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Abstract The spatial distribution of the hydraulic fractures is mainly controlled by two processes of 

crack initiation and propagation. It is the premise of predicting the geometric structure of fracture 

network to study the mechanism of crack initiation of rock. There are a large number of initial 

micro cracks in the shale reservoir, the presence of these micro cracks weakens the integrity of shale, 

it must have an important influence on the initiation and propagation of hydraulic fractures. The 

numerical model of simulating the breakdown pressure and fracture mode of low permeability 

fractured reservoir is established based on the calculation method of distribution uniformity index. 

The influence of initial micro crack distribution uniformity on the breakdown pressure and fracture 

mode is studied. Numerical results show that: the greater the distribution uniformity index of the 

initial natural micro cracks, the greater the breakdown pressure is; But the accumulative number of 

tensile and shear fractures and their proportion to the total number of fractures are not affected by 

the distribution uniformity index of the natural micro cracks. 

1 Introduction 

The core technologies for successful exploitation of shale gas are horizontal drilling technology and 

hydraulic fracturing technology. There is a direct relationship between the morphological structure 

of fracture network distribution and the recovery efficiency of oil and gas after hydraulic fracturing. 

The spatial distribution of hydraulic fractures is mainly controlled by two processes of crack 

initiation and expansion. Therefore, studying the initiation mechanism of hydraulic fracture in shale 

reservoir is the premise of understanding the morphological structure of fracture network. There is a 

certain blindness that the fracturing effect is increased only by increasing the injection pressure, or 

increasing the displacement of the fracturing fluid, or other empirical methods when hydraulic 

fracturing is performed on site if the mechanism of hydraulic fracture initiation is not clear. 

Therefore, the accurate determination of fracture mode and accurate prediction of breakdown 

pressure are of important guiding significance to the design and successful implementation of 

fracturing scheme. 

Many scholars have done a lot of research on fracture mode and breakdown pressure of 

hydraulic fracture. In 1957, Hubbert et al proposed a formula for calculating the initiation pressure 

of rock under the three directional stress around the borehole [1]. In 1967, Haimson et al considered 

the seepage effect of fracturing fluid in rock, and improved the calculation formula of breakdown 

pressure [2]. And other crack initiation pressure calculation methods [3,4] are based on the isotropic 

continuum model, these models do not take into account the effects of natural micro crack 

distribution. In recent years, many scholars have realized that the natural micro fractures of complex 

distribution are widespread in shale and other low permeable reservoirs. Shale reservoirs 

experienced different geological movements during the long process of formation, and formed 

different kinds of natural fractures. The electron microscopic characteristics demonstrate that there 

are a large number of micro-cracks in shale. These micro cracks or holes are honeycombed or 

randomly distributed, and the pore structure and crack distribution are also different in various shale 

reservoir [5-7]. The distribution uniformity of initial micro fractures leads to a strong anisotropy in 

shale, the crack initiation mechanism and propagation model of hydraulic fracture are more 
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complicated. Therefore, the calculation model of crack initiation based on the traditional elastic 

isotropic medium cannot meet the needs of hydraulic fracturing engineering practice of shale 

reservoir. 

A method for calculating the distribution uniformity index (DUI) of natural micro cracks is 

presented in this paper. And using PFC3D numerical calculation platform and built-in FISH 

language, a numerical model for breakdown pressure and fracture model of fractured reservoirs 

with low permeability is established. The influence of initial micro crack distribution uniformity 

index on breakdown pressure and fracture model was studied quantitatively. Numerical results 

show that: when the numerical model of hydraulic fracturing considers the existence of natural 

micro cracks, the breakdown pressure and fracture model are different from those without initial 

natural micro cracks. 

2 Numerical Model 

To simulate and analyze hydraulic fracturing characteristics of shale samples in micro scale range, a 

three-dimensional numerical model is established by using PFC3D software based on Bonded 

Particle Method (BPM). In the process of generating numerical sample, an assembly consisting of 

larger particles is first built, and then, the contact force of each particle is tested. These particles are 

deleted if the maximum contact force of a particle is less than one-tenth the average contact force of 

the entire sample. Smaller particles are then inserted in this porous sample, and the particles whose 

contact forces are sufficiently small are deleted according to the same rule. This process continues 

until a sample with sufficiently low porosity is created. 

2.1 Calculation Parameters Each side length a of the PFC3D model is 100 mm, where the 

diameter b of a borehole is 10 mm, i.e., ten times smaller than a, to reduce the stress concentration 

effect of in situ stress application, and the borehole axis is consistently perpendicular to the outer 

plane of the model. The numerical models are shown in Fig. 1 and Fig. 2. To provide parameters for 

the numerical modelling of hydraulic fracturing, a few shale specimens that were sampled from the 

Longmaxi Formation in the Sichuan Basin in the southwest of China [8] were tested. The values of 

mechanical properties are listed in Table 1. In order to avoid the influence of horizontal stress 

difference, the maximum horizontal stress, the minimum horizontal stress and the vertical stress are 

equal in the numerical calculation, all of which are 10 MPa. 

2.2 Calculation Method of Initial Crack DUI In PFC3D numerical simulation of fracturing 

process, the breaking of parallel bonds represents the initiation and propagation of hydraulic 

fractures. In this paper, the crack initiation mechanism of hydraulic fracture is studied by statistical 

analysis of the accumulative number and spatial distribution of broken parallel bonds. A method for 

calculating the uniformity index of fracture distribution is proposed below. The influence of the 

initial natural micro crack distribution uniformity on the breakdown pressure and fracture mode of 

hydraulic fracturing is analyzed by calculating the cumulative number of parallel bond breaking 

events and the induced fracture distribution uniformity index. 

 

Fig. 1 Numerical calculation model (3D view) 

 

Fig. 2 PFC3D numerical model (Side view)
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Table 1   Mechanical properties of the shale of the Longmaxi Formation in the Sichuan Basin 

Density 

[gcm-3] 

Uniaxial compressive 

strength [MPa] 

Tensile strength 

[MPa] 

Elastic modulus 

[GPa] 

Poisson's 

ratio 

2.6 70 3.2 25 0.27 

In the fracturing simulation, the spatial position information of every broken parallel bond is 

recorded. When the simulation is finished, the distribution uniformity index (DUI) is calculated 

according to the following method. The model sample is divided into n8  (  ,,, 210   n ) small cubes 

(as shown in Fig. 3). The cube for each side is n2100  mm. The position of each broken parallel 

bond must be located in one of the n8  cubes. In these cubes, the number of cubes that include a 

broken parallel bond is recorded as )(ng . 

n

ng
nf

8

)(
)(   ,  ,,, 210   n                                                       (1) 

The function )(nf  is plotted in the coordinate system in Fig. 4; the ratio of the area surrounded 

by the curve )(nf  and curve )(nf0  divided by the area surrounded by the curve )(nf1  and curve 

)(nf0  is defined as the Distribution Uniformity Index (DUI), where the functions )(nf0  and )(nf1  

are as follows: 

n
nf

8

1
0 )(  , 11 )(nf .                                                        (2) 

From the definition of the DUI, when the distribution of the cracks is highly concentrated, even 

if the cube is divided into small segments, all of the cracks are always located in a cube in this 

extreme case: 

n
nfnf

8

1
0  )()( .                                                            (3) 

In this case, DUI = 0. 

Another extreme case is when the crack distribution is absolutely uniform; even if the cube is 

divided into small segments, all of the cubes always contain cracks, namely: 

11  )()( nfnf .                                                              (4)
 

In this case, DUI = 1. According to the definition of distribution uniformity index, the range of 

DUI is between 0~1. The smaller the value of DUI, the closer it is to 0, indicates that the fracture 

distribution is more concentrated; And the bigger the value of DUI, the closer it is to 1, indicates 

that the more uniform the fracture distribution is. 

Theoretically, the cubic sample can be divided infinitely. However, in the calculation of this 

paper, the maximum of n is only 6. If the number n is too large, the volume of the small cube may 

be smaller than the size of the micro-particles, and then, it is of no practical significance to continue 

to divide the cube. In the calculation of the DUI, only the areas in front of the vertical line n = 6 are 

considered.
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Fig. 3 The specimen was divided n  times along the 

length, width and length direction 

 

Fig. 4 DUI  is the ratio of area surrounded by the 

curve )(nf  and the curve )(0 nf  and area surrounded by 

the curve )(1 nf  and the curve )(0 nf .

3 Model Verification 

In order to verify the numerical model, the breakdown pressure measured by the numerical model is 

compared with the theoretical results. In the hydraulic fracturing simulation, the flow rate of 

fracturing fluid is set as a constant, and record the change of pressure in borehole at any time. The 

pressure increases with time at the beginning, then a sharp decline begins when a peak is reached, 

subsequently stabilize at a certain pressure level, the peak value of the whole pressure curve is the 

breakdown pressure. The corresponding pressure curve is shown in Fig. 5. 

For the sake of simplicity, we assume that the minimum horizontal stress is equal to the 

maximum horizontal stress in the verification model, the breakdown pressure at six different 

horizontal stresses is simulated. The numerical results are shown in Table 2. 

Table 2   Numerical results of the breakdown pressure 

Horizontal stresses[MPa] 10 11 12 13 14 15 

Breakdown pressure[MPa] 11.75 12.93 12.95 14.57 15.23 16.01 

If the rock is assumed to be fully permeable and the pressurization rate is sufficiently low to 

ensure steady-state conditions during pumping, the relationship between the breakdown pressure 

bP  and horizontal stress is as follows [9]: 

)/()(

)/()(










1212

1213 TpSS
P

fHh
b , 10                                       (5) 

where T  is the rock tensile strength, fp  is the pressure in the fracture or in the pores where 

the fracture is formed, HS  is the major horizontal stress and hS  is the minor horizontal stress,   

is the poroelastic coefficient and   is Poisson’s ratio. 

Based on the theoretical formula, the breakdown pressure at 6 different horizontal stresses is 

calculated when the poroelasticity coefficient is 0.29. The value of the pressure fp  for the fully 
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permeable case in the theoretical calculation is taken from the pressure of the fluid cell at the crack 

initiation location in the numerical model. 

A comparison between the analytical results and the numerical results is shown in Fig. 6. It can 

be seen from Fig. 6 that the numerical results is in good agreement with the analytical results when 

the poroelasticity coefficient is 0.29. The breakdown pressure obtained by the BPM is consistent 

with the theoretical results. This indicates that the BPM is feasible for modelling the fracturing 

process. 

 

Fig. 5 Pressure varying with timestep during the 

fracturing simulation 

 

Fig. 6 Breakdown pressure varying with horizontal 

stress 

4 Case Study and Result Analysis 

In the PFC3D numerical model, the bond between particles breaks down, indicating the formation 

of micro cracks. The process of bonds breaking and converging in succession indicates the initiation 

and propagation of macroscopic cracks. In order to study the influence of initial crack distribution 

on breakdown pressure and fracture model, on the basis of the verification model in the previous 

section, the initial natural crack distribution in the numerical model is simulated by deleting some 

randomly distributed parallel bonds in the sample. The program of randomly deleting parallel bonds 

repeats several times. For each generated numerical model with random initial cracks, the fracture 

distribution uniformity index is calculated, 6 models with equal number of micro cracks but unequal 

distribution uniformity are found out, then carry on the fracturing simulation. The breakdown 

pressure of each model and the accumulative number of tensile fractures and shear fractures are 

recorded. The numerical results are shown in Fig. 7 and Fig. 8. 

4.1 Breakdown Pressure Fig. 7 shows the relationship between the breakdown pressure and the 

natural fracture distribution uniformity index for the 6 models with the same initial crack number 

but the uniformity of fracture distribution is not equal. As can be seen from Fig. 7, with the initial 

crack distribution uniformity index increasing, that is, the micro crack distribution is more uniform, 

the breakdown pressure has a gradually increasing trend; The smaller the distribution uniformity 

index of the initial natural crack is, namely the micro crack distribution is more concentrated, and 

the smaller the breakdown pressure is. Thus, when the minimum horizontal stress is the same as the 

maximum horizontal stress, the breakdown pressure is obviously related to the uniformity of the 

natural micro crack distribution in the rock medium. 

4.2 Fracture Mode Fig. 8 shows the total number of hydraulic fractures, the accumulative 

number of tensile fractures and shear fractures formed in the numerical model when the pressure 
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reaches the instant of breakdown pressure during the fracturing simulation. As can be seen from Fig. 

8, the total number of cracks does not exhibit a monotonic increase or decrease monotonically with 

the different initial distribution uniformity of the micro cracks. Moreover, the number of tensile 

fractures and shear fractures and their proportion to the total number of fractures have no obvious 

trend with the change of distribution uniformity index. Therefore, there is no obvious correlation 

between the fracture mode and the initial crack distribution uniformity in the rock medium. 

 

Fig. 7 The relationship between breakdown pressure 

and initial crack distribution uniformity index 

 

Fig. 8 The accumulative number of hydraulic fractures 

and the number of tensile break and shear break 

4 Conclusion 

The electron microscopic characteristics demonstrate that there are a large number of micro-cracks 

in shale. The spatial distribution and structure of these microcracks are also distinctly different in 

various shales. The influence of the spatial distribution of initial micro cracks on the breakdown 

pressure and fracture mode of hydraulic fracturing is studied with the PFC3D numerical model 

based on Bonded Particle Method. The results are summarized as follows: 

(1) If the amount of initial micro cracks is same, when the minimum horizontal stress is equal to 

the maximum horizontal stress, the larger the initial crack distribution uniformity index is, the 

greater the breakdown pressure is; On the contrary, the breakdown pressure is smaller. 

(2) From the results of numerical simulation, the accumulative number of tensile fractures and 

shear fractures and their proportion to the total number of fractures are not obviously related to the 

distribution uniformity of initial micro cracks in shale. 
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