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Abstract

:

Characterizing changes in rock properties is essential for the hydraulic fracture and re-fracture parameter optimization of shale formations. This paper proposed a hydraulic fracturing model to investigate the changes in rock properties during hydraulic fracturing using SPH, and the changes in the stress field and rock properties were quantitatively characterized. The simulation results indicated that the minimum horizontal principal stress increased by 10 MPa~15 MPa during fracture propagation, which is the main reason for the uneven propagation in multi-fracture propagation. Affected by the stress disturbance, the stimulated area was divided into four parts based on the changes in Young’s modulus and permeability; the more seriously the stress disturbance was affected, the higher the permeability of the stimulated zone was, and the smaller the stimulated zone was. Meanwhile, a zone with reduced permeability appeared due to the compression effect caused by the high injection pressure, and this increased with the increase in stress disturbance. The main reason for this was that strain formed because of the compression effect from the high injection pressure. The higher the stress disturbance, the higher the accumulated strain. This new model provides a new method for fracture parameter optimization, which also provides a foundation for the re-fracture parameter optimization of shale formations.
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1. Introduction


Creating a complex fracture network is the key element for shale gas development because of the low permeability of shale formations [1,2]. This is an effective technology to improve the permeability of shale formations, but hydraulic fracturing also causes micro-earthquakes due to rock strain or stress disturbance. Hydraulic fracturing has become essential in recent decades [3]. During hydraulic fracturing, a large volume of fracturing fluid is injected into the shale formation. This leads to the compressional deformation of rocks due to the high net pressure inside the fractures. This compressional deformation is the main cause of stress disturbance during hydraulic fracturing. For the re-fracturing and hydraulic fracturing of adjacent wells, understanding the mechanism of stress perturbation and changes in rock properties is critical.



To determine the mechanism of hydraulic fracture distribution, numerical models of hydraulic fractures based on FEM, DEM, and FEM-DEM have been proposed, and the behavior of hydraulic fracture propagation has been determined [4,5]. It has clearly been shown that the horizontal principal stress difference is the parameter controlling crack propagation in multi-crack propagation simulations. This study suggests that increasing the cluster space and injection rate can cause the uniform propagation of multi-stage fractures. Furthermore, it has been observed that the pore pressure can control fracture propagation [6,7]. The hydraulic fractures tended to deflect to the high-pore-pressure areas while fracturing. In addition, the main factor limiting the propagation of intermediate fractures was the deflection of the maximum principal stress in the horizontal direction. The simulations showed that the spreading resistance increased by 6–8 MPa as a result of the deflection of maximum principal stress in the horizontal direction [8]. Meanwhile, natural fractures are also an important element in fracture networks. A series of numerical models have been developed to observe how hydraulic fractures propagate under varying principal horizontal stresses and angles of approach in order to investigate the relationship between natural and hydraulic fractures in fractured formations. The results showed that hydraulic fracturing occurred in the presence of natural fractures, and the following three types of fractures emerged: crossing, arresting, and terminating [9,10,11,12]. On the other hand, high principal stress in the horizontal direction and the approach angles inhibited the propagation of fractures [13,14]. The area with horizontal principal stress and angle of approach can be split into three parts based on how hydraulic fracture propagation occurs. The bedding surface interfered with the propagation of the hydraulic fracture in the vertical direction. In addition, the minimum principal stress in the horizontal direction and the stratigraphic thickness were found to be the most important geologic parameters affecting the fracture height. On the other hand, a large horizontal principal stress difference and great stratigraphic thickness may restrict the fracturing height in a single formation [15,16]. Additionally, thickening the fracturing fluid and boosting the injection rate have been shown to cause an increase in fracture height. The main goal of this study was to examine the factors contributing to surpassing the low fracture limit in shale formations, and it was found that high net pressures resulting from high injection rates and fracturing fluid viscosities play a significant role [17,18]. Experimental simulations to directly observe fracture extension were also conducted. The effects of stress, the injection parameters, and the rock mechanics on fracture extension were investigated using CT scans, and the results of the simulation were in good agreement with the experimental data.



As noted above, the study of hydraulic fracture growth in shale involves factors that influence the creation of an intricate fracture network. Understanding changes in the stress field and the rock properties of shale formations is of importance for significantly improving the productivity of the shale oil and gas industries via widespread re-fracturing. The currently used numerical model is inadequate to effectively describe the changes in the stress field and rock properties after hydraulic fracturing. Smoothed-particle hydrodynamics (SPH) is better suited to calculating the strain and stress fields. To investigate the stress perturbation mechanism and changes in rock properties during hydraulic fracturing, this work presents a new simulation method based on SPH to characterize the changes in the stress field and rock properties after hydraulic fracturing. In this simulation, the rock matrix is characterized by its particles, which effectively solves the problem of the predetermined fracture propagation path in the hydraulic fracturing procedure, resulting in a variety of extended fracture paths and the better characterization of stress field variations. Additionally, permeability is introduced to characterize fracture propagation and the creation of a high-permeability flow channel during the hydraulic fracturing process. Thus, the extension of hydraulic fractures can be effectively described by the changes in permeability.




2. Mathematical Methods


2.1. Boundary Conditions


As indicated in Figure 1, the whole domain was divided into two parts,     Ω = Ω   +   ∪   Ω   −    , and the whole domain was bounded by   Γ =   Γ   t   ∪   Γ   u   ∪   Γ   d    . The normal vector     n   d   +     indicates the direction of     Ω   +     relative to the joint plane.



The classical strong forms of strong discontinuity equations are presented in [19] as follows:


  ρ   u  ˙  =   1   ρ   ∇ σ + g  



(1)






  u   x , t   =   u  ¯    x , t     o n     Γ   u    



(2)






  σ ·   n  ^  =   t   *     o n     Γ   t    



(3)






      σ  ˙    +   ·   n   d   +   =     σ  ˙    −   ·   n   d   −   =     t  ˙    c     o n     Γ   d    



(4)




where   t   represents the traction,   ρ   represents the mass density,   u   represents the velocity,   σ   denotes the stress tensor,   g   represents the body force, and   n   represents the outward normal vector of the domain.




2.2. Governing Equations


During the simulations, the fracturing fluid was subject to mass and momentum conservation laws. These are expressed in the Lagrangian system as follows. The constitutive stress–strain relationship in rocks is also given in [20].


    σ   α β   =   1   3     σ   r r     δ   α β   +   s   α β   = − p   δ   α β   +   s   α β    



(5)




In the above equation,   p   represents the pore pressure,     δ   α β     denotes the Kronecker delta, and     s   α β     describes the second-order deviatoric stress tensor.



The results of the elastic and plastic strain calculations are as follows:


      ε  ˙    α β   =   1   2   (   ∂   ν   α     ∂   x   β     +   ∂   ν   β     ∂   x   α     )  



(6)






      ε  ˙    α β   =     ε  ˙    e   α β   +     ε  ˙    p   α β    



(7)




where       ε  ˙    e   α β     represents the elastic strain, and       ε  ˙    p   α β     denotes the plastic strain.



The generalized Hook’s law was used to determine the stress rate of the tensor [21]:


      σ  ˙    e   α β   =   D   α β m n       ε  ˙    e   m n   = 2 G     ε  ˙    e d   α β   + K     ε  ˙    e v   r r     δ   α β    



(8)




where   K   represents the bulk moduli,     D   α β m n     represents the standard isotropic elastic tensor of the fourth order,       ε  ˙    e d   α β     represents the rate of deviatoric components of the elastic strain tensor,   G   represents the shear moduli, and       ε  ˙    e v   r r     represents the rate of volumetric components of the elastic strain tensor.



This simulation considered the rock as a Drucker–Prager material, with a yield criterion that is represented by a circular cone surface and is given by


  F   σ , c   =    J   2     s    + η p   σ   − ξ c  



(9)




and


   η =   6 s i n ϕ    3  ( 3 − s i n ϕ )       , ξ =   6 c o s ϕ    3  ( 3 − c o s ϕ )     








where   ϕ   and   c   represent the angle of friction and the cohesion of the material, respectively.




2.3. Damage Evaluation


For the quantitative evaluation of rock damage during hydraulic fracturing, the hydraulic fracture propagation behavior is characterized by the D parameter:


  D =   4   3   π   c   g   3     ∫  0   t      n   ′     ε     ε  ˙    ( 1 − D )   ( t − τ )   3   d τ  



(10)




where     c   g     represents the fracture propagation velocity.



The simulation presented in this equation was used to control the growth of damage:


    d   D   1 / 3     d t   =   1   3     c   g       w  ¯    1 / 3     ε   m / 3    



(11)




where     w  ¯  =   8 π k   ( m + 3 )   2     ( m + 1 ) ( m + 2 )    .



A damage threshold in the following form was used to identify the damage condition:


    F   D       ε  ¯  ,   ε   D   0     =   ε  ¯  −   ε   D   0    



(12)






    ε  ¯  =     σ   m a x     K + 4 / 3 G    



(13)






    ε   D   0   =   ( V K )   − 1 / m    



(14)




where   K   and   m   represent the material properties that characterize fracture activation, and   V   denotes the volume of the SPH particle.



Formation permeability after hydraulic fracturing was quantified as


  k =   k   0     e   − β (   σ   1   − α p )    



(15)




where     k   0     represents the initial permeability;     σ   1     denotes the principal stress;   p   describes the pore pressure; and   α   represents the Biot coefficient.





3. Simulation Results


3.1. Verification


In comparison with Zheng’s experiments [22], the effectiveness of the proposed model was verified. The rock specimens used were 30 cm × 30 cm × 30 cm. The center of the rock sample was the injection point. The simulated accumulated displacement was found to be similar to the results of the experiments. As illustrated in Figure 2, the established model proved to be effective, with a maximum accumulated displacement error of 5.7% for 4#DDS and an average error of 3.2% for the other three DDSs, which were compared to the experimental and simulation findings.




3.2. Model Description


To study the changes in stress distribution and rock properties during hydraulic fracturing, numerical models were used to simulate the stress field and rock properties under different stimulated volumes. The numerical model size was 120 m × 120 m, and the injection points were located at the fracture opening. The principal stress distribution is shown in Figure 3a, and the calculation procedure is presented in Figure 3b. The stress field was under observation during the simulations, and the boundary conditions are listed in Table 1. The stress boundary conditions comprised the maximum and minimum horizontal principal stresses, the vertical stress, and the pore pressure. The generated fracture was characterized by permeability (Equation (15)), and the initial value was 0.35 mD, which was determined from its distribution. The calculation of the proposed hydraulic fracturing model used in the simulations is depicted in Figure 3b.




3.3. Results


Figure 4 depicts the distribution of hydraulic fractures under different clusters, with a cluster space of 15 m. The simulation results indicate that the hydraulic fractures were asymmetric in distribution, and the central fractures were much shorter than the adjacent fractures. Meanwhile, the fracture geometry was also very different. The main reason for this was that the horizontal principal stress experienced great changes during hydraulic fracturing. The whole simulation lasted for 1.4 h using the Windows 11 system. The UMAT program was developed, which was embedded into ABAQUS to study the propagation of fractures.



To help define the changes in this stress, Figure 5 shows the minimum principal stress in the horizontal direction along the hydraulic fracture. From the simulations, it can be seen that the minimum principal stress in the horizontal direction increased greatly during hydraulic fracture propagation. From Figure 5a, it can be seen that the minimum principal stress in the horizontal direction increased to 76.96 MPa when three cracks were formed, and those of the other two cracks were 75.31 MPa and 76.27 MPa. The average minimum horizontal principal stresses were 70.39 MPa, 74.27 MPa, and 71.32 MPa, which was the main reason for the limitation of the middle crack. Figure 5b shows that the lowest value of minimum principal stress in the horizontal direction was at the injection point, and this increased with hydraulic fracture propagation. After hydraulic fracturing, the highest value of minimum principal stress in the horizontal direction was 84.39 MPa for fracture 3, and its average increase in the horizontal direction was 8.27 MPa. The minimum principal stress in the horizontal direction increased by 45.34% on average, as shown in Figure 5a. Figure 5c shows that the minimum principal stress in the horizontal direction was 81.62 MPa for fracture 1 after hydraulic fracturing, and this increased to 85.61 MPa and 86.34 MPa for fractures 2 and 3, respectively. Meanwhile, the average increase in minimum principal stress in the horizontal direction increased to 11.37 MPa, which increased by 99.82%. In addition, it can also be found that the minimum principal stress in the horizontal direction had a funnel shape. This indicates that the stress disturbance area increased with the number of fractures.



The physical properties of the shale formation after hydraulic fracturing are plotted in Figure 5, Figure 6 and Figure 7 to further characterize the changes in rock properties after hydraulic fracturing. Three fractures were generated post-hydraulic fracturing, and the Young’s modulus of the rock and the permeability distribution of the shale are illustrated in Figure 6. From the simulations, the original rock mechanical properties and permeability are shown in Table 1. It is clear from Figure 6a that the Young’s modulus of shale decreased following hydraulic fracturing. The fractured zone can be divided into four parts according to the degree of the Young’s modulus reduction. Zone I: The Young’s modulus experienced a large decrease, which varied from 15.0 GPa to 20.0 GPa. The formation permeability greatly increased in this area. Zone II: The Young’s modulus grew from 20.0 GPa to 25.0 GPa. In this zone, the degree of stress perturbation was slightly reduced compared with that in zone I, and the changes in Young’s modulus and permeability were smaller than those in zone I. For zones III and IV, the degree of stress perturbation was obviously reduced, and the Young’s modulus in these areas was slightly reduced. From Figure 6b, it can be seen that the permeability in zones I and II obviously increased, while the permeability in zone III slightly decreased. The main reason for this was that the fracture surface suffered compression deformation under high pressure inside the fracture, resulting in damage to rocks in the deep formation. The porosity of the rocks under compression deformation decreased, and the local permeability of the rocks slightly decreased due to the characteristics of porous media in the rock. According to the experimental findings, a shear failure occurred in the rocks in the deep formation under compressive deformation, so the permeability in zone IV slightly increased. When four fractures occurred or fractures were made by hydraulic action, the changes in the Young’s modulus and permeability showed the same trend (Figure 7 and Figure 8). As the number of fractures increased, the area with reduced permeability also increased. The main reason for this physical phenomenon was that as the number of fractures increased, compression deformation caused by the high injection pressure became more serious, and thus, the area with reduced permeability increased. It should also be noted that the area with decreased permeability enlarged as more fractures developed. This accounts for the strain generated in the stimulated area during hydraulic fracturing, and this strain was increased with the increase in fracture degree in the central zone. Thus, as more fractures developed, the area of zone III largely increased.





4. Discussion


The effects of the stress field, cluster space, and fracturing fluid viscosity on the rock properties were simulated to further clarify the changes in the zone with reduced permeability.



4.1. Stress Field


The horizontal principal stress difference was the main factor influencing hydraulic fracture distribution. In the simulations, stress fields with horizontal principal stress differences of 15 MPa, 12 MPa, 9 MPa, and 6 MPa were simulated. The cluster space was 15 m, four fractures were created in this process, and the other parameters were the same as those given in Table 1. It can be seen that the change in Young’s modulus varied from −53.75 m to 55.92 m, and the permeability varied from −43.28 m to 43.64 m, as shown in Figure 9a. When the stress difference between two horizontal principal stresses increased to 9 MPa, the change in Young’s modulus decreased from 109.67 m to 87.5 m, and the permeability decreased from 86.92 m to 64.57 m. The change in Young’s modulus decreased continuously to 79.4 m, and the permeability decreased to 61.3 m when the stress difference reached 15 MPa. Although the horizontal principal stress differential significantly reduced the stimulated region, the highest value of permeability was obviously larger. The main reason for this is that the generated fractures were confined to a smaller area as the horizontal principal stress difference increased. The central area was stimulated more thoroughly, so the Young’s modulus degraded more, and the permeability improved more under the same injection conditions. The strain in the center area also increased due to the restriction of fractures, which increased with the horizontal principal stress difference. Meanwhile, that of the whole stimulated area obviously decreased due to the fact that the created fractures were restricted to a smaller area under a high horizontal principal stress differential, while the strain of the other area was comparatively smaller.




4.2. Cluster Space


The other factor influencing hydraulic fracture distribution is cluster space, according to the existing research. Hydraulic fracture propagation with different cluster spaces was simulated to further investigate the changes in rock properties during hydraulic fracturing. In these simulations, the other parameters were the same as shown in Table 1, and cluster spaces of 8 m, 12 m, 16 m, and 20 m were simulated. From the simulations, the Young’s modulus decreased to below 20 GPa in zone I, and the lowest value was 6.2 GPa, with the highest permeability of 11.6 D, as shown in Figure 10. In addition, the area in which the Young’s modulus changed was larger than the area in which the permeability changed. The main reason for this was that the permeability of a shale formation can be obviously improved only when the current Young’s modulus decreases to the threshold. When the cluster space increased to 12 m, the lowest Young’s modulus was 7.6 GPa in zone I, and the highest permeability was 11.2 D. When the cluster space continuously increased to 20 m, the lowest Young’s modulus increased to 13.8 GPa, while the highest permeability decreased to 8.2 D. Based on the simulations, it can be concluded that decreasing the cluster space can dramatically increase the number of hydraulic fractures formed. The highest permeability of the stimulated area also showed the same tendency. The width of the stimulated area decreased by 49.1%, while the highest permeability increase was 41.5% compared with that when the cluster space was 8 m. Therefore, the changes in Young’s modulus and permeability also decreased, and the peak permeability decreased with an increase in cluster space. In addition, the formation strain also decreased with an increase in cluster space, so the area with reduced permeability decreased.




4.3. Viscosity of Fracturing Fluid


The viscosity of the fracturing fluid was the most important technical factor influencing the fracture geometry during hydraulic fracturing. We simulated different viscosities (1.0 mPa.s, 10.0 mPa.s, 50.0 mPa.s, and 100.0 mPa.s) and characterized the changes in formation properties after hydraulic fracturing to investigate the effect of fracturing fluid viscosity on the formation properties. The Young’s modulus and permeability are shown in Figure 11a–d. The simulation results show that the total stimulated area decreased with increasing fracturing fluid viscosity. Under a viscosity of 1.0 mPa.s, the width of the area with changed permeability was 76.4 m, while it decreased to 71.3 m when the fracturing fluid viscosity increased to 10.0 mPa.s. A large change also took place when the fracturing fluid viscosity climbed to 50.0 mPa.s, and the width of the area with changed permeability was 60.3 m. As the width of the area with changed permeability decreased, the peak permeability largely increased from 9.0 D to 18.1 D when the fracturing fluid viscosity increased from 1.0 mPa.s to 100.0 mPa.s. This indicated that high fracturing fluid viscosity was beneficial for creating high-permeability fractures, while low fracturing fluid viscosity was helpful for creating a complex fracture network. The most important reason why high fracturing fluid viscosity contributed to higher hydraulic fracture permeability was because the net pressure generated by high viscosity was much higher than that caused by low viscosity. In addition, the area with reduced permeability was also larger because the high net pressure was also a source of high stress.





5. Conclusions


Stress disturbance is an important factor affecting the stimulated volume during hydraulic fracturing, and knowledge of the stress disturbance mechanism is critical for the optimization of hydraulic fracture parameters. In this paper, a numerical model was developed to describe the alterations in Young’s modulus and the permeability distribution following hydraulic fracturing. The findings are summarized as follows.



(1) Increasing the minimum principal stress in the horizontal direction was found to be the main factor influencing the fracture propagation behavior in multi-stage hydraulic fracturing. During fracture propagation, the minimum principal stress in the horizontal direction increased from 10 MPa to 15 MPa, and the maximum value of minimum principal stress in the horizontal direction was located at the fracture tip, which largely restricted fracture propagation.



(2) The whole stimulated area can be divided into four parts. In the parts which were severely affected by stress disturbance, the Young’s modulus severely decreased, and the permeability of the formation greatly increased. A zone with reduced permeability formed in the stimulated area due to the stress caused by the high injection pressure.



(3) The main reason for the permeability decrease in the stimulated zone during hydraulic fracturing was formation compression. For rocks, the porosity and local permeability decreased under compression deformation. The compression effect on reservoir rocks increased with the heterogeneity of the reservoir stress and fracturing fluid viscosity, whereas it was negative in the cluster space.
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Figure 1. Domain with single joint plane, with a jump in the velocity field. 
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Figure 2. Comparison between experimental and simulation results. 
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Figure 3. (a) Sketch of hydraulic fracturing. (b) Calculation of the proposed hydraulic fracturing model. Proposed hydraulic fracturing model description and calculation procedure. 
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Figure 4. Hydraulic fracture distribution under different clusters. (a) three clusters; (b) Four clusters; (c) five clusters. 






Figure 4. Hydraulic fracture distribution under different clusters. (a) three clusters; (b) Four clusters; (c) five clusters.



[image: Processes 12 00886 g004]







[image: Processes 12 00886 g005] 





Figure 5. (a) The minimum horizontal stress distribution along three hydraulic fractures. (b) The minimum horizontal stress distribution along four hydraulic fractures. (c) The minimum horizontal stress distribution along five hydraulic fractures. 
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Figure 6. Young’s modulus (a) and permeability distribution (b) of three fractures. 
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Figure 7. Young’s modulus (a) and permeability distribution (b) of four fractures. 
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Figure 8. Young’s modulus (a) and permeability distribution (b) of five fractures. 
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Figure 9. (a) Young’s modulus and permeability distribution under the horizontal principal stress difference of 6 MPa. (b) Young’s modulus and permeability distribution under the horizontal principal stress difference of 9 MPa. (c) Young’s modulus and permeability distribution under the horizontal principal stress difference of 12 MPa. (d) Young’s modulus and permeability distribution under the horizontal principal stress difference of 15 MPa. 
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Figure 10. (a) Young’s modulus and permeability distribution under the cluster space of 8 m. (b) Young’s modulus and permeability distribution under the cluster space of 12 m. (c) Young’s modulus and permeability distribution under the cluster space of 16 m. (d) Young’s modulus and permeability distribution under the cluster space of 20 m. 
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Figure 11. (a) Young’s modulus and permeability distribution when viscosity of fracturing fluid was 1.0 mPa.s. (b) Young’s modulus and permeability distribution when fracturing fluid viscosity was 10.0 mPa.s. (c) Young’s modulus and permeability distribution when fracturing fluid viscosity was 50.0 mPa.s. (d) Young’s modulus and permeability distribution when fracturing fluid viscosity was 100.0 mPa.s. 
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Table 1. Parameters of the hydraulic fracturing simulation.






Table 1. Parameters of the hydraulic fracturing simulation.





	
Item

	
Parameters

	
Unit

	
Value






	
Rock mechanical properties

	
Young’s modulus

	
GPa

	
35.6




	
Poisson’s rate

	
Dimensionless

	
0.34




	
Tensile strength

	
MPa

	
8.42




	
Shear strength

	
MPa

	
8.61




	
Permeability

	
mD

	
0.35




	
Injection parameters

	
Injection rate

	
m3/min

	
4.0




	
Viscosity of fracturing fluid

	
mPa.s

	
20.0




	
Stress field

	
Vertical stress

	
MPa

	
87.5




	
Maximum horizontal principal stress

	
MPa

	
78.6




	
Minimum horizontal principal stress

	
MPa

	
68.6




	

	
Pore pressure

	
MPa

	
23.8
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