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Abstract: The tight sandstone reservoir in the Qianfoya formation of well PL-3 of the Puguang gas
field in Sichuan, China, obtained a high-yield gas flow after a volume fracturing treatment. However,
the stimulated reservoir volume (SRV), fracture morphology, scale and formation law still remain
unclear. Based on particle flow discrete-element theory in this paper, we carried out a few trials
of the Brazilian splitting test, uniaxial compression and triaxial compression of rock mechanics.
Meanwhile, the research also testified to the conversion relationship between macroparameters
and microparameters, established the numerical simulation on hydraulic fracturing through PFC2D

discrete element software, and finally analyzed the influence of difference coefficients on the fracturing
effect, in terms of different in-situ stresses. The conclusions are as follows: firstly, the influence of in-
situ stress is essential for the direction, shape and quantity of fracture propagation, and the fractures
generated by hydraulic fracturing are mainly tension fractures, accounting for over 90% of the total
longitudinal fractures. Secondly, it is indicated that when the difference coefficient is small in the
in-situ stress, the fractures formed by hydraulic fracturing expand randomly around the wellbore.
When the difference coefficient Kh of in-situ stress is above 0.6, the development of hydraulic fractures
is mainly controlled by in-situ stress; as a result, the fractures tend to expand in the vertical direction
of the minimum horizontal principal stress and the fracture shape is relatively singular. When the
difference coefficient of in-situ stress was 0.3, in total, 3121 fractures were generated by fracturing,
and the fractal dimension D value of the fracture network complexity was 1.60. In this case, this
fracturing effect was the best and it is the easiest to achieve for the purpose of economical and
effective development on large-scale volume fracturing.

Keywords: tight sandstone; hydraulic fracturing; fracture network evolution; discrete element
method; fractal dimension

1. Introduction

Rock from the Jurassic period is the main stratum in the continental tight gas reservoir
in the Sichuan Basin. Through the analysis and evaluation of the previous data, it was found
that the resources of the four favorable sand formations in the Qianfoya formation totaled
123.4 billion cubic meters [1]. Tight sandstone gas is a typical unconventional natural gas
resource stored in tight sandstone reservoirs with ultra-low permeability, which is difficult
to exploit with conventional technology. In this case, large-scale fracturing or special gas
extraction technology is essential to produce the valuable natural gas. Tight sandstone,
with shale gas and coal bed methane (CBM), are considered as three major unconventional
natural gases [2]. Among these three types of unconventional gas, tight sandstone gas
is known as the first gas which has contributed to the most rapid growth of natural gas
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production and reserves in China [3–5]. Large-scale hydraulic fracturing technology is
the core technique for achieving the commercial advancement of tight sandstone gas. The
existing foreign fracturing technologies are as follows [6–9]: (1) Nitrogen foam fracturing
technology, which originated in January 1968, has been widely used in the United States
and Canada. It is especially applicable to water-sensitive formations with low pressure
and low permeability [6]; (2) Clear water fracturing technology uses clear water to add
an appropriate drag-reducing agent as the fracturing fluid, thus saving 30% of the cost
without dampening production. Moreover, the sound application effect has been shown in
the reconstruction of low permeability oil–gas reservoirs [7]; (3) Simultaneous fracturing
technology. As the latest fracturing technology, it has been successfully applied at the
Barnett tight gas development in the Fort Worth Basin in recent years. It is able to fracture
two (or more) wells simultaneously [8]. For example, the Tipton-1H-23 well, located in
the Woodford tight gas accumulation zone of the Arkema Basin in the United States, has
been transformed by seven stages of hydraulic fracturing, and the unconventional gas
production is as high as 14.16 × 104 m3/d [9].

Over the past few decades, a series of laboratory experiments have been carried out to
explore the failure process of reservoir rocks [10]. When dealing with some simple prob-
lems, the developed Perkins–Kern–Nordgren model (PKN) [11,12] and the Khristianovic–
Geertsma–de Klerk model (KGD) [13,14] can be used.

Ito et al. [15] developed an experimental apparatus for observing the hydraulic fracture
on the X-ray CT scanning. The results clearly showed the characteristic behaviors of
the hydraulic fracture in the rock matrix. Chitrala [16] combined analysis of acoustic
emission (AE) systems to study the hydraulic fracture propagation in Lyons sandstone
under different stress conditions. He et al. [17] conducted a series of hydraulic fracturing
experiments on cylinder sandstone cores with a central borehole. Using microscope and
X-ray CT scanning, the fracture morphology of the surfaces and internal structure of the
fractured specimens were acquired, respectively. Wang et al. [18] studied the effect of
bedding orientation on the fracture toughness of rock. The study is of great significance for
analyzing rock fracture characteristics.

As an intuitive and practical method to study the mechanism and formation of hy-
draulic fractures, numerical simulation provides a better visual means for observing the
fracture geometry with better controlling conditions. Zhang et al. [19] conducted multi-
scale numerical analysis on fully coupled hydraulic fracturing to study some of the key
coupled processes of fluid-driven fracture propagation in naturally fractured rock masses.
V. Roche et al. [20] investigated the hydraulic fracture development and its potential impact
on elastic stress perturbations and fracture triggering. In intact granite and homogeneous
granite with cracks, the fully coupled hydrodynamic 3D discrete-element method was used
to simulate the hydraulic cracks during fluid injection. Savitsk et al. [21] presented the most
advanced modeling results of the explicit interaction between extended hydraulic fractures
and discrete fracture networks, which were statistically generated. Damjanac et al. [22]
proposed a synthetic rock mass (SRM) concept. In SRM, the bonded particle model (BPM)
is a collection of circular or spherical particles bonded to each other, indicating the defor-
mation and damage in intact rock. If pre-existing discontinuities are represented in the
BPM, the generated model, referred to as SRM, is able to simulate hydraulic fracturing in
naturally fractured reservoirs [23–25]. The pump displacement has a significant impact on
the fracturing effect, especially for the transformation of unconventional reservoirs [26,27].
Numerous researchers have analyzed the fracturing displacement design for many times,
thus obtaining a great number of conclusions that can be used for reference in engineer-
ing. The optimized construction design not only ensures the full transformation of tight
reservoirs, but also avoids waste from injecting excess fracturing fluid [28,29].
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2. Sandstone Rock Mechanical Parameter Testing
2.1. Experiment System

The testing machine, as shown in Figure 1a, had an independent closed-loop servo
control system for axial pressure, confining pressure, pore water pressure and temperature.
The main machine adopted a gate-post structure with the 2000 kN axial pressure and
100 MPa confining pressure, which is tougher than 10 GN/M. The pore water pressure was
60 MPa, with a temperature of −50–200 ◦C; in addition, the diameter of the specimen was
25 mm–100 mm, and the minimum intervals of sampling were 20 ms. The machine can
carry out uniaxial and triaxial stress–strain tests in the whole process, including constant
speed, variable speed, cyclic loading and unloading and various waveform control tests,
as well as pore water and characteristic tests under both high and low temperatures, etc.
During the test, displacement sensors were used to measure the axial and circumferential
deformation of the test piece. The circumferential deformation was measured with a
circumferential point extensometer. The software measurement and control system are
shown in Figure 1b.
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Figure 1. Rock mechanics experiment: (a) controlled rock triaxial testing machine by microcomputer;
(b) software measurement and control system.

2.2. Experimental Scheme and Test Results

The specimens were taken from well PL-3 of the Puguang east syncline structure,
which is located in the Huangjinkou structural belt of the Sichuan Basin. The measured
depth (MD) was 3979.00 m and the true vertical depth (TVD) was 3282.64 m. The drilled
layer was Middle Jurassic. The core section was 3408 m high. Before the test, we prepared
standard cylindrical specimens with 25 mm diameter, and 50 mm height, along with
standard Brazilian disk specimens with a diameter of 25 mm and a height of 25 mm.
The test results are shown in Table 1. The average tensile strength of the sandstone was
14.73 MPa, the elastic modulus without confining pressure was 33.55 GPa, and Poisson’s
ratio was 0.051. Triaxial compressive mechanical tests were carried out under confining
pressures of 5 MPa, 10 MPa and 20 MPa, and the Mohr-stress circle and shearing strength
envelope were drawn. The sandstone cohesion c was calculated to be 43.05 MPa, and the
internal friction angle ϕ was 42.8◦.
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Table 1. Test results of rock mechanical parameters.

Brazilian Splitting Test Results

Number Depth
/m

Diameter
/mm

Height
/mm

Failure Pressure
/kN

Tensile Strength
/MPa

Average Tensile Strength
/MPa

E1 3408 24.32 23.99 17.03 18.583
16.76E2 3408 24.44 24.01 14.684 15.931

E3 3408 24.3 24.03 14.45 15.754
E4 3408 24.51 24.21 8.076 8.665 -

Uniaxial/Triaxial Test Results

Number Depth
/m

Confining
Pressure

/MPa

Diameter
/mm

Height
/mm

E
/GPa υ

σc
/MPa

Cohesion
/MPa

Internal
Friction Angle

/◦

E1 3408 0 24.30 50.92 33.55 0.051 197.08

43.05 42.8
E2 3408 5 24.25 51.70 34.63 0.088 233.85
E3 3408 10 24.32 50.74 34.80 0.052 258.13
E4 3408 20 24.49 50.97 35.81 0.098 301.88

3. Numerical Analysis of Hydraulic Fracturing Based on Discrete Element Method
3.1. Microparameter Calibration

Particle Flow Code 2D software was used for numerical simulation [30]. The particle
bond model and smooth joint model were used to characterize the complete rock block
and joint surface, respectively; meanwhile, the hydraulic fracturing numerical simulation
and comparative analysis were carried out on the intact rock and the fractured rock mass.
Potyondy et al. used the BPM model (bonded-particle model) to simulate the mechanical
behavior of Lac du Bonnet granite [31]. Particle contacts are bonded with limited strength
at the points of contact and limited thickness around the points of contact so that the bond
can resist tensile loading, shear loading and moment using the enhanced parallel-bonding
model [32–34]. The smooth-joint model with the behavior of dilated planar interface was
used to embed pre-existing cracks regardless of the local particle contact orientation at
the interface. Modeling the behavior of a frictional or bonded joint can be achieved by
assigning smooth-joint models to all contacts among particles on opposite sides of the
joint [35].

The specimens were tested on a TAW-2000 electro-hydraulic servo rock mechanic
system for the detection of uniaxial tensile strength σt, compressive strength σf, Poisson’s
ratio ν and elastic modulus E. Each test contained four specimens, with the final results
averaged (Table 1). Sandstone PFC2D models (Figure 2) for numerical test on uniaxial
compression and indirect tensile were established with a smooth-joint contact model since
the contact model was used to calculate the macroparameters. The specified loading rate for
the compression test and direct tension test was “0.06 m/s”. Table 2 shows the microscopic
properties of the smooth-joint contact model calibrated by simulating the compression and
tension test (Figures 2 and 3). The numerical and experimental results of the synthetic rock
specimens were basically consistent with each other.
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Figure 2. Calibration of the contact model to the laboratory specimen under UCS test: (a) numerical
simulation of UCS test; (b) comparison of experimental results with numerical simulation results.

Table 2. Calibrated microscopic properties of the sandstone model.

Parameters Remarks and References Value (Unit)

Particle density (kg/m3) ρ 2650
Lower bound of particle radius (mm) r 2

Ratio of particle radius Rmax/Rmin 1.66
Young’s modulus of the particle (GPa) E 16

Ratio of normal to shear stiffness of the particle kn/ks 3
Friction coefficient of particle µ 0.577

Young’s modulus of the parallel bond (GPa) Epb 16
Tensile strength of the parallel particle (MPa) σt 15
Shear strength of the parallel particle (MPa) σs 18

Cohesion (MPa) c 35
Normal stiffness of SJM (GPa) ksjm

s [36] 1300
Shear stiffness of SJM (GPa) ksjm

s [36] 500
Tensile strength of SJM (MPa) σ

sjm
t [36] 3.2

Friction angle of SJM (◦) ϕ [27,36] 30
Cohesive of SJM (MPa) c′ [36] 3.2
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3.2. Fluid-Mechanical Coupling Theory of PFC2D

When simulating the coupling between the stress field and the seepage field of a
jointed rock mass, those two fields should be taken into consideration at the same time.
The seepage effect can be modeled using a fluid “domain” and fluid “pipe”. A “domain”
is defined as a closed chain of particles, where each link in the chain is a bonded contact.
Each domain has a pointer through which all domains are connected [30]. As shown in
Figure 4, each channel is assumed to be a set of parallel plates with a certain aperture, and
the fluid flow in the channel is modeled with the Poiseuille equation. The fluid flow rate q
is given by the following equation:

q =
a3 × ∆p
12µ× L

(1)

where a is the aperture, ∆p is the fluid pressure difference between the adjacent domains,
∆p = p2 − p1, p2 and p1 are pressures inside the two connected domains (inlet and outlet),
µ is the fluid viscosity, and L is the length of the channel. The out-of-plane thickness is
assumed to be unit length.
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In order to ensure that aperture a will approach zero-force aperture when the normal-
contact force is zero and converges to zero, in the situation where the normal-contact force
is quite large, the following equation can be used [37,38]:

a =
a0 · Fn

0

Fn + Fn
0

(2)

where Fn is the normal contact force, a0 is assumed to be the initial aperture of just-touching
particles and Fn

0 is the normal force at which the channel aperture reduces to half of its
initial aperture.

3.3. Sandstone Models for Hydraulic Fracturing

The study focuses on the initiation and propagation of hydraulic fracturing affected
by the in-situ stress difference coefficient (SDC) and natural fractures [39]. The size of the
model was 400 mm × 400 mm. The particles in the model were uniformly distributed,
and radius R ranged from Rmin (minimum of particle radius) to Rmax (maximum of particle
radius). The Rmin was 2 mm, the ratio of particles ranging from the maximum to the
minimum radius was 1.66. Some 24,808 particles were generated in the square model. The
particle-filled square assembly was enclosed by four servo-controlled walls that allowed the
initial stresses to be executed. The calculation model was constructed, as shown in Figure 5.
The intact rock was represented by the bonded particle model (BPM), and pre-existing
natural cracks were simulated by the smooth-joint model (SJM) [30].
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4. Influence of In-Situ Stress Difference Coefficient on Hydraulic Fracturing Effect

In-situ stress is the natural stress existing in the crust, mainly composed of the self-
weight stress of rock mass and the tectonic stress caused by the geological structure [40].
In-situ stress is the main reason for deformation and instability on underground or slope
engineering. Therefore, the in-situ stress measurement is a prerequisite for disaster control.
It is very important to understand the influencing factors of in-situ stress, including the
structural characteristics of rock–soil mass, physical and mechanical properties, space–
time conditions, etc. [41,42]. With the progress of human civilization, the demand for
deep resources continues to surge; deep mining has also become a major problem for the
engineering community. As a result, the in-situ stress is playing a more and more essential
role in the safe construction and long-term stability of underground engineering. Therefore,
the accurate measurement of in-situ stress has become the critical point to solve the problem
effectively. The effect of in-situ stress on fracture morphology is mainly reflected in the
size of horizontal principal stress difference, and the influence of the horizontal principal
stress difference on fracture morphology is determined by the horizontal stress difference
coefficient Kh [43]. This parameter is defined as [44,45]:

Kh =
σH − σh

σh
× 100% (3)

where σH is the maximum horizontal principal stress (MPa), and σh is the minimum
horizontal principal stress (MPa).

When the maximum horizontal principal stress σH and the minimum horizontal
principal stress σh are both 10 MPa, the horizontal in-situ stress difference coefficient Kh = 0.
When the maximum horizontal principal stress σH = 11 MPa and the minimum horizontal
principal stress σh = 10 MPa, the horizontal in-situ stress difference coefficient Kh = 10%.
The horizontal difference coefficients of in-situ stress have been designed as 0, 10, 20, 30, 40,
50, 60, 70, 80, 90, and 100%, as shown in Table 3.

The wellbore injection construction pressure is 120 MPa, the reservoir permeability is
0.1 millidarcy, and the liquid viscosity µ = 10 mP.s. Figure 6a shows the fracturing network
morphology at different time-steps when the horizontal in-situ stress difference coefficient
Kh = 0: (1) When the numerical calculation time-steps were 20,000, 1419 fractures had been
produced during fracturing, including 1131 tension fractures (yellow line represents tension
fracture) and 288 shear fractures (red line represents shear fracture). Large quantities of
fractures were concentrated around the wellbore, with an inconspicuous regularity of frac-
ture trend; (2) When the numerical calculation time-steps were 40,000, 60,000, 80,000, and
100,000, respectively, the number of fractures generated by fracturing was 2019, 2414, 2798,
and 3240, accordingly. Fractures gradually extended outward after initiation around the
wellbore. Comparing the number of hydraulic fracturing fractures at different time-steps,
it was found that the largest number of fractures emerged in the initial stage of fracturing
fluid pumping with a higher degree of fracture concentration. As the fracturing fluid was
continuously pumped into the wellbore, the inefficiency of the hydraulic fracturing was
seen in generating the fractures, and the fractures expanded from disorder to the extension
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of several main fractures. At the same time, it was noticeable that the area of hydraulic
fracturing increased rapidly due to the expansion of the main fractures in all four directions.
Figure 6b shows the fracturing network morphology under different horizontal difference
coefficients of in-situ stress: when the horizontal in-situ stress difference coefficient Kh was
between 0 and 0.2, the fractures formed by hydraulic fracturing randomly spread around
the wellbore. When Kh was between 0.3 and 0.6, the fractures formed by fracturing not
only expanded randomly around the wellbore, but also gradually formed main cracks
along the direction of the maximum principal stress, and the control effect of in-situ stress
was gradually enhanced. When the stress difference coefficient Kh was greater than 0.6,
the development of hydraulic fractures was mainly controlled by the in-situ stress, the
fractures expanded along the vertical minimum horizontal principal stress direction, and
the fracture shape was relatively simple.

Table 3. In-situ stress difference coefficient and hydraulic fracturing simulation results.

Specimen
Number

In-Situ Stress
Difference Coefficient

/%

Tension Crack Shear Crack
Total Cracks

Fracture
Stress
/MPa

Fractal
Dimension

DAmount Proportion
/% Amount Proportion

/%

1 0 2155 91.1 211 8.9 2366 43.06 1.5654
2 10 1826 90.0 202 10.0 2028 43.06 1.5373
3 20 2079 90.8 211 9.2 2290 43.73 1.5604
4 30 2836 90.9 284 9.1 3120 44 1.6094
5 40 2093 91.0 206 9.0 2299 44.19 1.5667
6 50 2357 90.6 244 9.4 2601 45.72 1.5759
7 60 1782 89.5 209 11.5 1991 44.75 1.5989
8 70 1358 89.6 158 11.4 1516 44.91 1.5376
9 80 2019 90.1 221 9.9 2240 45.1 1.5543
10 90 2715 90.2 292 9.8 3007 44.31 1.6117
11 100 1938 89.8 220 11.2 2158 44.7 1.3924
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The fractal dimension value D of the fracture structure surface can be introduced
to evaluate the complexity of fracturing fractures quantitatively. The box dimension
calculation method is used to calculate the fractal dimension of the surface cracks in
specimen, and the number of boxes of fractures contained in different scale grids on the
structure surface is divided into [46]:

lgN(δ) = lgA− Dlgδ (4)

where δ is the side length, A is the initial value of the fracture surface distribution, and D is
the fractal dimension of the fracture distribution.

The basic steps are as follows: using a square grid with side length δ to cover the entire
structural surface, and counting the number of grids containing cracks. Then using the
bisection to decrease the side length δ of the square grid and counting the corresponding
N(δ), and the least squares method is used to perform regression analysis on the statistical
data in the double logarithmic coordinate system. The slope of the straight line is the fractal
dimension D of the structural surface crack.

The fracture distribution is binarized by MATLAB software, and the fractal dimension
D value of the fracture surface is introduced to evaluate the complexity of fracturing
fractures quantitatively, which solves the problem of the quantitative evaluation on the
stimulation effect of tight reservoirs. As shown in Figure 7, when the in-situ stress difference
coefficient Kh = 0.1, the obtained fractal dimension index of the fracture network was 1.5373,
as shown in Table 3. For continental tight sandstone with good homogeneity, two aspects
of construction cost and fracturing effect should be considered. When the in-situ stress
difference coefficient is 0.3, the maximum number of fractures generated by fracturing
is 3121. In addition to the main fractures along the direction of the maximum principal
stress, secondary fractures are also relatively developed. The fractal dimension D value of
fracture network complexity is 1.60 and the fracture pressure is 43.73 MPa. In this case, the
fracturing showed the most effective result; the fracture pressure is rarely high, and it is
easier for large-scale volume fracturing to achieve economical and effective development.
Figure 8 shows the evolution curve of fluid pressure–time–step at the injection point, the
right picture is the curve enlarged by the red dotted line box in the left picture, point A (120,
43.06) is the fracture pressure point, and the fracture pressure is 43.06 MPa. After reaching
the peak point, the wellbore pressure drops sharply to about 40 MPa, and then fluctuates
sharply, indicating that the fractures are expanding and extending with a rough fracture
surface to some extent.
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5. Discussion

In this paper, numerical simulation on hydraulic fracturing was established by PFC2D

discrete element software through a laboratory Brazilian splitting test, along with the test
on uniaxial compression and triaxial compression rock mechanics. The influence of the
fracturing effect from difference coefficients of different in-situ stresses was analyzed. In
order to study the influence of a single factor (in-situ stress) on the fracturing effect of the
tight sandstone of the Qianfoya formation, the numerical calculation model was intended
to be homogeneous and isotropic, and the influence of natural sandstone fractures on the
fracturing effect was not considered. The natural fractures are normally contained in the
sandstone formations, and it is believed that the complexity of the resulting hydraulic-
fracture network is caused by the interaction between the hydraulic fracture and natural
fractures. Therefore, the authors and team members will further explore the structural
effects of the hydraulic fracture network evolution in the later studies.

6. Conclusions

Based on the particle flow discrete-element theory, we checked the conversion relation-
ship between macroparameters and microparameters, established numerical simulation on
hydraulic fracturing by PFC2D discrete element software, and finally analyzed the influence
of the fracturing effect from the difference coefficients on the different in-situ stresses. The
following conclusions can be drawn:

(1) The influence of in-situ stress on the direction, shape and quantity of fracture propa-
gation is quite crucial, and the fractures generated by hydraulic fracturing are mainly
tension fractures, accounting for more than 90% of total longitudinal fractures.

(2) When the in-situ stress difference coefficient is small, the fractures gradually extend
and expand outwards after the initiation of fracturing around the wellbore. The
largest number of fractures emerge in the initial stage of pumping the fracturing fluid,
with a higher degree of fracture concentration. As the fracturing fluid is continuously
pumped into the wellbore, the inefficiency of the hydraulic fracturing can be seen
when generating the fractures, and the fractures expand from disorder to the extension
of several main fractures.

(3) When the horizontal in-situ stress difference coefficient Kh is between 0 and 0.2, the
fractures formed by hydraulic fracturing randomly expand around the wellbore.
When Kh is between 0.3 and 0.6, the fractures form by fracturing gradually and
expanding along the main crack in the direction of the maximum principal stress.
When the stress difference coefficient Kh is above 0.6, the development of hydraulic
fractures is mainly controlled by the in-situ stress; the fractures expand along the
minimum horizontal principal stress in the vertical direction, leading to a relatively
singular fracture shape.

(4) As for the continental tight sandstone with good homogeneity, two aspects of construc-
tion cost and fracturing effect should be considered. When the local stress difference
coefficient is 0.3, the maximum number of fractures generated by fracturing is 3121,
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and the main fractures along the direction of the maximum principal stress are gen-
erated, in relation to the development of secondary fractures. The fractal dimension
D value of the fracture network complexity is 1.60 and the fracture pressure is 43.73
MPa; in this case, the fracturing shows the most effective result. The lower fracture
pressure is more accessible for fracturing in large-scale volume to achieve economical
and effective development.
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