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Conventional hydraulic fracturing has several disadvantages, including a short eﬀective extraction time and low fracture conductivity
during long-term extraction. Aiming at overcoming these shortcomings, a similar simulation test of repeated hydraulic fracturing
was conducted in this study, and the evolutionary rules regarding the injection water pressure and stress distribution of the coal seam
roof during this repeated hydraulic fracturing were revealed. The research results show that after multiple hydraulic fracturing, the
number of cracks in the coal seam and the range of fracturing inﬂuence have increased signiﬁcantly. As the number of fracturing
increases, the initial pressure required for cracking decreases. The highest water injection pressure of the ﬁrst fracturing was 2.8 MPa,
while the highest water injection pressures of the second and third fracturing were 2.7 MPa and 2.4 MPa, respectively. As the number
of fracturing increases, the area of increased stress will continue to expand. After the ﬁrst fracturing, the impact radius of fracturing is
100 cm. After the second fracturing, the radius of inﬂuence of fracturing expanded to 150 cm. When the third fracturing was over, the
radius of inﬂuence of the fracturing expanded to approximately 250 cm. It can be seen that, compared with conventional hydraulic
fracturing, repeated hydraulic fracturing shows better fracturing eﬀect. The research results can be used as a basis for repeated
hydraulic fracturing ﬁeld tests to increase coal seam permeability.

1. Introduction
As coal mines of deep areas are mined, the characteristics of
coal seams, i.e., their low permeability, great gas extraction
diﬃculty, and low extraction eﬃciency, are becoming signiﬁcant [1–5]. Underground hydraulic fracturing technology for coal mines, as an important measure for controlling
gas disasters, can be used to open, propagate, and extend
cracks in coal seams, which fully relieve the pressure on the
coal mass and increase the permeability of the coal seams.
Moreover, this improves the gas extraction rate and eﬀectively prevents dynamic disasters such as coal and gas
outbursts. Therefore, it has been widely studied and applied
in recent years [6–10].

At present, scholars have studied the mechanism of
hydraulic fracturing to increase permeability [11–15], the
development of hydraulic fracturing technology and
equipment [16–20], and on-site testing and evaluation
[21–25]. And it is concluded that hydraulic fracturing can
signiﬁcantly improve the permeability of coal seams, which
is an eﬀective technology for controlling gas disasters
[26, 27]. However, at present, the qualitative research on
hydraulic fracturing is in the majority, and the theoretical
research is not deep enough. After the implementation of
hydraulic fracturing, the initiation and propagation of
fracture are aﬀected by many factors, such as coal seam gas
pressure, physical, and mechanical properties of surrounding rock mass and stress distribution, which makes it
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diﬃcult to be studied quantitatively. Moreover, most research studies focus on single hydraulic fracturing, and the
eﬀect of single hydraulic fracturing is often due to insuﬃcient fracture propagation and uneven extension, resulting
in poor permeability enhancement. The quantitative characterization of repetitive hydraulic fracturing for fracture
propagation and coal seam increase requires further
research.
Therefore, based on a similar simulation test, this study
compared and analyzed the water injection pressure, ﬂow,
crack initiation and propagation direction, and change law
for the range of the roof stress of the coal seam during
fracturing. The purpose was to explore the eﬀects of repeated
hydraulic fracturing on the fracturing range of coal seams
compared with conventional hydraulic fracturing. It is expected to provide a basis for increasing the permeability of
coal seams so as to achieve the purpose of extracting coal
seam gas eﬃciently and at low cost.
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stress cells used in the test were resistance strain models with
a measuring range of 0–6 MPa, and their built-in circuits
adopted the full-bridge connection. The stress surfaces of
resistance strain-type earth stress cells must be polished
before use to avoid introducing too many impurities. The
resistance test was conducted using a multimeter. This
multimeter was only used when the resistance between any
two wires had a reasonable value. Figure 3 shows pictures of
the YE2539 high-speed static strain gauge and the resistance
of the miniature stress cell being measured.
2.1.4. Water Pressure Acquisition System. To monitor and
record changes in the water injection pressure during the
hydraulic fracturing process eﬀectively, this test utilized an
automatic acquisition instrument for water pressure data to
record the water pressure automatically in real time in the
test. A picture of this automatic acquisition instrument for
water pressure data is displayed in Figure 4.

2. Experimental System and Procedures
2.1. Experimental System. The similar simulation test system
for the hydraulic fracturing primarily consisted of a test
model box, an in situ stress loading system, a data acquisition
system for the in situ stress, a water pressure acquisition
system, a pumping source device, and other auxiliary devices. A schematic diagram for the connection of the similar
simulation test system for hydraulic fracturing is shown in
Figure 1.
The test components are described as follows.

2.1.5. Water Pump. The JZ1.6-4.0/20 plunger metering
pump used in this test has a maximum rated ﬂow of 4.0 L/h
and can provide a maximum water pressure of 20 MPa. Its
motor has a working power of 0.37 kW, and the diameters of
the inlet and outlet are both 4 mm. Moreover, it has a
suitable medium temperature of not higher than 200°C and a
stabilized ﬂow viscosity of ±1％. Flange connections were
adopted to connect the inlet and outlet and could be adjusted
when the pump was running or stopped.

2.1.1. Test Model. The square test model box was welded
with 10 mm thick Q345 steel plates on the bottom and four
sides. The dimensions of the internal space
(length × width × height) were 500 mm × 500 mm × 600 mm.

2.2. Sample Preparation. This test model included three
layers (a roof stratum, coal seam, and ﬂoor stratum), with a
laying thickness of 200 mm for each layer. Materials were
selected based on the characteristics of the coal seam, the
roof, and ﬂoor strata. Materials similar to the coal seam, river
sand, and coal powder were used as aggregates, and cement
and gypsum were used as cementing materials. The roof and
ﬂoor were prepared using river sand (aggregate) and cement
(cementing material). The ratio of the similar materials used
for the roof stratum was as follows: river sand : cement :
gypsum : coal powder � 5 : 0.5 : 0.5 : 0, while that for ﬂoor
stratum was as follows: river sand : cement : gypsum : coal
powder � 5 : 0.3 : 0.7 : 0. In addition, the ratio of the similar
materials used for the coal seam was as follows: river sand :
cement : gypsum : coal powder � 6 : 0.3 : 0.7 : 1. Before laying
the similar simulation materials, various similar materials
were weighed using a platform scale in accordance with the
above ratios and stirred uniformly. Based on the test design,
these materials were laid according to the order of the ﬂoor,
coal seam, and roof, with each layer laid in a single operation. Furthermore, after being laid, each layer was dehydrated and maintained for a period before the next layer was
laid, to prevent the mixing or separating of materials on each
layer. After all of the layers were laid and solidiﬁed, the
counterforce frame and jack were installed to perform stress
loading on the model. The construction process is shown in
Figure 5.

2.1.2. Stress Loading System. The in situ stress loading
system in this test consisted of a hydraulic jack with a
measurement range of 0–10 MPa and a counterforce frame.
The maximum jacking force of the hydraulic cylinder was
10 t. The counterforce frame was supported by four cylindrical screws with diameters of 300 mm, which could bear
2 MPa of force with no obvious deformation.
2.1.3. Data Acquisiltion System. In this test, the fracturing
hole was regarded as the center, and miniature stress cells
were arranged in the roof of the coal seam in the model at
regular intervals. The USB cables of these stress cells were
connected to a YE2539 high-speed static strain gauge. Data
were acquired during the water injection process of hydraulic fracturing, to observe the change trend of the stress
in the roof and ﬂoor of the coal seam during the entire
process. The arrangement of miniature stress cells is shown
in Figure 2. By centering the fracturing hole, the ﬁrst
miniature earth stress cell (number C001) was 5 cm away
from the fracturing hole. The fracturing cells were arranged
every 5 cm, which made a total of 6 miniature stress cells. The
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Figure 1: Experimental system for hydraulic fracturing.
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Figure 2: Arrangement of pressure cells.
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Figure 3: Pictures of (a) YE2539 high-speed static strain gauge and (b) pressure cell.
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Figure 4: Automatic acquisition instrument for water pressure data.

(a)
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(c)

(d)

Figure 5: Construction process for similar model. (a) Construction of ﬂoor. (b) Construction of coal seam. (c) Construction of roof. (d) The
whole model.

2.3. Experimental Procedures. All of the experimental procedures can be described as follows:
(i) The test devices, including the water pump, high-speed
static strain gauge, and automatic acquisition instrument for water pressure, were debugged to ensure the
normal operation of each device. According to Figure 1, each test device and high-pressure pipeline was
connected, and the connections and seals of the water
pump, pipelines, and valves were checked to ensure
that the test system was well connected.
(ii) The water hose of the water pump was ﬁlled with
water to prevent idling of the water pump. The water
pressure data and stress data were read by turning

on the automatic acquisition instrument for the
water pressure and the high-speed static strain
gauge, respectively. The water pump was turned on
to conduct the hydraulic fracturing test.
(iii) The overﬂow valve on the water pump was slowly
adjusted to control the water injection ﬂow.
Moreover, the test tank and surface of the model
were observed until cracks appeared on the surface
of the model and high-pressure water overﬂowed
from cracks and the four sides of the tank. After
injecting water for a period of time, the overﬂow
valve was opened to reduce the water pressure of the
system rapidly. After the water pressure had
dropped to zero, the water pump was turned oﬀ.
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(iv) After 3 d and 5 d, steps 1–3 were repeated for the
second and third fracturing tests, respectively.

3. Results and Discussion
3.1. Variations in Water Injection Pressure during Hydraulic
Fracturing. Figure 6 shows the variations in the water injection pressure during each hydraulic fracturing process. It
can be seen from the ﬁgure that the entire fracturing process
can be divided into the water pressure accumulation stage,
crack initiation stage, and crack propagation stage in accordance with the water pressure change laws. The results of
the speciﬁc analyses are presented as follows:
Water pressure accumulation stage: after starting the
water injection, the injected high-pressure water
gradually wets the simulated coal seam, and the initial
cracks of the coal seam are full of water. When water
injection continues after the pores are ﬁlled with water,
the water in the pores gradually produces internal water
pressure and compressive stress on the pore walls and
surrounding cracks. As a large quantity of water is
constantly injected, the internal water pressure in the
pores continues to increase. During this process, the
water pressure in the early stage changes slightly, while
that in the late stage increases.
Crack initiation stage: after the water pressure reaches a
certain value, the water injection pressure rapidly increases to the peak value. At this time, the tensile stress
produced by the water pressure on the weak surfaces of
cracks is larger than the tensile strength of the simulated coal seam. Thus, the tips of the cracks begin to
crack, and the crack space increases. Moreover, the
potential energy of the water changes into kinetic
energy, and the water injection pressure decreases
slightly. At this stage, the water pressure ﬁrst rapidly
increases to the peak value and then reduces slightly.
Crack propagation stage: when the crack space is again
ﬁlled with high-pressure water, the kinetic energy of the
water is transformed into potential energy, and the
water pressure increases. Thus, the cracks are constantly being extended under the eﬀects of the highpressure water until the high-pressure water seeps from
the surface cracks of the model or the four sides of the
tank. At this stage, the water pressure is experiencing a
reciprocating oscillation process with constant increases and decreases, and the water pressure in the late
stage is slightly reduces.
As shown in Figure 6, it was also found that during
repeated fracturing, with the constant performance of
fracturing, the required cracking initiation pressure continually decreased. The peak water injection pressure in the
ﬁrst fracturing was 2.8 MPa, while that in the second and
third fracturing processes was 2.7 MPa and 2.4 MPa, respectively. This was mainly because the repeated fracturing
of the coal seam resulted in its fatigue damage. After each
fracturing, the fracturing degree of the coal seam gradually
increased. Thus, the required initiation pressure continually
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became lower. In addition, with constant fracturing, the time
required to accumulate water pressure to fracture the coal
seam increased. Meanwhile, continually increasing amounts
of water were needed to ﬁll the cracks in the coal seam. The
time required to reach the peak the ﬁrst time was 723.91 s,
while that for the second time was 1086.21 s, which was 1.5
times greater. Furthermore, the time needed to reach the
peak the third time was 1517.63 s, which was 2.1 times that of
the ﬁrst time. This was because by constantly fracturing the
coal seam, the cracks in the coal seam increased in number
and total volume. Thus, the amount of water needed to ﬁll
these cracks also increased.
3.2. Variation in Stress in Roof of Coal Seam. Figure 7 shows
cloud pictures of the roof stress of the coal seam after
injecting water for 200, 800, 1,000, and 2,000 s during the
ﬁrst hydraulic fracturing. The roof stress accumulation and
transfer of the coal seam during the entire fracturing process
can be seen in the ﬁgure. In the beginning of the fracturing,
because the coal seam was in the water pressure accumulation stage, the roof is slightly aﬀected by the water injection, and only the stress around the water injection hole
increases. As the fracturing continues, the stress in the area
around the water injection hole rapidly increases, thus
forming a stress concentration area. At this time, the water
injection pressure reaches the peak, and cracks begin to form
in the coal seam. Then, the stress in the area near the water
injection hole starts decreasing, mainly because after the
initiation and propagation of cracks in the coal seam, the
crack space increases and the potential energy of the water in
the cracks changes into kinetic energy. The water injection
pressure also decreases. With the gradual propagation of the
fractured cracks to the surrounding area, the stress concentration area is transferred to the surrounding area, and
stress concentration degree continually increases. This is
because the pressure in the coal seam around the water
injection hole is relieved, and the stress is transferred to the
deep area of the coal seam.
In conclusion, the roof stress change is consistent with
the change in water injection pressure. The area around the
water injection hole is the ﬁrst to be aﬀected by constant
water injection, and the stress gradually rises. When the
stress reaches a certain value, the coal mass is fractured,
which relieves the pressure and transfers the stress to the
surrounding areas. Moreover, cracks propagate to the surrounding areas with the stress transfer. After fracturing, the
pressure-relief area and stress concentration area form
separately.
Figure 8 displays comparisons of the roof stress distributions of the coal seam during each hydraulic fracturing
process. As shown in the ﬁgure, when the fracturing is
repeated, the area with the increased stress constantly expands, indicating that cracks in the coal seam of the model
extend to a larger range deep in the coal mass. The range of
inﬂuence of the hydraulic fracturing gradually increases with
repeated fracturing. After the ﬁrst fracturing ended, obvious
stress changes were only detected by miniature stress cells
C001 and C002. In other words, the range of inﬂuence of the
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Figure 6: Variations in water injection pressure during each hydraulic fracturing.
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Figure 7: Cloud pictures of roof stress of coal seam for the ﬁrst time fracturing: (a) t � 200 s; (b) t � 800 s; (c) t � 1000 s; (d) t � 2000 s.

fracturing was the area aﬀected by the water injection,
centered on the water injection hole and showing a radius of
100 cm. After the second fracturing, obvious changes in

stress were detected by C001, C002, and C003, and radius of
inﬂuence of the fracturing was extended to 150 cm. When
the third fracturing ended, C001, C002, C003, C004, and
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Figure 8: Comparisons of roof stress distributions of coal seam during each hydraulic fracturing: (a) t � 200 s; (b) t � 800 s; (c) t � 1000 s;
(d) t � 2000 s (the abscissa in the ﬁgure represents the oﬀset in the X direction from the fracturing hole, and the ordinate represents the oﬀset
in the Y direction from the fracturing hole, and the ﬁeld value refers to stress level).

C005 showed obvious changes in their readings, and the
radius of inﬂuence of the fracturing was enlarged to approximately 250 cm. Therefore, the goal of increasing production and eﬃciency can be achieved by performing
repeated fracturing, which extends the crack propagation
range of the coal seam and enlarges the area inﬂuenced by
fracturing.

4. Conclusions
In this paper, a similar simulation test of repeated hydraulic
fracturing was conducted, and the evolutionary rules regarding the injection water pressure and stress distribution
of the coal seam roof during this repeated hydraulic fracturing were revealed. The primary conclusions were displayed as follows:
(1) Based on the change law of the water injection
pressure in the similar simulation test, the entire
fracturing process could be divided into the water
pressure accumulation stage, crack initiation stage,
and crack propagation stage. After performing repeated fracturing, the water injection pressure required for fracturing the coal seam decreased.
(2) In the process of repeated hydraulic fracturing, as the
number of fracturing continues to increase, the required initial pressure for cracking continues to
decrease. The highest water injection pressure of the
ﬁrst fracturing was 2.8 MPa, while the highest water
injection pressures of the second and third fracturing
were 2.7 MPa and 2.4 MPa, respectively.
(3) Under constant fracturing, as the number of fracturing continues to increase, the time required for

coal seam rupture increases. At the same time, an
ever-increasing amount of water is needed to ﬁll the
cracks in the coal seam. The time required to reach
the peak value for the ﬁrst time is 723.91 s and the
second time to reach is 1086.21 s, which is 1.5 times
the maximum, and the time required to reach the
peak value for the third time is 1517.63 s, which is 2.1
times that of the ﬁrst time.
(4) The roof stress change is consistent with the change
in water injection pressure. The area around the
water injection hole is the ﬁrst to be aﬀected by
constant water injection, and the stress gradually
rises. When the stress reaches a certain value, the coal
mass is fractured, which relieves the pressure and
transfers the stress to the surrounding areas.
Moreover, cracks propagate to the surrounding areas
with the stress transfer. After fracturing, the pressure-relief area and stress concentration area form
separately.
(5) When fracturing is repeated, the area where the
stress increases continues to expand. After the ﬁrst
fracturing, the fracturing inﬂuence radius is 100 cm.
After the second fracturing, the inﬂuence radius of
fracturing expanded to 150 cm. When the third
fracturing ended, the radius of inﬂuence of the
fracturing expanded to approximately 250 cm.
It can be concluded that repeated hydraulic fracturing
can expand the fracture expansion range of the coal seam
and increase the range of fracturing inﬂuence. It is expected
to provide a basis for increasing the permeability of coal
seams so as to achieve the purpose of extracting coal seam
gas eﬃciently and at low cost.
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