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Abstract

The occurrence of rockburst in coal mines is closely related to the stress in coal and rock mass. Through hydraulic fracturing
measurements in roof, the three-dimensional stress in roof before and after hydraulic fracturing as well as during working
face advancing was monitored, and the effect of hydraulic fracturing in roof on controlling rockburst was studied. The test
results show that (1) after hydraulic fracturing, the three principal stresses in roof decreased remarkably, whose maximum
reduction was about 20%, while the elastic strain energy in roof decreased by about 31% as well; (2) as the working face
advanced, the three principal stresses in roof in front of the working face would increase continuously until reaching peaks
and induce the strata fracture, and the variation of the elastic strain energy in roof was basically consistent with that of the
magnitude of the stress; (3) with hydraulic fracturing, the position of the peak stress moved from 11 to 21 m in front of the
working face, the peaks of the three principal stresses decreased, whose maximum reduction was about 32%, and the peak
of the elastic strain energy in roof also significantly decreased by about 51%. The field investigation shows that hydraulic
fracturing in roof can release the stress and elastic strain energy in coal and rock mass instantaneously, and will reduce the
risk of rockburst; hydraulic fracturing in roof can be an effective pre-destressing method to reduce the stress and energy
concentration in coal and rock mass during mining, and will prevent the risk of rockburst.
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Introduction

As the cornerstone of China's current energy, coal resources
maintain the leading position of energy. With the continu-
ous increase in mining depth and mining intensity of coal
resources, the stress level of stopes keeps getting higher, so
the rockburst disaster in coal mines is aggravating daily (Shi
et al. 2020; Dai et al. 2021; Li et al. 2021), and has become
one of the most important disasters affecting the safe pro-
duction of coal mines, which seriously threatens the safety
of underground personnel and equipment. For example, the
“10.20” rockburst event of the Longyun coal mine in Octo-
ber 2018 and the “2.22” rockburst event of the Longgu coal
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mine in February 2020 caused 21 and 4 deaths, respectively,
which greatly affected the normal production of mines and
the safety of workers' lives and property.

At present, engineering measures to control rockburst
mainly include assigning reasonable working face (Zhang
et al. 2016; Zhu et al. 2016; Konicek et al. 2019), coal seam
water injection (Holub et al. 2011; Guo et al. 2018; Pan
et al. 2018), drilling pressure-released holes in coal seam
(Li et al. 2014; Guo et al. 2017; Wang et al. 2019), blasting
for pressure relief (Konicek et al. 2013; Kabiesz et al. 2015;
Wojtecki et al. 2017; Yang et al. 2019), hydraulic fractur-
ing (Fan et al. 2012; Yu 2016) and so on. Among them,
hydraulic fracturing can smash the integrity of coal and rock
mass, which has been widely used in the field of controlling
rockburst in recent years.

Huang et al. (2011) conducted a theoretical analysis on
the hydraulic fracturing of coal and rock mass, and believed
that hydraulic fracturing could weaken the mechanical prop-
erties of coal and rock mass, so as to relieve the danger of
rockburst. Through the analysis of microseismic monitoring
data, Zhu et al. (2017) believed that hydraulic fracturing in
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coal seam before mining could be used for rockburst pre-
vention by reducing the stress and strain energy in rocks.
Feng et al. (2015) believed that the mechanism of hydraulic
fracturing in coal seam to prevent rockburst was increasing
the resistance and releasing the energy of coal seam, and
verified it by field observation, pipeline pressure, microseis-
mic events and stress variation. Through field test research,
Jiang et al. (2015) believed that hydraulic fracturing in coal
seam could achieve rockburst prevention by means of “stress
transfer, coal weakening and energy storage decrease”. Liu
et al. (2017) believed that hydraulic fracturing in coal seam
could crack and dampen coal seam, so as to prevent rock-
burst. He et al. (2012) believed that hydraulic fracturing of
roof could reduce abutment pressure and decrease tremor
frequency as well as released energy thereby confirming
the effect of roof hydraulic fracturing for rockburst preven-
tion. Huang et al. (2018) believed that hydraulic fracturing
of roof could weaken the impact effect by realizing pres-
sure relief and stress transfer. Liu et al. (2020) believed that
hydraulic fracturing of roof could promote fractures in roof,
thereby avoiding the occurrence of rockburst. Jendrys et al.
(2021) studied the hydraulic fracturing of roof by means of
field microseismic observation and numerical simulation,
and believed that hydraulic fracturing could reduce the fre-
quency of high energy events and increase the frequency of
low energy events, so as to prevent rockburst. However, due
to the complexity of the field testing process of three-dimen-
sional stress in coal and rock mass, and the high requirement
of long-term stability of sensors for stress monitoring, there
is little research on controlling rockburst of hydraulic frac-
turing based on three-dimensional stress in coal and rock
mass. As for the stress monitoring in coal and rock mass, the
coal seam stress monitoring technology (Kumar et al. 2019;
Qiu et al. 2021; Rashed et al. 2021; Shen et al. 2020) is a
common method, which is used to monitor the stress in coal
seam. The stress obtained from the coal seam stress monitor-
ing technology is usually one-dimensional stress. To moni-
tor three-dimensional stress in rock mass, Stas et al. (2005)
developed the compact conical ended borehole monitoring
method device on the basis of the compact conical-ended
borehole overcoring system (Obara and Sugawara 2003;
Sugawara and Obara 1999). In addition, some useful results
about three-dimensional stress monitoring in rock mass were

gained using the compact conical ended borehole monitor-
ing method probe (Konicek and Waclawik 2018; Lubosik
et al. 2017; Ptacek et al. 2015; Stas et al. 2011) and other
sensors (Yin et al. 2016; Zhao et al. 2020). However, these
results do not involve hydraulic fracturing. Therefore, in this
paper, through the field test of roof hydraulic fracturing, the
three-dimensional stress in roof before and after hydraulic
fracturing as well as during working face advancing was
monitored by the FBG Stress Sensor. The results obtained
from the field test complete the study of the variation of
three-dimensional stress and elastic strain energy. This study
quantifies the effect of roof hydraulic fracturing from the
aspect of three-dimensional stress, and reveals its mecha-
nism of controlling rockburst, which can provide a useful
reference for the effectiveness evaluation of roof hydraulic
fracturing and the control of rockburst.

Field investigation schemes
Overview of the test site

The 73L06 working face of the Jisan coal mine is selected
as the hydraulic fracturing test site with Polish hydraulic
fracturing equipment. The working face is located in the
middle of the seventh mining area of the Jisan coal mine and
is the first mining face of the third lower coal seam in the
seventh mining area. The length of the 73106 working face
is 260 m, the advancing length is 1805 m, and the average
buried depth is 825.48 m. The average thickness of the coal
seam is 3.66 m with an average dip angle of 6°. The cross
section of the two roadways in the 73L06 working face is
rectangular, whose width and height are 4.8 m and 3.8 m,
respectively. In addition, the direction of the roadways is 22°
from north to east. The features of the roof and floor of the
73L06 working face are shown in Table 1. The basic roof
is more thick and hard, with nearly horizontal bedding and
oblique bedding. There are mainly 1 syncline and 9 normal
faults within the 73L06 working face. The syncline ampli-
tude is about 40 m, the throw of 2 normal faults is no more
than 5.0 m, and the throw of the other 7 normal faults is no
more than 1.4 m. Before mining of this working face, the
rockburst hazard of the working face was analysed, and the

Table 1 Status table of the roof

Position Lithology Average thick- Protodya-
and floor ness (m) konov hard-
ness
Basic roof Medium sandstone and fine sandstone 9.94 6-10
Immediate roof Siltstone, mudstone and fine siltstone 5.75 2-8
Immediate floor Mudstone and siltstone 3.35 2-6
Basic floor Fine sandstone and fine siltstone 8.56 4-8
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results showed that the coal seam, roof and floor of the work-
ing face had weak rockburst tendency, and rockburst might
occur during the mining process.

Monitoring scheme of three-dimensional stress
in roof

According to the theory of rock mechanics (Amadei and
Stephansson 1997), the stress in roof consists of two parts:
in situ stress and induced stress. In situ stress, also called
primitive stress, is the stress that exists in the roof prior
to any disturbance (coal mining, roadway excavation,
hydraulic fracturing, etc.). For a specific location, its value
and direction remain the same. Induced stress, also called
relative stress, is associated with artificial disturbances, such
as coal mining, and its value and direction are constantly
changing with the progress of artificial disturbance.
Therefore, the three-dimensional real stress in roof o, can
be expressed as

_ 0
;=0 + Aaij 1))

where 62. is the in situ stress and Ao, is the induced stress.

The real stress state in roof has a direct effect on the
deformation, instability and failure of roof, so it is especially
important to monitor the three-dimensional real stress in
roof. From Eq. (1), it can be seen that the three-dimensional
real stress monitoring in roof can be completed in three
steps: @ measuring the in situ stress in roof, @ monitoring
the induced stress in roof, and @ superposing the two to
obtain the real stress in roof.

Because the resistance strain gauge sensors are suscepti-
ble to the interference of an underground strong electromag-
netic field and have difficulty meeting the demands of long-
term dynamic monitoring, the FBG Stress Sensor developed
by the Institute of Rock and Soil Mechanics, Chinese Acad-
emy of Sciences, is adopted as the monitoring sensor. The
FBG Stress Sensor mainly consists of a hollow cylinder, a
piston and a positioning rod, as shown in Fig. 1. With an
inner diameter of 34 mm and an outer diameter of 36 mm,
the hollow cylinder is made of elastic steel possessing good
elasticity and long-term stability. The hollow is used to place
epoxy resin adhesive. The diameter of the piston is 33.5 mm,
which is slightly less than the inner diameter of the hollow
cylinder. There is an exit tube inside the piston, through
which the adhesive placed in the hollow can be extruded.
The front end of the positioning rod is a smooth cone, which
is convenient for pushing the sensor in the borehole. With
a length of 350 mm, the positioning rod can be cut to the
right length according to the installation needs. There are 9
FBGs on the outer surface of the hollow cylinder, which can
be used to measure the strain. In addition, a FBG is arranged

Fig.1 FBG stress sensor, 1—hollow cylinder, 2—piston, and 3—
positioning rod

inside the sensor to realize temperature compensation. The
stress in rock can be obtained according to the strain meas-
ured by the sensor.

The overcoring stress measurement method is used to
measure the in situ stress. First, a large hole is drilled at
the monitoring position, and then a small hole is drilled at
the bottom of the large hole. The borehole stress can be
relieved after the FBG Stress Sensor is installed in the small
hole. During the relief process, the strain of the borehole
wall at the sensor location occurs due to the release of the
in situ stress around the borehole. The in situ stress can be
calculated by the variation of strain from the sensor.

The calculation method of the induced stress is the same
as that of the in situ stress, except that there is no relief of the
borehole stress after the sensor is installed in the small hole.
As the roof stress changes due to artificial disturbances, such
as hydraulic fracturing and coal mining, the strain of the
borehole wall also changes. According to the strain change
measured by the sensor, the induced stress can be calculated.
The real stress can be obtained by adding the in situ stress
and the induced stress.

Two monitoring sections are arranged in the 73L06 aux-
iliary haulage roadway. Monitoring sections I and II are
located 1461 m and 1529 m away from the open-off cut,
respectively, and a monitoring borehole is drilled at each
monitoring section, as shown in Fig. 2. At the monitoring
section I, the overcoring stress measurement method is first
used to measure the in situ stress, and then the sensor is
installed again to monitor the induced stress. As for the mon-
itoring borehole at monitoring section I, its opening height is
3 m, its horizontal projection is vertical to the coal wall, and
its angle of elevation is 30°. The borehole depth of the in situ
stress measurement position is 13.4 m, beyond the influ-
ence range of the surrounding rock stress redistribution and
meeting the requirement of in situ stress measurement. The
borehole depth of the induced stress monitoring position is
13.8 m, located at the lower part of the basic roof. Since the
two monitoring sections are very close, it can be considered
that the in situ stress at the two monitoring sections is the
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Fig.2 Layout of the boreholes in the monitoring sections and the
directional hydraulic fracturing boreholes. a Layout plan of the stress
monitoring boreholes and the directional hydraulic fracturing bore-
holes, and b A-A section

same. Therefore, at monitoring section II, the borehole stress
is not relieved, and only the induced stress is monitored. The
monitoring position is 14.2 m deep, also located at the lower
part of the basic roof. The other construction parameters of
monitoring borehole II are the same as those of monitoring
borehole 1.

Roof hydraulic fracturing scheme

As a variant of hydraulic fracturing, directional hydrau-
lic fracturing can reduce the difficulty of crack formation
and control the direction of crack propagation by cutting
directional pre-cracks in rock mass in advance. Directional
hydraulic fracturing, therefore, is selected in the field test.

@ Springer

In the light of the geological conditions of the 73L06 work-
ing face, the existing construction experience and the lay-
out scheme of monitoring sections, the layout of directional
hydraulic fracturing boreholes in roof is formulated. Three
fracturing boreholes are arranged along the 73L06 auxiliary
haulage roadway. As for the fracturing boreholes, their open-
ing height is 3.8 m, their horizontal projection is vertical to
the coal wall, their angle of elevation is 60°, their diameter is
48 mm, their depth is 15 m, and their sealing depth is 12 m.
The fracturing section of boreholes, with a length of 3 m, is
located at the middle of the basic roof. The three fracturing
boreholes Z1, Z2 and Z3 are 1446 m, 1461 m and 1476 m
away from the open-off cut, respectively, as shown in Fig. 2,
among which the borehole Z2 is located directly above the
monitoring borehole I. According to the geological condi-
tions, the shortest horizontal distance between the fractur-
ing boreholes and the main geological structures, namely,
folds and faults, exceeds 200 m, and so do the monitoring
boreholes. Thus, there is no obvious geological structure
in the roof of interest. The steps of directional hydraulic
fracturing can be summarized as follows: @ drilling frac-
turing boreholes, @ cutting the directional pre-crack at the
bottom of boreholes, @ fracturing the roof, and @ recover-
ing fracturing equipment. In the second of the above steps,
the directional pre-crack is annular and perpendicular to the
fracturing borehole, as shown in Fig. 2.

Test results and analysis
Field observation

The roof was hydraulically fractured after installing the
sensors for monitoring stress. In the process of hydraulic
fracturing, the boreholes Z1, Z2 and Z3 in Fig. 2 were
fractured in sequence. During hydraulic fracturing, the sound
of rock cracking could be heard near the boreholes. When
fracturing the borehole Z1, no high-pressure water flowed
out of the borehole, which indicated that the sealing effect
was good. When fracturing the borehole Z2, there was no
high-pressure water flowing out of the borehole. After about
9 min of water injection, the high-pressure water flowed
out of the borehole Z1, similar to rainy conditions. When
fracturing the borehole Z3, there was also no high-pressure
water flowing out of the borehole. After about 7 min of water
injection, the high-pressure water flowed out of the borehole
Z?2, similar to diversion. Given that the distance between
adjacent boreholes is 15 m, it can be considered that the
radius of hydraulic fracture propagation exceeds 7.5 m, and
the effect of roof hydraulic fracturing is fairly good.
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Fig.3 Stress relief core

Table 2 In situ stress at the monitoring sections

Principal Magnitude (MPa) Azimuth (°) Dip angle (°)
stresses

o 31.79 126.64 36.88

0, 20.85 14.22 26.95

03 16.57 257.76 41.23

Positive principal stress indicates compression, positive azimuth
indicates clockwise from the north, and positive dip angle indicates
upwards from the horizontal

Three-dimensional stress in roof
In situ stress

The in situ stress at the monitoring sections was measured
by the method of overcoring stress measurement. In addi-
tion, the stress relief core is shown in Fig. 3. According to
the stress relief data, the in situ stress was calculated, as
shown in Table 2.

Table 2 shows that the three principal stresses are at a
certain angle to the horizontal, indicating that the roof at
the monitoring sections is obviously affected by the tectonic
stress field.

The working face coordinate system O-xyz is established
on the basis of the 73106 working face, where the positive
x-direction points to the mining direction, parallel to the
horizontal direction, the positive z-direction points up, and
the y-direction is determined by the right-hand rule. In the
working face coordinate system, the in situ stress is shown
in Table 3.

Table 3 shows that the horizontal stress is relatively large,
and the lateral pressure coefficients of the x-direction and
y-direction are 0.90 and 1.12, respectively. The in situ stress
is closely related to the roadway layout in mine design,
and the maximum horizontal principal stress is often used
to evaluate the stability of roadways. The larger the angle
between the roadway and the maximum horizontal principal

Table 4 Three-dimensional stress in roof at section I after hydraulic
fracturing

Principal Magnitude (MPa) Azimuth (°) Dip angle (°)
stresses

o 25.45 135.62 46.96

0, 19.06 24.02 18.97

03 14.68 279.07 36.88

Positive principal stress indicates compression, positive azimuth
indicates clockwise from the north, and positive dip angle indicates
upwards from the horizontal

stress, the larger the roadway deformation, and the worse the
roadway stability. The maximum horizontal principal stress
is obtained in the working face coordinate system. In the
horizontal plane, namely, the xy plane, the maximum hori-
zontal principal stress is 27.00 MPa, and the angle between
its orientation and the direction of the roadways in the 73L06
working face is 66.29°. The maximum horizontal principal
stress is almost perpendicular to the roadways, which is not
conducive to the stability of the roadways, so it is important
to strengthen the roadway support.

Three-dimensional stress in roof after hydraulic fracturing

After the roof was hydraulically fractured, the three-
dimensional stress in roof at monitoring section I changed
significantly, as shown in Table 4, and the three-dimensional
stress in roof at monitoring section II was basically
unchanged, indicating that it was not affected by hydraulic
fracturing. Given that the sensor at monitoring section I
is 8.2 m away from the pre-crack of borehole Z2, and the
sensor at monitoring section II is 53.6 m away from the pre-
crack of borehole Z3, it can be proven that the influence
radius of hydraulic fracturing is more than 8 m and less
than 54 m.

The three principal stresses were still compressive
stresses, as shown in Table 4. Comparing Tables 2 and 4, it
can be seen that after hydraulic fracturing, the azimuths and
dip angles of the three principal stresses changed slightly,
but their values all decreased. The first, second and third
principal stresses decreased by about 20%, 9%, and 11%,
respectively. Roof hydraulic fracturing can effectively reduce
the three-dimensional stress in roof, which has a good effect
on pressure relief.

In the working face coordinate system, the three-dimen-
sional stress in roof at monitoring section I is shown in

Table 3 In situ stress in the

working face coordinate system Stress components Oxx O Oz Ty vz Fux
Magnitude (MPa) 20.53 25.75 22.93 2.84 - 6.83 —-0.14

Positive normal stress indicates compression
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Table 5 Three-dimensional
stress in roof at section I in the

working face coordinate system

Table 5. Comparing Tables 3 and 5, it can be found that the
normal stresses in the x-direction, y-direction and z-direction
decreased by about 6%, 27% and 9%, respectively. Since the
pre-crack is an annular crack perpendicular to the borehole,
it can be inferred that the initial fracture surface is an annular
surface perpendicular to the borehole axis. Considering the
field observation and the arrangement of the three fractur-
ing boreholes along the x-direction, it can be speculated that

Stress components O Oyy o, Tyy Ty, T,y
Magnitude (MPa) 19.40 18.90 20.90 1.70 -4.97 —-0.81
Positive normal stress indicates compression
Overlying strata
l—— Stress +———
roof
<:| Mining direction
Floor

the direction of the final fracture surface is approximately
parallel to the x-direction, and its dip angle is about 30°—40°.
The stress is released due to the existence of the fracture
surface. In addition, because the fracture surface is approxi-
mately parallel to the x-direction and at a certain angle to
the horizontal, the influence of hydraulic fracturing on the
x-direction is the least obvious, and the reduction range of
normal stress in the x-direction is the smallest, while the
influence on the y-direction is the most obvious, and the
reduction range of normal stress in the y-direction is the
largest. It can be found that roof hydraulic fracturing can
significantly reduce the roof stress, and the reduction range
of each stress component is affected by the orientation of
the fracture surface.

Three-dimensional stress variation in roof
under the influence of mining

According to the relationship between time and advance-
ment of the working face, the monitoring results varying
with time are transformed to the relationship between stress
and advancement of the working face, to facilitate engineer-
ing applications. Figure 4 shows the variation curves of the
three-dimensional stress in roof at monitoring section II with
the advancement of the working face. It can be seen from
Fig. 4 that without being affected by hydraulic fracturing, the
area in front of the working face can be divided into the min-
ing no-influence area and the mining influence area, and the
mining influence area can also be divided into three areas.
The mining no-influence area is more than 110 m away from
the working face, where the three-dimensional stress in roof
is not affected by the disturbance of coal mining. The min-
ing influence area is less than 110 m away from the work-
ing face. In the mining influence area, area A is the slow-
growing area, located between 110 and 45 m away from the
working face, where the mining influence begins to appear
but is relatively weak, so the three principal stresses begin
to increase slowly; area B is the rapid-growing area, located
between 45 and 11 m away from the working face, where the
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Fig.4 Variation curves of the principal stresses in roof at section 11

mining influence is intensified, so the growth rate of three
principal stresses is accelerated and the closer to the work-
ing face, the faster the growth rate is; area C is the sharp-
declining area, located between 11 m and the monitoring end
position (5 m) away from the working face, where the three
principal stresses decrease sharply. The position of the peak
stress is located 11 m in front of the working face, where the
first principal stress is 61.94 MPa, increased by about 95%,
the second principal stress is 37.13 MPa, increased by about
78%, and the third principal stress is 27.61 MPa, increased
by about 67%.

Furthermore, the variation of the three-dimensional stress
in roof at monitoring section II is analysed in the working
face coordinate system, as shown in Fig. 5 (shear stress is
omitted). It can be seen from Fig. 5 that under the influence
of mining, the increase range of normal stress in the vertical
direction is obviously greater than that in the two horizontal
directions, indicating that the vertical stress plays a major
role in rock deformation and strata behaviour.
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Given that there is a corresponding relationship between
stress and deformation, the deformation can characterize the
stress state of the object. Therefore, to study the relationship
between roof stress and coal seam stress, the surrounding
rock deformation of the 73L06 auxiliary haulage roadway
is analysed without the influence of hydraulic fracturing,
as shown in Fig. 6. It can be seen from Fig. 6 that when the
working face advances to 45 m away from the observation

point, the deformation rate of the surrounding rock is accel-
erated, indicating that the mining influence is intensified so
the growth rate of the coal seam stress is accelerated; the
position of the maximum deformation rate of the surround-
ing rock is within 15 m in front of the working face, indi-
cating that the peak stress in coal seam occurs within 15 m
ahead of the working face. It can also be seen from Fig. 6
that the deformation of the roof or floor is greater than that
of the sidewalls, which indicates that the vertical stress in
surrounding rock plays a major role in the deformation of
the roadway. The variation of surrounding rock deformation
of the roadway is basically consistent with that of the three-
dimensional stress in roof, which indicates that there is a
good consistency between roof stress and coal seam stress.

Figure 7 shows the variation curves of the three-dimen-
sional stress in roof at monitoring section I with the advance-
ment of the working face. It can be found from Fig. 7 that
after hydraulic fracturing, the mining influence area stays
less than 110 m away from the working face, the boundary
position between the slow-growing area and rapid-growing
area increases to 50 m away from the working face, and the
position of the peak stress moves to 21 m away from the
working face. When the stresses reach the peaks, the first
principal stress is 42.68 MPa, increased by about 68%, the
second principal stress is 27.40 MPa, increased by about
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Fig. 7 Variation curves of the principal stresses in roof at section I
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44%, and the third principal stress is 18.83 MPa, increased
by about 28%.

It can be seen from Figs. 4 and 7 that the stress shows
similar variation trends in the two figures. Due to coal
mining, the pressure of overlying rock gradually transfers
to the roof strata, so the three principal stresses in the roof
strata increase continuously until reaching peaks, among
which the first principal stress has the largest increase, the
second principal stress has the second largest increase,
and the third principal stress has the smallest increase.
And then, the roof fractures, so the stress is released and
the three principal stresses in the roof strata all begin to
decrease sharply.

Comparing Figs. 4 and 7, it can be seen that with
hydraulic fracturing, the position of the peak stress moves
from 11 to 21 m in front of the working face, and the peaks
of the three principal stresses all decrease in different
degrees. The peak of the first principal stress decreases from
61.94 MPa to 42.68 MPa, reduced by about 31%; the peak
of the second principal stress decreases from 37.13 MPa to
27.40 MPa, reduced by about 26%; the peak of the third
principal stress decreases from 27.61 MPa to 18.83 MPa,
reduced by about 32%. The results show that roof hydraulic
fracturing can effectively reduce the three-dimensional stress
peak in roof during coal mining.

Elastic strain energy in roof

The stress concentration in coal and rock mass causes energy
accumulation, and the accumulation and release of energy
in coal and rock mass is associated with the occurrence of
rockburst. According to elastic mechanics, in principal stress
space, the elastic strain energy stored by a unit volume of
coal and rock mass, that is, the elastic strain energy density
in coal and rock mass can be expressed as

Lo, 2, 2
L= ﬁ[al + 05 + 05 —2[1(610'2+0'263+(7361)] 2)
where E is the elastic modulus of coal and rock mass; u is
Poisson’s ratio of coal and rock mass; o, 6, and o5 are the
first, second and third principal stresses, respectively.

Elastic strain energy in roof before and after hydraulic
fracturing

At the monitoring section I, before hydraulic fracturing, the
elastic strain energy density in roof was 17.85 kJ/m?; after
hydraulic fracturing, the elastic strain energy density in roof
was 12.35 kJ/m?>, reduced by about 31%. This shows that
roof hydraulic fracturing can effectively release the elastic
strain energy accumulated in the roof.

@ Springer

Overlying strata

l——— Energy +——

60

B
50 F

No-influence area

30 1 Monitoring

20 | 7 section TI

—~
&
g
=
=
=
=
=
7]
=
]
>, 40 F
2
o
=]
o
g
<
=
=
7]
o
=
7]
=
m

10 |77 Mnitoring T
section I

210 180 150 120 90 60 30 0

Aq

0

Fig. 8 Variation curves of the elastic strain energy density in roof

Elastic strain energy variation in roof under the influence
of mining

Figure 8 shows the variation curves of the elastic strain
energy density in roof at monitoring sections I and II with
the advancement of the working face. It can be found from
Fig. 8 that at the monitoring section I, the variation of the
elastic strain energy is basically consistent with that of the
magnitude of the stress. The area in front of the working
face can be divided into the mining no-influence area and
the mining influence area, and the mining influence area
can be divided into the slow-growing area (between 110
and 45 m away from the working face), the rapid-grow-
ing area (between 45 and 11 m away from the working
face) and the sharp-declining area (between 11 m and the
monitoring end position away from the working face). The
peak of the elastic strain energy density is 64.64 kJ/m?,
increased by about 262%. At the monitoring section I, the
variation of the elastic strain energy is also basically con-
sistent with that of the magnitude of the stress, and the
peak of the elastic strain energy density is 31.45 kJ/m?,
increased by about 155%.

Comparing the two curves in Fig. 8, it can be found
that with hydraulic fracturing, the peak of the elastic strain
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energy density in roof decreases from 64.64 to 31.45 kJ/m?,
reduced by about 51%, which indicates that roof hydrau-
lic fracturing can effectively reduce the maximum elastic
energy storage in roof during coal mining.

Mechanism of controlling rockburst of roof
hydraulic fracturing

The occurrence mechanism of rockburst is the theoretical
basis of research on controlling rockburst. At present, the
widely used occurrence mechanisms mainly include strength
theory, energy theory, stiffness theory and so on.

Mechanism of controlling rockburst based on strength
theory

The essence of rockburst in coal mines is the sudden
instability and failure of coal and rock mass under a high
stress state. The problem of rockburst is actually the problem
of stress in coal and rock mass (Qi et al. 2013). According
to strength theory, when the stress in coal and rock mass
exceeds its ultimate strength, rockburst disasters will occur.

The test results show that roof hydraulic fracturing can
effectively reduce the three-dimensional stress in roof and
the stress peak in roof during mining. Given that the coal
seam stress has a good consistency with the roof stress,
it can be inferred that roof hydraulic fracturing can also
effectively reduce the coal seam stress and the coal seam
stress peak in the mining process. Therefore, on the one
hand, roof hydraulic fracturing can achieve pressure relief of
coal and rock mass, thereby relieving the danger of rockburst
on the spot. On the other hand, roof hydraulic fracturing
can also avoid the high stress state of coal and rock mass,
thereby preventing rockburst.

Mechanism of controlling rockburst based on energy
theory

When a unit volume of coal and rock mass deforms under the
external force, assuming that there is no heat exchange with
the external environment in the whole process, according
to the law of conservation of energy, the total energy U
inputted by external force work can be expressed as (Chen
et al. 2009; Meng et al. 2018)

UuU=0U,+U, 3)

where U, is the elastic strain energy in coal and rock mass
that can be released under certain conditions; U, is the
dissipated strain energy in coal and rock mass.

According to energy theory, when the elastic strain
energy U, reaches the energy U, required for the instability
and failure of coal and rock mass, the instability and failure
of coal and rock mass will occur. When U,= U, the static
instability and failure of coal and rock mass will occur; when
U,> U,, the dynamic instability and failure of coal and rock
mass will occur, and the energy difference A=U,— U, will
be released in the form of kinetic energy.

The test results show that roof hydraulic fracturing can
effectively reduce the elastic strain energy in roof and the
maximum elastic energy storage in roof during mining.
Given that the elastic strain energy is obtained from the stress
calculation and the coal seam stress has a good consistency
with the roof stress, it can also be inferred that roof hydraulic
fracturing can effectively reduce the elastic strain energy
in coal seam and the maximum elastic energy storage in
coal seam during mining. Therefore, on the one hand, roof
hydraulic fracturing can reduce the accumulation of elastic
strain energy in coal and rock mass, thereby relieving the
danger of rockburst on the spot. On the other hand, roof
hydraulic fracturing can also avoid the high energy state of
coal and rock mass, thereby preventing rockburst.

In summary, the mechanism of controlling rockburst of
roof hydraulic fracturing is as follows:

(1) Mechanism of preventing rockburst: reducing the
three-dimensional stress peak and the maximum elastic
energy storage in coal and rock mass during mining.

(2) Mechanism of relieving the danger of rockburst:
releasing the three-dimensional stress and the elastic
strain energy in coal and rock mass instantaneously.

Conclusions

In this paper, a field test of roof hydraulic fracturing in
a coal mine was conducted. Through the field test, the
three-dimensional stress in roof before and after hydraulic
fracturing as well as during working face advancing
was monitored, and not only the variation of the three-
dimensional stress and elastic strain energy but also the
mechanism of controlling rockburst of roof hydraulic
fracturing was studied. The conclusions are as follows:

(1) After hydraulic fracturing, the azimuths and dip
angles of the three principal stresses in roof change
slightly, but the values all decrease remarkably and the
maximum reduction is about 20%; the elastic strain
energy in roof also obviously decreases by about 31%.

(2) With the advancement of the working face, the three
principal stresses in roof in front of the working face
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increase continuously until reaching peaks. Thereafter,
the roof begins to fracture, and the three principal
stresses decrease sharply. The variation of the elastic
strain energy in roof is basically consistent with that of
the magnitude of the stress.

(3) With hydraulic fracturing, the mining influence area,
which is less than 110 m away from the working face,
is basically unchanged, the position of the peak stress
moves from 11 to 21 m in front of the working face, and
the peaks of the three principal stresses all decrease in
varying degrees, whose maximum reduction is about
32%; the peak of the elastic strain energy in roof also
significantly decreases by about 51%.

(4) The mechanism of controlling rockburst of roof
hydraulic fracturing can be divided into mechanism
of preventing rockburst and mechanism of relieving
the danger of rockburst, among which the former is
reducing the three-dimensional stress peak and the
maximum elastic energy storage in coal and rock mass
during mining, and the latter is releasing the three-
dimensional stress and the elastic strain energy in coal
and rock mass instantaneously.
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