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Abstract The mechanical excavation technology, as a commonly used method in
tunnel excavation of hard rock, has many shortcomings, such as poor geological
adaptability and intense wear of cutter head and so on, affecting the excavation
efficiency. The hydraulic fracturing technology can effectively evade these issues
and achieve the efficient excavation by pre-fracturing rock. Therefore, taking
medium-hard rock as an example, this paper established the numerical models of
single-borehole and double-borehole hydraulic fracturing medium-hard rock based
on the extended finite element method (XFEM), and explored the evolution law of
cracks and the damage dissipation energy variation of the rock. Results indicated
that under single-borehole hydraulic fracturing, the propagation length and width of
the crack experienced the rapid growth period and slow growth period, and the
damage dissipation energy of rock mainly experienced the step-like growth period.
By the comparative analyses of crack propagation length and width evolution as
well as the damage dissipation energy of rock under the single-borehole and
double-borehole hydraulic fracturing, it is found that under the double-borehole
hydraulic fracturing the propagation rate and damage dissipation energy of single
prefabricated fracture are greatly in-creased, and the fracturing efficiency is greatly
improved, compared with the single-borehole hydraulic fracturing. Results can
provide a theoretical reference for improving the application level of hydraulic
fracturing in tunnel excavation.
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1 Introduction

The exploitation and excavation of the various underground resources usually
encounter many problems, especially the hard rock layer problems such as high
density, poor breaking conditions and so on. Usually, the mechanical drilling tool is
used in the tunneling excavation, but the geological adaptability is poor and the
wear of the hard rock to the drilling tool causes the frequent replacement of cutting
head, thereby engendering the high cost and low efficiency. Therefore, it is urgent
to take efficient measures to achieve the efficient excavation of hard rock [1].
Hydraulic fracturing technology was widely applied in the field of geotechnical
engineering [2—4]. The technology can reduce the hardness and integrity of the rock
by crack initiation and expansion, which greatly reduces the loss of the tool head
and promotes the mechanical tunneling of rock.

Recently, many scholars have carried out a large number of experiments and
numerical simulation studies on the hydraulic fracturing. Nasehi [5] et al. performed
the numerical simulation of hydraulic fracturing rock and analyzed the effects of
in-situ stress and strength parameters of intact rock on the fracturing properties
based on the discrete element method. By the extended finite element method
(XFEM), Tian [6] et al. simulated the processes of continuous fracturing, the
alternative fracturing and the improved zipper hydraulic fracturing, and studied the
effects of the in-situ stress difference and the crack spacing on crack propagation.
Shimizu et al. [7] discussed the influence of fluid viscosity and rock granularity on
hydraulic fracturing by means of discrete element method. Francisco et al. [8] made
a significant prediction concerning the coupling crushing behavior of the hydraulic
fracturing rock based on the extended finite element method, and analyzed the
interaction between the hydraulic crack and the natural crack. By the Cohesive
units, Xue et al. [9] studied the relationship between the fluid pressure on the crack
surface and the crack propagation as well as fluid percolation. The effect of fluid
pressure on the width variation of crack during the crack propagation was studied
by Ji et al. [10]. Shilova [11] et al. explored the influence of wellbore and crack
radius on initiation pressure of crack and crack propagation by the hydraulic
fracturing experiment of rock.

The above-mentioned scholars had made great progress in the effects of the
in-situ stress difference, rock strength and natural cracks on the crack propagation
of rock under hydraulic fracturing, but there are few influence researches of the
borehole and its arrangement on the crack propagation. The borehole has a sig-
nificant effect on the energy dissipation in rock and crack propagation under
hydraulic fracturing, which influences the rock crushing efficiency. Hence, the
numerical models of hydraulic fracturing medium-hard rock with single and double
boreholes were established based on the XFEM. And it systematically explored the
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evolution law of crack propagation length, width and rate as well as damage dis-
sipation energy under the working conditions of single-borehole and
double-borehole. The study is expected to more deeply reveal the crack propagation
law under porous fracturing of medium-hard rock and provide a potent reference for
the actual hydraulic fracturing construction in tunnel excavation.

2 Numerical Simulation

2.1 Basic Hypotheses and Theories

In the process of hydraulic fracturing, the basic assumptions for the establishment
of the two-dimensional numerical model are as follows [12]: 1) the model is iso-
tropic and homogeneous limestone; 2) only the hydraulic effect in the
two-dimensional plane is considered, ignoring the vertical flow of the fluid; 3) the
fluid in the model is single-phase and incompressible; 4) the model of rock is
incompressible; 5) the influence of gravity is not considered.

For the two-dimensional model, the Griffith strength theory under biaxial stress
can be expressed as:
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In the formula, ¢; and g3 are the maximum and minimum principle stress
respectively, P; is the compressive strength.

2.2 Model Establishment

Taking limestone as the simulation model of medium-hard rock, the
two-dimensional models were established to simulate the actual conditions (Fig. 1).
The mechanical parameters of the models are shown in Table 1. In the models,
prefabricated fractures were simulate by inserting spread function, and the bore-
holes of fracturing fluid on the prefabricated fractures were selected. The maximum
circumferential stress criterion of crack initiation and damage evolution criterion
were introduced to determine the crack initiation and damage evolution of element
[13]. Therefore, two analysis steps were established in the process of
single-borehole hydraulic fracturing: the one was the in-situ stress balance stage,
the other was the hydraulic fracturing stage. For the double-borehole hydraulic
fracturing, it was distributed to four analysis steps: the first one was the in-situ stress
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balance stage, the second one was the hydraulic fracturing stage of borehole I, the
third one was the unload stage of borehole I, and the fourth one was the hydraulic
fracturing stage of borehole II.

The minimum and maximum principal in-situ stress of the rock model were
6 MPa and 15 MPa respectively, and the initial void ratio was 0.1. The viscosity of
water as fracturing liquid was 0.001 Pass. The unit weight of water was 9800 N/m”>.
The constraint boundary conditions were set to fix the dis-placement in X and Y
directions. The initial pore pressure was 0, with the perforation angle of 60". The
initial time step at the hydraulic injection stage was 0.1 s, with the injection time of
100 s. And, the water pressure of hydraulic fracturing was 30 MPa.

2.3 Control Equation

The crack growth under hydraulic fracturing is caused by the expansion of fluid
pressure and shear displacement effect, so the crack under hydraulic fracturing is
composite crack. The failure cohesion model was established by XFEM method to
study the crack initiation and propagation criterion of the composite crack, and the
main analyzed contents contained the functional response relationship between the
interface tensile stress and the relative displacement of the interface, as well as the
relationship between the interface energy in the failure process.

In the process of hydraulic fracturing, as the injection of the fracturing fluid, the
seepage pressure of the fluid acting on the crack surface increased, which led to the
increase of fluid loss to the rock and the change of the stress state in the crack.
Whereas the stress change will inevitably cause the change of the parameters such
as the porosity of the medium-hard rock and the seepage velocity of the fluid.
Conversely, the stress change has the important influence on the seepage pressure
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Fig. 1 Two-dimensional geometric model of hydraulic fracturing limestone
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Table 1 Mechanical parameters of limestone model

Elastic Poisson's Porosity | Permeability Filtration Tensile
Modulus / ratio ratio coefficient coefficient strength/MPa
GPa

15 0.25 0.1 1 x 107 1 x 107" 6

of the fluid. The interaction between the fluid seepage and the rock deformation in
medium-hard rock is called the seepage-stress coupling [14].
The equilibrium equation of solid rock [9]:

A
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The continuity equation of seepage liquid:
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Critical stress criterion of element damage:

max{<“n> } I (5)
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Linear degradation criterion of elastic modulus is represented as follows.
E=(1—-D)E, (6)
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In these formulas, &,, @, YA", JQ and ou are the virtual strain, effective stress, surface
force, unit volume force and displacement except gravity, respectively. v,,, n’ and n
are the seepage velocity of the fluid in the solid, the unit vector in the normal
direction of the surface S and the porosity, respectively. a;, is the normal stress, oy
and o are the tangential stress (in two dimensions, g; = 0), ag is the threshold stress
of normal damage, ¢° and ¢ are the threshold stresses of tangential damage.Ey, E,
D, 0™ and 6° are the Young's modulus of the undamaged and damaged element,
the damage factor, the maximum displacement of the element in the loading pro-
cess, and the opening displacement when it reaches the damage.
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3 Results and Discussion

3.1 Propagation Analysis of Prefabricated Fracture Under
Single-Borehole Hydraulic Fracturing

With the continuous injection of high pressure fluid into limestone, the internal
pressure of the limestone increased gradually, and the concentrated cluster formed
in the perforation, which caused the crack initiation along the direction of the
prefabricated fractures. When the pressure increased to a certain value, the pre-
fabricated fracture evolved into the wide fracture. As the high-pressure fluid entered
into the fracture, the fluid reached the fracture tip and the fracture continued to
expand. Simultaneously, the continuous expansion of the fracture caused the
decrease of the stress concentration at the crack tip. The crack propagation versus
time is shown in Fig. 2. There was an energy accumulation period of crack prop-
agation, and the prefabricated fracture propagated at = 5 s. The crack extended
along both positive and negative directions of Y-axis. Due to the restriction of the
maximum and minimum horizontal in-situ stresses, the crack expansion length in
the positive negative directions of Y-axis was larger than that in the negative
directions of Y-axis.

The change curves of crack length and the maximum width with time are shown
in Fig. 3. Before 7 = 5 s, the crack length and width have no obvious change. The
stage from 7 = 5 s to ¢ = 20 s was the rapid growth period of the crack propagation
length. The stage from 7 =20 s to # = 100 s was the slow growth period of the
crack propagation length, and the propagation length tended to be stable at the
terminal stage. For the crack propagation width, the stage from¢t=5stor=25s
was the rapid growth period of crack propagation width, and the stage from ¢ = 25 s
to t = 100 s was the slow growth period of crack propagation width. The detailed
process of crack propagation is as follows: From ¢t = 5 s to = 20 s, the propaga-
tion length of the crack increased from 1.58 m to 9.56 m at an average rate of
0.550 m/s, and from 20 to 100 s, the propagation length of the crack increased from
9.56 m to 22.02 m at an average rate of 0.156 m/s; from 5.5 s to 25 s the propa-
gation width of the crack increased from 1.152 mm to 2.223 mm at an average rate
of 0.055 mm/s, and from 25 to 100 s, the propagation width of the crack increased
from 2.223 mm to 3.355 mm at an average rate of 0.015 mm/s.

It is obvious that both the transverse and longitudinal propagation rates of the
prefabricated fracture first sharply increased and then slowly increased. This is
because that as the high pressure fluid enters the prefabricated fracture, the fluid
pressure in the crack begins to increase. And the propagation rate of the crack
increases at a sharp speed due to the stress concentration at the crack tips, hence the
expansion rate of the crack increased rapidly. Whereas, as the crack length
expanded to a certain length, the fluid pressure reached the peak value of
57.22 MPa, and the pressure began to decrease, finally it dropped to 23.74 MPa at
t = 100 s (Fig. 4), thereby the expansion rate of the crack increased slowly.
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(a)=5s (d) t=100s

Fig. 2 The prefabricated fracture propagation nephogram under single-borehole hydraulic
fracturing at different time
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Fig. 3 The change curve of propagation length and maximum width of prefabricated fracture
under single-borehole hydraulic fracturing with time

The higher the damage dissipation energy of rock is, the larger the fragmentation
degree of the rock is [15, 16]. The energy dissipation process reflects the evolution
of rock damage under hydraulic fracturing. By the change curve of damage dissi-
pation energy of rock with time in Fig. 5, the stage from r = 0 s to = 5 s was the
energy accumulation period, the damage dissipation energy of rock was 0. The
stage from # = 5 s to t = 22 s was the rapid energy development period where the
damage dissipation energy of rock increased rapidly and reached a certain threshold
value. And the stage from ¢ = 22 s to # = 100 s was the step-like growth period of
energy where the damage dissipation energy increased as the time increased. The
maximum damage dissipation energy of rock was 46.1 kJ in the whole fracturing
process.
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3.2 Propagation Analysis of Prefabricated Fractures Under
Double-Borehole Hydraulic Fracturing

Under double-borehole hydraulic fracturing, the spacing of the two prefabricated
fractures was set as 15 mm, which can effectively improve the fracturing effect of
rock [17]. The numerical simulation of double-borehole hydraulic fracturing was
divided into two stages: the first one was the hydraulic fracturing of borehole I for
100 s, the second one was the hydraulic fracturing of borehole II for 100 s. The
crack propagation process is shown in Fig. 6. The prefabricated fracture I first
initiated and expanded, and the prefabricated fracture II had simultaneously
occurred crack initiation and propagation due to the influence of propagation stress
field of prefabricated fracture I. The propagation characteristics of prefabricated
fracture I under double-borehole hydraulic fracturing were basically same as that
under single-borehole fracturing. For the prefabricated fracture II, it initiated and
expanded at r =5 s. From ¢ = 5 s to ¢ = 30 s, the propagation length of the crack
increased from 1.27 m to 10.92 m at an average rate of 0.386 m/s, and the prop-
agation width of the crack increased from 1.09 mm to 3.53 mm at an average rate
of 0.098 mm/s. From 30 to 100 s, the propagation length of the crack increased
from 10.92 m to 17.60 m at an average rate of 0.095 m/s, and the propagation
width of the crack increased from 3.53 mm to 5.45 mm at an average rate of
0.027 mm/s.

By the statistical analysis of the simulation results, the change laws of the
propagation length and maximum width of the prefabricated fracture II under
double-borehole hydraulic fracturing with time were obtained. According to Fig. 7,
the maximum propagation length of the prefabricated fracture II was 17.6 m at
t = 100 s, which decreased by 25.1% than that of single-borehole hydraulic frac-
turing. The maximum propagation width of the prefabricated fracture II was
5.453 mm, which increased by 62.5% than that of hydraulic fracturing with
single-borehole hydraulic fracturing. Due to the stress interference of the
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(a) Nephogram of maximum fluid pressure (b) Nephogram of fluid pressure at # = 100s

Fig. 4 Fluid pressure distribution at the prefabricated fracture tip under single-borehole hydraulic
fracturing
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prefabricated fracture I to prefabricated fracture II, the propagation rate of pre-
fabricated fracture I under double-borehole hydraulic fracturing is increased by
10.49%, compared with that under single-borehole hydraulic fracturing.
According to the variation law of damage dissipation energy of rock with time in
Fig. 8, the stage before t = 7 s was the energy accumulation period of prefabricated
fractures I and II. The stage from 7 = 7 s to t = 90 s was the step-like growth period
of energy. And the stage from 90 to 100 s was the steady development period
where the energy was almost constant with the increase of time. The maximum
damage dissipation energy is 163.1 kJ in the whole process, which is at least 3.5
times of that under double-borehole hydraulic fracturing, thereby the fragmentation

Fig. 5 Change curve of
damage dissipation energy of
limestone under
single-borehole hydraulic
fracturing with time
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Fig. 6 The prefabricated fracture propagation nephogram under double-borehole hydraulic
fracturing at different time. (The Fig. 6(a), Fig. 6(b) and Fig. 6(c) are the nephogram at the first
stage, the Fig. 6(d), Fig. 6(e) and Fig. 6(f) are the nephogram at the second stage)
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degree of rock under double-borehole hydraulic fracturing is larger than that under
single-hole hydraulic fracturing. This is because the hydraulic fracturing of bore-
hole I has the promoting effect to the fracturing of borehole II. In the process of
double-borehole hydraulic fracturing, due to the stress interference between the two
cracks, there will be a stress interaction zone between the two cracks, which ben-
efits the prefabricated fractures to propagate in different directions and different
degrees. Therefore, under the double-borehole hydraulic fracturing, the damage
dissipation energy of prefabricated fracture Il are greatly increased, and the frac-
turing efficiency is greatly improved under double-borehole hydraulic fracturing,
compared with the single-borehole hydraulic fracturing.
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Fig. 7 The change curve of propagation length and maximum width of prefabricated fracture II
under double-borehole hydraulic fracturing with time

Fig. 8 Change curve of 170
damage dissipation energy of 150
rock with double-borehole
prefabricated fracture with

i
I
I
|
|
I

Prefabricated crack; |

120 1 e i

=
=
o
&n
. =
time E 1o | Prefabricated crack; 1
5 90 [rm— g '
£ 80 J :
g wE--- | Step-like growth period '
Z el r"'jﬁ =',_.J
E sof ' _'_’_,_.r"_l '
3 o 3 g ' !
> 40 | '
? 30 1 il ! |
5 Whaaao . ' H
10 F ! ! !
0F 1 ! 1
10 L 1 L L i L H 1
0 20 a0 600 80 10

L]
|

Time (s .
Energy accumulation persod < (s) Steady development period



Numerical Simulation of Crack Evolution Under Hydraulic Fracturing ... 223

4

Conclusion

On the basis of XFEM, this paper established the numerical models of
single-borehole and double-borehole hydraulic fracturing medium-hard rock, and
comparatively analyzed the evolution law of crack and the damage dissipation
energy of rock under the single-borehole and double-borehole hydraulic fracturing.
The main conclusion is concluded as follows:

ey

@

Under the single-borehole and double-borehole hydraulic fracturing, the
propagation lengths and widths of the prefabricated fracture as well as the
damage dissipation energy of rock increase with the increase of time. And the
crack propagation length and width experience both the rapid growth period
and the slow growth period, and the damage dissipation energy of rock mainly
appears the step-like increase continuously.

Because of the promotion effect of early borehole hydraulic fracturing to later
borehole hydraulic fracturing, under the double-borehole hydraulic fracturing,
the propagation length of single prefabricated fracture is reduced by 25.1%, and
the propagation width is increased by 62.5%, compared with single-borehole
hydraulic fracturing. By the comparative analysis of damage dissipation energy
of rock under hydraulic fracturing of the single and double boreholes, the
damage dissipation energy of single prefabricated fracture under the
double-borehole hydraulic fracturing is increased by at least 3.5 times than that
of single-borehole hydraulic fracturing. It can be concluded that the fracturing
efficiency of single prefabricated fracture under the double-borehole hydraulic
fracturing is higher than that under single-hole hydraulic fracturing.
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