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Abstract

:

The economic exploitation of unconventional gas and oil in deep shale relies closely on effective hydraulic fracturing stimulations. However, the fracturing operations of deep shale reservoirs face challenges of insufficient fracture growth and a rapid decline in productivity due to the increasing in situ stress level. In addition, the shale strata on the margin of the Sichuan Basin are frequently folded and faulted, and the change in bedding inclinations significantly complicates the process of hydraulic fracturing. The investigation of the combined effect of the in situ stress level and bedding anisotropy on the hydraulic fracture configuration is vital for fracturing engineering design. To analyze this, we conducted hydraulic fracturing tests on shale cores to simulate the hydraulic fracture initiation and growth from a horizontally positioned perforation. By using acoustic emission detection and CT scans, the influence of natural stress levels and the angle of the shale’s bedding on the process of hydraulic fracturing in shale and the resulting fracture geometry were analyzed. The results showed that the area of hydraulic fracture under a higher stress level (σ1 = 50 MPa, σ3 = 40 MPa) was about 13%~23% smaller than that created under the lower stress level (σ1 = 30 MPa, σ3 = 20 MPa) when the bedding angle was smaller than 60°. With the increase in bedding angle, the curves of the fracture area and fracture network index under two different stress levels presented similar decreasing trends. Also, the time from micro-crack generation to sample breakdown was significantly reduced when the bedding orientation changed from the horizontal to vertical position. The increasing stress level significantly increased the breakdown pressure. In particular, the fracturing of shale samples with bedding angles of 0° and 30° required a higher fluid pressure and released more energy than samples with larger bedding inclinations. Additionally, the measurement of the sample radial deformation indicated that the hydraulic fracture opening extent was reduced by about 46%~81% with the increasing stress level.
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1. Introduction


The renewed interest in exploiting shale oil and gas resources requires an in-depth understanding of hydraulic fracture growth in shale rocks. However, given the structural complexity of shale formation, considerable challenges remain in understanding the hydraulic fracturing process [1,2,3,4]. The creation of vertical hydraulic fractures from a horizontal wellbore is vital for increasing the effective drainage area and enhancing oil productivity. Although hydraulic fracturing technology has been successfully used in reservoir stimulations, this approach might lead to undesirable outcomes in deep-buried formations with high structural complexity, such as those in the Sichuan Basin in South China [5]. The shale strata on the margin of the Sichuan Basin are frequently folded and faulted [3,4], and the varied bedding inclinations significantly influence the hydraulic fracture propagation [6,7]. Moreover, the fracturing operations of deep shale reservoirs face challenges of insufficient fracture growth and a rapid decline in productivity due to the increasing in situ stress level [1,2]. Therefore, it is vital to investigate the effect of the bedding inclination and in situ stress level on the hydraulic fracturing of shale.



Microseismic monitoring is becoming increasingly crucial in delineating the hydraulic fracture propagation in deep shale reservoirs [8]. Several interpretational models, such as tensile fracture creation and bedding plane slip, have been established to characterize the relationship between microseismicity and hydraulic fracture configurations [9,10]. The microseismic data of the hydraulic fracturing of Woodford shales demonstrated that the vertical growth of the hydraulic fracture could cause bedding plane slippage [10]. The distribution of microseismic events demonstrated that the hydraulic fracture initiation and growth were obstructed in intervals with higher in situ stress concentrations [11]. Chen et al. [5] investigated the spatiotemporal evolution of microseismicity of a horizontal well in the Sichuan Basin, and they found that hydraulic fracturing is significantly influenced by weak interfaces (natural fractures and faults). Ma and Zoback [12] analyzed the effect of in situ stress and preexisting faults on the effectiveness of hydraulic fracturing based on microseismic events, and the results demonstrated that the increase in stress level and natural fractures inhibited the ability of fracturing operations to stimulate production. The acoustic emission method is also used in analyzing shale hydraulic fracturing since millimeter-scale fractures and meter-scale faults hold highly similar physical processes of seismic activities [13]. Also, the acoustic emission energy derived from the integral of the voltage signal over the duration of acoustic emission waveform is widely used to reflect the fracture initiation and propagation [14,15,16,17]. Gehne et al. [7] analyzed the seismic response of hydraulic fracture propagation in anisotropic shale, and they demonstrated that a hydraulic fracture crossing the bedding required a higher fluid pressure and generated more acoustic emission activities than splitting the bedding. Guo et al. [18] monitored the hydraulic fracturing process of shale blocks, and the results revealed that the onset of acoustic emission activities could provide a good proxy for hydraulic fracture initiation and propagation. These studies focus on the effect of structural interfaces on seismic behavior and hydraulic fracture propagation in anisotropic shales.



Laboratory fracturing tests are essential to reveal the hydraulic fracture geometry in anisotropic shales. The stress condition and rock interfaces play a significant role in affecting the rock strength and fracture evolution [19,20,21,22,23,24,25]. The hydraulic fracture typically crosses or deviates when intersecting the preexisting interface [26]. The intersection between a hydraulic fracture and the intrinsic structural interface is of great significance for creating hydraulic fracture networks [27,28,29,30,31,32,33]. Engineering practices demonstrate that the ultimate production of a horizontal wellbore is closely related to the volume of hydraulic fracture networks [28,29,30]. To better understand the effect of in situ stresses on hydraulic fracture geometry, previous researchers conducted true triaxial fracturing tests in shale blocks [26,31,32]. Heng et al. [26] investigated the characteristics of nonplanar hydraulic fracture propagation in shale, and they suggested that the deviation and branching of hydraulic fractures were significant for the creation of complex fracture networks. Tan et al. [31] provided critical insight into hydraulic fracture vertical propagation in shale, and the results showed that the growth of a vertical hydraulic fracture required an appropriate vertical stress difference. Zhang et al. [32] studied the factors of horizontal stress difference, injection rate, and fluid viscosity on hydraulic fracture propagation in shale, and the results suggested that higher stress difference and fracturing energy could reduce the hydraulic fracture complexity. The previous studies systematically analyzed the influence of stress difference, fluid injection rate, and viscosity on the creation of hydraulic fracture networks. However, the understanding of the combined effect of the bedding inclination and in situ stress level on the hydraulic fracture geometry and fracturing process still needs to be investigated. Exploiting deep shale gas and oil resources in areas of structural complexity necessitates an in-depth understanding of hydraulic fracture growth under different in situ stress conditions and bedding inclinations [1]. The in situ stress level increases with the increased buried depth, significantly increasing the hydraulic fracture initiation pressure [6]. Therefore, the investigation of the fluid injection pressure behavior, acoustic emission activity, and hydraulic fracture geometry under different stress levels and bedding inclinations is significant for the hydraulic fracturing design in shale reservoirs.



This paper is organized as follows. First, we prepared shale cores with six different bedding angles and drilled a horizontal borehole in the middle section of the sample. Then, a series of hydraulic fracturing tests were conducted in the shale cores to simulate hydraulic fracture initiation and growth from a horizontal perforation. Acoustic emission sensors and radial extensometer were used to monitor the acoustic emission activity and sample deformation during hydraulic fracturing. After tests, the fractured shale samples were scanned using an industrial X-ray CT scanner to obtain the geometrical parameters of induced fractures. The inhibiting effect of increasing the stress level on hydraulic fracture vertical propagation was investigated. By combining the fluid injection pressure curves and acoustic emission energy, the anisotropic fracturing process of shale samples was comparatively analyzed.




2. Materials and Methods


2.1. Shale Sample Preparation


The Longmaxi shale is one of the major shale gas strata in the Sichuan Basin in South China. Core samples with a diameter of 100 mm and a height of 200 mm were drilled from the outcrop near the Jiaoshiba area with different bedding angles (0°, 30°, 45°, 60°, 75°, 90°). A horizontal borehole with a diameter of 10 mm and a length of 50 mm was drilled along the bedding strike in the shale core, as shown in Figure 1a. Then, a steel tube was inserted into the horizontal borehole to simulate the casing. An open hole with a length of 10 mm was left to initiate a hydraulic fracture. The interspace between the borehole and steel tube was filled with resin adhesive.



The mineral composition of the tested shale sample is dominated by brittle minerals, such as quartz, feldspar, pyrite, and dolomite [20]. According to the uniaxial compression and Brazilian splitting tests, the shale sample showed significant mechanical anisotropy due to weak bedding interfaces [20]. During hydraulic fracturing, the interaction of a hydraulic fracture with weak bedding interfaces is critical for hydraulic fracture propagation. Therefore, in our experiment, the hydraulic fracture initiation from a horizontal perforation and intersecting with the bedding interface at different angles was monitored using acoustic emission sensors and extensometers, as shown in Figure 1b. The acoustic emission sensors (R 100 D) have an operating frequency range of 150~400 kHz and a resonant frequency of 300 kHz. To avoid environmental acoustic noise, the sensor is covered with stainless steel. The end of the sensor has a curved surface, which can be suitably adhered to the sample surface. A PCI-2 acoustic emission detecting system developed by the Physical Acoustic Corporation is employed to monitor the hydraulic fracturing process. The peak definition time, hit definition time and hit lockout time are set as 500 μs, 1500 μs, and 2000 μs, respectively. The longitudinal wave velocity was set to 3700 m/s in the acoustic emission monitoring tests. The radial extensometer has a measurement accuracy of 0.2 μm, which could record the sample dilation during fracture initiation and opening.




2.2. Experimental Setup


The experimental apparatus consists of a triaxial stress loading system, a hydraulic pressure pump, and an acoustic emission detecting system, as shown in Figure 2. The maximum axial loading and confining pressure were 2000 kN and 60 MPa. A hydraulic pump with a maximum injection pressure of 90 MPa was used to fracture shale samples.



Twelve groups of shale fracturing tests were conducted to investigate the effect of bedding anisotropy and stress level on hydraulic fracture propagation in shale. The detailed experimental scheme is shown in Table 1.



The procedures for shale hydraulic fracturing tests are as follows: (1) The shale sample is coated by a rubber tube to isolate the sample from hydraulic oil. (2) Eight acoustic emission sensors and extensometers were adhered to the shale sample surface. (3) The shale sample is placed into the triaxial loading cell, and a steel tube is used to link the casing with the base of the loading cell. (4) Axial stress and confining pressure are applied to the sample until the design value is reached. (5) Fluid is injected at a constant rate of 30 mL/min into the shale sample until the breakdown occurs. The acoustic emission monitoring and deformation measurement are conducted simultaneously. (6) The fractured samples are scanned using an industrial X-ray CT device to obtain the internal fractures. It should be noted that the triaxial loading system and CT apparatus were developed by the Institute of Geology and Geophysics, Chinese Academy of Sciences. The voltage of the X-ray source is 450 KeV, and the spatial resolution of the scanning is about 0.129 mm.





3. Results and Discussion


3.1. Characteristics of Hydraulic Fracture Geometry


The induced hydraulic fracture in shale samples under a lower in situ stress level is shown in Figure 3. It revealed that the bedding angles of the shale significantly affected the hydraulic fracture geometry.



For sample #1, with bedding orientated normal to the axial stress, the vertical growth of the hydraulic fracture was retarded and deflected by weak bedding interfaces. The reconstructed three-dimensional fracture based on CT images showed that the hydraulic fracture pathway was tortuous. When the bedding inclination increased to 30°, a similar deviation was observed when the hydraulic fracture crossed the weak interfaces. In this case, the fracture path became more planar compared with that of sample #1. The hydraulic fracture propagation showed analogous characteristics for samples #3 and #4, which showed a vertical fracture stopped by the bedding interface. With the further increase in bedding inclination, a planar hydraulic fracture initiated along the borehole and propagated towards the axial stress direction (samples #5 and #6).



Figure 4 presents the hydraulic fracture growth in shale samples under a higher stress level. It suggested that the stress level and bedding angle significantly influenced the geometry of the hydraulic fracture. The hydraulic fracture height of shale samples #7, #8, and #9 was smaller than that of samples #1, #2, and #3. The weak bedding interface stopped the downward growth of the hydraulic fracture. When the bedding inclination exceeded 60°, the hydraulic fracture mainly propagated along the bedding orientation. The detailed spatial fracture geometry is shown in Figure 4b. The vertical growth of the induced fracture was mainly on one side of the shale sample when the bedding inclination was smaller than 60°. Fisher and Warpinski [33] reported a field scale study of hydraulic fracture vertical growth, and the results demonstrated that weak interfaces confined the hydraulic fracture height, and the fracture vertical extension was asymmetric. This observed fracture behavior is consistent with our experimental results, especially for shale samples with small bedding inclinations. The above analysis indicated that the increased stress level was adverse for the hydraulic fracture vertical propagation. Once the weak bedding interface obstructed the hydraulic fracture, it favored the growth of one wing and led to nonsymmetric growth of the hydraulic fracture.




3.2. Quantitatively Analysis of Hydraulic Fracture Networks


The fracture area of tested shale samples was calculated based on CT scanning and reconstruction to evaluate the effect of the stress level and bedding inclination on hydraulic fracture geometry, as shown in Figure 5. It illustrated that bedding orientations and external stress conditions significantly influenced the hydraulic fracture area.



For shale fracturing under a higher stress level and a smaller bedding inclination, the induced fracture area was significantly smaller than that created under a lower stress level. In particular, the shale sample with a bedding inclination of 0° had the largest fracture area. With the increase in bedding inclination, the fracture area gradually decreased. The activation of weak bedding interfaces by vertical hydraulic fracture is critical for the increase in stimulated reservoir area. Zheng et al. [34] investigated the effect of confining pressure on hydraulic fracture branching in tight sandstone, and the results showed that the branch fracture volume under a lower confining pressure and injection rate was more prominent than that produced in samples under a high confining pressure. They also pointed out that increasing the injection rate could counteract the restraint of high confining pressure on hydraulic fracture branching. From this perspective, the fracturing of deep-buried shale reservoirs should increase the fluid injection rate to alleviate the restraint of a high-stress level on hydraulic fracture growth.



Understanding the relationship between hydraulic fracture spatial configuration, in situ stress level, and bedding inclination is critical to shale fracturing. A quantitative method is employed to characterize the hydraulic fracture network index [20]. Three dominating factors, including fracture density, spatial fracture homogeneity, and branching degree, are adopted to obtain a normalized parameter reflecting the hydraulic fracture network index based on the analytic hierarchy process method. The production rate is generally believed to have a positive relationship with the induced hydraulic fracture number [35]. Also, creating a hydraulic fracture network is more favorable than planar fractures. Therefore, the weight value of the fracture density, spatial homogeneity, and branching degree are 0.58, 0.31, and 0.11, respectively [20].



Specifically, the fracture density is the normalized ratio of the hydraulic fracture area to the sample volume defined as


   I f  =   D −  D  m i n      D  m a x   −  D  m i n      



(1)




where     D = A / V   measures the fracture area per unit volume,  A  and  V  denote the fracture area and the sample volume, respectively. The spatial fracture homogeneity measures the hydraulic fracture growth in different orientations. As shown in Figure 6a, the hydraulic fracture networks are divided into multiple small fractures,    θ i    measures the intersection angle between the normal vector of a given fracture and the z-axis, and    β i    measures the intersection angle between the projected normal vector on the x-y plane and the x-axis. The direction matrix of a hydraulic fracture network is defined as


  γ =      sin  θ i  cos  β i        sin  θ i  sin  β i        cos  θ i      T   



(2)







The hydraulic fracture orientation with respect to the three axes is calculated as


    λ 1  =   ∑   i = 1  n     S i   S    sin  2   θ i    cos  2   β i    ,    λ 2  =   ∑   i = 1  n     S i   S    sin  2   θ i    sin  2   β i    ,    λ 3  =   ∑   i = 1  n     S i   S    cos  2   θ i   ,    








where     λ 1  +  λ 2  +  λ 3  = 1  . Then, the spatial fracture homogeneity can be written as


   H f  = 1 −        λ  m a x   −  1 3     2  + 2      λ  m i d   −  1 3     2  + 3      λ  m i n   −  1 3     2     



(3)







The branching degree measures the intersection of hydraulic fractures, which is defined as


     B f  =   b −  b  m i n      b  m a x   −  b  m i n      



(4)




where   b =  c i  / l  ,    c i    is the intersection length of fractures and  l  is the height of the sample.



The hydraulic fracture network index is written as


   I  H F N   = 0.58  I f  + 0.31  H f  + 0.11  B f   



(5)







Figure 6b plots the hydraulic fracture network index curves under different stress levels and bedding inclinations. It revealed that the increase in stress level caused a reduction in the fracture network index. Shale gas exploitation in deep reservoirs always faced problems of insufficient fracturing, low fracture conductivity, and rapid decline in production [2]. The hydraulic fracture geometry for a shale gas reservoir with a larger buried depth is quite different from that of a smaller depth [2]. We found that the obstructed vertical growth of hydraulic fractures under a higher stress level could decrease the fracture complexity. Moreover, the increasing bedding inclination was also disadvantageous to the creation of fracture networks. The curves of the hydraulic fracture network index under two different stress conditions showed similar behaviors of a linear decrease with an increase in bedding inclination.




3.3. Fluid Pressure Curves and Acoustic Emission Activity


Integration fluid injection pressure curves and acoustic emission activities have proven useful in revealing the hydraulic fracture initiation and propagation [7,16]. To investigate the effect of bedding inclination on hydraulic fracturing of shale, we divided the fluid pressure curves into three stages: (1) micro-crack generation, denoted by a slight increase in acoustic emission energy; (2) hydraulic fracture initiation, where fluid pressure decay is accompanied by rising acoustic emission energy; and (3) unstable fracture propagation and breakdown, where the fluid pressure instantly decreases to the level of the confining pressure.



Figure 7 presents the fluid pressure curves and acoustic emission activities during hydraulic fracturing of shale samples with different bedding inclinations. For sample #7, minor acoustic emission energy emerged when the injection pressure reached 55 MPa, suggesting the onset of micro-cracks. Then, the hydraulic fracture was initiated when the fluid pressure linearly increased to 79.3 MPa, accompanied by a significant increase in the acoustic emission energy (Figure 7a). Afterward, the pressure curve continued to increase until unstable fracture propagation and physical breakdown occurred at 81.5 MPa, indicated by an instantaneous decay of fluid pressure and peak acoustic emission activity. The hydraulic fracturing process of sample #7 showed progressive failure characteristics, and the time from micro-crack generation to physical breakdown was about 61 s.



The feature of the fluid pressure curve changed when the bedding inclination increased to 30° (Figure 7b). An initial increase in the acoustic emission energy was recorded when the injection pressure exceeded 62.5 MPa, suggesting the onset of micro-cracks. The pressure curve gradually deviated from linear growth with a reduced gradient. When the injection pressure increased to 74.6 MPa, the hydraulic fracture propagated instantly, resulting in physical breakdown and a surge in acoustic emission energy. After that, the pressure curve decreased and balanced with the confining pressure. Compared with sample #7, the process from subcritical crack initiation to sample breakdown was about 59 s.



The further increase in bedding inclination would shorten the hydraulic fracture development process. For shale sample #9, micro-cracks began to form under a fluid pressure of 59.7 MPa. Then, the pressure curve grew until unstable fracture propagation and breakdown occurred at 68.4 MPa. The total time for hydraulic fracture creation was about 32 s, significantly faster than for samples #7 and #8. The fracturing curves and acoustic emission activities of samples #10, #11, and #12 were relatively simple, without an apparent energy release in the micro-crack generation stage. Once the hydraulic fracture was initiated, it rapidly propagated through the sample, leading to a physical breakdown. The hydraulic fracture propagating along the inherent bedding interface that orientated towards the axial stress was significantly faster. Gehne et al. [7] pointed out that the hydraulic fracture crossing many bedding interfaces presented a longer fracturing process and generated a more complex acoustic emission response than the bedding splitting mode, consistent with our observations. The above analysis suggested that the angle of structural planes significantly influenced the hydraulic fracture development in shale. Bedding fractures, shear fractures, tension fractures, and faults with varied inclinations are typically developed in the southeastern areas of the Sichuan Basin [4]. Practical fracturing engineering should consider structural interfaces’ effect on the hydraulic fracture propagation to avoid excessive fracture height growth along the steep dipping interfaces [5].




3.4. Comparison of Breakdown Pressure and Acoustic Emission Energy


The breakdown pressure is one of the critical parameters for shale fracturing design, such as the determination of the minimum horizontal principal stress and the maximum injection pressure [36,37]. Figure 8a presents the breakdown pressure of shale samples under different in situ stress conditions and bedding inclinations. It was observed that the breakdown pressure curve showed a first decrease and then an increase with increasing bedding inclination. In particular, the shale sample with a bedding inclination of 0° and 60° had the maximum and the minimum breakdown pressure, respectively. The increasing stress level significantly increased the breakdown pressure. The breakdown pressure of samples #7~#12 increased by 69%~89% compared with samples #1~#6. With the increase in stress level, the circumferential stress around the borehole wall typically increased, resulting in the elevation of fracture initiation and breakdown pressure [23,34,38].



Figure 8b shows the total acoustic emission energy curves under different in situ stress conditions and bedding inclinations. The hydraulic fracturing of the shale sample with bedding orientated to the axial stress released the maximum acoustic emission energy. The energy curves significantly decreased when the bedding inclination increased from 0° to 45°. With a further increase in bedding inclination, the energy curves remained low. Moreover, the acoustic emission energy changes were essentially consistent with the hydraulic fracture area, suggesting that the total acoustic emission energy could be used as a proxy for evaluating hydraulic fracture creation.




3.5. Analysis of Sample Deformation during Hydraulic Fracturing


The sample deformation during the fracturing process was analyzed to reveal the influence of the stress level on shale hydraulic fracturing. The radial deformation could illustrate the hydraulic fracture initiation, propagation, and closure process [38]. As shown in Figure 9a, the initiation of a hydraulic fracture would cause a rapid increase in radial deformation. When the induced fracture propagated and penetrated the shale sample, the fluid pressure significantly decreased and balanced with the confining pressure, leading to a reduction in the fracture width. Therefore, the maximum value of radial deformation could reflect a hydraulic fracture opening extent.



Figure 9b presents the curves of the maximum radial deformation of shale samples under different stress conditions and bedding inclinations. The results suggested that the radial deformation ranged from 130 to 194 μm under a confining pressure of 20 MPa. However, when the confining pressure increased to 40 MPa, the radial deformation significantly decreased to 24~79 μm. Zheng et al. [34] conducted hydraulic fracturing tests using in situ micro X-ray devices, and the results also suggested that the average fracture aperture decreased with increasing confining pressure. A decreased fracture opening width would increase the fluid flow resistance, resulting in increased fracturing treatment pressure [36]. The reduction of the fracture opening width would add difficulty to the proppant injection and migration [39], which could lead to low fracture conductivity and a rapid decline in productivity [2]. Measures could be taken to improve the power rate of the fracturing vehicles since the fracture width and height depend closely on the fluid injection rate [2,35]. Additionally, small-sized proppants might be selected in the fracturing operations of deep shale gas reservoirs to alleviate the problems of the reduced fracture opening width under higher stress levels [3].



We have merely investigated the effect of the stress level and bedding angle on hydraulic fracture geometry, breakdown pressure curves, and acoustic emission activities. Shale hydraulic fracturing is a complex process, and the understanding of hydraulic fracture vertical propagation and the activation mechanism of natural fractures still needs to be analyzed. Future work should focus on the evolution process of a field-scale hydraulic fracture network by conducting numerical simulations.





4. Conclusions


The creation of a hydraulic fracture network is vital for the exploitation of deep-buried shale gas and oil resources. This study investigated the hydraulic fracture initiation and growth from a horizontal borehole in shale under different in situ stress conditions and bedding inclinations. The induced fracture geometry was quantitatively evaluated using CT scans and three-dimensional reconstructions. Acoustic emission activities and sample deformation were monitored during the hydraulic fracturing process. The main conclusions are summarized below.



	(1)

	
The increase in the in situ stress level and bedding inclination significantly decreased the hydraulic fracture area and fracture network index. The hydraulic fracture area under a higher stress level (σ1 = 50 MPa, σ3 = 40 MPa) was about 13%~23% smaller than that created under the lower stress level (σ1 = 30 MPa, σ3 = 20 MPa) when the bedding angle was smaller than 60°. Smaller stress levels (σ1 = 30MPa, σ3 = 20 MPa) and bedding inclinations (α = 0°, 30°) were favorable for creating complex fractures.




	(2)

	
The bedding orientation significantly influenced the hydraulic fracture initiation and propagation process. For the shale sample with bedding planes normal to the maximum principal stress (σ1), the time from micro-crack generation to physical breakdown was about 61 s. When the bedding orientation changed from the horizontal to the vertical position, the fracture process was comparatively accelerated. The increasing stress level significantly increased the breakdown pressure. In particular, the fracturing of shale samples with bedding angles of 0° and 30° required higher fluid pressure and released more energy than samples with larger bedding inclinations.




	(3)

	
The maximum radial deformation of the shale sample decreased by about 46%~81% when the confining pressure increased from 20 MPa to 40 MPa, suggesting the reduction of the hydraulic fracture opening extent under a higher in situ stress level.
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Figure 1. (a) Schematic diagram of hydraulic fracturing through a horizontal borehole, (b) real photo of tested shale sample. 
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Figure 2. Photos of the triaxial hydraulic fracturing system. (a) Schematic diagram of triaxial loading system, (b) hydraulic fracturing pump, (c) acoustic emission monitoring system. 
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Figure 3. Hydraulic fracture propagation in shale core samples under a lower stress level. (a) Fracture pathway observed on sample surface, (b) spatial fracture geometry reconstructed based on CT images. 
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Figure 4. Hydraulic fracture propagation in shale core samples under a higher stress level. (a) Fracture pathway observed on sample surface, (b) spatial fracture geometry reconstructed based on CT images. 
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Figure 5. Hydraulic fracture area under different bedding inclinations and stress levels. 
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Figure 6. (a) Geometric parameters of hydraulic fractures, (b) Hydraulic fracture network index under different bedding inclinations and stress levels. 
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Figure 7. Fluid injection pressure curves and acoustic emission energy evolution for shale samples with different bedding inclinations, (a) sample #7, α = 0°, (b) sample #8, α = 30°, (c) sample #9, α = 45°, (d) sample #10, α = 60°, (e) sample #11, α = 75°, (f) sample #12, α = 90°. 
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Figure 8. (a) Curves of breakdown pressure of shale samples under different in situ stress conditions and bedding inclinations, (b) curves of acoustic emission energy of shale samples under different in situ stress conditions and bedding inclinations. 






Figure 8. (a) Curves of breakdown pressure of shale samples under different in situ stress conditions and bedding inclinations, (b) curves of acoustic emission energy of shale samples under different in situ stress conditions and bedding inclinations.



[image: Energies 16 07270 g008]







[image: Energies 16 07270 g009] 





Figure 9. (a) Schematic diagram of different stages of hydraulic fracturing indicated by different background color, (b) maximum value of radial deformation for shale samples under different bedding inclinations and stress levels. 
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Table 1. Experimental scheme of triaxial hydraulic fracturing tests of shale samples.
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	Sample Number
	Bedding Inclination

(°)
	Confining Pressure

(MPa)
	Axial Stress

(MPa)
	Stress Difference

(MPa)
	Injection Rate

(mL/min)
	Fluid Viscosity

(mPa·s)





	#1
	0
	20
	30
	10
	30
	1



	#2
	30
	20
	30
	10
	30
	1



	#3
	45
	20
	30
	10
	30
	1



	#4
	60
	20
	30
	10
	30
	1



	#5
	75
	20
	30
	10
	30
	1



	#6
	90
	20
	30
	10
	30
	1



	#7
	0
	40
	50
	10
	30
	1



	#8
	30
	40
	50
	10
	30
	1



	#9
	45
	40
	50
	10
	30
	1



	#10
	60
	40
	50
	10
	30
	1



	#11
	75
	40
	50
	10
	30
	1



	#12
	90
	40
	50
	10
	30
	1







Shale samples #1~#6 were subjected to a lower stress level, and samples #7~#12 were subjected to a higher one. The hydraulic fracture geometrical parameters, fluid injection pressure curves, acoustic emission activities, and sample radial deformation of shale samples under different conditions were comparatively analyzed.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  energies-16-07270


  
    		
      energies-16-07270
    


  




  





media/file8.jpg
90,000

80,000

Fracture area(mm?)

70,000

60,000

50,000

40,000

T

T

} I— o, = 20 MPa, 6,=30MPa.
—e— 0, =40 MPa, 5,=50MPa

e

NN

o ey

15

30 45 60 75 90
Bedding plane inclination (°)





media/file11.png
—
=2
e
[a—
=
|

—o— o, =40 MPa, o, =50MPa
A7 v —&— g, =20 MPa, 5,=30MPa
Fracture 3 0.8 |
element 4 £
=
|:> 4
£ 0.6
| P ] N —
—_— I =
ni : L
" St
. =
: S 04
: &
0, | =
- I =
: z
i N % 0.2
|
B, X Y
X 0'0 1 ! 1 1 1 N 1 N | X | X |

0 15 30 45 60 75 90
Bedding plane inclination (°)





media/file6.jpg
..,.‘

® _#7,a=0° 8. a-30 #9.a-45"_ #10.a=60° 5°#12,a=00°






media/file18.png





media/file1.png
/
’ /
r !
’ / /
/ /
-~ "
-
- = %
- - -
- ” - 7,
‘ & - -
» - - «
- & -
- > > 4
- - -
- - -
f’ /’ f’ ’
> s -
a’ 4’ /' A
- > P ’
> - Sn >
- N
- - ’ s ——t
0‘)"0; . r; - - OH 0",
-~ - - I - -
” . i -
= o” l,' s,
- -
mp | . .- | <fum
- ’,' ' ¥
-
- - -
- - - \
-
’a’ ’a' s
-
- - -
s _e 4 Borehole
-
" ’I ’I
-
P ," Py
- o X
- - 4
pe” " a® <" | <mm
- . o .
- - s
. -
-
" o -
-~

"L Bedding
inclination

200

o - -

o - - - -

o - e e o

45 Lol 45
T
100

(unit:mm)

(b)

SCNSors

Glue Fluid
injection






media/file13.png
(Sw. A ur) ATI2UD UOISSIWD JSNOIY

=
=] = = .
= = = .
z a =3 =] =1
— — & r= i (=1
r T T T T 4
) "

O

Sample #8

1
300

Time(s)

1
200

L 1 =
= =] = = = = =] = L=
o0 r~ o Wy = ol (ot ] —
P (edn) 2mssaxd uonaalur pmjq
=
S
(Sur. A ) AT12U2 UOISSIWD 1SN0y
§ & & g s
=) = =]
=1 =3 =1 = = M
o0 vy o~ = ] =1
-— — — =3 w o Om
I I I ! I ! I I et
|
—_—
v
"
1
E
T
L i 1 | 1 i 1 i | 1 i 1 i | =
F ® = ® @ F & & = =
—_ (ed ) 2unssaud vonoalur pingy
2

(Sw. Aur) ATI2UD UOISSIWD JNISNODY

=
S g z = S
= = =1 = =
— o b= < -l Um
I 1 I I | v
2 E
=
1%
le
1<
Lar]
=
-1 <=
1
<=
H-
— o
=¥ =
<
78}
L 1 1 M | : 1 M | 1 =
= = = = = = = =
-~ o wy -+ (aa] o4 —
J (ed) 2nssaxd uondalur pmyg
=
o
(. A ) £312U2 UOISSIWD DNSNOIY
- _ ; 1581 I
= g = g
= e, = <
(] % = =
— 3 O Lag’ = =
] I 1 I m
—
i
48
=
=
- =
ol
f=n}
+* =
= 1=
£
2
v
1 | 1 1 1 =

= = = = = =

6l -

W =T Gl | [ —
AmmEqummuazoﬁuo?_E:E

Time(s)

(Sui. Aw) ATI2U2 UOISSIWD J1ISNOIY
= =