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a b s t r a c t

Traditional hydraulic fracturing (THF) has become an effective stimulation method for the extraction of
coalbed methane (CBM) and has attained many remarkable achievements in the application. However,
certain problems, such as greater water pressure, larger volume of fracturing equipment, and a stricter
sealing requirement, have gradually arisen in the field application. To improve the application situation, a
newly developed technology of pulse hydraulic fracturing (PHF) is proposed to enhance CBM drainage
via accumulating the damages in the reservoirs and weakening the rock strength by exciting oscillation
from pulsating water pressure. Comparison of fracture behaviors between PHF and THF at various side-
pressure ratios was executed using numerical software of PFC2D; the results demonstrated that the
fracture pressures required for PHF, which induced more cracks and a larger fracturing region, were all
lower than those for THF. Additionally, the field application of PHF was performed for the N2706 floor
roadway with crossing holes in the Daxing coal mine, Liaoning Province, China. The results demonstrated
that (a) all of the fracturing holes for PHF had lower fracture pressure than the calculated initiation
pressure by THF, which is consistent with the simulation results; (b) the drainage parameter values of
holes made via PHF, such as drainage concentration and drainage pure volume, were generally greater
than those of THF. All of the simulation and application results expressed that PHF had greater superi-
ority than THF in the application of CBM recovery based on the features of lower fracturing pressure and
more cracks generation. A large amount of accumulated damage produced by PHF could greatly destroy
the integrality of coal, which induced much micro-cracks generation, significantly weakening the
strength of the reservoir; thus, more complicated fracture networks would be formed under a lower
water pressure. Moreover, the proportion of mesopores and macropores increased after PHF, and the
porosity increased by 17.29%, which indicated that PHF could significantly improve the permeability of
CBM reservoirs.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the exploitation of unconventional energy, such
as coalbed methane (CBM), shale gas, and renewable resources, has
been a heavily researched topic in China (Su et al., 2005; Sang et al.,
2010; Palmer, 2010; Cai et al., 2011; Cheng et al., 2011; Vedachalam
et al., 2015; Jin et al., 2015; Chen et al., 2016). Subsequently,
methods to drain these resources have been proposed, such as
thane and Fire Control,
Technology, Xuzhou, Jiangsu,
hydraulic fracturing, gas injection displacement, and other tech-
niques (Huang et al., 2014a,b; Wang et al., 2014a; Ferrer and
Thurman, 2015; Li et al., 2016). In China, CBM reservoirs
commonly have low permeability and a dense coal matrix (Sang
et al., 2010; Liu et al., 2011; Wang et al., 2014a; Jin et al., 2015).
Hydraulic fracturing is an effective technical approach to resolve
the challenges of gas extraction from low-permeability coal seams
(Huang et al., 2011, 2012; Shimizu et al., 2011; Zhang, 2014; Cheng
et al., 2015). This technology can alter the structure of the coal mass
by increasing the number and density of cracks in the mass to
improve permeability. Many studies on hydraulic fracturing have
been conducted both in China and in other countries during the
past few decades (Huang et al., 2011; Zhang, 2014; Zhao et al., 2014;
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Yoon et al., 2015; Zhou et al., 2014). Several field investigations
(Nakao et al., 2000; Zhou et al., 2010; Sesetty and Ghassemi, 2015;
Wang et al., 2015) have indicated that traditional hydraulic frac-
turing (THF) techniques fracture rocks using a constant water
pressure that is greater than the rock strength. In general, THF re-
quires high flow, high pressure and large amounts of water; devices
providing these features may be difficult to acquire. For example,
high flow requires large-volume equipment, which is not suitable
for narrow roadways in underground coal mines; high pressure
necessitates more complicated sealing technology and markedly
increases hidden dangers (Zhai et al., 2011, 2012, 2015a; Lu et al.,
2014, 2015), which both fails to satisfy the production require-
ment and results in some seismic hazards.

To improve the existing deficiencies of THF and to produce
complicated fracture networks, pulse hydraulic fracturing (PHF)
was proposed, which combines the advantages of THF and a
variable-frequency pulsating load (Vijay et al., 1993; Zhao, 2008; Li
et al., 2011; Lu et al., 2014, 2015). The foremost distinction between
THF and PHF is the mechanism of fracturing coal; specifically, the
THF process uses only high water pressure and the injection pres-
sure is related to the original ground pressure. In contrast, PHF
incorporates the mechanism of fatigue damage based on the
function of THF. Specifically, this technique involves the injection of
pulsating water at variable frequencies into the fracturing borehole.
Persistent pulsating waves spread into the interior of the coal rock
mass and periodic alternating stress, generated by the peak pres-
sure and the bottom pressure, exerts repeating loads on the coal
mass. Finally, fatigue damage of the internal coal mass gradually
becomes apparent from the effect of cyclic loading with different
frequencies. Many studies (Liang et al., 2012; Liu and He, 2012; Zhu
et al., 2013, 2014; Hu et al., 2016) have proposed that the cyclic
loading could increase internal fatigue damage and decrease the
rock strength with different loading rates to varying degrees.
Finally, PFH could easily fracture a fatigued coal mass with a lower
injection water pressure.

A coal mass contains numerous flaws, from bedding-scale to
pore-scale, making the coal mass anisotropic. Compared with the
fracturing process under uniaxial compression, which relies on
external force to break down rocks, from the macroscopic view-
point, the fracturing behavior of PHF in the coal seam is in virtue of
the ‘extrusion-splitting’ effect of water to the walls of the flaws,
which causes the flaws to open into cracks and enhances the
extension of cracks. At the micro-level, pulsating water possesses
two action mechanisms: one is that the high frequency stimulates
the removal of pore blockages by fatigue fracturing, thus opening
the gas-flow path and improving the circumjacent permeability;
the other is that the pulsations decrease the strength of the coal
rock to less than the maximum value from constant pressure
loading (Zhai et al., 2011; Wang et al., 2015).

Micro-fractures are nucleated by fatigue damage and begin to
extend constantly as a result of continued cyclic loading. This
process connects natural cracks, joints, and bedding, and the cracks
continue to propagate and evolve into a complicated fracture
network (Lu et al., 2014, 2015). Dehkhoda and Hood (2013) inves-
tigated the relative contributions of pulse length and pulsation
frequency on the surface and sub-surface damage caused by a
pulsed water-jet on rock targets. Previous studies demonstrated
that the magnitude of failure zones was related to the pulsation
frequency, and the sub-critical cracks, which propagated to cause
major rock-failure, depended on the pulse length. To improve the
gas drainage of high-gas, low-permeability coal seams, hydraulic
fracturing experiments and mechanical analysis were conducted
under different pressures and frequencies and the fatigue charac-
teristics of coal and the mechanism of PHF were analyzed by Zhai
et al. (2011). Lu et al. (2014, 2015) presented a numerical stress-
disturbance model to simulate the formation stress response dur-
ing PHF, and the concept of the effective stress disturbance zone
was proposed. The variations of PHF effects under different coal
seam conditions (Young's modulus, Poisson's ratio, and horizontal
in situ stress) and the influences of the technical parameters (fre-
quency, amplitude, and mean stress) on the PHF stress disturbance
effect were investigated. Li et al. (2013a,b) investigated fracture
modes with variable frequencies and a single frequency using a
pressure sensor and acoustic emission (AE) and concluded that the
effect of variable frequency on fracture extension is more pro-
nounced than that of single frequency. Additionally, different
combinations of frequency and pressure were investigated for
proposed dual frequency-dual pressure fracturing technology. Li
et al. (2013) used a theoretical review, laboratory experiments,
and field tests to investigate the generation and propagation of the
pulsating stress wave and the breakage mechanism, moreover, the
difference between THF and PHF was investigated through labo-
ratory tests. Zhai et al. (2015a) studied relationships describing
pulsating water pressure (PWP) propagation during PHF in a two-
dimensional fissure simulator at different pulse frequencies and
plugging rates and described the relationship between PWP peak
pressure and the plugging ratios. Ni et al. (2014) experimentally
studied the kinetic characteristics of gas desorption in terms of
pulsating injection (PI) and hydrostatic injection (HI). That study
indicated that the initial velocity, diffusion capacity, and ultimate
amount of methane desorption after PI are greater than those after
HI and that the methane decay rate over time is less than that of HI.
Li et al. (2015) carried out on-site application of PHF in the Yuwu
coal mine, China, and demonstrated the promise of this application
in the future prevention and control of coal and gas outburst
hazards.

To characterize the features of PHF preferably and verify the
fracturing effect in the field application objectively, this study is
composed of three main parts, including an introduction to PHF,
numerical stimulation using the software Particle Flow Code 2D
(PFC2D, Itasca software) and field application. First, the fundamental
principal, main equipment attachment and sealing technology of
PHF is introduced; second, the numerical stimulation ias executed
to characterize the differences of fracturing pressure and fracture
morphology, comparing PFH with THF; finally, the field application
of PHF is located in the N2706 floor roadway with crossing holes to
the coal seam, Daxing coal mine, Liaoning Province, China, and the
effect of PHF is determined based on two aspects: gas drainage
parameters and permeability change. All of the simulation results
and application results are conducive to popularizing the PHF
technique for CBM effective extraction in the future.

2. Introduction of PHF

2.1. Fundamental principle of PHF

During the PHF process, the pulsations of pressured water with
different frequencies exert a load on the wall of the boreholes,
preferentially causing fatigue damage relative to the single frac-
turing method. Eventually, cumulative fatigue damage is caused by
the cyclic loadingeunloadingeloading pattern, which decreases
the elasticity modulus and the strength of the coal seam. Thus, PHF
fractures coal effectively via the coupled effects of pressure and
fatigue.

After drilling, the original stresses redistribute around the holes,
and four regions, i.e., fracture zone, plastic zone, elastic zone, and
primary rock stress zone, can be delineated based on the different
conditions at various distances from the fracturing hole. Water fills
in the fracturing hole, flowing into the fracture zone along the
abundant cracks. To describe the propagation of pulse water
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pressure in fractures, three models are relevant: the flow model in
porous media, the water turbulence model, and the transient flow
model (Li and Liu, 2005). Based on the one-dimensional
compressible unsteady equation, Fiorotto and Rinaldo (1992)
established the one-dimensional transient flow model:
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where p is the waterhead, x is the direction of the fracture path, t is
the flow time, u is the velocity of water flow in the fracture, c is the
characteristic wave velocity, g is gravitational acceleration, z is the
width of the aperture, and j is the obstruction coefficient, which is
related to the roughness of the aperture.

Based on the propagation rule of pulse pressure from water in
fractures in the transient flow model, Professor Liu (1994, 1998)
considered that the pulse pressure in fractures transiently propa-
gates into the internal rock as an approximately constant wave. In
contrast, PHF generates pulse pressure water, which propagates as
waves in fractures (Li, 2013). When a fracture is not penetrated, the
pulsewater readily generates eddies, inwhich larger eddies contain
small eddies and small eddies contain smaller eddies. Meanwhile,
because of the effect of the water boundary, i.e., the fracture plane,
the pressure wave has two mechanisms: one is propagation into
the rock interior, inducing rock shock; the other is reflexing and
superposition, producing a transient phenomenon similar to a
water hammer. This coupled mechanism is characteristic of PHF
and is more effective in producing cracks than THF.

For PHF, the water pressure could be defined by the sine func-
tion (Li, 2013): P ¼ A sin

h
u
�
t � x=c

�
þ 4

i
, where A, u, 4, x, and c

represent the amplitude, angular velocity, initial phase, distance to
the pump body, and wave velocity, respectively. Propagation of the
pulse pressure wave into the rock interior stimulates grain vibra-
tion along random directions. Long-term vibrations alter the con-
nections between grains, weakening the strength of the connection
in several ways. The weakening process causes the rock to experi-
ence fatigue; finally, plastic yield occurs. Using the continuum
damagemechanics of elastic plastic materials from Xie et al. (1997),
the amount of damage can be calculated by:

D ¼ 1�
~E
E0

ε0 � ~ε

ε0
(2)

Where ~ε and ε0 are the strain after and before stress, respectively,
and ~E and E0 are the elasticity modulus after and before stress,
respectively.

Thus, after injecting time t of pulse pressure from PHF, the
strength of the affected rock is reduced according to the periodicity
of the sine function:
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Accordingly, the critical stress value for the destruction of rock
after PHF is:

~sc ¼
ffiffiffiffiffiffiffiffiffi
2~Eg
pC

s
(4)

where C is crack length, g is surface energy.
Because the critical stress value and the strength of rock grad-

ually reduce as the duration of pulse injection increases, only if the
peak stress of the pulse pressure exceeds ~st (the tensile strength,
consistent with Eq. (3) in form) will cracks be generated in mate-
rials. When the breaking strength in the crack tip is more than ~sc,
the crack will propagate until the material fails entirely.

2.2. Main equipment attachment

Before fracturing, devices such as the water tank, pulse injection
pump, frequency converter, overflow valve, and other valves were
connected in turn, as illustrated in Fig. 1. A pulse pump with a
maximum pressure of 25 MPa and a mass flow of 130 L/min was
used as the power equipment. A frequency converter with an
adjustable frequency range of 0e25 Hz and an overflow valve were
used as controlling equipment. Relevant safety checks were carried
out successively, e.g., whether the tube coupling was right, whether
the Uetype clips were deficient, and whether anybody was in the
warning lines.

2.3. Sealing technology

To seal the fracturing holes, we combined the advantages of
expansive cement and packers. This sealing method provides high
compression strength and guarantees that the fracturing holes can
be repeatedly used to drain CBM and for fracturing. Following the
method of Li et al. (2015), the systematical PHF sealing method first
involved placement of a Polyvinylchloride (PVC) tube into the
fracturing hole; both ends of the PVC tube were blocked to form a
grouting space, which was filled with expansive cement. Subse-
quently, a packer that was injected with water or air at pressure
Ppacp and was passed through by the fracturing pipe was put into
the PVC tube. Next, the injected pressure in the packer was released
and the packer was removed after PHF. To seal the drainage holes,
we used flexible gel, which was injected in the grouting space be-
tween the PVC tube and the wall of the hole (Zhai et al., 2015b).
Finally, all the PVC tubes were connected to the gas drainage
network and CBM was extracted via negative pressure.

3. Numerical simulation of PHF

Coal rocks are heterogeneous materials comprising cemented
complex-shaped grains at the micro- and macro-scale; the aniso-
tropic nature can be observedwith the naked eye readily (Cho et al.,
2007). The bonded-particle model for rock could directly mimic the
fidelity of a rock system and then exhibits a large set of emergent
behaviors, which correspond well to those of real rock (Potyondy
and Cundall, 2004). The Particle Flow Code (PFC), developed by
the ITASCA Consulting Group, models a rock mass as an assemblage
of non-uniform-sized circular or spherical particles that are bonded
together with soft contact and that possess finite normal and shear
stiffness. Here, it is noted that the term ‘particle’ is taken as a body
of negligible size that occupies a finite amount of space. The me-
chanical behaviors are described by the movement of each particle
and the force exists at each contact (Potyondy and Cundall, 2004).
There are two bond models among particles: contact bond model
and parallel bond model, in which the former only transmits force
at an infinitesimal contact point, while the latter delivers force and
moment at a finite circular section. These bonds will break when
the applied local stresses exceed the specified bond strength. For
the contact bond model, the breaking of bonds will not influence
the macro stiffness if the particles reserve to contact. For the par-
allel bond model, the breaking of bonds will result in the decrease
of macro stiffness, which is suitable for stimulating the coal rock
(Wang et al., 2014b). Thus, the parallel bond model is used to
compare the crack behaviors of PHF and THF.

A ‘domain’ is defined as a closed chain of particles such that each



Fig. 1. Configuration of the PHF setup in the field.

J. Xu et al. / Journal of Natural Gas Science and Engineering 40 (2017) 79e9082
link in the chain is a parallel bond, as shown in Fig. 2. Meanwhile,
each link, termed a ‘pipe’, between two adjacent domains is a po-
tential crack. The ‘pipe’ is both a flow path for fluid and a channel
connecting other domains. The aperture of the crack is in direct
proportion to the normal displacement of the parallel contact. As
far as the fluid is concerned, the water pressure is applied to each
particle as a body force in the ‘domains’. A ‘pipe’ is equivalent to a
parallel-plate channel, with length (L), aperture (a), and unit depth;
thus, the flow rate in a pipe is given by:

q ¼ a3

12m
P2 � P1

L
(5)

where m is the fluid viscosity of water and (P2 e P1) is the pressure
difference between two adjacent domains.

Each domain experiences water pressure acting on the free
surfaces of the particles from the surrounding pipes:

P
q. Assuming

that the inflow is positive, the increase in fluid pressure once step,
Dt, is:

DP ¼ Kf

Vd

�X
qDt � DVd

�
(6)

where Kf is the water bulk modulus and Vd is the apparent volume
of the domain.

Considering a pressure perturbation, focusing on all the pipes
Fig. 2. Domains and flow path in a parallel-bonded assembly of particles.
and applying pressure to all the domains, the flow into the domain
can be calculated by solving the following equation:

Q ¼ Ma3Kf qDt
24mRVd

(7)

where M is the number of pipes connected to the domain and R is
the mean radius of the particles surrounding the domain.

Based on the above fluidesolid coupling mechanism in PFC2D,
we established three groups of samples with a length and width of
20 m, the porosity of which is 0.15; the number of particles in the
model is 2703. Additionally, the particular parameters of the model
design are shown in Table 1. Before exerting the side pressure, the
particle assemblage was in an equilibrium state. Different side
pressure ratios k (>1, ¼ 1, and <1) were used to simulate the pri-
mary stress via servo-control, as shown in Fig. 3 (a). Additionally, a
fracturing holewith a radius of 0.1 mwas drilled in the center of the
sample. The initial pore pressure was set at the beginning of
calculation; hence, water was injected with a constant pressure for
THF, while with a periodic variation pressure of water for THF. The
finishing criterion of fracturing was when cracks or fractures
propagated to the border of the sample within a certain time.

Fig. 3 (b) shows the crack propagation and the water flow paths
after PHF and THF for different side pressure ratios k. The red line
segments and various sizes of deep-red circles indicate the induced
cracks and flow pressure, respectively. If the water stress difference
between adjacent domains exceeds the bond, then the ‘pipe’ breaks
and a crack is generated. The flow paths were along the fracture
propagation direction, which confirms the law that cracks are al-
ways along the direction perpendicular to the minimum principal
stress. For example, for k > 1, the transversal stress s1 was greater
than the vertical stress s2, and the crack propagation direction and
flow path were generally along the direction of s1. Additionally, the
fracture pressure of PHF was less than that of THF for each same
side pressure ratio. All the samples of PHF had a larger area than
those of THF, and at k ¼ 1, the THF flows could not fracture the
sample and only produced some fractures around the hole; in
contrast, PHF produced a complicated fracture distribution and
larger fracture region.

Fig. 4 shows that the number of accumulated cracks increased
persistently and showed various increments during PHF and THF,
with different values of k until the fracturing process had finished.
As the time step increased, the final crack numbers of the specimen



Table 1
The mesoscopic parameters of the PFC model.

Particle basic parameters Parallel bond parameters

Particle density r (kg/m3) 2000 Mean shear strength t (MPa) 9
Minimum radii rmin (m) 0.15 Standard deviation of shear strength ts (MPa) 0.1
Size ratio rmax/rmin 1.6 Mean normal strength s (MPa) 9
Contact modulus E (GPa) 0.8 Standard deviation of normal strength ss (MPa) 0.1
Stiffness ratio kn/ks 1 Elastic modulus Ec (GPa) 0.8
Friction coefficient m 0.3 Stiffness ratio kn=ks 1

Damping constant g 0.7

Fig. 3. Numerical simulation of PHF and THF for k < 1, k ¼ 1, and k > 1: (a) the final sample model at different side pressures s1 and s2; (b) results of fracturing by PHF and THF for
k < 1, k ¼ 1, and k > 1, showing cracks, flow paths, and crack regions.
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at k < 1 or k > 1 for PHF were greater than those for THF, assuming
that the final numbers of cracks from PHF at k < 1 and k > 1 were 14
and 9 more than those from THF, respectively. Although the results
of crack numbers were almost the same at k ¼ 1 for both PHF and
THF, the cracked region for PHF was broader than for THF, as
illustrated in Fig. 3. Moreover, the incremental number of cracks in
PHF showed a larger difference from step 4 � 105 to the final step,
which might be related to the appearance of internal fatigue
damage and the decrease in strength. Thus, the fracturing effect
from PHF was better than that from THF.
4. Field application

4.1. General engineering situation

The Daxing coal mine is located in the southwest part of the
Tiefa Coalfield in Liaoning Province, China, as shown in Fig. 5. The
working face of N2706 is located in the middle of the north second
panel; it has a length, width, and area of 348e513 m, 165e180 m,
and 147 285 m2, respectively. According to the gas-geological map,
this working face possesses a high concentration of CBM, i.e.,
2.79e21.05 m3/t, with a mean value of 8.03 m3/t. The pressure of
CBM is 0.35e0.79 MPa and the permeability is low. To improve
mining safety, the CBM should be pre-extracted to reduce the
danger of a gas outburst. After consideringmany factors, such as the
complicated stratigraphic texture and the layout pattern of road-
ways, i.e., the 706 working face and the floor roadway, we selected
the crossing boreholes from the N2706 floor roadway to the coal
seam as the study area.
4.2. Project design of PHF with crossing boreholes

We tested the PHF process with crossing boreholes. Specifically,
we drilled fracturing holes and extraction holes in the floor
roadway, finally terminating at the 7th coal seam. We used PHF to
fracture the 7th coal seam and improve its permeability, with the
goals of effective extraction and mining safety.

The fracturing holes were arranged in the soft walls of the N2706
floor roadway. There was a total of six holes, placed where there
was an abandoned hole. The dip angles of all fracturing holes were



Fig. 4. Number of accumulated cracks through time for k < 1, k ¼ 1, and k > 1.
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consistent within 20�. The guide holes were drilled along the
directional fracturing path and were placed 5e6 m away from both
sides of the fracturing holes. All these guide holes were also used as
drainage holes to extract CBM. The dip angle of guide holes was
20 ± 3�. All the holes terminated at the 7th coal seam and the
drilling process was finished prior to the commencement of frac-
turing. The parameters of the fracturing holes and extraction holes
are listed in Table 2. The spatial layout of holes is shown in Fig. 6.
4.3. Selection of PHF parameter values

The coal seam is subject to triaxial stress caused by the overlying
rock and possesses a certain degree of strength from long-term
compression. According to the analysis of forces around a frac-
turing hole and classical fracturing theory (Hubbert and Willis,
1957), the initiation fracture pressure is influenced by many fac-
tors, such as in situ stress and rock strength (Li et al., 2015); thus,
the initiation fracture pressure could be calculated by:

Pini ¼ st þ 3s3 � s1 (8)

where st is the tension strength of the coal seam (MPa); s1 and s3
are the maximum and minimum effective principal stress, respec-
tively (MPa); si ¼ si � zPpore; ði ¼ 1;3Þ. si and Ppore are the principal
stress and pore stress, respectively; and z is the pore pressure
coefficient.

Based on the ground stress measurement results from using
hollow inclusion cells (Kang and Feng, 2012) and after calculating
the difference between the stress of overlying rock and the effective
vertical principal stress, the pore pressure, maximum principal
stress, and minimum principal stress are 1.34, 28.4, and 20.27 MPa,
respectively. The tensile strength of coal is 2.31 MPa, and z is set to
0.8. Thus, the value of Pini is 30.27 MPa. From this, the initiation
fracture pressure of THF is set at 30.27 MPa.

From the pre-test results of PHF physical experiments, the
injecting frequency was set from 6 Hz to 24 Hz. According to the
sealing theory and process of PHF from section 2.3, the required
packer pressure Ppacp in the upward-crossing holes from the 706
floor roadway to the 7e2 coal mine must be calculated first. A
mechanical model for an expanding packer under fracture water
pressure loads was estimated, as shown in Fig. 7.
To guarantee the packer in the PVC tubewould not being rushed

out, the force condition meets the following equality:8<
:

Ffric ¼ l
�
PpacpSpac þmg cos q

�
Fpeak ¼ PiwpSpvc þmg sin q
Ffric � Fpeak

(9)

where Ffric, is the frictional force between the packer and the PVC
tube; Fpeak is the peak pressure from the pulse water pressure and
packer self-gravity. Ppacp and Piwp are the pressure of the expanded
packer and the peak pressure pulse water (MPa); Spac is the
circumferential contact area between packer and PVC tube, (m2);
and Spvc is the cross-sectional area of the PVC tube, (m2); l is the
friction coefficient between the packer and the PVC tube; m is the
weight of the expanded packer; and q is the angle between the
fracturing hole and the horizontal plane.

From this, the required packer pressure Ppacp could be calculated
as follows:

Ppacp � 1
Spac

�
1
l

�
PiwpSpvc þmg sin q

��mg cos q
�

(10)

According to Eq. (8), the maximum initiation pressure of this
working face is 30.27 MPa, so Piwp should be 30.27 MPa. Based on
test results for the packer, m is 30.144 kg (for two packers) after
expanding and filling with water. Spac and Spvc are 1.5072 and
0.0113 m2, l is 0.5, and q is 20�. Thus, Ppacp is 0.45 MPa, and in this
study, Ppacp is set to 0.45 MPa.

5. Results and discussion

5.1. Results of PHF

After a period of PHF, running water appeared at all the guide
holes. This was regarded as the end of the fracture process, and the
fracture holes and guide holes were connected to the CBM drainage
network. Detailed information on all the fracturing holes is pro-
vided in Table 3. Scatterplots of the main parameters of all fracture
results and a comparison of the pressure between PHF and THF are
shown in Figs. 8 and 9.

From Fig. 8, there exists a positive correlation between duration
and water volume (fitting coefficient 0.9643), as well as fracturing
radius (fitting coefficient 0.966), i.e., the longer the duration, the
greater the water volume and the greater the fracturing radius.
However, fracturing radius seems to increase slowly as duration
increases, which might be influenced by the geologic structures.
The initiation pressures for PHF were 25.7, 22.4, 26.7, 23.9, and
27 MPa and the calculated initiation pressure was 30.27 MPa, as
shown in Fig. 9, in good agreement with the results of the theo-
retical calculation, as described in Section 2. Additionally, the fa-
tigue effect of PHF decreased the initiation pressure by 10.8%e26%.

5.2. Variations in gas drainage data

After all the fracturing holes and guide holes had been con-
nected to the drainage network, we used a gas gauge to measure
the drainage concentration and drainage pure volume three times a
day. Data logging persisted for almost 2 months. Three groups of
drainage data were averaged daily: the monitored gas drainage
data, fracturing holes #1, #3, and #5, and guide holes #1e2, and
#3e4were selected to be the observation subjects to determine the
variation in their drainage parameters. Fig. 10 shows the variation
of the drainage parameters of these five selected holes.

During monitoring over a period of 60 days, all the fracturing



Fig. 5. Geological map of Daxing coal mine, Liaoning Province.

Table 2
Parameters of fracturing holes and extraction holes.

Location Hole type Diameter (mm) Hole depth (m) Dip angle (�) Horizontal angle (�)

N2706 floor roadway fracturing 133 35e60 20 90
guide (drainage) 133 35e60 20 ± 3 90
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holes and guide holes showed approximately similar variation of
drainage parameters, including drainage concentration and
drainage pure volume. The variation displayed a decrea-
singeincreasingedecreasing pattern in all the curves. Based on this
pattern, the process was divided into three phases: water blocking,
rising, and attenuation. During the initial drainage process, many
cracks were generated after PHF and large amounts of CBM were
expelled. With the effect of water blocking (Ni et al., 2016), the
drainage parameters of CBM began to decrease. As the water
evaporated under the effect of negative air pressure in the drainage
network, the propagated cracks provided many flow paths for CBM
drainage. The maximum drainage concentration and drainage pure
volume were 45% and 0.43 m3/min, respectively. Moreover, the
drainage parameters of fracturing holes were more than those of
the guide holes during the attenuation phase, which indicated that
the greater the number of cracks, the larger the apertures of cracks
generated around fracturing holes, whereas there were fewer
cracks with smaller apertures around guide holes; thus, for the
same desorption and drainage negative pressure, the attenuation
velocity of fracturing holes was less than that of guide holes.

To compare the fracturing effect of PHF with that of crossing
holes and THF, we selected some THF holes, i.e., the # 3 hole of
group 23, # 4 hole of group 24, and # 4 hole of group 30, in the same
floor roadway. Fig. 11 shows the difference in drainage parameters
between the PHF holes (# 2, # 4, # 5) and the three groups of THF
holes during a 2-month period. For drainage concentration, on day



Fig. 6. Layout of crossing pulse hydraulic fracturing holes and guide holes in the design phase and site operation.

Fig. 7. Mechanical model of an packer in a fracturing hole.

Fig. 9. Values of PHF pressure and initiation THF pressure.

Fig. 8. Main parameters of all the PHF fracturing holes.
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28, the value for PHF was 38%e42%, while that for THF was 22%e
29%; on day 60, the values for PHF and THF were 25%e32% and
12%e13%, respectively. Thus, from the comparison of concentration
variation, PHF had more dominance and effect in drainage con-
centration than THF. Furthermore, the drainage concentrations
from PHF exhibited some fluctuations, which might be related to
internal micro-cracks generated by the PHF fatigue loads. These
micro-cracks provided persistent flow paths for CBM migration,
whereas the concentration from THF solely decreased without
induced micro-damage. Meanwhile, in terms of drainage pure
volume, a change was apparent on day 13. The pure volume of PHF
increased then decreased; that of THF persistently decreased. On
the final day, the pure volume of PHF was 0.2e0.27 m3/min and the
value for THF was 0.05e0.1 m3/min. To simplify the quantification
analysis, the two-dimensional area was used to calculate the dif-
ference between the two fracturing methods.

Fig. 11 represents the gap with two areas Sc and Spv, and the
areas were calculated by

Sc ¼ ðc1 þ c4 � c2 � c5Þðt3 � t1Þ
2

� ðc1 � c4Þðt3 � t2Þ
2

(11)

where t1, t2, and t3 are the various day when obvious difference
occurred, and c1, c2, c3, c4, and c5 are concentration values on rele-
vant day respectively.
Table 3
Details of all the PHF fracturing holes.

Sealing length/m Duration/min Water volume/m3 Fracturing radius/m Frequency/Hz Pressure/MPa Sealing effect during PHF

# 1 21 69 10.2 8 10e24 25.7 well
# 2 19 65 9.4 7.5 15e25 22.4 well
# 3 22 55 7.3 6.8 10e20 26.7 well
# 4 20 45 6.7 4.5 8e20 23.9 well
# 5 18 60 8.6 7.1 12e22 27 well



Fig. 10. Variation of drainage parameters of fracturing holes # 1, # 3, and # 5 and guide holes # 1e2 and # 3e4 during a 60-day period.

Fig. 11. Difference in drainage parameters between PHF holes (2 #, 4 #, and 5 #) and three groups of THF holes (3 # hole of group 23, 4 # hole of group 24, and 4 # hole of group 30)
during a 2 month period.

Fig. 12. Production histogram and cumulative production of reservoir by PHF and THF.
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Spv ¼ ðq1 þ q3 � q2 � q4Þðt3 � t1Þ
2

(12)

where q1, q2, q3, and q4 are different pure volumes at various days.
From the actual values, the difference in drainage pure volume

between PHF and THF was 6091.2 m3.
Fig. 12 shows the production histogram and cumulative pro-

duction of the reservoir by PHF and THF. By comparison, the pro-
duction per month of PHF was greater than that of THF; moreover,
the production of the fourth month by PHF reached the maximum
values, longer than that by THF. The cumulative production by PHF
per year was 5.29 � 105 m3, with a mean data production of
1450 m3/d, while that by THF was 4.08 � 105 m3, with a mean data
production of 1120 m3/d. These results all showed that PHF had
greater fracturing capacity than THF by weakening the reservoir
strength and forming complicated fracture networks.

5.3. Change of permeability

Coal is a porousmedium and has a natural ability to absorb CBM.
In general, the surface area of the coal determines the quantity of
coal-surface adsorbed gas, and the size of the coal surface area is
related to the pore characteristics of the coal (Busch et al., 2003;



Fig. 13. Incremental mercury intrusion variation at different pore diameters measured by MIM of cores for pre-PHF and post-PHF samples and related parameters measured using
MIN and CO2AM.
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Clavaud et al., 2008; Dutta et al., 2011; Weniger et al., 2012; Pan
et al., 2012). Therefore, evaluation of pore characteristics of coal is
significant to assess the changes of permeability to compare the
pre-PHF and post-PHF conditions. Currently, commonly used test
methods for pore characteristics are mercury intrusion experi-
ments, nuclearmagnetic resonance, and gas adsorption (Gawor and
Skoczylas, 2014; Ni et al., 2015; Zou et al., 2014a,b, Liu et al., 2015).
The mercury intrusion method (MIM) and the CO2 adsorption
method (CO2AM) were synthetically used to measure the changes
in pore size to assess the permeability changes in this study. We
drilled some cores both prior to and after PHF at same distance
from the fracturing hole, and measured the pore parameters using
MIM and CO2AM.

From Fig. 13, the incremental mercury intrusion of the smaller-
scale micropores increased, indicating that PHF relatively enlarged
the scale of the micropores, whereas the changes in mesopores and
macropores showed local variation. The fatigue damage resulting
from PHF persistently loaded the cores and shocked the grains
around all three types of pores under the effect of the exciting
oscillation, and thus malpositioning, slippage, and fracturing of
pores occurred, which resulted in changes in the primary size and
shape of pores. The proportion of micropores, mesopores, and
macropores decreased by 7.7% and increased by 23.1% and 2.9%,
respectively, relative to the pre-PHF condition. Changes in the pore
size induced variation of superficial area, and desorption of CBM
might have led to deformation of pores, which influenced the
mercury intrusion. Under the effect of crustal stress, compaction
and collapse occurred in macropores, most of the macropores
became mesopores, so the increase was largest for mesopores. For
pre-PHF samples, the cumulative pore areas measured by MIM and
CO2AM were 14.843 and 109.15 m2/g, respectively, whereas the
post-PHF values were 16.969 and 135.84 m2/g, respectively. The
cumulative pore areas increased by 2.126 m2/g and 26.69 m2/g for
MIM and CO2AM, respectively. The pre-PHF and post-PHF porosity
values were 3.7756% and 4.4281%; thus, this field application of
PHF with crossing holes had a significant effect in improving the
permeability of CBM reservoirs.
6. Conclusions

The primary conclusions of this paper are as follows:
(1) Pulse pressure water flowed in the fractures and propagated
pulse waves into internal rocks, inducing cumulative fatigue
damage by exciting oscillation and finally decreasing the
fracturing strength. When pulse water encountered a non-
penetrated crack, eddies were generated, which increased
the pressure amplitude under the reflex action of the crack
plane. This coupled mechanism is characteristic of PHF and
has a stronger effect than THF.

(2) PFC2D was used to compare the difference between PHF and
THF for different values of the side-pressure ratio k. The re-
sults showed that fracturing paths conformed to the law that
cracks always form along the direction perpendicular to the
minimum principal stress. The fracturing pressure for PHF
was lower than that for THF. Furthermore, the number of
cracks produced by PHF was greater than that by THF.

(3) A mechanical model for an expanding packer under fracture
water pressure loads was estimated based on the upper
crossing fracturing hole, and the pressure of the packer was
calculated. After PHF, there exists positive correlation be-
tween duration and water volume (fitting coefficient
0.9643), as well as fracturing radius (fitting coefficient
0.966), i.e., the longer the duration, the greater the water
volume and the greater the fracturing radius. The parame-
ters, included duration and water volume. All the fracturing
pressure values for five fracturing holes were smaller than
the initiation fracture pressure for THF.

(4) During the process of extraction during the 60 days after PHF,
the drainage parameters displayed approximately similar
variation. Three phases could be identified based on changes
in these parameters: water blocking, rising, and attenuation.
Area quantification analysis based on a two-dimensional
area was used to compare the difference between PHF and
THF. The difference in the drainage pure volume was
6091.2 m3, demonstrating that the fracturing effect from PHF
was better than that from THF.

(5) The field application showed that the proportion of micro-
pores decreased by 7.7%, while the proportion of mesopores
and macropores increased by 23.1% and 2.9% after PHF,
respectively, which represented a significant improvement
in the permeability of the CBM reservoirs.
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