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Hydraulic fracturing is a rock structure transformation method that significantly weakens the mechanical properties of the hard
roof strata. Considering the poor hydraulic fracturing effect of special structure such as composite layered rock, this paper carries
out hydraulic fracturing numerical simulation experiments and compares the hydraulic fracture morphology and bedding plane
interaction mode under different injection rate and injection modes. The experimental results show that the bedding plane can
change the trajectory and propagation direction of hydraulic fracture. Under the low injection rate, hydraulic fracturing is
conducive to open the bedding plane, but the expansion length of the main hydraulic fracture is easy to be limited. Under the
high injection rate, the hydraulic fracture can extend for a long distance. But the fracture morphology tends to be slender and
single, which is not conducive to the formation of fracture network. Compared with conventional hydraulic fracturing, stepped
variable injection rate hydraulic fracturing can activate more bedding planes, so as to improve the effect of rock strata

transformation. The experimental results are instructive in achieving effective control of composite layered rock.

1. Introduction

Hard roof strata refer to the large area of hard rock above the
coal. In the process of coal excavation, if the hard roof strata
cannot collapse in time, it is very easy to form a large area of
suspended roof [1] and induce dynamic disasters [2-4].
Therefore, in the actual production process, it is usually
necessary to weaken the hard roof strata with the help of
manual means [5, 6]. Hydraulic fracturing technology can
change rock internal structure [7, 8], make the roof strata fall
fully and timely, and realize the weakening of surrounding
rock and stress transfer. It is the key technical approach to
weaken the hard roof strata of coal seam [9-12].

Hydraulic fracturing technology was successfully applied
in Kansas for the first time in 1947 [13, 14]. After more than
70 years of development, hydraulic fracturing has achieved
fruitful results from theory to application [15-17]. By inject-
ing fracturing fluid into closed boreholes, the high water
pressure would change the stress state of rocks around bore-
holes. As a result, a large number of main hydraulic fractures

and secondary fractures in rock would be produced, which
causes hole wall cracking and artificially transforms the inter-
nal structure of rock mass. Compared with the traditional
blasting roof weakening technology, hydraulic fracturing
has the advantages of simple operation, less quantities, long
control distance, and low economic cost [18-20]. Therefore,
hydraulic fracturing technology has more advantages in deep
rock formation reconstruction.

The fracture morphology is the focus of attention of
hydrofracturing construction design [21-23]. Relevant
experiments and theories show that the hydraulic fracture
in the complete rock matrix is usually perpendicular to the
minimum in situ stress [24-27]. Under the influence of
long-term geological structure and sedimentation, the upper
roof strata have obvious layered characteristics, that is, one
or more groups of dominant bedding planes are distributed
between rocks [28, 29]. Compared with homogeneous rock,
the structural components of composite layered rock are rel-
atively complex and show strong heterogeneity. Therefore,
the propagation path of fracture in composite layered rock
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F1GURE 1: Parallel bond model in PFC?: (a) parallel bond; (b) bond failure.

is significantly different from that in homogeneous rock
[30-32]. For composite layered rock strata, the control effect
of bedding plane structure on hydraulic fracture morphol-
ogy should be emphatically analyzed.

In layered rock strata, the hydraulic fracture morphology
has unique characteristics and complexity [33-37]. Previous
hydrofracturing experiments generally install a group of arti-
ficial fractures in the poured homogeneous test block to
study the influence of weak surface. The research shows that
hydraulic fracture appears penetration, steering, capture,
and bifurcation at the weak surface under the action of orig-
inal rock stress, mechanical properties of weak surface, and
intersection angle [23, 38, 39]. The above research provides
good references, but there are also some limitations. In pre-
vious studies, most of them focus on small-scale artificial
fractures with obvious gap between the extension length of
structural plane and rock stratum, which cannot fully reflect
the fracture propagation under the large-scale plane [40-42].

The previous experimental research on hydraulic frac-
turing mainly focuses on geological factors such as principal
stress and bedding mechanical properties [43-46]. The geo-
logical factors are the original occurrence state of rock,
which is difficult to change in actual construction [47, 48].
Therefore, the guiding significance of on-site hydraulic frac-
turing construction is relatively limited. At present, there are
few research works on the hydrofracturing of layered rock
under the influence of different operation factors. In addi-
tion, relevant field cases show that the hydraulic fracture
length is often less than the predicted value, and the actual
transformation scale is small when hydraulic fracturing is
carried out on this kind of composite layered rock. At pres-
ent, there is no reasonable explanation for this situation.

Considering the difficulty of collecting composite layered
rock test blocks in coal mine working face and the vulnera-
bility of the original occurrence state of the test block in
the process of transportation and processing, it is difficult
to study the hydrofracturing of composite layered rock under
laboratory conditions. The numerical simulation is an effec-
tive method to study this problem [49-51]. The basic idea

of discrete element method (DEM) is to treat rock materials
as a collection of rigid elements separated from discontinu-
ous bodies [52, 53] so that each rigid element can meet the
motion equation. The macroscopic mechanical manifesta-
tions such as stress, strain, and deformation in the interior
of the rock material under external loading can be obtained
directly based on the discrete unit method. At the same time,
micromechanical information such as movement, arrange-
ment, and contact force changes of the particles can be
recorded to establish the connection between macroscopic
and micromechanical characteristics. The discrete unit
method takes full account of the discontinuous and discrete
characteristics of rock materials and thus has significant
advantages in modeling problems associated with hydraulic
fracturing of composite layered strata [54, 55].

To sum up, this paper takes the composite layered
rock as the research object. The particle flow code (PFC*")
is adopted to carry out hydrofracturing experiment under
different operating factors (injection rate and injection
mode). The fracture morphology of the layered rock is
studied. The construction conditions for the best reconstruc-
tion effect of composite layered rock are discussed. The
research results have some reference value to improve the
hydraulic fracturing reconstruction effect, optimize the field
construction technology, and effectively predict the hydraulic
fracture.

2. Particle Flow Code Contact Model

2.1. Parallel Bond Model (BPM). The parallel bond model in
the particle flow code describes the rock behaviors in the
way of cemented granular materials [52, 53]. The bonding
material can be regarded as two groups of springs on the
surface of the sphere (Figure 1), which can transmit stress
and torque. If tangential or normal contact force between
particles is greater than ultimate strength, the bond between
particles will be destroyed, the contact will disappear, and
microcracks will be formed at the contact connection. The
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FIGURE 4: Numerical simulation sample of composite layered rock.
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microcracks will expand and fuse with each other to form
macrocracks [51, 56-58].

2.2. Fluid-Solid Coupling Model. The fluid-solid coupling
algorithm in particle flow code assumes that the contact is
the flow path (pipe). The closed polygon area of multiple
pipe sieges is a domain. The domain is a unit for storing
pressure. The channels between domains can realize the free
flow of fluid in the domain (Figure 2). The seepage path of

fluid is generalized as a parallel plate channel. The real-
time updated fluid pressure acts on different particles, caus-
ing the change of domain volume, thus changing the contact
force and the width of fluid pipeline. When the bearing limit
of particles is overcome, hydraulic fractures are formed.

2.3. Smooth Joint Model (SJM). The smooth joint model
allows the particles to overlap and slide along the bedding
plane, avoiding the normal movement of particles along the
contact surface, so as to more truly simulate the work trans-
port characteristics of bedding particles (Figure 3). Based on
the particle flow code, all mesoparameters (except dip and
dip) of the smooth joint model can be equivalent trans-
formed with BPM mesoparameters, and the normal strength
and cohesion of the smooth joint model are not zero. In addi-
tion, the smooth joint model meets the Coulomb criterion,
and the tangential strength (7,.) of the joint is determined
by cohesion (¢,), internal friction angle (®,), and normal
stress (o) acting on the joint surface:
T,=C,+0 tan Oy (1)
If the maximum shear stress (F,) is greater than the tan-
gential strength, the joint bond will undergo shear failure.

3. Modeling Approach and
Experimental Scheme

3.1. Modeling Approach. The composite layered rock simula-
tion block is shown in Figure 4. The size of the square block
is 150 mm x 150 mm, consisting of three rock substrates and
two bedding planes. The color of the rock matrix is set to
gray, and the color of the bedding planes is arranged as light
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TaBLE 1: Mechanical parameters of each part of the test block.

Uniaxial . Modu}l{s of Tensile strength Bedding tensile Cohesion Bedding cohesion Angle of internal Fracture
compressive elasticity o, (MPa) strength o, ¢ (MPa) ¢ (MPa) friction ¢ (*) toughness
strength o, (MPa)  E (GPa) ! (MPa) 4 K, (N-mm*?)
15.85 24.75 4.07 0.39 27.38 2.13 18.97 13.23
TABLE 2: Sample microscopic parameters.
Particle parameters Parallel bonding parameters
E, (GPa) k,/k, u R/ Ronae p E, (GPa) k,/k, &, (MPa) ¢ (MPa) b}
1.63 1 0.1 1.54 2.65 1.63 1 59 16.2 1
TaBLE 3: Experimental scheme.
Confining Bedding plane cementation The injection rate of
Test name pressure (MPa) The injection mode strength (MPa) fracturing fluid (ml/min)
9, ) 03
Laboratory test 6 45 3 Conventional fracturing 0.39 200
Simulated test 6 Conventional fracturing 0.39 200
(a) (b)
FiGure 5: Hydraulic fracture morphology: (a) laboratory test; (b) simulated test.
TaBLE 4: Experimental scheme for hydrofracturing under different injection rates.

Confining Bedding plane cementation The injection rate

Test name pressure (MPa) The injection mode &P of fracturing fluid
strength (MPa) .
0, I (ml/min)

1-1 6 3 Conventional fracturing 0.39 200
1-2 6 3 Conventional fracturing 0.39 100
1-3 6 3 Conventional fracturing 0.39 50

blue. Excavate a borehole at the center of the sample, the

thickness data of single bedding plane

plates are set around the model. The basic mechanical

is 3mm, and loading

parameters are given in Table 1. The setting of micromecha-
nical parameters of numerical model refers to the paper of
Zhang et al. [59] (Table 2).
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TaBLE 5: Experimental scheme for hydrofracturing under different injection modes.

C(;I;fslllllrllg Bedding plane

Test name p (MPa) The injection mode cementation The injection rate of fracturing fluid (ml/min)
strength (MPa)
91 93

2-1 3 Conventional fracturing 0.39 75
2-2 3 Variable fracturing 0.39 40 — 50 — 60 — 70 —> 80 —> 90 — 100

3.2. Validity Analysis and Verification of Numerical Model.
After the establishment of the numerical model, its effective-
ness needs to be analyzed and verified. Referring to the
experimental scheme set in the paper of Zhang et al. [39]
(Table 3), the hydraulic fracturing experiment is carried

FIGURE 7: Group 1-1 hydraulic fracture morphology and interactive penetration mode.

out on the simulated sample. The test result is shown in
Figure 5. In the numerical model, the hydraulic fracture is
perpendicular to stress ¢o;. Two hydraulic fractures pass
through the bedding plane. The fracture morphology is con-
sistent with the research results of hydrofracturing in the
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FIGURE 9: Group 1-2 hydraulic fracture morphology and interactive penetration mode.

FIGURE 10: Group 1-3 hydraulic fracture test: (a) test block before hydraulic fracturing; (b) test block after hydraulic fracturing.
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FIGURE 11: Group 1-3 hydraulic fracture morphology and interactive penetration mode.

FIGURE 12: Group 2-1 hydraulic fracture test: (a) test block before hydraulic fracturing; (b) test block after hydraulic fracturing.

laboratory [60], which fully proves effectiveness of the simu-
lation test. Therefore, hydrofracturing influencing factors of
the numerical model can be further analyzed.

4. Hydraulic Fracture Propagation under
Different Injection Rates and
Injection Modes

4.1. Experimental Scheme. Injection rate and injection mode
are the key operating factors to determine the hydraulic frac-
ture morphology. The above two factors will be studied
below. For hydraulic fracturing experiments at different
injection rates, three groups of different injection rates are
set. The hydraulic fracturing experiments at different injec-
tion modes are set up two modes, conventional hydraulic
fracturing and stepped hydraulic fracturing with increasing
fluid rate. The conventional hydraulic fracturing mode is

to continuously inject fracturing fluid at a constant injection
rate (75ml/min) until the rock breaks. Stepped variable
injection rate hydraulic fracturing mode refers to that the
first stage displacement is 40 ml/min, the same injection rate
is maintained for 2 minutes, and the injection rate at the
next stage is 10ml/min higher than that of the previous
stage. According to this kind of push, continuous injection
is carried out between adjacent two stages. The experimental
schemes are shown in Tables 4 and 5.

4.2. Hydraulic Fracture Morphology under Different
Injection Rates

4.2.1. Group 1-1: The Injection Rate Is 200 ml/min. In order
to describe the test results, the left and right wings’
hydraulic fractures are named hydraulic fracture-1 (HF1)
and hydraulic fracture-2 (HF2). The left and right bedding
planes are named bedding plane-1 (BP-1) and bedding
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FIGURE 13: Group 2-1 hydraulic fracture morphology and interactive penetration mode.

FIGURE 14: Group 2-2 hydraulic fracture test: (a) test block before hydraulic fracturing; (b) test block after hydraulic fracturing.

plane-2 (BP-2). It can be seen that two main hydraulic
fractures are initiated from both sides of the injection hole
and propagate along the principal stress o, and finally extend
to the test block edge (Figure 6). The hydraulic fractures pass
directly through the BP-1 and the BP-2, and the propagation
trajectory does not deflect. The hydraulic fracture penetrates
the entire test block, dividing the test block into two parts
(Figure 7). The overall shape of the hydraulic fractures on
the two wings is symmetrically distributed and similar in
length.

The fracture trajectory inside the test block is relatively
continuous and smooth, and the lines of water pressure front
and fracture front are continuous. The overall hydraulic frac-
ture morphology is very similar to the fracture morphology
in homogeneous rock, which shows that the hydraulic frac-
ture expansion under the condition of high injection rate is
less affected by the bedding plane.

4.2.2. Group 1-2: The Injection Rate Is 100 ml/min. In group
1-2, two main hydraulic fractures initially extend to the BP-1
and BP-2 along the stress ;. Then, the left wing fracture
maintains the original propagation direction, extends
through the BP-1, and finally extends to the Plate-2. The
propagation trajectory is continuous without significant
deflection (Figure 8).

The right wing main hydraulic fracture (HF2) branches
at BP-2. The two branch hydraulic fractures (SC1, SC2)
extend along the bedding plane to the Plate-1 and Plate-3
of the test block, respectively. However, the fractures dis-
tance extending along the BP-2 is limited, and finally, two
branch hydraulic fractures do not extend to the block edge
(Figure 9). The reason can be inferred that with the increase
of the bedding fracture extension distance, the friction along
the way increases gradually. When fracture reaches a certain
length, it is difficult to expand without greater driving force.
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FIGURE 15: Group 2-2 hydraulic fracture morphology and interactive penetration mode.

In addition, multiple micro fracture concentration areas are
formed in BP-1, and a wide range of cracking occurs in BP-2
and the matrix rock mass is almost separated from BP-2.

4.2.3. Group 1-3: The Injection Rate Is 50 ml/min. The two
wings’ main hydraulic fractures extend to HF1 and HF2
along the stress ;. Then, the hydraulic fractures’ propaga-
tion direction at the bedding planes deflects from o, to o3,
and the deflection angle reaches 90°. The two wings” hydrau-
lic fractures finally extend to the block edge (Figure 10).

The water pressure front lines are discontinuous. In
addition, the bedding planes on two sides showed extensive
cracking (Figure 11). The area sandwiched by the two wings’
hydraulic fractures forms a separate block, and the matrix
rock is completely separated from the bedding planes. There-
fore, the range of hydraulic fracturing is limited to the inter-
mediate rock matrix, which shows that bedding has a
significant effect on fracture propagation under the low injec-
tion rate.

4.3. Morphology of Hydraulic Fracture under Different
Injection Modes

4.3.1. Group 2-1: The Conventional Hydraulic Fracturing
Mode. There are visible two wings’ main hydraulic fractures
in the test block (Figure 12). The included angle between the
left wing fracture (HF1) direction and the direction of stress
0, is 32°. HF1 extends through BP-1; the propagation path
does not appear obvious deflection and finally extends to
the Plate-2.

The right wing hydraulic fracture (HF2) direction has an
included angle of about 53° with the stress o,. After the
hydraulic fracture expands to BP-2, the propagation path
has a slight deflection and finally extends to the Plate-4
(Figure 13). The rock materials in the bedding interaction
area are slightly damaged.

4.3.2. Group 2-2: The Stepped Variable Injection Rate
Hydraulic Fracturing Mode. Three clear hydraulic fractures
appear on the test block, where two hydraulic fractures
(HF2, HF3) are distributed on hole right side, and the third
hydraulic fracture (HF1) is distributed on the hole left side
(Figure 14). The included angle between HF1 and stress o,
is about 47°. When hydraulic fracture expands to BP-1, the
HF1 expands along the bedding. After extending along bed-
ding for a certain distance, the propagation direction of HF1
changes again and finally HF1 passes through the BP-1 and
extends to the middle of the left matrix rock.

The angle between HF2 and stress o, is about 28°. After
HF2 extends to BP-2, its spreading direction also changes.
HF2 completely expands along BP-2 and finally stops after
extending for a certain distance (Figure 15). The angle
between the spreading direction of HF3 and stress o, is
about 49°. Similar to H2, after HF3 extends to BP-2, HF3
completely expands along BP-2 and stops after extending
for a certain distance.

5. Characteristics of Water Pressure Curve and
Interactive Modes of Hydraulic Fractures

5.1. Characteristics of Water Pressure Curve under Different
Injection Rates. It can be found that the hydrofracturing
can be divided into three stages (Figure 16): AB: water pres-
sure accumulation stage; BE: stage of injection hole cracking
and continuous expansion of hydraulic fracture; and EF:
pump shutdown and pressure relief stage. The burst water
pressure (water pressure at initial rupture of borehole wall)
of groups 1-1, 1-2, and 1-3 is 15.92, 14.21, and 12.83 MPa.
With the increase of injection rate, burst water pressure also
increases.

There is a rising section (DE) in the water pressure curve
of the stable expansion stage (BE) of three groups, which is
significantly different from the homogeneous rock water
pressure curve. The reason is that matrix tensile strength is
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FIGURE 16: Water pressure curve of composite layered rock under different injection rates.

significantly higher than bedding area, and the water pres-
sure required to achieve stable expansion in the rock matrix
is high. When the hydraulic fracture extends through the
bedding plane into the rock mass, the fracturing fluid needs
to accumulate to raise the water pressure. Therefore, there
will be a new platform rise stage in the water pressure curve
(DE), similar to the initiation stage of hydraulic fracturing.

There is a sudden change in the water pressure curve of
the stable expansion stage (BE) of group 1-2 and group 1-3,
and the water pressure decreases instantaneously. The rea-
son is that the hydraulic fractures on the right wing of group
1-3 and group 1-2 expand both along the bedding plane. At
this time, the resistance of fracture propagation is small and
a large amount of fracturing fluid will be dissipated, so the
water pressure will decrease rapidly.

5.2. Characteristics of Water Pressure Curve under Different
Injection Modes. The burst water pressure of groups 2-1
and 2-2 is 13.84MPa and 7.58 MPa, respectively
(Figure 17). The water pressure curve of the three stages of
group 2-1 is similar to that of group 1-1, and there is rising
section (DE) in water pressure in the stable expansion stage
(BE) of the two groups. The water pressure curve of stepped
variable injection rate hydraulic fracturing (group 2-2) is
significantly different from that of conventional hydraulic
fracturing. Due to the continuous change of injection rate,
the water pressure fluctuates periodically between 4 and
11 MPa, reflecting the periodic replacement process of
high-pressure fracture opening, pressure relief fracture clos-
ing, and pressure rise fracture opening. And the frequency
of fracture opening closing is significantly higher than
conventional hydrofracturing. Therefore, the water pressure
curve of stepped variable injection rate has obvious step char-
acteristics, and the volatility is much higher than conven-
tional hydrofracturing.

When stepped variable injection rate hydrofracturing is
adopted, there are many interactive penetration modes.
The complexity of water pressure curve is high, which
reflects a variety of interactive penetration modes to a cer-
tain extent. Therefore, it can be found that the hydraulic
fracture interactive penetration mode is obviously consistent
with the water pressure curve. Furthermore, it can be found
that the peak water pressure in each cycle of group 2-2
shows a fluctuating increase with the increase of the injec-
tion rate. This phenomenon further confirms the correctness
of the conclusions in Section 4.1.

5.3. Interactive Penetration Modes of Hydraulic Fractures.
Based on the test results, four interactive penetration modes
are summarized: mode I (Figure 18(a)): hydraulic fracture
(HF) passes through the bedding plane (BP) along maxi-
mum principal stress, the propagation path basically does
not deflect, branch, and bifurcation (“/”); mode II
(Figure 18(b)): HF not only extends along the BP but also
extends through the bedding plane (“#”); mode III
(Figure 18(c)): HF extends completely along the BP to the
edge of the test block (“T”); mode IV (Figure 18(d)): HF first
extends along the BP for a certain distance and then extends
through the BP (“N”).

6. Discussion

6.1. Influence of Different Injection Rates on Hydraulic
Fracture. By comparing the fracture morphology under dif-
ferent injection rates, it can be found that in group 1-1, the
hydraulic fractures on both wings extend through the layer.
The hydraulic fractures in groups 1-2 and 1-3 not only pass
through the layer but also propagate along the layer. The
bedding plane and rock are almost completely cracked in
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group 1-3, and the bedding opening degree is significantly
higher than group 1-2.

The above test results fully show that the injection rate
significantly affects the spatial morphology of hydraulic frac-
tures and the interactive penetration mode of bedding plane
in composite layered rock. At high liquid injection rate,
hydraulic fractures are easier to propagate through bedding
plane; at low liquid injection rate, the trapping ability of bed-
ding to hydraulic fractures is stronger. With the increase of
liquid injection rate, the interactive penetration mode of
hydraulic fractures also changes from extending along bed-
ding plane to passing through the bedding plane.

In view of the hydraulic fracturing construction of on-site
composite hard roof, the ideal roof reconstruction effect

ite layered rock under different injection modes.

requires not only the hydraulic fracture to obtain a long
enough extension distance but also the good communication
between hydraulic fracture and bedding so that the hard roof
is collectively “broken.” Based on the above research, if
injection rate is set too large, it is difficult to effectively
communicate with the bedding plane though the hydraulic
fracture has strong penetration ability. The hydraulic frac-
ture is too single and straight, resulting in poor roof
reconstruction effect. If injection rate is small, hydraulic
fracture is easy to communicate with bedding, but bedding
capture effect is too strong, which will lead to the short
fracture extension distance, the fracturing range is limited
to a certain bedding rock stratum, and the fracture net-
work volume and fracturing range are seriously limited.
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Too large or too small, the fracturing fluid injection rate is
not conducive to the structural transformation of hard
roof. In general, it is the best to adopt moderate injection
rate for composite layered rock.

6.2. Influence of Different Injection Modes on Hydraulic
Fracture. It can be seen that the hydraulic fracture propa-
gation patterns under different injection methods are sig-
nificantly different. Under the conventional hydraulic
fracturing mode, slender hydraulic fractures with regular
propagation along maximum principal stress are formed
in block, and fracture morphology is relatively regular and
single. Under the condition of stepped variable injection rate
hydraulic fracturing mode, there are many interactive pene-
tration modes, and the fracture propagation path is complex.
Compared with conventional hydraulic fracturing, the frac-
ture network volume under stepped variable injection rate
hydraulic fracturing is larger and the reconstruction effect
is better.

In addition, compared with conventional hydraulic frac-
turing, stepped variable injection rate hydraulic fracturing
can promote the dynamic expansion of hydraulic fractures.

Relevant studies have shown that there are two reasons for
the formation of dynamic hydraulic fractures [61, 62]: one
is the disturbance of rapid loading and unloading behavior
caused by hydraulic fracturing to the stability of weak sur-
face. The second is the rapid loading and splitting effect of
fluid pressure. When the fracture propagation velocity
exceeds a certain threshold, the propagation velocity will
be extremely unstable and a dynamic hydraulic fracture will
be formed. Fracture bifurcation is an inherent phenomenon
in fracture dynamic propagation. Due to the high frequency
of fracture opening change, hydraulic fractures are easy to
form secondary fractures and bifurcate again in the process
of propagation. Based on the above two reasons, the stepped
variable injection rate hydraulic fracturing mode can signif-
icantly improve the disturbance effect on bedding plane in
the process of changing the injection rate and accelerate
the fracturing of rock mass at the moment of increasing
the injection rate, so as to promote the dynamic expansion
of hydraulic fractures.

Therefore, it can be found that under the stepped vari-
able injection rate hydraulic fracturing mode, the hydraulic
fracture usually expands for a certain distance along the



14

bedding plane and then changes the expansion direction
and passes through the bedding plane, forming a more
complex stepped expansion track. The reason is that at
the initial stage of variable injection rate hydraulic fractur-
ing, injection rate is low and the water pressure is low. At
this time, the hydraulic fracture is easy to expand along
the bedding with low required fracture energy. With the
injection rate instantaneous increase, the instantaneous lig-
uid injection volume is significantly larger than the expan-
sion volume of hydraulic fracture. At this time, the water
pressure at the fracture tip will significantly increase. At
the same time, the propagation speed of fracture will fluctu-
ate violently, resulting in dynamic fracture and easy bifur-
cation. Therefore, when fractures meet weak point and
stress concentration point, fracture will turn and expand
into rock. Stepped variable injection rate hydraulic fractur-
ing improves the ability of bifurcation fractures and is con-
ducive to the complexity of fracture structure, which will
produce more artificial fractures in composite layered rock.

7. Conclusion

(1) The hydrofracturing can be divided into three stages:
water pressure accumulation stage, hydraulic frac-
ture continuous expansion stage, and pump shut-
down stage. Four different interaction modes can
be abstracted. In addition, interactive penetration
mode is obviously consistent with the fluctuation
state of water pressure curve

(2) If the injection rate is small, the hydraulic fracture is
very easy to be captured by the bedding plane, which
will seriously limit the fracturing range; if injection
rate is too large, hydraulic fracture is difficult to
effectively communicate with bedding plane. The
effect of adopting a more moderate injection rate
for the composite layered rock roof strata is the best

(3) The stepped increase of injection rate will make the
hydraulic fracture expand dynamically along multi-
ple fracture points. Compared with conventional
hydrofracturing, the fracture extension distance is
longer, and more bedding planes can be activated,
which is conducive to the formation of complex frac-
ture network
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