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Abstract

:

Hydraulic fracture morphology and propagation mode are difficult to predict in layers of the various lithological strata, which seriously affects exploitation efficiency. This paper studies the fundamental mechanical and microscopic properties of the two main interfaces in inter-salt shale reservoirs. On this basis, cement-salt combination samples with composite interfaces are prepared, and hydraulic fracturing tests are carried out under different fluid velocities, viscosity, and stress conditions. The result shows that the shale bedding and salt-shale interface are the main geological interfaces of the inter-salt shale reservoir. The former is filled with salt, and the average tensile strength is 0.42 MPa, c = 1.473 MPa, and φ = 19.00°. The latter is well cemented, and the interface strength is greater than that of shale bedding, with c = 2.373MPa and φ = 26.15°. There are three basic fracture modes for the samples with compound interfaces. Low-viscosity fracturing fluid and high-viscosity fracturing fluid tend to open the internal bedding interface and produce a single longitudinal crack, respectively, so properly selecting the viscosity and displacement is necessary. Excessive geostress differences will aggravate the strain incompatibility of the interface between different rock properties, which makes the interfaces open easily. The pump pressure curves’ morphological characters are different with different failure modes.






Keywords:


deep ground energy; hydraulic fracture; shale; salt; interface; exploitation efficiency












1. Introduction


With the continuous advancement of oil and gas exploration in deep-ground engineering, the focus gradually changes from conventional reservoirs to unconventional ones, from formations with a single lithology to ones with multiple lithologies, and from simple layered formations to complex ones. In recent years, more than 60% of the unconventional oil and gas in the newly found reservoirs in China are in multi-lithologic layered formations [1,2,3]. At present, an engineering method to improve the efficiency of layered reservoirs with multiple lithologies is hydraulic fracturing with horizontal well drilling [4,5,6,7,8]. However, due to the influence of the differences in lithology and the interfaces, the hydraulic fracture behavior and mechanism are quite complex. In particular, it is difficult to formulate a reasonable fracturing design [2,9]. Consider the inter-salt shale reservoir in the Jianghan Basin in China, which is characterized by multiple salt-shale interlayers. Consequently, the crack propagation behavior in inter-salt shale reservoirs tends to be contrary to predictions. It is particularly important to understand the mechanical properties of deep rock, soil, and crack propagation [10,11,12].



Literature studies carried out a lot of research to explore the initiation mode and propagation morphology of hydraulic fractures in multi-lithologic reservoirs. Advani et al. [13] investigated the fracture propagation in the composite layered rock by the finite element method and demonstrated the effects of friction across interfaces with the help of an elastic contact algorithm. Maji and Wang [14] studied the quasi-brittle behavior of the interface between concrete and rocks from the perspective of nonlinear fracture mechanics models. The fundamental aspects of interfacial fracture mechanics were discussed based on the laser speckle interferometry method and the scanning electron microscope. Li et al. [15] devised specimens consisting of two materials to focus on whether an initial crack in a weak medium would propagate into a hard medium under compression and shearing. The experiments indicated that compression loading causes penetration under some conditions. With the help of mixed mode fracture theory, the conditions under which a crack in a weak medium can pass through the interface and penetrate the hard medium have been built. Shen et al. [16] changed thickness values for the weak interfacial layer in 3-point bending experiments and built a simplified 3D finite element model to study the impact of a bi-material interface on crack propagation from the aspects of the strength, stiffness, and permeability of the interface layer. Wang [17] et al. adopted the digital speckle measurement technology in a three-point bending experiment to observe the strain field change in the crack development process through the interface. Combined with numerical calculation, they concluded that when a crack propagates across the interface, the crack breaks through the interface, kinks at the interface, or extends along the interface. Rho et al. [18] studied the effects of rock layering and interfaces on fracture height growth by numerical simulations of hydraulic fracture (HF) propagation through layered rocks. They concluded that when the contrast in properties between adjacent rock layers is large and abrupt, interfaces between layers tend to be low in tensile strength, low in friction coefficient, and high in hydraulic conductivity. Tan et al. [19] used discrete element software PFC 2D to establish a particle flow model of sandstone-mudstone interbedded reservoirs, considering the influences of several factors on the initiation and propagation of hydraulic fractures. Their result demonstrated that in-situ stress and the strength of interfaces are the essential factors that control the path of fracture propagation. Shear sliding occurs along the interfaces penetrated by hydraulic fractures. Zhao et al. [20] built a 3D hydraulic fracture model with multilayer commingled fracturing. They concluded that the high elastic modulus of neighbouring reservoirs promotes the longitudinal penetration of fractures in the multilayers. Zhu et al. [21] established a fluid flow model coupled with wellbore perforation fractures (WPF) based on Kirchhoff’s law to describe the flow distribution in different perforation clusters. The treatment parameters and the mudstone thickness are optimized. Qiu et al. [22] performed split Hopkinson pressure bar experiments for considering the interfacial roughness and the loading rate effect with bimaterial single cleavage triangle (BSCT) specimens to investigate the dynamic fracture of a rock-mortar interface under impact loading. Their results show that interfacial roughness and loading rate are closely related to interfacial fracture behavior. Liu et al. [23,24] studied the anisotropic mechanical behavior of fractured coal and clarified the influence of bedding on energy exploration. Tan et al. [19] carried out true triaxial hydraulic fracturing experiments on layered specimens made of different types of natural sandstone and coal to explore the propagation behavior of hydraulic fractures. Their result showed that, compared with operational parameters, the natural bedding in coals was the vital factor affecting the fracture propagation path. Tao et al. [25] created a mathematical model to predict the overall wellhead output in multi-layer tight gas reservoirs with composite lithology. Their results showed that the interlayer influence in multilayer commingled production systems can be negligible with the increment of layers.



Literature studies have focused little on the reservoirs with large lithological differences and multiple interface types. In this paper, the mechanical and microscopic properties of the two main interfaces in inter-salt shale reservoirs are studied. On this basis, cement-salt combination samples with composite interfaces are prepared, and hydraulic fracturing tests are carried out under different fluid velocities, viscosity, and stress conditions. At length, the interface properties and experiment results can provide an essential reference for engineers in fracturing design.




2. Geological Situation


Jianghan Basin, located in Hubei Province, China, is the Paleogene continental oil-bearing salt lake basin. It is subjected to the Cretaceous-Paleogene fault basin that formed during the Yanshan movement. Jianghan Basin contains seven sub depressions: Jiangling, Zhijiang, Qianjiang, Chentuokou, Xiaoban, Yunmeng, and Mianyang, which are made up of two reservoirs sets (Figure 1), the Xingouzui Formation and the Qianjiang Formation. The Qianjiang Depression is the sedimentation center of the Jianghan Basin, with an area of 2530 km2.



Qianjiang Depression is located in the middle of Jianghan Basin, which is on the Mesozoic and Paleozoic basement as a whole. The northern boundary is the Qianbei fault zone. From west to east, it is connected with Jingmen Depression, Lexianguan Horst, Hanshui Depression, and Yonglonghe Rise. In the northeast of the depression, it is Yuekou low uplift, and in the southwest, it is Yajiaoxingou low uplift. Both of these two uplifts are transitional to the Qianjiang depression in the form of the slope; the Tonghaikou fault and Tonghaikou uplift are the southeast boundaries of the Qianjiang depression. The Qianjiang Depression is the sag with the fastest subsidence speed and deepest basement burial depth in the whole Jianghan Basin. It is also the subsidence center, convergence center, and concentration center of the whole Jianghan Basin during the deposition of the Qianjiang Formation. The material source of the salt formation in the Qianjiang Formation is in the north, and it is a one-way supply. The high salinity and strong evaporation-sealing environment are the main sedimentary environments of the Qianjiang Formation, and the intermittently humid environment is also present during the deposition process.



In this sedimentary environment, the Qianjiang Formation is formed by the frequent interaction of shale and salt rhythm layers. The salt rhythm layer consists of salt and inter-salt shale layers, with 193 salt rhythm layers in total. Vertically, the Qianjiang Formation can be divided into four sections from bottom to top according to the stratigraphic sequence [27], namely, the fourth and third members of the Qianjiang Formation (Eq4 and Eq3), which are efficient and high-quality reservoirs. Due to the separation of the upper and lower salt layers and low permeability, a closed inter-salt shale oil system was formed. In the whole sedimentary process of the Qianjiang Formation strata, the three maximum lake flooding periods are the main development periods of organically rich shale. Among them, the organic matter maturity of Qianjiang Formation II is relatively low, which is not the key research region at present. The lower Qianjiang Formation III and IV with high maturity are the key strata for shale oil exploration. The samples selected this time are mainly from the lower Qianjiang Formation IV [26]. According to the sorting and classification of the samples taken underground, it is concluded that there are mainly two kinds of geological interfaces in the inter-salt shale oil reservoir, namely, the shale bedding and the salt-shale interface. Understanding fully the mechanical characteristics and action of hydraulic fracture has an important impact on fracturing efficiency and engineering parameter optimization.




3. Fundamental Behaviors of Materials


3.1. Micro Behaviors of the Shale Bedding


In general, after samples are processed as required, to prevent cracking, wrap them tightly with plastic wrap and store them in a sealed bag. After unpacking the sample and placing it in the room for 3 h, as shown in Figure 2, several huge cracks running through the sample are distributed on the surface, and some small rock slices at the corners fall off along the foliation surface. Careful observation shows that there are uneven multilayer structures on the section of the flakes, and white crystals are distributed on it. Through mineral component analysis, the white crystal is the salt rock.



The surface of falling rock slices was observed through a microscope. As shown in Figure 3, the salt on the foliation covers the entire bedding surface, and there is almost no blank area. The salt particles are fine and are not forming the large mineral vein. The overall distribution thickness was thin and uniform, with a little occasional local concentration.



Therefore, the shale bedding can actually be seen as a small salt-bearing interlayer. Considering the high permeability of the sample (0.1–0.25 MD) [28], the shale foliation filled with salt particles is partially opened. When the sample is in a humid environment, the salt crystals absorb water, causing the bedding to open further and the sample volume to gradually expand until the sample partially disintegrates.




3.2. Tensile Strength of the Shale Bedding


The tensile strength of rock refers to the maximum stress that the rock can bear under tensile conditions. The Brazil splitting experiment and the splitting method [29] are used herein to test the tensile strength of samples. The testing equipment is the RMT-150C multifold machine system developed by the Wuhan Institute of Geotechnical Engineering, Chinese Academy of Sciences. The maximum output load of the test system is 1000 kN, the pressure accuracy is 0.01 MPa, and the maximum stroke is 50 mm. During the loading process, the load velocity can be controlled continuously.



The rock mass of the inter-salt shale reservoir is affected by foliation in many ways [30,31]. In order to study the influence of foliation on the opening capacity of reservoir fractures, Brazilian splitting experiments with two loading modes (Figure 4) were carried out, that is, the loading direction was either parallel to or perpendicular to the bedding. It means that bedding and rock matrix are subject to tensile stress, respectively.



Before the experiment, the cushion strip must be selected according to the hardness of the rock. The hardness of the cushion strip shall match that of the test piece. If the hardness of the cushion strip is too high, it is easy to cause penetration. The hardness of the cushion strip is too low, and it is easy to deform, both of which affect the accuracy of the results. Generally, for relatively hard rocks, steel wire with a diameter of 1 mm is often used as the cushion strip. For soft rocks, the cushion strip is generally made of cardboard or bakelite, and the ratio of its width to the diameter of the test piece is 0.08~0.1.



During the experiment, load at the rate of 0.1~0.3 MPa/s should be added until the specimen is damaged. If the rock is soft, the loading rate shall be reduced appropriately. Finally, the maximum failure loads of samples shall be recorded.



Table 1 shows the tensile test results of inter-salt shale samples. ∥ and ⊥ mean the bedding planes in the loading direction are parallel and vertical respectively. The average tensile strength of the sample matrix is 1.62 MPa, and the shale bedding is 0.42 MPa. The tensile strength of the matrix is about four times that of the bedding surface. It can be seen from Figure 5 of the cracked specimen that when the loading direction is parallel to the foliation, the foliation plane is subject to tensile stress, the specimen is damaged along it, and the foliation is pulled apart. When the matrix is stretched, the cracks germinate in the center and extend through the sample, but some cracks at the boundary will deflect slightly in the vertical direction (the yellow circle part in Figure 5), which is due to the guidance of the foliation at the boundary, which indicates that when the hydraulic fractures expand in the reservoir, their direction tends to deflect due to the disturbance of weak bedding.




3.3. Direct Shear Test Behaviors of the Shale Bedding


The direct shear test was also conducted on an RMT-150C rock testing machine. During the test, the system can automatically record the tangential force, normal force, and velocity data throughout the whole process. For the direct shear test, it is required to exert different normal loads on a group of samples (at least three samples), load the corresponding shear force with the horizontal pushing method until the sample is damaged, calculate the shear strength, draw the fitting curve of the relationship between normal stress and shear strength according to the Mohr theory [9,29,32], and get the cohesion and internal friction angle (Figure 6).



The samples taken from more than 3000 m underground can only be processed into a cube programmed to be 50 mm at most, and the specially made stainless steel shear box is matched with them. During the test, after the normal force is loaded to the predetermined value at the rate of 0.5 kN/s, keep it constant, exert the shear load in the horizontal displacement control mode at the loading rate of 0.002 mm/s, and finally terminate the test until the shear stress reaches the residual strength.



It can be seen that the shear strength of the sample increases with the increase in normal stress. When σn increases from 4 MPa to 12 MPa, the shear strength increases by 56.14% and 16%, respectively. Linear fitting of σn and corresponding τ demonstrates that the cohesion c = 1.47 MPa and the internal friction angle is 19°, which is lower than that of conventional rock materials [33].




3.4. Salt-Shale Interface Behaviors


Based on the direct shear test method mentioned above, the shear parameter of the salt-shale samples is shown in Figure 7 to analyze the shear interface behaviors of the salt-shale mixture.



Figure 7 shows that the shear strength increases with the σn, when the σn increases from 4 MPa to 8 MPa and finally to 12 MPa, the shear strength increases by 33.48% and 40.70%, respectively. After the linear fitting, it is calculated that the cohesion of the salt-shale interface is 2.237 MPa, 1.52 times that of shale foliation, and the internal friction angle is 26.34°. Compared with shale bedding, the strength of salt-shale interface is greater, and the shear section is rougher after destruction. The mineral particles and surface undulation are significantly enhanced, but the integrity is good. There is no sheared mineral debris on the surface. Therefore, when hydraulic fracturing is required, the bedding in the reservoir is easier to open, which is conducive to improving the fracturing efficiency of a single rhythm.





4. Tests Procedures


4.1. Sample Preparation for the Hydraulic Fracturing Test


In order to optimize the engineering parameters and improve the hydraulic fracturing effect of the inter-salt shale reservoir, according to the interface characteristics, the salt-cement composite samples were prepared to carry out hydraulic fracturing under multi-factor conditions to simulate on-site exploitation, thus providing a basis for fracturing design.



Figure 8 is the structural diagram of the fractured sample; the whole sample contains the fracturing core and cement crust, in which the fracturing core reflects the structural characteristics of the overlap of the salt and shale layers in the inter-salt shale reservoir. The upper and salt layers have a thickness of 25 mm and a side length of 200 mm, with cement in the middle to simulate the reservoir. Built-in concrete bedding and a salt-concrete interface are used to simulate the shale lamination and salt-shale interface, respectively. In addition, the strength of the paper-based interface (0.98 MPa, an internal friction angle of 17.97°) is roughly equivalent to the shale foliation surface. The cohesion of the salt-cement interface bonded by epoxy resin is 2.52 MPa, and the internal friction angle is 23.65° [34]. Therefore, the strength relationship of the sample interface is similar to that of the actual reservoir. In order to avoid failure of the test due to stress caused by uneven deformation of the sample, a stainless steel mold with large rigidity was used for pouring.




4.2. Test Process


The large true triaxial physical model testing machine is designed by the Wuhan Institute of Geotechnical Mechanics, Chinese Academy of Sciences. The machine can be loaded independently in the X, Y, and Z directions with a maximum load of 8000 kN and can realize the cubic hydraulic fracturing experiment with a maximum side length of 500 mm. This testing machine can ensure the uniform transmission of stress and achieve the same position of the specimen when loading with single or double forces, so as to avoid eccentric loading.



The loading mode of the sample is shown in Figure 9. The fracturing medium with a red indicator is injected from the wellhole at a certain rate until the huge fractures occur and the pump pressure drops. After the fracturing, peel off the concrete crust of the sample, take out the core inside, split the sample along the trace of the red indicator, and observe the crack morphology and crack propagation mode.





5. Results


Table 2 indicates the fracturing test parameters and results. Because of the creep property of salt [26,30], the horizontal geostress is close to each other, and the stress settings in X and Y directions are set to the same. At the same time, the three-way loading stress is generally small. This is because the internal deformation of the sample may not be coordinated during the solidification process, which causes the specimen to be fragile. After several attempts, the stress is set at about 5 MPa, and the sample integrity and experimental effect are the best. Slickwater and guar gum are used to carry out the fracturing experiments, and their viscosities are 3 and 95 mPa·s, respectively.



As shown in Figure 10, the crack initiation and propagation modes can be divided into the following three basic types according to the fracture morphology.



Mode I is shown in Figure 10a. The fracture starts from the bottom of the well and directly passes through the bedding planes and cement-salt interface. Finally, the macro longitudinal fracture directly penetrates the whole sample. The bedding plane and lithologic interface remain closed. Taking the shape of sample 21-9 (Figure 11a) as an example, the fracturing core was cut along A-B, and only the red trace (Figure 11a-2) was seen on the lower half of the crack surface (Figure 11a-2). The red curve on the salt plate (Figure 11a-3) was evidence of salt penetration, and no bedding surface was opened on the entire longitudinal fracture surface.



Mode II is as shown in Figure 10b. The crack, starting from the same position, continues to extend directly through the bedding plane to the cement-salt interface. Then the crack deflects and continues to expand in the interface, eventually forming an “I” shaped fracture. Taking sample 21-7 as an example (Figure 11d), the red line can be seen locally on the surface of the fracturing core (Figure 11d-1). When the the core is split along the longitudinal crack (A-B) to obtain the longitudinal crack surface (Figure 11d-2), it indicates that the internal bedding is still well cemented. The red indicator is mainly concentrated at the lower part of the crack surface, and the bottom has been completely dyed red. Open the cement-salt interface below (Figure 11d-3), and a red indicator can be observed, showing that the crack once expanded into the interface.



Mode III is shown in Figure 10c. The crack extends to the internal bedding surfaces on both sides and opens them. Taking sample 21-1 (Figure 11e-1) as an example, the bedding surface is opened and dyed red, so the crack expands along it.



According to the failure modes of the sample under different conditions, the fracturing fluid velocity, viscosity, stress, and pump pressure curves’ responses are analyzed.



5.1. Effect of Fracturing Fluid Viscosity and Velocity


The viscosity and velocity of the fracturing fluid are two important controllable parameters in hydraulic fracturing tests, which play an important role in the crack propagation and morphology of fractures. In this experiment, two kinds of viscosity and three kinds of velocity are mainly set. It can be seen from Table 2 that low-viscosity samples (samples 21-1 and 21-11) cause the opening of interface bedding, while high-viscosity fracturing fluids (samples 21-10 and 21-9) lead to a single longitudinal fracture (Mode I). This indicates that high-viscosity is not conducive to the opening of the interface, which may be due to the fact that low-viscosity percolates at the interface and shear slip occurs, which increases the complexity of hydraulic fractures but limits the fracture height.



It can be seen from Table 2 that when the velocity is high (3 mL/s), the cement bedding of the 21-10 and 21-7 samples closes, and the final fracture height of these two samples is relatively large. At the same time, by comparing samples 21-1 and 21-11, it can be found that although their failure modes are similar, due to the large velocity of 21-11, the upper part of the crack surface (Figure 11f) still has a red indicator, which indicates that the crack continues to expand longitudinally besides the continuous deepening of the concrete bedding. While the crack in sample 21-1 directly expands to the boundary along the bedding plane to cause damage. This means that properly increasing the velocity can promote the pressure in the seam and improve the penetration effect, but too high a velocity will reduce the complexity. It can be seen from the above analysis that properly selecting the viscosity and velocity of fracturing fluid can not only meet the fracture height but also advance the opening of the weak surface in the reservoir and boost the fracture volume.




5.2. Effect of Stress Difference between Vertical and Horizontal Direction


Table 2 shows that the samples of failure Mode II are those with large stress differences (the stress combination is 4-4-7 MPa). Comparing 21-7 and 21-10 shows that the high stress difference is conducive to the opening of the cement-salt interface. By comparing samples 21-1 and 21-10, the low stress difference causes the opening of an internal weak surface. While the high in-situ stress difference (21-10 sample) causes the opening of the concrete salt interface, which shows that a high stress difference has contrary effects on reservoir bedding surface and rock interface. For the former, high vertical pressure can open microfractures, close pores, and inhibit the opening of fractures in the shale. For the latter, the high stress difference will aggravate the incompatibility of interfaces between different rocks, thus making the cement-salt interfaces open easily.




5.3. Response Characteristics of the Pump Pressure Curve


As shown in Figure 12, the pump pressure curves of the samples with the same fracture mode are drawn together. All curves can be divided into three categories according to the shape of the pump pressure curves. For Mode I, the cement bedding plane is not opened during the expansion process, so the fracture is less affected and finally forms a single longitudinal main fracture. The fracturing curve has obvious fracture characteristics, and the curve fluctuation is small, such as the pump pressure curve of Sample 21-9. For the Mode II, the curve shape is similar to a “stump”. After the pressure rises, the curve is affected by the fracture opening and cement-salt plane disturbance and frequently fluctuates in a zigzag shape. The expansion of fracturing fluid along the bedding makes the curve also show the characteristics of low extension pressure and an inconspicuous fracture mode. For Mode III, the fracturing fluid opens the cement bedding and filters off along the weak surface, and the pump pressure is low, which is also characterized by less obvious fracture characteristics. At the same time, the curve also has strong volatility, such as the curve of Sample 21-1.





6. Conclusions


In this paper, the mechanical and microscopic properties of shale bedding and salt-shale interfaces, the main geological interfaces of inter-salt shale reservoirs, are studied. On this basis, cement-salt combination samples with composite interfaces are prepared, and hydraulic fracturing tests are carried out under different fluid velocity, viscosity, and stress conditions. The conclusions can be summarized as follows:



The main geological interfaces of inter-salt shale reservoirs can be divided into shale bedding and salt-shale. The former is evenly distributed with salt, which will loosen the rock mass. The average tensile strength of the bedding plane is 0.42 MPa, which is a quarter of the tensile strength of the shale matrix. The cohesion c = 1.473 MPa, and the internal friction angle is 19.00°. The bedding seriously affects the integrity and strength of the rock mass. The latter is relatively straight and well cemented, the interface strength is greater than that of shale bedding, and the internal friction angle is φ = 26.15°, cohesion c = 2.373 MPa.



There are three basic fracture modes for composite specimens: (1) the crack directly passes through the entire specimen. (2) The hydraulic fracture only extends to the cement-salt interface and then deflects, finally forming an “I”-shaped fracture. (3) A hydraulic fracture opens cement bedding planes.



Low-viscosity fracturing fluid is easy to cause the opening of the internal bedding interface, and high-viscosity tends to produce a single longitudinal crack. Properly increasing the velocity can enhance the pressure and improve the penetration effect, but increasing it too high will reduce the complexity of the fracture. It is necessary to select the viscosity and displacement properly.



An excessive stress difference between vertical and horizontal directions will aggravate the strain incompatibility of the interface between different rock properties, making the interface easy to open.



Under different failure modes, the response characteristics of the pump pressure curve are different. For Mode I, the curve has obvious fracture characteristics and little fluctuation. For Mode II, the curve shape is similar to a “tree stump” and fluctuates frequently, and the fracture mode is not obvious. For Mode III, the curve shows fluctuation while the fracture pressure is low, and the fracture characteristics are not obvious.
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Figure 1. Stratigraphic sequence of the Qianjiang Formation [26]. 
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Figure 2. Observation on the internal lamination of a shale specimen. 
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Figure 3. The scanning of shale bedding. 
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Figure 4. Loading modes of the samples. 
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Figure 5. Samples before and after tests. 
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Figure 6. Shear parameters of the samples: (a) Shear resistance curves; (b) Strength fitting curves. 
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Figure 7. Shear parameter of the Salt-Shale samples: (a) Shear resistance curves, (b) Strength fitting curves. 
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Figure 8. Schematic diagram of sample structure. 
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Figure 9. Loading mode. 
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Figure 10. Basic fracture modes of specimens: (a) Mode I, (b) Mode II and (c) Mode III. 
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Figure 11. Basic fracture modes of specimens. 
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Figure 12. Pump pressure curves of the composite specimens: (a) Mode I samples, (b) Mode II samples and (c) Mode III samples. 
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Table 1. Brazil splitting tests results.
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Samples No.

	
Depth/m

	
Size

	
Failure Load/kN

	
Strength/

MPa




	
Diameter/mm

	
Height/mm






	
1820-1

	
3645.77

	
24.88

	
12.44

	
0.23

	
0.48(∥)




	
1820-2

	
3645.77

	
24.96

	
12.47

	
0.80

	
1.67(⊥)




	
2180-1

	
3656.36

	
24.84

	
12.44

	
0.21

	
0.43(∥)




	
2180-2

	
3656.36

	
24.90

	
12.46

	
0.82

	
1.69(⊥)




	
2184-1

	
3656.42

	
25.38

	
15.84

	
0.29

	
0.46(∥)




	
2184-2

	
3656.42

	
25.38

	
18.23

	
1.13

	
1.56(⊥)




	
2185-1

	
3656.52

	
24.92

	
12.45

	
0.18

	
0.37(∥)




	
2185-2

	
3656.52

	
24.89

	
12.44

	
0.84

	
1.72(⊥)




	
2187-1

	
3656.58

	
24.93

	
12.46

	
0.19

	
0.38(∥)




	
2187-2

	
3656.58

	
24.95

	
12.47

	
0.85

	
1.73(⊥)




	
3366-1

	
3855.48

	
24.84

	
12.43

	
0.29

	
0.45(∥)




	
3366-2

	
3855.48

	
24.85

	
12.44

	
0.82

	
1.68(⊥)




	
3655-1

	
3873.31

	
24.54

	
18.27

	
0.23

	
0.33(∥)




	
3655-2

	
3873.31

	
24.54

	
19.80

	
1.09

	
1.41(⊥)
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Table 2. Brazil-splitting test results.






Table 2. Brazil-splitting test results.





	Samples No.
	Injection

Velocity/(mL/s)
	Viscosity (mPa·s)
	Stress State

(σx-σy-σz)
	Fracture Mode





	21-1
	1
	3
	4-4-5
	Mode III



	21-11
	2
	3
	4-4-5
	Mode III



	21-10
	3
	95
	4-4-5
	Mode I



	21-2
	2
	3
	4-4-7
	Mode II



	21-9
	1
	95
	4-4-5
	Mode I



	21-7
	3
	95
	4-4-7
	Mode II
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