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Abstract

:

This research aims to explore the fracturing behaviors of sandstone subjected to pulsed high-voltage discharge (PHVD) under different static pressures. An experimental method of rock fracturing induced by inter-hole PHVD was proposed. The static pressure was applied to the specimens, then the proposed method was applied to induce electrical breakdown testing under static loading. The microscopic fracture morphology of the sandstone was observed. The influences of the direction and level of static pressure on the crack length and fractal dimension of sandstone under the effect of PHVD were discussed. The results indicated that in the absence of static pressure, there are a discharge channel and multiple radial cracks in the sandstone after electric breakdown. The microscopic analysis implies that rock failure in the zone around the discharge channel is mainly influenced by the high temperature; while radial cracks are induced by shock waves. When static pressure is vertical to the discharge channel, tensile and compressive stresses concentrate in different parts around the discharge channel, which can remarkably alter the distribution zone and propagation path of cracks. In addition, the fractal dimension and total length of cracks first decrease, then increase with increasing static pressure. When static pressure is parallel to the discharge channel, the distribution characteristics and propagation direction of cracks are unchanged; however, under this loading mode, circularly distributed hoop tensile strains are generated at the zone around the discharge channel, which enables the fractal dimension and crack length increase with increasing static pressure.
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1. Introduction


To overcome the shortfalls (such as those arising from production of dust, noise, and vibration) of conventional explosive blasting and mechanical rock-breaking methods, new rock-breaking techniques including laser, liquid CO2, microwave, and high-voltage pulse methods have been developed. Among these techniques, high-voltage pulses have aroused increasing interest due to advantages including being able to control the input of energy, selective treatment of ores, their high efficiency, and eco-friendly nature [1,2,3,4,5,6]. Rock engineering projects including mining, drilling, and tunnel construction have been advancing to greater depths [7,8,9]. In contrast to shallow rock engineering, high geostress is seen as a prominent feature of deep rock engineering. The high geostress plays a large role in affecting rock fracture in deep rock engineering projects, which should be considered in engineering design [10,11,12,13]. Therefore, it is necessary, and worthwhile, to study the influence of static pressure on fracturing behaviors of rock under high-voltage pulses.



Fracture of rock or rock-like materials under the effect of the pulsed high-voltage discharge (PHVD) has been the primary scholarly concern in attempts to provide a theoretical basis for recognizing rock-breaking mechanisms and the design of discharge parameters [14,15,16,17,18,19]. For example, Cho et al. [20] explored the relationships of tensile strength and compressive strength with electric breakdown strength of rock specimens. Furthermore, they also simulated the dynamic fracturing process of rock. Kencanawati and Shigeishi [21] adopted the acoustic emission technique to conduct positioning research of microcrack developed in concrete under the effect of pulse discharge. Bao et al. [22] performed fracture testing of coal specimens under the effect of PHVD with the same water pressure, and quantitatively estimated the influence of discharge voltage on fracturing effect. Duan et al. [23] investigated the influences of the morphology of electrodes on the crack depth and volume of red sandstone by conducting high-voltage pulse drilling tests in water. It is worth noting that the aforementioned PHVD-induced rock breaking tests used water as the insulating medium.



Research related to the influence of static pressure on the PHVD-induced rock breakage has been gradually attracting more research attention; for instance, Sun et al. [24] demonstrated the changes in the crack height and morphology of red sandstone subjected to PHVD in water with varying static pressures. Li et al. [25] established a two-dimensional numerical calculation model to ascertain the fracturing status of granite under different confined pressures under the impact of high-voltage pulse. The experimental results of Ezzat et al. [26] indicated that the volume of fractured rock when drilling boreholes using high-voltage pulse reduces at first and then increases with changing pressure on the rock. Existing studies help to clarify the effect of static pressure on PHVD-induced rock breaking in liquid conditions; however, the effects of static pressure on the failure modes, complexity, and degree of fracturing of rock under the electric breakdown in air environment have rarely been studied.



In this research, an experimental method of PHVD-induced rock fracture in air environment was designed. A static load was first applied on a sandstone specimen measuring 200 mm × 200 mm × 150 mm by using a loading device. Then, based on the designed experimental method, the electric breakdown experiment on the loaded specimen was conducted with a PHVD device. The influences of static pressure on failure modes inside the sandstone were discussed. In addition, based on fractal dimension and crack length, the effects of static pressure on fracture complexity and fracture degree were studied.




2. Experimental Program


2.1. Experimental Equipment


In this study, we focus on the effect of static pressure on the fracturing behaviors of sandstone under PHVD. Therefore, a static pressure device is required to apply a static load on the specimen, and a PHVD apparatus is required to carry out electrical breakdown tests on the loaded specimens.



The experimental system consists of a static pressure device, a PHVD device and an oscillograph, as shown in Figure 1. The static pressure loading device has two modes of operation (displacement control and force control), with a maximum load of 5000 kN (Figure 1a). Herein, we adopted the displacement control mode to apply static load to the specimens. The PHVD device is mainly composed of a bipolar power supply, an energy storage module consisting of two 2-μF capacitors with rated energy storage of 7.2 kJ, and a high-voltage pulse trigger (Figure 1b). Figure 2 shows the workflow of the PHVD device. The bipolar power supply converts alternating current (220 V, 50 Hz) into direct current, while charging the energy storage module. The high-voltage pulse trigger can send pulse signals to trigger the three-electrode gas switch, releasing the energy in the energy storage module to consequently realize rock fracturing. The oscilloscope was used to record the current changes acquired by the Rogowski coil during the discharge (Figure 1c).




2.2. Specimens and Electrodes


Specimens were obtained from a large intact sandstone block with the following physico-mechanical parameters: a density of 2108 kg/m3, compressive strength of 92.7 MPa, tensile strength of 6.11 MPa, elastic modulus of 20.5 GPa, Poisson’s ratio of 0.28, and a longitudinal wave velocity of 2253 m/s. Specimens measuring 200 mm × 200 mm × 150 mm were cut therefrom, and their end faces bearing the applied static pressure were polished to have a degree of parallelism below 0.05 mm (Figure 3a). Electrodes used were two copper rods with tips, having diameters of 4 mm and lengths of 130 mm (Figure 3b).



Two boreholes with diameters of 6 mm and depths of 125 mm were opened for installing positive and negative electrodes. The distance between the axes of the two boreholes was 36 mm. The tips of the two electrodes were arranged opposite each other and in close contact with the borehole walls. The distance between the two tips was 30 mm, and the tips were 80 mm from the borehole orifice (Figure 3c). Previous researches indicated that when the pulse rise time was less than 500 ns, the breakdown field strength is: liquids (oil, water, etc.) > solids > air [4,27]. The breakdown field strength of air is lower compared with rock media, i.e., at a given distance, air breakdown occurs earlier than that of rock; while liquids such as oil and water are the most difficult to be broken down. Hence, many PHVD-induced rock fracturing tests were conducted in liquid environment [14,16,22,23]. In this research, the distance between the two electrodes’ tips, from air and rock interface, was far larger than the linear distance between them (Figure 3c). The electric impedance in the case of breakdown by surface discharge was enhanced by using an inter-hole discharge method. Additionally, polyimide tape was used to insulate each electrode, with only their tips exposed to the air. In other words, the specimen and the electrodes’ tips were exposed to air during the experiment, not in the liquid. Therefore, a discharge channel is more likely to be formed inside rock, avoiding surface discharge.




2.3. Experimental Scheme


It should be noted that there is no connection between the static pressure device and the PHVD device. However, the two devices were used in a certain order during the experiment. Before the experiment, two electrodes were put into the boreholes, which were connected to the positive and negative electrodes of the PHVD system. In the testing process, the static pressure loading device was first used to apply static load on the specimens according to need. Then, the PHVD system was turned on to allow the tips of the two electrodes to form a discharge channel in the specimen, which releases the energy stored, thus fracturing the rock.



For the sake of subsequent analysis, a coordinate system was established (Figure 4). The x-axis extends along the borehole axis and points to the direction of the borehole orifice. The normal to a plane determined by the axes of two boreholes is the y-axis. The discharge channel forms along the z-axis.



Two groups of electric breakdown tests on sandstone under static loading were designed. The static pressure P in each group was applied at each of 5, 10, 15, and 20 MPa; the discharge voltage was set to a constant value (45 kV). As displayed in Figure 4a, the static pressure in the first group (Group I) is applied normal to the discharge channel (along the y-axis). The specimens corresponding to four static pressures are numbered S1-1 (P = 5 MPa), S1-2 (P = 10 MPa), S1-3 (P = 15 MPa), and S1-4 (P = 20 MPa). As illustrated in Figure 4b, static pressure in the second group (Group II) is applied parallel to the discharge channel (along the z-axis). The specimens corresponding to four static pressures are numbered S2-1 (P = 5 MPa), S2-2 (P = 10 MPa), S2-3 (P = 15 MPa), and S2-4 (P = 20 MPa). Furthermore, a PHVD test when there is no static pressure (P = 0 MPa) was conducted, with the specimen numbered S0.





3. Rock Fracture Mechanism under PHVD


The process of using PHVD to induce rock fracture can be described as: under the effect of high voltage, a discharge leader forms at the zone around the anode tip; afterwards, the discharge trunk can rapidly reach the cathode, a conducted discharge channel forms inside rock, which is a plasma channel [4,14,15]. During this process, rock is converted into an electric conductor from a dielectric medium. The electrical energy stored in the high-voltage pulse device can be released rapidly to the channel, explosive expansion then occurs to the channel, consequently, leading to the fracturing of the rock.



Figure 5 displays a typical current waveform measured using the Rogowski coil. A steep current surge appears in the current waveform at the moment when the electric switch is turned on. Then, the current increases from 0 to a peak value of 28.8 kA in the form of sine waves, and attenuates in the form of damped oscillation. It is noteworthy that there is no interval between current surge and the starting point of the sine wave. This implies that the sandstone is instantaneously broken down, meanwhile, a discharge channel is formed inside the specimen, indicating no breakdown delay occurs in this process.




4. Macro Crack Acquisition and Micro Analysis


4.1. The Cutting and Fluorescent Staining Method


As the sandstone is opaque, the fracturing state of the sandstone subjected to PHVD is difficult to observe. The cutting and fluorescent staining (CFS) method was used to obtain the macroscopic cracks in rock by referring to the method in the literature [28,29]. Thereafter, a MATLAB image recognition program was adopted to process fluorescent stained pictures (Figure 6 and Figure 7). This process comprises four steps: (1) cutting the specimens along the direction of the vertical discharge channel to get the raw image at the center of the specimen; (2) staining with fluorescent powder on the crack zone and then conducting strong light illumination on the crack zone to get the image after staining treatment; (3) by means of implementing steps such as denoising and enhancement, the MATLAB program is used to obtain the binary image of the cracks; (4) calculating the crack length, fractal dimension, etc., to quantify the fracturing state of the specimen.




4.2. The Reliability of the CFS Method


To verify the reliability of the CFS technique, industrial CT was used to scan the sample after electric breakdown, followed by cutting and staining. Figure 8 displays the comparison of CT scanned slice at the same position and the fluorescent stained image. It can be found that subjected to PHVD, a breakdown channel formed in the center of the rock and radial cracks formed around the channel. The morphology, number, and distribution obtained using the two methods are generally consistent, which verified the reliability of the CFS method. Thus, this method can capture the fracturing state of the rock. In addition, the CFS method shows merits including low cost and having more distinct contrast with the image background, which can be beneficial for displaying the crack morphology.




4.3. Microscopic Analysis


An important method to study the microscopic characteristics of mineral particles is to analyze the images obtained by scanning electron microscope (SEM) [30,31]. The fracture surfaces of the sandstone after electric breakdown were examined using a SEM (Apreo 2, Thermo Scientific, Waltham, MA, USA) equipped with a backscattered electron (BSE) detector. The accelerating voltage used for analysis was 5 kV, and a working distance of 8 to 11 mm was used.



The existing studies show that high-temperature melting and shock waves are the dominant factors of PHVD-induced rock fracture [15,16,18,20]. The high temperature causes the mineral grains inside sandstone to melt and fill many of the holes and micro-cracks [32,33,34]. Under the action of shock waves, the microscopic fracture modes observed by SEM included intergranular fracture (located at the boundary of grains) and transgranular fracture (passing through grains) [35]. As shown in Figure 9, four points are selected from near to far with the discharge channel as the starting point. The micromorphology of point A is shown in Figure 10a, from which it can be observed that there are many micro-cracks and holes with different sizes on the surface of the grains around the discharge channel, and the boundaries between the grains are blurred. These features are typical marks resulted from high-temperature burning. As the observation points move away from the discharge channel, the microscopic morphology of grains changes. It can be seen from Figure 10b that the microscopic morphology on the right side of point B is similar to that of point A, but the left side is dominated by transgranular fracture. Therefore, it can be concluded that the dominant factor of rock fracture transits from high temperature to shock waves. Transgranular fracture, intergranular fracture, and several microcracks can be observed at point C. At the same time, the boundaries between the grains become apparent, showing distinct edges and corners (Figure 10c). As the distance increases, the intensity of the shock wave decays further at point D. In general, the strength of cement between grains is lower than that of grains themselves. Thus, the destroy of cements and intergranular fracture can be found at point D (Figure 10d).



In studies [36,37], the temperature distribution characteristics and changes in the minerals with the granite under the action of PHVD were studied. Their results indicated that high temperature is an important factor in inducing rock fracturing. The existing studies provided some good insights on the micro-fracture mechanism of rock under the action of PHVD. However, it is difficult to obtain the microscopic fracture morphology of mineral grains due to the numerical simulation methods used in the above literatures. In this research, the failure characteristics of red sandstone under PHVD were studied using the experimental method. According to SEM analysis, the real microscopic morphology of sandstone specimen were obtained.





5. Results and Discussion


5.1. Theoretical Background


5.1.1. Stress and Strain Analysis Method around a Circular Hole under Uniaxial Static Pressure


This section mainly discusses the influence of static pressure on the crack distribution under the effect of high-voltage pulse. The discharge channel inside the rock was simplified into a cylinder, implying that a cylindrical cavity is formed between two electrodes. Owing to the discharge channel having a very small diameter and its formation time being short, in the breakdown process, it exerts little influence on the far-field static pressure. Furthermore, as the discharge voltages of the specimens are the same, the intensity of shock waves acting on the cylindrical cavity is consistent. In addition, the distance between the center of two boreholes and the cutting section is five times larger than the radius of the boreholes, thus, the effect of boreholes on the stress distribution for the cutting section can be neglected. Thereafter, the static stress state of the cutting section after the formation of the discharge channel can be theoretically analyzed.



The static pressure loading condition in Group I is such that:


   σ y  = p ,    σ x  = 0 ,    σ z  = 0  



(1)







The distribution of static stress on the zone surrounding the discharge channel in the polar coordinate system can be obtained using the Kirsch solution [38]:


       σ r  =  p 2   (  1 −    a 2     r 2     )  −  p 2   (  1 − 4    a 2     r 2    + 3    a 4     r 4     )  cos 2 θ      σ θ  =  p 2   (  1 +    a 2     r 2     )  +  p 2   (  1 + 3    a 4     r 4     )  cos 2 θ    }   



(2)




where:    σ r    and    σ θ    denote the radial stress and circumferential stress; r refers to the distance between the study point and the center of a circle; a is the radius, and θ represents the angle between the polar diameter and the horizontal axis of the point of interest.



The static pressure loading condition in Group II is such that:


    σ x  = 0   ,    σ y  = 0   ,    σ z  = p   



(3)







The stress components    σ r    and    σ θ    for the section in the polar coordinate system are both 0. Then according to Hooke’s law, the strain components are expressed as:


       ε r  = −  μ E  p      ε θ  = −  μ E  p    }   



(4)




where:    ε r    and    ε θ    represent the radial strain and circumferential strain around the discharge channel inside the cutting section; E denotes the elastic modulus; μ is Poisson’s ratio.




5.1.2. Stress and Strain Distribution around the Discharge Channel


Based on Equation (2), the stress distribution on the zone around the discharge channel is shown in Figure 11; circumferential compressive stresses are generated on the left and right sides (θ = 0° and 180°) of the discharge channel while circumferential tensile stresses appear on the upper and lower sides (θ = 90° and 270°) of the discharge channel.



According to Equation (4), the circumferential strain distribution can be attained (Figure 12). The circumferential tensile strains distributed evenly on the zone around the discharge channel are formed, and such strain distribution is conducive to the propagation of radial cracks.





5.2. Analysis of Fracturing Effect


To elucidate the influence of static pressure on the fracturing induced by PHVD, the fracturing state of sandstone was explored from the perspectives of failure modes, the length, and fractal dimensions of cracks.



5.2.1. Failure Modes


Figure 13 shows the crack distribution of specimen S0 after electric breakdown in the absence of static pressure. The several cracks are radially distributed, centered on the discharge channel. The locations of these cracks are random, and the crack lengths are different, as some of the cracks propagate further.



The crack distributions of Group I specimens are shown in Figure 14. The cracks are mainly concentrates on the upper and lower parts of the discharge channel, while the left and right sides of the channel contain very few macroscopic cracks, suggesting that the static pressure significantly affects the spatial distribution characteristics of cracks generated by PHVD. The angle between the longest crack and the y-axis is defined as the deflection angle. The deflection angles corresponding to S1-1, S1-2, S1-3, and S1-4 are 11°, 9°, 5°, and 1°, and decrease with increasing static pressure. This shows that cracks tend to propagate along the direction of the applied static pressure. The existing studies provided that fractures caused by dynamic loads such as explosion are easier to propagate in the direction of static pressure. That is to say, static pressure has a guiding role in affecting crack propagation [8,10,13]. Therefore, to some extent, the conclusions drawn in this study are consistent with those researches [8,10,13]. Theoretical analysis indicates the upper and lower parts of the discharge channel are subjected to tensile loading. Hence, the cracks generated by high-voltage pulse are more prone to initiate and propagate along the direction of the y-axis. The left and right sides of the discharge channel suffer the compressive effect, which can inhibit the initiation and propagation of cracks along the x-direction. This finding can explain the experimental phenomena observed.



The fracturing state of the specimens in Group II are shown in Figure 15. Cracks are found to be radially and randomly distributed. The spatial morphology and distribution zone of cracks are akin to the case without static pressure. According to the theoretical analysis results, when loading along the direction of the discharge channel, static pressure can form a uniformly distributed circumferential strain field, which cannot change the direction of propagation of radial cracks. Therefore, under such a load regime, the failure modes of the specimens subjected to different stress levels are similar.




5.2.2. Fractal Dimension


The existing studies show that fractures are well associated with fractals [39,40]. The fractal dimension has been widely used to quantitatively describe complex fractures. The fractures in the rock also exhibit obvious fractal characteristics. A larger fractal dimension implies a more complex crack path. The fractal dimension can be calculated using the box-counting method as follows [41]:


  D =   lim   r → 0     lg N r   − lg r    



(5)




where: D and r represent the fractal dimension and side length of a square box, respectively; Nr denotes the minimum number of square boxes with the side length of r required to cover the target geometry.



Figure 16 depicts the fitting results of fractal dimension obtained using the box-counting method. It can be found that all fitting lines had R2 > 0.98. The results of fractal dimension suggest that the cracks produced by PHVD present satisfactory fractal characteristics.



The relationship between fractal dimension and static pressure in Group I is displayed in Figure 17a. The fractal dimension corresponding to a static pressure P of 5 and 10 MPa is less than that at 0 MPa; when P is greater than 10 MPa, the corresponding fractal dimension is greater than that at 0 MPa. In other words, after applying static pressure normal to along the y-axis, fractal dimension of cracks is first reduced, then increases. The results may be due to the following reasons: in the case of a relatively low static stress level, the inhibitory effect of crack development along the x-direction reduces the number of cracks, the crack network structure is simplified, and the degree of its complexity is less than that at 0 MPa. When the applied stress is high, cracks along the x-direction do not propagate as readily, however, secondary cracks appear along the y-direction, and primary cracks show increasing length and deflection degree, increasing the degree of complexity of the crack network.



The relationship between fractal dimension and static pressure in Group II is presented in Figure 17b. From the figure, fractal dimensions corresponding to the specimens S0, S2-1, S2-2, S2-3, and S2-4 are 1.2739, 1.2789, 1.2812, 1.3339, and 1.4020. After applying static pressure along the z-direction, the fractal dimension of the cracks rises slowly, then rapidly, with increasing static pressure. When P is less than 10 MPa, the fractal dimension does not change to any significant extent; when P is greater than 10 MPa, the fractal dimension increases rapidly.




5.2.3. Crack Length


The relationship between the crack length and static pressure in Group I is illustrated in Figure 18a; the crack length first decreases, then increases with increasing static pressure P. When P is 5 MPa and 10 MPa, the crack length is below that at 0 MPa; when P is 15 MPa and 20 MPa, the cracks are longer than that at 0 MPa. This result implies that a low static pressure (5 and 10 MPa) can suppress fracturing of the sandstone under the effect of PHVD; while a relatively high static pressure (15 and 20 MPa) can promote fracturing.



In the condition of applying static pressure along the y-axis, degree of stress concentration increases with increasing static pressure P, that is to say, the promotion and inhibitory effects of static pressure on crack development in different parts of sandstone under PHVD are enhanced. When the applied static pressure is low (5 and 10 MPa), it has no significant effect on crack propagation along the y-axis, however, it can suppress the formation of cracks along the x-axis. This causes the primary cracks in the specimens under the effect of PHVD to develop slowly and leads to the reduction of the crack number. Meanwhile, the inhibitory effects of the static pressure plays a dominant role in crack development. Thus, the total length of crack is smaller than that at 0 MPa. When static pressure is increased (to 15 or 20 MPa), the primary cracks along the y-direction are more likely to initiate, and energy release in this zone should be given first priority, causing increasing crack propagation length. The static pressure exerts the dominant role in promoting crack development along the y-direction, increasing the crack lengths.



The relationship between the crack length and static pressure P in Group II is demonstrated in Figure 18b. The crack lengths corresponding to the specimens S0, S1-1, S1-2, S1-3, and S1-4 are 168.55, 178.70, 200.80, 234.39, and 291.94 mm. As the static pressure increases to 20 MPa (in increments of 5 MPa), the crack length continues to grow. This finding means that the larger the static pressure, the more favorable the fracturing effect of sandstone; among the specimens, the crack length of S1-2 is 1.19 times greater than that of S0, while the crack length in specimen S1-4 is 1.73 times greater than that in S0. This suggests that a low static stress can improve the fracturing effect, to a limited extent, while a high static pressure can significantly improve the fracturing effect.



According to the theoretical analysis, loading along the z-direction will generate circularly distributed hoop tensile strains. This is beneficial for the propagation of radial cracks generated by PHVD, causing the increase in the crack length. Furthermore, the circumferential tensile strain grows with the increase of static pressure P, which triggers the increasing length of cracks. This can explain the trend in the change in crack lengths in Group II specimens.



The findings of this investigation imply that a relatively high static pressure can significantly promote fracturing under the effect of PHVD. In other words, rock is more easily fractured in this way. Deep rock engineering projects, such as drilling, mining, and tunnels, are gradually increasing. With the increase of rock depth, the in situ stress increases gradually. In practical applications, the distribution of the in situ stress should be fully considered to improve the efficiency of rock breaking by high-voltage pulses. Thus, less electric energies are possibly consumed when breaking rock with the same volume.






6. Conclusions


The electrical breakdown tests of sandstone under different directions and levels of static pressure were conducted. Then, image recognition technique was used to explore the influences of static pressure on the failure modes and degree of fracturing of cracks in sandstone under PHVD. The following conclusions were drawn:




	(1)

	
In the absence of static pressure, red sandstone, after breakdown, forms a discharge channel and the macroscopic cracks around the discharge channel are radially distributed. Microscopic analysis indicates that the grains around the discharge channel are shown to be in a burning state under the effect of high temperature, and radial crack zones demonstrate intergranular fracture, transgranular fracture, and destroy of cements under the action of the shock wave.




	(2)

	
The direction of static pressure has a significant effect on the distribution of cracks in sandstone under the effect of PHVD. When the applied static pressure is normal to the discharge channel, the cracks concentrate on the tensile stress zone around the discharge channel and tend to propagate along the direction of the applied static pressure. Cracks are difficult to initiate and propagate in the zone of compressive stress concentration. When the applied static pressure is parallel to the discharge channel, it can induce uniformly distributed tensile strains, and the cracks present a radial distribution, which matches the case without an applied static pressure.




	(3)

	
The degree of fracturing of sandstone under the effect of PHVD can be influenced by the level of static pressure. When a low static pressure (5 and 10 MPa) is applied normally to the discharge channel, the total length and fractal dimension of cracks are less than that in specimens under no static pressure, which is detrimental to the fracture of sandstone. However, a high static pressure (15 and 20 MPa) can increase the total length and fractal dimension of cracks and promote fracturing of the sandstone. When static pressure is applied parallel to the discharge channel, the crack length and fractal dimension increase with increasing static pressure.









In this research, the effects of uniaxial static pressures on the fracture behaviors of sandstone specimen subjected to PHVD are analyzed, however, the biaxial static loading conditions should be further considered. In addition, it is necessary to simulate the dynamic fracture process of rock by phase field approach in the future.
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Figure 1. The experimental system: (a) The static pressure loading device; (b) The PHVD device; (c) The oscilloscope. 
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Figure 2. Workflow of the PHVD device. 
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Figure 3. The specimen and electrodes: (a) Sandstone specimen; (b) Electrodes; (c) The layout of electrodes in the specimen. 
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Figure 4. The coordinate system and static pressure loading mode: (a) Loading along the y-direction; (b) Loading along the z-direction. 
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Figure 5. Current waveform of rock fracturing by PHVD. 
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Figure 6. Specimen cutting diagram. 
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Figure 7. Identification of crack images. 
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Figure 8. Comparison between CT scanned results and the result obtained using CFS technique: (a) CT scanned image; (b) Fluorescent stained image. 






Figure 8. Comparison between CT scanned results and the result obtained using CFS technique: (a) CT scanned image; (b) Fluorescent stained image.



[image: Minerals 13 00337 g008]







[image: Minerals 13 00337 g009 550] 





Figure 9. Positions for SEM analysis in sandstone after electric breakdown. 
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Figure 10. Microscopic characteristics of different fracture positions in sandstone after electric breakdown: (a) Point A; (b) Point B; (c) Point C; (d) Point D. 
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Figure 11. The distribution of circumferential stress around the discharge channel under the static loading applied in Group I. 
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Figure 12. The circumferential strain distribution around the discharge channel under the static loading mode in Group II. 
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Figure 13. The crack distribution in specimen S0. 
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Figure 14. Crack distributions (Group I). 
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Figure 15. Crack distribution (Group II). 
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Figure 16. The fractal dimension calculation of the sandstone crack network: (a) Group I; (b) Group II. 
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Figure 17. The change of fractal dimension with static pressure: (a) Group I; (b) Group II. 
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Figure 18. The relationship between the crack length and static pressure: (a) Group I; (b) Group II. 
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