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Hydraulic fracturing is widely implemented in the exploration of marine shale gas. Affected by various geological and engineering factors, gas production after stimulation is not always satisfactory. To reveal the influential effect of multiple factors, laboratory hydraulic fracturing experiments are performed on Longmaxi marine shales by considering key parameters (deviatoric stress, confining pressure, pumping rate, fracturing fluid type, and bedding angle). The variation of breakdown pressures and the characteristics of hydraulic fractures are recorded and analyzed. The results show that the breakdown pressure increases with increasing deviatoric stress, confining pressure, pumping rate, and viscosity of the fracturing fluid. As the bedding angle varies from 0° to 90°, the breakdown pressure declines first and increases again. Furthermore, parameter sensitivity analysis indicates that geological factors (confining pressure, bedding angle, and deviatoric stress) would largely determine the breakdown pressure, while engineering factors (pumping rate, fracturing fluid type) could only affect it to a lesser extent. Computed tomography measurements show that natural fractures, originating from tectonic shear failure, could possess greater width than tension-dominated hydraulic and bedding fractures. Statistical analysis shows that the length of the hydraulic fractures alone is only approximately 150 mm. However, the fully activated natural and/or bedding fractures could help substantially increase the total fracture length to 600 mm. Low deviatoric stress, low confining pressure, low viscous slick-water, and high bedding angle are conducive to activating natural and bedding fractures and forming a complex fracture network. The aforementioned findings are valuable for the optimal design of field hydraulic fracturing.
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1 INTRODUCTION
Organic-rich shales are important hydrocarbon-bearing source rocks and thus are targets for shale oil and gas exploration worldwide. In China, the geological resources of shale gas are estimated to be approximately 110×1012 m3, with recoverable gas reserves of ca. 20×1012 m3 (Zou et al., 2019). According to the sedimentary environment, organic-matter-rich shales can be further divided into three types: marine, transitional, and lacustrine shales. Shales of marine origin, with a ca. total of 9×1012 m3 of recoverable resources is the most promising type to make a breakthrough. After 10 years of exploration and practice in the marine shales of the Wufeng–Longmaxi Formation, China, has become one of the few countries achieving industrial shale gas exploitation (Ma et al., 2018). By the end of 2020, the annual production of shale gas exceeded 200×108 m3 (Zhang et al., 2021).
In view of the fact that the porosity and permeability of shale reservoirs are extremely low, hydraulic fracturing is an effective technology to achieve commercial development (Zou et al., 2017). Ideally, hydraulic fractures initiate from the borehole at an acceptable breakdown pressure and propagate into the reservoir, fully activating natural fractures and bedding and forming a complex fracture network (Xu et al., 2018). The fracturing effects are controlled by various factors, which can be roughly divided into geological and engineering categories. In-situ stress, the development of natural fractures, and the bedding structure are major geological factors closely related to hydraulic fracturing. The pumping procedure and fracturing fluid type are key engineering factors that can be controlled to regulate hydraulic fracture propagation.
To reveal the influence of various factors on the initiation and propagation of hydraulic fractures in marine shales, former researchers performed laboratory hydraulic fracturing tests. In the work of Tan et al. (2017), the vertical propagation behavior of hydraulic fractures in laminated shale formations was investigated. In situ stress, injection rate, and fluid viscosity were included in the experimental design. Hou et al. (2019) proposed a novel alternating fluid injection method with guar fluid and slick water to form a large, complex fracture network. In addition, Hou et al. (2018) also focused on the condition of a high horizontal stress difference in deep shale formations. Zhang et al. (2019) and Cai et al. (2020) both discussed the anisotropic effects of shale on fracturing. In the aspect of fracture morphology analysis, an optical scanner was used to reconstruct the rough fracture surface at the macroscale (Song et al., 2019; Yang et al., 2022), while scanning electron microscopy (SEM) was applied to observe hydraulic fractures at the local microscale (He et al., 2020). Computed tomography (CT) scanning is another powerful tool for 3-D hydraulic fracture characterization (Guo et al., 2014; Zhang et al., 2017; Li et al., 2019). Referring to the concept of “Stimulated Reservoir Volume” (SRV) (Fisher et al., 2004; Mayerhofer et al., 2010), “Stimulated Rock Area” (SRA) is proposed to quantitatively evaluate the laboratory hydraulic fracture networks (Hou et al., 2014). The aforementioned literature review showed that previous research mainly focused on one or some factors affecting hydraulic fractures. Few studies have compared and analyzed multiple factors at the same time. Parameter sensitivity analysis of the breakdown pressure is also rarely reported. The contributions of natural fractures and bedding structures to improving the stimulation effects need to be further evaluated.
In this study, an outcrop of the Longmaxi marine shale is collected. Laboratory hydraulic fracturing experiments are performed, involving multiple factors, such as deviatoric stress, confining pressure, pumping rate, fracturing fluid type, and bedding angle. The breakdown pressure and fracture morphology are recorded and analyzed, comparatively. Based on the fracture classification, width and length measurements are implemented. Parameter sensitivity analysis on the breakdown pressure, contribution of natural/bedding fractures, and influence of heterogeneity are discussed.
2 MATERIALS AND TEST METHODS
2.1 Outcrop collection
The sampling site of the marine shale outcrop is located in Wulong District, Chongqing, China (Figure 1A), approximately 70 km from the Fuling gas field, the first large-scale shale gas field in China. The outcrop is the natural extension of the Lower Silurian Longmaxi Formation, which is one of the main targeted shale gas reservoirs in southern China. Stratigraphic consistency guaranteed the representativeness and effectiveness of the mineral composition, mechanical properties, and laboratory hydraulic fracturing results derived in this study. Considering that long-term atmospheric and microbiological factors would exert a deterioration effect on the outcrop shale, making it softer and more broken, the upper-weathered layer is removed as much as possible and the bottom fresh shale is collected during sampling.
[image: Figure 1]FIGURE 1 | Outcrop collection of marine shales: (A) geographical position and (B) field sampling.
2.2 Sample preparation
To reveal the mineral composition of the collected outcrop, shale fragments are ground into a powder sample for X-ray diffraction (XRD) analysis. In addition, two types of cylindrical specimens (φ50×100 mm and φ50×25 mm) are also prepared for rock mechanical tests. Specifically, five samples with dimensions of φ50×100 mm are designed for uniaxial compressive tests, which can provide the mechanical properties of uniaxial compressive strength, Young’s modulus, and Poisson’s ratio. It should be noted that the bedding of the shale is perpendicular to the axis of the cylinder for this type of specimen. Ten specimens (φ50×25 mm) were used for Brazilian indirect tensile experiments, which could evaluate the tensile strength of the shale matrix and bedding. The shale bedding is parallel to the axis of the cylinder for this type of sample.
The sample preparation for hydraulic fracturing tests is relatively complex. First, approximately twenty cylindrical specimens, with a diameter of 100 mm and height of 200 mm are prepared from shale outcrops. Here, the bedding angle (β) is considered, which is the angle between the bedding plane and the vertical axis of the cylinder. For most of the specimens, the bedding is along the horizontal plane (β=90°), while the bedding planes of several other specimens are inclined with different bedding angles. Detailed information on the sample orientation is provided in Table 1. Second, a small hole, with a diameter of 12 mm and depth of 120 mm, is drilled into the center of one end face by using a special slender drill bit (Figure 2A). Third, the steel pipe (Figure 2B), with a diameter of 6 mm and height of 110 mm, is placed in the small hole to a depth of 100 mm. The surface of the steel pipe is spirally prefabricated to increase the bonding strength with the sealant. Then, the epoxy resin sealant (Figure 2C) is poured into the annulus. After the sealant is set, an open hole with a height of 20 mm is reserved inside the specimen. Some prepared specimens and the detailed dimensions are provided in Figure 2D and Figure 2E, respectively. It should be noted that the steel pipe is 10 mm higher than the end face of the specimen, and a sealing ring is added to guarantee the sealing performance between the steel pipe and indenter.
TABLE 1 | Experimental scheme of laboratory hydraulic fracturing considering multiple factors.
[image: Table 1][image: Figure 2]FIGURE 2 | Sample preparation for hydraulic fracturing: (A) drilling bit, (B) spirally prefabricated steel pipes and sealing rings, (C) epoxy resin sealant, (D) some prepared specimens, and (E) dimensional details of the specimen.
2.3 Experimental system and scheme
2.3.1 Experimental system
The mineral composition analysis was implemented on a D8 Advance X-ray diffractometer. Uniaxial compressive and Brazilian indirect tensile tests were conducted on MTS815 and RMT-150C rock test systems (Wang et al., 2020), respectively. Considering that the aforementioned experimental systems are conventional test instruments, the detailed introduction is omitted. A specific description of the laboratory hydraulic fracturing system is provided in the following section.
As shown in Figure 3A, the laboratory hydraulic fracturing system mainly consists of three parts. The first part is a servo-controlled triaxial testing machine, which can provide steady axial compressive stress (σ1) and confining pressure (σ3) on the specimen to simulate vertical and horizontal in-situ stresses, respectively. The designed maximum axial force is 2,000 kN, and the limit of confining pressure is 140 MPa. The second part is a plunger pump, which can transport the fracturing fluid into the specimen at a given flow rate and achieve the initiation and propagation of hydraulic fractures (Guo et al., 2020). The controlled flow rate range is 0.01–10 ml/min, the maximum output pumping pressure is 70 MPa, and the maximum storage volume is 300 ml. The third part is the control and data acquisitions system, which is responsible for the control and acquisition of key parameters, such as axial stress, confining pressure, and pumping pressure. The aforementioned three parts cooperate with each other and perform their own functions.
[image: Figure 3]FIGURE 3 | Laboratory hydraulic fracturing system: (A) main experimental equipment, (B) assembled sample, and (C) stress state and fluid transportation.
The main test procedures are as follows:
1) The assembly of the prepared specimens. As illustrated in Figure 3B, the prepared specimen was placed between the upper and lower indenters. Wrap up the combined indenters and the specimen with a heat shrinkable tube. Connect the fracturing pipeline to the upper indenter. Deploy the related sensors.
2) The exertion of axial and confining stresses. The triaxial chamber was placed, and the inside was filled with hydraulic oil. The confining pressure was exerted to the set value and then the axial force was applied to the set value (Figure 3C). The axial stress and confining pressure would remain stable during the next hydraulic fracturing stage.
3) The injection of the fracturing fluid. With the displacement of the plunger, the fracturing fluid flows into the specimen along the pipeline at a constant rate. The pressure inside the specimen gradually increases and reaches the peak value, along with the formation of hydraulic fractures. The whole pressure‒time curve is recorded.
4) The characterization of hydraulic fractures. After the drop in pumping pressure and the full extension of the hydraulic fractures, the post-test specimen was removed, and the characteristics of the induced hydraulic fractures were recorded, described, and analyzed in detail. CT scanning was implemented on specimens with typical hydraulic fracture morphologies.
2.3.2 Experimental scheme
In uniaxial compressive experiments, five samples are tested by controlling a constant axial displacement rate of 0.12 mm/min. The uniaxial compressive strength, Young’s modulus, and Poisson’s ratio could be measured. In Brazilian indirect tensile tests, the ten specimens are divided into two equal groups. Samples in one group are loaded along the bedding structure, while the other group is loaded perpendicular to the bedding. Therefore, the tensile strengths of both the bedding and matrix could be acquired.
Considering that the primary objective of this study is to investigate the features of the hydraulic fractures in marine shales, five primary controlling factors are selected in the experimental design. They are the deviatoric stress (σ1-σ3), confining pressure (σ3), pumping rate (q), fracturing fluid type, and bedding angle (β). Comprehensively considering the in situ geological and field-fracturing operation parameters, the similarity criterion (De Pater et al., 1994; Crosby et al., 2002), and the capacity of the laboratory hydraulic fracturing system, the detailed experimental scheme is designed and listed in Table 1.
3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Basic physical and mechanical parameters
3.1.1 Mineral composition
From the XRD results, the outcrop shale mainly contained quartz, accounting for 69.78%. The content of albite ranked second and was 11.40%. The illite content was 10.93%, which was in the third place after quartz and albite. In addition, small amounts of calcite, pyrite, and dolomite were also detected (Table 2). The total content of brittle minerals (quartz+albite+calcite+dolomite) was nearly 90%, exhibiting great brittleness (Jarvie et al., 2007; Jin et al., 2015; Rahimzadeh Kivi et al., 2018).
TABLE 2 | Mineral composition of outcrop shales.
[image: Table 2]3.1.2 Basic mechanical parameters
Laboratory mechanical tests show that the values of uniaxial compressive strength are distributed between 81.6 and 108.4 MPa, and the average value is 98.5 MPa. The values of Young’s modulus and Poisson’s ratio are 22.29–26.96 GPa (average value 24.11 GPa) and 0.17–0.24 (average value 0.20), respectively. Brazilian indirect tensile tests indicated that the tensile strengths of the matrix and bedding were 13.0 and 8.5 MPa, respectively, with a specific value of 1.5. This type of marine shale shows high strength, high Young’s modulus, and low Poisson’s ratio, which reflect strong brittleness. The collection of mechanical parameters is provided in Supplementary Table A1.
3.2 Breakdown pressure and fracture morphology under different factors
3.2.1 Deviatoric stress
Deviatoric stress (σ1-σ3) is defined as the difference between axial stress (σ1) and confining pressure (σ3). Under a normal fault stress state (σV > σH > σh), vertical stress (σV) could be simulated by axial stress (σ1), and horizontal principal stress (σH, σh) could be represented by confining pressure (σ3) in the experimental context. When the value of confining pressure remains constant, the variation in deviatoric stress could influence the interaction between hydraulic fractures and bedding structures.
As depicted in Figure 4, the pumping pressure increases slowly in the initial pumping stage, and then gradually accelerates with the continuous injection of the fracturing fluid. After reaching the peak point, the pressure curve drops sharply to zero in the absence of the confining pressure constraint. The breakdown pressure (pressure value at the peak point) (Yew, 1997) grows approximately linearly with increasing deviatoric stress. Specifically, at a deviatoric stress of 3 MPa, the breakdown pressure is 16.4 MPa. The value of pb nearly doubles and reaches 30.95 MPa, when the deviatoric stress is set to 12 MPa.
[image: Figure 4]FIGURE 4 | Pumping pressure and fracture morphology under different deviatoric stresses: (A) pumping pressure vs. time, (B) breakdown pressure vs. deviatoric stress, and (C) photographed and depicted surface distributions of the hydraulic fractures. (Red solid curves denote the main hydraulic fractures. Blue solid curves represent the opened bedding structures induced by hydraulic fracturing. Green dotted lines are closed natural fractures, and the part activated by hydraulic fracturing is replaced by green solid lines. Black dotted lines divide the whole area into eight equal parts, which are used to locate the relative position of the fractures.).
The fracture morphology is also sensitive to the variation in deviatoric stress. At a deviatoric stress of 3 MPa (Figure 4C), double wing hydraulic fractures are formed in the vertical direction, with one side extending more fully. In addition, four bedding planes are also completely disturbed to crack. The hydraulic fractures and opened bedding planes are interconnected to present a relatively complex fracture morphology. As the deviatoric stress increases to 6 MPa, the main hydraulic cracks are still double wing-shaped. However, the opening of bedding structures is significantly inhibited. Although four bedding fractures can be observed, they are sparsely distributed and partially opened. It is noteworthy that a small portion of the filled natural fractures is activated and connected with the main hydraulic fractures. When the deviatoric stress reaches further to 9 MPa, the cracking of the bedding planes is further restricted in both quantity and degree. Only one bedding plane is partially opened. Under the condition of σ1-σ3=12 MPa, hydraulic fractures only propagate in the vertical direction, and the bedding structure remains intact throughout the whole hydrofracturing process. Therefore, the increase in deviatoric stress could observably hinder the cracking of bedding and reduce the complexity of the hydraulic fracture morphology.
The deviatoric stress usually grows with increasing burial depth. For deep shale gas resources (burial depth ≥3500 m), the absolute value of the vertical in situ stress could exceed 87.5 MPa (assuming a stress gradient of 2.5 MPa/100 m in the vertical direction), and the deviatoric stress would easily exceed 10 MPa. It could be inferred from the experimental results that the opening of the bedding fractures would be severely restricted, and the morphology of the hydraulic fractures would tend to be simple in deep shale formations. It would be difficult to form a complex fracture network similar to that in the shallow strata. The reservoir stimulation strategy should pay more attention to cyclic injection (Zhou et al., 2017; Zhou et al., 2019) and cluster spacing reduction.
3.2.2 Confining pressure
The exertion of confining pressure could be regarded as underground horizontal in situ stress. With increasing burial depth, the horizontal in situ stress grows synchronously, which inevitably affects the breakdown pressure and geometry of the hydraulic fractures.
As provided in Figure 5, the effect of confining pressure could greatly improve the pressure required to fracture the specimen. In the unconfined situation (σ3=0 MPa), the breakdown pressure is just 16.42 MPa. When the confining pressure is set to 25 MPa, the breakdown pressure increases by more than double and reaches 51.36 MPa. As the confining pressure continuously increases to 30 MPa, the breakdown pressure reaches a new peak value of 60.80 MPa. Under the condition of confining pressure, the initiation of hydraulic fracture would have to overcome the tensile strength and two times the confining pressure, leading to a significant increase in the breakdown pressure.
[image: Figure 5]FIGURE 5 | Pumping pressure curves and fracture morphologies at different confining pressures: (A) pumping pressure vs. time, (B) breakdown pressure vs. confining pressure, and (C) photographed and depicted surface distributions of hydraulic fractures.
Regarding fracture morphology, the amount and complexity of hydraulic fractures shows a declining trend with increasing confining pressure (Figure 5C). At a confining pressure of 25 MPa, specimen W-11 is well developed with cemented natural fractures. During the propagation of hydraulic fractures, these natural fractures are fully activated and connected. The interconnected hydraulic–bedding–natural fracture network is presented. In addition, it is worth noting that a sufficient opening of the bedding structure could be seen under all three conditions. Therefore, it could be inferred that confining pressure would not remarkably restrain the cracking of bedding planes.
3.2.3 Pumping rate
The pumping rate is one of the few controllable parameters in hydraulic fracturing. A large pumping rate could produce a high net pressure and promote the full extension of the hydraulic fractures into the formation. As the pumping rate increases from 0.01 ml/s to 0.04 ml/s, the breakdown pressure increases from 51.40 to 61.78 MPa (Figures 6A,B). The pressurizing rate (slope of the linear part of the pressure‒time curve) also increases almost linearly (Figure 6C).
[image: Figure 6]FIGURE 6 | Pumping pressure curves and fracture morphologies at different pumping rates: (A) pumping pressure vs. time, (B) breakdown pressure vs. pumping rate, (C) pressurizing rate vs. pumping rate, and (D) photographed and depicted surface distributions of hydraulic fractures.
As photographed and depicted in Figure 6D, only double-wing hydraulic fractures are formed in all specimens. At a pumping rate of 0.01 ml/s, the trace of hydraulic fractures is subtle and not easy to observe with the naked eye. When the pumping rate increases to 0.04 ml/s, the fracture width becomes obvious. No bedding fractures are observed under any of the three conditions, which might be attributed to two aspects. One is the relatively large deviatoric stress (6 MPa), and the other is the locally undeveloped bedding structure.
3.2.4 Fracturing fluid type
Slick water and guar gum are two major injection fluids widely and heavily used in shale gas hydraulic fracturing. Slick water has low viscosity (usually below 10 mPa s) and can penetrate into tiny fractures, which is conducive to the formation of complex fractures. In contrast, guar gum bears high viscosity (101∼102 mPa s), and its main duty is producing wide main fractures.
As shown in Figure 7A, pumping guar gum brings about a higher breakdown pressure than injecting slick water. Specifically, the peak value grows from 51.36 to 57.40 MPa, increasing by 11.8%. The fracture morphology also exhibits significant differences. The specimen, fractured by slick water, has not only the main hydraulic fractures, but also activated bedding and natural fractures. The final fracture morphology is relatively complex (Figure 7B). For the specimen stimulated by guar gum, only the main hydraulic fractures were formed, and the fracture geometry was very simple.
[image: Figure 7]FIGURE 7 | Pumping pressure curves and fracture morphologies at different fracturing fluid types: (A) pumping pressure vs. time, and (B) photographed and depicted surface distributions of hydraulic fractures.
3.2.5 Bedding angle
Shale has a special bedding structure. The well trajectory is not always strictly vertical or horizontal to the bedding. As portrayed in Figure 8, with an increasing bedding angle, the breakdown pressure ascends after an initial declining trend. The minimum value is taken at a bedding angle of 30°. The curve shape of the pumping pressure vs time at β= 30° is also special, and does not exhibit significant post-peak drop features. The reason might be that the initial hydraulic fractures quickly communicate with weak bedding or/and natural fractures.
[image: Figure 8]FIGURE 8 | Pumping pressure curves and fracture morphology at different bedding angles: (A) pumping pressure vs. time, (B) breakdown pressure vs. bedding angle, and (C) photographed and depicted surface distributions of hydraulic fractures.
The fracture morphology is also remarkably influenced by the bedding angle. For specimen W-17, at a bedding angle of 0° (Figure 8C), the drilling hole is coplanar with the bedding plane. Hydraulic cracks initiate from the open hole section and propagate along the bedding structure. In addition, a natural fracture is activated and opened. When the bedding angle is set to 30°, the propagation of the hydraulic fractures is still affected by the bedding structure. A main hydraulic fracture first initiates and propagates. Then, it reorients to the inclined bedding plane. The extended bedding fracture further activates a natural fracture. The final interconnected hydraulic–bedding–natural fractures are formed. At a bedding angle of 60°, the fracture morphology is relatively simple, but the bedding structure also participates in the formation of hydraulic fractures. A main hydraulic fracture is divided into two parts by a short path of bedding fracture, implying that the fracture has temporarily changed its direction to a bedding plane. At a bedding angle of 90°, the main hydraulic cracks pass through the bedding and continue to propagate along their previous vertical direction. However, they are finally arrested by natural fractures with a relatively small approaching angle.
The data of the breakdown pressures and various fracture lengths for all specimens can be found in Supplementary Table A2.
3.3 Fracture characterization by CT scanning
Based on the description of fracture geometry in Section 3.2.1–3.2.5, specimen W-11 is selected to implement CT scanning for its relatively complex fracture morphology (containing an interconnected hydraulic–bedding–natural fracture network).
As shown in Figure 9, three slice images of CT scanning are presented. In Figure 9A, the slice image is perpendicular to the axis of the borehole and in the open hole section. The main hydraulic fractures initiate from two opposite positions at the borehole wall and propagate to the boundary of the cylinder. The measured widths of the two hydraulic fractures are distributed in 155.4–211.3 μm (mean value 177.0 μm) and 143.7–185.4 μm (mean value 170.6 μm). This minor difference in the fracture width indicates a balanced extension in both directions. Another finding is that the crack width decreases as the fracture gradually moves away from the borehole.
[image: Figure 9]FIGURE 9 | CT scanning images and fracture width measurement for specimen W-11: (A) slice image perpendicular to the axis of the borehole, (B) slice along the axis of the borehole, and (C) slice image parallel to the axis of the borehole with a certain offset.
In Figure 9B, the slice is along the axis of the borehole. Two natural fractures are recognized and measured. The first natural fracture is adjacent to the open hole section, and the values of the measured width vary largely between 367.1 and 621.4 μm, with an average value of 467.9 μm. The second fracture is in the lower part of the specimen. Its measured fracture width is 307.8–572.6 μm (mean value 430.8 μm). In Figure 9C, the slice image is parallel to the axis of the borehole with a certain offset. Three types of fractures (hydraulic, bedding, and natural fractures) are presented together. Hydraulic fracture 5 is vertical, and the average value of the fracture width is 203.7 μm. The opened bedding plane 6 is horizontal, with a mean width of 120.7 μm. Natural fracture 7 is gently oblique and has an average width of 203.2 μm. Different from the inclined natural fractures 3 and 4, natural fracture 7 extends nearly in the vertical direction. This implies that the formation mechanism of fracture 7 is tensile dominated, and the corresponding fracture width would be smaller, compared with shear-dominated fractures 3 and 4. Based on the aforementioned fracture classification and width measurement, the fracture width sorting is natural fracture > hydraulic fracture > bedding fracture. Natural fractures usually originate from tectonic shear failure. The mutual dislocation of fracture surfaces maintains a relatively large fracture width, even under compressive stress. The main hydraulic fracture is a kind of tension crack, which could gain a relatively better closure. The opened bedding is activated by hydraulic fractures. Because of the compression of overburden stress and low internal pressure, its width is the minimum among the three. The data of the measured fracture width from the CT images are listed in Supplementary Table A3.
4 DISCUSSION
4.1 Parameter sensitivity analysis of breakdown pressure
The breakdown pressures under the five influencing factors are shown in Figure 10A. The variation ranges induced by each factor are different. Superficially, the alteration of confining pressure could bring about a substantial change in the breakdown pressure. The effect of deviatoric stress and bedding angle ranks second. The pumping rate and fracturing fluid type are in the last place. However, one thing worth noting is that these five influencing factors are not in unit consistency. Therefore, the aforementioned inference might not be correct, and parameter sensitivity analysis is needed.
[image: Figure 10]FIGURE 10 | Breakdown pressures under various influence factors: (A) comparison of absolute values and (B) parameter sensitivity analysis.
Here, the relative change rate is applied to evaluate the parameter sensitivity of the breakdown pressure. The sensitivity index is expressed by:
[image: image]
where Si is the breakdown pressure sensitivity index of parameter i; Kimax is the maximum value of breakdown pressure in parameter i; Kimin is the minimum value of breakdown pressure in parameter i; Ximax is the maximum value of parameter i; Ximin is the minimum value of parameter i; and i represents the five influencing factors: deviatoric stress, confining pressure, pumping rate, fracturing fluid type, and bedding angle.
By calculating the sensitivity index of each factor, we drew Figure 10B. It should be noted that viscosity was used to quantify the influence of slick water (5 mPa s) and guar gum (100 mPa s) in the sensitivity analysis. The sequence of factors that influence the variation range of the breakdown pressure is confining pressure, bedding angle, deviatoric stress, pumping rate, and fracturing fluid type. The sensitivity of confining pressure, bedding angle, and deviatoric stress is much greater than that of pumping rate and the fracturing fluid type. Confining pressure, bedding angle, and deviatoric stress should be classified as geological factors, which are inherent and usually uncontrollable. The pumping rate and fracturing fluid type are engineering factors that can be regulated and controlled. This demonstrates that geological factors would largely determine the breakdown pressure and engineering factors could only affect it to a lesser extent.
4.2 Statistical analysis of fracture length
The fracture length of each specimen is measured and recorded, according to the different fracture types. As shown in Figure 11, without considering the contribution of natural and bedding fractures, the length of the hydraulic fractures is only approximately 60–210 mm (average value 150 mm). In comparison, if the natural and/or bedding fracture could be fully activated under certain conditions, the total fracture length could increase up to 4 times and reach approximately 600 mm, greatly improving the fracture complexity and stimulated volume. Factors, such as low deviatoric stress, low confining pressure, low viscous slick water, and high bedding angle are conducive to activating natural and bedding fractures and forming a complex fracture network.
[image: Figure 11]FIGURE 11 | The total length of open fractures under various influence factors.
4.3 Influence of heterogeneity
Owing to the irregular development of natural fractures, the cylindrical specimens exhibit certain heterogeneity, which could inevitably affect the comparative analyses of the results. We tried to minimize the influence of heterogeneity from sample preparation to result analysis. During outcrop sampling, we selected shale blocks with relatively few natural fractures. Before hydraulic fracturing, a small value of pressure (0.5-1 MPa) is held to check the tightness and integrity of the specimen. In this way, we could guarantee that the rock in the vicinity of the open hole is in a relatively intact state for all specimens. The initiation of hydraulic fractures can be regarded as being in a comparable state. The sharp pressure decline after the peak value demonstrates the initial intact state around the open hole. Therefore, the test values of the breakdown pressures are little affected by the heterogeneity. During the propagation of hydraulic fractures, natural fractures affect the final morphology of the hydraulic fractures. The influence of natural fractures was depicted and quantitatively analyzed.
5 CONCLUSION
By considering the major geological and engineering factors, laboratory hydraulic fracturing experiments are implemented. Statistical analyses of breakdown pressure, fracture morphology, and parameter sensitivity are conducted. The conclusions are as follows:
1) The increase in deviatoric stress could significantly improve breakdown pressure and observably hinder the cracking of bedding planes, reducing the complexity of the hydraulic fracture morphology.
2) The width of the activated natural fractures (approximately 430 μm) is much greater than that of hydraulic fractures (170 μm) and opened bedding planes (120 μm), implying that the mutual dislocation of shear fracture surfaces could maintain a relatively large fracture width than the crack created by the tension mechanism.
3) By using the sensitivity analysis, the sequence of factors that influence the variation range of breakdown pressures is confining pressure, bedding angle, deviatoric stress, pumping rate, and fracturing fluid type. Geological factors would largely determine the breakdown pressure, while engineering factors could only affect it to a lesser extent.
4) The length of the pure hydraulic fracture is quite limited. Low deviatoric stress, low confining pressure, low viscous slick water, and a high bedding angle are conducive to activating natural and bedding fractures and forming a complex fracture network.
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