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Abstract: Hydraulic fracturing, as a key technology of deep energy exploitation, accelerates the rapid development of
the modern petroleum industry. To study the mechanisms of hydraulic fracture propagation and rock failure mode of the
vertical well hydraulic fracturing, the true triaxial hydraulic fracturing test and numerical simulation are carried out, and
the influence of the principal stress difference, water injection displacement, perforation angle and natural fracture on
fracture propagation is analyzed. The results show that the fracture propagation mode of limestone is mainly divided
into two types: the single vertical fracture and the transverse-longitudinal crossed complex fracture. Under high
displacement, the fracturing pressure is larger, and the secondary fracture is more likely to occur, while variable
displacement loading is more likely to induce fracture network. Meanwhile, the amplitude of acoustic emission (AE)
waveform of limestone during fracturing is between 0.01 and 0.02 mV, and the main frequency is maintained in the
range of 230—300 kHz. When perforation angle 8=45°, it is easy to produce the T-type fracture that connects with the
natural fracture, while X-type cracks are generated when 6#=30°. The results can be used as a reference for further study
on the mechanism of limestone hydraulic fracturing.
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applications [1—-3]. Besides, hydraulic fracturing

1 Introduction

Hydraulic fracturing, as a key technology of
deep energy exploitation, greatly improves the
permeability of deep low-permeability reservoir
rock and accelerates the rapid development of the
modern petroleum industry, energy extraction and
other fields, showing a wide range of industrial

can lead to the phenomenon of cracking, damage
expansion, and overall instability of
surrounding rocks in tunnel engineering, which
brings great challenges to tunnel construction and
operation [4, 5]. Therefore, it is particularly
important to fully understand the law of crack
growth and the failure mechanism of rock mass in
the process of hydraulic fracturing.
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In recent years, scientists have done a lot of
research on the traditional hydraulic fracturing
mechanism in terms of experiments and numerical
simulations. In laboratory tests, the application of
acoustic emission (AE) and CT scanning equipment
has further promoted research on the formation
mechanism of the 3D fracture network [6—8]. Based
on the AE monitoring system and CT scanning
technology, scholars further studied the spatial
distribution of the hydraulic fracture networks and
the optimization of fracture network structures in
the fractured rock mass, and finally revealed the
main controlling factors affecting the formation of
complex fracture networks [9—11]. Besides, a large
number of scholars have studied the relationship
between fracture morphology and main control
factors (the difference of principal stress, the
displacement and viscosity of fracturing fluid, the
perforation angle, etc), and have studied the
propagation law of hydraulic fracture and rock
fracture mode under different factors based on AE
and other equipment [12—15]. Finally, the
directional control of hydraulic fracture and the
formation mechanism of fracture net are put
forward.

In terms of numerical simulation, the initial
research is mainly based on the assumption of a
continuous medium. LIN et al [16] studied the
influence of viscosity and displacement of
fracturing fluid on the law of hydraulic fracture
growth, and concluded that high displacement and
fracturing fluid viscosity are more conducive to
fracture initiation and extension. PAKZAD et al
[17] investigated the influence of heterogeneity on
the failure response and the absolute permeability
based on ABAQUS. It was found that the post-peak
permeability was to decrease with the heterogeneity
level, and the scattered damage elements appeared
in the models with higher degree of heterogeneity.
However, there are some defects in the simulation
of large deformation characteristics such as crack
propagation intersection and rock failure. TANG et
al [18] developed the rock failure process analysis
(RFPA) method and proposed a flow-stress-damage
(FSD) coupling model for heterogeneous rocks,
which solved the solution of discontinuity problems
such as rock fracture process. Based on the RFPA
method, LI et al [19] studied the influence of
natural fracture on complex hydraulic fracture
network, and concluded that hydraulic fracture is

easier to propagate between the brittle minerals. In
the later period, SHI [20] put forward the numerical
simulation analysis
medium for the first time, which mainly includes
the extended finite element method (X-FEM), 3D
distinct element code (3DEC), peridynamics (PD)
and particle flow code (PFC) [21-24]. The PFC
method can not only simulate the heterogeneity and
anisotropy of materials, but can also intuitively
track the crack initiation and propagation process.
Some scholars have studied the induction of
hydraulic fractures by natural fractures based on
PFC, and revealed the main control factors of the
formation of complex fracture network and the
fracture mode of the rock mass, which provides
certain theoretical guidances for the on-site
permeability enhancement technology of reservoir
rock mass [25, 26].

In general, there are more researches on the
hydraulic fracturing test and numerical simulation
for coal and shale, but less for limestone. Besides,
the hydraulic fracturing process of fractured rock
mass under the comprehensive action of many
factors is seldom considered by the previous
researchers. In this paper, the limestone is taken as
the fracturing object, and the fracturing results are
analyzed in detail combined with the pump pressure
curve, AE positioning, and fracture expansion.
Further research is carried out based on PFC, and
the fracture mode and hydraulic fracture
propagation law of the rock mass under the
comprehensive action of multiple factors are
clarified, which has certain reference value for the
further study of the hydraulic fracture mechanism
of limestone.

method of discontinuous

2 Design and implementation of
hydraulic fracturing test scheme

2.1 Test scheme design

To explore the influence mechanism of the
principal stress difference and the water injection
displacement on the crack growth pattern and
fracturing pressure of limestone, the vertical well
hydraulic fracturing test of limestone with the
saturated sample triaxial fracturing device of
Northeastern University of China was carried out.
The device adopts true triaxial loading mode with
the range of three-way pressure of 0—10 MPa, and
the water pressure is loaded with a constant flow
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rate in the range of flow rate of 0—10 mL/min. The
change curve of water pressure in the injection hole
with time can be recorded accurately in realtime
through the computer control system, and thus the
information of fracturing pressure and fracture time
can be obtained. The schematic diagram is shown in
Figure 1.

The orthogonal test method is adopted for the
design scheme, and the specific test scheme
parameter settings are shown in Table 1. Among
them, the working condition 5 adopts a variable
displacement hydraulic pressure loading method. In
this table, oy is the vertical stress; ou is the
maximum horizontal stress; on is the minimum
horizontal stress; and on—on is the principal stress
difference.

To accurately locate the three-dimensional
space of the hydraulic fracture, the 16-channel AE
monitoring system produced by the American
Physical Acoustic Corporation (PAC) is used. In
order to realize the three-dimensional spatial
positioning of hydraulic fractures, 8 acoustic
emission sensors are used in this test, which are
arranged in such a way that two probes are installed
along the diagonal of each side surface. The
resonance frequency is 300 kHz, and the highest
sampling rate is 10 MSPS, which greatly reduces
the difference between the collected waveform and
the real waveform. The specific monitoring
parameters are shown in Table 2.

2.2 Preparation of hydraulic fracturing sample
The limestone block for fracturing is taken out
from the ground and cut into a cube with a side
length of 300 mm. A circular hole with a depth of
165 mm and a diameter of 25 mm is drilled

vertically in the center of the rock upper surface. A
steel pipe with an inner diameter of 15 mm, an
outer diameter of 20 mm and a length of 140 mm is
used to simulate the wellbore. The wellbore and the
hole wall are bonded with the epoxy resin glue, and
a 25 mm open-hole section is reserved at the bottom
as the fracturing section. The prepared rock sample
and geometric structure are shown in Figure 2.

First of all, the sealed rock sample is put into
the triaxial fracturing chamber and the Vaseline is
applied to make the AE probes closely adhere to the
sample. Before the test, small displacement liquid
injection shall be conducted before the test. When
the pump pressure curve rises, it shows that the
sealing effect is good. According to the test scheme,
the triaxial confining pressure and the
parameters of the advection pump are loaded to the
specified value. Next, the pump pressure loading
system is started to inject water into the central hole
at a constant flow rate, and the water pressure
information and the AE data are monitored and
collected in realtime. Finally, when the water
pressure drops suddenly and does not rise again in a
few minutes, and the red fracturing fluid flows out
at the bottom of the device, indicating that the
hydraulic fracture has penetrated the whole sample.
At this time, the fracturing 1is finished,
experimenters stop the pump and discharge the
fracturing fluid.

flow

3 Test results and analysis

3.1 Hydraulic fracturing curve and AE energy
analysis
Figure 3 shows the hydraulic pressure change
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Figure 1 Schematic diagram of saturated sample triaxial fracturing device (the black area is the pump pressure loading

system, the blue area is the AE monitoring device, and the red area is the confining pressure loading system)
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Table 1 Hydraulic fracturing test scheme
Working ~ ov/ on/ on/  ou—ow/  Flow rate/
conditon MPa MPa MPa MPa (mL'min!)
1 5 4 2 2 3
2 5 4 4 0 3
3 5 4 4 0 9
4 5 4 2 2 9
5 5 4 2 2 3-6-9
Table 2 AE monitoring parameters
Threshold Sampling rate Acquisition Wave L
value/dB length/kHz speed/(m's™!)
40 10 MSPS 20-100 3500

curve and AE energy change histogram of the
limestone during fracturing (Conditions 4 and 1 are
only different in fracture pressure and fracture time,
which have been shown in Table 3 and will not be
shown in Figure 3). It can be seen from the figure
that the entire fracturing process can be roughly
divided into three stages: In the water injection
stage (stage I), the change range of water pressure is
very small, and there is almost no AE energy.
After the water injection hole is filled with the
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Figure 2 Hydraulic fracturing sample and geometric
diagram (unit: mm)

fracturing fluid, the water pressure increases rapidly
with the continuous injection of water, which is the
pressure holding stage (stage I1), and the sample has
not yet cracked in this stage. Subsequently, the
water pressure continues to increase and reach a
peak value, which is the fracturing pressure of the
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Figure 3 Water pressure curve and AE energy histogram: (a) oy—on=2 MPa, displacement: 3 mL/min; (b) ou=on,
displacement: 3 mL/min; (¢) ou=on, displacement: 9 mL/min; (d) ou—on=2 MPa, displacement: 3—6—9 mL/min
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Table 3 Fracture pressure and fracture time statistics of limestone hydraulic fracturing

Working condition on—ow/MPa Displacement/(mL-min!)  Fracture pressure/MPa Fracture time/min
1 2 3 11.24 12.39
2 0 3 13.01 12.88
3 0 9 15.99 11.44
4 2 9 12.79 10.92
5 2 3-6-9 12.87 11.79

rock mass. At this time (stage III), the open-hole
section starts to crack. Due to the brittleness of the
rock mass, the hydraulic fracture expands rapidly,
and the water pressure drops sharply due to stress
release.

Besides, the water injection displacement has a
large effect on the change of water pressure in the
crack propagation stage (stage III). Under the
condition of low displacement, the principal stress
difference has little effect on the propagation of
hydraulic fracture, and the fracture mode of rock
mass is splitting failure with a single fracture. After
fracturing, the pumped water pressure and the
filtered water pressure reach a dynamic equilibrium
and the water pressure remains constant
(Figures 3(a) and (b)). Under the high displacement,
the water pressure has a secondary peak value, but
it is less than the first fracturing pressure
(Figure 3(c)), indicating that the main fracture is
easier to communicate with the natural joint
fracture to form a secondary fracture under the high
displacement. After the second fracturing, the pump
pressure jumps up and down in a zigzag shape near
11 MPa with an amplitude of about 1 MPa. This is
mainly due to the formation and expansion of
secondary fractures, which caused the internal
frictional resistance of the fracture change.

Variable displacement water injection is used
in condition 4, where 3 mL/min constant flow water
injection is used in stage I, and then the
displacement is increased to 6 mL/min until the
rock mass breaks (stage III). At this time, the
displacement increases to 9 mL/min, and the water
pressure increases rapidly again. After several small
fluctuations, it reaches the second peak value, and
the peak stress is slightly greater than the first
fracturing pressure, as shown in Figure 3(d).
Therefore, when the variable displacement is loaded,
it is easier to connect the natural fractures to form a
complex fracture network, so the variable
displacement fracturing is more conducive to

improve the effect of deep reservoir fracturing.

It can also be seen from Figure 3 that the AE
energy value has a good correspondence with the
change of water pressure. When the water pressure
reaches the peak value, the AE energy value reaches
the maximum value correspondingly, and the
energy change is the strongest during the crack
growth stage. After reaching the fracturing pressure,
the energy value drops rapidly, and the AE energy
will fluctuate slightly, which is mainly due to the
micro signal generated by the change of friction
resistance between the fractures. Besides, for
limestone samples, the AE energy is generally about
1.7-2 uV-ms at low displacement and 7-10 uV-ms
at high displacement.

It can be seen from Table 3 that under the same
water injection displacement, when oy, oy remain
unchanged, with the increase of o, the principal
stress difference decreases, but the fracturing
pressure increases, indicating that greater water
pressure is needed to achieve fracturing under the
condition of low principal stress difference.
However, in the case of the same principal stress
difference, with the increase of water injection
displacement, the fracture time is shortened, which
indicates that the fracture of limestone is easier to
be realized under the condition of high
displacement. Meanwhile, the fracturing pressures
increase from 13.01 to 15.99 MPa, meaning that the
fracturing pressure has a positive correlation with
water injection displacement. Besides, when the
variable displacement loading is used, the fracturing
pressure is greater than that of single injection
displacement, indicating that variable displacement
loading is more likely to induce multi-point
initiation and form a complex fracture network.

3.2 Analysis of fracture propagation law in
limestone hydraulic fracturing
Through the surface observation

sectioning of the samples after fracturing, the

and
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hydraulic fractures can be roughly divided into two
types: the single vertical fractures along the
wellbore direction and the transverse-longitudinal
crossed fractures. The following describes the two
types of fractures in combination with the crack
propagation patterns of rock samples under
different conditions.

3.2.1 Single vertical fracture

Taking sample 1 as an example, as shown in
Figure 4, the selected original rock is dense and
brittle failure occurred after fracturing the sample.
Only a vertical main fracture that has not yet
penetrated the upper, and the lower bottom surfaces
is generated on the right side. The fracture is
relatively straight, and the fracturing fluid flows out
of it. After sectioning, it can be observed that the
fracturing of the sample is only completed in the
right half of the wellbore, and the red fracturing
fluid only covers the dotted line area in Figure 4.
The fracture surface is relatively flat and extends
along the direction of the maximum principal stress,
which is consistent with the law of hydraulic
fracture propagation under high principal stress
difference.

Figure 5 shows the AE event location map and
spectrum analysis of AE waveform. It can be seen
from Figure 5(a) that the events monitored by AE
are mainly concentrated in the open hole section
when the pump pressure reaches the fracturing

Figur 4 Slgl vertical crack pattern of sample 1 (the
red dotted line is the main fracture surface)
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Figure 5 AE event location and spectrum analysis of AE

waveform: (a) AE event location map; (b) AE waveform;
(c) Spectrum distribution

pressure, and the event points monitored during the
fracturing process are mainly distributed in an
elliptical area perpendicular to the wellbore, which
is in good agreement with the fracture propagation
mode observed after sectioning. The serial numbers
represent the position of AE probes. As shown in
Figure 5(b), in the initial stage of fracturing, the
amplitude of AE waveform is very small. At the
moment of sample fracturing, the amplitude rises
abruptly, and the peak value is about 0.018 mV.
After fracturing, the amplitude recovers to calm
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again. Based on the short-time Fourier transform,
the spectrum analysis of AE waveform in the
fracture stage is carried out, as shown in Figure 5(c).
The frequency range of 250—300 kHz is highlighted,
indicating that the energy in this area is very
concentrated, which is the approximate distribution
range of the main frequency of the limestone block.
3.2.2 Transverse-longitudinal crossed fractures
Taking sample 3 as an example. As shown in
Figure 6, after fracturing, there are several
hydraulic fractures on the surface of the sample. oy
1s the vertical direction; oy and oy are the two main
horizontal directions. The main fractures 1 and 3
are the longitudinal fractures, which expand along
the axis of the wellbore but do not penetrate the
upper and lower surfaces. The main fractures 2 is
located near the wellbore and perpendicular to it,
which is a transverse fracture. The distribution of
hydraulic fracture after sectioning is shown in
Figure 6. The hydraulic fractures cracked and
extended from the open-hole section of the wellbore
and finally penetrated the bottom and right
boundary of the rock sample. In the process of
expansion, the main fracture surface expands in a
three-dimensional curved surface and the hydraulic
fractures break and penetrate the natural joint,
thereby forming a relatively complex fracture shape.
Therefore, when the principal stress difference is

(@)

L Main fracture 2
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Main fracture 1
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Two main fracture surfaces
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Figure 6 Distribution and expansion form of main
fracture surface

small, it is easier to connect the natural fractures to
form complex transverse-longitudinal crossed
fractures by using high displacement fracturing.
From the AE positioning information in
Figure 7(a), it can be seen that the AE events are
concentrated in two nearly vertical elliptical areas,
which is in good agreement with the shape of the
fracture propagation surface. Besides, the amplitude
of AE waveform is about 0.02 mV, which is greater
than that when a single vertical fracture is
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generated, as shown in Figure 7(b). Meanwhile, it
can be seen from Figure 7(c) that the spectrum is
highlighted in the range of 230-280 kHz.
Combined with Figure 5(c), the main frequency of
limestone is maintained in the range of 230-
300 kHz.

4 Discrete element simulation of
hydraulic fracturing of limestone

4.1 Selection of micromechanical parameters

The correct selection of micro-parameters is
the key to numerical analysis. To ensure the
accuracy of the numerical model, the Brazilian
splitting test, uniaxial and triaxial compression tests
are first carried out for the original limestone, and
the conventional mechanical parameters of the
limestone are obtained, as shown in Table 4. Based
on PFC2D software, the numerical models of
50 mmx100 mm and ®50 mm is established, and
the minimum radius Rmin is 0.8 mm and the
maximum radius Rmaxx 1S 1.2 mm, and the
flat-jointed model is used to simulate the bond
between particles. The basic mechanical tests such
as uniaxial compression and Brazilian splitting are
carried out. Through constant parameter debugging,
the final model failure mode and stress—strain curve
are shown in Figure 8. It can be seen that the
numerical simulation results of the model are in
good agreement with the test results. Finally, the
micromechanical parameters are shown in Table 5.

4.2 Establishment and verification of hydraulic

fracturing model
4.2.1 Establishment of hydraulic fracturing model

The dimensions of the model are 300 mmx
300 mm. The uniform distribution is adopted for the
filling of particles, and the minimum radius Rumin is
0.8 mm and the maximum radius Rmax is 1.2 mm.
The pore diameter of water injection is 25 mm, and
18164 particles are generated in the end. The micro-
parameters of the particles and contact bonding are
shown in Table 5. The vertical and horizontal
stresses are applied to the model through the servo
control of the walls. Finally, the numerical
calculation model is shown in Figure 9(a). To
realize the simulation of hydraulic fracturing, this
paper realizes the two-way coupling of fluid and
solid based on the “pipe-domain” model in PFC
[27], as shown in Figure 9(b).
4.2.2 Calibration of fluid parameters

The selection of reasonable fluid parameters is
the key to the correctness of the hydraulic fracturing
model. To ensure the accuracy of the model, the
flow parameters are calibrated based on the test
results of condition 1. Through the servo walls, 4
and 2 MPa stresses are applied to the vertical and
horizontal boundaries of the model, respectively.
And the water is injected at a constant rate of
3 mL/min until the cracks penetrate the entire
model.

The crack propagation mode and the stress
around the hole are shown in Figure 10. As shown

Table 4 Conventional physical and mechanical parameters of limestone

Compressive Tensile strength/MPa Elastic modulus/GPa Poisson ratio Cohesive force/MPa Internal friction
strength/MPa angle/(°)
45.24 5.12 15.64 0.25 14.42 29

(b)

Figure 8 Comparison of indoor test and numerical simulation results: (a) Uniaxial compression test results;

(b) Brazilian split test results
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Table 5 Micro contact parameters of particles

Item Property Value
Normal stiffness, kn/(N-m) 1.8x10°
Elastic modulus, E./Pa 15x10°
Stiffness ratio, kn/ks 2.5
Particle
Porosity, n 0.15
Density, p/(kg-m™3) 2700
Damping, ¢/(N/(m's™1)) 0.7
Deformation modulus, Eo/Pa 15.64x10°
Stiffness ratio, kn/ks 2.5
Normal bond strength, sn/N 3.5%x107
Bond .
Tangential bond strength, sy/N 2.1x107
Internal friction angle, ¢/(°) 29
Normal critical damping ratio, { 0.5

Domain 1 I Domain 2

(b)

Figure 9 Numerical model of hydraulic fracturing:

(a) Hydraulic fracturing model; (b) “Pipe-domain” model
(red circle represents “domain”; black solid line
represents “pipe”; blue solid line represents parallel
bonding; and yellow circle represents particles)

in Figure 10(a), the hydraulic fractures propagate
along the direction of the maximum principal stress
and pass through the model boundary under the
high principal stress difference. Figure 10(b) shows
the horizontal, vertical, and tangential stress of the
particles around the water injection hole. At 15600
steps, the hydraulic fracture penetrates the model; at

op=4 MPa
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Figure 10 Numerical simulation results of condition 1:
(a) Crack growth mode; (b) Stress change of hole in three
directions

this time, ,=11.2 MPa, 6,=10.6 MPa, 7,—0.7 MPa.
According to the stress state at one point, the stress
around the injection hole is 11.66 MPa, while the
rock fracturing pressure obtained from the
laboratory test is 11.48 MPa, indicating that the
numerical simulation results are in good agreement
with the test results. Finally, the model flow
parameters are shown in Table 6.

Table 6 Fluid parameters of model

Parameter Value

5%107°

Initial aperture, ao/mm

Pressure when the aperture decreases to half, Fo/Pa 107

Permeability, k 10712
Opening reduction coefficient, 0.2
Time increment, At/s 0.005
Apparent volume of domain, V¢/mm? 1
Bulk modulus of injection fluid, K#/Pa 3x10°?
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4.2.3 Numerical simulation verification

Based on the micromechanical parameters and
seepage parameters obtained above, the hydraulic
fracturing simulation of rock mass under different
water injection displacement and principal stress
difference is carried out. Figure 11(a) shows the
fracturing stress curve of rock mass under different
water injection displacements when the principal
stress difference is 0. Figure 11(b) shows the
fracturing stress curve under different principal
stress difference when the water injection
displacement is 9 mL/min. It can be seen from
Figure 11 that the fracturing pressure increases with
the increase of the injection displacement and
decreases with the increase of the maximum
horizontal principal stress, and the larger the
displacement and the principal stress difference are,
the shorter the fracture time is, which is consistent
with the conclusion of the test. The comparison
between the simulation and the test results of
fracturing stress is shown in Table 7. It can be seen
from Table 7 that the fracturing pressure obtained
from the simulation is in good agreement with the

16 F(@)

Stress around hole/MPa

— 9 mL/min
— 6 mL/min

= = 3 mL/min
1 1 1 1 1 1

0 2 4 6 8 10 12
Time steps/10°

16Hb) — ¢
—— 2 MPa
141 —— 4 MPa

121
10

Stress around hole/MPa

0 1 2 3 4 5 6
Time steps/10°

Figure 11 Stress change curve around hole: (a) Different
displacement; (b) Different principal stress difference

Table 7 Comparison of numerical simulation and
laboratory test results

. Injection Fracture pressure/MPa
Working . —0Oh,

condition dlsplace.mint/ Mpa Laboratory Numerical
(mL-min"7) test simulation

1 9 2-2 15.99 15.63

2 6 2-2 — 14.97

3 3 2-2 13.01 13.15

4 9 2-4 12.79 12.88

5 9 2-6 — 11.05

test results, which indicates that the numerical
model built in this paper can well simulate the
hydraulic fracturing of limestone.

4.3 Hydraulic fracturing simulation of fractured
limestone

Due to the existence of bedding, cleavage, and
other joint fissures in the limestone under the
geological action, and to improve the energy
production rate in the field hydraulic fracturing
construction, directional perforation fracturing is
often used [28, 29]. Therefore, based on the
mesoscopic contact parameters and fluid parameters
obtained above, a limestone model with a single
horizontal joint fracture is established, as shown in
Figure 12. The failure mode of joint rock mass and
the propagation law of hydraulic fracture under the
combined action of different perforation angles and
principal stress difference are studied.

The perforations angles (¢) of 0, 30°, 45° and
60° are prefabricated at the injection hole,
respectively, and the principal stress difference is

On
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Figure 12 Hydraulic fracturing model of fractured

limestone with perforating
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set as 0, 2 and 6 through the walls. A total of 12 sets
of numerical simulations are carried out. The
specific design scheme is shown in Table 8, and the
crack growth modes of each condition are shown in
Figure 13.

It can be seen from the crack propagation
mode that when the principal stress difference is 0,
the hydraulic crack propagates along the perforation
direction at a low injection angle (0°<6<30°), and

Table 8 Design scheme of numerical simulation

ST guMPa oUMPa awouMPa oo
1 2 2 0 0
2 2 2 0 30
3 2 2 0 45
4 2 2 0 60
5 4 2 2 0
6 4 2 2 30
7 4 2 2 45
8 4 2 2 60
9 3 2 6 0
10 8 2 6 30
11 8 2 6 45
12 8 2 6 60
(@)

(b)
©

the natural fracture has little influence on it; when
6=45°, a branch fracture perpendicular to the
perforation direction is produced and captured by
the natural fracture in the end; when 6=60°, the
hydraulic fracture propagates along the perforation
direction and is captured by the natural fracture
subsequently, but finally passes through the model
from the end of the natural fracture.

When the principal stress difference is 2 MPa
and the injection angle #<45°, the main fracture
expands along the perforation direction and a
branch fracture perpendicular to the perforation
direction is produced, forming a T-type fracture.
According to Figures 13(a) and (b), when 6=60°, it
can be seen that with the increase of the principal
stress difference, the hydraulic fracture passes
through the natural fracture and continues to expand
along the direction of the maximum principal stress,
indicating that the capture effect of the natural
fracture on the hydraulic fracture is less than the
induction effect of the principal stress difference.

Under high principal stress difference, the
failure mode of the rock mass is tensile failure
along the direction of the maximum principal stress.
Under the low injection angle (0°<6<30°), the main

Figure 13 Crack propagation modes under different perforation angles with pricipal stress differences: (a) 0°; (b) 2 MPa;

(c) 6 MPa (black horizontal line is natural fracture, and red curve represents hydraulic fracture)
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fracture propagates perpendicular to the perforation
direction and passes through the natural fracture,
while the branch fracture propagates along the
direction of perforation and is finally captured by
the natural fracture, and finally a X-type fracture is
formed. However, the main crack propagates along
the perforation angle at high injection angles
(6>45°). Due to the stress difference, the crack
shifts to the direction of the maximum principal
stress. In addition, compared with Figures 13(a)—(c),
it can be seen that when the injection angle 6 is 45°,
the natural crack is more likely to induce branch
crack and eventually be captured by it, and the
T-shaped crack is formed in the end.

Figure 14 shows the change curves of
fracturing stress and the cumulative number of the
cracks when fracturing with different perforation
angles under the same principle stress difference. It
can be seen from Figure 14(a) that when the
principal stress difference is 0, the fracturing stress
of rock mass increases first and then decreases with
the increase of perforation angle; and when 6=45°,

18
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Figure 14 Fracture stress and cumulative number of
cracks in rock with different perforation angles:
(a) Fracture stress; (b) Cumulative number of cracks

the fracturing stress reaches the peak value.
Therefore, a low perforation angle is more
conducive to fracture when the principal stress is 0.
On the other hand, when oy—0,>0, the fracturing
stress of rock mass increases significantly and
decreases with the increase of perforation angle.
When 6=0°, the fracturing stress is the largest,
indicating that the fracturing is the most difficult
when the perforation angle is perpendicular to the
direction of the maximum principal stress under the
high principal stress difference. Besides, when
6=60°, the principal stress difference has little effect
on the fracture stress, which indicates that when the
perforation angle is inclined to the direction of the
maximum principal stress, the difference of
principal stress has little effect on the fracture
pressure.

The cumulative number of cracks can
represent the degree of fracture of the rock mass
and the complexity of the cracks. From
Figure 14(b), it can be seen that the cumulative
number of cracks generally increases first and then
decreases. At low principal stress difference, the
number of cracks reaches the peak value when
6=45°, while the perforation angle is 30° under high
principal stress difference. This is mainly because
the perforation angle plays a decisive role in the
propagation of the main fracture under the low
principal stress difference. When 6=45°, it is easy to
produce the T-type fracture that connects with the
natural fracture. However, the propagation mode of
hydraulic cracks under high principal stress
difference is controlled by the direction of
maximum principal stress and perforation angle.
When 6=30°, the principal stress control is
dominant and X-type cracks are generated.

5 Conclusions

In this paper, based on true triaxial hydraulic
fracturing test and discrete element method (DEM)
numerical simulation, the crack propagation mode
and fracture pressure variation law of limestone
under different working conditions are studied. The
following conclusions are drawn:

1) The displacement has the greatest influence
on the fracture propagation stage. A single through
fracture is easy to form at low displacement, and
the fracturing pressure is small. However, the
fracturing pressure is higher at high displacement,
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and it is easier to induce branch fractures expansion
to form secondary fracturing. Complex network
fracture is easy to form during
displacement fracturing, which is more conducive
to improving the fracturing effect of the reservoir.

2) The AE event location map and energy
amplitude can directly reflect the propagation mode
of hydraulic fractures and the process of rock
fracture. From the energy amplitude map and the
main fracture surface after sectioning, there are two
main types of fracture propagation modes of
limestone during fracturing: the single vertical
fracture and the transverse-longitudinal crossed
complex fractures. When the principal stress
difference is 0, it is easy to produce multi-point
crack, and then transverse-longitudinal crossed
complex fractures are generated, and the main
fracture surface is a three-dimensional curved
surface. Under the high principal stress difference, a
single vertical crack is easy to form and expands
along the direction of the maximum principal stress.

3) When the principal stress difference is 0, a
low perforation angle is more conducive for
fracturing. Meanwhile, under the high principal
stress difference, when the perforation direction is
inclined to the direction of the maximum principal
stress, it is more conducive to realize the fracturing
of rock mass. In addition, when the perforation
angle 6>45°, the principal stress difference has little
effect on the fracture pressure.

4) From the view of hydraulic fracture
propagation morphology, the perforation angle
plays a decisive role in the propagation of the main
fracture under low principal stress difference. When
6=45°, the natural crack is more likely to induce

variable

branch crack and eventually be captured by it, and
the T-shaped crack is formed in the end. However,
the propagation mode of hydraulic cracks under
high principal stress difference is controlled by the
direction of the maximum principal stress and
perforation angle. When 6<30°, the principal stress

control is dominant and X-type cracks are
generated.
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