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Section S1  Thermo-poro-elastic model and fracture initiation criteria 

 

S1.1  Thermo-poro-elastic model  

(1) The in-situ stress: 
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where , ,r z   are the three–way positive stress, , ,r rz z     are the shear stress, wr  is the radius of the wellbore, 

,H h   are the horizontal maximum and minimum principal stress. 

(2) Hydraulic induced stress: 
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where is the polar angle in the direction of the maximum horizontal stress; 𝜙 is the effective porosity; 𝛼 is the 

biot’s coefficient, wP  is fluid pressure in the wellbore, 0P is initiation pore pressure,  is Poisson’s ratio. 

(3) Thermally induced stress: 
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where 𝛼𝑚 is the coefficient of thermal expansion; 𝑇𝐻 is the temperature function, 18 0.036HT H= + , H is depth. 

The temperature of the wellbore and perforation wall is assumed to be equal to the fluid injection temperature, 

then the stress components are expressed as follows considering the effect of porosity and initial pressure (Farahani et 

al., 2006): 
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where 1 = when the wellbore wall is permeable, 0 =  conversely;  

Given that the perforation and the wellbore are orthogonal, the stress distribution around perforation is obtained 

from the stress distribution around wellbore by using coordinate transformation (Fig. S1): 

 

Fig. S1  Mechanical model and coordinate transformation 
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where , ,s zz   are the radial, circumferential and axial stress of the perforation in the column coordinate system, 

respectively; 
ws  is the radius of the wellbore;   is the angle between 

s and 
 ; , ,zz szz s     are the shear stress. 

S1.2  Fracture initiation criteria 

The fracture initiates when a principal tensile stress exceeds the tensile strength of rock or the perforation wall in 

the maximal horizontal direction fractures first as the perforation azimuth rises. The maximum tensile stress is the 

extreme value of the third principal stress 
3 for the perforation azimuth  , Then Eq. (S16) is used to determine the 

fracture pressure and location. 
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Based on the thermo-poro-elastic model and fracture initial criterion, a hydraulic fracturing initiation model 

algorithm is proposed as Fig. S2. 

 

Fig. S2 Hydraulic fracturing initiation model algorithm 

 

Section S2  Analysis of relevant parameters and stress sensitivity 

Experimental studies have found that the flow velocity alone cannot determine the state of fluid flow. 

Therefore, Reynolds number (Re) is used to divide the flow state in reservoir into two regions: the linear laminar 

zone (Re<10) and the turbulent zone (Re>10). The dimensionless quantity Re is defined as: 

 wdv
Re




= ， (S17) 

where v is the fluid flow rate; w  is the fluid density; d is a characteristic length, taking the equivalent diameter. 

In the beginning of hydraulic fracturing, the fluid flow is regarded as laminar flow when Re<10, and the flow 
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velocity is proportional to the pressure gradient: 
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where X is the direction of flow. 

As the fluid pressure keeps increasing, the hydraulic gradient increases, the flow velocity increases, the fluid 

flow will transition to turbulent flow when 10<Re, and Darcy's law fails. Forchheimer law is introduced when 

Re>10: 
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where  is the Forchheimer law coefficient, and 
3
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To compare the analysis with Darcy's law, non–Darcy permeability KN is introduced: 
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Then, Eq. (S19) is simpled as: 
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The effective stress is altered with fluid pressure to associate the stress with the fluid, which results in stress 

sensitivity in the permeability and porosity of reservoir. Previous research (Wu, et al., 2019) has shown that the 

permeability of rock reduces exponentially as effective stress increases:  
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where 𝐾0 is the initial permeability, 𝑀 is stress sensitivity factor of permeability (Hu, et al., 2020), 𝜎′ is the 

effective stress; 𝑃 is the fluid pressure;  is average stress. 

The higher the stress sensitivity of porosity, the greater the proportion of interconnected pores that may be 

compressed. This leads to a positive relationship between the porosity and permeability (Hu, et al., 2020): 
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where  is porosity sensitivity exponent. In this study, 3 = .  

Therefore, the stress sensitivity of porosity is obtained: 
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Section S3  Figures and table 
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Fig. S3 The meshing of numerical model 

 

Fig. S4 Schematic diagram of grid system 

 

Fig. S5  Iterative calculation process of the numerical simulation method 

 

Fig. S6  Schematic diagram of boundary types 
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Fig. S7  Mesh system of inner boundary 

Table S1  Simulation parameters 

Parameter Symbol Value From 

Biot’s coefficient 𝛼 0.5428 – 

Compressibility coefficient of reservoir (1/MPa) 0  90.45 10−  – 

Thermal expansion coefficient (1/℃) 𝛼𝑚 52.5 10−  – 

Compressibility coefficient of fluid (1/MPa) 0  91 10−  – 

Specific heat capacity of reservoir (Kj/(kg*℃)) C  0.84 – 

Specific heat capacity of fluid (Kj/(kg*℃)) wC  4.1868 – 

Average thermal diffusivity (10-7m2/s) DT 7.15 (Chen and Ewy, 2005) 

Elastic modulus (GPa) E 0.001578.366 Te−  (Xi and Zhao., 2010) 

Initial porosity 0  0.16 – 

Initial permeability (m2) 0K  
16 2.073 10−  – 

Thermal conductivity (W/(m·K))   5 (Chen and Ewy, 2005) 

Modulus of Stress Sensitivity(1/MPa) M 0.02 (Wu, et al., 2019) 

Poisson’s ratio of the reservoir   
0.0699ln

0.0028

T

+
 (Xi and Zhao., 2010) 

Reservoir density (kg/m3)   2650 – 

Maximum in–situ horizontal stress (MPa) H  48 – 

Minimum in–situ horizontal stress (MPa) h  40 – 

Tensile strength (MPa) t  3.67 (Eshiet et al., 2012) 

Vertical in–situ stress (MPa) v  50 – 

Injection temperature (℃) T0 14 – 

Initial flow rate (10–16m2) v0 2.7 – 
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