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ABSTRACT 

During hydraulic stimulation treatment in an EGS reservoir, it is suggested that new fractures are initiated from stimulated preexisting 

fractures and propagate through a reservoir. This phenomenon has been observed in laboratory-scale experiments and field-scale 

observations. This stimulation mechanism which includes both creating new fractures and stimulating preexisting natural fractures is 

called “mixed-mechanism stimulation”. In the mixed-mechanism stimulation, a fracture propagation from a preexisting fracture and the 

interaction of newly formed fractures and preexisting fractures play an important role in a complex fracture network creation. Especially 

in an EGS reservoir, preexisting fractures are large and dominate in a fracture network. Hydraulic stimulation is performed in a less 

permeable geothermal reservoir, which could mean that the large number of preexisting fractures are poorly connected. To better 

understand the mechanical interaction between fractures, how newly formed fractures propagate in a reservoir, and how fluid flows in a 

fracture network, a numerical model based on fracture mechanics and fluid mechanics is needed. 

In this study, we developed a physics-based numerical model that couples fluid flow between fracture surfaces, fracture deformation, 

and fracture propagation driven by fluid injection. We modeled propagation of a hydraulic fracture, shear stimulation of a preexisting 

fracture, and propagation of a wing crack driven by fluid injection. The objective was to investigate the effect of mechanical interaction 

between newly formed fractures and preexisting fractures on a fracture network creation during hydraulic stimulation treatment in an 

EGS reservoir. The numerical experiment results show that there are three fracture network patterns observed; 1) a hydraulic fracture 

crosses the preexisting fracture, and continues propagating, 2) a hydraulic fracture follows the preexisting fracture, and the preexisting 

fracture initiates only one wing crack, and 3) a hydraulic fracture follows the preexisting fracture, and the preexisting fracture initiates 

two wing cracks. Those results imply that higher injection pressure likely  create a more complex fracture network with the existence of 

well-oriented fractures and lower injection pressure likely create a less complex fracture network with less flow path branching. The 

fracture network complexity is affected by the fracture intersection angle and the magnitude of stress shadow effects as well. 

Understanding the difference between the cases where only one wing crack propagates and two wing cracks propagates will be 

necessary to proceed this study. Also, preexisting fractures are expected to be distributed in a complex arrangement with varied 

orientations, size distributions, and heterogeneous connectivity in an actual EGS reservoir. Further study will be done on modeling a 

realistic reservoir containing numbers of fractures with a reasonable variation, and confirm the implications of this study and understand 

fracture network creation at a reservoir scale. 

1. INTRODUCTION  

Observations of microseismicity show that a complex fracture network is often created during a hydraulic stimulation treatment in an 

EGS reservoir. The main mechanism of reservoir permeability enhancement was long believed to be shear dilation of preexisting natural 

fractures. However, the facts that: 1) bottomhole pressure exceeded the least principal stress, 2) pressure limiting was observed, and 3) 

fluid injection from a wellbore was through a preexisting fracture in most of the EGS projects, suggest that newly formed fractures 

propagated in the reservoir during stimulation (McClure and Horne 2014). This stimulation mechanism including both creating new 

fractures and stimulating preexisting natural fractures is called as “Mixed-Mechanism Stimulation”, originally suggested in the 

unconventional oil and gas industry (Weng 2015; Weng et al. 2011; Wu and Olson 2014) and later suggested to be the common 

stimulation mechanism in enhanced geothermal reservoirs (Jung 2013; Kamali and Ghassemi 2016; Mcclure 2014; McClure and Horne 

2014; Norbeck et al., 2018). 

The observation that a hydraulic fracture often follows a preexisting fracture and branches into multiple fractures, and makes a complex 

fracture network has long been observed since Warpinski and Teufel's (1987) mineback experiments. The resulting fracture network 

complexity is strongly influenced by the distribution of the preexisting natural fractures and in-situ stress state (Weng 2015). The 

mixed-mechanism stimulation is now widely accepted to model a hydraulic stimulation in geothermal reservoirs and unconventional oil 

and gas reservoirs (e.g. Kamali and Ghassemi 2016, 2018; Maxwell et al. 2013; Norbeck et al. 2018; Norbeck and Shelly 2018; Weng et 

al. 2011). In mixed-mechanism stimulation, it is suggested that new fractures are initiated from sheared preexisting natural fractures and 

propagate in the reservoir. In hydraulic stimulation in an EGS reservoir, the target formation is often granitoid which has high tensile 

strength. Because it is hard to initiate new fractures from a wellbore drilled into granitoid, injected fluid flows into preexisting natural 

fractures which then slide and dilate at a lower pressure than required for initiating a new fracture. Therefore it is likely that new 

fractures are created from the tips of stimulated preexisting natural fractures as stress concentrates at the crack tips (McClure and Horne 

2014). 
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A fracture created from another fracture has been observed in laboratory-scale experiments (e.g. Abe and Horne 2020; Erdogan and Sih 

1963; Zoback 2007) and field scale observations (De Joussineau et al. 2007; Mutlu and Pollard 2008; Thomas and Pollard 1993). The 

secondary fracture initiated from a sheared preexisting natural fracture is called a “wing crack” or a “splay fracture”. Wing cracks found 

in rock are tensile fractures but they are different from a hydraulic fracture propagating from a wellbore because: 1) wing cracks are 

initiated from the tension field induced by shear slip of a preexisting natural fracture while hydraulic fractures are initiated from an 

injection well by fluid pressure; 2) wing cracks are curved cracks while hydraulic fractures propagate straight and perpendicularly to the 

least principal stress; and 3) tension forces to open wing cracks are supported both by fluid pressure and shear slip of a preexisting 

natural fracture while tension forces to open hydraulic fractures are supported only by fluid pressure.  

The magnitude of fluid pressure necessary to initiate a wing crack within a well-oriented natural fracture can be less than the fluid 

pressure to create new hydraulic fractures (Kamali and Ghassemi 2016, 2018; Mutlu and Pollard 2008; Zoback and Lund Snee 2018). 

Also, it is suggested that wing cracks play an important role in the mixed-mechanism stimulation because they improve the fracture 

connectivity and supply much larger storativity and transmissibility than those of preexisting fractures in a reservoir (Abe and Horne, 

2019). Therefore, propagation of wing cracks and shear stimulation of natural fractures need to be considered when modeling a realistic 

fracture network to characterize an enhanced geothermal reservoir. 

As discussed so far, a fracture propagation from a preexisting fracture and the interaction between newly formed fractures and 

preexisting fractures play an important role in modeling a complex fracture network creation. Especially in an EGS reservoir, 

preexisting fractures are expected to be large and dominant in a fracture network. Hydraulic stimulation is performed in a less 

permeable geothermal reservoir, which could mean that the preexisting fractures are poorly connected. To better understand the 

mechanical interaction between fractures, how newly formed fractures propagate in a reservoir, and how fluid flows in a fracture 

network, a numerical model based on fracture mechanics and fluid mechanics is needed. 

In this study, we developed a physics-based numerical model that couples fluid flow between fracture surfaces, fracture deformation, 

and fracture propagation driven by fluid injection. We modeled hydraulic fracture propagation, shear stimulation of a preexisting 

fracture, and a wing crack propagation driven by fluid injection to investigate the effect of mechanical interaction between newly 

formed fractures and preexisting fractures on a fracture network creation during hydraulic stimulation treatment in an EGS reservoir.  

2. METHODOLOGIES 

During the hydraulic stimulation treatment, injected fluid flows mainly between preexisting and newly created fracture surfaces because 

the permeability of the matrix rock is low. Given that the fluid pressure between fractures drives fracture deformation and propagation, 

in this study we coupled fluid flow between the fracture surfaces with fracture deformation and propagation. The numerical formulation 

for this framework was presented originally in Abe and Horne (2019). 

2.1 Fracture Crossing or Following Decision 

The numerical formulation to decide whether a propagating fracture crosses or follows a preexisting fracture was first presented in Abe 

et al. (2019). This method applies the criterion for fracture crossing proposed by Renshaw and Pollard (1995). This criterion explains 

that crossing will occur if the slip along the frictional interface does not occur. In the numerical formulation, the segment along the 

preexisting fracture within the fracture process zone, where there is a possibility to initiate a fracture on the opposite side of the 

preexisting fracture, is discretized. Once the fracture-chance segment is discretized, each element is examined according to whether it 

slips by the induced stress field of a propagating hydraulic fracture. Three possibilities can occur.  In the first case, the propagating 

fracture crosses a preexisting fracture when the induced stress field ahead of a crack tip causes neither slip nor opening along a 

preexisting fracture. A second possibility is that the propagating fracture follows a preexisting fracture when the induced stress field 

occurring ahead of a crack tip causes slip or opening along the preexisting fracture inside the fracture process zone. Third, when a part 

of the fracture-chance segment slips or opens, the propagating fracture may either cross or follow the preexisting fracture.  

2.2 Fracture Deformation  

To model fracture deformation, we used Ritz et al's (2015) two-dimensional displacement discontinuity boundary element method 

(DDM) with integrated complementarity. DDM is a powerful method that is useful to compute the stress shadow effect, which is the 

stress field induced by the deformation of other nearby fractures in a computationally effective way because only the fractures are 

discretized. In the DDM, a fracture is discretized into elements with each element having its normal and shear stresses and normal and 

shear displacements. Normal stress 𝜎𝑛𝑛
𝑖  and shear stress 𝜎𝑛𝑠

𝑖  acting on the i-th element (i = 1 to N) of a fracture, are related to normal 

displacement 𝐷𝑛
𝑗
 and shear displacement 𝐷𝑠

𝑗
 for all other elements including itself by j = 1 to N. 

[
𝜎𝑛𝑛

𝑖 = 𝐴𝑛𝑛
𝑖𝑗

𝐷𝑛
𝑗

+ 𝐴𝑛𝑠
𝑖𝑗

𝐷𝑠
𝑗

𝜎𝑛𝑠
𝑖 = 𝐴𝑠𝑛

𝑖𝑗
𝐷𝑛

𝑗
+ 𝐴𝑠𝑠

𝑖𝑗
𝐷𝑠

𝑗          𝑓𝑜𝑟 𝑖, 𝑗 = 1 𝑡𝑜 𝑁 ,      (1) 

where 𝐴𝑛𝑛
𝑖𝑗

, 𝐴𝑛𝑠
𝑖𝑗

, 𝐴𝑠𝑛
𝑖𝑗

, and 𝐴𝑠𝑠
𝑖𝑗

 are the coefficient of influence from the DDM formulation by Crouch and Starfield (1983). By using the 

DDM formulation, the mechanical equilibrium is expressed as: 

Normal stress: 𝜎𝑛
𝑓 = 𝜎𝑛

𝑟 + 𝑃𝑓 + 𝐴𝑛𝑛𝐷𝑛 + 𝐴𝑛𝑠𝐷𝑠,         (2) 

and: 

Shear stress:    𝜎𝑠
𝑓 = 𝜎𝑠

𝑟 + 𝐴𝑠𝑛𝐷𝑛 + 𝐴𝑠𝑠𝐷𝑠,                 (3) 
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where 𝜎𝑛
𝑟 and 𝜎𝑠

𝑟 are the remote stresses, and 𝜎𝑛
𝑓 and 𝜎𝑠

𝑓 are the traction acting at the center of each boundary element. 𝜎𝑛 takes 

tension as positive, 𝜎𝑠 takes right lateral as positive, 𝐷𝑛 is negative when it is open, and 𝐷𝑠 is positive in left lateral by following Crouch 

and Starfield (1983). 

The complementarity formulation is modified from the original formulation by Ritz et al., (2015) to include the mechanically induced 

stresses induced by previous slip on the fracture as: 

𝐷𝑛 ≤ 0 ⊥ 𝜎𝑛 ≤ 0,                                (4) 

0 ≤ −𝜎𝑠
𝑓 − 𝑓𝜎′𝑛 + 𝑆𝑓  ⊥ 0 ≤ ∆𝐷𝑠

𝑅,                  (5) 

and: 

0 ≤    𝜎𝑠
𝑓 − 𝑓𝜎′𝑛 + 𝑆𝑓  ⊥ 0 ≤ ∆𝐷𝑠

𝐿,                  (6) 

where ∆𝐷𝑠 is the change of the shear displacement induced due to the current shear slip which is expressed as ∆𝐷𝑠
𝑡 = (∆𝐷𝑠

𝐿)𝑡 −
(∆𝐷𝑠

𝑅)𝑡. ∆𝐷𝑠 is decomposed into the slip into the right lateral slip ∆𝐷𝑠
𝑅 and the left lateral slip ∆𝐷𝑠

𝐿 following Ritz et al., (2015). 

2.3 Fracture Propagation  

The stress intensity factors for mode I, 𝐾𝐼 and mode II, 𝐾𝐼𝐼  are given by: 

𝐾𝐼 = 0.798
𝐷𝑛𝐸√𝜋

4(1−𝜈2)√𝑃
,                                (7) 

and: 

𝐾𝐼𝐼 = 0.798
𝐷𝑠𝐸√𝜋

4(1−𝜈2)√𝑃
,                                (8) 

where 𝐷𝑛 and 𝐷𝑠 are the normal and shear displacements for a fracture tip element respectively, E is the Young’s modulus, ν is 

Poisson’s ratio , and P is the length of the fracture tip element (Olson 1991, Mériaux and Lister, 2002).  

The fracture propagation trajectory can be calculated by the maximum circumferential stress theory (Erdogan and Sih 1963). Thomas 

and Pollard, (1993) rewrote the original equations and solved directly for 𝜃0 as: 

𝜃0 = sin−1(
𝐾𝐼𝐼

𝐾𝐼
cos 𝜙) − tan−1(3

𝐾𝐼𝐼

𝐾𝐼
).                                                      (9) 

Crack extension begins when the maximum circumferential stress reaches a critical, material-constant value.  

cos
𝜃0

2
[𝐾𝐼 cos2 𝜃0

2
+

3

2
𝐾𝐼𝐼 sin 𝜃0] ≥  𝐾𝐼𝐶 ,               (10) 

where 𝜃0 is the fracture propagating deirection,  𝐾𝐼𝐶 is the critical stress intensity factor (Ingraffea 1987). Thomas and Pollard (1993) 

showed through laboratory experiments that this method reproduce a smoothly curved crack path. 

In the present work, a propagating wing crack is divided into small boundary elements. New elements are added when the propagation 

criteria is satisfied at the crack tip. 

2.4 Fluid Flow between Fracture Surfaces 

Hydraulic stimulation treatments are performed in a low permeability reservoir such as a geothermal reservoir. In this study, the 

permeability of matrix rock was considered to be negligible as hydraulic stimulation is performed in a low permeability reservoir for a 

short period. Although there are some limitations by not considering the matrix fracture mass and heat transfer, the model is 

computationally effective and appropriate for modeling fracture propagations which occur for a short time period.  

Fluid flow in a fracture can be assumed as a single-phase flow. The unsteady-state fluid mass conservation equation in a fracture is:  

𝜕(𝜌𝐸)

𝜕𝑡
= ∇ ∙ (𝑞𝑓𝑙𝑢𝑥𝐸) + 𝑠𝑎,                       (11) 

where 𝜌 is the fluid density, t is time, 𝑞𝑓𝑙𝑢𝑥 is mass flow rate per cross sectional area of flow , E is the aperture, and 𝑠𝑎 is a source term 

(mass per time) such as well injection or production (Aziz and Settari, 1979). Fluid is assumed to flow in a fracture with smooth parallel 

plates. By using the cubic law, the same equation is derived by assuming Darcy’s flow for the flow in porous media (Zimmerman et al., 

1994). Assuming Darcy’s flow in one dimension and applying the cubic law,  𝑞𝑓𝑙𝑢𝑥 is: 

𝑞𝑓𝑙𝑢𝑥 = −
𝑒3𝑤𝜌

12𝜇

𝜕𝑃

𝜕𝑥𝑖
,                                           (12) 

where 𝜇 is the fluid viscosity, and P is the fluid pressure. This expression is also known as the Plane Poiseuille flow which is the 

solution to the Navier-Stokes equation for the flow between those parallel plates. The Plane Poiseuille flow describes laminar flow 
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between two parallel plates (Zimmerman et al., 1994). Here we assumed the fluid density and viscosity are constants and do not depend 

on the temperature and pressure.  

In this work, we employed the equation derived by Willis-Richards et al., (1996) to compute the aperture of a closed fracture. The 

aperture of a closed fracture is given by:  

𝑒 =  
𝑒0

1+9𝜎𝑛
′ /𝜎𝑛𝑟𝑒𝑓

+ 𝐷𝑠𝑡𝑎𝑛
φ

1+9𝜎𝑛
′ /𝜎𝑛𝑟𝑒𝑓

,                       (13) 

where 𝑒0 is the aperture at zero effective stress, 𝜑 is the dilation angle, 𝜎𝑛𝑟𝑒𝑓 is the effective normal stress applied to cause a 90% 

reduction of aperture. Those parameters are derived through a laboratory measurement. 

When the element opens, we assume that the total aperture is the sum of the normal displacement computed by DDM and the hydraulic 

aperture as: 

𝐸 =  𝐷𝑛 +  𝑒0.                                       (14) 

Fluid flow and fracture deformation are coupled by a fully implicit scheme. The Newton-Raphson method was used to solve the system 

of nonlinear equations as the transmissibility matrix and the accumulation term is nonlinear. 

3. NUMERICAL EXPERIMENT SETUP 

In this study, we modeled wing crack propagation from a stimulated preexisting fracture and hydraulic fracture propagation from a 

wellbore driven by fluid injection. We compared fracture propagation patterns when a propagating hydraulic fracture crosses a 

preexisting fracture and when a propagating hydraulic fracture stops at a preexisting fracture, in order to analyze the effects of stress 

state and mechanical interaction between fractures on the creation of the fracture network. 

3.1 Parameters 

The reservoir we modeled is a full space, horizontal, isotropic, and homogeneous two-dimensional domain with a vertical fracture 

assuming the plane strain condition. An injection well located at the center of the domain initiates a hydraulic fracture, then the 

propagating hydraulic fracture hits two preexisting natural fractures on its both sides. Those two preexisting natural fractures are located 

so that the fracture network will be symmetric.  

In this study, we investigated the effects of stress states and fracture orientations on the creation of a fracture network pattern. The stress 

ratios were varied from 1.1 to 4.0 (Table 1) with the fixed value of 𝜎ℎ = 10MPa. The fracture orientations used in this study are 45 and 

60 degrees to the maximum horizontal stress orientation.  

 

Figure 1: Simulation setup. An injection well located at the center of the domain initiates a hydraulic fracture (HF). Propagating 

hydraulic fracture intersects to a preexisting natural fracture (NF) at each side. 

Table 1: The stress ratios and the fracture orientations compared in this study 

Stress Ratio 𝜎𝐻

𝜎ℎ
 1.1 2.0 3.0 4.0 

Fracture Orientation θ 45 60 
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Table 2: Parameters used in the numerical simulation 

Main fracture grid half length 1.25e-2 m 

Preexisting fracture length 1.0 m 

Wing crack grid half length 6.10e-3 m 

Initial Time Step 1.0e-4 s 

Injection/Production Rate 4.0e-6 m3/s 

Minimum horizontal stress 10 MPa 

Initial fluid pressure  0 MPa 

Critical stress intensity factor  0.39 MPa 

Young’s modulus  11.8 GPa 

Poisson’s ratio  0.21 - 

Fracture height 1 m 

Water density 920 kg/m3 

Water viscosity  1.0e-9 MPa.s 

Reference hydraulic aperture  1.0e-4 m 

Reference effective normal stress 25 MPa 

Dilation angle 2 degree 

Fracture static frictional coefficient 0.7 - 

Fracture dynamic frictional coefficient 0.7 - 

Frictional strength 0.0 MPa 

Injection Duration 100 sec 

 

3.2 Propagating Fracture Cross or Follow Decision 

Fracture cross/follow conditions are determined based on the method described in Section 2.1. The fracture cross/follow 

conditions depend of the stress state, the frictional coefficient of the fracture, and the tensile strength of the rock. With 

the parameters given in Table 2, a propagating hydraulic fracture terminates at a preexisting fracture oriented at 45 

degrees under all stress states in  

Table 1. The stress states that induce slip without fluid injection were not included in this experiment. 

The stress ratios over 4.0 make the propagating fracture cross the preexisting fracture oriented at 60 degrees, but the stress ratios below 

4.0 make the condition where the propagating fracture may either cross or follow the preexisting fracture. “Cross or follow” in Table 3 

means that there are both possibilities of cross or follow (Abe et al. 2019). In this experiment, we made the propagating fracture follow 

the preexisting fracture with the stress ratio 1.1, and made the propagating fracture cross with the stress ratio larger than 2.0 in this 

condition. 

Table 3: Propagating Fracture Cross or Follow  

Fracture Angle [degrees] 60 

   Stress Ratio   
𝜎𝐻

𝜎ℎ
 1.1 2.0 3.0 4.0 

Propagating fracture cross/follow  Follow  Cross  Cross Cross 

     
Fracture Angle [degrees] 45 

   Stress Ratio   
𝜎𝐻

𝜎ℎ
 1.1 2.0 3.0 4.0 

Propagating fracture cross/follow Follow Follow Follow Follow 

 

4. RESULTS 

4.1 Fracture Orientation of 60 degrees 

When there is a preexisting fracture with a 60-degree orientation, a propagating fracture follows when the stress ratio is low, and crosses 

when the stress ratio is high. We modeled fracture propagation with varied stress ratios to compare the results for both scenarios: when a 

propagating fracture follows and when it crosses the preexisting fracture. 
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Figure 2 shows that the fracture propagation patterns differ by cross/follow cases. When a propagating fracture crosses the preexisting 

natural fracture, the propagating fracture continues to propagate while the natural fracture remains without slip or opening. On the other 

hand, when a propagating fracture follows the preexisting fracture, the side with the larger angle to the hydraulic fracture slips, while the 

other side does not (Figure 4). As a result, a wing crack initiates and propagates from the slip side of the preexisting fracture. In both 

cases, the fluid flow path mainly remains as one pathway, creating a less complex fracture network. The fluid pressures inside the 

fractures are almost uniform and close to the magnitude of the least horizontal stress. 

Only one side of a preexisting fracture initiates a wing crack when the stress ratio is 1.1 is because the local stress field induced by the 

propagating fracture tip causes asymmetric normal and shear stress distributions along the preexisting fracture. Figure 3 compares the 

normal and shear stresses acting along the preexisting fractures. The side that initiates a wing crack (x = 0.5 m to 1.0 m) is under larger 

shear stresses and smaller normal stresses compared to the other side (x = 0.0 m to 0.5 m). This asymmetric stress distribution makes 

one side slip earlier than the other side despite the fluid pressure distribution being almost symmetric. A wing crack propagates at a 

lower fluid pressure than that needed to make the other side of the preexisting fracture slip with the result that only one wing crack 

propagates from each preexisting fracture. 

When a propagating fracture crosses the preexisting fracture, the fluid pressure necessary to drive the hydraulic fracture propagation is 

lower than that needed to induce slip along the preexisting fracture. Therefore, the hydraulic fracture keeps propagating without 

branching into the preexisting fractures (Figure 2). 

 

    

Figure 2: The fracture trajectories when the preexisting fractures are oriented at 60 degrees to the maximum horizontal stress. 

The red dot shows the location of the injection well, the blue lines are the preexisting fractures, while the black lines show 

the newly formed fractures including a hydraulic fracture initiated from the injection well and wing cracks. 

         

Figure 3: The normal stress and shear stress distribution along a preexisting fracture when a propagating fracture hits the 

preexisting fracture. The dot lines show the normal and shear stress by the remote stresses. Left: when the stress ratio is 

1.1, Right: when the stress ratio is 4.0. The left plot shows that the side that initiates a wing crack (x = 0.5 m to 1.0 m) is 

under larger shear stresses and smaller normal stresses compared to the other side (x = 0.0 m to 0.5 m). 
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Figure 4: The shear displacements of a preexisting fracture. Left: when the stress ratio is 1.1, Right: when the stress ratio is 4.0. 

The left plot shows that the side that initiates a wing crack (x = 0.5 m to 1.0 m) has larger shear displacement while the 

other side has no shear displacement (x = 0.0 m to 0.5 m). 

 

Figure 5: An example of the wellbore pressure when the stress ratio is 1.1. 

4.2 Fracture Orientation of 45 degrees 

We compared the fracture propagation patterns with different stress states for the fractures orienting at 45 degrees.  For all the test cases, 

the propagating fracture cross/follow condition was “follow.”  

Figure 6 shows the fracture propagation patterns for cases with a stress ratio of 1.1 and 3.0. When the stress ratio is close to 1, a wing 

crack initiates from only one side of the preexisting fracture, with the same pattern as that we observed with a preexisting fracture 

oriented at 60 degrees. However, when the stress ratio is larger than 2.0, both sides of the preexisting fracture initiate wing cracks.  

When the propagating hydraulic fracture intersects with the preexisting fractures, the fluid pressure inside is almost the same as the 

minimum horizontal stress. This means that the fluid pressure becomes sufficiently high to drive shear slip on the entire preexisting 

fracture when intersecting despite asymmetric stress distributions along the preexisting fracture. The slip induced by the injected fluid 

then becomes sufficiently high to initiate wing cracks on both sides. With a small stress ratio, the magnitude of the stress shadow effect 

is large relative to the stresses acting along the preexisting fracture. Therefore, the amount of shear slip is insufficient on the side that 

does not initiate a wing crack. 

Once the preexisting fracture slips and initiates a wing crack, the wing crack propagation is driven by the shear slip at a certain length; 

later, the propagation is driven by the fluid pressure inside the wing crack (Kamali and Ghassemi 2018; Abe and Horne 2019). The fluid 

pressure to drive wing crack propagation is almost the same as the minimum horizontal stress because the fluid pressure necessary to 

propagate a mode I crack decreases as the crack lengthens (Anderson 2005; Zoback 2007). 
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Figure 6: The fracture trajectories when the preexisting fractures are oriented at 45 degrees to the maximum horizontal stress. 

The red dot shows the location of the injection well, the blue lines are the preexisting fractures, while the black lines show 

the newly formed fractures including a hydraulic fracture initiated from the injection well and wing cracks. 

  

         

Figure 7: The shear displacements of a preexisting fracture. Left: when the stress ratio is 1.1, Right: when the stress ratio is 3.0. 

The left plot shows that the side that initiates a wing crack (x = 0.5 m to 1.0 m) has larger shear displacement compared 

to the other side (x = 0.0 m to 0.5 m). The right plot shows that although the side with larger angle toward the 

propagating hydraulic fracture has slightly larger magnitude of shear displacements than those of the other side, both 

sides slip sufficiently to initiate a wing crack. 
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Figure 8: Shear stress and normal stress distribution along a preexisting fracture when a propagating fracture hits the 

preexisting fracture. The dot lines show the normal and shear stress by the remote stresses. Left: when the stress ratio is 

1.1, Right: when the stress ratio is 3.0. The left plot shows that the side that initiates a wing crack (x = 0.5 m to 1.0 m) is 

under larger shear stresses and smaller normal stresses compared to the other side (x = 0.0 m to 0.5 m). 

4.3 Comparison of Fracture Cross/Follow Pattern 

Although a propagating fracture is supposed to follow the preexisting fractures oriented at 45 degrees based on the fracture cross/follow 

criteria (Table 3), it is not impossible that a propagating fracture still crosses the preexisting fracture because if a propagating fracture is 
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larger than the preexisting fracture, a propagating fracture could bypass the preexisting fracture in a three-dimensional setting (Fu et al. 

2015), or if a preexisting fracture is partially cemented, fracture propagation may continue from the cemented regions (Fu et al. 2016).  

We also compared the scenarios when a propagating fracture crosses the preexisting fracture oriented at 45 degrees. In these scenarios, 

the parameters used in the simulations are the same as those of the previous cases (Table 2), but the hydraulic fracture propagating from 

the injection well crosses the preexisting fracture when they intersect, and can propagate further if the fracture propagation criteria are 

satisfied. 

The results show that even though the propagating hydraulic fracture crosses the preexisting fracture, the hydraulic fracture does not 

propagate further and wing cracks grow preferably instead (Table 4). Two wing cracks and the hydraulic fracture propagated 

simultaneously in only in one case with the stress ratio 2.0. These results suggest that the fracture propagation patterns are not strongly 

affected by the fracture cross/follow patterns for the four test cases in this study. When a propagating fracture crosses the preexisting 

fracture, the fluid pressure decreases around the intersection because the fluid flows into the preexisting fracture which has low initial 

fluid pressure. The fluid pressure that drives the shear slip along the preexisting fracture is lower than the pressure necessary to drive the 

crossed hydraulic fracture propagation in the case of fractures oriented at 45 degrees. Therefore, the fluid flow follows the preexisting 

fracture and wing cracks. 

Although fracture cross/follow did not affect the three test cases in this study, this plays a critical role in determining the overall fracture 

network patterns. Also the experiment results by Beugelsdijk et al.,(2000) showed that injecting low viscosity fluid at a low injection 

rate made a fracture path that followed preexisting fractures and more branches because those fluids flow into preexisting fractures more 

easily than those of high viscosity. High viscosity fluid stayed in the hydraulic fracture and crossed the discontinuities and made a 

nearly straight fracture path. This might be because fracture bypassing occurred and fracture propagation continued from the site of the 

discontinuities, but these results suggest that fluid viscosity and injection rate are key factors of fracture cross/follow conditions as well. 

In this study, we assumed the fracture height of propagating and preexisting fractures are the same. In future work, we will investigate 

further the cases where a propagating fracture height is larger than that of the preexisting fracture and will consider varied injection rate 

and viscosity. 

Table 4: The summary of the results. “Only one wing crack” and “Two wing cracks” mean the fracture propagation pattern 

shown in Figure 6 

Fracture 

Orientation 

θ 

Cross/Follow 

Scenario  
Stress Ratio   

𝜎𝐻

𝜎ℎ
 

1.1 2.0 3.0 4.0 

45 Follow Only one wing crack Two wing cracks Two wing cracks Two wing cracks 

45 Cross Only one wing crack 

HF stops propagation  

Two wing cracks 

HF continues 

propagation 

Two wing cracks 

HF stops propagation 

Two wing cracks 

HF stops propagation 

 

5. DISCUSSION AND CONCLUSION 

In this study, we modeled hydraulic stimulation in an EGS reservoir with two preexisting natural fractures. The model results show 

three fracture network patterns; 1) a hydraulic fracture crosses the preexisting fracture, and continues propagating, 2) a hydraulic 

fracture follows the preexisting fracture, and the preexisting fracture initiates only one wing crack, and 3) a hydraulic fracture follows 

the preexisting fracture, and the preexisting fracture initiates two wing cracks. 

When a preexisting fracture slips, shear dilation and a wing crack propagation increase the volume to store fluid in the reservoir. This 

volume change causes a decrease of the fluid pressure inside the preexisting fracture. Hence, the injected fluid flows into the slipping 

fracture, creating a preferred flow path. Once the preexisting fracture slips and initiates a wing crack, the wing crack propagation is 

driven by the shear slip until it extends to a certain length; the propagation is then driven by the fluid pressure inside the wing crack 

(Kamali and Ghassemi 2018; Abe and Horne 2019). The length of a wing crack can be as long as the main preexisting fracture when it 

is well oriented. Most of the past EGS projects did not observe a propagating planar fracture perpendicular to the least principal stress 

unlike in an unconventional oil and gas reservoir. It is believed that preexisting fractures dominated the fracture network. Therefore, 

when a bottomhole pressure exceeds the least principal stress, it is highly likely that new fractures initiate from a preexisting fracture 

and propagate in a reservoir with the existence of well-oriented fractures. 
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Table 5: Summary of the results: The red dot shows the location of the injection well; the blue lines are the preexisting 

fractures, while the black lines show the newly formed fractures, including a hydraulic fracture initiated from the 

injection well and wing cracks. 

Fracture 

Orientatio

n θ 

Stress Ratio   
𝜎𝐻

𝜎ℎ
 

1.1 2.0 3.0 4.0 

60 

    

45 

    

 

The fracture network patterns observed in this study are categorized into three different patterns, which can be described by Mohr’s 

circle and the linearized Mohr–Coulomb failure envelope. Figure 9 shows the preexisting fracture orientations and stress states used in 

this study.  

1) If a fracture sufficiently exceeds the Mohr–Coulomb failure envelope as a result of a hydraulic stimulation treatment, the entire 

preexisting fracture slips and initiates wing cracks from both edges. The fluid path then branches into two flow paths. 

2) If a fracture slightly exceeds the Mohr–Coulomb failure envelope, the stress shadow effects induced by the intersecting upstream 

mode I fracture causes asymmetric normal and shear stress distributions along the preexisting fracture (Figure 3). The side with the 

larger angle to the propagating fracture is under larger shear stresses and smaller normal stresses compared to those of the other side. 

This asymmetric stress distribution results only one wing crack. A wing crack propagates at a lower fluid pressure than that needed to 

make the other side of the preexisting fracture slip with the result that only one wing crack propagates from each preexisting fracture. 

3) If a fracture falls below the Mohr–Coulomb failure envelope, and when a propagating fracture crosses the preexisting fracture, the 

crossed propagating fracture continues propagating because the fluid pressure to drive the fracture propagation is lower than that needed 

to make the preexisting fracture slip. When a propagating fracture follows the preexisting fracture, the injected fluid increases its 

pressure until the preexisting fracture slips and initiates a wing crack. As a result, the pre-existing fracture slightly exceeds the Mohr–

Coulomb failure envelope and becomes the state 2).  

Table 6 shows the magnitude of the shear stress drop after a hydraulic fracture intersects with the preexisting fracture. The shear stress 

drop is expressed as ∆𝜎𝑠 =  |𝜎𝑠
𝑓| − (−𝑓𝜎′

𝑛
+ 𝑆𝑓), where 𝜎𝑠

𝑓 is the shear stress, 𝑓 is the frictional coefficient, 𝜎′
𝑛 is the effective 

normal stress, 𝑆𝑓 is cohesion, and (−𝑓𝜎′
𝑛

+ 𝑆𝑓) expresses the frictional strength. When the magnitude of the stress shadow effect is 

close to that of this stress drop, only one side of the preexisting fracture slips and initiates a wing crack. The magnitude of the stress 

shadow effect depends on the fracture size, the fracture-intersecting angle, and the effective normal stress acting on the fracture. The 

larger the fracture size or the effective normal stress the larger the stress shadow effect. The negative stress drop means that the fracture 

does not slip at the current fluid pressure. Instead, the fluid pressure needs to increase to induce slip along the preexisting fracture or 

fluid flows into another preferred path.  

These results indicate that the fractures below the Mohr–Coulomb failure envelope likely have a smaller contribution to the fracture 

network creation and reservoir permeability enhancement. The fractures that are not critically stressed are often partially or entirely 

cemented because they were created a long geologic time ago in most cases. On the other hand, fractures with sufficient stress drop 

when stimulated have shear displacements that lead to shear dilation and eventually wing crack initiations from the edges. Those 

fractures likely dominate a fracture network and contribute to reservoir permeability enhancement. 

The implications from the results of the eight cases in this study are as follows: 

- Fractures sufficiently exceeding the Mohr–Coulomb failure envelope increase the number of flow paths and create a complex 

fracture network. 

- Fractures not exceeding the Mohr–Coulomb failure envelope neither enhance their permeability nor create new fractures. 

- Higher injection pressure can create a more complex fracture network in the presence of well-oriented fractures. 

- Lower injection pressure may create a less complex fracture network with less flow path branching. 

The stress state and fracture cross/follow condition also play a critical role in the fracture network complexity. However, the results 

suggest that injection pressure may also control the fracture network complexity. 

In an actual EGS reservoir, preexisting fractures are expected to be distributed in a complex pattern with varied orientations, size 

distributions, and fracture connectivity; however, the simple reservoir setting in this study is reasonable to help us understand how 

preexisting fractures and newly formed fractures interact with each other to create a fracture network. This is because this numerical 
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physic-based model handles fluid flow between fracture surfaces, shear dilation of a preexisting fracture, fracture propagation, and 

mechanical interactions between fractures. 

In future work, we will model a realistic reservoir containing a number of fractures with reasonable variation, to confirm the 

implications of this study and better understand fracture network creation at a reservoir scale. 

 

Figure 9: Mohr’s circle showing the fractures and stress states used in this study. The black line shows the linearized Mohr–

Coulomb failure envelope with fluid pressure at 10MPa. Green dots show the fracture orienting at 60 degrees, while red 

dots show the fractures orienting at 45 degrees. 

Table 6: Shear stress drop ∆𝝈𝒔 in MPa in each test case where ∆𝝈𝒔 =  |𝝈𝒔
𝒇| − (−𝒇𝝈′

𝒏
+ 𝑺𝒇). The negative stress drop means the 

fracture does not slip at the current fluid pressure. 

Fracture Orientation θ Stress Ratio   
𝜎𝐻

𝜎ℎ
 

1.1 2.0 3.0 4.0 

60 -0.092 -0.92 -1.84 -2.76 

45 0.15 1.5 3.0 4.5 

 

In almost all EGS projects, fluid was injected into a preexisting fracture intersecting with the injection well, with the result that  the 

injection pressure exceeded the least principal stress (McClure and Horne, 2014). This observation and the results of this study support 

mixed-mechanism stimulation and the possibility of new fractures being formed from preexisting fractures. 

In the Fenton Hill EGS project, it was observed that Massive Hydraulic Fracture (MHF) treatment, formed a broad microseismic cloud 

roughly 200 m wide, 1000 m long, and 1000 high. The estimated dominant preexisting fracture orientation toward the least principal 

stress was 53 degrees. The MHF treatment was performed at extremely high net-pressures of over 70 MPa, for 60 hours for most of the 

treatment. The fluid injection pressure exceeding 70MPa was sufficient to open the preexisting fractures (Brown et al., 2012; Norbeck, 

et al., 2018). This implies that a complex fracture network was created by the mixed-mechanism stimulation because the stress drop 

induced maximum shear displacement resulting in the entire fracture slipping at the fluid pressure opening preexisting fractures. It is 

likely that a flow path from the injection well branched as it intersected a preexisting fracture, which resulted in forming a broad 

microseismic cloud. 

In this study, we initiated a hydraulic fracture from an injection well in this study. However, because fluid injection from a wellbore 

flows through a preexisting fracture in most of the EGS projects (McClure and Horne, 2014), our  future work will investigate scenarios 

in which the fluid is injected into a preexisting fracture causing wing cracks to propagate and intersect with another preexisting fracture. 

Here, we suggested that the magnitude of stress drop affects fracture propagation patterns. These are also affected by the fracture 

intersection angle and the magnitude of stress shadow effects. To uncover the causes leading to fracture propagation patterns, it will first 

be necessary to understand the difference between the cases where only one wing crack is propagated vs. two wing cracks being 

propagated. Furthermore we will work on modeling a realistic reservoir containing a number of reasonably varied fractures, this will 

enable us to confirm the implications of the present study and better understand fracture network creation at a reservoir scale. 
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