

  processes-11-01566




processes-11-01566







Processes 2023, 11(5), 1566; doi:10.3390/pr11051566




Article



Estimation of Fracture Height in Tight Reserviors via a Finite Element Approach



Jiujie Cai * and Fengxia Li





SINOPEC Petroleum Exploration and Production Research Institute, Beijing 102206, China









*



Correspondence: caijj.syky@sinopec.com; Tel.: +86-(010)-5660-8085







Academic Editors: Linhua Pan, Yushi Zou, Jie Wang, Minghui Li, Wei Feng, Lufeng Zhang and Yidong Cai



Received: 11 April 2023 / Revised: 9 May 2023 / Accepted: 16 May 2023 / Published: 21 May 2023



Abstract

:

In tight reservoirs, the rock formations are typically less porous and permeable, which makes it more difficult for hydrocarbons to flow through them. In addition to length and conductivity, the height of a fracture is another critical parameter of the hydraulic fracturing treatments in unconventional tight/shale formations, which determines the stimulated reservoir volume. If the fracture height is too shallow, the volume of rock exposed to the fluid and proppant may not be sufficient to improve the reservoir’s production significantly. Conversely, if the fracture height is too deep, the injected fluid may not be able to propagate high enough to reach the desired formation. However, after years of research, fracture height has often been simplified in traditional or recent studies of fracture simulation and estimation. The objective of this work is to propose an innovative way to simulate the hydraulic fracturing process in both horizontal and vertical directions in tight formations with a well-built finite element numerical model. Fracture toughness    K  I C     is calculated based on the Brazilian test. Vertical fracturing fluid was also considered, and the model was validated by fracture height monitoring data from a stimulated well in the Montney formation. The influence of rock and fluid properties on the fracture height propagation was studied thoroughly with sensitivity analysis. The results indicated the fracture height prediction model was in good accordance with the monitoring data collected from the field, with an error margin of 7.2%. Sensitivity analysis results showed that a high Young’s modulus led to a larger stress intensity factor at the fracture tip, thus further advancing the fracture. Minimum horizontal stress also tends to facilitate the fracture to propagate. The influence of Poisson’s ratio and fluid viscosity on fracture height propagation was also investigated.
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1. Introduction


Hydraulic fracturing is a stimulation process involving the injection of fluids under a high pressure into a formation to create and propagate induced fractures. In addition to the half-length and conductivity, fracture height is also important in the stimulation treatment. If the fracture height is too short, some areas of the productive zone may not be stimulated, limiting after-treatment productivity. Conversely, operators have strong economic incentives to ensure that fractures do not propagate beyond the formation and into the adjacent rock strata [1]. Fractures extending beyond the formation would not only be a waste of time, materials, and money but may also result in loss of the well and the associated oil/gas resources in some cases [2].



Extensive efforts have been devoted to developing accurate models for hydraulic fracture properties prediction since the 1950s [3,4,5], including two-dimensional (2D) models, pseudo-three-dimensional (P-3D) models, and three-dimensional (3D) models. The 2D models were proposed first, the most popular being the Perkins–Kern–Nordgren (PKN) model, the Khristianovic–Geertsma–de Klerk (KGD) model, and the radial model (penny shape model). In 1961, Perkins and Kern developed the PK model [6], which was later modified by Nordgren to consider fluid loss [7]. In this model, the height is fixed, and an elliptic intersection was assumed. The PKN model is applicable for long fractures with a limited height. The KGD model [8,9] is height-independent, with an elliptic horizontal intersection. This model is applicable for fractures with a small ratio of fracture length/height. The penny shape model is a radial model proposed by Sneddon and Green [10,11]. This model assumes the hydraulic fracturing fluid is injected from the center of the wellbore to the surrounding fractures and thus is applicable when the injection region is a point source. Pseudo-3D [12,13] and true 3D models were also developed to analyze fracture height growth and the fracture propagation process. Simonson et al. developed a pseudo-3D model to simulate height growth in a symmetric three-layer formation and investigated the effects of in situ stress and pressure gradients for the pay zone on the fracture height. Warpinski et al. [14,15] studied the fracturing process in a layered formation and suggested the in-situ stresses had a more dominant influence on the propagation of hydraulic fractures. Different fracture propagation criteria in impermeable rocks were adopted [16], and several theoretical and numerical models were conducted to analyze the propagation of fluid-driven fractures. Two dissipative processes were studied: the fracturing of the rock (toughness) [17] and the dissipation in the fracturing fluid (viscosity) [18].



Numerical methods have also been applied to simulate the fracture propagation process, which include the boundary element method (BEM), the finite difference method (FDM), the discrete element method (DEM), and the finite element method (FEM). In this model, we used the FEM method due to its ability to handle reservoir heterogeneity and rock properties in the layered reservoirs. Compared to FEM, BEM requires discretization and calculation only on the domain boundaries and cannot address the rock properties change in the matrix [19]; the FDM is limited to calculations of the meshes of the whole domain and to dynamic fracture propagation [20], while the discrete element method (DEM) is often used in discontinuous, separate domains and emphasizes the solution of contact and impact between multiple bodies [21,22]. Ma et al. [23,24,25] suggested that numerical simulation models based on a three-phase flow process can provide accurate predictions of water-silt inrush hazards in fault rocks and presented the viewpoint that numerical modeling is essential to avert potential disasters caused by water-silt inrush hazards.



However, fracture height is assumed to be a constant in traditional 2D analytical models such as the KGD and PKN models and is equal to fracture length in a radial model. In pseudo-3D models, fracture height is calculated explicitly based on fracturing fluid leak-off theory, which does not take rock mechanics and fracture propagation criterion into account. Moreover, facture height is often calculated in the numerical 3D propagation model of a homogeneous reservoir, which cannot consider the influence of complex bounding layers. In this study, a fully coupled finite element model was built to simulate fracture propagation in the vertical direction in order to analyze fracture height growth in an unconventional tight gas reservoir. Results of the model were compared with results from the analytical method and the fracture height monitoring data from a wellsite. The results indicated that the fracture height prediction model had a good correlation with the monitoring data collected from the field. A detailed analysis of the influence of fluid viscosity and element grid size on fracture height propagation is thus presented. Although the intention was to investigate fracture height, fracture length is also calculated in this study.




2. Model Description


The assumptions of the model are as follows: (1) The fracture geometry is plane-strain; (2) the fracturing fluid is incompressible, laminar, and Newtonian; (3) the lubrication theory can be applied for fluid flow calculation; (4) the linear elastic fracture mechanics theory is used as the criterion for fracture propagation; and (5) vertical stress is higher than the maximum horizontal stress. In addition, the M-integral method was used to calculate the stress intensity factor along the horizontal and vertical fracture propagation. Fracture tip stress intensity factors are first calculated as the fracture lengths propagate. Fracture height is then obtained for the in situ length when the stress intensity factor of the fracture tip in the vertical direction is equal to that in the horizontal direction.



2.1. Governing Equations


2.1.1. Mass Conservation


The fluid mass conservation law can be written as follows [26]:


    ∂ w   ∂ t   +   ∂ q   ∂ y   + C = 0  



(1)




where q is fluid flux, m3/min; w is fracture width, m; t is time, s; y is vertical flow direction; and  C  is the leak-off term, m/s0.5. Integrating Equation (1) twice yields the following:


  2   ∫  0 l  w d y + 2   ∫  0 t    ∫  0  l   t ′     C d y   d  t ′  =  Q 0  t  



(2)








2.1.2. Fluid Flow in the Fracture


Lubrication theory is used to describe fluid flow behavior within the fractures, which is described by the Poiseuille’s law:


  q = −    w 3    12 μ       ∂  p f    ∂ y      



(3)




where    p f    is fluid pressure at the fracture surface, MPa; and  μ  is fluid viscosity,   Pa ⋅ s  .




2.1.3. Fluid Leak-off


Carter’s leak-off model is used to describe fluid leak-off to the surrounding matrix (Carter, 1957):


  C   y , t   =   2  C l      t −  t 0   y      ,   t >  t 0   y   



(4)




where    C l    is leak-off coefficient, m/s0.5; and    t 0   y    is the time the fracture tip arrives at position y, s.




2.1.4. Fracture Propagation Criterion


Tensile failure criterion is used for the reservoir rock to simulate fracture propagation, which is defined as follows:


   K I  ≥  K  I C    



(5)




where    K I    is the stress intensity factor,   MPa ⋅  m   ; and    K  I C     is the critical stress intensity or fracture toughness,   MPa ⋅  m   .




2.1.5. Boundary Equations


Only a quarter of the fracture is modelled in this work, and the boundary conditions for fluid flow are as given below:


  q  0  =    Q 0   4  , q  l  = 0  



(6)




where   q  0    is fluid flux at the start of the crack, m3/min; and   q  l    is fluid flux at the fracture tip, m3/min;    Q 0    is the total injection flow rate, m3/min.




2.1.6. Stress Intensity Factor Determination


The stress intensity factor    K I    is calculated with the M-integral method [27,28]. The M-integral method is a path-independent line integral that is applied to a class of plane elastic fracture problems for a variety of elastic crack problems:


   K I  =  E  2   1 −  v 2          ∫  D     σ  i j     ∂  u i    a    ∂  x 1    +  σ  i j  a    ∂  u i    ∂  x 1    −  σ  m n  a   ε  m n    δ  1 j       ∂ χ   ∂  x j    d S −   ∫    S e    χ p   ∂  u i a    ∂  x 1    d L    



(7)




where domain D is a set of elements surrounding the fracture tip in the discretized finite element model.    S e    is a set of edges of the finite elements in domain D, and these edges coincide with the fracture surface;    σ  i j     is the stress field;    x j    j = 1 ,   2     is the local coordinate;    u i    i = 1 ,   2     is the displacement field;  δ  is the Kronecker delta; χ  is a scalar field;    ε  m n     is the strain field;    σ  i j  a    and    u i    a    are the auxiliary stress and displacement field, respectively.



The auxiliary stress and displacement fields can be expressed as follows:


         u 1 a         u 2 a        =  1  2 G      r  2 π           cos  θ 2    κ − cos θ         sin  θ 2    κ − cos θ          



(8)






         σ  11  a         σ  22  a         σ  12  a        =  1    2 π r     cos  θ 2        1 − sin  θ 2  sin   3 θ  2        1 + sin  θ 2  sin   3 θ  2        sin  θ 2  cos   3 θ  2         



(9)




where r is the distance from the fracture tip to the observation point x, and θ is the angle from the tangent to the fracture path. This angle equals    π 2    as the fracture propagates in the vertical direction. In addition,  G  is the shear modulus; κ is the Kolosov constant, where κ = (3 − ν) ∕ (1 + ν) for the plane stress condition, and κ = (3 − 4ν) for the plane strain condition.





2.2. Numerical Implementation


The equations discussed in the previous sections are coupled together to obtain an implicit solution for all equations. The finite element method was used in the simulation model. Fracture propagation for each time step is solved with a three-step process, described as follows:



A proper time step is assumed first, and then, the finite element discretization of the relationship between the fracture width w and the pressure in the fracture can be determined:


  w   y , t   =   π   1 −  υ 2      4 E     ∫   l  t    ln       l    t   2  −  y 2    +   l    t   2  −  y 1 2        l    t   2  −  y 2    −   l    t   2  −  y 1 2        p    y 1  , t   d  y 1   



(10)




where   l  t    is the fracture half-height at time t.



The matrix form of equation of width and pressure is as follows:


  Δ w = M Δ p  



(11)




where   Δ w   is width increment, m; and   Δ p   is pressure increment, MPa;  M  is pressure influence coefficient matrix; and the physical meaning of Mij is the fracture width at certain point i induced by unit pressure at another point j within the fracture. According to the principle of variation, Equation (1) with any test function leads to its weak form as follows:


    ∫  L    − ∇   δ p   ⋅ q +   δ p     ∂ w   ∂ t   +   δ p   g   d l + δ p   q ⋅  n 1     | s  = 0  



(12)




where  S  is the collection of boundary conditions. Then, we can obtain the nonlinear finite equations and discretized equations.



An initial width w and pressure at time t are then assumed, and the Jacobian matrix generated in the process can be solved by a series of finite element equations. Backward Euler method is applied to solve the time difference in the integration. Newton–Raphson technique is conducted as the iteration method to solve the width and pressure increment in the next time step.    K I    is calculated by Equation (7) and compared with the fracture propagation criterion    K  I C     (calculated based on the Brazilian test) in Equation (5). Such process is repeated until the solution converges.



Once the propagation criterion is met, the fracture propagates into the next grids, and fluid flows into the newly propagated fracture grid.



As the vertical stress is assumed to be the highest among all the stresses, fracturing fluid is assumed to flow in the vertical (y) direction in the early stage of the fracturing process. The model has 50 grids of 0.3 m in size in the vertical direction. In the horizontal (x) direction, grid size varies from 0.003 m at the fracture surface to several feet in the reservoir grids. Due to fracture symmetry, only a quarter of the fracture is modeled with half-length and half-width.





3. Fracture Height Calculation and Validation


3.1. Field Background


The Montney formation, located at the border of Alberta and British Columbia, Canada, is a sedimentary wedge that was deposited during the Early Triassic geologic period. Its lithology consists of interbedded fine-grained sandstones, siltstone, and dark gray shale. The reservoir depth ranges from 2800 m to 3500 m, reaching a maximum thickness of 280 m in the foothills of the northern Canadian Rockies and thinning out towards the north up to the Fort Nelson area and east to Peace River [29]. A large number of horizontal wells have been drilled in the heart of the Upper and Lower Montney gas plays [30]. The subject well is a horizontal well on the upper section of the Montney formation. A diagnostic fracture injection test (DFIT) was conducted before the well stimulation between the true vertical depth (TVD) of 2553 m and 2564 m. Table 1 shows the key parameters associated with the DFIT operations.




3.2. Fracture Toughness Determination


Fracture toughness    K  I C     is calculated based on the Brazilian test, which is a well-known indirect method used to measure rock tensile strength. The experiment is based on the observation that most rocks in biaxial stress fields fail due to tensile failure cracks along the loading diameter of the disc specimen [31].



The critical load in the experiment is shown as follows:


   P c  =    K  I C     B ϕ   c / R      



(13)




where  c  is the fracture half-length, mm;    P c    is critical load, MPa;  R  is radius of disc, mm; and B and   ϕ   c / R     are defined as follows:


  B =  2   π  3 / 2    R  1 / 2    t 1  α    



(14)






  ϕ    c R    =      c R      1 / 2     ∫  0  c / R     ϕ    r R    /        c 2   R  −    r 2   R      1 / 2     d    r R     



(15)




where    t 1    is the thickness of the disc (mm), and the value of the integral   ϕ   c / R     for a given   c / R   can be estimated by a numerical integration method such as the Simpson’s method.



The values of the parameters in Equations (13)–(15) can be found in Table 2, and    K  I C     is calculated to be 0.244   MPa ⋅  m   .




3.3. Numerical Model


A single fracture case was built via the finite element method, where only a quarter of fracture was simulated, as shown in Figure 1. The fracture grid was discretized into 50 cells with the size of 0.3 m in the vertical direction and varies from 0.003 m at the fracture surface to several feet in the horizontal direction to be compatible with the reservoir grids. The Young’s modulus, Poisson’s ratio, minimum horizontal stress, and fluid property values in the basic model are shown in the Table 1. In the basic model, a low-viscosity fluid (2.5 mPa∙s) was injected. In this model, when stress intensity factor in the vertical tip equals its value in the horizontal direction, the model stops, and the corresponding fracture heights will be calculated, after which the fracture mainly propagates in the horizontal direction, and the height of fracture stops increasing.




3.4. Fracture Height Calculation


As the fracture length propagates, stress intensity factor at the fracture tip under static condition is calculated by the M-integral method with the parameters    K  I C     listed in Table 1. The relationship between the stress intensity factor and the fracture length is shown in Figure 2. The stress intensity factor decreases as the fracture half-length increases. When the fracture half-length reaches 16.8 m,    K I    decreases to 0.2520   MPa ⋅  m   , which is slightly above the fracture toughness (0.2440   MPa ⋅  m   ).



While calculating fracture heights,    K I    under the different fracture half-lengths is used to replace    K  I C    . Specially, when the stress intensity factor in the vertical tip is equal to the critical stress intensity factor, the model stops, and the corresponding fracture heights will be outputted. We thus simulated the basic model with different half-fracture-lengths, and the calculated fracture heights and corresponding fracture lengths are shown in Figure 3.



Figure 3 shows that fracture propagates first in the vertical and horizontal directions simultaneously at a similar rate. Once the height reaches a certain value, the horizontal growth dominates the propagation. In other words, the fracture will mainly propagate in the horizontal direction while keeping the same height. For example, while the fracture half-length grows from 13.7 m to 15.2 m, the half-height of the fracture increases only from 13.1 m to 13.4 m. When the fracture half-length reaches 15.2 m, the height of the fracture stays at 13.4 m, and vertical propagation stops.




3.5. Reference Case


To compare with the results from analytical method, a simulation was run with our numerical model for 9 minutes’ fluid injection. The elastic modulus, Poisson’s ratio, minimum horizontal stress, and fluid property values in the basic model are the same as parameters in Table 1. The fracture half-length reaches 15.2 m at the end of the early fracturing process, after which the fracture will mainly propagate in the horizontal direction, and the height of fracture will stop increasing. The result is shown in Figure 4.




3.6. Analytical Case


An analytical model has been proposed in the literature where the pressure drop within the fracture is ignored, and the fracturing fluid is assumed to fill the entire fracture. An assumed fracture length is also required in the analytical model, and the fracture half-height could be calculated via the equation below:


  H =       Q E t    π    1 −  υ 2     K  I C   L        2 3     



(16)




where Q is a quarter of the total injection rate at reservoir pressure, which is 0.00287 m3/min in this study, and L is the fracture half-length. It can be seen from Equation (16) that the fracture height is very sensitive to the fracture toughness. The fracture half-height is calculated to be 14.36 m after 9 min of injection.



Figure 4 compares the calculated fracture heights derived from the analytical model and the finite element method applied in this study. The dotted line represents fracture height using the finite element method, while the solid curve depicts calculated fracture height using the analytical model. The two calculated fracture half-heights are similar within the first 7 min. However, once the fracture height reaches 13.4 m, the model used in this study stops growing, while that of the analytical model continues to increase at the same rate. This is because the fracture length is assumed to be a constant value in the analytical model, and the fracture does not propagate in the horizontal direction. When the fracture length is given, the fracture would continue to propagate in the vertical direction. However, in fact, fracture propagation occurs in both vertical and horizontal direction, which is considered in this study. In the finite element model, the stress intensity factor is calculated for each time step and used as a key parameter to identify when the fracture propagation along the vertical direction stops. When the value of fracture tip toughness in the vertical direction is much larger than that of the horizontal direction, the fracture will stop extending in fracture height and focus on propagating in the horizontal direction. Fracture height will continue until the KIC in both direction reaches equality in some certain time step.




3.7. Validation via Tracer Measurement


A radioactive tracer was run in the proppant stages of the treatment to measure the fracture height near the wellbore. The radioactive tracer was injected to measure the fracture height near the wellbore. The fracture treatments remain very restricted in the formation of interest with a fracture height of approximately 25 m (half-height is 12.5 m) [32]. The relative error of our model with real fracture height is 7.2%, indicating that the model is relatively accurate for fracture height calculation.





4. Sensitivity Analysis


This section discusses the characteristics of the response of the fracture height propagation and the effects of the main parameters on fracture height, including the grid size in the model, fluid viscosity, Young’s modulus, Poisson’s ratio, and minimum horizontal stress.



4.1. Fracturing Fluid Viscosity


The viscosity of the fracturing fluid affects pressure distribution along the fractures. Pressure drop within the fracture cannot be ignored, especially when the fracture length and/or height is long. Three fluid viscosities were studied in this work—1   mPa ⋅ s  , 2.5   mPa ⋅ s  , and 100   mPa ⋅ s  . The results are shown in Figure 5. Fracture height decreases slightly as the fluid viscosity increases. This is because a higher fluid viscosity leads to a higher pressure drop along the fracture and a lower fluid pressure at the fracture tip.




4.2. Reservoir Rock Properties


4.2.1. Young’s Modulus


Young’s modulus indicates the stiffness of the reservoir rock, and it affects the stress intensity factor calculated at the fracture tip. Three Young’s moduli were examined—13,789.5 MPa, 6894.8 MPa, and 34,473.8 MPa. Figure 6 depicts the fracture half-height calculated with the three Young’s moduli, respectively. The Young’s modulus can significantly affect the calculated half-height of the fracture. The higher the Young’s modulus, the larger the calculated fracture height will be. The calculated fracture half-height increased by nearly 100% when the Young’s modulus increased from 13,789.5 MPa to 34,473.8 MPa. This is because a high Young’s modulus leads to a large stress intensity factor at the fracture tip at each time step in the simulation, and thus, the fracture tends to propagate further into the formation. In addition, a large modulus indicates that the reservoir matrix is stiffer. Thus, the fracture propagates further, while the width of fracture tends to be narrower.




4.2.2. Poisson’s Ratio


The Poisson’s ratio is another key parameter that affects the stress intensity factor at the fracture tip. Three Poisson’s ratios—0.1, 0.2, and 0.5—were investigated in this study to evaluate its effect on fracture height. The results are shown in Figure 7, which demonstrates that a slight difference exists between scenarios when the Poisson’s ratios are 0.1 and 0.2, where the fracture half-height increases from 13.1 m to 13.4 m at the end of simulation. A noticeable difference is shown when the Poisson’s ratio increases to 0.5, where the calculated fracture half-height is increased to 14.6 m.





4.3. Minimum Horizontal Stress


Minimum horizontal stress is an essential parameter to calculate the stress intensity factor at the fracture tip and the net pressure, which is the difference between fluid pressure in the fracture and rock stress on the fracture surface. Three minimum horizontal stresses of 34.5 MPa, 44.2 MPa, and 55.2 MPa were simulated in this study, and the results are shown in Figure 8. Calculated fracture height can be greatly affected by minimum horizontal stress. The fracture half-height reached 20.1 m for the scenario with a 55.2 MPa as the minimum horizontal stress compared to 13.4 m and 11.9 m for scenarios of 44.2 MPa and 34.5 MPa. The fracture propagates further under a smaller minimum horizontal stress. This is mainly because a lower minimum horizontal stress in the rock leads to a relatively large net pressure in the fracture and large stress intensity factor at the fracture tip.




4.4. Grid Size


In this study, fracture half-height is calculated to be 13.4 m with the vertical grid size of 0.3 m. To examine the sensitivity of the grid size to calculated half-height results, the model was repeated twice with a grid size of 0.075 m and 0.038 m in the fracture height direction. The results are shown in the Figure 9. A slight difference was found for the three grid sizes, indicating that 0.3 m of the grid size is sufficient for the calculation. With grid size changing from 0.3048m to 0.0762 m and 0.0381 m, the fracture half-height at the end of injection increased from 13.41 m to 13.62 m and 13.71 m. When the model grid is smaller, the dotted line of fracture half-height becomes smoother, but the influence of grid size on the fracture height is not significant.





5. Conclusions


	
An innovative numerical model that fully couples the hydraulic fracture propagation, fluid flow in the fracture, and fluid leak-off into the reservoir matrix by finite element method is established to calculate fracture height in the tight formation using the proposed model;



	
The well-based numerical model is successfully used in the filed case of Montney, which indicates a relative error of 7.2% compared with the field tracer result;



	
The sensitivity analysis indicates that fracture height can be significantly affected by Young’s modulus and minimal horizontal stress. A high Young’s modulus leads to an increased stress intensity factor at the fracture tip for each time step, which prompts the fracture to advance further, while the width of fracture becomes smaller. The influence of grid size on height fracture is not significant. When the model grid is smaller, the trend of fracture height propagation becomes smoother.
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Nomenclatures




	  w  
	Fracture width, m



	   Δ w   
	Fracture width increment, m



	  q  
	Fluid flux, m3∙s−1



	  t  
	Time, seconds



	  C  
	Leak-off term, m∙s−1



	    p f    
	Fluid pressure in the fracture, mpa



	   Δ p   
	Pressure increment, mpa



	  μ  
	Fluid viscosity, mpa∙s



	  M  
	Pressure influence coefficient matrix



	    C l    
	Leak-off coefficient, m∙s−0.5



	    t 0   y    
	The time of fracture tip arrives at y, seconds



	    K I    
	Stress intensity factor, mpa∙m0.5



	    K  I C     
	Critical stress intensity factor, mpa∙m0.5



	  E  
	Young’s modulus, mpa



	  v  
	Poisson’s ratio



	  u  
	Displacement, m



	  σ  
	Stress, mpa



	  ε  
	Strain



	    σ a    
	Auxiliary stress, mpa



	    u a    
	Auxiliary displacement, m



	  δ  
	The Kronecker delta



	  χ  
	Scalar field



	  r  
	Distance from the fracture tip, m



	  θ  
	The angle from the tangent to the fracture path, radians



	  κ  
	The Kolosov constant



	  G  
	Shear modulus, mpa



	   l  t    
	The fracture half-height at time t, m



	    p 0    
	Initial net fluid pressure, mpa



	    P c    
	Critical load, mpa



	  c  
	Fracture half-length in the disc, mm



	  R  
	Radius of disc, mm



	    t 1    
	Thickness of the disc, mm
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Figure 1. Schematic diagram for a hydraulic fracture in the tight formation. 
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Figure 2. Change of the stress intensity factor as fracture half-length propagates. 
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Figure 3. Propagation of the fracture half-height as the fracture half-length extends. 
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Figure 4. Fracture heights propagation with time. 
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Figure 5. Fracture heights sensitivity to fluid viscosity. 
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Figure 6. Fracture half-heights’ sensitivity to Young’s modulus. 
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Figure 7. Fracture half-heights’ sensitivity to Poisson’s ratio. 
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Figure 8. Fracture half-heights’ sensitivity to minimum horizontal stress. 
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Figure 9. Fracture half-heights’ sensitivity to grid size. 
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Table 1. Parameters in the simulated well.






Table 1. Parameters in the simulated well.





	Parameters
	Unit
	Value





	Minimum horizontal stress  σ 
	MPa
	44.2



	Young’s modulus  E 
	MPa
	13,789.5



	Poisson’s ratio  υ 
	/
	0.2



	Total injection flow rate  Q 
	m3/min
	2.9 × 10−3



	Leak-off coefficient    C l   
	m/s0.5
	1.5 × 10−5



	Fluid viscosity  μ 
	mPa∙s
	2.5
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Table 2. Parameters used for the    K  I C     calculation.
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	Parameters
	Unit
	Value





	Specimen’s angle  α 
	degree
	5



	Radius of disc  R 
	mm
	38



	Thickness of the disc    t 1   
	mm
	47



	Critical load    P c   
	kN
	4.85



	Integral   ϕ    c R     
	/
	0.112
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