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Abstract:



In this paper, configurations of pre-existing fractures in cubic rock blocks were investigated and reconstructed for the modeling of experimental hydraulic fracturing. The fluid-rock coupling process of hydraulic fracturing was simulated based on the displacement discontinuities method. The numerical model was validated against the related laboratory experiments. The stimulated fracture configurations under different conditions can be clearly shown using the validated numerical model. First, a dominated fracture along the maximum principle stress direction is always formed when the stress difference is large enough. Second, there are less reopened pre-existing fractures, more newly formed fractures and less shear fractures with the increase of the cohesion value of pre-existing fractures. Third, the length of the stimulated shear fracture decreases rapidly with the increase of the friction coefficient, while the length of the tensile fracture has no correlation to the fiction coefficient. Finally, the increase of the fluid injection rate is favorable to the formation of a fracture network. The unfavorable effects of the large stress difference and the large cohesion of pre-existing fractures can be partly suppressed by an increase of the injection rate in the hydraulic fracturing treatment. The results of this paper are useful for understanding fracture propagation behaviors during the hydraulic fracturing of shale reservoirs with pre-existing fractures.
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1. Introduction


Fracture propagation behavior during the hydraulic fracturing treatment of shale reservoirs has been investigated by many researchers. For example, Zoback et al. [1] implemented both laboratory experiments and numerical modeling to demonstrate that the slow slip on pre-existing fractures is important to the effectiveness of slick-water hydraulic fracturing. Nagel et al. [2] found that a higher injection rate favors the creation of tensile failure, while a lower injection rate and lower viscosity favor the creation of shear fracture. Riahi and Damjanac [3] performed a series of comparative studies to establish the effects of injection rates, connectivity, and size distribution of natural fractures on the stimulated area. Fu et al. [4] simulated the fracturing process with dozens of natural fractures to investigate the effects of principal stress orientation and stress anisotropy. McClure and Horne [5] showed that fracturing stimulation may occur through a mixture of the opening and sliding of pre-existing fractures as well as the propagation of new fractures. Zhang and Jeffrey [6] simulated the fracturing process under two injection types and found that constant rate injection is better than constant pressure injection in creating fracture network. Zangeneh et al. [7] investigated the relationship between hydraulic fracturing and triggering of fracture slip of a rock mass with pre-existing fractures. Aside from the works listed above, fracture propagation behaviors during the hydraulic fracturing treatment have also been investigated by many other researchers [8,9,10,11,12,13,14]. Pre-existing fractures in the rock play an important role in the formation of the fracture network during hydraulic fracturing. For typical continental sedimentary shale in China, pre-existing fractures on a small scale are also very important. For example, small-scale pre-existing fractures are well developed in the Upper Triassic Yanchang formation of Ordos Basin [15]. Zhou et al. [16] conducted laboratory experiments to investigate fracture propagation based on these pre-existing fractures. However, as experiments are difficult to carry out and the comparability is poor, Zhou et al. [16] only studied the effects of stress difference on fracture propagation.



Compared with laboratory experiments, numerical modeling is much more flexible and can be used in more complicated cases. However, numerical modeling is very challenging as the propagation of fracture networks depends on many factors, such as pre-existing fractures, rock properties, in situ stress, fluid properties, and injection rate. Many methods have been developed to simulate the fluid-rock coupling process of hydraulic fracturing, including the finite element method [17], extended finite element method [18], discrete element method [4], and mesh-less method [1,19,20,21,22,23]. Precision and efficiency are crucially important to the modeling of the hydraulic fracturing process. As the simulation domain is often hundreds of meters, whereas the typical fracture aperture is a small fraction of a millimeter, a deformation that is considered as small “noise” in the solid solver may induce dramatic oscillation of fluid pressure in the flow solver [4]. The Displacement Discontinuity Method (DDM) [24] is another novel method for modeling the fluid-rock coupling system of hydraulic fracturing. In this method, fracture displacement discontinuities can be calculated with higher precision because the analytical solution is directly used to calculate the induced stress. IN addition, the fracturing process can be simulated with very high computational efficiency as the grid number is much less than that used in other methods because the rock matrix is not discretized in DDM. The propagation of a complex fracture network with hundreds of fractures can be easily simulated using DDM [9,11,14,25,26,27].



In this study, the propagation behavior of fractures during hydraulic fracturing of rock with pre-existing fractures is investigated with a newly proposed numerical model based on DDM. This approach offers a preliminary understanding of the formation of the fracture network during hydraulic fracturing of a shale reservoir with pre-existing fractures. First, the numerical model is set up and validated against laboratory experiments. Then, using the validated numerical model, multi-factor analyses are carried out to investigate the propagation of fractures under different conditions during the hydraulic fracturing process.




2. Numerical Method


A DDM-based model is used to simulate the hydraulic fracturing process in this study. The following assumptions are used in the model: the rock matrix is homogeneous, isotropous, and linear elastic [24]. The rock matrix is impermeable. The fluid injected is Newtonian, single phase, and laminar [6,25,28]. The details of the model had been introduced in our previous published papers [13] therefore, for the sake of completeness, only the most important equations are given blow.



Given the normal and shear Displacement Discontinuities (DDs) of each fracture element, the induced stresses by the opening and sliding of the fracture system with N elements can be calculated by [6]:


[image: there is no content]



(1)




where x = (x, y) is the coordinate, w is the normal DD, v is the shear DD, lr is the length of fracture, r, Gij are the hyper singular Green’s functions, which are proportional to the plane strain Young’s modulus [6], σn is the normal stress, and τs is the shear stress, obeying Coulomb’s frictional law characterized by the coefficient of friction λ, which limits the shear stress by:
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(2)




that can act in parts of fractures that are in contact, but vanishes along the separated parts. Along the opened fracture portions, we have:
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(3)




where K is the three-dimensional correction coefficient proposed by Olson [29].



The fracture growth is based on the maximum hoop stress criterion, with the maximum mixed-mode intensity factor reaching a critical value at:
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(4)




where KI and KII are stress intensity factors, KIC is the tensile mode fracture toughness, and [image: there is no content] is the fracture propagation direction relative to the current fracture orientation, and satisfies:
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(5)








3. Model Setup and Model Validation


The pre-existing fractures were reconstructed based on the results of the laboratory experiments implemented by Zhou et al. [16]. After the repeated heating and cooling processes for cement blocks, the random pre-existing fractures as shown in Figure 1 were obtained. These pre-existing fractures were then identified from the gray scale images of the cement blocks by using a gray threshold value. The identified pre-existing fractures are shown in Figure 2a,d.


Figure 1. Pre-existing fractures on the surface of a block after heat and cooling treatments from Zhou et al. [16].



[image: Energies 10 00736 g001]





Figure 2. Fracture network configurations under different stress conditions. (a) The numerical setting and the pre-existing fracture network of case 1; (b) The numerical result of case 1; (c) The experiment result of case 1; (d) The pre-existing fracture network of case 2; (e) The numerical result of case 2; (f) The experiment result of case 2. The pre-existing fracture networks and the experiment results are obtained from Zhou et al. [16]. For numerical results, the fluid pressure (pf) is represented by color. The fractures that are not affected by fluid are represented by the gray meshes. The shear fractures are marked by the bold curves at the top. For experiment results, the stimulated fractures are marked by the bold red curves.
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The hydraulic fracturing processes were then simulated by injecting fluid from the central position of the numerical model. The model setup is illustrated in Figure 2a. The fractures propagate from the center with the fluid injection from the central position. The modeling is finished when any fracture reaches the boundary of the region.



To validate the model, two numerical tests were implemented according to the laboratory experiments conducted by Zhou et al. [16]. All of the default parameters are listed in Table 1. These parameters are equivalent to those used by Zhou et al. [16] and are used as default in all the simulations in this work. For case 1, the hydraulic fracturing process is simulated under a high stress difference ([image: there is no content]) based on the pre-existing fracture network as shown in Figure 2a. For case 2, the hydraulic fracturing process is simulated under a small stress difference ([image: there is no content]) based on the pre-existing fracture network as shown in Figure 2d. The numerical results of the two cases are shown in Figure 2b,e. Vertical dominated fractures with multiple branches are formed under a high stress difference while a radial fracture system is formed under a small stress difference. The numerical results agree well with the experiment results that are shown in Figure 2c,f.



Table 1. Default input parameters for the simulations in this paper. Here, [image: there is no content] and [image: there is no content] are the principle stresses along the x and y-axis directions respectively, [image: there is no content] is the friction coefficient between fracture surfaces, C is the cohesion of pre-existing fractures, layer thickness is the height of the model perpendicular to the modeling plain, and KIC is tensile mode fracture toughness.







	
Parameter

	
Value

	
Parameter

	
Value






	
Young’s Modulus

	
8.4 GPa

	
Poisson’s ratio

	
0.23




	
Fluid Viscosity

	
135 mPa.s

	
Injection Rate

	
13.9 × 10−3 m2/s
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1 MPa

	
[image: there is no content]

	
0 MPa




	
[image: there is no content]

	
0.9

	
C

	
0 MPa




	
Layer Thickness

	
0.3 m

	
KIC

	
1.0 MPa·m0.5










It must be noted that it is difficult to control the mechanical properties of pre-existing fractures (e.g., friction coefficient, cohesion, etc.) in the laboratory experiments. Moreover, as a rock sample can only be hydraulic fractured once, it is impossible to investigate the fracture network propagation based on the same pre-existing fracture network under different conditions. Fortunately, the numerical modeling method provides us a really feasible solution. We are able to investigate the propagation of a fracture network under more complex situations through numerical modeling based on the second pre-existing fracture configuration, as shown in Figure 2d in the following sections.




4. Results and Discussion


4.1. Effects of The Cohesion of Pre-Existing Fractures


As the aperture of pre-existing fractures is in the range of 0.05–0.1 mm in the research conducted by Zhou et al. [16], the cohesion of pre-existing fractures can be treated as ignorable in the simulations above. However, for shale reservoirs, the aperture of pre-existing fractures is much smaller than that in Zhou et al. [16] and thus the cohesion of pre-existing fractures is always pertinent. In this section, the effects of cohesion on fracture propagation are investigated.



The cohesion of pre-existing fractures has great effects on fracture network propagation, as shown in Figure 3. Firstly, when the cohesion is greater, there are less reopened pre-existing fractures because more energy is needed to reopen such pre-existing fractures. Secondly, when the cohesion is greater, there are more newly formed hydraulic fractures because there is less fluid flow through the pre-existing fractures. Thirdly, the final fracture network configuration is less complex when the cohesion is larger. This indicates that, with the increasing of cohesion, the increasing of the newly formed fracture length is slower than the decreasing of the reopened pre-existing fracture length. Finally, there is less shear fractures when the cohesion is greater. This can be explained by the maximum hoop stress criterion, according to which a newly formed hydraulic fracture will change the propagation direction when the shear stress along the fracture is not equal to zero.


Figure 3. Fracture network configurations under different cohesions of pre-existing fracture. (a) C = 0 MPa; (b) C = 5 MPa; (c) C = 10 MPa. Here, C is the cohesion of pre-existing fractures. In these figures, the fluid pressure (pf) in the fluid-affected fractures is represented by color. The fractures that are not affected by fluid are represented by the gray meshes. The shear fractures are marked by the bold curves at the top. The stress difference [image: there is no content] is equal to 0 MPa in these simulations.
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To show the effects of cohesion more clearly, the variations of the fracture lengths with cohesion and stress difference are illustrated in Figure 4. Here, the tensile fracture is defined as a fracture that is filled by fluid, the shear fracture is defined as a fracture with a shear displacement discontinuity greater than 10[image: there is no content], and the stimulated fracture is defined as a fracture that is either a tensile or shear fracture. It can be seen that all of these fracture lengths decrease with the increasing of cohesion. However, the variation sensitivities are much different. First, when the stress difference is small, the tensile fracture length decreases rapidly with the increasing of cohesion. By contrast, the shear fracture length is not very sensitive to the increasing of cohesion when the stress difference is relatively large. This is caused by the fact that the shear stimulation is not very significant when the stress difference is small. Second, when the stress difference is large, the shear fracture length decreases rapidly with the increasing of cohesion, but the decreasing of the tensile fracture length is not very significant. This can be explained by the fracture network propagation behavior when the stress difference is large. As illustrated in Section 3, the fracture network propagates mainly along the maximum principle stress direction. Moreover, when the stress difference is large, the fracture propagation behavior is controlled by the stress difference. As a result, a dominated fracture is always formed and thus the affected fracture length is not as sensitive to the cohesion increasing when the stress difference is large.


Figure 4. Variations of fracture lengths with stress difference and the cohesion of pre-existing fractures. (a) The variation of the tensile fracture length; (b) The variation of the shear fracture length; (c) The variation of the stimulated fracture length, i.e., the length of the fractures that are either tensile or shear fractures. In these figures, each black point represents the result of a simulation. The colored surfaces represent the smoothed results.
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4.2. Effects of the Friction Coefficient


Aside from the cohesion of pre-existing fractures, the friction coefficient is also an important fracture characteristic. In this section, the effects of the friction coefficient are investigated. The fracture network configurations under different friction coefficients are shown in Figure 5. It can be seen that the fracture network is comparable under different friction coefficients. However, the effects of the friction coefficient is important. A pre-existing fracture is more difficult to be reopened when the friction coefficient is larger. Comparing Figure 5c with Figure 5a, it is found that the pure shear stimulated fractures, which are the fractures that are shear stimulated before being filled with fluid, are much shorter when the friction coefficient is greater.


Figure 5. Fracture network configurations under different values of the friction coefficient. (a) [image: there is no content]; (b) [image: there is no content]; (c) [image: there is no content]. Here, [image: there is no content] refers to the friction coefficient between fracture surfaces. For the fluid-affected fractures, the fluid pressure (pf) is represented by color. The fractures that are not affected by fluid are represented by the gray meshes. The shear fractures are marked by the bold curves at the top. The stress difference [image: there is no content] is equal to 10 MPa in these simulations.
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The variations of fracture lengths with the friction coefficient and stress difference are shown in Figure 6. It can be seen that the friction coefficient has ignorable effects on tensile fractures under both low and high stress differences. This agrees well with the fracture network configurations that are shown in Figure 5. Although different from the tensile fractures, the shear fracture length varies sensitively with the friction coefficient, especially when the stress difference is large. Upon increasing the friction coefficient, there are much less pre-existing fractures reopened by shear stimulation. Therefore, the shear fracture length decreases with the increasing of the friction coefficient. In summary, the friction coefficient between fracture surfaces has great effects on the propagation of shear fractures but has ignorable effects on tensile fractures.


Figure 6. Variations of fracture lengths with stress difference and the friction coefficient between fracture surfaces. (a) The variation of the tensile fracture length; (b) The variation of the shear fracture length; (c) The variation of the stimulated fracture length, i.e., the length of the fractures that are either tensile or shear fractures. In these figures, each black point represents the result of a simulation. The colored surfaces represent the smoothed results.
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4.3. Effects of the Injection Rate


Injection rate is one of the most important operating parameters during the hydraulic fracturing treatment of shale reservoirs. Fracture network configurations under different injection rates are shown in Figure 7. The maximum principle stress direction is along the y-axis direction and the stress difference is 10 MPa in these simulations. The fracture network propagates mainly along the maximum principle stress direction (y-axis direction), and dominated hydraulic fractures are formed when the injection rate is low. However, the fracture network also propagate along the x-axis direction when the injection is high. Comparing these fracture network configurations in Figure 7, it is clear that the fracture network is more complex when the injection rate is higher.


Figure 7. Final fracture network configurations under different injection rates. (a) qinj = 1.0 × 10−7 m2/s; (b) qinj = 1.0 × 10−5 m2/s; (c) qinj = 1.0 × 10−3 m2/s. For the fluid-affected fractures, the fluid pressure (pf) is represented by color. The fractures that are not affected by fluid are represented by the gray meshes. The shear fractures are marked by the bold curves at the top. The stress difference [image: there is no content] is equal to 10 MPa in these simulations.
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The variations of the fracture lengths with the injection rate and stress difference are shown in Figure 8. The fracture lengths increase with the increasing injection rate under both isotropous and anisotropic crustal stress conditions. However, the increasing of the injection rate is more significant to the formation of the fracture network when the stress difference is large. The affected fracture length decreases with the increasing of stress difference when the injection rate is low. However, the unfavorable effects of stress difference can be partly suppressed by the increasing of the injection rate. Both the tensile and shear fracture lengths increase with the increasing of the injection rate. The variations of the fracture lengths with the injection rate and the cohesion of pre-existing fractures are also simulated, and the results are shown in Figure 9. The fracture lengths decrease with the increasing of cohesion and increase with the increasing of the injection rate. To sum up, the increasing of the injection rate is favorable to the formation of the fracture network.


Figure 8. Variations of the fracture lengths with the injection rate and stress difference. (a) The variation of the tensile fracture length; (b) The variation of the shear fracture length; (c) The variation of the stimulated fracture length, i.e., the length of the fractures that are either tensile or shear fractures. In these figures, each black point represents the result of a simulation. The colored surfaces represent the smoothed results.
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Figure 9. Variations of the fracture lengths with injection rate and the cohesion of pre-existing fractures. (a) The variation of the tensile fracture length; (b) The variation of the shear fracture length; (c) The variation of the stimulated fracture length, i.e., the length of the fractures that are either tensile or shear fractures. In these figures, each black point represents the result of a simulation. The colored surfaces represent the smoothed results.
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5. Conclusions


The formation of the fracture network during hydraulic fracturing of reservoir rock with pre-existing fractures is investigated using a numerical model based on the displacement discontinuities method. The numerical modeling is carried out based on the reconstruction of the pre-existing fracture networks generated from repeated heating and cooling processes in cubic rock blocks. The numerical results are validated by the laboratory experiments. The fracture network configurations under different conditions are obtained by the validated numerical model.



Firstly, the increasing of stress difference is unfavorable to the formation of the fracture network as a dominated fracture along the maximum principle stress direction could be formed when the stress difference is large. However, a larger stress difference is favorable to the shear stimulation. Secondly, the high cohesion of pre-existing fractures is also unfavorable to the formation of the fracture network as the reopening of pre-existing fractures could be suppressed by the larger cohesion. Moreover, there are less shear fractures when the cohesion is larger. Thirdly, shear stimulation could be suppressed by the greater friction coefficient between fracture surfaces, but the tensile mode fractures are not affected by the friction coefficient. Moreover, fracture propagation is related to the friction coefficient mainly when the anisotropy of stress is strong. Finally, increasing the injection rate is favorable to the formation of the fracture network under different stress differences and different cohesions of pre-existing fractures. Upon increasing the injection rate, the lengths of both the tensile and the shear mode fractures increase.
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