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Abstract

:

The instability and fracturing of gas drainage boreholes are one of the main causes of low drainage efficiency. Based on the rock mass energy principle and the Barenblatt model, the energy evolution of the coal–rock mass around the hole, the conversion characteristics of the dissipated energy Ud, and the propagation pattern of the initial tensile cracks were investigated. The results show that based on the conversion process of the dissipated energy, the failure process of samples containing holes can be divided into an initial dissipation stage, a decelerated dissipation stage, a stable dissipation stage, and an accelerated dissipation stage. The dissipated energy is always greater than the elastic energy during the first half of loading, and it is mainly used for the continuous development and propagation of initial tensile cracks. Then, remote cracks and cracks to the left and right of the hole boundary are generated to inhibit the propagation of the tensile cracks. Later, when the energy storage limit is reached, the elastic strain energy around the hole is released, and the macroscopic failure cracks propagate and coalesce, which causes the stress environment to change and the tensile cracks to reopen and finally propagate. The tensile cracks in the upper and lower ends of the holes undergo an opening–closing–reopening process, and the presence of cohesion c(x) hinders the propagation of the tensile cracks that are formed by the generation and migration of fracture initiation zone, friction zone, and intact zone. The dissipated energy released was related to the different stages of the tensile crack propagation, which could be used for the structure monitoring and flaw predicting of the gas drainage borehole.
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1. Introduction


The stability of drainage holes ensures that the gas drainage rate meets the standard. Under external loading, new cracks are generated in the coal–rock mass around the hole. Then, these cracks develop, propagate, and coalesce with the remote original cracks, causing problems such as borehole cracking, delamination, and collapse and resulting in borehole failure. Therefore, it is of great significance to study the fracture pattern of samples containing holes under stress to reveal the deformation and failure of drainage holes.



In the early stage, the image of crack propagation was used for evaluating the damage to the hole structure [1,2,3]. What makes researchers more interested is the behavior of the crack. Thus, a finite-width crack model and the fourth-order phase-field model combining the non-standard phase-field form with a cohesive zone model were presented to illustrate the crack propagation [3,4]. The Barenblatt cohesion model was used to study the inhibition of the propagation of the tensile cracks by stress [5,6]. A numerical approach based on the meshfree methods and an algorithm combined based on the anisotropic damage plasticity model were developed for calculating the beginning of a crack and predicting the fatigue crack growth path [7,8,9]. Even the classical fails could be predicted by the scale-invariant cohesive crack model [10]. However, there is bias in predicting the crack which was confirmed as the size effect later [11]. To cover these drawbacks, scale-independent cohesive law and a single cohesive curve approach were presented [12,13]. The related works showed that the energetic and statistical-energetic theories can predict the dependence of size effect law parameters on the structure geometry [11,14]. As the external energy drive is the essence of instability and failure inside a material, even the external energy such as explosive detonation and plasma subject to the rock can cause some breaking [15,16]. Many scholars have studied the energy evolution of coal and rock masses to address the characteristics during the destruction. Based on energy analysis, the energy dissipation and release of a rock mass were systematically elaborated to establish a rock failure criterion [17,18,19]. Various parameters related to the energy were used for establishing the relationship between the rock deformation and energy conversion, such as the energy iterative growth factor [20], energy dissipation ratio [20,21], energy loss [22], minimum energy principle for the dynamic failure [23], energy number [24,25,26], energy release rate [27], and amplitude of the energy fluctuations [28,29,30]. Moreover, there are methodologies based on strain energy density [31], the extended maximum tangential strain criterion [32], the mixed-mode brittle fracture criterion [33], the phase-field model [34], and a higher-order micromechanics-based approach [3,35], which were presented to predict crack growth.



However, this was not the case when facing the problem with gas drainage boreholes. The instability failure of boreholes had three categories, which were stress-controlled failure, structural plane-controlled failure, and gas blowout from soft coal seams [36]. According to the experiment, the cracks around the hole were divided into remote, primary, and shear, according to their location distribution and stress characteristics [2,37,38]. These cracks’ interaction contributed to the damage to the rock causing destruction [39]. The results of many experiments and numerical calculations verified the three types of cracks [40,41,42]. The stress distribution around the different types of cracks was also reconstructed by the surface stress inversion [43]. That means the energy evolution would have some differences concerning the crack types, which coincide with the electric potential experiment [44]. Numerous studies have been performed on the energy evolution and fracture characteristics of rock samples, but these studies only determined the corresponding relationship between the energy change process and the fracture morphology. Few studies have been conducted on the influence of the energy flow on crack development, and the energy evolution of samples containing holes has rarely been reported. However, the crack around the gas drainage boreholes seriously affects extraction efficiency, as monitoring and detecting the status of boreholes becomes the daily work of coal mines. The investigation of the initial tensile crack propagation pattern and the corresponding mechanism is crucial to the failure analysis of gas drainage boreholes, as it is the early symptom and reason why the gas drainage fails.



Therefore, for a better understanding of the propagation of the tensile crack around the gas drainage boreholes and to provide monitoring and detecting theory as well as method, the observation of the failure process of coal–rock samples containing holes was conducted. As the crack propagation and the slip between fissures with energy changes, the energy principle gives a perspective to investigate the failure of the hole structure such as the gas drainage borehole. As well as the cohesion model being introduced, the Barenblatt model delicately avoids the singularity of the crack tip in elastic mechanics. Thus, the rock mass energy principle and the Barenblatt model were used to investigate the energy evolution characteristics of the coal–rock mass around the hole in the study. A model for crack propagation in samples under energy control was established, which can provide a better understanding of the gas drainage borehole destruction. With these energy evolution characteristics and the digital image correlation, the monitoring technology of boreholes becomes available, and this article will provide some references for this technology.




2. Materials and Methods


2.1. Sample Preparation


To simulate the gas drainage structure and materials as closely as possible, the selection and proportioning of raw materials is an important part of the experiment [45,46]. In the experiment conducted in this study, the slurry was prepared using a mixture of gypsum and water with a mass ratio of 7:3 [2,42]. The gas drainage borehole is in the pre-peak and post-peak stages of a coal seam, which correspond to the failure process of a sample from initial loading to the crackdown. Though the size effect influences the uniaxial compressive strength (UCS), it does not change the characteristics and pattern of the sample. In addition, the structure of the hole plays a significant role in the test [47,48,49]. Thus, the bias induced by the size effect has little effect on the experiment result. Here, the diameter of the gas drainage borehole was scaled to be 1/10, as the diameter of the commonly used borehole in the coal mine is about 100 mm. In addition, the end effect should take into consideration that the required length of the end to the hole must be larger than 3 times the diameter of the hole. So the whole length of the sample must be larger than 7 times the hole’s diameter, which means the minimum is 70 mm. Moreover, the height should be twice the width during uniaxial compression [43]. Therefore, the minimum sample size has to be 70 mm × 70 mm × 140 mm. The slurry was poured into a 70 mm × 70 mm × 140 mm steel mold, in the center of which a prefabricated drilling device with a drilling radius of 5 mm was placed, as shown in Figure 1. The sample was shaken appropriately to remove any air bubbles in the slurry. It was removed from the mold after 12 h and placed in a ventilated location for 28 d. The coefficients of variation (i.e., ratio of the standard deviation to the mean) of the uniaxial compressive strength, peak strain (i.e., the strain corresponding to the peak stress), and elastic modulus of the samples were 2.03%, 1.44%, and 3.06%, respectively, indicating that the prepared samples had stable mechanical properties. The dimensions of the hole (φ), the uniaxial compressive strength (UCS), and the test parameters of the samples are presented in Table 1.




2.2. Testing Method


The testing system consisted of a loading system and a digital image observation system as shown in Figure 1. The loading system was a DNS-200 electronic universal testing machine (Changchun Machinery Research Institute Co., Ltd., Changchun, China), which can be used for laboratory testing of non-metallic materials. The tests were conducted under uniaxial compression, which was through displacement-controlled loading at a loading rate of 0.05 mm/min, and the loading was continued until the sample failed. The digital image observation system consisted of image acquisition and processing devices. This system can collect the images of the surface of the sample in real time, store the image in the disk in digital form, which was used to calculate the full-field strain, and output it with a matrix.




2.3. Energy Calculation


In this paper, the total energy U, elastic strain energy Ue, and dissipated energy Ud are investigated during the experiment, which can be derived from Appendix A. As the strain is the key value to calculate the energy, to get the strain field on the surface of the sample, perform the image correlation calculation by matching the image before and after deformation. First, traverse all the regions of the two images to obtain the correlation coefficient C. One of the typical correlation coefficients was noted as [50]:


  C =    ∫ R     [ f ( x ) − g ( Φ ( x ) ) ]  2  d x =      ∫ R   [ f ( x ) − g ( x +  u 0  ( x ) ) ]     2     d x  



(1)




where x was the gray level, f(x) was the distribution of the image before deformation, g(x) was the distribution of the image after deformation, and R was the interesting area.



Compare the pixel of the two images to get displacement as shown in Figure 1. Then, the strain field can be obtained by differencing the displacement field. That needs selecting a small area near the measuring point, fitting the displacement to get a plane, and building a local coordinate system with the origin at the point. Through the above operations, all the displacement of the sample was translated into this local coordinate, and the difference was performed to get the components of strain. A typical difference equation is shown in Appendix B.





3. Results and Discussion


3.1. Failure Modes of Samples Containing Holes


Three basic types of cracks, namely, tensile cracks (T), shear cracks (S), and remote cracks (R), were observed during the deformation and fracturing of the samples containing holes under pressure as shown in Figure 2. The failure mode was shear failure, and the specific failure processes were as follows. The initial tensile cracks first appeared in the upper and lower ends of the hole boundary but did not propagate to the edge of the sample. Then, shear cracks occurred on the left and right sides of the hole boundary, and remote cracks (essentially tensile cracks) appeared at the remote end of the hole boundary. With continuous loading, the initial shear cracks propagated and coalesced with the remote cracks to form macroscopic shear failure cracks, resulting in diagonal shear failure. This finding is consistent with the result of the progressive fracturing process [2,41]. However, we found that there was another type of crack where the remote cracks and shear cracks merge and that the formation of such cracks is caused by the combined action of the tensile stress and shear cracks [42]. This phenomenon has been discussed in the research related to fracture coalescence [51].




3.2. Evolution of Horizontal Strain of Tensile Cracks


During loading, energy dissipation causes damage to the interior of the sample, resulting in the deterioration or loss of the strength of the sample. Therefore, the energy dissipation is closely related to the degradation of the sample strength. All the values of energy at the peak stress were show in Table 2. Based on the variations in the dissipated energy of the samples containing holes, the deformation and failure process of the samples containing holes was divided into four stages: an initial dissipation stage, a decelerated energy stage, a stable dissipation stage, and an accelerated dissipations stage, as shown in Figure 3.



In the initial dissipation stage, the energy is dissipated due to the closure and friction of the micro-fissures and the empty micro-gaps inside the sample, and the energy dissipation curve slowly increases with the generation of micro-deformation. The elastic strain energy also increases gradually but slightly as the deformation increases, which is attributed to the energy dissipation due to the initiation and development of micro-fissures. This is consistent with the results of previous studies [52], that is, the more fully the fissures develop, the larger the proportion of the dissipated energy absorbed by the sample is.



In the decelerated energy dissipation stage, the deformation of the sample increases. The original fissures and the new micro-fissures gradually close, causing the effective contact area inside the sample and the accumulation rate of the elastic strain energy to increase and causing the growth rate of the dissipated energy to gradually decrease. However, the dissipated energy is still larger than the elastic energy in section AB, indicating that some of the micro-fissures reopen. When the loading reaches 48% of the peak stress, the dissipated energy is still greater than the elastic energy. This phenomenon differs from the energy conversion of intact homogeneous samples of coal, sandstone, and granite [53]. This phenomenon is noteworthy and was analyzed in detail in this study. In previous studies [54,55], it was found that after the compaction stage, localized concentration occurs at the upper and lower ends of the hole boundary under tensile stress. According to the maximum tensile strain criterion, it is concluded that micro-fractures are formed in the upper and lower regions around the hole, but they have a low density and do not nucleate to form macroscopic failure cracks. Thus, it is concluded that the dissipated energy is greater than the elastic strain energy before 48% of the peak stress is reached due to the continuous development and migration of micro-fissures in the upper and lower regions around the hole.



When coming into the stable dissipation stage, after the elastic strain energy curve intersects with the dissipated energy curve, the growth rate of the elastic strain energy increases rapidly and is consistent with the rate of the total energy input to the system. At this time, a large proportion of the total energy input is converted into elastic strain energy and is stored in the sample. The dissipated energy is essentially stable at approximately 0.1 MJ·cm−3 and accounts for 25% of the energy. According to the fracture pattern of the coal–rock mass around the hole, the fractures in the upper and lower regions around the hole continue to develop and propagate, forming a tensile macro-crack parallel to the loading direction. In addition, cracks also begin to appear on the left and right sides of the hole boundary, as well as at the remote end of the hole. Thus, it is concluded that in the stable dissipation stage, a quarter of the energy still becomes dissipated energy, forming a tensile macro-crack in the upper and lower ends around the hole.



In the accelerated dissipation stage, the peak strength is reached, the elastic strain energy accumulated in the sample is rapidly released, the elastic strain energy decreases quickly, and the dissipated energy increases rapidly as the strain increases. As a result, the shear cracks and remote cracks propagate rapidly and coalesce to form the final failure mode.




3.3. Evolution of Horizontal Strain of Tensile Cracks


During the fracturing of the samples containing holes, the tensile cracks are not macro-cracks and stop developing after reaching a certain length, and the samples finally fail along a diagonal shear macro-crack. To further describe the influence of the dissipated energy on the evolution of the tensile cracks, the measuring points were arranged at a spacing of 5 mm between the upper and lower ends of the borehole and were numbered D1, D2, T1, and T2 as shown in Figure 2, based on the method used to analyze the fracturing of a horseshoe-shaped cavity [56]. The changes in the horizontal strain εx during the compression process were measured.



Quantitative analysis was conducted at points T1, T2, D1, and D2. The dissipated energy and deformation of the horizontal strain at each measuring point with time during the failure process are shown in Figure 4.



The energy dissipation and tensile crack propagation of the samples containing holes were analyzed. In the initial stage of loading (before 78 s), the horizontal strain at each measurement point was relatively stable, with a strain of less than 2 × 10−3. The tensile cracks in the upper and lower ends of the hole were initiated at almost the same time. After that, the horizontal strain at measurement points 1 and 2 increased rapidly and maintained this growth rate for some time. The tensile cracks in the upper and lower ends of the hole continued to propagate to a point at 121 s, and the growth rate decreased, significantly reducing the magnitude of the increase. When the loading reached 132 s, the horizontal strain reached its maximum and then decreased to a low level, indicating that closure of the cracks in the upper and lower ends of the hole occurred at point III. The horizontal strain at measurement points 3 and 4 reached the peak at 135 s and then decreased rapidly. The horizontal strain at these measurement points dropped to a certain low level and remained almost stable in the subsequent stage. According to the test results, the final strain at each of the four measurement points was still slightly larger than the corresponding initial horizontal strain, and there was still residual strain around each measurement point. When the deformation continues to increase, the horizontal strain at each measurement point increases, indicating the reopening of the tensile cracks.



It can be seen from the above analysis that during the loading process, the tensile cracks in the upper and lower ends of the samples containing holes underwent an opening–closing–reopening process.




3.4. Analysis of Energy Dissipation and Horizontal Strain


The initial tensile cracks essentially had no influence on the macroscopic failure mode of the samples containing holes. The above analysis shows that the amount of dissipated energy released was closely related to the propagation of the tensile cracks. Figure 5 compares the tensile cracks and dissipated energy. At the end of the compaction stage, as the dissipated energy increased, the initial tensile micro-cracks continuously initiated, developed, and opened, and thus, the transverse strain of the initial tensile cracks increased continuously. From 115 s to 125 s, the dissipated energy increased slightly, and the horizontal strain of the tensile cracks increased rapidly, indicating that the generated dissipated energy was all used for the development of the tensile cracks. From 125 s to 140 s, the dissipated energy only changed slightly, and the growth rate of the horizontal strain of the tensile cracks slowed down. This occurred because the dissipated energy was also used for the initiation and development of the cracks to the left and right sides of the hole (subjected to compressive shear stress) and the remote cracks. In addition, this also shows that after the loading reached a certain extent, the energy input into the sample by the testing machine was mainly stored in the sample in the form of elastic energy, which is also applicable to samples containing pores. Therefore, the generation of remote cracks and cracks to the left and right of the hole boundary inhibited the propagation of the tensile cracks, corresponding to the closed state in this stage. Subsequently, when the energy storage limit was reached, the elastic strain energy stored around the hole was released, and the macroscopic failure cracks propagated and coalesced, causing the stress environment to change. At this time, the initial tensile cracks, which were previously in a closed state due to inhibition, propagated again and finally formed tensile cracks.




3.5. Mechanism of Tensile Crack Inhibition


The distribution of the crack in this experiment shown in Figure 2 again confirmed the three types of cracks which are remote, primary, and shear [2,38,42,57]. Here, the dissipated energy is greater than the elastic strain energy before 48% of the peak stress, while the primary tensile crack propagates as shown in Figure 3. The primary tensile crack would be the early symptom of the sample’s or the gas drainage borehole’s failure. Thus, the primary tensile crack should be the research with the highest priority.



As mentioned in Figure 3, the initial cracks and crack tips were formed by a series of short tensile cracks [58]. The tensile cracks in the upper and lower ends of the samples had an opening–closing–reopening process, as shown in Figure 4. This process is illustrated in Figure 6. The tensile crack propagation was accompanied by the generation and migration of three specific zones: the fracture propagation zone, friction zone, and intact zone. The appearance of the fracture propagation zone represents the generation of the initial cracks, followed by continuous extension and propagation to form the entire macro-crack. The friction zone is formed after the appearance of the fracture initiation zone and is mainly located where the friction between the fracture surfaces resists the failure of the rock. In the intact zone, the rock material remains intact, and the shear force is mainly provided by the cohesion. As the loading progresses and the cracks gradually propagate, the friction zone gradually increases, while the intact zone gradually decreases, reflecting the process in which the cohesion of the rock is gradually replaced by the friction between the fracture surfaces.



Though the stress field distribution at the tensile crack tip exhibited a similar pattern, not all of the distributions at the ends exhibited extended patterns in the actual observations of the plastic zone at the crack tips. Specifically, for a structure containing holes, the primary tensile crack caused by the concentration of the tensile stress at the upper and lower ends of the hole began to propagate, which can be expressed as [5]:


   σ t  =  K  I C       π a       − 1  / 2     



(2)




where KIC is the tensile stress intensity factor, and a is half of the crack length.



The above equation can also be written as


   K  I C   =  σ t    π a    



(3)







For the case in which tensile stress is applied perpendicular to a set of equally spaced coplanar cracks, the strength of the rock σt can be expressed as:


   σ t  =  K  I C     2 b       t g   π a   2 b         − 1  / 2     



(4)




where 2b is the distance from the center of the crack.



During the development of the initial primary tensile crack, the crack’s tip produces a damping effect at the leading edge. That is, within the range of the tip, the distance between the fracture surfaces is very small, and the cohesion between the molecules or atoms present on the fracture surfaces does not disappear completely, which is an important factor that must be considered.



As shown in Figure 6e, according to the cohesion model, the stress intensity factor KI’ corresponding to the cohesion c(x) is proposed to be [5]:


   K I    ′  = − 2    a π       ∫ 0 a     c  x  d x      a 2  −  x 2          



(5)




where r is the cohesion decay distance starting from the molecular dislocation point. Since c(x) only exists within a very small local area ρ at the crack’s tip, and ρ<<a, r ≤ ρ ≤ a, and a2 − x2 = (a + x) (a − x) = (2a − r)r = 2ar.



Substituting the above relationship into Equation (5) and transforming the integration variable yields


   K I    ′  = − 2    a π       ∫ 0 ρ     c  r     r       d r , r ∈   0 , ρ    



(6)







From the above theoretical analysis, it can be seen that the cohesion c(x) does produce resistance to crack propagation and reduces the singularity of the stresses in the region, which produces results similar to those of the tensile stress and reduces the tensile stress intensity factor KI at the crack’s tip. This is in general agreement with the change trend of the stress field environment that leads to the inhibition of the further propagation of the tensile cracks. It was found that the stress intensity factor at the crack’s tip decreased during crack propagation, which was favorable to the connection and coalescence of the other cracks.





4. Conclusions


According to the variations in the dissipated energy, the failure process of the samples containing holes was divided into an initial dissipation stage, a decelerated dissipation stage, a stable dissipation stage, and an accelerated dissipation stage. During the first half of loading, the initial tensile cracks developed continuously, and the dissipated energy was greater than the elastic energy.



The amount of dissipated energy released was closely related to the propagation of the tensile cracks. In the early stage, almost all the dissipated energy was used for the development and expansion of the tensile cracks. In the middle stage, the generation of remote cracks and cracks to the left and right of the hole boundary inhibited the propagation of the tensile cracks. In the later stage, the energy storage limit was reached, the elastic strain energy around the hole was released, and the macroscopic failure cracks propagated and coalesced, which changed the stress environment and caused the tensile cracks to reopen and finally develop.



The tensile cracks in the upper and lower ends of the samples containing holes experienced an opening–closing–reopening process. The presence of cohesion c(x) hindered the propagation of the tensile cracks, which were formed by the generation and migration of the fracture propagation zone, friction zone, and intact zone.



The energy evolution of the coal–rock mass around the hole was investigated in this paper. The dissipated energy released was related to the propagation of the tensile cracks, revealing the three stages of the propagation. This could be used for the gas drainage borehole structure monitor and predicting potential flaws. Future work will focus on building the relationship between the dissipated energy and the tensile crack. Investigating the energy evolution during the shear crack propagation will be another issue.
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Appendix A


The energy dissipates and is released from the rock mass during the progress from deformation to failure. According to the first law of thermodynamics [53,59],


   U d  = U −  U e   



(A1)




where U is the total input energy generated by the external work; Ud is the dissipated energy; and Ue is the releasable elastic strain energy.



According to thermodynamics, energy dissipation is unidirectional and irreversible, while energy release is reversible under certain conditions. In the principal stress space, the unit energy of the coal–rock mass is expressed as follows [60]:


  U =    ∫ 0   ε 1      σ 1  d  ε 1     +    ∫ 0   ε 2      σ 2  d  ε 2     +    ∫ 0   ε 3      σ 3  d  ε 3      



(A2)






   U e  =  1 2   σ 1   ε 1 e  +  1 2   σ 2   ε 2 e  +  1 2   σ 3   ε 3 e   



(A3)







According to Hooke’s law, Equation (3) can be rewritten as


   U e  =  1  2  E i       σ 1 2  +  σ 2 2  +  σ 3 2    −  ν   E i       σ 1   σ 2  +  σ 2   σ 3  +  σ 1   σ 3     



(A4)




where ν is Poisson’s ratio, and Ei is the unloading elastic modulus.



For the convenience of calculation, the initial elastic modulus E0 is generally used to replace Ei. The elastic strain energy under uniaxial compression conditions can be calculated as follows [61]:


   U e  =  1 2   σ i     ε i  −  ε d    =  1  2  E 0     σ 1 2   



(A5)




where εi is the strain corresponding to σi; and εd is the residual permanent strain when the stress is unloaded from σi to σ = 0.



Thus, the total energy can be calculated as follows:


  U =    ∫   ε 1     ε 2     σ d ε =   ∑  i = 1   n − 1       ∫   ε i     ε  i + 1       σ i  d ε =           ∑  i = 1   n − 1      1    ε  i + 1   −  ε i     2       σ  i + 1   +  σ i     



(A6)




where σ1i and ε1i are the stress and strain at each point on the stress curve, respectively.



Finally, the dissipated energy Ud of the sample during the test is obtained by Equations (A1), (A5) and (A6).




Appendix B




      ε 11  =   ∂  d 1    ∂  X 1    +  1 2       ∂  d 1    ∂  X 1     2  +     ∂  d 2    ∂  X 1     2  +     ∂  d 3    ∂  X 1     2          ε 22  =   ∂  d 2    ∂  X 2    +  1 2       ∂  d 1    ∂  X 2     2  +     ∂  d 2    ∂  X 2     2  +     ∂  d 3    ∂  X 2     2          ε 33  =   ∂  d 3    ∂  X 3    +  1 2       ∂  d 1    ∂  X 3     2  +     ∂  d 2    ∂  X 3     2  +     ∂  d 3    ∂  X 3     2          ε 12  =  1 2     ∂  d 1    ∂  X 2    +   ∂  d 2    ∂  X 1     +  1 2      ∂  d 1    ∂  X 1      ∂  d 1    ∂  X 2     +    ∂  d 2    ∂  X 1      ∂  d 2    ∂  X 2     +    ∂  d 3    ∂  X 1      ∂  d 3    ∂  X 2             ε 23  =  1 2     ∂  d 2    ∂  X 3    +   ∂  d 3    ∂  X 2     +  1 2      ∂  d 1    ∂  X 2      ∂  d 1    ∂  X 3     +    ∂  d 2    ∂  X 2      ∂  d 2    ∂  X 3     +    ∂  d 3    ∂  X 2      ∂  d 3    ∂  X 3             ε 31  =  1 2     ∂  d 3    ∂  X 1    +   ∂  d 1    ∂  X 3     +  1 2      ∂  d 1    ∂  X 3      ∂  d 1    ∂  X 1     +    ∂  d 2    ∂  X 3      ∂  d 2    ∂  X 1     +    ∂  d 3    ∂  X 3      ∂  d 3    ∂  X 1      ,     



(A7)




where ε11, ε22, ε33, ε12, ε23, and ε31 are the Lagrangian strain tensor, d1, d2, and d3 are the displacement in three directions, and X1, X2, and X3 are the position of the point.
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Figure 1. Assembly of test system. 
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Figure 2. Sample failure modes: (a) Schematics of SH-1, (b) Schematics of SH-2, (c) SH-1, and (d) SH-2. 
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Figure 3. Comparison of energy conversion and stress of SH-1 during the uniaxial compression test. OA: initial dissipation stage, AB: decelerated energy dissipation stage, BC: stable dissipation stage, CD: accelerated dissipation stage. (Schematics based on the images captured with VIC-Snap). 
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Figure 4. Dissipated energy and deformation of SH-1 during the uniaxial compression test. I: Slow rise stage of horizontal strain; II: Rapid change stage of horizontal strain; III: Smooth stage of horizontal strain. 
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Figure 5. Comparison of dissipated energy and horizontal strain of the tensile cracks of SH-1 during the uniaxial compression test. 
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Figure 6. Tensile crack propagation process. (a) initial cracks with the fracture propagation zone appearance, (b) cracks propagation with friction zone froming, (c) the friction between the fracture surfaces resists the cracks propagation with intact zone disappearance, (d) cohesion of the rock replaced by the friction between the fracture surfaces with fracture propagation zone disappearance, and (e) cohesion model. 
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Table 1. Sample size and test parameters.
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	Sample
	Mass (g)
	Size (mm)
	φ (mm)
	UCS (MPa)
	E (MPa)





	SH-1
	897.10
	70.3 × 70.1 × 140.5
	10
	1.53
	329.95



	SH-2
	886.23
	70.4 × 70.2 × 140.3
	10
	1.48
	310.02



	SH-3
	894.56
	70.0 × 70.6 × 140.2
	10
	1.55
	332.23
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Table 2. Energy values at the peak stress.
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	Sample
	Total Energy (MJ·cm−3)
	Elastic Strain Energy (MJ·cm−3)
	Dissipated Energy (MJ·cm−3)
	Proportion of Dissipated Energy





	SH-1
	0.411
	0.3034
	0.1076
	26.19%



	SH-2
	0.382
	0.315
	0.0930
	24.34%



	SH-3
	0.377
	0.2865
	0.0905
	24.26%
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