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Abstract

:

Featured Application


To study the mechanical properties and cracking behavior of jointed rock mass under hydro-mechanical coupling, a series of uniaxial compression tests, and conventional and hydraulic coupled triaxial compression tests were carried out on cylinder gypsum specimens with a single pre-existing flaw. Based on X-ray computed tomography (CT) and scanning electron microscope (SEM) observation, the mechanical properties and crack behavior were analyzed. The results could provide a useful reference for rock mass under hydro-mechanical coupling that may be conceptually extended to the field scale.




Abstract


In order to study the mechanical characteristics and cracking behavior of jointed rock mass under hydro-mechanical coupling, a series of uniaxial compression tests and triaxial compression tests were carried out on cylinder gypsum specimens with a single pre-existing flaw. Under different confining pressures, water pressure was injected on the pre-existing flaw surface through a water injection channel. The geometrical morphology and tensile or shear properties of the cracks were determined by X-ray computed tomography (CT) and scanning electron microscope (SEM). Based on the macro and micro observation, nine types of cracks that caused the specimen failure are summarized. The results of mechanical properties and crack behavior showed that the confining pressure inhibited the tensile cracks, and shear failure occurred under high confining pressure. The water pressure facilitated the initiation and extension of tensile crack, which made the specimens prone to tensile failure. However, under the condition of high confining pressure and low water pressure, the lubrication effect had a significant effect on the failure pattern, under which the specimens were prone to shear failure. This experimental research on mechanical properties and cracking behavior under hydro-mechanical coupling is expected to increase its fundamental understanding.
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1. Introduction


Hydro-mechanical coupling effect should be considered in rock engineering, petroleum extraction, and enhanced geothermal exploitation. Yet the mechanical properties and cracking behavior of rock mass under hydro-mechanical coupling have not been comprehensively understood.



In the last decades, a series of related researches have been conducted to investigate the basic failure mechanism of jointed rock mass [1,2,3,4,5,6,7]. Scholars have summarized the crack types of fractured rock mass under uniaxial compression, and crack types initiated from the pre-existing flaws have been proposed. Wong and Einstein [8,9] investigated the cracking behaviors in modeled gypsum and Carrara marble specimens with a single flaw under uniaxial compression by a high-speed camera. Seven different crack types were identified based on their geometry and tensile or shear propagation mechanism. Yang [10] analyzed the failure mode and cracking process of sandstone specimens containing a single flaw under uniaxial compression, and proposed nine different crack types based on their geometry and crack propagation mechanism (tensile, shear, lateral crack, far-field crack, and surface spalling). In addition to uniaxial or biaxial compression tests [2,7,8,9,10,11,12,13,14], triaxial compression tests [15,16,17,18,19] are also used to study jointed rock masses. The cracking behavior is more complex and difficult to observe under three-dimensional conditions. However, many researches using three-dimensional conditions, judged the crack types by crack geometry [17,18,19,20,21]. They either refer directly to the crack types obtained by uniaxial or biaxial compression tests or they lack the detailed analysis of the mechanical (tensile/shear) properties and geometric characteristics of three-dimensional cracks.



Some new techniques can help determine crack geometries and propagation mechanisms. To investigate the three-dimensional (3D) cracking behavior of rock, X-ray computed tomography (CT) has been adopted to detect internal cracks [20,22,23,24,25]. The X-ray CT scanning overcame the difficulties in observations within nontransparent materials, and the spatial geometry can be determined in a nondestructive way. Additionally, the microscopic observation by a scanning electron microscope (SEM) provides a basis for judging the tensile or shear properties [21,26,27,28,29]. These studies provide evidence that CT scanning and SEM observation are effective ways to explore internal crack behavior and propagation mechanism (shear/tensile). However, hydro-mechanical coupling was not taken into account in these studies.



From the above introduction, crack geometries, propagation mechanisms, as well as the failure mode of jointed rock mass under hydro-mechanical coupling have not been adequately studied in past researches. This paper makes an effort to fill this gap by CT scanning and SEM observation. A conventional triaxial test, hydraulic coupled triaxial test, and a series of uniaxial compression tests were conducted, in which the cylinder gypsum specimens with a single pre-existing flaw were employed. Then the mechanical and cracking behavior was analyzed, and detailed investigations based on CT and SEM were carried out. Finally, nine types of cracks that led to specimen failure were summarized, and the effect of water pressure and confining pressure was discussed.




2. Specimen and Testing Procedure


2.1. Specimen Preparation


Rock-like materials are widely used to study jointed rock masses. In this study, specimens were made of a mixture of high-strength gypsum powder, water, and retarder at a ratio of 1:0.35:0.005 by weight. The underlying parameters of the material were determined: the uniaxial compressive strength was 27.3 MPa, the tensile strength was 1.4 MPa, Poisson’s ratio was 0.24, and elastic modulus was 19 GPa. The cylindrical specimens were φ50 mm×100 mm, which were made by mold. A pre-existing flaw was fabricated by inserting a piece of mica sheet that remained in the specimen, resulting in a single flaw with a width of 14 mm and thickness of 0.7 mm. The orientations of the mica sheet were predetermined by the mold to make specimens with different flaw inclination angles, and the inclination angle (α) varied from 0° to 90° in 15° increments. As shown in Figure 1a, in order to fill the flaws with water pressure, a water injection channel was drilled after curing two weeks. In order to control the variables, all specimens including intact specimens had the same water injection channel. The diameter of the water injection channel was 8 mm. In this paper, “intact specimen” denotes specimens without pre-existing flaws; “jointed specimen” denotes specimens with pre-existing flaws; “60° specimen” denotes jointed specimens with a 60° pre-existing flaw.



In order to evaluate the consistency of specimen preparation, two of the intact specimens and 15° specimens were randomly selected for a conventional triaxial test under confining pressure of 2 MPa and 6 MPa, respectively. As the stress–strain curves show in Figure 1b, the dispersion degrees of peak deviator stress, peak axial strain, peak annular strain, and elastic modulus were within 1.5%, indicating that these specimens have a good consistency.




2.2. Test Setup and Procedures


A uniaxial compression test, triaxial compression test, and hydraulic coupled triaxial test were conducted in this paper. The hydraulic coupled triaxial test was a triaxial compression test with water injected inside the specimen through a water injection channel simultaneously inside the pressure chamber, so that the flaw surface was filled with water pressure (this can be seen as the loading condition in Figure 2). The entire experiment was conducted in the Key Laboratory of Geotechnical and Underground Engineering at the Ministry of Education, Tongji University, Shanghai 200092, China.



The uniaxial compression test adopted a 300 kN rock mechanics servo pressure testing machine, which was made by Shanghai Hualong Test Instruments Co., LTD. The loading carried out with 0.02 mm/s until specimen failure. The conventional triaxial test and hydraulic coupled triaxial test were conducted using a GCTS RTX-3000 triaxial rock testing system (Figure 3). The RTX-3000 consists of a hydraulic station, a loading rack, a pressure chamber and a confining pressure and pore pressure supercharger, high-precision sensors, a microprocessor, and an analysis system. During the test, the axial stress was applied by a piston mounted, the confining pressure was applied by the confining fluid (silicone oil) in the pressure chamber, and the water pressure was applied by the pore pressure supercharger through the water injection channel.



The hydraulic coupled triaxial test procedure consists of five steps: First, adjust the pressure cushion to contact the specimen boundary. Second, apply the confining pressure to the target level at a rate of 0.4 MPa/min. Third, inject water at a rate of 0.1 MPa/s into the specimen through the water injection channel until the water pressure reaches the target level, then keep the stress condition for a moment to make sure the water pressure fulfills the pre-existing flaws. After that, apply the vertical loading at a rate of 0.1 mm/min (0.1% per minute) until the specimen is fractured. Finally, unload the water pressure, the confining pressure, and the axial pressure alternately. In the triaxial test, the loading procedure skips step 3 (applying water pressure). During the procedure, data including the deviator stress, axial strain, and radial strain were recorded every 0.1 s.



In order to prevent equipment damage caused by the fractured debris blocking the oil return hole, the specimens need to be wrapped in heat-shrinkable film so that the water pressure in the pre-existing flaw should smaller than the confining pressure, or the water pressure will burst the film. Table 1 below illustrates the experimental scheme. In the triaxial test, the confining pressure was 2 MPa, 4 MPa, and 6 MPa. In the hydraulic coupled triaxial test, the confining pressure was 2 MPa, 4 MPa, and 6 MPa, while the water pressure was 1 MPa, 3 MPa, and 5 MPa; the water pressure lower than the confining pressure. Throughout this paper, specimens are described by specimen number shown in Table 1. For example, “30-UCT” denotes a 30° specimen under uniaxial compression test; “45-4” denotes a 45° specimen under conventional triaxial compression test and the confining pressure (CP) is 4 MPa; “60-6-5” denotes a 60° specimen under hydraulic coupled triaxial test with 6 MPa confining pressure (CP) and 5 MPa water pressure (WP).



After the test, X-ray computed tomography (CT) was employed to investigate the internal cracks. The CT observation was carried out on Phoenix V|tome x m in Yinghua Inspection and testing (shanghai) Co., Ltd. The Phoenix V|tome x m is a high precision 16-bit micro-focus X-ray CT scanning device that enables high definition images and observes the internal fracture details. The X-ray CT scanning tests were performed at 235 kV and 140 μA for optimum image quality and contrast with a spatial resolution of 34.5 μm. Specimens were rotated continuously during the scanning with momentary stops every 0.21 degree approximately (1700 images/360°) to collect each projection and minimize the artifacts. Finally, the 3D spatial solid model of each specimen was obtained by computed tomography analysis.



Microscale observation based on a scanning electron microscope (SEM) was carried out after the test to investigate the crack mechanism. The scanning samples (10 mm wide × 5 mm thick × 8 mm high) were taken from the crack surfaces, and a layer of gold foil was sprayed on the sample surface. Nova NanoSEM 450 in Tongji University was employed, and the accelerating voltage was 10 KV for optimum image quality.





3. Results


3.1. Mechanical Properties


This section discusses the results of the axial stress–strain response, peak deviator stress, and the deformation characteristics obtained in the uniaxial compression test, conventional triaxial compression test, and hydraulic coupled triaxial test.



3.1.1. Stress–Strain Curve Behavior


The stress–strain curve reflects the mechanical response of the specimens under loading. In the uniaxial compression test, all specimens showed the characteristics of brittle failure. In the triaxial compression test and hydraulic coupled triaxial test, the stress–strain curve varied with confining pressure and water pressure. With the increase of confining pressure, the failure mode of specimens transferred to ductile failure, and with the increase of water pressure, the failure mode changed to brittle failure. Figure 4 shows part of the stress–strain curves in these tests as an example. According to the test results in the triaxial compression test and hydraulic coupled triaxial test, the types of stress–strain curve are summarized, as shown in Figure 5.



In the triaxial compression test, all specimens showed a good linear relationship at the elastic compression stage, as shown in Figure 4a,b. The peak deviator stress increased with the confining pressure, and interestingly specimens with different inclination angles showed a different response to the confining pressure. The post-peak stage of 30°, 45°, and 60° specimens presented a smooth strain softening, and the stress–strain curve dropped gradually with post-peak loading (Figure 4a as an example). While 0°, 15°, 75°, and 90° specimens showed different trends that the drop range of the post-peak stress–strain curve decreased significantly with the increase of confining pressure. Under 6 MPa confining pressure, these specimens retained their peak deviator stress for a long time or decreased slightly (Figure 4b as an example). With the increase of confining pressure, the stress–strain curve of 0°, 15°, 75°, and 90° specimens seemed more easily transformed from type 1 to type 2 in Figure 5a than the other specimens. Confining pressure increased the slope at the elastic compression stage and the peak deviator stress, while the effect on yield strain was not significant. Under low confining pressure, the stress gradually dropped in the post-peak stage (type 1 in Figure 5a); under high confining pressure, the stress almost remained unchanged or just slightly dropped to residual strength (type 2 in Figure 5a). The stress–strain curves of shear failure specimens showed the former type, and the stress–strain curves of mixed failure specimens showed the latter.



In the hydraulic coupled triaxial test (Figure 4c,d) the elastic compression stage was relatively short and bent, except for the condition of 1 MPa water pressure and 6 MPa confining pressure. The peak deviator stress increased with confining pressure and decreased with water pressure. It seems that the water pressure offsets the confining pressure. The post-peak stage of the stress–strain curve was affected by the confining pressure, the water pressure, and the pre-existing flaw inclination angle. The curve dropped slightly with post-peak loading under 6 MPa confining pressure and 1 MPa water pressure (type 2 in Figure 5b), while the drop range observably increased with the increase of water pressure (type 1 in Figure 5b). There exists a small section of downward convex stage in the stress–strain curve. This stage was considered to be the initial crack closure stage, which was partially opened by the injection of water pressure in step 3 of the loading procedure. Under low water pressure and high confining pressure, the post-peak stress–strain curve decreased smoothly and slowly (type 2 in Figure 5b), and most of the specimens were fractured by shear failure mode. As the water pressure increased, the decline slope increased, and the specimens were fractured by tensile failure (type 1 in Figure 5b) in these cases.




3.1.2. Peak Deviator Stress


The peak deviator stress is the highest value of the stress–strain curve and equal to the triaxial compression strength minus the confining pressure value. Figure 6 shows the peak deviator stress of the specimens under different confining pressure, water pressure, and flaw inclination angle. As shown in Figure 6a, the strength increased with the confining pressure only, except for the 30-6 specimen. In the hydraulic coupled triaxial test, the strength was much lower than that of the triaxial compression test (Figure 6b–d). The dotted line shows the average strength under the same conditions. It can be seen whether the confining pressure (CP) was 2 MPa, 4 MPa or 6 MPa; the peak deviator stress decreased with the increase of water pressure (WP). That indicates the water pressure greatly reduced the strength, in other words, water pressure promoted the failure trend of the specimens. This means that rock mass in a stable state can be destabilized by the injection of water.



Figure 7 shows the linear fitted contour map of peak deviator stress; different colors indicate the magnitude of peak deviator stress. It can be seen that the confining pressure increased the peak deviator stress and water pressure weakened it. When the inclination angle was between 30° and 60°, the strength was the smallest, while the strength of 0° and 90° specimens was the largest and most similar to that of intact specimens. It is worth noting that the 15° flaw inclination angle interval is still relatively large and this trend needs further research.




3.1.3. Deformation Characteristics


The results of Young’s modulus and the axial strain at peak deviator stress are shown in Figure 8. In the triaxial compression test, there was no significant trend of peak axial strain under 4 MPa and 2 MPa confining pressure, while under 6 MPa confining pressure the peak strain increased significantly, except for 45° and 60° specimens. A possible explanation for this might be that the failure mode of the specimens under 6 MPa confining pressure was transformed into ductile failure, and the stress–strain curve behaved like type 2 in Figure 5a, which had a long yield platform so the peak axial strain increased. As shown in Figure 8b–d, both the intact specimens and the jointed specimens were weakened by water pressure in the hydraulic coupled triaxial test. Despite the discreteness, it can still be seen that Young’s modulus increased with confining pressure and decreased with water pressure.





3.2. Observation of Crack Characteristics


This section discusses the crack characteristics including surface crack, internal cracks, and the crack mechanism. Throughout this paper, the terms surface cracks, crack surfaces, and internal cracks are used. In the context of this paper, surface cracks are discontinuities observed directly from the specimen. Crack surfaces are the new surface in specimens formed by crack propagation. The internal cracks refer to the three-dimensional cracks in the specimens observed by X-ray computed tomography (CT).



3.2.1. Surface Crack Observation


The characteristics of cracks play an important role in determining the mechanism of cracks. It is a common method to study the cracking behavior by crack morphology of post failure specimens. This paper focuses on cracking behavior and failure mechanism under hydro-mechanical coupling.



For brevity, Figure 9 is an example to illustrate the application of surface crack observation in this paper. As shown in Figure 9, the 45° specimens showed typical wing cracks and distinct tensile characteristics under uniaxial loading. In the triaxial compression test, the cracks changed significantly with the increasing confining pressure. In the hydraulic coupled triaxial test, cracks were affected by coupled confining pressure and water pressure. A fragment of wing crack was observed in 45-2-1, and the crack geometry of 45-4-1 was very similar to that of 45-2; they all showed geometric characteristics of tensile crack, as shown in Figure 9. Under the confining pressure of 2 MPa and 4 MPa, the 1 MPa water pressure enhanced the tensile failure characteristics of the specimens. When the confining pressure was 6 MPa and water pressure was 1 MPa, the crack geometry showed typical shear characteristics with a slip plane. When water pressure increases, the failure mode changes. In 45-6-5 and 45-4-3, horizontal coupled cracks (HCCs) were found. The HCCs were also observed in 15-6-5 and 30-6-5, and previous studies showed the HCCs were different from any tensile wing cracks, shear cracks, secondary cracks or anti-wing cracks. Please refer to Zhou [21] for a detailed study of HCCs.




3.2.2. Internal Cracks Observation Based on X-ray Computed Tomography (CT)


Many related studies based on crack geometries and propagation mechanisms were obtained by surface crack observation. However, cracks are much more complex under three-dimensional conditions than plane conditions, so it is difficult for nontransparent material to obtain the crack characteristics only by surface crack observation. In order to determine the morphology of internal cracks, X-ray computed tomography (CT) was employed.



As shown in Figure 10a, specimens were scanned which generated a spatial model, and then the model was cut into slices every pixel (34.5 μm) along the thickness direction (i.e., x-axis) and the vertical direction (i.e., z-axis). Figure 10d and Figure 11e show the cross-sections of 30-4-1 specimen after failure; the corresponding spatial position of each slice is shown in Figure 10b and Figure 11c, respectively. The scales on the right of the pictures also indicate the spatial position relationship between the front vertical cross-sections and the horizontal cross-sections. Note that the original CT scanning images had some randomly distributed bubbles, which were removed without affecting the spatial cracks.



As shown in Figure 10, seven internal cracks can be observed in this specimen. Cracks, C1 and C2, were throughout the specimen and caused the failure. They coalesced at the upper tip of the preexisting flaw, while in most areas (x-axis from −12 mm to 25 mm); they were connected by C7, as shown in Figure 10d4. Judging by geometrical morphology, C3, C4, and C5 were tensile cracks that were not fully propagated. C3 and C4 formed macro-cracks, while they did not directly lead to specimen failure. It is possible that the specimen was fractured under the competition between C1-C2 and C3-C4, but the latter was preferred under the current test condition. The C5 was only a small fragment which ranged near the lower crack tip. C6 was a far-field crack on both sides of the water injection channel, which was similar to hydraulic fracture cracks in morphology. In 90° specimens under 5 MPa water pressure (90-6-5), cracks like C6 caused the failure. C7 was a horizontal coupled crack (HCC) that was not fully formed. As shown in Figure 10e4, the shaded area was C7.



CT observations show that not every specimen’s internal cracks were as complex as shown above. Generally, the internal cracks of pure tensile or pure shear failure specimens are relatively simple. Compared with specimens in triaxial and uniaxial compression tests, the internal cracks of specimens in a hydraulic coupled triaxial test are more complex due to hydro-mechanical coupling.




3.2.3. Crack Surface Observation


Surface and internal cracks observation are helpful to judge the crack shear or tensile properties from morphology. Some types of cracks with obvious features, for example, wing cracks, anti-wing cracks, and splitting cracks, are easy to identify and judge their probable mechanism. While some kinds of cracks are quite complicated and indistinguishable. In addition to direct observation of crack morphology, the crack surface after failure often contains a trace that may reflect the cracking behavior, which is helpful to judge the mechanism.



Figure 11 is an example to illustrate the application of crack surface observation in this paper. It is difficult to judge the tensile or shear properties of the cracks simply from the surface cracks shown in the left. However, evidence can be found from the crack surfaces shown on the right. The downward friction marks, the trace of shear slip, were observed far from the flaw tips, as shown in the red box and the bottom half of the blue box; while no distinct marks can be found near the flaw tip, as shown in the top half of the blue box. Based on this phenomenon, we can guess this type of crack was a tensile-shear mixed crack; the tensile fracture occurred near the pre-existing flaw tips and shear fracture occurred far from the tips, and the failure mode of 15-6-3 was a mixed failure. This type of mixed crack and mixed failure were very common in this experiment.




3.2.4. Microscope Observation Based on Scanning Electron Microscope (SEM)


Cracking behavior of hydro-mechanical coupling under three-dimensional conditions has not been fully studied and understood. Therefore, it needs convincing evidence more than macroscopic morphological observation to judge the tensile or shear properties. Microscale observation based on scanning electron microscope (SEM) provides another approach.



As we know, shear cracks develop friction sliding traces in the crack surfaces during their propagation. Before SEM observation, the crack surface is sprayed with gold foil, and the sliding traces will cause a different response of the gold foil to the electron beam. Compared to the direct observation of crack surface, SEM observation can find microscopic traces, especially when no difference can be observed directly. Figure 12 shows the SEM scanning images of the crack surface of two specimens and Figure 12d shows the positions of the three scanning samples. The scanning sample S1 shown in Figure 12a was taken from the crack surface of 30-6-1 specimen near the crack tip. Figure 12b,c were taken from the HCC surface of 30-6-5 specimen near the upper tip of the pre-existing flaw (scanning samples S2) and the edge of the specimen (scanning samples S3), respectively. By their microscopic characteristics, the crack mechanism can be determined.



As shown in Figure 12a, at 50× magnification, sliding traces can be seen on the crack surface in most of the field; the stripes indicate that the crack has undergone intense shearing. In Figure 12b, no such shear traces were observed at either 50 or 300× magnification. Even the authors searched higher magnification, but only a jumble of gypsum crystals was seen. Then the authors observed several scanning samples taken from the initial segment of the HCC. By moving the position of scanning samples under SEM to cover the whole scanning surface, no evidence of shear cracks was observed. This suggests that HCCs were formed by tensile stress. However, the characteristics of mixed cracks were observed in scanning samples taken from the ends of HCCs. Scanning sample S3 in Figure 12c is an example; no significant features can be seen at lower multiples, while mixed shear traces can be observed with the increase of magnification multiples. As shown in the red box, obvious tensile-shear mixed characteristics can be observed at 500× magnification. The upper left part of the white dotted line was dominated by shear failure, while the lower right part was dominated by tensile failure, and this feature can also be observed elsewhere in S3. This indicates that the crack in S3 was subjected to tensile-shear mixed effect. In fact, by further microscopic observation in other scanning samples, we found that many of them were not simply tensile or shear. However, even in the case of mixed failure, the main properties can be distinguished by the magnitude of shear characteristics under SEM. The microscope observation showed HCCs were tensile cracks when they just initiated from the outer tips of the pre-existing flaw, and tensile failure was dominant during the whole fracturing processes, while the HCCs became tensile and shear mixed cracks when the specimens were about to fail.





3.3. Crack Types Observed in This Experiment


Based on the macro and micro observation method, the author summarized the crack types observed in this experiment. Figure 13 shows the schematic diagram of different types of cracks that led the jointed specimen failure, including three kinds of tensile cracks, two kinds of shear cracks, three kinds of mixed cracks, and a horizontal coupled crack (HCC).



The type 1 tensile crack (T1) was a three-dimensional wing crack, and the type 2 tensile crack (T2) was the anti-wing crack. Both of them were usually observed in the uniaxial test and led to tensile failure. The type 3 tensile crack (T3) appeared when confining pressure was small or water pressure was large. The vertical splitting failure in 0° and 90° specimens were classified as type 3 tensile cracks (T3) in this study.



Due to the complexity of 3D cracking behavior in mixed failure specimens, different types of mixed cracks may be difficult to distinguish by geometry. In this paper, the authors divided them into three types by comparing the initiation mechanism, direction, and propagation properties (shear/tensile). The comparison between the crack types obtained by CT and SEM observation in this paper and those obtained by high-speed cameras in previous studies will be discussed in Section 4.



The morphology of type 1 mixed crack (M1) was similar to that of type 3 tensile crack (T3). Both of them initiated almost along the pre-existing flaw direction and bent inward in propagation. The difference was that M1 has an obvious shearing phenomenon near the flaw tips, while the shear sliding traces were rarely observed in T3. Additionally, the bending amplitude of M1 was smaller than that of T3. The initiation direction of type 2 mixed crack (M2) had a small angle with the pre-existing flaw and propagated along the initiation direction without bending. The initiation was a mixed failure dominated by tensile, while the crack surfaces far away from the tips were mainly formed by shear. The geometry of type 3 mixed crack (M3) was similar to that of M2. The difference was that the crack initiation position of M3 was not in two flaw tips, and the shear characteristics at the flaw tips were more obvious than M2.



Shear cracks appeared in specimens under high confining pressure, and the crack surfaces showed remarkable shear characteristics. The crack surfaces of type 1 shear crack (S1) passed through the pre-existing flaw, while the direction of type 2 shear crack (S2) was not consistent with the pre-existing flaw. S1 appeared in specimens under 6 MPa confining pressure in triaxial compression tests and hydraulic coupled triaxial test with 1 MPa water pressure. S2 usually occurred in 0° and 90° specimens both in conventional and hydraulic coupled triaxial tests.



The initiation of HCCs were dominated by tensile failure, and tensile-shear mixed failure occurred at the end of the propagation. The HCCs occurred when the crack inclination angle ranged from 15° to 45°, and under high water pressure. The other types of cracks, such as far-field cracks, secondary cracks, and slight end damage, were not the main cracks which caused specimen failure; therefore, these cracks were not concerned in this paper.




3.4. Effect of Confining Pressure on Cracking Behavior


Based on geometries and propagation mechanisms, the main crack types that led the specimen failure was obtained. Table 2 shows the main crack types observed in uniaxial and triaxial compression tests. The letters in the table correspond to different crack types in Figure 12. According to the results in Table 2, the failure modes of specimens were obtained. Figure 14 shows the heat maps use colors as a way to distinguish different failure modes; each grid represents a test condition.



As shown in Table 2 and Figure 14, the confining pressure significantly affected the crack types of both intact and jointed specimens. In uniaxial compression tests and triaxial compression tests with 2 MPa confining pressure, the specimens were fractured by tensile cracks. With the increase of confining pressure, the failure mode transformed into mixed failure and shear failure. This phenomenon can be combined with the trend of the stress–strain curve. As shown in Figure 5a, the stress of shear failure remained nearly constant for a long time after yield (Type 2 in Figure 5a), while the stress–strain curves of tensile failure (Type 1 in Figure 5a) showed a gradual decline after the peak deviator stress.



Tensile cracks led to specimen failure under low confining pressure, but it rarely appeared under high confining pressure. Based on post-failure observations, it is probable that the initiation and propagation of tensile crack and shear crack compete with each other, while the confining pressure may inhibit the tensile crack propagation.




3.5. Effect of Water Pressure on Cracking Behavior


Water pressure greatly reduced the strength of jointed specimens, so that the mechanism of water in the failure process of the jointed rock mass is worthy of attention. Table 3 shows the crack types observed in hydraulic coupled triaxial tests. When the water pressure was 1 MPa, the confining pressure had a significant impact on the crack type. Most of the specimens under 2 MPa confining pressure were fractured by tensile cracks, while specimens were fractured by shear cracks or mixed cracks under 6 MPa confining pressure. With the increase of water pressure, more tensile cracks appeared to the specimens. This suggests that water pressure promotes the initiation and propagation of tensile cracks.



Figure 15 shows the heat maps of failure mode under 4 MPa and 6 MPa, respectively. When the confining pressure was 4 MPa (Figure 15a), the failure mode of the specimens changed from mixed failure to tensile failure as the water pressure increased. However, when the confining pressure was 6 MPa (Figure 15b), the shear characteristics of the specimens under 1 MPa water pressure were stronger than those of specimens in the conventional triaxial test, and the specimens changed from mixed failure to shear failure. With the further increase in water pressure, the observation results showed that water pressure significantly promoted the tensile failure of the specimens. Macroscopic and microscopic observations showed that 1 MPa water pressure made the specimens more prone to shear failure. It is possible that the lubrication of water reduced the resistance of the potential sliding surface, and the effect of this lubrication exceeds the effect of hydraulic pressure expansion force under 6 MPa confining pressure. When water pressure increased, tensile cracks were observed, and the results showed that specimens were prone to tensile failure. It seems like tensile cracks were more “easy” to initiation and propagation under high water pressure, possibly because of the expansion force exerted by water pressure.



The test results may suggest that the stress state at the crack tip and the interface friction coefficient were changed by the water pressure. The hydro-mechanical coupling may influence the fracture behavior by changing the energy release rate or stress intensity factor at the crack tip, which could provide a possible method for subsequent theoretical and numerical research.




3.6. Effect of Inclination Angle on Cracking Behavior


The internal cracks of 0° and 90° specimens were more complex than that of other specimens, and a secondary crack and end damage were more likely to appear. When the inclination angle was larger than 60°, the specimens were more prone to shear failure under high confining pressure. While 15°, 30°, and 45° specimens were prone to tensile failure and showed less sensitivity to confining pressure and more sensitivity to water pressure. Under the same working conditions, their tensile failure characteristics were stronger, and the shear characteristics were weaker. The inclination angle interval was 15°, and the regularity was not very significant. In the follow-up research, the authors intend to use the numerical simulation method to study more inclination angles.





4. Discussion


X-ray CT scanning overcame the difficulties in observations within nontransparent materials, and the spatial geometry was determined in a nondestructive way. Through microscopic observation based on SEM, the microscopic traces left during the initiation and propagation of the crack surface were obtained, which provide a basis for judging the tensile or shear properties of the cracks.



Figure 16 shows various crack types initiated from the pre-existing flaws identified by scholars. They used sandstone, molded gypsum and Carrara marble as materials for uniaxial compression tests; high-speed camera observed the damage process and obtained different crack types. Compared with the crack types summarized in this paper, the difference of tensile cracks is not obvious, but shear cracks and mixed cracks are more common in this experiment. In their uniaxial compression tests, the brittle rock specimens with a single flaw usually show tensile failure, while mixed failure and shear failure occur only in a few cases. However, under conventional and hydraulic coupled triaxial tests, the specimens are more prone to mixed failure and shear failure. Therefore, the shear crack types and mixed crack types in Figure 16 are different from those in Figure 12. Triaxial compression tests have the cases that the failure plane is not coplanar with the pre-existing flaw plane, which would not happen in uniaxial compression tests.



Macro observation, including surface and internal cracks, and micro observation based on SEM, provide evidence to determine the geometry and mechanism. Although the test results are derived from post-test observation rather than direct observation of the fracture process, the results also provide a useful reference for mechanical properties and cracking behavior under hydro-mechanical coupling. The results obtained in this laboratory study can be conceptually extended to the field scale since they indicate that the maximum bearable deviator stresses and the failure mode of jointed rock mass are significantly affected by the in-situ crustal stress as well as their coupled confined water pressure.




5. Conclusions


A series of uniaxial compression tests, conventional triaxial compression test, and hydraulic coupled triaxial test were conducted on cylinder gypsum specimens with a single pre-existing flaw. X-ray computed tomography (CT) and scanning electron microscope (SEM) were employed to determine internal cracks and the crack mechanism, respectively. The experimental research on mechanical properties and cracking behavior under hydro-mechanical coupling produced several results that contribute to its fundamental understanding.




	(1)

	
The stress–strain curves of conventional and hydraulic coupling triaxial tests can be divided into two types according to post-peak behavior. The first type gradually declines after the peak, and the failure mode of these specimens were mostly tensile failures. The second type remained a long yield platform after the peak, and failure mode of these specimens were mostly shear failures.




	(2)

	
Base on detailed macro and micro observation, nine types of cracks under hydro-mechanical coupling with different geometry and mechanisms (tensile, shear, or mixed) that led specimen failure were summarized. Though the results were obtained by macro and micro observation after failure, it still reflects the cracking behavior of jointed rock mass under hydro-mechanical coupling.




	(3)

	
Specimens preferred to shear failure under high confining pressure, and the results showed confining pressure may inhibit the tensile cracks. The specimens were prone to tensile failure under high water pressure, and the results showed that water pressure may promote the tensile cracks. However, specimens preferred shear failure under high confining pressure and low water pressure, which may be because the lubrication of water reduced the resistance of the potential sliding surface, and the lubrication effect may exceed the expansion effect under that condition.
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Figure 1. (a) Schematic diagram of the specimen; (b) stress–strain curves for consistency evaluation. 






Figure 1. (a) Schematic diagram of the specimen; (b) stress–strain curves for consistency evaluation.



[image: Applsci 09 03234 g001]







[image: Applsci 09 03234 g002 550]





Figure 2. The loading condition of the hydraulic coupled triaxial test. 
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Figure 3. GCTS RTX-3000 triaxial rock testing system. 
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Figure 4. Part of stress–strain curves as an example. (a) 15° specimens in uniaxial and triaxial compression tests; (b) 15° specimens in hydraulic coupled triaxial tests; (c) 60° specimens in uniaxial and triaxial compression tests; (d) 60° specimens in hydraulic coupled triaxial tests; (e) 75° specimens in uniaxial and triaxial compression tests; (f) 75° specimens in hydraulic coupled triaxial tests. 
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Figure 5. Sketch diagram of stress–strain curve types in triaxial tests. (a) Triaxial compression test; (b) hydraulic coupled triaxial test. 
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Figure 6. Results of the peak deviator stress. (a) Uniaxial compression test and conventional triaxial compression test; (b), (c), and (d) hydraulic coupled triaxial compression test under 2 MPa, 4 MPa, and 6 MPa confining pressure, respectively. 
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Figure 7. Spatial fitting diagram of peak deviator stress. (a) Uniaxial and triaxial compression test; (b) hydraulic coupled triaxial compression test under 6 MPa confining pressure. 
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Figure 8. Results of Young’s modulus and the peak axial strain. (a) Uniaxial compression test and conventional triaxial compression test; (b), (c) and (d) hydraulic coupled triaxial test under 2 MPa, 4 MPa, and 6 MPa confining pressure, respectively. 
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Figure 9. Surface crack photographs of 45° specimens after failure. 
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Figure 10. Part of cross-sections of 30-4-1 specimen after failure. (a) Schematic diagram of space coordinate system; (b,c) schematic diagram of section cutting position; (d) front vertical cross-sections with different depths; (e) horizontal cross-sections with different heights. 
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Figure 11. Crack surfaces of specimens after failure. 
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Figure 12. Scanning electron microscope (SEM) scanning images of shear, tensile, and mixed cracks. 
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Figure 13. Crack types caused specimens failure in this study. 
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Figure 14. Failure mode of specimens under different confining pressure. 
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Figure 15. Failure mode of specimens under different water pressure. (a) Under 4 MPa confining pressure; (b) under 6 MPa confining pressure. 
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Figure 16. Various crack types obtained by scholars. (a) Brittle sandstone specimens by Yang and Jing [10]; (b) molded gypsum and Carrara marble specimens by Wong and Einstein [8,9]. 






Figure 16. Various crack types obtained by scholars. (a) Brittle sandstone specimens by Yang and Jing [10]; (b) molded gypsum and Carrara marble specimens by Wong and Einstein [8,9].



[image: Applsci 09 03234 g016]







[image: Table]





Table 1. Experimental scheme. α: inclination angle; UCT: uniaxial compression test; CP: confining pressure; WP: water pressure.
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Experimental Type

	
Specimen Number

	
Specimen

	
Confining Pressure

	
Water Pressure






	
Uniaxial compression test

	
α−UCT

	
Intact, and 0°, 15°, 30°, 45°, 60°, 75°, 90° specimens

	
-

	
-




	
Triaxial compression test

	
α−CP

	
2, 4, 6 MPa

	
-




	
Hydraulic coupled triaxial test

	
α−CP−WP

	
2 MPa

	
1 MPa




	
4 MPa

	
1, 3 MPa




	
6 MPa

	
1, 3, 5 MPa
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Table 2. Summary of all crack types observed in uniaxial and triaxial compression tests.
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Specimens

	
Uniaxial

	
Triaxial




	
CP = 2 MPa

	
CP = 4 MPa

	
CP = 6 MPa






	
Intact specimen

	
T3

	
T3

	
S2

	
S2




	
0° specimen

	
T1, T2

	
T3

	
M3

	
M3




	
15° specimen

	
T1

	
T1

	
M3

	
M3




	
30° specimen

	
T1, T2

	
T3

	
T3, T1

	
M2




	
45° specimen

	
T1

	
T3

	
M1, M2

	
M1




	
60° specimen

	
T1

	
T3, T1

	
M2

	
S1




	
75° specimen

	
T1, T2

	
T3

	
S2

	
S1




	
90° specimen

	
T3

	
T3

	
M3

	
S2




	
Notes

	
T1: type 1 tensile crack

	
S2: type 2 shear crack




	
T2: type 2 tensile crack

	
M1: type 1 mixed crack




	
T3: type 3 tensile crack

	
M2: type 2 mixed crack




	
S1: type 1 shear crack

	
M3: type 3 mixed crack
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Table 3. Summary of all crack types observed in hydraulic coupled triaxial test.
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Specimens

	
CP = 2 MPa

	
CP = 4 MPa

	
CP = 6 MPa




	
WP = 1 MPa

	
WP = 1 MPa

	
WP = 3 MPa

	
WP = 1 MPa

	
WP = 3 MPa

	
WP = 5 MPa






	
Intact specimen

	
S2

	
S2

	
M3

	
S2

	
M1

	
T3




	
0° specimen

	
T1

	
M3

	
T1

	
M2, S2

	
S2

	
M2




	
15° specimen

	
T1

	
M3

	
T3

	
M2

	
M2

	
HCC, M2




	
30° specimen

	
T3, T1

	
M3

	
T3

	
S1

	
T3

	
HCC, T3




	
45° specimen

	
T3

	
T3

	
HCC, M1

	
S1

	
T3

	
HCC, M2




	
60° specimen

	
T3

	
T3

	
T3

	
S1

	
M1

	
M1




	
75° specimen

	
M3

	
M1

	
M1

	
M2

	
M2

	
T3




	
90° specimen

	
T3

	
S2

	
T3

	
S1

	
S2

	
T3




	
Note

	
The marks have the same meaning as Table 2.
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