing and the progression of rock damage. The expression of damage variable D was derived from the normalized cumulative acoustic emission ringing count of Liu Baoxian et al. [25]:


  D = D u   C d   C o   =   1 −   σ c   σ p       C d   C o    



(1)







The critical damage value, Du, is represented by the residual strength,    σ  c, and the peak strength,    σ  p. The total count of acoustic emission ringing at each phase of the rock sample compression failure during the test, Cd, is represented by Cd, and the aggregate count of acoustic emission ringing throughout the compression failure of the rock sample, Co, is also shown by Co.



By employing Formula (1) as shown in Figure 10, one can deduce the axial stress–axial strain and the variable–axial strain curves for basalt under uniaxial compression at ambient temperature.



The figure illustrates that the progression of damage in rock samples subjected to uniaxial compression is segmented into four distinct phases. At the start of harm, the damage factor’s worth is negligible. The rock samples are in the crack-closure stage, with only a few cracks having been shut. The microcracks and fractures in the rock samples have not grown, and the acoustic emissions causing ringing are still insignificant. As the rock samples gradually deteriorate, the phase of harm development is in line with the elastic phase, and the phase of crack spread is consistent. As the original crack and the newly initiated ones expand, the acoustic emission ringing count rises in a steady manner. Figure 10 illustrates that the damage variable rises with a rise in strain. In the swift development stage of damage, the rock sample transitions into an unstable stage of crack expansion, where both the initial and newly developed cracks in the sample gradually expand, converge, and eventually appear as extensive cracks. Elastic strain energy emission escalates rapidly, evidenced by unusually vigorous acoustic emission and a marked rise in the damage variable, as depicted in Figure 10. During the stage of damage failure, rock specimens transition into residual deformation following the creation of large-scale cracks. The progression of the damage variable, aligning with the stress–strain curve’s post-peak failure phase, aptly mirrors the entire gradual breakdown of internal cracks in the rock specimens, including compaction, initial development, stable propagation, unstable propagation, convergence, and connection until failure.



An analysis of basalt’s axial strain patterns at different temperatures shows that after reaching high temperatures, the rock samples exhibited a notably elevated level of damage during the early loading stage, where elevated temperatures are linked to higher values in the initial phase. This suggests that a rise in temperature results in greater initial thermal damage to the rock and hastens the development of its internal fractures. As the temperature rises, the strain intensifies due to a considerable rise in the harm factor, thus slowing the rock samples’ failure rate.




5.2. Constitutive Model Based on Acoustic Emission Parameters


Utilizing the concepts of continuous damage mechanics and Formula (1), the constitutive model of rock under uniaxial compression can be inferred as follows:


  σ =   1 − D   E ε =   1 −   1 −    σ C     σ p         C d     C 0      E ε  



(2)







Liu Baoxian et al. [25] discovered that, to a certain degree, the model can reflect the axial stress–axial strain relationship of rocks, where ε is the axial strain. However, the stress–strain curve of the model during the crack-closure stage is essentially a straight line, which is markedly distinct from the curve with a gradually rising gradient in the experiment. The acoustic emission signals generated during the rock’s crack-closure phase are minuscule when compared to those generated in the gradual breakdown period. This results in the Cd/C0 ratio being very small and unchanged, such that 1 − D is approximately constant. It can be seen from Formula (2) that the stress at this stage increases with the strain line, which is quite different from the test result curve. The theory of effective medium thus serves as the basis for the adoption of the negative exponential model in the crack-closure stage. After the crack-closure stage, the foundational model, grounded in acoustic emission parameters, has been adopted.



5.2.1. Constitutive Model of Crack-Closure Stage


In 2015, Peng et al. [26] proposed a negative exponential model to comprehend axial strain and stress in fissures, a concept backed by substantial experimental data and universally acknowledged for its precise accuracy in fitting. Utilizing the effective medium theory, Peng et al. split the axial strain of the crack into two sections: the axial strain of the matrix and the axial strain of the crack. Further examination of the experimental data revealed that, with a rise in axial stress, the crack’s axial strain gradually rises, and its growth rate gradually diminishes, eventually settling into a gentle state. Therefore, an established negative exponential model depicted the crack’s axial strain correlating with alterations in axial stress. The effective medium theory serves as the basis for this research, which suggests that the relationship between axial strain and the axial stress of the crack follows a negative exponential pattern.



The axial strain εm of the matrix and the crack axial strain εc can be divided into two components of rock:


  ε =  ε m  +  ε c   



(3)







Hooke’s law dictates that the axial strain of the matrix is


   ε m  =  σ Ε   



(4)







The concentration of minuscule fractures within the rock is the chief factor impacting the axial stress of these cracks; if it is a consequence of axial stress, then there is


  ε =  σ Ε  +  ε c   σ   



(5)







By means of Formulas (3) and (4), it is feasible to ascertain the axial strain of cracks in rock specimens at different temperatures, and Figure 11 displays the association between this strain and the axial stress. It is deduced that with the intensification of axial stress, there is a gradual increase and eventual stabilization of axial strain in a crack, in line with the negative exponential model, which can be expressed as follows.


   ε c  = a   1 − exp   −  σ b       



(6)




where a is the maximum crack closure amount, and b is the model parameter related to temperature.



Formula (6) was employed to model the association between the axial strain and axial tension of fractures on rock samples at varying temperatures, thereby allowing for the determination of basalt’s mechanical properties at these temperatures, as seen in Table 1. As temperatures rose, studies revealed a steady rise in the highest possible degree of crack sealing, implying a surge in the initial thermal harm to rock specimens, which is in agreement with the initial damage law variable D depicted in Figure 12.



Substituting Formula (6) into Formula (5) yields the following stress–strain correlation in the crack-closure stage:


  ε =  σ E  + a   1 − exp   −  σ b       



(7)







In Figure 13, a juxtaposition is presented between the model’s theoretical trajectory and the experimental basalt curve at the crack-closure phase after various high-temperature treatments, with the model’s findings aligning with those of the experiments.




5.2.2. Constitutive Model Based on Acoustic Emission Parameters after Crack Closure


The crack-closure stage saw a relatively small number of signals emitted acoustically by the rocks, as was previously noted in the analysis of basalt’s acoustic emission characteristics. However, the elastic stage began to generate acoustic emission signals. A model that takes into account stress–strain through acoustic emission parameters was formulated, since the count of acoustic emission rings in the rock samples was determined by the strain experienced at the crack’s closure, when the crack is completely shut.



At point D, the line connecting point B meets the strain axis, which is the strain at which the crack is completely shut, known as the crack-closure strain εc. Figure 14 illustrates the OB section as the crack-closure stage, the BC section as the elastic stage, and point C as the crack initiation stress. From this point, the cumulative ringing count is calculated, and Formula (2) is revised as follows.


  σ =   1 − D   E   ε −  ε c    =   1 −   1 −    σ c     σ p          C ′  d      C ′  0      E   ε −  ε c     



(8)




where     C ′  d    and     C ′  0    are the cumulative acoustic emission ringing count in each stage of the rock sample compression failure process and the cumulative acoustic emission ringing count in the whole rock sample compression failure process calculated from point D, respectively.



In Figure 15, a juxtaposition is presented between the model’s theoretical trajectory, derived from acoustic emission parameters, and the actual experimental trajectory following the sealing of rock samples at 500 °C. The figure illustrates that the model’s curve aligns closely with the experimental curve following the phase of crack closure.




5.2.3. Stress–Strain Constitutive Model of the Whole Process


By analyzing the preceding data, a stress–strain constitutive model for the entire rock failure process can be constructed, taking into account the crack-closure effect and acoustic emission parameters.


      ε =  σ E  + a   1 − exp   −  σ b          σ =   1 −   1 −    σ C     σ p          C ′  d      C ′  0      E   ε −  ε c                 ε <  ε 0               ε >  ε 0        



(9)




where ε0 is taken as the critical strain point of the negative exponential model curve before crack closure and the constitutive model curve based on acoustic emission parameters after crack closure.



Figure 16 presents a juxtaposition of the theoretical and experimental trajectories regarding the axial stress–strain correlation in rock specimens exposed to varying elevated temperatures. It can be seen that this model effectively mirrors the various phases in the gradual deterioration of rock, such as the compaction stage, elastic stage, stable crack-propagation stage, unstable crack-propagation stage, and failure stage.




5.2.4. Discussion on Constitutive Model


In the case of rocks, varying temperatures lead to a decrease in stress upon reaching its maximum, accompanied by a notable increase in the number of acoustic emission rings. The acoustic emission ringing of the post-peak stage, which is only a small part of the total count produced during the rock-failure phase, diminishes and stays minimal as the frequency of ringing decreases. It is hard to accurately gauge the residual stress of brittle rocks when compressed without a single layer. Consequently, Figure 16 illustrates a notable divergence between the anticipated and actual data curves in the post-peak stage. As the temperature rises, the progressive breakdown of rock becomes slower, resulting in a lesser stress change value from the same strain increment. Consequently, acoustic emission equipment can be used to closely monitor the internal crack formation and convergence of rock samples. Nevertheless, the experimental value is flawed, as it is higher than the theoretical curve due to the end effect. Theoretically, the model’s agreement with experimental results is strong, suggesting it is a major factor in the formation of thermal harm in basalt.






6. Conclusions


This study conducted a uniaxial compression test and acoustic emission monitoring of basalt at various temperatures. The mechanical, acoustic, damage evolution, and stress–strain models of its progressive failure process were then examined. The ensuing deductions were derived:




	
Examining the stress–strain relationship reveals that as the temperature rises, the trend of the curve becomes more gradual, with a broader range of change above 700 °C, and the highest strain exhibits a steady growth pattern, suggesting that elevated temperatures enhance the flexibility of basalt samples. The curve after 1100 °C has stress fluctuation, showing certain plastic characteristics.



	
Analyzing the peak frequency distribution of sound emissions during the loading stage shows that high temperatures significantly affect the expansion speed and size of cracks in the basalt-loading stage. Fissures caused by thermal damage shorten the time it takes for small cracks to form in the initial stage of rock samples, accelerating their expansion but limiting their total spread, providing a vital theoretical basis for identifying initial indicators of rock fracture instability after exposure to high temperatures.



	
As the temperature reaches 1100 °C and the treatment temperature rises, the rock sample’s mode of failure shifts from shear to tensile failure, accompanied by various crack types in the failure area. Variations in fracture patterns are linked to the presence of tensile and shear cracks. Simultaneously, a comparative study shows that the critical temperature for the phase change in basalt mineral lies between 700 °C and 900 °C.



	
Elevated temperatures lead to heat-induced harm to basalt, resulting in the rock specimen exhibiting active acoustic emissions during the early loading phase. Furthermore, as elevated temperatures enhance the rock’s malleability, the gradual breakdown process slows down compared to room temperature due to heightened strain, and the acoustic emission factors, like the rate of ringing, remain relatively stable at room temperature.



	
There are four distinct phases in the development of damage in rock specimens under standard temperature scenarios. After high-temperature processing, rock samples initially suffer more thermal harm, and as the temperature increases, so does the initial thermal damage and the rate of damage development.



	
Utilizing the negative exponential model, grounded in effective medium theory and acoustic emission parameters, the strain point for crack closure was established. Following this, it was integrated with two theoretical models to create a comprehensive process constitutive model, encompassing the definition of acoustic emission parameters and considering the crack-closure phenomenon. Relative to the test curve, the model’s overall accuracy is commendable, accurately representing every key mutation point on the stress–strain curve and proving useful for analyzing rock’s failure under elevated temperatures.
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Figure 1. Basalt samples. 
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Figure 2. Test apparatus. 
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Figure 3. Acoustic emission monitoring system. 
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Figure 4. Basalt apparent morphology. 






Figure 4. Basalt apparent morphology.



[image: Sustainability 16 03570 g004]







[image: Sustainability 16 03570 g005] 





Figure 5. Thermal damage failure modes of basalt. 
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Figure 6. The physical and mechanical parameters of basalt after exposure to different temperatures. (a) The peak strength and peak strain. (b) The elastic modulus. 
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Figure 7. The uniaxial compressive stress–strain curves of basalt after exposure to different temperatures. 
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Figure 8. The stress–strain curves of basalt and the corresponding acoustic emission peak frequencies after different temperatures are changed. (a) 25 °C. (b) 500 °C. (c) 700 °C. (d) 900 °C. (e) 1100 °C. 
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Figure 9. The stress–strain curves of rock samples under different temperatures and corresponding change law of acoustic emission parameters. (a) 25 °C. (b) 500 °C. (c) 700 °C. (d) 900 °C. (e) 1100 °C. 
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Figure 10. Axial stress–axial strain curve and damage variable–axial strain curve of basalt under uniaxial compression at room temperature. 
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Figure 11. The relationship between crack axial strain and axial stress of basalt at different temperatures. 
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Figure 12. Basalt damage variable–axial strain curves at different temperatures. 
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Figure 13. The comparison between the theoretical curve and the experimental curve of the model in the crack-closure stage. 
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Figure 14. Crack closure strain diagram. 
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Figure 15. A comparison diagram of the theoretical curve and the experimental curve of the model based on the acoustic emission parameters after the crack closure of the rock sample at 500 °C. 
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Figure 16. Comparison diagram of theoretical curve and experimental curve of thermal damage basalt. 
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Table 1. Mechanical parameters of basalt at different temperatures.
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	Temperature/°C
	Peak Strength/MPa
	Elastic Modulus/MPa
	a/%
	b/MPa
	R2





	25
	192.56
	271.98
	0.164
	9.889
	0.99



	500
	185.04
	213.94
	0.203
	13.35
	0.99



	700
	170.54
	212.21
	0.254
	14.81
	0.98



	900
	127.63
	145.16
	0.364
	15.73
	0.99



	1100
	65.64
	56.91
	0.493
	5.145
	0.98
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