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Abstract

:

In order to analyze the law of unloading instability of deep rock mass, the unloading experiment of sandstone under different confining pressures was carried out, and the mechanical properties and acoustic emission characteristics of sandstone unloading failure under high stress were obtained. The results demonstrate that before unloading, the sandstone under low stress shows compression and elastic deformation, whereas that under high stress shows elastic deformation and plastic deformation. Moreover, the unloading behavior of sandstone under low stress is ductile, whereas that under high stress is brittle. Poisson’s ratio and elastic modulus have negative and positive correlation with initial confining pressure, respectively. During unloading, the higher the initial confining pressure is, the earlier the rock sample damage occurs. Prior to the accelerated damage stage, the unloading amount and AE cumulative count are inversely proportional and directly proportional to the initial confining pressure, respectively. The simultaneous occurrence of UHF, HF, MF, and LF in the AE power spectrum, as well as a steep increase in fractal dimension followed by a decrease, can be used as precursors to unloading instability in sandstone.
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1. Introduction


As coal production in China increases, many Chinese coal mines have gone through the deep mining phase which features rockburst, water inrush, and high ground temperature. How to exploit deep coal resources safely and efficiently has become a challenge that the coal industry must tackle [1,2]. The excavation of roadway and large chambers is an unloading process of rock mass, which is completely different from the loading of rock mass. In particular, the stress state of deep rock mass development is more different [3,4,5,6]. Therefore, it is of great significance to study rock mass unloading under deep and high stress conditions to understand the failure mechanism of deep rock mass excavation.



The deformation instability of rock mass under the unloading path has attracted the attention of many scholars, and lots of research findings have been generated. In terms of the mechanical mechanism of rock unloading failure, Y. Han et al. [7] studied the mechanical behaviors of salt rock under different unloading rates, and defined the relationship between unloading rate and deformation parameters of rock specimens. Q. B. Meng et al. [8,9] discussed the energy evolution mechanism of rock loading and unloading conditions at high-temperature. I. Faoro et al. [10] investigated the permeability of high-temperature granites under the influence of unloading. H. G. Zhao et al. [11,12] conducted an experimental study on the relationship between the permeability characteristics and the unloading rate of sandstone under the unloading path. A. Moslehy et al. [13,14] analyzed the change of porosity of salt rock and clay rock under unloading. V. Lyakhovsky et al. [15] established a pore elastic model to describe the anisotropy of rocks based on triaxial cyclic loading and unloading. F. X. Passelegue et al. [16,17,18] discussed the damage of rock cycle after loading and unloading. G. Walton et al. [19] carried out an experimental study on the residual strength of rock under the unloading stress path. H. Sone et al. [20,21] analyzed the deformation of shale and sandstone under loading and unloading conditions, respectively. Y. J. Zhang et al. [22] carried out a numerical simulation study on marble with prefabricated cracks by using the three-dimensional discrete element method based on particles, and explored the impact of crack size, initial confining stress and unloading rate on the failure of rock specimens. A. Manouchehrian et al. [23] used numerical simulations to discuss the energy transformation between the rock and the loading system in the unloading path. D. Hoxha et al. [24,25] studied the unloading creep in gypsum rocks and hard rocks and developed corresponding creep models. Since the acoustic emission characteristics of rock can efficiently characterize the failure, and as a result many scholars apply an acoustic emission technique to rock unloading studies. G. A. Zhu et al. [26,27,28] conducted an acoustic emission experiment on the true triaxial unloading failure of coal rock, and discussed the internal fracture and the evolution law of AE energy of coal specimens. S. Akdag et al. [29] carried out a true triaxial unloading test on brittle rocks and discussed the effect of thermal damage on rockbursts using acoustic emission b-values. Y. P. Liang et al. [30] defined the yield parameter based on the acoustic emission amplitude, and presented a discriminant method of precursor information based on yield parameters by the unloading experiment after the rock peak. X. H. Ni et al. [31] conducted an experiment and studied the acoustic emission characteristics of sandstone unloading after freeze-thaw cycles. M. C. He et al. [32,33] discussed the failure process of rock from the perspective of AE frequency, and found that acoustic emission showed high frequency and low amplitude under low stress, whereas it showed low frequency and high amplitude before failure. X. G. Zhao et al. [34] conducted an experimental study on hard rock with different unloading rates, and found that when the unloading rate is greater than 0.05 MPa/s, the cumulative energy of acoustic emission does not change significantly with the change of the unloading rate. G. Y. Hou et al. [35] discussed the impact of initial confining stress and unloading speed on rock failure, and believed that the widening of peak frequency and the increase in amplitude of the acoustic emission signal can be regarded as the precursor of a major crack. M. W. Zhang et al. [36,37] believed that the Felicity effect of rock in the elastic phase of rock deformation decreases as the unloading rate increases. D. X. Liang et al. [38,39] analyzed the Kaiser effect under cyclic loading and unloading on rocks, and found that the greater the rock hardness is, the earlier the Kaiser stress point appears. The Kaiser effect is more obvious under stepped cyclic loading. G. M. Zhao et al. [40,41,42] used an acoustic emission technique to analyze the damage evolution characteristics of rock under cyclic loading and unloading. K. Zhao et al. [43,44] conducted an experiment on the creep characteristics of rock under unloading, and established the unloading creep damage model based on acoustic emissions. The above scholars analyzed the mechanical properties of rock unloading by using the stress paths of unloading confining pressure under increasing axial pressure, cyclic loading and unloading. The mechanical characteristics of rock under different unloading rates were also analyzed. However, the stress path of underground rock mass excavation is complex, and the stress path of unloading confining pressure under constant axial pressure is not considered in the above research, especially the unloading problem of rock masses under high confining pressure. Therefore, it is necessary to study the stress path of unloading confining pressure in the case of constant axial pressure under high confining pressure. In the study of acoustic emission characteristics of rock unloading, scholars have discussed the changes of characteristic parameters such as b-value, amplitude and frequency, but the analysis of acoustic emission characteristics using the Welch power spectrum estimation method has not been reported.



In view of this, in order to grasp the unloading instability characteristics of deep rock mass, experimental research on the unloading of rocks under high confining pressure is needed. During the excavation process of underground engineering works, the rock mass on the side near the tunnel wall is more inclined to the state of constant vertical force and reduced lateral force, so the stress path of constant axial pressure and unloading confining pressure is chosen. In the following sections, firstly, the experimental methods and principles are introduced. Then, according to the stress and strain information monitored by the rock mechanics experimental system, the mechanical properties of unloading instability of rock masses under high confining pressure are analyzed. Finally, the unloading damage information and instability precursor information of rock masses under high confining pressure are analyzed from the aspects of acoustic emission count, power spectrum and fractal characteristics. The results of the study will help engineers to grasp the instability characteristics of deep rock masses.




2. Methods and Principles


2.1. Specimen Preparation


In this unloading experiment, homogeneous yellow sandstone was used as the experimental material. In accordance with the relevant International Society for Rock Mechanics and Rock Engineering (ISRM) standard, the sandstone was processed into standard ϕ 50mm × 100 mm cylinder specimens with the unevenness error at both ends less than 0.05 mm. Next, the specimens were dried in a drying oven and were screened by the ultrasonic velocity measurement system with P-wave velocity of 3900 m/s and S-wave velocity of 3100 m/s, and a margin of error of 200 m/s. The screened samples are shown in Figure 1.




2.2. Experimental System


The Rock600 press produced by the French company Top Industrie was chosen as the experimental system. The vertical pressure range of the press is 0–357 MPa, the lateral pressure range is 0–60 MPa, and the accuracy is 0.01 MPa. The acoustic emission monitoring device was the SH-II outdoor structural health monitoring system by (Physical Acoustics, Inc, Princeton, NJ, USA). The device is a 16-channel full-digital real-time acquisition system which can collect waveform flow and calculate characteristic parameters in real time, including acoustic emission amplitude, count, energy and impact. Depending on the frequency characteristics of the rock fracture signal, a Nano30 sensor was used. This has a resonant frequency of 300 kHz, and a working frequency of 100~450 kHz. The experimental system is shown in Figure 2 [45].




2.3. Experimental Protocol and Principle


The stress path selected in this paper is unloading confining pressure under constant axial pressure, as shown in Figure 3a. Four gradients of confining pressures, 10 MPa, 20 MPa, 30 MPa, and 40 MPa, are set during the experiments. The axial stress is 70% of the damage load of the rock sample under the current confining pressure, which are 105 MPa, 144 MPa, 188 MPa, and 225 MPa, respectively. Initially, the confining stress was elevated to the target value at the speed of 2 MPa/min, followed by the axial stress reaching the target value at the same speed. After the specimens were stabilized, the confining stress was reduced at the rate of 0.9 MPa per minute until they were damaged. During the experiment, acoustic emission signals were collected simultaneously. Acoustic emission was turned on when loading the axial stress (σ1). The acoustic emission preamplifier was set at 40 dB, the acoustic emission threshold at 40 dB, the sampling frequency of the acoustic emission instrument at 1 MHz, and the sampling frequency of the waveform at 1 MSPS.



For the stress problem of subsurface rock masses, true triaxial experiments can well restore the stress state of the rock mass. It has been shown that the intermediate principal stress σ2 has a certain effect on the damage of the rock [46]. The intermediate principal stress causes friction between the specimen and the pressure plate, and the friction changes the stress distribution within the specimen, which affects the damage process and peak strength. At the same time, the intermediate principal stress σ2 increases the peak rock strength slightly if the frictional effect is neglected. Therefore, it is reasonable to adopt the Mohr-Coulomb criterion that simplifies the effect of σ2 [23]. The Mohr-Coulomb criterion assumes that a combined force exists in the plane of each tiny unit inside the rock and can be equated to a positive stress (σ) and a shear stress (τ). Each group of positive stress (σ) and shear stress (τ) is distributed on a circular arc with (σ1 + σ3/2, 0) as the center and σ1-σ3/2 as the radius. Rupture of the rock occurs when the stress circle is tangent to the strength envelope, as shown in Figure 3b. The black circle in the figure represents the initial stress state. When the confining pressure σ3 decreases gradually, the center of the circle of stress will move to the left and the radius of the circle will increase until it is tangent to the strength envelope and the rock is damaged.





3. Analysis of Mechanical Characteristics of Sandstone Failure under Unloading Path


3.1. Failure Strength Characteristics


Figure 4 is the stress-strain curves of the specimen under confining stress release. σ1-σ3 is partial stress, ε1 is vertical strain, ε3 is lateral strain and εv is the volume strain which compresses in the positive direction and expands in the negative direction. It can be seen from Figure 4a,b that there is a typical compaction phase (oa section) in the initial phase of loading where micropores between particles and microcracks in the rock specimen gradually close, and the slope of the curve becomes steep with the increase of displacement. As stress increases, the rock specimen enters the elastic deformation phase (ab section). Here the rock specimen exhibits good linear elasticity, the slope of the curve remains unchanged, and the internal elastic energy of the rock specimen gradually accumulates [47,48]. In Figure 4c,d, the axial strain at the initial phase of loading increases linearly with stress, and the rock specimen directly enters the elastic deformation phase (ab section), in which a large amount of internal elastic strain energy accumulates. As the stress continues to increase, the slope of the curve becomes gentle, internal microfractures in the specimen gradually increases, the overall stiffness gradually weakens, and the rock specimen enters the plastic deformation phase (bc section). By comparing the stress-strain curves of the rock specimen before the unloading point under each initial confining stress, it can be seen that under low stress (σ3 = 10 MPa, σ3 = 20 MPa), the rock specimen only undergoes compaction and elastic deformation, but not plastic deformation, while under high stress (σ3 = 30 MPa, σ3 = 40 MPa), the rock specimen undergoes elastic deformation and plastic deformation, but not compaction, and the higher the initial stress is, the more obvious the plastic deformation is. The main reason is that under low initial stress, the overall stiffness of the rock specimen is good, the damage is low, and there is no plastic flow. Under high initial stress, micropores between particles and microcracks in the rock specimen are compacted before loading, and as a result, compaction does not occur in the loading phase. As the initial stress increases, the overall stiffness of the rock specimen weakens greatly and microfractures develop significantly, exhibiting obvious plastic deformation. This phenomenon also implies that the internal damage of rock mass at low initial stress before unloading is low, whereas that at high stress before excavation is high. Therefore, close attention should be paid to the support of surrounding rock.



As unloading begins, the axial strain, radial strain and volume strain increase significantly. The radial expansion is significantly greater than the axial compression, the volume strain also changes from compression to expansion. Finally, the rock failure is manifested by volume expansion. Table 1 shows the mechanical characteristic parameters of the unloading failure of rock specimens, including initial confining stress (σ3i), initial deviatoric stress (σ1i − σ3i), failure confining stress (σ3f), residual deviatoric stress (σ1r − σ3r), axial strain increment from unloading point to failure point (∆ε1), radial strain increment from unloading point to failure point (∆ε3), and volume strain increment from unloading point to failure point (∆εv). The data can be obtained from the stress-strain curve, and the data in the table is the average of the experimental results of each group of rock specimens. From the strain increments of rock specimens under each initial confining stress, it can be seen that the axial strain increment (∆ε1) is positively correlated with the initial confining stress, whereas the radial strain increment (∆ε3) and volume strain increment (∆εv) hardly change with the initial confining stress. The failure strength of rock is positively correlated with the confining stress gradient. The failure loads of the rock specimens under each confining stress gradient are 1.80 MPa, 7.64 MPa, 18.60 MPa and 25.22 MPa respectively, and the decreasing ranges of confining stress are 82.00%, 61.80%, 38.00% and 36.95%, respectively. It can be concluded that under low confining stress (σ3 = 10 MPa, σ3 = 20 MPa), the rock specimen can bear a large drop in confining stress, whereas under high confining stress (σ3 = 30 MPa, σ3 = 40 MPa), the confining stress borne by the rock specimen is limited, which indicates that the rock specimen has good ductility under less circumferential stress and obvious brittleness under more circumferential stress. This can also be proved by the phenomena observed in the experiment. An obvious crisp sound was heard when the failure of the rock specimen occurred under high confining stress. This property of sandstone also reminds us that more attention should be paid to controlling the reduction of confining stress in the process of deep rock mass excavation in order to prevent the sudden instability of rock mass.




3.2. Characteristics of Failure Deformation of Sandstone under Unloading Path


In the unloading experiment, the increment of axial strain is less than that of radial strain. The secant method is used to calculate the Poisson’s ratio (μ), which is closer to the real properties of the rock. The elastic modulus (E) can be obtained using the elastic formula. The calculation is shown in Formula (1) [49]:


        μ =  ε 3  /  ε 1        E =  (   σ 1  − 2 μ  σ 3   )  /  ε 1       }   



(1)







Figure 5 shows the relationship between Poisson’s ratio and confining stress of the sandstone after the unloading of sandstone under different confining stresses. It can be seen from the figure that the overall change of Poisson’s ratio of rock specimens under each confining stress is consistent, that is, the Poisson’s ratio increases with the decrease in confining stress. As unloading begins, the transverse restraint of the rock specimen gradually decreases and the radial expansion intensifies, which contributes to the increase in the Poisson’s ratio. Poisson’s ratio can reflect the expansion degree of the rock specimen during unloading. It should be noted that the lower the initial confining stress is, the greater the Poisson’s ratio after unloading failure is, and the value is greater than the theoretical limit value of 0.5 for an elastic-plastic body. This shows that the expansion degree of the rock specimen under unloading failure is high under low confining stress, and Poisson’s ratio greater than 0.5 indicates that the radial strain of the rock specimen contains some cracks, especially tensile cracks parallel to the axis, and the lower the confining stress is, the more developed the tensile cracks are. Figure 6 shows the relationship between elastic modulus and confining stress of sandstone unloading. The elastic modulus is positively correlated with the initial stress. Under the same strain, the rock specimen with greater elastic modulus stores more elastic strain energy, and releases more energy when being damaged. To sum up, during rock mass excavation under high stress, attention should be paid to controlling the deformation of surrounding rock to prevent sudden damage of rock mass.





4. Analysis of Acoustic Emission Characteristics of Sandstone Failure under Unloading Path


4.1. Time Domain Characteristics of Acoustic Emission of Sandstone under Unloading Path


Through the research of scholars, it is found that the AE counts in time domain can better feedback the rock fracture information. The effect of confining stress gradient on AE information of rock sample unloading failure is obvious. The variation of ae count and stress with time under different confining stress gradients is shown in Figure 7. According to the characteristics of stress-time curve, the experimental process is divided into five phases: compaction phase (oa), elastic phase (ab), plastic phase (bc), maintenance phase (cd) and unloading phase (de). In Figure 7a,b, the activity of AE count in oa phase is low, and only particle compaction and crack closures occur in the rock specimens. In ab phase, the AE count appears constantly, the cumulative count increases linearly, and the rock specimen damage develops stably. In cd phase, the axial stress and confining stress remain constant, there are a few AE signals, and the damage degree of the rock specimen is low. In (de) phase, there is a blank period in AE count at the initial phase of unloading. At this point, the circumferential constraint decreases, the internal energy of the rock specimen is released, and the crack development stops for a short time. As the confining stress decreases, the activity of AE count gradually increases and the growth rate of cumulative count curve gradually increases, the rock specimen enters the accelerated damage phase, and a large number of internal fractures are developed. As the confining stress further decreases, a large number of high-count AE signals appear, and microcracks interconnects with each other to form macrocracks, which eventually leads to the instability and failure of the rock specimen and the release of ultra-high-count AE signals. Figure 7c,d show the experimental process of sandstone unloading under high stress. In the loading phase under high confining stress, the rock specimen does not undergo compaction, but directly enters the elastic deformation phase, in which the damage develops stably. The rock specimen then enters the bc phase, in which the AE count distribution gradually becomes dense, the activity degree gradually increases, and the damage development accelerates. AE counts in cd phase are dense and then sparse. At this point, the energy dissipation in the rock specimen gradually decreases and the crack development gradually slows down. At the beginning of de phase, there is a short blank period for AE count, and the higher the initial confining stress is, the shorter the duration of the blank period is. As the confining stress continue to decrease, the AE count distribution gradually becomes dense, and the count rate increases gradually until a large number of ultra-high AE counts are released due to the instability and failure of the rock specimen. Through side-by-side comparison the AE counting characteristics of sandstone failure under different initial confining stresses, in the loading phase, and under low initial confining stress (σ3 = 10 MPa, σ3 = 20 MPa), the AE count distribution shows obvious compaction and elastic deformation, while under high confining stress (σ3 = 30 MPa, σ3 = 40 MPa), the AE count distribution shows elastic deformation and plastic deformation, which is consistent with the characteristics of stress-strain curve in Section 3.1. This also demonstrates that under high stress, the internal damage degree of sandstone before unloading is higher than that under low stress, as stated in the previous section. In the maintenance phase, cracks do not develop in the rock specimen under low confining stress, while under high confining stress, the elastic energy is released in the rock specimen, which is manifested by the gradual slow-down of the crack development. In the unloading phase, the higher the initial surrounding rock is, the shorter the blank period of AE count is, and the subsequent count distribution is denser, indicating that the higher the confining stress is, the earlier the unloading damage of the rock specimen occurs. This suggests that the deep rock mass excavation should be supported in time.



In Figure 7, the AE count continues to increase steadily within the range of phase I, the cumulative count curve becomes steeper, and a large number of high-count signals appear before the fracture of the rock specimen. Therefore, phase I is defined as the accelerated damage phase. Phase II is AE counts after rock specimen fracture. In this phase, high, medium and low AE counts are evenly distributed, and ultra-high counts caused by secondary fracture after peak appear. There are negative correlations between unloading amount and confining stress gradient in the accelerated damage phase, which are 63.20%, 52.45%, 38.70% and 20.80%, respectively. AE accumulative count ratio is positively correlated with confining stress gradient, which is 0.85%, 2.36%, 3.83% and 11.46%, respectively. It can be seen that the larger the initial stress is, the smaller the allowable unloading amount of the rock specimen is and the larger the AE cumulative count ratio is, indicating that the allowable unloading amount of deep rock mass excavation is smaller and the damage of rock mass is more serious before accelerated damage. The unloading percentage and cumulative count percentage under each initial confining stress can be used as the criteria to judge whether the rock has entered the accelerated damage phase, but the specific situation should also be taken into consideration for a comprehensive judgment.




4.2. Frequency Domain Characteristics of Acoustic Emission of Sandstone under Unloading Path


AE signals not only reflect the important information of rock specimen fracture in the time domain, but also carry the spectral characteristics of rock specimen fracture in the frequency domain. Welch’s method for estimating power spectra is used to obtain a Fourier transform by overlapping and intersecting the data in segments, which can effectively compensate for the effect of data amount on the result in power spectrum analysis [50].



Segment handling of the data is performed, as shown in Formula (2):


  L =   N −  M 2     M 2    =   2 N − M  M   



(2)




where: L is the number of segments; N is the data segment; M is the data point of each segment.



Add window to the data segment and calculate the Fourier transform:


  X  (   e  j w    )  =   ∑  n = 0   M − 1     X i     ( n )  ω  ( n )   e  j w n   ,  (  i = 1 , 2 , ⋯ , L  )   



(3)







Calculate the average value of power for each phase:


   S X   (   e  j w    )  =  1 L    ∑  i = 1  L    1   U M         |   X i   (   e  j w    )   |   2   



(4)




where: U is the average power of window function; UM is the energy of function ω (n) of M long window.



Figure 8 shows the distribution of peak frequency with time under different initial confining stresses. The peak frequency is characterized by the distribution of low frequency, intermediate frequency and several high frequencies. Based on the stress state of the rock specimen, the process is divided into loading phase (ob, ac), maintenance phase (cd), and unloading phase (de). The peak frequency in different phases exhibits different distribution characteristics. At the initial confining stress of 10 MPa, the peak frequency in the loading phase falls within the intermediate frequency range of 134~150 kHz, with a very small amount of low frequency (67 kHz) and ultra-high frequency (321 kHz) signals, and a small amount of intermediate frequency signals in the maintenance phase. In the initial phase of unloading, a small amount of intermediate frequency damage signals appears and internal damage develops stably in the rock specimen. As the confining stress further decreases, the intermediate frequency distribution range gradually widens, and high frequency (237 kHz) and ultra-high frequency (347 kHz) signals appear. The internal damage of rock specimens enters the phase of unstable development, and high, medium and low frequency signals are released at the same time before failure [51]. At the initial confining stress of 20 MPa, the peak frequency distribution characteristics in the loading phase and maintenance phase are consistent with those shown in Figure 8a, with only a few high-frequency and low-frequency signals. Most signals are concentrated in the middle frequency band, and the rock specimen damage develops stably. At the initial phase of unloading, there are a large number of intermediate frequency signals and very few high-frequency signals. With the continuous reduction of confining stress, the intermediate frequency distribution range widens, and low-frequency (67 kHz) and high-frequency (240 kHz) signals begin to appear. Before failure, the peak frequency signal suddenly changes and an ultra-high frequency (345 kHz) signal appears. At the initial confining stress of 30 MPa, the peak frequency in the loading phase is mainly distributed in the middle frequency range of 134~155 kHz. At the end of the phase, a small amount of low-frequency, high-frequency, and ultra-high-frequency signals appear, and the rock specimen damage is in the unstable development phase. A large number of intermediate frequency signals appear in the maintenance phase. At the initial phase of unloading, a large number of intermediate frequency signals appear. With the continuous reduction of confining stress, the distribution range of intermediate frequency further widens, and a large number of low-frequency and high-frequency signals begin to appear. Before failure, ultra-high-frequency, high-frequency, intermediate frequency and low-frequency signals appear at the same time. At the initial confining stress of 40 MPa, the peak frequency in the loading phase is mainly distributed in the middle frequency band, with a small amount of low-frequency and high-frequency signals. In the maintenance phase, the width of intermediate frequency distribution narrows. The development of fractures releases the energy in the rock specimen and slows down the development of damage. At the initial phase of unloading, a large number of intermediate frequency signals also appear, and the intermediate frequency distribution further widens. A large number of high-frequency and low-frequency signals begin to appear, and ultra-high-frequency, high-frequency, intermediate frequency and low-frequency signals appear at the same time before failure.



From the above analysis, the higher the initial confining stress is, the more the number of high-frequency and low-frequency signals and the wider the distribution range is in the loading, maintenance and unloading phases. The peak frequency fluctuation of high-frequency signals is more intense than that of low-frequency signals. The generation of small-scale cracks in rock specimens corresponds to the formation of high-frequency signals, whereas the generation of large fractures corresponds to the formation of low-frequency signals, indicating that in the unloading process, the larger the confining stress is, the more complex is the development of internal cracks in the rock specimens. The formation of internal small cracks is random, whereas the formation of large fractures has certain commonalities. The distribution characteristics of high-frequency and low-frequency signals also indirectly show that the higher the confining stress is, the greater is the damage degree of rock specimen in the maintenance phase and the more severe is the damage in the unloading phase. Under each initial confining stress, the peak frequency signal before failure suddenly changes, and ultra-high frequency, high frequency, intermediate frequency and low frequency signals appear at the same time, indicating the coexistence of high and low frequency bands. It shows that the fracture of the rock specimen is the evolution process of microcrack initiation, propagation and penetration, and finally the formulation of large cracks, and the evolution of cracks in each phase is synchronous before failure. Therefore, the widening of intermediate frequency distribution, the sudden change of peak frequency, and the simultaneous occurrence of ultra-high frequency, high frequency, intermediate frequency, and low frequency signals can be used as the precursors of the rock specimen’s instability.




4.3. Fractal Characteristics of Acoustic Emission of Sandstone under Unloading Path


To further analyze the unloading failure characteristics of sandstone, the fractal dimension of the AE signal is quantitatively analyzed. The delay-coordinate state space reconstruction assumes that the relationship between the dimension m of the delay coordinate and the sequence dimension d is m ≥ 2d + 1, and the calculation process is based on the G-P algorithm [52], that is, the AE intensity of a single rock specimen during the test is taken as the sequence set with capacity n:


  X =  {   x 1  ,  x 2  , ⋯ ,  x n   }   



(5)







Take m numbers that can be juxtaposed in the sequence as the first vector of m-dimensional space,


   Y 1  =  {   x 1  ,  x 2  , ⋯ ,  x m   }   



(6)







Next, take m numbers in turn to form the second vector,


   Y 2  =  {   x 2  ,  x 3  , ⋯ ,  x  m + 1    }   



(7)




forming   N = n − m + 1   vectors. According to the Takens theorem, the cumulative distribution function W(r) of the probability that the distance between two points in space is less than r is obtained, as shown below:


  W  ( r )  =  1   N 2    ·   ∑  i , j  N   u  (  r −  |   Y i  −  Y j   |   )     



(8)




where, u is the Heaviside function,


  u  (  r −  |   Y i  −  Y j   |   )  =  {      1  (  u  (  r −  |   Y i  −  Y j   |   )  ≥ 0  )        0  (  u  (  r −  |   Y i  −  Y j   |   )  < 0  )         



(9)







   |   Y i  −  Y j   |    is the distance between the spatial phase points Yi and Yj, and r is the measurement scale. Through the linear fitting of data points    (  lg W  ( r )  , lg r  )   , the slope D(m), which is the fractal feature of acoustic emission, is obtained, as shown below:


  D  ( m )  = lg W  ( r )  / lg r  



(10)







The AE data of the failure process of the rock specimen is calculated using MATLAB software. The AE fractal dimension (D) under different initial confining stresses is shown in Figure 9. AE fractal dimension can quantitatively describe the law of crack development in rock. At the initial phase of axial compression loading, the AE fractal dimension of the rock specimen under the confining stress of 10 MPa and 20 MPa shows a downward trend, and whereas that under the confining stress of 10 MPa and 20 MPa remains unchanged. The reason is that at the initial phase of loading, the rock specimen under low initial confining stress exhibits compaction and elastic deformation, pores and microcracks of varied sizes are compacted in the compaction phase, and the disorderliness of AE signals in the elastic phase is greater than that in the compaction phase, resulting in decreased fractal dimension. Under high initial confining stress, the rock specimen only exhibits elastic deformation in the initial phase of loading. In the elastic phase, cracks develop stably in the rock specimen, and the AE fractal dimension remains constant. In the middle and late phases of loading, the AE fractal dimension of the rock specimen under each initial confining stress gradually increases, and the greater the confining stress is, the greater the increase is. This shows that the internal crack development of the rock specimen gradually changes from orderly development to disorderly development, and the higher the initial confining stress is, the greater the degree of disorderly crack development is and the more serious the damage of rock specimen is. The AE fractal dimension under each initial confining stress in the maintenance phase decreases significantly. It is worth noting that the fractal dimension under low initial confining stress in the maintenance phase nearly reaches 0, whereas that under high initial confining stress is about 0.1, indicating that no damage occurs in the rock specimen under low confining stress in the maintenance phase, whereas slow damage appears in the rock specimen under high confining stress. At the initial phase of unloading, the AE fractal dimension of the rock specimen decreases under high initial confining stress, and changes horizontally under low initial confining stress. This is because at the initial phase of unloading, the circumferential constraint suddenly decreases, the energy in the rock specimen is released, and the crack development slows down, resulting in decreased fractal dimension. Under low initial confining stress, the circumferential constraint of rock specimens is low, the accumulated energy in rock specimens is low, and the crack development degree is low under the action of the rock specimen’s stiffness at the initial phase of unloading, and as a result, the fractal dimension remains unchanged. With the continuous decrease of confining stress, the fractal dimension under each confining stress shows an upward trend, and the higher the confining stress is, the greater the increase in range and speed is, indicating that the cracks in the rock specimen at this phase are in a disorderly and accelerated development state, and the larger the confining stress is, the greater the crack development scale, degree and range. Before the failure of the rock specimen, the cracks penetrate each other and expand in a common direction, develop from disorderly development to orderly development, and gradually form a shear zone; the fractal dimension decreases greatly, forming a fracture surface, and the brittle failure of the sample occurs rapidly. Therefore, the decrease in the AE fractal dimension of the rock specimen after a sharp increase in the unloading phase can be regarded as the precursor of the rock specimen’s failure.





5. Discussion


Before unloading, rock masses under low confining pressure show compaction and elastic deformation, whereas rock masses under high confining pressure show elastic deformation and plastic deformation (see Figure 4). Compared with the elastic deformation, the internal fracture development is faster and the damage development is greater during the plastic deformation of the rock. After unloading, the initial confining pressure increased from 10 MPa to 40 MPa, and the corresponding axial strain increment ∆ε1 increased by 136.19%. In the unloading process, both the axial strain increment and the elastic modulus of rock masses increased with the increase of initial confining pressure, which is consistent with the reports of S. Wang et al. [9,12]. The radial strain increment ∆ε3 and the bulk strain increment ∆εv during rock sample unloading do not vary much with the initial confining pressure. The unloading amount is defined as the percentage of rock unloading from the beginning to the failure of confining pressure. The unloading amount is 82.22% at the initial confining pressure of 10 MPa and 36.95% at the initial confining pressure of 40 MPa. It can be seen that the unloading amount of rock masses with high confining pressure is much smaller than that with low confining pressure, and the unloading amount is inversely proportional to the initial confining pressure. The above law shows that the degree of damage before excavation of deep rock is greater than that of shallow rock, the allowable unloading amount is much smaller than that of shallow rock, and the damage of deep rock is shown as brittle damage. Therefore, deep rock excavation is more prone to rockburst and other dynamic disaster accidents, so the surrounding rock should be timely supported to control the reduction of the confining pressure to prevent disasters.



Acoustic emission counts provide a better feedback of rock damage in the time domain. At the beginning of loading, the cracks in the rock are compacted and the AE counts are low; then with the continuous increase instress, the damage starts to occur and the AE counts become more and more active, as also found by M. C. He et al. [32,34,35] in their experiments. The higher the initial confining pressure before unloading, the denser the distribution of AE counts and the greater the degree of damage in the rock samples. This again indicates that the degree of damage before excavation is higher in the deep rock than in the shallow rock. It is worth noting that the AE counts do not appear immediately when the confining pressure decreases in the unloading stage (de), and there is a certain lag effect, indicating that the rock has a certain bearing capacity at the early stage of unloading and can resist the occurrence of damage. However, the higher the initial confining pressure, the shorter the lag time of AE count, which demonstrates that the damage of deep rock mass occurs earlier than that of shallow rock mass, and support should be carried out as early as possible in the construction process. The peak frequency and fractal dimension of acoustic emission can judge the damage of rock from frequency domain and order degree, respectively. Before rock failure, the peak frequency suddenly changes and the fractal dimension greatly increases, which has potential application value in monitoring and early warning of underground rock excavation stability.




6. Conclusions


In this paper, an unloading experiment is carried out on sandstone, the mechanical properties of sandstone unloading failure under different initial confining stresses are discussed, and the unloading damage evolution characteristics of sandstone are analyzed from the time domain, frequency domain and fractal characteristics of acoustic emission. The following conclusions could be drawn from the experiments:




	(1)

	
Under low stress, sandstone only exhibits compaction and elastic deformation before unloading, whereas under high stress, it exhibits elastic deformation and plastic deformation before unloading; axial strain increment (∆ε1) is positively correlated with initial confining stress, whereas radial strain increment (∆ε3) and volume strain increment (∆εv) are insensitive to the rise of initial confining stress; the unloading failure of the rock specimen shows good ductility under low confining stress and obvious brittleness under high confining stress.




	(2)

	
The Poisson’s ratio of unloading failure of the rock specimen is inversely related to the initial confining stress. The lower the initial confining stress is, the more serious the expansion of the rock specimen after failure is; the elastic modulus is directly proportional to the initial confining stress, and the higher the initial confining stress is, the higher the elastic strain energy stored in the rock specimen is.




	(3)

	
The higher the initial confining stress in the unloading phase (de) is, the shorter the duration of the blank period of AE count is, and the earlier the damage appears; under different initial confining stresses, the AE count of the rock specimen increases sharply before failure, and the unloading failure of the rock specimen is more sudden.




	(4)

	
Before entering the accelerated damage phase, the unloading amount of confining stress is inversely proportional to the initial confining stress, and the AE cumulative count ratio is directly proportional to the initial confining stress; the excavation unloading of the high stress rock mass enters the accelerated damage phase earlier and the damage is more serious.




	(5)

	
Under each initial confining stress, the AE power spectrum frequency of the rock specimen in the loading phase is mainly distributed in the intermediate frequency range of 134~155 kHz. After unloading, the intermediate frequency distribution gradually widens, and low frequency and high frequency signals begin to appear. Ultra-high frequency, high frequency, intermediate frequency and low frequency occur simultaneously before the rock specimen’s failure, which can serve as the precursors of the rock specimen’s instability.




	(6)

	
AE fractal dimension can better reflect the orderliness and disorderliness of AE signals in the unloading process of the rock specimen, and the downward trend after the sharp increase in fractal dimension can serve as the precursor of the rock specimen’s failure.
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Figure 1. Screened sample. 
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Figure 2. Experimental site. (a, b, e, f, g, j-loading system; c, d, i-control system; h-sample; k, l, m-acoustic emission system). 
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Figure 3. Experimental process and principle. (a) Stress process of rock specimen; (b) Experimental principle. 
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Figure 4. Stress-strain curves of sandstone unloading under different initial confining stresses. (a) σ3 = 10 MPa; (b) σ3 = 20 MPa; (c) σ3 = 30 MPa; (d) σ3 = 40 MPa. 
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Figure 5. Relationship between Poisson’s ratio and confining stress during unloading. 
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Figure 6. Relationship between elastic modulus and confining stress during unloading. 
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Figure 7. Stress-AE counting relationship of samples. (a) σ3 = 10 MPa; (b) σ3 = 20 MPa; (c) σ3 = 30 MPa; (d) σ3 = 40 MPa. 
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Figure 8. Peak frequency-stress-time relationship of sandstone unloading under different initial confining stresses. (a) σ3 = 10 MPa; (b) σ3 = 20 MPa; (c) σ3 = 30 MPa; (d) σ3 = 40 MPa. 
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Figure 9. Variation curve of AE fractal dimension. 
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Table 1. Mechanical parameters of sandstone unloading failure.
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	σ3i (MPa)
	σ1i − σ3i (MPa)
	σ3f (MPa)
	σ1r − σ3r (MPa)
	∆ε1
	∆ε3
	∆εv





	10.00
	95.00
	1.80
	28.55
	0.105
	−0.351
	−0.596



	20.00
	121.00
	7.64
	63.97
	0.201
	−0.395
	−0.589



	30.00
	157.00
	18.60
	78.63
	0.230
	−0.373
	−0.516



	40.00
	184.00
	25.22
	97.25
	0.248
	−0.399
	−0.549







Note: Data are average.
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