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Abstract:



To investigate how the characteristics of interbeds affect hydraulic fracture propagation in the continental shale formation, a series of 300 mm × 300 mm × 300 mm concrete blocks with varying interbeds, based on outcrop observation and core measurement of Chang 7-2 shale formation, were prepared to conduct the hydraulic fracturing experiments. The results reveal that the breakdown pressure increases with the rise of thickness and strength of interbeds under the same in-situ field stress and injection rate. In addition, for the model blocks with thick and high strength interbeds, the hydraulic fracture has difficulty crossing the interbeds and is prone to divert along the bedding faces, and the fracturing effectiveness is not good. However, for the model blocks with thin and low strength interbeds, more long branches are generated along the main fracture, which is beneficial to the formation of the fracture network. What is more, combining the macroscopic descriptions with microscopic observations, the blocks with thinner and lower strength interbeds tend to generate more micro-fractures, and the width of the fractures is relatively larger on the main fracture planes. Based on the experiments, it is indicated that the propagation of hydraulic fractures is strongly influenced by the characteristics of interbeds, and the results are instructive to the understanding and evaluation of the fracability in the continental shale formation.
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1. Introduction


Unconventional reservoirs usually exhibit very complex structures with ultra-low permeability and porosity. The fractures formed by fracturing stimulation can provide flow passage for these reservoirs. Therefore, hydraulic fracturing stimulation is one of the key technologies to produce oil and gas in an economical way [1]. Many scholars have undertaken much research on hydraulic fractures through physical experiments, numerical simulations and analytic criteria [2,3,4,5,6,7]. Particularly, conducting physical experiments is not only valuable for validating numerical simulations, but also an efficient way to understand the effects of various factors on fracture propagation. Blanton [2] and Beugelsdijk et al. [3] performed Hydraulic fracturing experiments to study fracture propagation under different stress conditions. Warpinski et al. [8,9] found that the growth and geometry of hydraulic fractures were affected by the stress, joints, faults, interfaces and layer material property. Sarmadivaleh et al. [10] investigated the influences of interface cohesion and approaching angle on the interaction between interfaces and hydraulic fractures. Another important influence factor of fracture propagation is the viscosity of injection fluid which was discussed by Ishida and Inui et al. [11,12] through some comparative experiments. In addition, the relationship between natural fractures and hydraulic fractures has been studied. The scholars from Delft University of Technology used tri-axial test system and acoustic monitoring to study fracture initiation and hydraulic fracture propagation in natural fractures [13,14]. Moreover, the situations of interaction between hydraulic and natural fractures were noted by Beugelsdijk et al. [3], Olson and Bahorich [4,5] and Warpinski [9]: crossing, arresting, offsetting, bypass and diversion. Van Eekelen et al. [15] studied the hydraulic fracture propagation in layered formation and analyzed the fracture arresting effects. Recently, we have learned that in shale hydraulic fracturing, the natural fractures and shale bedding contributed to form complex fractures [16].



Based on the literatures review, the studies above have mainly discussed the influences of different factors such as stress conditions, fracturing fluid and natural fractures et al. on hydraulic fractures. However, the effects of the characteristics of laminae or interbeds in the formation on hydraulic fracture propagation are rarely investigated. In addition, the shales discovered in the Ordos Basin, China, are generally characterized by silty laminae and interbeds, and a mass of natural gas also exists in silty laminae and interbeds [17,18]. At present, the research on this kind of shales is mainly focused on the gas production, physical and chemical properties of the shales with interbeds [19,20,21]. Therefore, it is necessary and significant to study the effects of laminae or interbeds on fracture propagation. In this paper, hydraulic fracturing experiments were conducted, and the induced fractures on surfaces and main fracture planes were observed and analyzed to clarify the effects of thickness and strength of interbeds on hydraulic fracture propagation.




2. Laboratory Experiment Design


2.1. Basis of Model Block Preparation


The Ordos Basin is a huge basin located in the middle of northern China and rich in hydrocarbon. The basin contains oil and gas reservoir in the Upper Palaeozoic, the Ordovician and Triassic and Jurassic strata [22,23,24]. One of the main formations of the Ordos Basin is called Yanchang Formation, which can be subdivided into 10 members, from Chang 1 to Chang 10 [25]. In the Yanchang Formation, Chang 7, especially Chang 7-2, is an important exploration target for continental shale gas. Scientific research well called JK3 is located in Jin Suoguan, Shanxi province and the southeast of Ordos Basin. The depth of JK3 is about 125 m and the target of coring is Chang 7-2 which is located at 110 m.



The cores of Chang 7-2 obtained from well JK3 are mostly black shales characterized by nearly horizontal laminations and interbedded with sandstone with varying thickness. Similarly, the outcrop observations also show that Chang 7-2 shales are interbedded with varying thickness and are almost broken. According to outcrop and core observations, the thickness of interbeds and laminae are about from 0.1 cm to 4 cm, as shown in the Figure 1.


Figure 1. The typical shale with interbeds and laminae from Chang 7-2 shale: (a) Outcrop of Chang 7-2 shale formation with typical interbeds; and (b) Core sample of Chang 7-2 shale formation with typical laminae).
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The outcrop observations of Chang 7-2 shale indicate that continental shales from outcrops are mostly broken and it is difficult to get complete cube shale specimens to conduct hydraulic fracturing experiments, so model block preparation imitates the characteristics of outcrops and cores of Chang 7-2 shale.




2.2. Model Block Preparation


Hydraulic fracturing experiments using concrete blocks were conducted by some scholars to study the influences of different factors on breakdown pressures and fractures [26,27,28]. Besides, concrete is easily available and simple to cast in different sizes [10]. Therefore, the model blocks for hydraulic fracturing are made from concrete A layers and B layers alternately. A layers stand for shales and B layers for silty interbeds in shales.



To prepare model blocks, the cement and sand were mixed in the different mass ratios shown in Table 1. The cement used in this experiment is No. 425, and the sand corresponds to a 20–40 mesh. To produce a full model block, a concrete A layer was casted first. The next concrete B layer was casted after the former concrete A layer that was initially set. The initial setting time is about 45 min. In this way, five cube model blocks with 300 mm length were made. Then these layered concrete blocks were cured around 28 days under a certain condition (temperature was about 20 °C and humidity was more than 95%). A hole parallel to the concrete layers was drilled in each concrete model block to simulate the wellbore. The diameter and depth of the hole are 1.2 cm and 18 cm, respectively. Afterwards, a special perforated casing was fixed into the hole with glue. A casted layered model block and the enlarged picture of casing are shown in Figure 2. The diameter and length of the casing are 1.2 cm and 23 cm, respectively. The perforation length was 9 cm with six holes which were spirally distributed, and the angle difference was 60°.


Figure 2. A model block and schematic diagram of casing: (a) a casted layered model block; and (b) the enlarged picture of casing.
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Table 1. Parameters of concrete A layers and B layers. UCS: uniaxial compressive strength; C:S:W: cement, sand and water.







	
Model Block No.

	
Layers No.

	
Thickness (cm)

	
C:S:W (mass ratio)

	
Average UCS (MPa)

	
Average Tensile Strength (MPa)

	
Average Young Modulus (GPa)

	
Average Poisson Ratio






	
C1

	
A

	
4

	
1:3:0.5

	
33.65

	
3.43

	
30.78

	
0.24




	
B

	
1

	
1:4:0.6

	
22.17

	
2.46

	
26.75

	
0.22




	
C2 (Base model)

	
A

	
4

	
1:3:0.5

	
33.65

	
3.43

	
30.78

	
0.24




	
B

	
2

	
1:4:0.6

	
22.17

	
2.46

	
26.75

	
0.22




	
C3

	
A

	
4

	
1:3:0.5

	
33.65

	
3.43

	
30.78

	
0.24




	
B

	
3

	
1:4:0.6

	
22.17

	
2.46

	
26.75

	
0.22




	
C4

	
A

	
4

	
1:3:0.5

	
33.65

	
3.43

	
30.78

	
0.24




	
B

	
2

	
1:2:0.4

	
26.01

	
4.01

	
22.54

	
0.27




	
C5

	
A

	
4

	
1:3:0.5

	
33.65

	
3.43

	
30.78

	
0.26




	
B

	
2

	
1:6:0.7

	
13.78

	
2.01

	
17.76

	
0.20










The thickness of the A layer is 4 cm and its average uniaxial compressive strength (UCS) is about 33.65 MPa which is close to shale average UCS 31.27 MPa in that area [26]. The thickness and strength of the A layer are constant so as to study the effects of thickness and strength of interbeds on fractures propagation. To make model blocks conveniently in laboratory, the thicknesses of the B layer are 1, 2 and 3 cm, respectively based on the interbeds thicknesses from outcrop and core observations of Chang 7-2. The average strength UCS of the B layer are 26.01, 22.17 and 13.78 MPa, respectively by changing the mass ratio of cement, sand and water (C:S:W). The specific parameters of the concrete matrix and bedding face are shown in Table 1 and Table 2, respectively.



Table 2. Parameters of bedding face between A layer and B layer.







	
Model Block No.

	
Layers No.

	
Thickness (cm)

	
C:S:W (Mass Ratio)

	
Bedding Face Friction Coefficient

	
Bedding Face Cohesion (MPa)






	
C1

	
A

	
4

	
1:3:0.5

	
0.46

	
3.23




	
B

	
1

	
1:4:0.6




	
C2 (Base model)

	
A

	
4

	
1:3:0.5

	
0.46

	
3.23




	
B

	
2

	
1:4:0.6




	
C3

	
A

	
4

	
1:3:0.5

	
0.46

	
3.23




	
B

	
3

	
1:4:0.6




	
C4

	
A

	
4

	
1:3:0.5

	
0.41

	
4.43




	
B

	
2

	
1:2:0.4




	
C5

	
A

	
4

	
1:3:0.5

	
0.52

	
2.66




	
B

	
2

	
1:6:0.7











2.3. Experimental Setup


The Rock true tri-axial hydraulic fracturing test system built by Institute of Geology and Geophysics, Chinese Academy of Sciences was used to conduct hydraulic fracturing experiments. The test system that is controlled by the hydraulic servo system is mainly composed of loading system, pump system, measurement and control system. The stresses of three directions are 0–3000 kN and the pump pressure is 0–65 MPa, which meets the demand of experiments. Flow-time curve, pump pressure-time curve, and pump pressure-flow curve are real-time output to monitor the process of experiments.




2.4. Experiment Conditions


Hydraulic fracturing experiments need to simulate the formation conditions, and one of the significant factors is formation stress. The stresses applied to the concrete model block is shown in the Figure 3.


Figure 3. Stress conditions and the direction of borehole.
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According to the geological conditions, the vertical stress was 2.9 MPa, which was perpendicular to concrete layers on the surfaces S2 and S2’, and was close to the shale formation in-situ field stress of Chang 7-2 shales at 110 m in well JK3 [29]. The effect of horizontal stress difference on hydraulic fractures was not discussed, so horizontal stress difference was kept constant at 1.1 MPa during the experiments. The maximum horizontal stress was on the surfaces S3, S3’ and the minimum horizontal stress was on the surfaces S1, S1’, and both of them were parallel to concrete layers.



In order to consider a hydraulic fracture field test being simulated in laboratory scale, scaling laws are to be applied to scale the fracturing fluid parameters. In the past, scaling laws for performing proper hydraulic fracture experiments were derived [30,31,32]. These laws scale the experiments in terms of energy rates associated with fluid flow, fracture opening and rock separation.



The fluid viscosity is one of the most significant factors that affects the field-scale hydraulic fractures over their propagation history [10]. So, in view of the low injection rate in the laboratory, it is necessary to use highly viscous fluids, and when using low viscous fluids, we should set a high injection rate. Therefore, water with red ink was used as fracturing fluid so that fractures induced by the hydraulic fracturing were visualized and fracture propagation was better tracked, and the flow rate was kept constant at 50 mL/min. Table 3 shows the specific experiment conditions.



Table 3. Experimental conditions for hydraulic fracturing experiments.







	
Fracturing Fluid

	
Flow Rate (mL/min)

	
Stress Condition (MPa)

	
Horizontal Stress Difference (MPa)




	
σH

	
σh

	
σv






	
Water

	
50

	
2.1

	
1

	
2.9

	
1.1












3. Experimental Results and Analysis


3.1. Pump Pressure-Injection Time Curve


The pump pressure-injection time curves of the five model blocks were recorded during hydraulic fracturing experiments, as shown in Figure 4. Taking C2 as an example, the curve mainly consists of four processes:

	(a)

	
the fracturing fluid is injected and pumped;




	(b)

	
the pump pressure increases and initial fractures generate;




	(c)

	
the pumping pressure continues to increase and fractures propagate, until the pressure rises to the highest point; and




	(d)

	
fractures extend within the model block and fracturing fluid filtrates into fractures, then pressure drops.








Figure 4. The pump pressure-injection time curves of five model blocks: (a) the pump Pressure-injection time curves of model blocks C1, C2, C3 and the breakdown pressures are 6.6, 7.29, 8.04 MPa, respectively; and (b) the pump pressure-injection time curves of model blocks C4, C2, C5 and the breakdown pressures are 8.4, 7.29 and 6.18 MPa, respectively.
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The breakdown pressure of each model block was obtained by measurement and control system and recorded by the pump pressure-injection time curve. Under the same condition of the strength of the B interbed, the breakdown pressure increases as the interbed thickness increases. Under the same condition of the thickness of the B interbed, the breakdown pressure has the same trend that it increases as the interbed strength increases.



The reasons for the experimental phenomena are that hydraulic fractures require more energy to cross the thicker interbeds compared with the thinner interbeds, so higher force is needed. Moreover, obviously, the strength of interbeds increases so that higher force is required to break the block under the same conditions.




3.2. Effects of the Thickness of Interbeds on Fracture Propagation


To analyze the effects of the thickness of interbeds on hydraulic fracture propagation, the induced fractures on the surfaces of the model blocks C1, C2 and C3 with the same strength of interbeds were observed and sketched by naked eyes after hydraulic fracturing experiments. The interbed thickness of C1, C2 and C3 is 1 cm, 2 cm and 3 cm, respectively. Two parameters, the length of fractures and the number of fractures, were used so as to study the fractures better.



Figure 5 shows the hydraulic fractures on the surface S1 of the model blocks C1, C2 and C3. The red fractures are main fractures and the blue fractures are fracture branches. When the thickness of the B interbeds was 1 cm or 2 cm, the main fracture crossed the interbeds first, then it turned to the bedding face, propagating and breaking along the bedding face. However, when the thickness of the B interbeds was 3 cm, the main fracture propagated and broke mostly along the A layer, the B interbed and the bedding face around the drill hole.


Figure 5. Hydraulic fractures on the surface S1 of the model blocks C1, C2 and C3: (a) the main fracture changed the propagation direction and extended along the bedding face; (b) the main fracture also changed the propagation direction and extended along the bedding face; and (c) the main fracture extended along A layer, the B interbed and the bedding face.
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Beugelsdijk and Sarmadivaleh [3,6] pointed out the main four situations of interaction between hydraulic fractures and natural interface which were crossing, arresting, opening and offsetting. Besides, it is well known that weak interfaces could contain fracture propagation [9,33]. In our experiments, the fracture propagation is correspondence with the interaction situations noted by the scholars. There are two main reasons for the two different propagation pathways. Under the same conditions of stress and flow rate, with the increase of the interbed thickness, the fractures are more difficult to cross the interbeds. Besides, the arresting effect of the interface between A layer and B layer results in diversion of hydraulic fractures.



According to investigate the fractures geometry on the surfaces of those three model blocks after hydraulic fracturing, the induced fractures were sketched carefully with naked eyes. Ishida [34] used this method to study the induced fractures geometry on the granite surfaces. Figure 6 shows the visible fractures on the unfolded surfaces of the model blocks. The surfaces of C1 generated many fracture branches and formed fracture network. The surfaces of C2 produced a tortuous main fracture with some branches. However, the main fractures of C3 were typical straight bi-wing fractures with a few branches. Figure 7 shows the length and the number of fractures on the surfaces of the three model blocks, which indicates that the length and the number of fractures decrease as the interbed thickness increases. Xu et al. [26] studied the relationship between laminated structure and hydraulic fractures, and noted that the effectiveness of hydraulic fracturing on the concrete block with thicker interbeds was better. Based on the experimental data, similar results are obtained and it is justified to state that the main fracture is prone to crossing the thinner interbeds, getting through more interbeds and the bedding faces, which results in more complex fractures.


Figure 6. Visible fractures on the unfolded surfaces of the model blocks C1, C2 and C3: (a) the tortuous main fracture with many fracture branches; (b) the tortuous main fracture with some fracture branches; and (c) the almost straight bi-wing main fracture with a few fracture branches.
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Figure 7. The length and the number of fractures on the surfaces of the model blocks C1, C2 and C3.
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The model blocks C1, C2 and C3 were cut into two parts along the main fracture after experiments to observe induced fractures on the main fracture planes. Some fractures can be seen by naked eyes, but most fractures are too tiny to be observed. Therefore, the microscope was used to study fracture propagation. The observation method is that the two main fracture planes are entirely scanned by the hand-held digital microscope with 200 magnification, then the fractures are imaged and observed on the computer. It takes almost more than 1 h to observe one plane. Because the length of fractures is difficult to measure on the main fracture planes, the width and number of fractures are used to analyze the induced fractures. Taking C3 as an example, there are many fractures on the main fracture planes, so some typical fractures are presented in Figure 8.


Figure 8. The typical fractures observed by the microscope on the main fracture planes 1 and 2 of the model block C3 (the circles on the planes mean locations of fractures, and the pictures (a–c) on the right are correspondent with the fractures in the red circles on the left).
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Based on the observations of the fractures on the main fracture planes of the model blocks C1, C2 and C3 by the microscope, both visible and micro fractures can be seen on the two main planes of those blocks, but most fractures are micro. Besides, the width of visible fractures on the main fracture planes of three blocks is from about 0.100–0.070 mm. Moreover, the width of the micro fracture is almost less than 0.060 mm. According to the statistics of fractures on the main fracture planes of the model blocks C1, C2 and C3, the number of fractures is 17, 15 and 10, respectively.



The number of fractures tends to decrease as the thickness of interbeds increases, which has the same tendency of the number of fractures on surfaces. The reason is that the main fracture crosses fewer interbeds as the thickness of interbeds increases, which leads to less visible fractures and micro fractures on the main fracture planes.




3.3. Effects of the Strength of Interbedson Fracture Propagation


To analyze the effects of strength of interbeds on hydraulic fracture propagation, the induced fractures on the surfaces of the model blocks C4, C2 and C5 with the same thickness of interbeds were observed and sketched by naked eyes after experiments. The interbed strength of the model blocks C4, C2 and C5 are 26.01, 22.17 and 13.78 MPa, respectively. Similarly, the length and the number of fractures on the surfaces were applied to better study the fractures.



Figure 9 shows the hydraulic fractures on the surface S1 of the model blocks C4, C2 and C5. The red fractures are main fractures and the blue fractures are fracture branches. When the strength of the B interbeds was relatively low (13.78 MPa), the main fracture crossed interbeds, extending along the bedding face, then getting through the A layers and the B interbeds. When the strength of the B interbeds increased (22.17 MPa), the main fracture crossed interbeds first, then turned to the bedding face, propagating and breaking along the bedding face. When the strength of the B interbeds rose to 26.01 MPa, the direction of main fracture mostly completely changed, propagating along the A layer and the B interbed around the drill hole.


Figure 9. Hydraulic fractures on the surface S1 of the model blocks C4, C2 and C5: (a) the main fracture extended along A layer, the B interbed and the bedding face; (b) the main fracture changed the propagation direction and extended along the bedding face; and (c) the main fracture also changed the propagation direction and extended along the bedding face.



[image: Energies 09 00556 g009 1024]






Warpinski et al. [35] and Wright et al. [36] noted the layer material property could impact on the hydraulic fracture propagation and a material property interface could arrest the fracture growth. In the experiments, the three totally different propagation pathways of the main fracture, that are correspondence with the interaction situations pointed out by the scholars [5,6], mainly result from the varying interbed strength. The lower strength interbeds have small resistance to the propagation and extension of fractures under the same conditions of stress and flow rate, so fractures can cross the interbeds, which lead to produce long fractures. In addition, when the fracture extends to the interface, because of the arresting effect of the interface, the fracture propagates along the interfaces instead of crossing the high strength interbeds.



Figure 10 shows the visible fractures on the unfolded surfaces of the model blocks C4, C2 and C5. The main fracture of C4 was typical bi-wing fractures with some short branches, and the surfaces of C2 produced tortuous main fracture with branches. However, the surfaces of C5 generated fracture network with some long branches. Therefore, the interbed strength not only leads to different fracture geometry, but also affects the length of branches. Figure 11 shows the length and the number of fractures on the surfaces of the three model blocks, which indicates that, although the number of fractures on the surfaces of C2 is smaller than that of C4, the length of fractures decreases with the increase of the interbed strength. This is because lower strength interbeds make the propagation and extension of fractures more easy, and the main fracture tends to get through the interbeds and the bedding faces, which could produce long fractures and fracture branches.


Figure 10. The visible fractures on the unfolded surfaces of model blocks C4, C2 and C5: (a) the almost straight bi-wing mian fracture with some short fracture branches; (b) the tortuous main fracture with some fracture branches; and (c) the tortuous main fracture with some long fracture branches.
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Figure 11. The length and the number of fractures on surfaces of model blocks C4, C2 and C5.
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The model blocks C4, C2 and C5 were cut into two parts along the main fracture after experiments to observe induced fractures on the main fracture planes by the microscope. Likewise, the width and number of fractures are used to analyze the induced fractures. Taking C4 as an example, some typical fractures are shown in Figure 12.


Figure 12. The typical fractures observed by the microscope on the main fracture planes 1 and 2 of model block C4 (the circles on the planes means locations of fractures, and the pictures (a–c) on the right are correspondent with the fractures in the red circles on the left).
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Based on observations of the main fracture planes of the model blocks C4, C2 and C5 by the microscope, two main fracture planes of each model block have visible and micro fractures, but there are much more micro fractures. Specifically, compared with the width of visible fractures of C4 and C2 that is about 0.080 mm, the width of visible fractures of C5 with low strength interbeds 13.78 MPa is mostly more than 0.100 mm and can be seen clearly by the naked eye. However, the width distribution range of micro fracture of the three model blocks is basically similar and is about from 0.010 mm to 0.050 mm. According to the statistics of fractures on the main fracture planes of the model blocks C4, C2 and C5, the number of fractures is 13, 15 and 18, respectively.



The number of fractures tends to increase as the interbed strength decreases, which is slightly different from the tendency of the number of fractures on surfaces. The analysis of the experimental datum implies that with decreasing interbed strength, the main fracture can cross more interbeds, generating more fractures, and visible fractures on the main fracture planes are wider. Therefore, the fracturing effectiveness is better.





4. Conclusions


In this study, the hydraulic fracturing experiments were conducted on 300 mm × 300 mm × 300 mm interbedded concrete model blocks to research the effects of thickness and strength of interbeds on hydraulic fractures propagation. Some main conclusions can be summarized as follows:

	(1)

	
Pump pressure-injection time curves of the five model blocks were obtained under the same in-situ stress field and flow rate. The breakdown pressure increases with the decrease of the thickness and strength of interbeds. The cause of this result is that higher force is required to break the block with thick and high strength interbeds.




	(2)

	
The main fracture has difficulty in crossing the interbeds of thick and high strength, and is prone to divert along the bedding faces. On the surfaces, the model block with lower strength interbeds could generate longer fracture, and the model block with thinner interbeds tends to produce more branches along the main fracture, which forms a complex fracture network.




	(3)

	
Both visible and micro-fractures can be observed on the main fracture planes by the microscope, but most fractures are tiny. The model block with thinner and lower strength interbeds tends to produce more fractures and the width of the visible fractures is relatively larger on the main fracture planes. Further experiments and simulation studies are needed to reveal the mechanism of fracture propagation in shales.
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