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ABSTRACT: The geological conditions of coal reservoirs in Iraditional hydraulic fracturing Multi-fracturing
China are complex, and the reservoir permeability is generally
lower. Multifracturing is an effective method of improving reservoir
permeability and coalbed methane (CBM) production. In this ;..
study, two types of dynamic loads, CO, blasting and a pulse
fracturing gun (PF-GUN), were used to conduct multifracturing
engineering tests in nine surface CBM wells in the Lu’an mining

area in the central and eastern parts of the Qinshui Basin. The
curves of pressure versus time of the two dynamic loads were
obtained in the laboratory. The prepeak pressurization time of the 2!
PF-GUN was 200 ms, and that of the CO, blasting was 2.05 ms, e
which just falls in the optimum pressurization time of multi-
fracturing. The microseismic monitoring results revealed that, in

terms of the fracture morphology, both the CO, blasting and PF-GUN loads produced multiple sets of fractures in the near-well
zone. In the six wells used for the CO, blasting tests, an average of three branch fractures were produced outside of the main fracture,
and the average angle between the main fracture and the branch fractures exceeded 60°. In the three wells stimulated by PF-GUN,
an average of two branch fractures were produced outside of the main fracture, and the average angle between the main fracture and
the branch fractures was 25—35°. The multifracture characteristics of the fractures formed via CO, blasting were more obvious.
However, a coal seam is a multifracture reservoir with a large filtration coefficient; the fracture will not extend after reaching the
maximum scale under a certain gas displacement condition. Compared with the traditional hydraulic fracturing technique, the nine
wells used in the multifracturing tests exhibited an obvious stimulation effect with an average increase of 51.4% in daily production.
The results of this study provide an important technical reference for the efficient development of CBM in low- and ultralow-
permeability reservoirs.

1. INTRODUCTION secondary microfractures around the artificial main fractures
and finally to form a fracture system in which the artificial main

For low-permeability reservoirs, increasing the permeability is
fractures, natural weak structural surfaces, and multilevel

the key to improving coalbed methane (CBM) production.'

Network fracturing has achieved great success in the secondary microfractures interweave and communicate with
development of shale gas in extremely low permeability each other."™'® However, there are also fundamental differ-
reservoirs,” which has important reference significance for ences between the multifracturing and network fracturing
the development of CBM. The core of network fracturin% methods. Network fracturing aims to open up the connectivity
technology is a horizontal well and multistage fracturing.é_ of the cleats and form curved and coiled microfractures around
The basic theory is to use multistaﬁe fracturing to form stress the main fractures. In addition to the tensile failure of the
interference in the reservoir.””"" Through bending and bedrock, the fractures produced by multifracturing also include
expansion of the fractures formed via fracturing, the primary the mechanical behaviors of natural fractures, such as shearing,

fractures in the reservoir are connected to the maximum extent

possible, thus increasing the permeability and conductivity of

the reservoir. The purpose of multifracturing is to form -

multiple main radial fractures around the wellbore and then to Received: October 31, 2022

extend microfractures from the multiple main fractures.'>"? AccePted: January 31, 2023
The similarity between the multifracturing technique and Published: February 9, 2023

the network fracturing technique is that both make full use of

natural weak structural surfaces such as natural fractures and

rock bedding.'” The goal is to increase the multilevel

sliding, and staggering.'®'” High-density fracture behavior
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Figure 1. Structural diagram of the Gaohe mine field. The study area is located in the southeast of Qinshui Basin, China, and the 10 testing wells,
labeled HG78, HG79, HG82, HG83, HG8S, HG86, HG87, HG88, HGYS5, and HG173 are distributed in an area of about 1.2 km?2

alleviates the stress concentration in the coal and rock mass
and homogenizes the in situ stress state within the influence
range of the fracturing. In addition, it guides the formation of
the multifracturing effect over a wider range and it increases
the conductivity of the fractures at the same scale. It can be
said that multifracturing is an enhanced version of network
fracturing."®

Multifracturing has been studied for a long time in
conventional oil, gas, and shale gas development,"”™*' but
there is no precedent for its application to CBM production. In
conventional oil and gas development, multifracturing is
mainly based on high-energy gas fracturing.”>*’ In this
process, a rocket propellant produces in situ stress pulses in
a short time at the target layer,”* increasing the stimulated
reservoir volume (SRV) by generating multiple radial fractures
with stress pulses” and thereby fracturing the stratum and
increasing production and injection. The pressure pulse
generated by the thermochemical fracturing method generates
a large number of complex microfractures, which leads to the
reduction of breakdown pressure and breakdown time and
more effectively guides the design and production of a
subsequent hydraulic fracturing treatment.”*”*' However,
compared with conventional oil and gas sandstone reservoirs,
coal reservoirs have a smaller elastic modulus and larger
Poisson ratio, making them typical incompressible or difficult-
to-compress reservoirs in conventional oil and gas reservoirs.
To achieve the radial expansion effect of multifracturing in coal
reservoirs, the performance of the fracturing load must be
optimized based on the geomechanical characteristics of coal
reservoirs.

CO, blasting is a green fracturing technology, has less
impact on the formation and environment, and has the
potential of mitigating global warming.””> CO, blasting is a
dynamic load fracturing technique, which involves the
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conversion of liquid CO, into the gas phase to release a
large amount of energy into the coal rock, thus producing a
fracturing effect.”> >° Compared with high-energy gas
fracturing, the dynamic load formed by CO, blasting has a
lower frequency and longer wavelength, which can form a large
fracture system in coal reservoir. CO, blasting has been shown
to have great technical advantages in underground gas drainage
in coal mines.””** The influence radius of a single hole reaches
7—12 m,” the permeability of the reservoir increases by 50—
100 times on average, and the flow rate of the single-hole gas
extraction increases by 2—8 times."” Unfortunately, this
method has not been tested and applied in surface CBM wells.

In this study, a set of multifracturing experiments for CBM
production were conducted in Lu’an mining area in the central
and eastern parts of the Qinshui Basin, Shanxi Province, China.
Two methods were used in the experiments, CO, blasting and
pulse fracturing gun (PF-GUN). Based on the two groups of
experimental results, the fracture distribution pattern and the
effect on increasing the CBM production after fracturing were
analyzed in detail, and the advantages of CO, blasting in
multifracturing were determined. The results of this study have
important significance for promoting the efficient development
of CBM in ultralow-permeability coal reservoirs.

2. ENGINEERING EXPERIMENTS AND METHODS

2.1. Geologic Setting. From 2017 to 2018, a set of
multifracturing engineering tests were completed in the Lu’an
mining area, the central section of the eastern margin of the
Qinshui Basin, Shanxi Province, China. The tests were
conducted in 10 test wells. CO, blasting was conducted in
six wells, PF-GUN was conducted in three wells, and one well
was used as a comparison well.

The test well group was located in the northern part of the
Gaohe mine field in the Lu’an group. The control area of the

https://doi.org/10.1021/acsomega.2c07001
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Table 1. Statistics of the Completion Parameters of the 10 Test Wells

burial depth floor elevation coal seam thickness reservoir stress reservoir stress gradient permeability

well no. (m) (m) (m) (MPa) (MPa/100 m) (mD)
HG 78 493.2 422.09 6.25 242 0.49
HG 79 507.3 415.82 7.1 2.24 0.44
HG 82 504.85 422.25 53 248 0.49 0.45
HG 83 524.74 401.86 6.0 2.79 0.53
HG 85 512.95 414.77 7.8 2.63 0.51
HG 86 522.68 40S8.15 6.65 2.88 0.55
HG 87 512.17 415.87 7.1 2.17 0.42
HG 88 517.57 410.32 7.1 2.26 0.44 0.058
HG 95 531.87 393.75 7.1 2.62 0.49 0.083
HG 173 512.6 402.85 6.6 1.62 0.32
average value 513.9 410.4 6.7 2.41 0.47
10 test wells was about 1.2 km”. There is no obvious geological Magnetic positioning €O, blasting
structure in the area, and the entire area is a monoclinic dep";z;‘;“n:‘: and ‘ it e wall

structure that is high in the east and low in the west (Figure 1).
The target stratum for CBM development was the #3 coal
seam in the Permian Shanxi Formation. The burial depth was
493.20—531.87 m, with an average of 513.9 m. The floor
elevation was 393.75—422.25 m, with an average of 410.4 m.
The coal seam thickness was 5.30—7.8 m, with an average of
6.7 m. The coal structure type of the #3 coal seam was mainly
primary structure coal and catallactic coal, and the fractures
were uneven and conchoidal. The initial reservoir stress was
1.62—2.88 MPa, with an average of 2.41 MPa and a stress
gradient of 0.32—0.55 MPa/100 m. The measured perme-
ability of the #3 coal seam was 0.083—0.45 mD, with an
average of 0.197 mD, making it a typical low-stress and low-
permeability coal reservoir. The basic reservoir parameters are
presented in Table 1.

The microseismic monitoring results of several CBM wells
in the adjacent area revealed that the horizontal maximum
principal stress in the area was 9.15—17 MPa, with an average
of 1425 MPa, and the minimum principal stress was 7.79—
10.56 MPa, with an average of 8.83 MPa. The horizontal
maximum principal stress direction was NE 36.1—48.5° and
the lateral stress ratio was about 1.61.

2.2. CO, Blasting Experiments. In the CO, blasting
experiment, a type @89 mm fracturing pipe made by Henan
Polytechnic University,33’38 China, was used. The fracturing
pipe consisted of an inflation valve, heater, fracturing tube,
controlled-pressure shears, and jet valve. The liquid CO,
capacity was determined by the length of the reservoir tube,
which was an average 1 m reservoir tube containing 3.5 kg of
liquid CO,. The blasting pressure of the fracturing pipe was
determined by the thickness of the controlled pressure shears.
The greater the thickness of the controlled pressure shears, the
higher the blasting pressure. To ensure the stability of the
fracturing pipe in the well after blasting, the project design
adopted the double pipe hedging operation process: that is, the
release head of the No. 1 fracturing pipe was directly
connected to the release head of the No. 2 fracturing pipe.

The CO, blasting experiment was mainly completed using a
crane and logging truck. The steps of the experiment mainly
included magnetic positioning depth sounding and bottoming,
CO, blasting into the well, wellbore liquid injection, fracturing
operation, and removal of the equipment from the well; the
workflow is shown in Figure 2. A single well generally operated
for 2—3 cycles. The relevant test parameters are presented in
Table 2.
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Figure 2. Workflow diagram of CO, blasting.

Table 2. Statistics of CO, Blasting Test Parameters

no. of operation blasting pressure liquid C(Oz)capacity
k

well no. cycles (MPa) g
HG 82 1 45 13.1
HG 85 1 30 14.5
2 30 21.05
HG 87 1 45 13.6
2 60 20.2
HG 88 1 30 21.1
2 45 21.1
3 30 132
HG 83 1 30 274
2 60 20.3
3 60 13.8
4 60 13.4
HG 86 1 60 132
2 60 20.3
3 60 21.1
4 60 27.2

2.3. PF-GUN Experiments. The PF-GUN is a new type of
high-energy gas fracturing technology.""** It uses propellants
with different burning rates as the power source. Through
optimization of the design of the charge structure, the pressure
rise time, pressure peak, and pressure action process can be
accurately controlled. A multistage gas stratum can be
fractured at the same time to produce multiple fractures and
to communicate with the natural fractures in the coal seam to
increase production.43

The operation process of the PF-GUN was the same as that
used forCO, blasting (Figure. 3). The PF-GUN has no
postcombustion residue and the equipment can be reused. And
the workflow of PF-GUN is shown in Figure 4. The PF-GUN
technique was used in test three wells, such as well HG 95. The
relevant test parameters are presented in Table 3.

2.4. Testing the Multifracturing Effect. Microseismic
monitoring is a geophysical technique in which acoustic
emissions and seismic activity are used to monitor the
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Figure 3. PF-GUN operation site. After the PF-GUN operation, the
wellbore water column rushed out about 22 m due to a sudden
pressure increase in the bottom hole.

influence, effect, and reservoir state by observing and analyzing
microseismic events generated during production activ-
ities."” ™ In recent years, the theoretical method of micro-
seismic monitoring has been rapidly developed.*”** Because of
its advantages in verifying and modifying fracturing models,*’
guiding the selection of the fracturing fluid and judging the
amount of sand, ensuring the fracturing operation according to
the design, improving the production after fracturing, and
extending the validity period after fracturing,”” it has gradually
attracted widespread attention. The morphology of the
fractures created via fracturing is an important index used to
evaluate the fracturing effect. The distribution of the fracture
morphology includes parameters such as the number of
fractures and the fracture intersection angle.

The entire fracturing process in the 10 multifractured wells
was monitored using the microseismic monitoring method.
The fracturing monitoring stations were deployed in a star
pattern, with the wellhead as the center and a radius of 60—120
m (Figure S). First, 30 min of debugging was conducted before
the start of the fracturing preparation; after the completion of
the fracturing, the monitoring was continued for 30 min to
ensure the integrity of the data received.

3. RESULTS AND DISCUSSION

3.1. Fracture Morphology Produced via Multifractur-
ing. The ground microseismic monitoring method was used to
monitor the entire process during the two groups of tests.
Based on an inversion of the source information, the fracture
morphology and influence radius of the two preset reservoir
fracturing techniques were determined.

3.1.1. Influence Radius of Fracturing. The influence radius
of the fracturing is an important parameter for measuring the
fracturing effect. The influence radii of the fracturing in the two
groups of tests are presented in Table 4. The influence radius
of the CO, blasting was 16.3—29.9 m, and the influence radius

Table 3. Statistics of the PF-GUN Test Parameters”

well no. no. of operation cycles PF-GUN capacity (kg)
HG 95 1 114
2 114
HG 173 1 114
2 114
HG 79 1 11.4
2 114

“Type 89 mm, outer diameter of 60 mm, density of 3.8 kg/m>. Gas
production of 960 L/kg at 10 °C and 101 kPa.

Well location

Microseismic equipment

Geophone

Figure S. Monitoring station layout. 12 geophones were arranged in a
circular area of about 150 m range around the wellhead. The changes
of fractures in the coal reservoir were analyzed by a subsequent
processing.

of the PE-GUN was 18.5—37.6 m; the PF-GUN-induced radial
fracture length is better than that of CO, blasting.

3.1.2. Fracture Morphology Distribution. The fracture
morphology produced via fracturing is an important index for
evaluating the fracturing effect. The distribution of the fracture
morphology includes the number of fractures and the fracture
intersection angle. To more clearly explain the fracture
morphology characteristics of the multifractures produced via
the fracturing methods, the monitoring results of well HG 79
(PE-GUN test) and well HG 83 (CO, blasting test) were
selected for illustration.

3.1.2.1. Fracture Morphology Distribution of Well HG 83
for CO, Blasting Test. From a top view of the effective events
recorded via microseismic monitoring, it can be seen that the
fracture morphology formed using the CO, blasting technique
in well HG 83 is asymmetrically crossed, and the influence
radius is 21.3—24.6 m (Figure 6a). The overall shape of the
fracture is not obviously controlled by the direction of the
regional principal stress. The main fracture (blue) produced by
fracturing is oriented NE60°, and there are three obvious

Magnetic positioning
depth sounding and ‘ inIt,:tl(l:Te UvI:ell ‘ Fracturing operation ‘ Fracturing operation
bottoming

Figure 4. Workflow diagram of PF-GUN.
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Table 4. Statistics of the Microseismic Monitoring Parameters

technique well number no. of operation cycles influence radius (m) no. of effective microseismic events standard error
CO, blasting HG 82 1 16.3—-20.6 20 1.5399
HG 83 4 21.3-24.6 20
HG 85 2 23.1-29.2 18
HG 86 4 19.6-23.3 14
HG 87 2 25.7-29.9 22
HG 88 3 26.2—28.7 18
PE-GUN HG 95 2 27.3-29.6 21 4.6767
HG 173 2 18.5-214 16
HG 79 2 37.0-37.6 28
10 fractures formed using the PF-GUN technique in well HG 79
a b are elliptical in shape with an influence radius of 37.0—37.6 m
(Figure 8a), and the overall shape of the fractures is controlled
100,
0 > a b
\
L 0 .
-100 ‘ £
-

0 100

Figure 6. Top view of microseismic events and three-dimensional
fractures formed via CO, blasting in well HG 83. The yellow dots in
(a) represent microseismic events, and the colored lines in (b)
represent a potential fracture network. The larger blue networks
indicate the primary fracture, while the purple, red, and yellow
networks represent the branch fractures.

branch fractures, which are oriented NE80°, NWS59° and
nearly east—west. The intersection angle of the four main
fractures is 119°, and they exhibit typical multifracture
characteristics (Figure 6b). According to the microseismic
results of other wells, the number of fractures after CO,
blasting is 4—S5.

Figure 7 shows the development state of the primary
fractures in the near-well area induced by CO, blasting in well

200 Fracture structure analysis -

100
0 - : :?!&,/ = -

00| 4N

4=

-200 |
-200 -100 0 100 200

Figure 7. Trend of original fractures induced by CO, blasting. The
yellow dots represent the microseismic events, and the green lines
indicate the direction and scale of original fractures induced by CO,
blasting.

HG 83. The induced fractures were divided into two groups,
NE 50—-70° and NW 20—40°, which were crossed. The angle
between the directions of the radial fractures induced by CO,
blasting is approximately vertical, making it easier for later
hydraulic fracturing to expand around the wellbore and
increasing the stimulated reservoir volume (SRV).

3.1.2.2. Fracture Distribution Morphology of Well HG 79
in PF-GUN Test. It can be seen from the top view of the
effective events recorded via microseismic monitoring that the

6588
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Figure 8. Top view of microseismic events and three-dimensional
fractures produced via PF-GUN in well HG 79. The yellow dots in
(a) represent microseismic events, and the colored lines in (b)
represent a potential fracture network. The larger blue networks
indicate the primary fracture, while the purple and red networks
represent the branch fractures.

100

by the direction of the regional principal stress. The main
fracture (blue) produced via fracturing is oriented NE60°, and
there are two obvious branch fractures, which are oriented
NE25° and NE40° (Figure 8b). Compared with the CO,
blasting technique, after the PF-GUN technique was applied,
there was no obvious sign of fracture extension in the coal
reservoir outside the direction of the regional maximum
principal stress, but the influence radius of the PF-GUN
technique was relatively large.

Figure 9 shows the development state of the primary
fractures in the near-well induced using the PF-GUN
technique in well HG 79. The induced fractures were divided
into two groups: NES0—70° and NW20—40°. The NES0—70°
fractures, which extended along the direction of the maximum
principal stress, accounted for a significant proportion of the
fractures. This phenomenon also shows that PF-GUN can
induce large-scale and dense fractures in a fixed direction, but
the fractures formed in other directions are short and few,
which has certain limitations for an increase in SRV in later
hydraulic fracturing.

3.2. Effect of Multifracturing Stimulation. 3.2.1. Effect
of Multifracturing on Fracture Extension. The influence
radius of the fractures formed by the dynamic load was small,
and its role in the entire fracturing process was equivalent to
presetting a fracture near the wellbore. In this test, after two
types of dynamic loads were applied, large-scale hydraulic
fracturing was carried out in the 10 test wells. In the processing
of the microseismic monitoring results, the time-sharing
fracture processing technique was used to restore the dynamic
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Figure 9. Microseismic monitoring of the trend of the original fissure
induced via the PF-GUN technique. The yellow dots represent the
microseismic events, and the green lines indicate the direction and
scale of original fractures induced by PF-GUN.

process of the fracture propagation. The fracture monitoring
results for wells HG 83 and HG 79 were also used to
investigate the guiding effect of the dynamic load preset
fracture on the extension of the hydraulic fractures.

The fractures produced via conventional hydraulic fracturing
generally expand along the direction of the maximum
horizontal principal stress,”' ~>> and the direction of the
fractures is singular. In the case of a preset fracture, hydraulic
fracturing can further expand the length of the fracture
extension and increase the influence range of the fracturing. It
can be seen from the time-division fracture distribution map
for well HG 83 (CO, blasting fracture presetting) that, after
large-scale hydraulic fracturing was conducted, the influence
radius reached about 250 m, and the direction of the fracture

significantly changed after 65 m, from the original overall EN
extension direction to NNE. Through an analysis of the
fracture structure, it was found that the fracture scale of the NE
fractures was obviously larger than that of the NW fractures.
The fractures produced in the first 40 min were oriented
NNW; after 60 min, the fractures with this orientation did not
expand significantly. After the disturbance of the CO, blasting,
the hydraulic fractures in well HG 83 first expanded radially
around the wellbore and then turned toward the original
direction of the ground stress (Figure 10).

It can be seen from the time-division fracture distribution
chart for well HG 79 (PF-GUN fracture presetting) that,
overall, the subsequent fractures produced via hydraulic
fracturing expanded along the direction of the maximum
principal stress in the region. Although the NW-trending
fractures formed after 20 min, their overall expansion was not
obvious, and finally, a dense fracture cluster dominated by NE-
trending fractures was formed (Figure 11).

Therefore, the phenomenon that hydraulic fracturing
accommodates the original maximum principal stress direction
after CO, blasting fracture presetting was not obvious. The
fracture propagation length was short, and the shape was
complex, with a typical crossed fracture pattern. The density of
the final fracture network system was almost equal in the NE
and NW directions. From the time-division map for the
multifracture fracturing, it can be seen that the fracturing
fractures in the direction of the nonmaximum principal stress
appeared in the initial stage of the fracturing. This
phenomenon reflects the guiding effect of the preset fractures
on the in situ stress and on the fracturing fractures in the near-
wellbore area. The impact load changed the in situ stress in the
near-wellbore area and affected the fracture steering.

Table S gives the overall fracture orientation, length, and
number of branch fractures after hydraulic fracturing in the 10
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Figure 10. Time slice of the fracture network induced by CO, blasting. The fractures formed by CO, blasting have an obvious guiding effect on the
fracture extension of hydraulic fracturing. The fractures formed within 120 min of hydraulic fracturing are sliced according to time series, and the
slice time is marked on the upper right corner of each panel. The yellow dots represent the microseismic events, and the green lines indicate the
direction and scale of fractures. It is clear that the fracture scale and influence area increase gradually over time.
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Figure 11. Time-division fracture distribution for the PF-GUN fracturing in well HG 79. The fractures formed by PF-GUN have an obvious
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Table S. Fracture Parameter Statistics for the 10 Test Wells

fracturing induced fractures

main fracture

east flank west limb  branch fracture 1

well no.  fracture presetting technique direction

HG 78 no treatment nearly EW 232.1° 133°
HG 79 PF-GUN NES80° 230.1° 213.6°
HG 95 NE63° 232.1° 192.5°
HG 173 NE65° 231° 172.7°
HG 85 CO, blasting NE48° 228.8° 211.7°
HG 83 NWs0° 210° 211.7°
HG 86 NES0° 209.7° 214.2°
HG 87 NE40° 231° 212.5°
HG 82 NE60° 231.1° 212.5°
HG 88 NES0° 211.2° 213.6°

branch fracture 2  branch fracture 3  branch fracture 4

NE43°

Nw78° NW80°

NE60° NwW70°

NE70° NWs6°

NE64° nearly EW

NwW76° nearly EW nearly EW

NES6° nearly EW nearly EW

Nw3s° NwW7s° nearly EW

NE40° NE75° NW60° NW80°
NE45° nearly EW nearly EW nearly EW

wells in the test area. The results show that compared with well
HG 78 (without preset fractures), more than 1 branch fracture
was generated in each of the nine test wells after large-scale
hydraulic fracturing was conducted, and the intersection angle
of multiple fractures was large, with an average of 60—120°.
After using the PF-GUN fracture preset, one main fracture and
two branch fractures were formed in three wells of hydraulic
fracturing. Six wells using the CO, blasting preset formed two
or more branch fractures, three wells of which formed three
branch fractures and two wells formed four branch fractures.
Wang et al.’® believed that the mechanism of CO, blasting
includes two aspects: there is a rapid formation of multiple
radial fractures by the transmission of body waves, and then
the quasi-static pressure formed by gas expansion causes the
fractures to expand. Through laboratory testing and simulation
methods, it is found that the length of the body-wave-
generated radial fractures usually does not penetrate outward
any farther than several borehole radii; later, quasi-static action
will cause the propagation of about 4 fractures. The results are
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consistent with microseismic monitoring of the number of
fractures formed by hydraulic fracturing after CO, blasting
preset. According to microseismic monitoring results, the
radial fracture length formed by quasi-static action can reach
20 m.

According to Cao et al,”” CO, blasting technology can form
radial fractures from centimeters to meters scales in coal
reservoirs. Blasting loading experiments of anthracite samples
under a CO, overpressure of 21755 psi (150 MPa) were
carried out, and a field emission scanning electron microscope
(FESEM) was used to quantify coal matrix damage. Figure 12
shows the results; the CO, gas beam first destroys the fracture
system, and the CO, gas jet produces a damage mark (DM) on
the coal matrix, resulting in the
matrix. Then, the three fractures
radially to different directions,
(TRW) fracture pattern. When
connected and form a complex

tensile deformation of the
start from DM and extend
inducing a triradial-wing
numerical trifractures are
fracture network, a three-
dimensional fracture network is formed. The results also prove
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ACS Omega 2023, 8, 6584—6596


https://pubs.acs.org/doi/10.1021/acsomega.2c07001?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07001?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07001?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07001?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 12. (E—H) SEM photos of microfractures in CO, dynamically impacted coal at different positions of coal samples.”” Adapted with
permission from ref 57. There are two typical geological phenomena in the SEM photos; one is the damage mark (DM) which is marked with a red
circle, and the other is the triradial-wing (TRW) fracture which is marked with a yellow circle. The multifracture phenomenon under microscopic
conditions is exactly consistent with the large-scale fractures revealed by microseismic monitoring.

that, after CO, blasting, the impact load of CO, forms three
branched radial fractures in the coal matrix, which is consistent
with the results of microseismic monitoring.

Overall, the number of branch fractures induced via
hydraulic fracturing in the six wells in which the CO, blasting
fracture presetting technique was used was greater than the
number of branch fractures induced using the PF-GUN
fracture presetting technique. The angle between the branch
fractures and the main fracture produced via hydraulic
fracturing after CO, blasting fracture presetting was greater
than that for the PF-GUN fracture presetting technique.
Therefore, from the perspective of the morphological
distribution of the fractures, the presetting of CO, blasting
fractures to form complex multiple fractures was better than
that achieved using the PF-GUN fracture presetting technique.

3.2.2. Effect of Multifracturing on CBM Production.
Production data from the experimental wells were collected
and analyzed in detail. The maximum daily production of the
nine multifractured wells was 1228.8 m3/d (well HG 83)
(Figure 13), and the maximum average daily production was
529.9 m*/d (Table 6). The average daily production increased
by 51.4% after multifracturing compared to the region’s
previous average production of 350 m?/d.

After 1 year of drainage, the total production of wells HG 83
and HG 86 exceeded 100000 m>. The production of the six
well fractures using the CO, blasting fracture presetting
technique was generally higher than that of the three wells
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Figure 13. Production curve of well HG 83.

fractured using the PF-GUN fracture presetting technique.
This further illustrates the advantage of using the CO, blasting
fracture presetting technique in low-permeability reservoirs.
3.3. Discussion of Multifracturing of Coal Reservoirs.
3.3.1. Multifracturing Mechanisms of CO, Blasting and PF-
GUN. Numerous previous studies have been conducted on the
mechanism of fracture formation in inorganic rocks induced by
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Table 6. Drainage Data Statistics for the 10 Multifractured Demonstration Wells (Data as of February 20, 2019)

flow case
opening pumping  critical desorption pressure pressure

well no. pressure (psi) pressure (psi) (psi) (psi)
HG 78 350.99 153.74 36.26 14.50
HG 79 324.88 147.94 11.60 7.28
HG 82 359.69 22191 30.46 20.31
HG 83 404.66 152.29 44.96 3191
HG 85 381.45 174.05 3191 10.15
HG 86 417.71 126.18 30.46 21.76
HG 87 314.73 139.24 21.76 13.05
HG 88 327.79 113.13 13.05 0.00
HG 95 380.00 124.73 27.56 7.25
HG 173 234.96 89.92 36.26 21.76

maximum daily gas maximum daily cumulative gas vtvzttilr
production (m?/d) water yield (m*/d)  production (m?®) (m®)

298.5 5.9 39807.4 337.6

97.1 4.6 11052.2 887.0

53§ 3.96 83402.1 631.3

1228.8 7.2 129364.2 1551.5

945 4.18 59911.1 778.3

821.8 4.8 105702.7 558.5

187.7 6.48 226283 879.9

179.4 1.93 16635.9 448.0

284.3 6.1 29159.2 740.1

483.2 12.2 43481.6 240S.7

high-pressure gas. Cuderman et al.’**’ conducted in-depth

research on the behavior characteristics of fractures under the
action of high-energy gas and determined that the relationship
between the pressurization time of the radial fractures
produced by high-energy gas fracturing is

(1)

where t,, is the blasting time to the peak pressure (s), D is the
borehole (m), and Cg is the Rayleigh surface wave velocity
(m/s).

The Rayleigh surface wave velocity of the No. 3 coal seam in
the Shanxi Formation in the Lu’an mining area is 1590 m/s,
and the diameter of the completion casing of all of the test
wells is 139.7 mm. Using eq 1, the best pressurization time for
the formation of radial fractures using high-energy gas in the
coal reservoirs in this area was calculated to be 0.2—3.0 ms
(Figure 14).

We tested the impact pressure of CO, blasting in the
laboratory, and the pressure temporal curves are shown in
Figure 1S5a.
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Figure 14. Relationship between the fracture morphology and
pressurization time.”” Reprinted in part with permission from ref
59. Multifracturing has strict requirements on the pressurization time
of fracturing load. Under the condition of 139.7 mm wellbore
diameter, the optimum pressurization time of multifracturing is 0.2—
3.0 ms.
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The main factors affecting the effect of the dynamic load
fracture presetting using high-pressure gas are the pressuriza-
tion rate, pressure peak, and peak duration. The first wave peak
characteristics of the pressure—time history of the high-
pressure gas play a decisive role in the effect of the fracturing of
the coal seam. Using MATLAB software, the pressure data for
the first peak of the CO, blasting were fitted numerically. The
fitting function obtained under the condition of 95%
confidence is

CO, blasting: p(t) = 26498.3te™**7# (2)

According to eq 2, the pressurization rate of the CO,
blasting was 26498.3 psi/ms, and the time required for the
pressure to increase to the highest peak was 2.05 ms. Based on
actual test data compiled from the literature,*"** the
pressurization rate of the PF-GUN is 29—72.5 psi/ms, and
the time required for the pressure to increase to the highest
peak is 200 ms (Figure 15b). Based on the theoretical
calculations, it was concluded that the CO, blasting technique
was more consistent with the use of high-energy gas to fracture
the coal seams in the study area and to form multiple fractures
in the best pressurization time range of 0.2—3 ms.

3.3.2. Advantages of CO, Blasting in Enhancing CBM
Drainage Effectiveness. The core technical principle of CO,
blasting is that the high-pressure gas forms long fractures and
large-scale fracture pressure relief rings in the coal seam. CO,
blasting has three unique advantages. First, CO, blasting is a
low-detonation-velocity and high-pressure gas fracturing
technique; thus, it is more conducive to the formation of
long fractures and large-scale fracture circles. The high-
pressure gas propagation speed of the CO, blasting technique
is 300—400 m/s, which is one tenth of the high-pressure gas
propagation speed of explosive blasting (3000—4000 m/s).
This low-speed propagation is more conducive to the
formation of long fractures. Second, CO, blasting has a
pressurization rate that is more compatible with the character-
istics of coal reservoirs, and it has the essential advantage of
forming radial fractures in coal reservoirs. Third, the CO,
blasting pressure is relatively low, and there is no ultrahigh
pressure shock wave; thus, a coal crushing compaction zone
does not form near the hole wall, and only a large-scale fracture
circle is formed.

In addition, the role of CO, blasting in a coal seam is not
only the stress wave damage produced in the front-end high-
pressure gas phase jet stage but also the later quasi-static high-
pressure gas-phase expansion to reactivate the pre-existing
fracture system. In general, the greater the total amount of CO,
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Figure 15. (a) Pressure temporal curves of CO, blasting. (b) Pressure temporal curves of PF-GUN. The numerical fitting method was used to fit
the pressurization times of two dynamic fracturing loads; that of CO, blasting is 2.05 ms, and that of PF-GUN is 200 ms.

gas used in a single well, the longer the quasi-static duration of
the high-pressure gas phase, which is more conducive to the
formation of long fractures and large-volume retensioning
fractures. However, the complex fracture system in a coal
reservoir has a serious filtration effect on the fluid. Since the
new fracture system formed via CO, blasting expands to a
certain distance, when the filtration amount is greater than the
total amount of gas, the fracture stops extending and instead
disperses in the coal seam.

The relationship between the consumption of CO, in a
single well and the fracture extension scale in six wells (CO,
blasting test) revealed that, as the CO, consumption increases,
the scale of the fracture propagation initially increases and then
decreases (Figure 16). This indicates that, in a reservoir with a
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Figure 16. Relationship of fracture scale and liquid CO, consumption
in a single well.

certain permeability, the CO, blasting multifracture fracturing
technique has a maximum fracture length, and simply
increasing the single-well CO, usage cannot increase the
fracture extension length. This phenomenon is the result of
CO, blasting pressure, CO, capacity, and coal reservoir
properties. On the one hand, blasting forms a stress wave,
causing coal seam cracking. On the other hand, CO, gas pulses
through fractures and extends the pre-existing fracture system.
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However, the coal seam is a multifracture reservoir with a large
filtration coefficient; the fracture will not extend after reaching
the maximum scale under a certain gas displacement condition.
When the consumption of CO, used is continuously increased
in the later stage, the coal matrix expands due to the strong
adsorption of CO,, causing the existing cracks to close and the
scale of crack propagation to decrease. This provides a research
direction for further optimization of the CO, blasting
technique.

4. CONCLUSIONS

In the study area, two dynamic load fracturing techniques, CO,
blasting and PF-GUN, were compared. The effect of
multifracturing was analyzed via microseismic monitoring
and performance of gas production. The following conclusions
can be drawn

(1) Both CO, blasting and PF-GUN dynamic loads have
multifracture effects in coal reservoirs. The number of
fractures formed via CO, blasting is larger, the
morphology is more complex, and the intersection
angle of the new fractures is larger, but the extension
distance is relatively short.

(2) The radial fractures formed via CO, blasting in the near-
wellbore zone has an obvious guiding effect on large-
scale hydraulic fracturing. The extension direction of a
fracture formed by the combination of the two does not
completely align with the direction of the maximum
principal stress, and it has typical multifracture character-
istics.

(3) CO, blasting shows a good application effect in low-
permeability CBM development. The stress wave
produced by CO, blasting has the typical characteristics
of low frequency and long wavelength, which may be
potential advantages to form large-scale fractures. This is
the fundamental mechanism of multifracturing by
dynamic loads and should be the focus of future
research.
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