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Abstract

:

The artificial freezing method is used to cross the water-rich soft rock strata in order to exploit deep coal resources. At present, studies that consider both freezing effect and unloading rate are insufficient. To study the influences of the excavation rate using the artificial freezing method on the unloading deformation and failure of the water-rich surrounding rock, we carry out mechanical and synchronous acoustic emission (AE) tests on frozen (−10 °C) sandstone samples under different lateral unloading rates. Combined with the AE signals, the stress, strain and failure process are analysed to determine the mechanical behaviours of frozen rock samples under different lateral unloading rates. The damage difference between normal temperature rock and frozen rock during lateral unloading is studied. According to acoustic emission signals, the damage relationships among acoustic emission amplitude, energy, cumulative acoustic emission energy (CAEE), stress and strain were compared and analyzed. In this paper, acoustic emission 3D positioning system is used to monitor the fracture propagation trajectory in the process of unloading confining pressure of frozen sandstone. The results show that the peak stress of frozen sandstone during lateral unloading is about 2.5 times of that at 20 °C. More than 2 AE amplitudes per second are regarded as the precursor of failure (FP), and point FP is taken as the first level warning. The CAEE of rock samples at 20 °C and frozen rock samples shows the same change law over time, increasing slowly before the FP point and exponentially after the FP point. Peak stress increases and axial strain decreases with the increase of unloading rate of frozen rock sample. The CAEE at point FP and the peak acoustic emission energy (AEE) and the CAEE at the time of failure increase when the unloading rate of frozen rock sample increases. Principal component analysis method was used to extract key characteristic energy to obtain a clearer AEE concentration area, which was defined as second-level early warning. The research results can provide guidance for freezing shaft construction to reduce the occurrence of disasters.
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1. Introduction


Shallow coal resources are unable to meet the national development needs with the increase of resources demand. The mechanical properties of the water-rich strata above deep coal resources are poor [1]. To mine deep coal resources, the artificial freezing method is often used to cross water-rich and weak rock formations [2,3]. Furthermore, the artificial freezing method can prevent water infiltration and increase the strength of the surrounding rock [4,5]. Consequently, studying the mechanical properties of frozen rock is crucial to the excavation and construction of frozen shafts.



When artificial freezing method is adopted, the stress change caused by freezing well excavation can be regarded as the process that the axial stress remains unchanged and the horizontal stress decreases gradually. Studies have shown that with the decrease of freezing temperature, the unfrozen water content of rock decreases [6], and the compressive strength and tensile strength and the resistance to deformation increase [7,8]. The main factors affecting the strength of frozen rock are the ice crystal strength, particle strength, friction between blocks, and occlusal strength [9]. But the failure mechanism of lateral unloading and triaxial compression is different. Constant axial pressure and continuous unloading of confining pressure will lead to strain softening and serious lateral deformation [10]. The peak strain of lateral unloading is higher than that of triaxial compression under the same confining pressure [11]. Lateral unloading damage of rock is more serious than triaxial compression [12]. With the increase of axial stress and unloading rate, rock burst risk becomes more serious [13,14]. However, previous studies have only considered freezing action or lateral unloading, not a coupling effect between them.



In addition, the researchers used acoustic emission equipment to study the evolution of damage inside the rock [15,16,17,18]. The results show that the location of microcracks formed by force on granite and mudstone is consistent with acoustic emission location [19]. Kim et al. [20] proposed a new method for assessing rock damage based on AEE. Li [21] used AE technology to study the damage process of granite and coal. Both the plastic strain and the AE signal of coals can reflect the damage law [22,23]. Moreover, the number of sandstone AE events is related to the total damage volume, and the AE amplitude is related to the load [24,25]. Under the action of both temperature and confining pressure, the AE signal of rock salt has a corresponding relationship with its compressive deformation [26]. Thus, the acoustic emission parameters of rock can serve as a precursor to failure during the loading process. AE equipment was applied to study rocks under normal temperatures, and its effectiveness was proved. Understanding of the rock fracture process at room temperature and the development of mature monitoring techniques provide a basis for revealing the damage and fracture characteristics of frozen rocks under lateral unloading.



However, the research on damage and fracture of frozen rock under lateral unloading is still in the exploratory stage, and some basic questions are still unclear. For example, the question of whether temperature, as one of the main factors determining the mechanical properties of rocks, changes the fracture behaviors of rocks and whether lateral unloading rate affects the failure process of frozen rock needs to be investigated. If the answer is affirmative, the underlying mechanisms should be explored. In this paper, a low-temperature and high-pressure rock triaxial test system is used to conduct mechanical and synchronous acoustic emission tests on water-rich frozen sandstone at different lateral unloading rates. The effects of temperature and unloading rate on the fracture process of rock samples were analyzed by correlating acoustic emission signals, stress, strain and failure process, and a two-stage warning was established. In the discussion section, the influence mechanism of freezing on fracture mechanical behavior of water-rich sandstone under lateral unloading is explained. This approach can play a guiding role in excavation through water-rich rock formations by the artificial freezing method.




2. Test Content


2.1. Sample Preparation


Cretaceous medium-grained red sandstone is taken from coal mines in Shaanxi Province (Figure 1). Cores are drilled along the vertical (normal to the bedding direction) and processed into standard rock samples ( φ  = 50 mm, H = 100 mm). They were all taken from the same sandstone. As can be seen from the enlarged images in (Figure 1c,d), the sandstone is cemented by particles of different sizes, with irregular particle shapes and many uneven pores. There are clay minerals on the surface of some pores and particles, which have a certain cohesive force. The average physical parameters of the sandstone are shown in Table 1.




2.2. Experimental Design


An electrohydraulic servo-controlled low-temperature and high-pressure rock triaxial test system produced by GCTS is used for the test; photos of the system are shown in Figure 2. An AE−8 acoustic emission system produced by the American Physical Acoustics Company and composed of sensors, pregain amplifiers, and signal acquisition and control systems is also used.



The water-rich rock formations were cooled by refrigeration circulators to form a freezing circle before excavation (Figure 1a).During the formation of the frozen wall at the study site, the temperature in the temperature measuring hole decreased over time and finally stabilized at −9.45~−11.03°C. We cooled the triaxial pressure chamber through a refrigeration circulator, and the rock samples in the triaxial pressure chamber were frozen (Figure 2). We set rock samples at room temperature (20 °C) as standard. The freezing temperature was set to −10 °C for comparison with the room temperature (20 °C). The freezing depth of coal mine shafts in China can exceed 1 km, and the freezing depth is going to continue to increase in the future. When sandstone freezes, the conversion of pore liquid water within the rock into ice causes volumetric expansion and an increase in horizontal stress. Thus, the test confining pressure is set at 20 MPa. The initial axial pressure of a frozen sandstone lateral unloading test (LUT) is based on 70% of the triaxial compressive strength (a stress level corresponding to volumetric strain rotation). The axial loading rate of triaxial compression test is 0.06mm/min. We prepared a total of 28 rock samples. To ensure the repeatability of the test results, 3 samples are tested under each condition. The test plan for the lateral unloading of the frozen sandstone is visualized in Table 2.




2.3. Test Scheme


(1) Set the acoustic emission parameters: The sensor threshold and pregain amplifier are set at 40 dB. The time difference positioning method is used to locate each AE signal source. Four acoustic emission sensors (numbered 1, 2, 3, and 4) are employed, and the distance unit is set to millimetres. After selecting a cylindrical structure type, the centre of the bottom surface of the sample is taken as the origin of the coordinate axis; then, the horizontal right direction is taken as the positive X axis, the horizontal forward direction is the positive Z axis, and the vertical upward direction is the positive Y axis. According to the sample size and sensor installation position, the coordinates of the four sensors are listed in Table 3.



(2) Rock sample preparation: First, the installation positions of the 4 acoustic emission sensors are marked on the sides of the saturated rock sample. Then, petroleum jelly is spread evenly across the surface of the rock sample, a rubber mould is fixed onto the base, and the acoustic emission sensors are fixed. A radial deformation sensor is installed at 1/2H of the rock sample, and the axial deformation is measured by the displacement of the seat actuator. After sealing the pressure chamber, insulation cotton is wrapped around the setup to fix the preamplifier.



(3) Cooling: The temperature of the rock sample is reduced from room temperature to −10 °C at a cooling rate of 10 °C/h and kept at a constant temperature for 10 h.



(4) The lateral unloading test adopts the stress control method to simulate the excavation of the freezing wall; the corresponding stress path is shown in Figure 3. The rock sample is kept at a constant temperature throughout this process.



(5) The stress, strain and AE signal parameters of the whole process are recorded for the frozen sandstone lateral unloading test.





3. Test Results and Analysis


3.1. Effect of Temperature on the AE Characteristics of Sandstone under Lateral Unloading


When a rock sample deforms under stress, internal cracks may develop and produce transient elastic waves, that is, acoustic emission signals. Acoustic emission amplitude represents the intensity of the wave source. The AEE represents the energy released by the crack propagating inside the rock per unit of time: the greater the AEE is, the more serious the internal damage of the rock. Thus, the AEE released by rock fractures can reveal the essential characteristics of rock failure. The results of the 3 samples are similar under the same conditions, so only one sample is selected for the following analysis. There are few AE signals during the initial axial pressure and initial confining pressure loading stage, during which the rock sample experiences mainly compaction. Because the purpose of this stage is to simulate the in situ stress, we mainly study the mechanical behaviour of the rock sample during the confining pressure unloading stage. Taking the time corresponding to the unloading confining pressure of the rock sample at 20 °C and −10 °C as the starting point of the horizontal axis, the curves of the AE amplitude, deviatoric stress and axial strain over time are plotted in Figure 4. We then plot the curves of the AEE and CAEE over time (see Figure 5).



Figure 4 shows that the deviatoric stress linearly increases at a rate of 0.2 MPa/min until the rock sample is broken. Before point FP, the AE amplitude points appear sporadically. With an increase in the unloading time, the number of AE amplitude points gradually increases, as does the AE amplitude. As the temperature decreases, the number of AE amplitude points drops. More than 2 AE amplitude points appear every second after the FP point, forming a triangle dense area. FP is defined as the failure precursor point. This feature can be interpreted as a precursor signalling the lateral unloading failure of the frozen sandstone. With an increase in the unloading time, the AE amplitude gradually rises, and as the temperature decreases, the AE amplitude tends to decrease. Point FP in Figure 4 is the demarcation point for the rock samples at 20 °C and −10 °C. Before point FP, with an increase in the unloading time, the axial strain increases approximately linearly. After point FP, with an increase in the unloading time, the axial strain increases exponentially.



Figure 5 shows that the CAEE of the rock samples at 20 °C and −10 °C show the same trends over time. Before point FP, most of the AEE of the rock samples at 20 °C and −10 °C are less than 10 V2·μs and 30 V2·μs, respectively. Individually, higher AEE correspond to higher AE amplitudes, and the CAEE increases slowly with time. After point FP, with an increase in the unloading time, the CAEE increases exponentially. Before the 20 °C and −10 °C rock samples are destroyed, the AEE cluster areas are less than 40 V2·μs and 100 V2·μs, respectively, and the occurrence of these cluster areas can be regarded as a precursor signalling the lateral unloading instability of frozen sandstone.



The curves of the changes in the parameters of the rock samples 5 s before and after the moment of lateral unloading failure are plotted in Figure 6. The lateral unloading peak stress of the frozen sandstone is approximately 2.5 times that of the 20 °C sandstone. Before the failure of the 20 °C and −10 °C rock samples, the axial strain is 0.41% and 0.97%, respectively, and the corresponding CAEE is 4234 V2·μs and 14,086 V2·μs. When the 20 °C rock sample is broken, the deviatoric stress gradually decreases, and the axial strain increases 10-fold. When the 20 °C rock sample is broken, a quiet sound is emitted, the rock sample is severely fragmented, and the brittleness of the sample is relatively weak. An energy cluster appears that lasts for 4 s before and after the peak energy, so the CAEE increases significantly. At the moment when the −10°C rock sample fails, the deviatoric stress drops, and the axial strain increases about 2~3 times. A large energy cluster is noted before and after the peak energy, but the duration of this cluster is less than 1 s. Furthermore, the CAEE after the destruction of the 20 °C sandstone is greater than that after the destruction of the frozen sandstone.




3.2. Influence of the Unloading Rate on the AE Characteristics of Frozen Sandstone


The curves of the AE amplitude, deviatoric stress and axial strain over time for the frozen rock samples under different lateral unloading rates are shown in Figure 4b and Figure 7. Under an initial confining pressure of 20 MPa, the frozen rock samples are unloaded at rates of 0.04 MPa/min, 0.2 MPa/min and 4 MPa/min, and the deviatoric stress increases linearly at the same rate until the rock sample is broken. Taking point FP as the demarcation point, before point FP, the axial strain increases linearly with time, and the AE amplitude points appear sporadically. When the confining pressure is unloaded at rates of 0.04 MPa/min, 0.2 MPa/min and 4 MPa/min, the AE amplitudes of the frozen rock samples reach 40~50 dB, 40~55 dB and 40~65 dB, respectively. As the unloading rate of the frozen rock samples increases, the number of AE amplitude points increases. After point FP, with an increase in the unloading time, the axial strain increases exponentially. AE amplitude points appear at a high occurrence rate (more than two AE amplitude points per second on average), and the AE amplitude gradually increases. Taking the moment near point FP as the starting point, the AE amplitude points form an area of dense datapoints in the shape of a right triangle. Under different lateral unloading rates, the appearance of this triangular area of AE amplitude datapoints can be interpreted as a precursor signalling the failure of the frozen rock samples with point FP as the starting point. In summary, as the unloading rate of a frozen rock sample increases, the number of AE amplitude points increases during the unloading deformation process, and the AE amplitude increases.



The curves of the AEE and CAEE over time corresponding to the frozen rock samples under different lateral unloading rates are shown in Figure 5b and Figure 8. Before point FP, the AEE of the frozen rock samples is released intermittently, with the energies generally being less than 20 V2·μs. As the lateral unloading rate of frozen rock increases, the AE amplitude and the AEE increase. After point FP, the AEE of the frozen rock samples become clustered before the occurrence of unloading failure. As the lateral unloading rate of a frozen rock sample increases, the energy values in the AEE cluster area rise, the cluster area becomes more obvious, and the time to reach point FP is shortened. Under different lateral unloading rates, the CAEE of the frozen rock samples exhibit the same variation trend over time, with a gradual increase before point FP and an exponential increase after point FP.



Under different lateral unloading rates, the curves of the changes in the parameters of the frozen rock samples 5 s before and after the moment of failure are plotted in Figure 6b and Figure 9. The characteristic values of the frozen sandstone under different lateral unloading rates are shown in Table 4. The confining pressure of the frozen rock samples is unloaded at rates of 0.04 MPa/min, 0.2 MPa/min and 4 MPa/min; the corresponding axial strains before the failure of the rock sample are 1.40%, 0.97% and 0.76%, respectively, and the corresponding cumulative energies are 15,154 V2·μs, 14,086 V2·μs and 75,079 V2·μs. The deviatoric stress drops at the moment when the frozen rock sample fails, the axial strain increases approximately 3- to 4-fold, the AEE peaks, and the AEE before and after the peak is high. As the lateral unloading rate of a rock sample increases, the deviatoric stress at point FP increases, the axial strain decreases, and the CAEE increases. As the lateral unloading rate of a rock sample increases, the peak AEE increases during failure, and the CAEE increases significantly. For frozen rock samples at unloading rates of 0.04 MPa/min and 0.2 MPa/min, the deviatoric stress at point FP is slightly lower than the peak stress. For the frozen rock samples at an unloading rate of 4 MPa/min, the deviatoric stress at point FP is 7 MPa less than the peak stress. For the frozen rock samples at an unloading rate of 4 MPa/min, at point FP, the axial strain is approximately 2/3 of the axial strain of the samples unloaded at rates of 0.04 MPa/min and 0.2 MPa/min.




3.3. Comparative Analysis among the AE Event Locations and Failure Modes of Frozen Sandstone under Different Lateral Unloading Rates


The AE event locations in the frozen sandstone samples are compared with the failure modes under different lateral unloading rates in Figure 10. The AE event locations are divided into three areas for analysis: before point FP, after point FP, and the whole process. The number of AE events in a frozen rock sample before point FP is 1/5~1/3 of the number of AE events during the whole fracturing process. The AE event locations before point FP indicate the initial positions of microcracks, and these microcracks propagate and penetrate the sample after starting point FP. The lateral unloading failures of the frozen rock samples are mainly attributable to tensile cracks. Although tension cracks appear before macroscopic failure affects the propagation of the AE signal and weakens the AE signals during macroscopic failure, the AE event locations before the rock sample macroscopically fails can indicate the locations of propagating cracks. The AE event locations before point FP and after point FP are denser in the central area of the upper part of the rock sample. The locations of the AE events in the frozen sandstone during the lateral unloading process are consistent with the failure mode. Under different lateral unloading rates, the failure modes of the frozen rock samples diverge.



	
At an unloading rate of 0.2 MPa/min in the 20°C rock sample, a splitting crack forms in the axial direction but is slightly inclined, showing a certain degree of shear friction with a wide crack band and loose fragmentation.



	
At unloading rates of 0.04 MPa/min and 0.2 MPa/min, the frozen rock sample is split vertically by an axial crack, and the section is clean with clearly defined fracture edges.



	
At an unloading rate of 4 MPa/min, the frozen rock sample is vertically split by a main crack in the axial direction, and the right rock fragment is divided into two pieces from the middle by a transverse crack.






The principles governing these observations are as follows:




	
As the confining pressure on frozen sandstone is unloaded, the deviator stress increases, the rock sample expands and deforms radially, and tensile stress appears in the centre of the rock sample, resulting in tensile cracks. After starting A, these tensile cracks extend and penetrate in the axial direction, forming a macroscopic splitting crack.



	
As the axial stress is applied to a frozen rock sample by the upper indenter, the splitting cracks mostly start from the middle and upper parts of the rock sample, and the fragmentation at the upper end is more obvious.



	
The frozen rock sample undergoes lateral swelling under a high unloading rate, and the surface expansion deformation is greater than the central expansion deformation in the short term. The inconsistency between the expansion and deformation of the surface and the centre part produces circumferential tensile cracks and crosscutting cracks.








The solid particles and ice crystals in frozen sandstone are tightly bonded, which is beneficial to the propagation and reception of acoustic emission signals before the crack penetrates; in addition, the AE events location are more accurate. Acoustic emission three-dimensional positioning can reveal the evolution of the lateral unloading cracks and damage areas within frozen sandstone in real time. In the excavation process with the artificial freezing method, according to the AE events location before point FP, the approximate locations of the cracks in the frozen surrounding rock are determined, and the support is strengthened, which can reduce the occurrence of disasters and economic losses.





4. Picking the Acoustic Emission Key Energy


4.1. Picking Method


During the process of lateral unloading deformation and the failure of frozen sandstone, a large amount of low-acoustic-emission-energy signals is not conducive to the analysis of failure precursors, so the key energy in the process of rock failure needs to be identified. The key energy should be able to represent the key fracture event during the lateral unloading deformation and failure of frozen sandstone and correspond to the key mechanical characteristics. The set of this energy is represented by    S F   .



According to the principal component analysis method,   E =      e 1   e 2   e 3  ⋯  e  n − 1    e n      T     is the AEE vector,   F =      f 1   f 2   f 3  ⋯  f  n − 1    f n      T     is the AE frequency vector, and    α i    is the energy contribution rate corresponding to different energy values:


   α i  =    e i      ∑  k = 1  n    e k   f k      ( i = 1 , 2 , 3 , ⋯ , n )  



(1)







Priority is given to the AEE, which has a greater energy contribution rate during the deformation and failure of the rock. The different energy values are arranged in descending order according to the energy contribution rate, and then the CAEE contribution rate is calculated according to the energy and frequency (   β i   ).


   β i  =     ∑  k = 1  i    e k   f k        ∑  k = 1  n    e k   f k      ( i = 1 , 2 , 3 , ⋯ , n )  



(2)







In statistics, a certain phenomenon can be accepted when the statistical probability exceeds 85%. Since the AEE generated by rock fractures vary under different conditions, the average AEE (85~95%) is used as the preliminary picking threshold ( Q ) [27].



The final picking threshold is represented by    Q s   , and the calculation formula is


  Q =     ∑  i = 1  n    e i    / n :  e i  ∈ E , 0.85 ≤  β i  ≤ 0.95    



(3)






   Q s  =  E  max   ⋅  R 2  + Q  



(4)




where Emax is the peak AEE and R is the proportion of the amount of energy greater than the initial picking threshold.



The key AEE set after picking is expressed as


   S F  =    S i    E ( i ) ≥  Q s  , i = 1 , 2 , ⋯ n      



(5)








4.2. Picking Results


According to the above key AEE picking method, the picking threshold for the lateral unloading AEE of frozen sandstone is calculated (see Table 5). We pick the key AEE of frozen sandstone under different lateral unloading rates and eliminate the weak (low-energy) signals generated by microcrack propagation and internal friction. The retained high-energy key signals account for fewer than 3% of the original signals, eliminating the interference due to a large number of weak signals. Thus, the efficiency of data processing is improved, and the AEE cluster area is clearer.




4.3. Early Warning Analysis of the AEE for Frozen Sandstone under Different Lateral Unloading Rates


The key energy of frozen sandstone at different lateral unloading rates is shown in Figure 11. The picked key energy corresponds to the position of the sudden increase in the CAEE before picking, indicating that this picking method is reliable and effective. According to the results in Section 3, point FP (the starting point of the triangular area of dense AE amplitude datapoints) is regarded as the first level of early warning, and the AEE cluster area is regarded as the second level of early warning for the lateral unloading failure of frozen sandstone. The key energy before point FP should not be mistaken for the energy cluster region. After picking, the AEE cluster area is more prominent, and the prediction is more accurate. During the actual excavation process, different methods of key reinforcement can be implemented according to the first and second levels of early warning.





5. Discussion


5.1. Effect of Freezing Action on Fracture Mechanism of Lateral Unloading Sandstone


Artificial freezing construction: refrigeration equipment is used to freeze water-rich rock strata and isolate groundwater, thus facilitating engineering construction in freezing circles. After freezing, sandstone pore water freezes and expands, resulting in extrusion damage to pores. The compressive damage of pore ice is relatively weak. The peak stress of the frozen sandstone under lateral unloading is approximately 2.5 times higher than that of sandstone at 20 °C. As the rock heats up, its strength decreases, but the lining structure has already been constructed. The conceptual diagram of sandstone failure is shown in Figure 12. Figure 12a shows the initial state of the sandstone at 20 °C before lateral unloading. The sandstone is in a compressed state, the initial stress is borne by the rock skeleton, and the quartz and clay minerals bear compressive stress in all directions [28,29,30]. At the beginning of lateral unloading, the compressive stress in the horizontal direction of the rock skeleton gradually decreases. Water has a softening effect on sandstone, and the liquid water film between solid particles reduces the friction between pore walls [31] and further decreases the AEE. After unloading to a certain extent, the rock skeleton is subject to tensile force (   P i   ) in the horizontal direction, and crack tips appear on the particle cementation surface and clay minerals (see Figure 12b). At the FP, the clay minerals crack, and the quartz, with higher tensile strength, is not easy to crack, resulting in less AEE. As more confining pressure is unloaded, the tensile stress in the horizontal direction of the rock skeleton becomes larger. When it exceeds the tensile strength of the rock sample, the crack propagates, and failure occurs (see Figure 12c). However, the sample at 20 °C is severely damaged, and the CAEE after destruction is relatively large.



The freezing of pore water changes the rock structure [32]. The frozen sandstone is a composite medium, mainly composed of mineral particles, ice, and unfrozen water. Ice can resist tensile and compressive stresses and can increase rock cohesion by entering its pores [33]. Figure 12d shows the initial state of the frozen rock sample before lateral unloading. The initial stress is shared by the rock skeleton and pore ice [34,35]. The temperature of the samples drops from 20 °C to –5 °C, and the pore water and crystal water are reduced. Under the freezing action of saturated Cretaceous sandstones, the pore water becomes ice and fills the pores, increasing the effective bearing area and compressive strength [36,37]. At the beginning of lateral unloading, the horizontal compressive stress of the rock skeleton and pore ice gradually decreases. More unloaded confining pressure means greater horizontal tension of the rock skeleton and the ice, and the micro-cracks initiate and expand in the weak medium. At the FP, crack tips appear in the particle cement, pore ice and clay minerals (see Figure 12e). Quartz is stronger than ice, so less energy is released by icebreaking and debonding. The tensile stress generated by confining pressure unloading exceeds the tensile strength and cause the expansion of cracks in rock sample, thus leading to the quartz particles in rock pulls apart and releases great energy (see Figure 12f). During the unloading failure stage, the pore ice, quartz, clay minerals and “ice-containing rock skeleton” deform simultaneously, inducing the release of AEE. Abundant AEE can be released even after a small amount of quartz is pulled apart.




5.2. Effect of Unloading Rate on Fracture Mechanism of Frozen Sandstone


The failure processes of the frozen rock samples are longer at lower unloading rates. Ice crystals, solid sandstone particles and cement not only produce elastic deformation and plastic deformation but also undergo partial creep deformation. The longer the failure process of rock sample is, the more extensive the fracture development and the greater the fracture density. The slower the crack propagation in the rock, the lower the acoustic emission amplitude and energy generated by the crack. When the density of cracks in a rock sample is high, the propagation of part of the acoustic emission signal is hindered, and few AE amplitude points are collected. At low unloading rate, intergranular fracture occurs in frozen rock sample, while transgranular fracture occurs at high unloading rate (see Figure 12f).



At a high unloading rate, a frozen rock sample fails faster under an unloading confining pressure and the cracks at low density are not fully developed and axial deformation is minimal. Long and wide cracks are produced over a short time, and the amplitude and energy of acoustic emission generated by a crack are relatively high. A small crack density is conducive to the propagation of acoustic emission signals, so more AE amplitude datapoints are recorded, and the AEE is higher. After point FP, the deviator stress continues to increase, and the elastic deformation energy stored in the frozen rock sample increases. As the lateral unloading rate of frozen rock increases, the released rate of elastic deformation energy and the peak AEE increase.





6. Conclusions


In this paper, mechanical unloading tests and simultaneous acoustic emission tests involving water-rich frozen rock samples under different lateral unloading rates are carried out. According to the acoustic emission parameters used to reflect the deformation of frozen sandstone under lateral unloading, the conclusions are as follows:




	
The peak lateral unloading stress of a frozen rock sample is approximately 2.5 times greater than that of a 20 °C rock sample under the same conditions. During the lateral unloading process of a rock sample, the AE amplitude data form a dense triangular area starting at point FP. Additionally, the CAEE of rock samples exhibit the same change trend over time: both increase slowly before point FP and increase exponentially after point FP. There is a cluster of AEE after point FP and before failure occurs. The triangular area and cluster area can be used as precursors signalling the lateral unloading failure of frozen sandstone.



	
As the lateral unloading rate of a frozen rock sample increases, the peak stress increases, the axial strain decreases, and the number of AE amplitude datapoints increases significantly. As the CAEE of the rock sample at point FP increases, the peak AEE increases, the CAEE at the time of failure increases, and the damage-related sound becomes louder, signifying a more dangerous safety hazard.



	
The lateral unloading failure pattern of frozen sandstone is consistent with the locations of the AE events recorded throughout the process. According to the AE event locations before point FP, the locations where the frozen surrounding rock needs support can be determined.








By picking the key AEE, the interference of low-energy signals is reduced. Based on the starting point of the dense triangular area of the AE amplitude data and the energy cluster area, a two-level early warning system is established. The development of protective measures that are triggered by different warning indicators can reduce the occurrence of disasters.
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Figure 1. Sandstone sample. 
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Figure 2. Servo-controlled low-temperature and high-pressure triaxial rock testing system. 
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Figure 3. Stress path of the lateral unloading test. 
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Figure 4. Curves of the AE amplitude, deviatoric stress and axial strain of the rock samples over time: (a) 20 °C,    V u    = 0.2 MPa/min; (b) −10 °C,    V u    = 0.2 MPa/min. 
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Figure 5. Curves of the AEE and CAEE of the rock samples over time: (a) 20 °C,    V u    = 0.2 MPa/min; (b) −10 °C,    V u    = 0.2 MPa/min. 
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Figure 6. Curves showing the changes in the parameters of the rock sample 5 s before and after the moment when the sample experiences lateral unloading failure: (a) 20 °C,    V u    = 0.2 MPa/min; (b) −10 °C,    V u    = 0.2 MPa/min. 
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Figure 7. Curves of the AE amplitude, deviatoric stress and axial strain of the frozen rock samples with time: (a)    V u    = 0.04 MPa/min; (b)    V u    = 4 MPa/min. 
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Figure 8. Curves of the AEE and CAEE of the frozen rock samples with time: (a)    V u    = 0.04 MPa/min; (b)    V u    = 4 MPa/min. 
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Figure 9. Curves showing the changes in the parameters of the frozen rock samples 5 s before and after the moment of lateral unloading failure: (a)    V u    = 0.04 MPa/min; (b)    V u    = 4 MPa/min. 
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Figure 10. Acoustic emission events location and failure modes of frozen sandstone samples under different lateral unloading rates. 
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Figure 11. Key energy of frozen sandstone under different lateral unloading rates: (a) 20 °C,    V u    = 0.2 MPa/min; (b) −10 °C,    V u   = 0.04 MPa/min; (c) −10 °C,    V u   = 0.2 MPa/min; (d) −10 °C,    V u   = 4 MPa/min. 
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Figure 12. The conceptual diagram of sandstone failure: (a) Initial State of the Rock Sample at 20 °C; (b) The State of the 20 °C Rock Sample at FP; (c) Destruction State of the 20 °C Rock Sample; (d) Initial State of the Frozen Rock Sample; (e) The State of Frozen Rock Sample at FP; (f) Destruction State of the Frozen Rock Sample. 
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Table 1. Average physical parameters of the sandstone.






Table 1. Average physical parameters of the sandstone.





	Dry Density

(g/cm3)
	Saturation Density

(g/cm3)
	Saturated Water Capacity

(%)
	Porosity

(%)
	Longitudinal-Wave Velocity

(m/s)





	2.18
	2.35
	7.58
	16.56
	2416
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Table 2. Lateral unloading test plan.
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Rock Sample

	
Temperature T (°C)

	
Initial Confining Pressure

    σ 3 0    ( MPa )   

	
Initial Axial Pressure

    σ 1 0    ( MPa )   

	
Unloading Rate

    V u    ( MPa / min )   






	
LUT-1-a

LUT-1-b

LUT-1-c

	
20

	
20

	
26

	
0.2




	
LUT-2-a

LUT-2-b

LUT-2-c

	
−10

	
20

	
50

	
0.04




	
LUT-3-a

LUT-3-b

LUT-3-c

	
50

	
0.2




	
LUT-4-a

LUT-4-b

LUT-4-c

	
50

	
4.0
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Table 3. Coordinates of the four acoustic emission sensor positions (unit: mm).
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	Number
	X
	Y
	Z





	1
	−25
	80
	0



	2
	25
	80
	0



	3
	0
	20
	−25



	4
	0
	20
	25
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Table 4. Characteristic values of the frozen sandstone under different lateral unloading rates.
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    V u      

(MPa/min)

	
    σ p    

(MPa)

	
Early Warning Point FP

	
Emax

(V2·μs)

	
Moment of Failure




	
Time

(s)

	
     σ 1  −  σ 3   ( MPa )    



	
     ε 1   ( % )    



	
CAEE

(V2·μs)

	
Time

(s)

	
CAEE

(V2·μs)






	
0.04

	
39.42

	
13,126

	
38.76

	
0.268

	
64

	
11,199

	
14,529

	
85,103




	
0.2

	
41.4

	
2830

	
39.42

	
0.266

	
664

	
25,322

	
3468

	
184,250




	
4

	
49.26

	
184

	
42.43

	
0.185

	
12,171

	
63,255

	
303

	
258,593
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Table 5. Results of picking the key AEE.
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	Temperature

T (°C)
	Initial Confining Pressure

    σ 3 0    ( MPa )   
	Unloading Rate

    V u    ( MPa / min )   
	Picking Threshold

    Q s    (  V 2  · μ s )   
	Energy before Picking

(Number)
	Energy after Picking

(Number)
	Percentage after Picking

(%)





	20
	20
	0.2
	14
	18,344
	517
	2.81



	−10
	20
	0.04
	18
	14,316
	213
	1.49



	−10
	20
	0.2
	22
	17,233
	128
	0.74



	−10
	20
	4
	28
	25,056
	175
	0.7
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