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Abstract:



The evolution of micro-cracks in rocks under different strain rates is of great importance for a better understanding of the mechanical properties of rocks under complex stress states. In the present study, a series of tests were carried out under various strain rates, ranging from creep tests to intermediate strain rate tests, so as to observe the evolution of micro-cracks in rock and to investigate the influence of the strain rate on the deformation and strength properties of rocks. Thin sections from rock samples at pre- and post-failure were compared and analyzed at the microscale using an optical microscope. The results demonstrate that the main crack propagation in the rock is intergranular at a creep strain rate and transgranular at a higher strain rate. However, intergranular cracks appear mainly around the quartz and most of the punctured grains are quartz. Furthermore, the intergranular and transgranular cracks exhibit large differences in the different loading directions. In addition, uniaxial compressive tests were conducted on the unbroken rock samples in the creep tests. A comparison of the stress–strain curves of the creep tests and the intermediate strain rate tests indicate that Young’s modulus and the peak strength increase with the strain rate. In addition, more deformation energy is released by the generation of the transgranular cracks than the generation of the intergranular cracks. This study illustrates that the conspicuous crack evolution under different strain rates helps to understand the crack development on a microscale, and explains the relationship between the micro- and macro-behaviors of rock before the collapse under different strain rates.
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1. Introduction


The characteristics of deformation and the strength properties of the surrounding rock mass are of fundamental significance to a better understanding of the stability of underground mines and the design of mining pillars and mining rooms [1,2,3,4]. The surrounding rock mass experiences extremely complex stress loading during tunnel development, mining excavation, tunnel support, and goaf backfill. The surrounding rock mass around the working faces is particularly subjected to complex stress loadings during the activities of rock drilling [5,6], rock blasting [7,8], tunnel excavation [9,10], tunnel support [11,12], and rock burst [13].



Creep is the time-dependent deformation that occurs in rock that is under constant loading [14] and it is experienced by the surrounding rock mass in the in-situ stress field. In general, the surrounding rock mass experiences creep with a creep strain rate of 10−10 s−1 or lower [15,16,17]. In addition, the surrounding rock mass may also experience impact loadings (e.g., blasting rock, drilling rock, etc.) with a high stress loading rate of up to 103 s−1 [16,18]. It has been concluded that the differences in the deformation and strength of rocks under different loading rates are large [18,19]. Therefore, it is of great significance to study the mechanical behaviors of rocks under a large range of loading rates.



Rock is a heterogeneous material consisting of several mineral components and these minerals have different deformation and strength properties [20,21]. It is inevitable that the mineral grains will have a strong influence on the deformation and strength of the rock [22,23,24,25]. Investigating the influence of the mineral grains on the deformation and strength of rock becomes very important if we want to determine the mechanism of crack evolution in the rock, prior to failure. Furthermore, the study of micro-crack propagation among different mineral grains is very useful for interpreting the mechanism of the macro-mechanical behaviors of rock.



As technology has matured, many modern advanced methods and instruments, such as scanning electron microscopes [18,26,27], electromagnetic emission [28,29], and acoustic emission (AE) transducers [30,31,32,33], have been used to explore the evolution of micro-cracks in the rock, prior to failure, and it has been determined that the initiation, propagation, and coalescence of micro-cracks result in the final failure of the rock under stress loading [34,35,36]. Although some studies have been conducted on the fracture surface morphology under different loading rates before the rock failure [18], few studies have been performed on the characteristics of crack evolution in rocks under a large range of strain rates, especially for different mineral grains. There is a need to focus more attention on determining the relationship between the micro- and macro-behavior of rocks under creep loading and impact loading. As it is much easier to capture the initiation and evolution of the cracks of different mineral grains using an optical microscope rather than an SEM [37], in this study, an optical microscope has been used to observe the micro-crack evolution in the rock. Here, we have performed creep tests and intermediate strain rate tests on sandstone in order to investigate the influence of the strain rate on the crack progress, and we have used an optical microscope so as to provide evidence for the crack evolution of different mineral grains in sandstone under different strain rates and different loading directions. We have compared the stress–strain curves of the tests for a large amount of strain rates so as to analyze the macro-mechanical parameters of the sandstone. Based on the understanding of the crack evolution under the effect of the strain rates at the microscale, we have provided detailed information so as to understand the problem that is occurring in mining activities.




2. Experimental Procedure


2.1. Sample Preparation and Characterization


2.1.1. Sample Preparation


The sandstone that was used in this study was collected from a quarry in Neijiang, China. Neijiang is located in the Sichuan Province of the Yangtze plate. The surface structure was a gentle anticline and syncline, with no major faults. The main stratum that was exposed in the area was the Jurassic Shaximiao stratum, which was composed of arkose, aleurolite, mudstone, and feldspathic quartz sandstone, with wild grain sizes ranging from coarse to medium to fine. The parent rock, which was weathered and broken, was rich in quartz and plagioclase. The debris particles had sharp edges and corners, and the grain sizes were not uniform. The parent rock was not transported over long distances and it was deposited nearby or in situ, and the sandstone was formed from the parent rock by consolidation.



The samples for the quasi-static tests were cored perpendicular to the bedding from the same sandstone block, and had a diameter of 50 mm. They were precision-ground to 100 mm in length, which resulted in a length: diameter ratio of 2:1 (as shown in Figure 1). The diameter and thickness of the specimen for the intermediate strain rate tests were 30 and 20 mm, respectively. The cylindrical surfaces were free from obvious tool marks, and the end faces were flat to 0.25 mm, and were parallel to within 0.25°, as it was suggested by the International Society for Rock Mechanics (ISRM) [38,39]. The sample material was a green, well-indurated, feldspathic sandstone.


Figure 1. Sandstone specimens without distinct layering or lamination observed.
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2.1.2. Mineral Morphology


The composition of the sample material was 60% quartz, 20% feldspar, 15% cement, and 5% mica [40]. No distinct layering or lamination was observed in the specimen. The optical microscope analysis (Shanghai Dianying Optical Instrument Co., Ltd., Shanghai, China) demonstrated that the grains were sub-angular, and ranged in size from 200–500 μm and showed no discernable preferred alignment (Figure 2). The type of cementation was porous and the interstitial material was mainly clay. The plagioclase was slightly weathered and formed a slight clayey alteration.


Figure 2. Microscopic pictures of the thin sections of the sandstone: (a) photomicrograph under cross-polarized light and (b) photomicrograph under plane-polarized light. The major mineral compositions are marked in the picture. Feldspar, quartz and mica are marked as “Fs”, “Qrz” and “Mica” in the picture, respectively.
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Figure 2 illustrates the thin sections prior to the loading stress tests. The composition of the sample was easy to determine, based on the smoothness of the granular plane and the color variation of the grains under the plane-polarized and cross-polarized light. However, the boundaries between the grains were not very apparent, because the grains under different ingredients were syncretic. As shown in Figure 2, there were no characteristic cracks in the different grains or between the grains and the matrix, although there were a few micro cracks around some of the grains. However, the micro-crack that occurred around the grain exhibited no trends of connecting with the other cracks.





2.2. Testing Method and Testing Equipment


The ultrasonic measuring instrument (Hunan Tian Gong measurement and Control Technology Co., Ltd., Xiangtan, China) setup was comprised of three components, namely, a waveform generator, two piezoelectric sensors, and a data acquisition and recording system (Figure 3). The rock sample was sandwiched between the two piezoelectric sensors. Petroleum jelly was applied between the rock sample and the piezoelectric sensors in order to improve the sample-sensor contact. The upper piezoelectric sensor was used to generate a drive signal, which was received by the lower piezoelectric sensor after passing through the rock sample. The value of the P-wave velocity was the height of rock sample divided by the travel time. The P-wave velocity was about 1.77 km·s−1 for the natural samples of sandstone, and varied within ±0.05 km·s−1 for the samples that were used in this study. This method was used to reduce the sample variation.


Figure 3. Ultrasonic measuring instrument setup.
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The creep tests were performed using a servo-controlled rock shear rheological testing machine at room temperature, and the intermediate strain rate tests were conducted using a Split Hopkinson pressure bar (SHPB). It should be noted that it was easier to determine the initiation and evolution of the cracks using an optical microscope rather than an SEM [37]. Therefore, an optical microscope was used to evaluate the crack evolution in the rock after the tests.



As mentioned by Zhang and Zhao [41], the types of loadings could be categorized into five groups based on the range of the strain rate, as follows: there were the creep, quasi-static, intermediate, high, and very high strain rates. Alternatively, the loading types could be categorized into two kinds, namely, negligible inertial forces and important inertial forces. Considering the relationship between the negligible inertial forces and the important inertial forces, we mainly focused on the range of the strain rate with regard to the creep and intermediate strain rates in the present experiments. It should be noted that the range of the creep strain rate was 10−10–10−5 s−1 [14], and the range of the intermediate strain rate was 100–102 s−1 [42]. The values of the creep strain rate and intermediate strain rate were 10−7 s−1 and 60.7 s−1, respectively.



2.2.1. Conventional Uniaxial Compressive Strength (UCS) Tests


Firstly, a series of conventional UCS tests at a constant strain rate of 1.0 × 10−5 s−1 were conducted on the sandstone samples, so as to obtain the short-term deformation and failure characteristics of the sandstone. These tests were carried out on the servo-controlled rock shear rheological testing machine (Jilin Jinli Test Technology Co., Ltd., Changchun, China). The UCS, Young’s modulus, and Poisson’s ratio of the sandstone were on average 29.8 MPa, 8.4 GPa, and 0.29, respectively [40].




2.2.2. Creep Tests


The type of servo-controlled rock shear rheological testing machine that was used for the creep tests was the RYJ−500. The maximum capacity of the axial compression load was 500 kN and the relative error of the testing force and the error of the deformation measurement were ±0.5% and ±0.005 mm, respectively. The maximum axial deformation and lateral deformation were 8 and 4 mm, respectively. The layout of the sandstone samples that were equipped with the AE devices and the axial and lateral measurement devices is shown in Figure 4. Eight strain extensometers measured the axial deformation and the lateral deformation. The axial strain extensometers were in contact with the inclined surface of an inverted cone so as to measure the axial strain using the displacement at the top of the axial extensometers when the axial displacement of the inverted cone occurred. The samples were mounted between two steel end caps and were enclosed within a nitrile rubber sleeve that contained the inserts for the mounting of the AE transducers. The AE output was recorded continuously by the transducers that were mounted on the steel inserts embedded within the nitrile sample jacket and were stored by a physical AE acquisition system.


Figure 4. Samples equipped with eight acoustic emission (AE) transducers and eight strain extensometers. The symbols of A, L, and T denote the AE transducers, axial strain extensometers, and lateral strain extensometers, respectively. The dashed lines denote the locations of the different sensors, except the dash-dot line that denotes the center line. (a) Four axial strain extensometers in contact with the inclined surface of the inverted steel cone and two steel endcaps at the top and bottom of the sample; (b) overview location of the AE transducers and lateral strain extensometers on the specimen; and (c) the location of the AE transducers and lateral strain extensometers on the unfolded outside surface of the specimen.
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According to the “Kaiser effect” [43,44], a rock must have been subjected to a stress that was higher than the stress that it had previously experienced in order to impart new micro-crack damage within the sample. Therefore, we assumed that there was no crack propagation if the loading stress was less than the previous loading stress. In order to study the crack evolution under a low strain rate and to ensure that the cracks opened under an appropriately low strain rate, we conducted cyclic loading and unloading creep tests. It was well known that the repeatability of the mechanical behavior of rock was usually not as good as that of metal, rubber, plastics, or similar materials, because the rock was a heterogeneous material and the responses depended on the rock minerals and the structure. The rock specimens from the same rock block could have exhibited a large variation. As a result, multi-step creep tests were usually carried out so as to minimize the effects of the differences among the different specimens. In one multistep creep test, only one specimen was used, and thus the variation among the specimens could be excluded. In this study, the stress levels of the multi-step creep tests were determined by the constant strain rate tests and were set at 60%, 65%, 70% … up to 85% of the UCS. Two stress levels (the high-stress level at 75.6% of the USC and the low-stress level at 60% of the USC) were determined using the multi-step monotonic creep tests, so as to ensure that the sample would not fail and that the cracks would open properly during the tests. In the multi-step monotonic and cyclic creep tests, the stress was maintained for 12 h. The schematic diagram of the multistep cyclic creep tests is shown in Figure 5.


Figure 5. Schematic of the multi-step creep tests. The stress level of every stage was maintained for 12 h. After three high-stress and low-stress loading stages, the applied stress was reduced to zero.
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It should be noted that the multi-step cyclic loading and unloading creep tests were used to investigate the influence of the loading strain rates on the evolution of the cracks, because if the loading stresses were at the same level and the cyclic loading and unloading levels were maintained for some time, the number of cracks could have increased, especially at the low loading strain rate. The loading stress was maintained at a constant level after the stress had reached a given value, in order to ensure that the generated cracks did not close again after the stress was released. In addition, after the loading stress had reached a critical value, a significant fraction of the solid grains was crushed [45]. As a result, the maximum loading stress was set to 75% of the UCS and cyclic loading and unloading were used to guarantee that the generated cracks did not close. After the multistep cyclic creep tests, thin sections of the samples under different axial and radial direction were prepared. Several other samples were used after the cyclic loading and unloading, in order to perform the UCS tests to compare the sample responses after the UCS tests and the creep tests.




2.2.3. Intermediate Strain Rate Tests


The pendulum hammer-driven SHPB apparatus that is schematically presented in Figure 6, was comprised of three significant components, namely, a loading device, bar components, and a data acquisition and recording system. The pendulum hammer was used as a loading device to generate the impact stress wave. The bar components consisted of an incident bar, a transmission bar, and a momentum trap device at the end. The rock specimen was sandwiched between the incident bar and the transmission bar. The length of each two steel bars (incident and transmission bars) was 2.0 m. The data acquisition and recording system consisted of a preamplifier, a digital oscilloscope, and a microcomputer. The data acquisition rate of the digital oscilloscope was 10 million Bps, the bandwidth of the recording system was 100 kHz, and the data precision was 12 bit. The data acquisition and recording system conformed to the suggested method of the ISRM for a dynamic Brazilian test [39]. The velocity of the hammer that impacted the incident bar and the shape of the incident wave were controlled by changing the swing angle of the pendulum hammer. The incident strain and reflected strain that were measured by the strain gauges that were attached to the incident bar and the transmitted strain that was measured on the transmission bar, could be used to calculate the force at both ends of the rock specimen during the SHPB experiment. More detailed information about the SHPB tests machine can be found in Zhu et al. [42], and Zhang and Zhao [41].


Figure 6. Diagram of the Split Hopkinson pressure bar (SHPB) apparatus [46].
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As shown in Figure 6, the incident waves were generated by impacting the incident bar with the pendulum hammer under different velocities, thus the incident stress waveforms were controlled by accurately specifying the swing angle. Figure 7 presents the stress waves (experimental curves) that were generated by the pendulum hammer, with impact velocities of 2.5 and 4.2 m/s, and that corresponded to the loading strain rates of 21.7 and 60.7 s−1, respectively. In this respect, the strain rate was calculated by dividing the peak of the incident stress by the corresponding duration during which the peak stress was attained. Most importantly, the incident wave that was excited by the pendulum hammer was triangular in shape, featured a long rising time, and it was considered to be the ideal pulse shape for altering the wave dispersion effect and achieving a stress equilibrium condition in the rock specimen [46,47]. It took about 120 μs for the incident stress wave to reach its peak, and the peak of the stress wave increased with the impact velocity of the hammer. Compared with the incident pulse that was excited by a gas gun in a conventional SHPB test, it was not necessary to utilize the pulse-shaping technique [48,49] in order to obtain this kind of ideal incident waveform.


Figure 7. Measured incident stress waves under different impacting velocities, recorded by the strain gauge; line [image: ] has an impact velocity of 4.2 m/s and line [image: ] has an impact velocity of 2.5 m/s.
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2.2.4. Microscope Observation of the Thin Sections


The optical microscope that was used in this study was a high-quality polarized optical microscope (DYP-990) that was coupled with a high-quality camera (DYS-1000A), which had 10 million effective pixels and a resolution of 3664 × 2748 pixels.



After the conventional UCS tests, the cyclic creep tests, and the intermediate strain rate tests, thin sections were obtained from the used specimens. Figure 8 illustrates the locations of the thin sections that were obtained from the specimens. In order to eliminate the end effect of the samples, we cut out the middle part of the sandstone sample at a height of 25 cm, and then created several thin sections along the axial and lateral directions. Figure 8 shows the thin sections, as follows: sections 1–5 are in the lateral direction and sections 6–10 are in the axial direction. The objective of creating thin sections along different directions was to explore the evolution of the micro-cracks along the different directions.


Figure 8. Location of thin sections obtained from the different loading directions of the specimen.
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3. Experimental Results


In this section, the evolution of the cracks in the rock under different loading strain rates has been illustrated and the influence of the different strain rates on the strength characteristic of the rock specimens was analyzed using stress–strain curves.



3.1. Conventional UCS Tests


It should be noted that the samples that were used in the conventional UCS tests were intact and were obtained prior the cyclic creep tests that have been described in Section 2.2.2. Some thin sections were created in different loading directions after the conventional UCS tests. The area where the thin sections were obtained was a small distance from the primary fracture surface so as to avoid the influence of the fracture surface on the crack evolution.



Figure 9a demonstrates that the intergranular cracks coalesced into a long crack around the mineral grains, as the loading stress increased from the maximum level of the creep tests to the stress level of the rock failure. Although Figure 9b showed that most of the cracks were intergranular, and there were also some transgranular cracks, which showed that the grains of C and D had crushed the nearby grains. Unlike the mechanism that generated the transgranular cracks shown in Figure 9b, the transgranular cracks in grains A and B in Figure 9a did not indicate that they were generated by crushing by the nearby mineral grains. It should be noted that the view direction of Figure 9a was parallel to the loading direction. Therefore, grains A and B were crushed by the nearby grains in the axial direction. This indicated that the only direction in which the grains were crushed by the nearby grains was the direction that was parallel to the loading stress.


Figure 9. Thin sections obtained along different directions after the conventional uniaxial compressive strength (UCS) tests. (a) Thin section in the lateral direction and (b) thin section in the axial direction. The numbers 1–4 near the lines stand for the number of cracks seen in the microscopy.
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3.2. Creep Tests


The AE in the rock specimens was monitored by the AE equipment (Figure 4) during the cyclic loading and unloading creep tests, from which the evolution of the micro cracks in the samples during the test were obtained. After the test, thin sections were made from the samples that were used in the tests to investigate the path of the crack growth. Finally, the UCS tests were performed on the sample that was used in the previous cyclic loading and unloading test, and the stress–strain curves were compared with those of the impact tests, in order to analyze the differences in the strength parameters under different strain rates.



3.2.1. Axial Strain and AE Events—Time Curves


As shown in Figure 10, a cluster of AE events was generated at the onset of the stress that was applied to the sample. During the subsequent period, which was the first high-stress loading stage, more AE events were observed. As it was observed before, the number of AE events decreased over time for the same loading stage. It could be concluded that many micro-cracks were compacted during the initial time of the first two stages, but the number of compacted cracks decreased under the constant loading stress stage. However, the structure inside the sample gradually stabilized under the constant loading stress. After the loading stress was maintained for a period as constant, it was reduced to a lower level. Fewer AE events were observed under a lower loading stress, which indicated that fewer micro-cracks were generated and extended. For the second high-stress loading stage, the sample was loaded with a high stress and the micro cracks extended further. When the loading time reached the third high-stress stage, many AE events were observed. We concluded that the extension and connection of some micro-cracks had occurred inside the sample.


Figure 10. Axial strain and AE events versus time; the number of AE events is shown “AE counts”.
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3.2.2. Microscopy Observation


The microscope observations of the thin sections showed the following results along the different directions.



(a) Lateral direction



Most of the cracks were generated around the quartz grains and were intergranular in the lateral direction of the samples during the loading and unloading creep tests, under a low strain rate. For example, cracks were observed around A, B, and D (Figure 11), and the grains were separated from the matrix. This was typical for cracks under a low loading rate.


Figure 11. Crack distribution in the lateral direction during the creep tests. Some grains separated from the matrix as a result of the cracks. The intergranular cracks are conspicuous. The loading stress separates the grain from the matrix. The grains from A to G have pronounced edges compared to the matrix.
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(b) Axial direction



Although there were some intergranular cracks in the axial direction (Figure 12), these types of cracks were not as common as in the lateral direction. Some transgranular cracks started to appear in the sample (A and B in Figure 12) and this was common in the creep tests, especially in the lateral direction. In addition, the mechanism of generation of those transgranular cracks was very similar to that shown in Figure 9.


Figure 12. Cracks distribution in the axial direction during the creep tests. The grains A and B are crushed by the transgranular cracks as a result of the point of stress concentration at the boundary of the grains. (a,b) stand for different locations of cracks distribution in the microscopy.
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3.3. UCS Tests after Cyclic Creep Tests


Figure 13 illustrates that the preceding cyclic creep tests had some impact on the deformation of the sample, as shown by the number of AE counts. The stress value at point C in Figure 13 was about 23 MPa, which was slightly higher than the maximum value during the preceding cyclic loading and unloading tests, as shown in Figure 5. The number of AE counts was much higher after point C than before the point. This indicated that the preceding cyclic loading and unloading tests had an effect on the specimens. After point C, a large number of AE events appeared, which demonstrated that many cracks were initiated, propagated, and clustered. It should be noted that Young’s modulus and the UCS values were reduced to 5.05 GPa and 25.63 MPa, respectively. The UCS test illustrated that some of the cracks had already been compacted and that they were generated during the preceding creep test, which verified the results of the analysis of the crack evolution under the optical microscope.


Figure 13. Axial stress and AE events occurring over time. The two curves prior to point C in (A) are magnified in (B); the stress value at point C is about 23 MPa.
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Figure 13B shows that some AE events still occurred prior to point C, even though the loading stress during this period was not higher than that which was previously experienced in the cyclic creep tests. The AE events were the results of the release of energy in the specimen during the stress loading. However, a higher stress was loaded on the specimen in the cyclic creep tests. According to the Kaiser effect, we assumed that this was as a result of the recovery of the deformation after the cyclic creep tests and that the released energy was elastic deformation energy.




3.4. Intermediate Strain Rate Tests


We selected one type of failure mode under the higher strain rate in order to discuss the compaction, generation, extension, and connection of the micro-cracks and to compare it with that under the low strain rate. We analyzed the results in the two directions (shown in Figure 14).


Figure 14. Samples after the impact tests. Even though the sample number for the intermediate strain rate tests is very small, the thin sections for the different directions were obtained from different samples. The thin sections were obtained along the green line.
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3.4.1. Lateral Direction in Microscopy


Some intergranular cracks were generated around the grains along the lateral direction in the intermediate strain rate tests. When the intergranular cracks were concentrated in one place, they clustered and connected. Then, the cracks developed and extended, and developed into a fracture. Most of these were the grain boundary cracks along the boundaries of several grains, as mentioned in [50]. If the crack met grains of a low strength, the crack would go through the grain (A and D in Figure 15) [50]; if the tip of the cracks with a strong concentration of stress touched the grain (D in Figure 15) in its direction of spread, the crack would go through the grain and became a trans-granular crack.


Figure 15. Transgranular cracks along the intergranular cracks in the sample. (a) Grain A is crushed at point B along the inter-granular crack 1, the white line marked as 1 in the white square, at the top of grain C, and (b) grain D is punctured into two parts by the intergranular crack 2, the white line marked as 2 in the white square.
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3.4.2. Axial Direction in Microscopy


Figure 16 shows that the mineral grains in the axial direction appeared more granular under the intermediate strain rate, because the width of the intergranular cracks between the grains and matrix was larger. However, no obvious coalescence between the intergranular cracks was observed. Nevertheless, some transgranular cracks were generated in the axial direction under the intermediate strain rate (see cracks in grains A, B, and C, shown in Figure 16). A comparison of the transgranular cracks and the intergranular cracks around the grains indicated that the transgranular cracks extend into and connect with the intergranular cracks. Furthermore, Figure 16 shows that some of the transgranular cracks (lines 3 and 4) started to coalesce and formed a fracture [50].


Figure 16. Transgranular cracks generated by closed intergranular cracks. Transgranular cracks (in grains A, B, and C) are generated by the extension of intergranular cracks (lines 1, 2, and 4). The numbers of white lines are marked as the numbers 1–4 in the white square.
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4. Discussion


4.1. Comparison of the Microscopy Results of the Cyclic Creep Tests and the Conventional UCS Tests


A comparison of the results in Figure 11 and Figure 12 with those in Figure 9 indicated the similarity in the crack evolution after the cyclic creep tests and after the conventional UCS tests, even though the samples in the cyclic creep tests did not fail in the end. This demonstrated that the mode of the crack evolution was nearly the same under the same strain rates, and it further indicated that the fractures that were generated in the creep test and in the constant strain rate test were not easily distinguished at the macroscopic scale [51]. Therefore, we further used the thin sections that were obtained after the cyclic creep test to analyze the crack evolution in the sandstone samples at the strain rate of 10−5 s−1.




4.2. Crack Evolution under Different Directions and Strain Rates


Figure 11 shows that most of the cracks were intergranular around the quartz grains. This was because of the different deformations that occurred as a result of an elastic mismatch in the interior structures between the grains and the matrix. The grains and the matrix had different mechanical properties regarding the loading stress. The grains had a stronger resistivity whereas the matrix had a larger deformability. Therefore, the grains with stronger mechanical properties had less deformation than the matrix when they were subjected to the same loading stress.



The reason for the transgranular cracks (shown in Figure 12) was that points of stress concentration were encountered as the grains were contacted during the stress loading. However, when the resistance of the grains is was weaker than the stress on the point of the contacted grains, the generation of transgranular cracks occurred so as to release the energy. It was interesting that the two contacted grains, shown in Figure 12a, were punctured by each other, which implied that the resistance of these two grains was almost similar. This was because both of the grains were quartz. Since only one of the two contacted grains, shown in Figure 12b, was crushed, we could conclude that the resistance of the crushed grain was decreased, because it was coupled with a feldspar, which was illustrated by the rough surface.



Although most of the cracks were intergranular in the lateral direction under the intermediate strain rates (Figure 15), some transgranular cracks appeared in the sample. Most of the transgranular cracks were generated under the influence of the intergranular cracks. Some intergranular cracks first appeared in the sample and were similar to the cracks that were generated under a low strain rate. As the intergranular cracks extended, the energy concentrated at the tip of the cracks. Once the degree of stress concentration reached a certain value, the energy would release itself along the direction of least resistance [52,53]. However, there was a higher concentration of deformation energy in the interior of the samples in the intermediate strain rate tests, than in the static tests. In addition, more cracks clustered and connected in the dynamic tests, which led to the evolution of the cracks and the release of the energy inside the samples. At this time, when a crack encountered a grain during its extension, there was a tendency that the crack would go through the grain directly, to become a fracture, and not along the grain. The trans-granular cracks under the loading of the intermediate strain rate were punctured by cracks and differed from those that were created under static loading, and were crushed at the surface of another grain.



Figure 16 shows that the energy was be released across the grains in the axial direction of the samples under the dynamic loading rate [54]. When the point of a grain touched another weaker grain, the weaker grain was punctured by the stress at the point of contact, which resulted in transgranular cracks. In addition, intergranular cracks would have resulted, because the matrix was easier transformed than the nearby grains. However, the energy was sufficient in order to generate intergranular cracks, but it was not enough to result in the extension of the intergranular cracks and their connection with the existing cracks.



Above all, the generation of the transgranular cracks during the intermediate strain rate tests was based on the existence of inter-granular cracks, whereas the trans-granular cracks during the static tests were generated directly by other grains, but the number of trans-granular cracks were very low. With the increase in the strain rate, the cracks were changing from intergranular cracks to transgranular cracks [55].




4.3. Relationship between Cracks and Mineral Component


The rock strength was dependent on the percentage of the mineral components [24,56], especially for quartz [57], and different amounts of the weak or strong mineral components provided different functions with respect to rock deformation [58]. Although quartz provided the strongest binding, followed by calcite and ferrous minerals [21], the result of the crack evolution indicated that the generation of cracks depended on the quartz component in the three main compositions, namely, quartz, feldspar, and mica. This was in agreement with previous conclusions [59]. For example, regardless of the development of intergranular cracks or transgranular cracks, as shown in Figure 12, Figure 15, and Figure 16, most of the cracks occurred around quartz. Although the applied stress resulted in the generation of cracks and their propagation between the cement and crystal, which formed transgranular cracks in the quartz particles (grain A in Figure 15), it did not affect the surface alteration. The slight alteration of the plagioclase (grain C in Figure 15) mainly occurred in the sedimentary diagenetic stage and was definitely not caused by the stress during the test. The initial generation of the transgranular cracks as a result of the collision of two different grains occurred parallel to the loading direction in the quartz (A and B, shown in Figure 12). Even though some transgranular cracks moved across the feldspar (shown in Figure 16), it had occurred because of the propagation of the cracks from the quartz. As mentioned in Section 4.1, the location where the cracks were generated was related to the occurrence of the quartz, because different mineral components had different strengths and resulted in differences in the deformation under the same loading stress. It was common knowledge that the strength of quartz was much higher than that of mica [23], and that the quartz was more brittle than mica. However, the “soft” components absorbed more energy and deformed more than the “brittle” components under the same stress level. Therefore, the resistance of quartz was more important than the resistance of the other components, with regard to the loading stress in a short time period.




4.4. Comparison of Stress–Strain Curves


Although the sample size was different for the different strain rates, we use Equations (1) and (2), as described in Niu, et al. [60], in order to obtain the standard stress–strain curves based on the results of the intermediate strain rate tests. The complete stress–strain curves of the impact tests together with the creep tests are plotted in Figure 17.


Figure 17. Comparison of the stress–strain curves at different strain rates. The curve at the strain rate of [image: ] was obtained from the conventional UCS tests and the curves at the strain rates of [image: ] and [image: ] were obtained from the dynamic impact tests at the impact velocities of 2.5 and 4.5 m/s; the curve at the strain rate of [image: ] was obtained after conducting the cyclic creep tests. Lines 2–4 are duplicated from line 1.
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Figure 17 illustrates that both the peak strength and Young’s modulus of the rock samples increased with the increase in the strain rate. However, Young’s modulus increased slightly, as the strain rate increased from 21.7 s−1 to 60.7 s−1, whereas the peak strength under the strain rate of 10−5 s−1 was much lower than that at 21.7 s−1. In addition, the peak strength of [image: ] was lower than that of [image: ], which demonstrated that the cyclic creep tests did have some influence on the mechanical properties of the specimens, even though the rock samples were stressed at the same strain rate of 10−5 s−1. Moreover, it was evident that Young’s modulus was higher at the strain rate of [image: ] than at [image: ]. It was concluded that the stress–strain curve at the strain rate of [image: ] represented the crack compaction phase (picture B in Figure 13), whereas the stress–strain curves at the impact strain rate had no apparent crack compaction phase. The reason for the crack compaction phase was that the time of the stress that was applied to the sample was so short that the pre-existing cracks did not close or connect with the closed ones. Furthermore, new cracks were generated because of the large loading stress on the sample.



Compared with the curves at the strain rates of 10−5 and 21.7 s−1, at a higher strain rate, both the peak strength and Young’s modulus increased with the increase in the strain rates (curves of [image: ] and [image: ] in Figure 17), which agreed with the findings that were presented in other studies [60,61,62]. Furthermore, considering the evolution of the cracks and the increase in the strength and Young’s modulus, the conclusion that the transgranular cracks sustained more energy than the intergranular cracks [54,63] was verified in this study.



When the loading stress was applied to the specimen at a higher strain rate, the energy was first absorbed by the quartz. The quartz released the energy by the creation of transgranular cracks. However, the generation of transgranular cracks consumed much more energy than the generation of the intergranular cracks. Finally, the failure of a rock with a larger number of transgranular cracks (in higher strain rate tests) resulted in the absorption of more energy than that with a larger number of intergranular cracks (in lower strain rate tests). As a result, the increase in the strain rate increased the strength and the Young’s modulus of the rock.





5. Conclusions


In the present study, conventional UCS tests, creep tests, and intermediate strain rate tests were performed in order to determine the effect of the strain rate on the strength parameters and the relationship between the micro-crack evolution and the macro-behavior. Some useful results were obtained in to explain the macro-behavior under different strain rates. The salient conclusions are as follows:

	(1)

	
Inter-granular cracks appeared mainly around the quartz and most of the punctured grains were quartz grains in the sandstone, regardless of strain rates.




	(2)

	
At a creep loading rate, most cracks were inter-granular in the lateral direction and occurred near the quartz grains. Although some of the inter-granular cracks also appeared in the axial direction, some trans-granular cracks occurred in the samples at locations of high stress concentration.




	(3)

	
At a higher strain rate, most of the cracks were inter-granular in the lateral direction, but some transgranular cracks were also observed. The trans-granular cracks developed from the intergranular cracks at higher strain rates, however their numbers were very small. In the axial direction, the transgranular cracks were colliding with the intergranular cracks, which facilitated the rapid energy release in a short time.




	(4)

	
As the strain rate increased, the peak strength and Young’s modulus increased as well. The peak strength values that were obtained after the creep tests were much lower than those of the intermediate strain rate tests. The stress–strain curve at a strain rate of 10−5 s−1 exhibited a crack compaction phase, whereas the stress–strain curve at a higher strain rate had no apparent crack compaction phase.




	(5)

	
Furthermore, considering the evolution of the cracks and the increase in the peak strength and Young’s modulus with increasing strain rate, we have conclude that the generation of the transgranular cracks released more energy than that of the intergranular cracks. The failure of a rock with a large number of trans-granular cracks resulted in the absorption of more energy than that with more intergranular cracks. As a result, the increase in the strain rates increased the strength and the Young’s modulus of the rock.
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