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Size effect has always been the focus of rock mechanics as a bridge between laboratory test and engineering site. Previously, the
research conditions and objects of the rock size effect have mostly focused on cylindrical rock samples with different height-to-
diameter ratios (H/Ds) under uniaxial or conventional triaxial compression, while there has been little research on the rock size
effect under true triaxial compression (TTC), especially rectangular rock samples with different sizes and the same length-to-
width-to-height ratio. Based on this, the deformation, strength, and failure characteristics of Beishan (BS) granite and Baihetan
(BHT) basalt with different sample sizes under TTCwere studied by a comparative analysis method.+e size effect of deformation
and failure characteristics under TTC are not obvious, including stress-strain curves, Young’s modulus, peak strains, failure
angles, and macrofailure mode. However, the damage stress (σcd) and peak strength (σp) have obvious size effect; that is, the
smaller the sample size is, the higher the strength is. Additionally, the relationship among the peak strength, sample size, and
intermediate principal stress (σ2) is power function. In addition, by comparing the peak strength increment caused by the sample
size of the two types of rocks, the σp of the fine-grained BHT basalt is more sensitive to sample size than that of the coarse-grained
BS granite. Finally, by analyzing the relationship between the size of the mineral grains or clusters in the two types of hard rocks
and the complexity of crack propagation in the fracture surface under TTC, it is suggested that the minimum side length of rock
samples should not be less than 10 times the maximummineral clusters (such as feldspar phenocrysts in BHT basalt). In addition,
the method of estimating elastic strain is established by analyzing the relationship between the size of the rock sample σ2 and the
elastic strain under TTC.

1. Introduction

For a long time, how to combine the laboratory test results
with the monitoring results of the project has been a major
problem faced by rock mechanics. +e size difference be-
tween indoor rock samples and engineering rock mass is the
most direct obstacle to this problem, and research on the size
effect is considered to be an important part of solving this
problem. To date, three main theories on the size effect have
been proposed: (a) the Weibull statistical theory of the size
effect represented by [1], (b) the energy release-based theory
of the size effect represented by [2], and (c) the fractal
approach of the size effect represented in [3]. Previous

studies [4–8] have focused more on the size effect of cy-
lindrical rock samples with different aspect ratios under
uniaxial compression. Meanwhile, the reason why there
were few studies on the size effect of rocks under conven-
tional triaxial conditions was that most rocks have showed
brittle ductile transition characteristics with the increase of
confining pressure [9].

It is well known that the in situ stress in field engineering
typically satisfies σ1> σ2> σ3 (σ1: the maximum principal
stress, σ2: the intermediate principal stress, and σ3: the
minimum principal stress). After [10, 11] designed the first
true triaxial testing machine for rock mechanics, the re-
search on and application of TTC testing machines have
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become popular in the field of rock mechanics because this
type of machine can reflect σ2. However, due to different
research needs and the differences in research technologies,
the sample sizes are largely different. In the studies of
[10, 11], the sample size was 15×15× 30mm3; in [12], the
sample size was 19×19× 38mm3; in [13], the sample sizes
were 57× 57× 25mm3 and 76× 76×178mm3; in [14–18],
the sample size was 50× 50×100mm3; in [19], the sample
size was 150× 60× 30mm3; and in [20], the sample size was
100×100×100mm3.+e sample sizes used in the previously
mentioned studies were quite different, and most studies
only tested samples of one size. However, there have been
few studies on rock samples with different sizes under TTC,
and only the studies [21–23] have investigated the me-
chanical and failure characteristics of the same rock with
different aspect ratios under true triaxial unloading condi-
tions. Moreover, these studies did not provide the strength,
deformation, and failure characteristics of rock samples with
a fixed aspect ratio but different sizes under TTC. Mean-
while, the existing strength criterion does not considers the
size effect of rock, and there have been few studies on certain
important issues, for example, which sample size is more
suitable for the study of crack propagation on fracture
surfaces.

In this study, the deformation, strength, and failure of BS
granite and BHT basalt with different sample sizes under
TTC were analyzed. Moreover, by analyzing the relationship
between the complexity of crack propagation and mineral
particle size in the fracture surface with different sample
sizes, the recommended sample sizes for analyzing crack
propagation in the fracture surface are determined. +e
results of this study can help to understand the size effect
under TTC.

2. Test Scheme and Process

2.1. Specimen Preparation. BS granite and BHT basalt are
selected as the research objects. To prevent the dispersion of
test results caused by the different rock samples, the samples
of the same rock with different sizes are selected from the
same parent rock, and the samples with large differences are
eliminated, the rock samples with the same or similar P-
wave velocity are selected for the test. +e specimens were
used the same processing technologies, and the length:
width: height ratio of the specimens was strictly controlled to
1 :1 : 2. +e sizes of the samples were 25× 25× 50mm3 (SS),
35× 35× 70mm3 (SM), and 50× 50×100mm3 (SL), and
dimensional tolerance and perpendicularity tolerance were
given as ±0.01 and 0.02mm for each side, respectively. +e
basic physical and mechanical parameters of these two types
of rocks are shown in Table 1.

Figure 1 shows the size and photos of rock selected in
this study. Figure 1(a) is the grayish-green BHT basalt with
scattered white plagioclase on the surface, and Figure 1(b) is
the BS granite. X-ray diffraction (XRD) analysis showed that
the mineral composition of the BHT basalt was feldspar
41.96%, pyroxene 45.57%, clinochlore 6.25%, mica 4%, and
quartz 2.22%, while the mineral composition of the BS
granite was feldspar 51%, quartz 35%, biotite 8%, pyroxene

3%, and calcite 3%. Figure 2 shows the microstructures
under cross-polarized illumination of the two types of rocks.
Figure 2(a) is the microstructure of the BHT basalt; feldspar
minerals with idiomorphic structures are filled by pyroxene
minerals with allotriomorphic structures, with no clear
boundaries between the two. According to the image scale,
the grain size was 50∼150 μm. Figure 2(b) is the micro-
structure of the BS granite. +ere is an alternating ar-
rangement of feldspar minerals with idiomorphic or
hypidiomorphic structures and irregular quartz. +e grain
size was 500∼1500 μm.

2.2. Scheme and Process. True triaxial tests at the same stress
level were carried out on each type of rock sample according
to the sample size, in which σ3 was constant (σ3 � 5MPa) and
the ratios of σ3 : σ2 were 1 :1, 1 : 6, 1 :12 and 1 :18. +e
specific stress levels are shown in Table 2. +e experiment
was completed on the high-pressure hard rock true triaxial
test system [17] developed by Northeastern University.

+e test process was carried out according to the stress path
shown in Figure 3(a), and the stress path was divided into the
following three stages: (a) under hydrostatic pressure,
σ1� σ2� σ3 was loaded simultaneously at a rate of 0.5MPa/s
until σ3 reached the predetermined value; (b) σ3 was kept
constant, and σ1 and σ2 were loaded synchronously at a loading
rate of 0.5MPa/s until σ2 reached the target value; (c) σ2 and σ3
were kept constant, the stress-controlled loading method was
used to increase σ1 to approximately 60∼70% of the peak
strength, and then the strain-controlled loading method was
used until the rock sample was completely damaged. Figure 3(b)
shows the strain measurement method, and Figure 3(c) shows
the measurement method of failure angle of the rock sample.

Note that the focus of this study was size effect, so when
the stress-controlled loading method is changed to the
strain-controlled loading method, the strain rate should be
the same (2.67×10−6/s) for all the rock samples. According
to the sample width (from largest to smallest), the controlled
deformation rates were as follows: 0.008mm/min,
0.0056mm/min, and 0.004mm/min. +e detailed control
variables of each stage of the stress path are shown in Table 3.

3. Test Results

3.1. Influence of Specimen Size on Deformation Behavior.
Figure 4 shows the stress-strain curves of the BS granite
(Figure 4(a)) and BHTbasalt (Figure 4(b)) with different sample
sizes under σ3� 5MPa and σ2� 30MPa. +e stress-strain
curves of the BS granite show the elastic-plastic-brittle defor-
mation and failure process, while that of the BHT basalt shows
the elastic-brittle deformation and failure process. Meanwhile,
changing the size of rocks did not significantly affect the overall
deformation and failure processes (the stress-strain type) be-
cause the microfractures were dominant in rocks before their
peak strength was reached. However, due to the heterogeneity
and the randomness of the location of macro cracks in the
sample, the postpeak stress-strain curve will show some dif-
ferences, especially the BHT basalt with high brittleness [24], as
shown in Figure 4(b).
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Figure 5 shows Young’s modulus under the influence of
rock size under TTC for the two types of rocks (the cal-
culation method of Young’s modulus is based on [25]).
When the rock size was constant, Young’s modulus in-
creased with increasing σ2, but there is not a strict positive
correlation between Young’s modulus and rock size. Under
the same stress condition, when the sample size changed, the
variation in Young’s modulus of BS granite was within
5GPa, while that of BHT basalt were basically within 3GPa.
When the sample size changed, Young’s modulus always
changed small within the rock size range of this study, as
shown in the light blue area in Figures 5(a) and 5(b), in-
dicating that Young’s modulus of the two types of rocks was
less affected by the sample size and the regularity was not
obvious.

Figure 6 shows the influence of sample size on the peak
strain (ε3p and ε2p) in the direction of σ3 and σ2 under TTC (for
example, peak strain ε3p refers to the strainwhen the stress in the
direction of σ3 reaches peak strength). For the BS granite and
BHT basalt, when the rock size was constant, ε3p decreased with
increasing σ2, which showed the rock was always under tensile
deformation in the direction of σ3 during the loading process,
while ε2p increased under the same stress condition, which
showed the deformation in the direction of σ2 changed from
tensile to compression. Figure 6(a) shows the peak strain of the
BS granite of different sizes in the direction of σ3 and σ2 under
TTC. It can be seen that, under the same stress condition, the
peak strain ε2p in the direction of σ2 is very close and inde-
pendent of the sample size. +e relationship between ε2p and
sample size of BHT basalt under TTC was the same as that of
the BS granite, as shown in Figure 6(b).+erefore, the rock size
had no significant effect on ε2p within the scope of this study.
However, when σ2� 30MPa, the ε3p of BS granite under

different sizes was significantly different.+e difference between
the ε3p for the size of SL and SSwas 0.206% andwas significantly
higher than the changes in the peak strain under other stress
states (σ2� 5MPa, 60MPa, and 90MPa), as shown in
Figure 6(a), while the ε3p of the BHT basalt was hardly affected
by the sample size, and the changes in ε3p were always between
0.03% and 0.07%.

Under the stress condition in this paper, the peak strain
ranges of the BS granite were −0.46< ε2p< 0.11 and
−0.72< ε3p<−0.42, and those of the BHT basalt were
−0.17< ε2p< 0.03 and −0.31< ε3p<−0.11. +e analysis
showed that the peak strain range of the BHT basalt was
significantly smaller than that of the BS granite, which in-
dicates that the BS granite is prone to a large yield defor-
mation under the same stress. To sum up, the stress-strain
curves, Young’s modulus, and peak strains for the BS granite
and BHT basalt were related to the stress state and rock
properties, but these were not significantly affected by the
rock size.

3.2. Influence of Rock Size on Characteristic Stress.
Figure 7 shows the characteristics of damage stress (σcd)
under the influence of rock size. σcd is the stress point
corresponding to the turning point of the volume strain
curve, which is the maximum point of the volume strain
curve before the peak and the calculation method refers to
[25, 26]. Figure 7 shows that the σcd of the two types of rocks
showed an increasing with decreasing sample size under the
same stress level. However, for the BS granite, as shown in
Figure 7(a), when σ2 � 90MPa, the σcd of SM was slightly
lower than that σ2 � 60MPa, which may be caused by two
reasons. On the one hand, when σ3 � 5MPa, σ2 � 90MPa

Table 1: Basic physical and mechanical parameters of the BHT basalt and BS granite samples.

Rock type Density (g/cm3) P-wave velocity
(m/s) Young’s modulus (GPa) Poisson’s ratio (μ) Tensile strength (MPa) Grain size (μm)

BHT basalt 2.95 5650± 150 55∼60 0.22 18.4 50∼150
BS granite 2.69 5100± 120 50∼54 0.27 5.06 500∼1500
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Figure 1: Photos of different sizes of two kinds of rocks. (a) BHT basalt and (b) BS granite.
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was just near the turning point where σp first increased and
then decreased [27]. On the other hand, reference [26]
pointed out that the σcd range of the BS granite is (0.64∼0.74)
σp under TTC, which is within a reasonable range. In
comparison, the σcd/σp of the BHT basalt under TTC was
relatively large, approximately 0.95∼1.0 (Table 2), and the
turning point for it, where σp first increases and then de-
creases, is higher than BS granite. +erefore, this result is
rarely found in BHT basalt: σcd at σ2 � 90MPa is slightly
lower than that of σ2 � 60MPa (Figure 7(b)).

References [28–30] showed that when σ3 is constant, the
σP increases first and then decreases with increasing σ2
under TTC. Figure 8 shows the σP under the influence of
sample size for the BS granite and BHT basalt. As seen from
Figure 8, when σ3 � 5MPa, the σP of the two types of rocks
with different sizes increased with increasing σ2 (since the

preset σ2 did not reach the decreasing stage of σp in the two
types of rocks under this condition, σp did not decrease).
Moreover, the smaller the sample size was, the higher the σp
of the two types of rocks under the same stress, such as when
σ2 � 30MPa.

Figure 8(a) shows the σp of the BS granite with different
sizes under TTC. When σ2 � σ3 � 5MPa, as the sample size
decreased from SL to SM and SS, the σP increment was very
small, approximately 1MPa or 2MPa, which indicated that
the σP of the BS granite was almost unaffected by sample size.
In contrast, when the conventional triaxial stress condition
(σ2 � σ3) changed to the true triaxial stress condition
(σ2≠ σ3), the size effect on the σP of the BS granite was
significant.

Compared with that of BHT basalt, changing the sample
size (SL⟶ SM⟶ SS) of the BS granite will lead to the

Table 2: Test scheme and results of the size effect for two rocks under TTC.

Rock type Size (mm3) σ3 (MPa) σ2 (MPa) σcd (MPa) σp (MPa) σcd/σp ε3p (%) ε2p (%) θ (°) A Failure mode

BS granite

SL 5

5 144 202 0.71 −0.452 −0.452 74 201.82 Shear
30 186 268 0.69 −0.512 −0.080 79 270.33 Shear
60 193 295 0.65 −0.493 −0.006 80 294.79 Tension-shear
90 197 308 0.64 −0.577 0.061 80 305.97 Tension-shear

SM 5

5 150 203 0.74 −0.438 −0.438 73 201.82 Shear
30 190 285 0.67 −0.602 −0.143 77 270.33 Shear
60 205 300 0.68 −0.501 −0.006 81 294.79 Tension-shear
90 204 313 0.65 −0.589 0.106 81 305.97 Tension-shear

SS 5

5 151 205 0.74 −0.453 −0.453 72 201.82 Shear
30 200 292 0.69 −0.718 −0.163 78 270.33 Shear
60 212 311 0.68 −0.612 0.021 82 294.79 Tension-shear
90 211 325 0.65 −0.608 0.052 81 305.97 Tension-shear

BHT basalt

SL 5

5 250 250 1.00 −0.168 −0.168 74 247.94 Tension-shear
30 278 282 0.99 −0.185 −0.023 78 277.89 Tension-shear
60 324 324 1.00 −0.186 0.010 78 318.65 Tension-shear
90 341 350 0.97 −0.270 0.030 80 346.57 Tension-shear

SM 5

5 261 261 1.00 −0.119 −0.119 75 265.25 Tension-shear
30 286 296 0.97 −0.202 −0.100 79 277.89 Tension-shear
60 339 339 1.00 −0.224 −0.019 79 318.65 Tension-shear
90 353 358 0.99 −0.230 0.028 80 346.57 Tension-shear

SS 5

5 274 284 0.96 −0.165 −0.165 75 265.25 Tension-shear
30 329 334 0.99 −0.218 −0.073 78 277.89 Tension-shear
60 362 366 0.99 −0.233 −0.032 80 318.65 Tension-shear
90 367 386 0.95 −0.302 −0.029 88 346.57 Tension-shear
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Figure 2: Microstructures under cross-polarized illumination of the two types of rocks. (a) BHT basalt and (b) BS granite.
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unstable change of the peak strength increment
((σpSM − σpSL)/σpSL or (σpSS − σpSM)/σpSM). For example, the
σp increment was 6.34% when the sample size of the BS
granite decreased from SL to SM under the stress condition
that σ3 � 5MPa and σ2 � 30MPa, which was significantly
higher than the average 2.52% under other stress states. In
contrast, when the sample size of BHT basalt decreased from
SL to SM and from SM to SS, the percentages of the σP
increment were always maintained at approximately 4.1%
and 9.3%, respectively, which was obtained by comparing
the width of the blue or yellow areas enclosed by the changes
in the peak strength caused by the sample size under each
stress in Figures 8(a) and 8(b). However, Figure 8(b) showed
that the size effect on σp of BHT basalt was obvious in both
the conventional triaxial and TTC. When the sample size
decreased from SL to SM, change of the width of the blue
strip area was consistent with the change of the width of the
yellow strip area when the sample size decreased from SM to
SS, and there were no abrupt changes in the σP increment
under a certain stress, which was different from the results
for the BS granite.

+e previously mentioned analysis showed that the
sensitivity of σP for BS granite and BHT basalt to sample size
was different. When the sample size decreased from SL to SS,

the σp increment of the BS granite was approximately less
than 10%, while that of the BHT basalt was approximately
20%. For BHT basalt, the σp increment caused by the re-
duction of sample size from SM to SS was almost twice that
caused by the reduction of sample size from SL to SM.
Meanwhile, the σp increment of the BS granite also increased
as the sample size changed, but the changes were very small.
+e smaller the sample size of the BHT basalt, the higher the
sensitivity of the peak strength to the size effect, indicating
that the sensitivity of the peak strength of BHT basalt to the
size effect was higher than that of BS granite under the same
stress.

To clarify the relationship between the peak strength, the
sample size, and the stress state under TTC, the statistical
analysis of the test results was carried out, as shown in
Figure 9. +e volume of the SL sample was V, and the
volumes of the SM and SS samples were normalized
according to V, such as VSM′� 0.343V and VSS′� 0.125V. In
Figure 9, the normalized results are plotted as the horizontal
axis, and the peak strength is the vertical axis. Figure 9(a) is
the results of BS granite, and Figure 9(b) shows those of BHT
basalt.

As can be seen from Figure 9, the peak strengths of both
types of rocks decreased with increasing sample size under
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Figure 3: Stress path and strainmeasurement of rock under TTC. (a) Stress path, (b) strainmeasurement method [17], and (c) measurement
method of failure angle.

Table 3: Controlling rates of each loading stage during the TTC test.

Rock size (mm3) Loading rate of σ3 (MPa/s) Loading rate of σ2 (kN/s) Loading rate of σ1 (kN/s) Deformation rate (mm/min)
50× 50×100 (SL) 0.5 2500 1250 0.008
35× 35× 70 (SM) 0.5 1225 612.5 0.0056
25× 25× 50 (SS) 0.5 625 312.5 0.004
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the same stress state. All test data were fitted by power
function, and the fitting variance of data was greater than
0.9, indicating that the power function could well express the
relationship between peak strength, sample size, and stress
state. Note that multiple curves were used to fit the ex-
perimental data under TTC because of the variable of σ2, and
the general equation of the fitting curve was determined to
be

σp � A ×
V′
V

 

B

, (1)

where B (B< 0) is a parameter related to the rock type and σ2
and the units of V and V′ are mm3. When V′ � V,

σPV � A. (2)

Substituting equation (2) into (1), we derive the
following:

σp � σpV ×
V′
V

 

B

. (3)

Because B is related to σ2, the fitting relationship between
them is obtained (Figure 10), which shows that the fitting
result is well (R2 �1). +us, the relationship between B and
σ2 of the BS granite and BHT basalt can be expressed as
follows:

B � aσ22 + bσ2 + c, (4)

where a, b, and c are the fitting parameters related to li-
thology, as shown in Figure 10. +e general expression of σp
was obtained by substituting equation (4) into (3):

σp � σpV ×
V′
V

 

aσ22+bσ2+c

. (5)

According to a, b, and c of the BS granite and BHT basalt
obtained in Figure 10, the binomial expression of B and σ2
can be expressed as follows:

BGranite � −2.778 × 10− 6σ22 + 7.167 × 10− 4σ2 − 0.06,

R
2

� 1,
(6)

BBasalt � −7.222 × 10− 6σ22 + 1.45 × 10− 3σ2 − 0.12,

R
2

� 1.
(7)

Equations (6) and (7) can be substituted into equation
(5) to obtain an expression relating σp, V, and σ2 for the BS
granite and BHT basalt:

σpGranite � σpV ×
V′
V

 

− 2.778×10−6σ22+7.167×10−4σ2− 0.06

,

σpBasalt � σpV ×
V′
V

 

− 7.222×10−6σ22+1.45×10−3σ2− 0.12

.

(8)

+e relationship of the peak strength and damage
stress to the sample size of the BS granite and BHT basalt
under TTC showed that the variation amplitude of the
characteristic stress increment caused by the size effect in
the fine-grained BHT basalt was obviously smaller than
that of the medium- to coarse-grained BS granite, and the
characteristic stress of the two types of rocks was
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Figure 4: Full stress-strain curves of the BS granite and BHT basalt with different sample sizes under σ3 � 5MPa and σ2 � 30MPa. (a) BS
granite and (b) BHT basalt.

6 Advances in Civil Engineering



obviously affected by the sample size. +e relationships
among the peak strength, rock sample size, and inter-
mediate principal stress could be represented by a power
function.

3.3. Influence of Sample Size on Failure Characteristics. To
better compare the rock failure modes with different sizes,
the failure pictures of the samples with different sizes were
enlarged to the same size. Figure 11 shows the failure photos
of BS granite and BHT basalt under different sizes at

σ2 � 30MPa and σ3 � 5MPa, and Table 2 shows the failure
modes and fracture angles of the rocks under TTC. It can be
seen from Figure 11 that both BS granite and BHT basalt
show macroshear failure under the same stress condition
σ3 � 5MPa and σ2 � 30MPa, which indicates that the sample
size did not change the macroscopic failure mode for the two
types of rocks under the same stress. However, reducing the
sample size may lead to secondary cracks near the main
crack near the center of the sample, which are nearly parallel
to the direction of σ1, making the fracture surface more
complex as shown in areas enclosed by red lines in

σ3 = 5 MPa

Size : SL
Size : SM
Size : SS

BS Granite

30

40

50

60

70

80
E 

(G
Pa

)

15 30 45 60 75 900
σ2 (MPa)

(a)

Size : SL
Size : SM
Size : SS

σ3 = 5 MPa

E 
(G

Pa
)

BHT Basalt

30

40

50

60

70

80

15 30 45 60 75 900
σ2 (MPa)

(b)

Figure 5: Young’s modulus characteristics under the influence of rock sample size under TTC. (a) BS granite and (b) BHT basalt.
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Figure 6: Influence of sample size on the peak strain in the direction of σ3 and σ2 under TTC. (a) BS granite and (b) BHT basalt.
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Figures 11(c), 11(f ), and 12(a). Additionally, for the BHT
basalt with the size of SS, the cracks are easy to develop along
the mineral cluster (feldspar phenocryst) during its prop-
agation except for secondary cracks in the fracture surface, as
shown in the areas enclosed by blue lines in Figures 11(e),
11(f ), and 12(b), which is possibly because the size of the
mineral clusters was of the same order of magnitude as the
length of the shortest edge of rock samples. +erefore, the
generation of secondary cracks and cracks along the mineral

clusters increased the complexity of the fracture surfaces of
the small-sized rock samples.

Figure 13 shows the failure angles of the two types of
rocks with different sizes under TTC, and the measurement
of the failure angle refers to [17]. For the tortuous fracture
surface, the near-linear measuring method was used, as
shown in Figure 3(c). Figure 13 shows that when the sample
size was constant and σ2 increased, the failure angle θ in-
creased. However, changing the sample size did not
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Figure 7: Damage stress characteristics under the influence of rock sample size. (a) BS granite and (b) BHT basalt.
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Figure 8: Peak strengths of the two types of rocks with different sizes under TTC. (a) BS granite and (b) BHT basalt.
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significantly impact the angle of the fracture surface under
the same stress. For example, in Figure 13(a), when the
sample size of the BS granite decreased from SL to SS under
the same stress, the fracture angle only varied by approxi-
mately 1∼2°; in Figure 13(b), the variation in the fracture
angle of the BHT basalt was basically the same as that of the
BS granite under the same condition, approximately 0∼3°.
+us, the small variation of the fracture angle in this paper
further shows that the sample size do not significantly
change the macroscopic failure mode of these two types of
rocks, while the reduction of sample size will lead to more
complex crack propagation on the fracture surface.

4. Discussion

4.1. Microscopic Interpretation of Complex Fracture Surfaces
Caused by the Size Effect. Section 3.3 showed that changing
the sample size does not significantly affect the macroscopic
failure mode under the same stress. However, the crack
propagation in the fracture surface became more complex
when the sample size decreased to SM or SS, as shown in
Figures 11(c), 11(e), 11(f ), and 12. Under TTC, a macro-
scopic shear fracture plane with a “V” shape was easily
generated [29, 31, 32]. On this type of fracture surface,
especially near the center of the rock sample, almost no
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Figure 9: Relationship between the peak strength, sample size, and stress state of the two rocks under TTC (symbols of the same color
represent the σP of different sizes under the same stress level). (a) BS granite and (b) BHT basalt.
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obvious secondary cracks nearly parallel to the direction of
σ1 were generated during the propagation of the main
cracks, as shown in Figures 11(a), 11(b), and 11(d). How-
ever, this situation is likely to occur when the sample size
decreased from SL to SS under the same stress, as shown in
Figures 11(c), 11(f ), and 12(a).

+e complex crack propagation on the failure surface
of the small-sized samples may be related to the mineral
grain size or the mineral grain aggregate size of the rocks.
It is well known that grain size is one of the most im-
portant microstructure parameters of rock mechanical
properties. Taking the BHT basalt as an example,
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Figure 11: Failure modes of rock samples with different sizes under the same stress state of σ2� 30MPa and σ3� 5MPa. (a–c) BS granite;
(d–f) BHT basalt.
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Figure 2(a) shows that pyroxene, feldspar, and other
minerals were uniformly arranged in the matrix of the
BHT basalt and the size of feldspar grain was 50∼150 μm.
During the diagenetic process, a large number of feldspar
grains aggregated to form lath-shaped white feldspar
phenocrysts, with a length of 5 mm or larger, as shown in
Figures 12(b), 14(a), and 14(b). Pyroxene is a silicate
rock-forming mineral with a shear modulus of 64.9 GPa,
and feldspar is a brittle rock-forming mineral with a shear
modulus of 28.6 GPa. Section 2.1 showed that the total
composition of pyroxene and feldspar minerals in the
BHT basalt accounted for more than 87%, and the two
constituted the basic framework. Pyroxene is a mineral
with an allotriomorphic structure, while feldspar and
others are minerals with idiomorphic structures, and the
structural relationship between them is similar to the
relationship between water and stone in a river. Basalt is
igneous rock and pyroxene (like water) can fill the holes
and gaps between minerals with an allotriomorphic
structure (like stone) in the process of diagenesis with no
clear boundaries between the two.

Reference [33] showed that, in the 6 × 6 stiffness
matrix represented by the Voigt notation, the stiffness of
single-crystal pyroxene in all directions is larger than that

of feldspar. +erefore, feldspar and other weaker minerals
were more prone to brittle failure during the process of
stress cracking, as demonstrated by the closed fractures
on the surface of feldspar phenocrysts (Figures 2(a) and
14(c)), which may explain why the crack propagation on
the fracture surface is more complex for small samples
than for large samples (the complexity of the crack
propagation of large rock samples was much lower).

In the samples with size SS in this study, the ratio of the
size of the large feldspar phenocrysts to the length or width
of the sample reached 1/5 (Figure 12(b)), and the ratio was
even larger when multiple phenocrysts were aggregated.
Reference [34] pointed out that grain size plays an important
role in crack propagation and used numerical modeling to
show that the interactions of adjacent cracks can be used to
inhibit crack propagation. Additionally, they also pointed
out that this inhibitory effect can gradually disappear with
the increase of grain size. For the BHT basalt, the size of the
feldspar phenocrysts remained unchanged, but the de-
creased sample size was equivalent to indirectly increasing
the size of the relatively weak feldspar phenocrysts
(Figures 14(a) and 14(b)), and the role of feldspar pheno-
crysts in the structure could not be ignored. +erefore, the
inhibition effect of the surrounding cracks could be
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Figure 12: Failure mode of two rock samples of SS size at the same true triaxial stress state of σ2 � 60MPa and σ3 � 5MPa. (a) BS granite and
(b) BHT basalt.
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weakened and the crack density could increase when the
cracks propagated to the vicinity of feldspar phenocrysts
with a relatively large size. References [35, 36] showed that,
for fine-grained materials, an increase in crack density can
be equivalent to an increase in the spatial heterogeneity of
the local stress field.+erefore, when cracks occur, cracks are
more likely to propagate along the weak feldspar pheno-
crysts, which results in a complex crack morphology on the
fracture surface. For example, in the area enclosed by the
blue dashed line in Figure 11(e), it is obvious that a crack
developed along the axis of feldspar phenocrysts. In the
small area enclosed by the blue dashed line in Figure 11(f ),
the main crack passed through the axis of the feldspar
phenocrysts and produced secondary cracks nearly parallel

to the direction of σ1. In the left main fracture plane
(Figure 12(b)), two groups of feldspar phenocrysts in the two
areas enclosed by blue dashed lines led to the propagation
direction of some cracks (all in the same direction), resulting
in poor symmetry of the left and right fracture planes and a
“Y” shaped fracture plane. +e cracks that grew along the
feldspar phenocrysts were also observed in the area enclosed
by red dashed lines in the right main fracture surface. When
the direction of the feldspar phenocrysts was close to the
growth direction of cracks in the fracture surface, the cracks
were more likely to grow along the feldspar phenocrysts. For
the BS granite, the distribution of constituent minerals was
relatively uniform, and the grain size reached 500∼1500 μm
or even larger. When the sample size was reduced to SS, the
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Figure 13: Failure angles of two types of rocks with different sizes under TTC. (a) BS granite and (b) BHT basalt.
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fracture surface became complex, as shown in Figures 11(c)
and 12(a). +is may be one of the reasons why the Inter-
national Society for Rock Mechanics (ISRM) recommends
that the minimum side length of the sample should be more
than 10 times the maximum grain size of minerals. Based on
the previously mentioned analysis, it is better to choose a
large rock sample when studying crack propagation on the
fracture surface under TTC.+eminimum side length of the
sample should be at least 10 times larger than the maximum
grain size of the mineral (ISRM) and the maximum grain
size of the mineral aggregates with an idiomorphic structure
(such as feldspar phenocrysts) to avoid a complex fracture
surface.

4.2. Relationship between Elastic Strain and Sample Size.
+e test results in Section 3.2 showed that there was little
relationship between Young’s modulus and sample size. +e
maximum Young’s modulus of the same samples with
different sizes under the same stress state was fitted with σ2,
and the relationship between them was obtained as follows:

E � dσ2 + e, (9)

where d and e are related to rock type.
According to the calculation method of elastic strain

under TTC proposed in [24],

εeb
� εeb

1 +
σp − σ2

E
, (10)

where εeb is the total elastic strain in the direction of σ1 and
ε1eb is the elastic strain in the biaxial loading stage in the
direction of σ1 under TTC, that is, the elastic strain in the
process of Section 2.2 stress path b.

Taking equation (5) into (10), the following can be
obtained for calculating the total elastic strain in the di-
rection of σ1 related to the sample size under TTC:

εeb
� εeb

1 +
σpV × V′/V( 

aσ22+bσ2+c
− σ2

f σ2( 
. (11)

As shown in Figure 15, the linear regression coefficients
of the total elastic strain of the BS granite and BHT basalt
with sizes of SM and SS predicted by formula (11) in the
direction of σ1 were R2 � 0.90 and R2 � 0.85, respectively,
indicating that the prediction ability of formula (11) was
reasonable.

5. Conclusion

In this study, BS granite and BHT basalt with the same
length : width : height ratio and different sizes were used to
study the size effect under TTC conditions. +e following
conclusions are drawn:

(1) Regarding the deformation and failure characteris-
tics within the range of rock size for this study,
including the stress-strain curve, Young’s modulus,
peak strain in the directions of σ3 and σ2, fracture
angle, and macrofailure mode, there was almost no
obvious size effect. However, the characteristics of
deformation for the two types of rocks were related
to the rock properties and external stress conditions.

(2) +e peak strength and damage stress of the BS
granite and BHT basalt were significantly affected by
the sample size and σ2 under TTC. As the sample size
decreased, the σp and σcd increased. For these two
types of rocks, there was a power function rela-
tionship among the peak strength, sample size, and
σ2 under TTC. Under the same conditions, the
sensitivity of the peak strength of the fine-grained
BHT basalt to the sample size was higher than that of
the medium- to coarse-grained BS granite.

(3) +e complex crack propagation on the fracture
surface of smaller rock samples was due to indirectly

BS Granite

σ3 = 5 MPa

Pr
ed

ic
te

d 
εeb

 (%
)

εP
eb = 1.0035 + 0.7628εO

eb ,R2 = 0.90
0.39

0.42

0.45

0.48

0.51

0.54

0.57

0.44 0.48 0.52 0.56 0.600.40
Observed εeb (%)

(a)

BHT Basalt

εP
eb = 1.5391 + 0.7423εO

eb ,R2 = 0.85

Pr
ed

ic
te

d 
εeb

 (%
)

σ3 = 5 MPa

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.48 0.52 0.56 0.60 0.640.44
Observed εeb (%)

(b)

Figure 15: Prediction ability of equation (11) for total elastic strain in the direction of σ1 for two types of samples. (a) BS granite and (b) BHT
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increasing the mineral grain size or mineral cluster
size in the rocks. Moreover, this study suggests that
the minimum side length of rock samples should be
at least 10 times the maximum size of the mineral
clusters when studying crack propagation on a
fracture surface.

(4) +e estimation method of elastic strain in a certain
range of sample sizes was established by analyzing
the relationship among sample size, peak strength,
intermediate principal stress, and elastic strain in the
direction of σ1, and the prediction result was well.
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,is paper aimed to study the effect of the polysulfide content on the micromorphology and spontaneous combustion char-
acteristics of coal, in order to develop more targeted prevention and treatment strategies. To this end, this study selected the
method of mixing different sulfides with very low sulfur content raw coal to prepare the coal samples to be tested. Various
parameters, such as true density, porosity, micromorphology, and oxygen uptake of the different sulfur samples, were tested. ,e
results reveal that sulfide had a certain expansion effect on the coal body and improved the pore structure of coal, and the porosity
increased with the increase of the sulfur content. After adding iron (II) disulfide (FeS2) and iron (II) sulfide (FeS) powder to the
original coal sample, the number of fine particles on the surface increased significantly. After increasing the oxidation tem-
perature, the lamellar structure disintegrated, and the massive coal body was broken into several fine particles, which promoted
the spontaneous combustion of coal. Polysulfide promotes the low-temperature oxygen absorption of coal and shortens the
natural firing period of coal. FeS has a slightly greater effect on increasing the tendency of coal to spontaneously combust and
shortening the shortest natural firing period of coal. Before the addition of FeS2 and FeS to the coal samples, the coal production
amount was not much different below 80–90°C, and then, the gap gradually widened. Under the same temperature condition of
coal, carbon monoxide (CO) production basically occurred first as the sulfur content increased. When FeS2 and FeS were added,
the sulfur content of the coal samples was 3 and 4%, respectively, and the production of CO and ethene (C2H4) was the largest.
Although the peak areas of aliphatic hydrocarbon, aromatic hydrocarbon, hydroxyl group, and carbonyl group in the coal samples
with FeS were different, they all reached their maximum value when the sulfur content was 4%.

1. Introduction

,e sulfur content in China’s coal resources varies greatly,
ranging from 0.04 to 9.62%. According to the sulfur content,
coal resources can be divided into low sulfur coal (<1%),
medium sulfur coal (between 1 and 2%), and high-sulfur
coal (>2%).,e content and distribution of sulfur in coal are
closely related to the coal formation age and coal-forming
environment [1, 2]. With the continuous expansion of
underground mining, I-beams, anchor rods, nets, and other

iron-containing materials are widely used, and ferrous
sulfide (FeS), which is a combustible product of the cor-
rosion of sulfur and sulfide with iron and its oxides in coal
[3–5], has gradually become a common sulfide present in
mines. ,e oxidation of inorganic sulfur in coal produces a
lot of heat, promotes the process of spontaneous combustion
of coal, and significantly shortens the natural combustion
period of coal [6, 7]. In addition, the original hydrogen
sulfide (H2S) gas in some coal is also flammable and pro-
duces a blue flame when burning [8–10].
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,e mutual conversion between different sulfur-con-
taining substances is a very complex reaction system.
Depending on different factors, such as temperature, oxygen
concentration, and environmental pH, whether other sub-
stances are involved, different reactions will occur and
different substances will be generated [11]. Under certain
conditions, various substances can be converted into each
other. However, usually, the underground environment of a
coal mine is extremely complex, and the chemical compo-
sition of the coal body is diverse [12, 13]. Various factors
work together to enable the presence of multisulfide in the
underground coal body, which has a certain effect on the law
of coal spontaneous combustion. ,e multisulfide complex
reaction system has been preliminarily established. As
shown in Figure 1, complex reactions of FeS2, FeS, and H2S
will occur under different conditions, and many complex
intermediates, such as Fe, iron oxide, elemental S, and acid,
will be formed [14–17].

Some Chinese high-sulfur coal mines (Shenhua Wulan
Coal Mine, Laoshidan Coal Mine, etc.) once had blue flame
and flue gas, but the concentration of carbon monoxide
(CO) at the upper corner of the working face did not exceed
the standard and was even 0, and the cause of ignition was
not completely clear. ,erefore, the study of the influence of
multiple sulfides (mainly FeS2, FeS, and H2S) on the physical
structure and spontaneous combustion characteristics of
coal has an important guiding significance for the analysis of
the influence of multiple sulfides on the natural combustion
law of coal and fire prevention and extinguishing work in the
process of high-sulfur coal seam mining.

2. The Effect of Coal Porosity

As a kind of porous medium, there are a lot of pores in the
coal body, and the proportion of the pore volume of the total
volume of the coal body is the porosity of coal [18]. ,e
porosity of coal has an important effect on the coal-oxygen
composite reaction in the low-temperature oxidation stage.
,e larger the porosity of coal is, the larger the coal surface
area involved in the coal-oxygen composite reaction will be,
which is more conducive to the coal-oxygen composite
reaction. ,e true density of coal refers to the ratio of the
true weight to the true volume of the coal [19, 20]. For the
same coal sample, the higher the true density is, the smaller
the porosity is, and the two are inversely proportional
[21–24].

Coal blocks were crushed and ground into coal samples
smaller than 0.2mm, which were divided into 9 groups with
different sulfur contents according to the test scheme and
two samples for each group. One part was left untreated, and
the other was cooled after 8 hours of oxidation and heating
in an air blast high-temperature chamber at 180°C. ,e true
density of coal before and after oxidation was tested
according to GB/T23561.2-2009 “Methods for the deter-
mination of physical and mechanical properties of coal and
rock—Part 2: Methods for the determination of true density
of coal and rock,” and the process setup is shown in Figure 2.

,e experimental results of the true density test shown in
Table 1 and Figure 2 reveal that the true density increases to

varying degrees when FeS2 and FeS are added to the original
coal samples before the increase of the oxidation temper-
ature. With the increase of the sulfur content, the true
density increases and the porosity decreases. ,e experi-
mental results of the true density test shown in Table 1 and
Figure 3 reveal that the true density increases to varying
degrees when FeS2 and FeS are added to the original coal
samples before the increase of the oxidation temperature.
With the increase of the sulfur content, the true density
increases and the porosity decreases. With the same sulfur
content, the true density of the coal samples with FeS is
higher than that with FeS2.,is is due to the high porosity of
the coal, with many pores on its surface and inside, and also
that the added sulfide is solid powder, so the addition of
sulfide reduces the number of pores in the coal sample per
unit mass, while the added FeS mass is greater than that of
FeS2 with the same sulfur content.

,e results in Table 1 and Figure 2 also reveal that the
change rule of the true density and porosity of coal samples
after oxidation and heating is basically the same as that
before heating. In the process of oxidation and heating of a
coal sample, ferrite compounds react with oxygen and re-
lease heat. Ferric hydroxide (Fe(OH)3), one of the reaction
products, will form a sol in the presence of water, with a
particle radius of between 10−7∼10−5 cm, and a pore radius of
the coal macromolecule of 10−5 cm. ,us, the Fe(OH)3 sol
will enter the pore of the coal macromolecule and gradually
condense into Fe(OH)3 micelles to fill the pores, thereby
reducing the effective pore volume of the coal particles,
ultimately increasing its true density, and reducing its po-
rosity. Also, the greater the sulfur content of coal is, the
greater the plugging effect is, and with the increase of the
temperature, this effect is more pronounced.

In this test, the coal sample was not humidified, and its
water content was the natural water content. If the coal
containing sulfur under the shaft is in a humid environment
and there is a risk of natural combustion, the effect of sulfur
compounds on the reduction of its porosity will be more
obvious.

3. The Influence of the Microscopic
Morphology of Coal

Scanning electron microscopy (SEM) is usually used to
examine the microscopic morphology of substances. In this
study, SEM was used to examine the microscopic mor-
phology of coal samples with different sulfur contents before
and after heating using a Hitachi S-3400N scanning electron
microscope (Hitachi Ltd., Tokyo, Japan). ,e SEM images of
raw coal samples and coal samples with FeS2 and FeS added
before and after the increase of the oxidation temperature
(the increasing oxidation temperature conditions were the
same as those for the true density test) were recorded at a
magnification of 10,000x, and the images are displayed in
Figures 4∼6.

,rough continuous observation with a moving lens,
representative images with a magnification of 10,000x were
selected for analysis.
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,e images in Figure 4 reveal that the surface of the raw coal
sample before and after the oxidation and heating exhibits a
lamellar structure, and there is a small pore structure on the
surface. After heating, the pore structure on the surface of the
raw coal sample expands compared with that before heating,
and the cracks increase. ,e surface of the coal sample is
partially oxidized, and the surface of the coal sample is cracked
as a whole.

,e images in Figure 5 show that after adding FeS2 powder
to the raw coal sample, the microscopic morphology of the coal
sample surface changes from that before adding FeS2. In par-
ticular, the number of fine particles on the coal surface increases
significantly, and such increase in the number of fine particles
increases the contact area between the coal and oxygen, which is
conducive to natural combustion. After the oxidation tem-
perature increases, the number of fine particles increases, and
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Figure 1: Downhole multisulfide complex reaction system.

Figure 2: True density test process setup of the coal samples with
different sulfur contents before and after the increase of the oxi-
dation temperature.

Table 1: True density test results of coal samples with different
sulfur contents before and after the increase of the oxidation
temperature.

Oxidation
temperature

Sulfur/sulfur
content 0 2 3 4 5

Before FeS2 1.39 1.44 1.46 1.48 1.52
FeS 1.39 1.45 1.47 1.5 1.58

After FeS2 1.64 1.65 1.67 1.68 1.73
FeS 1.64 1.72 1.74 1.79 1.82
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Figure 3: True density test results of coal samples with different
sulfur contents before and after oxidation and heating.
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the original massive area becomes loose. Cracks appear on the
surface of both the massive coal and the particles, which sets up
the conditions for further accelerated oxidation.

,e images in Figure 6 reveal that after the addition of
the FeS powder to the raw coal sample, the surface be-
comes smooth and exhibits an obvious lamellate distri-
bution, and deep cracks are found between each

lamellate. After the oxidation temperature increases, the
lamellar structure is clearly disintegrated, and the block
of coal is broken into numerous fine particles. ,e thin
layer of fine particles loosens the structure of the coal
seam and increases the air leakage velocity and oxygen
content in micropores, further promoting the sponta-
neous combustion of coal.

Raw coal sample before
the increase of the oxidation temperature

Raw coal sample a�er
the increase of the oxidation temperature

Figure 4: Microscopic morphology of raw coal sample (a) before and (b) after the increase of the oxidation temperature.

Coal sample with FeS2 added before
�e increase of the oxidation temperature

Coal sample with FeS2 added a�er
the increase of the oxidation temperature

Figure 5: Microscopic morphology of the coal sample with FeS2 added (a) before and (b) after the increase of the oxidation temperature.

Coal sample with FeS added before
�e increase of the oxidation temperature

Coal sample with FeS added a�er
the increase of the oxidation temperature

Figure 6: Microscopic morphology of coal sample with FeS added (a) before and (b) after the increase of the oxidation temperature.
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4. The Effect of the Tendency of Coal
Spontaneous Combustion

,e spontaneous combustion of coal is directly related to the
adsorption of oxygen by coal. In this study, the ZRJ-1 briquette
spontaneous combustion tester is used to test the influence of
the sulfur content on the dynamic oxygen uptake of coal under
different temperature conditions. During the experiment, fresh
large coal samples were taken, and then, the coal core of
100∼150 g was used. ,e coal was crushed to less than 0.2mm
particles within 20min, and particles of 0.1–0.15mm
accounted for more than 70% [5–8]. Eight groups of coal
samples with a sulfur content of 2, 3, 4, and 5% were prepared
by adding FeS2 and FeS, and the raw coal sample was con-
sidered to have approximately the sulfur content of 0%. ,ere
were 9 groups in total.

,e oxygen intake levels of coal samples with different
sulfur contents at 30°C shown in Table 2 reveal that with the
addition of FeS2 and FeS, the oxygen uptake level of coal at 30°C
increases alongwith the increase of the sulfur content in the coal
sample, indicating that the sulfur content promotes the physical
oxygen uptake of coal, with a maximum increase of about 15.33
and 21.90%.

With the increase of the sulfur content of the coal
sample, the oxygen absorption, as measured by chro-
matography, initially increases and then decreases. ,is
finding indicates that within the usual sulfur content
range of coal seam, there is a sulfur content value that has
the strongest promoting effect on the oxygen absorption
measured by chromatography of the coal sample, which
has the greatest enhancing effect on the spontaneous
combustion tendency of coal. With the same sulfur
content, the chromatographic oxygen uptake at 30°C of
the coal samples containing FeS is higher than that of coal
samples containing FeS2, indicating that the promoting
effect of FeS on the spontaneous combustion tendency of
coal is slightly greater than that of FeS2 under the same
experimental conditions. For the FeS coal sample, the
peak value of oxygen absorption is about 4% of sulfur
content, while for the FeS2 coal sample it is about 3%.

5. The Effect of the Coal Spontaneous
Combustion Mark Gas

,e effect of sulfur compounds with different sulfur
contents on the generation regularity of the symbol gas of
coal spontaneous combustion was studied by a pro-
grammed temperature experiment. Fresh large-lump coal
samples were shelled, cored, and crushed, and four kinds
of coal particles with a particle size of 0∼1mm, 1∼3mm,
3∼5mm, and 5∼10mm were selected to prepare mixed
coal samples required for the temperature-programmed
characteristic experiment according to the mass ratio of
1 : 1 : 1 : 1. ,en, the correct weight of the FeS2 or FeS
powder sample was evenly mixed with the coal sample
according to the designed sulfur content. Each sample
weighed 1,000 g [25, 26]. ,e prepared coal sample was
slowly loaded into the coal sample tank and then placed
into the programmed heating furnace. During the

experiment, dry air was injected into the coal sample tank
at a flow rate of 130mL/min; then the gas was taken for
every 10°C increase and analyzed by gas chromatography.

5.1. Rule of CO Production. CO is the earliest oxidized gas
product in the process of coal spontaneous combustion and
runs through the whole process. After adding FeS2 and FeS,
the change of CO production in coal samples with different
sulfur contents with the coal temperature is shown in
Figure 7.

,e results in Figure 7(a) show that before the tem-
perature of the coal samples with added FeS2 and FeS
reaches 80–90°C, there is little difference in the amount of
CO produced in each coal sample. Above 80–90°C, the
difference gradually increases. Under the same coal
temperature condition, the amount of CO produced
usually increases first and then decreases with the increase
of the sulfur content. In the case of the two additives, when
the sulfur content is 3 and 4%, respectively, the coal
sample produces the largest amount of CO, the raw coal
sample is the smallest, and the rest is between the two,
with some staggered overlap, which is basically consistent
with the change rule of oxygen intake. Compared with the
CO production data with the same sulfur content with
different sulfur compounds, when the sulfur content is 2
and 3%, the CO production in the coal sample with added
FeS2 is slightly higher than that in the coal sample with
added FeS. When the sulfur content is 4 and 5%, the result
is the opposite to that obtained when the sulfur content is
2 and 3%. ,e difference between the two is the largest
when the sulfur content is 4%.

5.2. Rule of Ethylene (C2H4) Production. ,e appearance of
C2H4 indicates that the coal spontaneous combustion has
entered the accelerated oxidation stage, which is generally used
as the index of coal spontaneous combustion. After adding FeS2
and FeS, the C2H4 production of the coal samples with different
sulfur contents varies with the coal temperature, as shown in
Figure 8. When FeS2 is added, the production of C2H4 is less
regular, and the temperature at which C2H4 appears for the first
time does not change in the process of programmed heating,
which is at 80°C.,eC2H4 production of each coal sample with
sulfur content is clearly higher than that of the raw coal sample,
but their curves overlap at many points. ,erefore, under the
condition of the same coal temperature, the variation rule of
C2H4 production with sulfur content is not clear, but it can be
seen that when the sulfur content is 3%, the C2H4 production is
the maximum in the whole process.

Table 2: Chromatographic oxygen intake of coal samples with
different sulfur contents at 30°C.

Sulfide species
Oxygen uptake under different sulfur content

conditions (cm3·g−1)
0% 2% 3% 4% 5%

FeS2 1.37 1.51 1.58 1.52 1.42
FeS 1.37 1.54 1.59 1.67 1.52
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,e regularity of C2H4 production of the coal samples
with added FeS in the process of programmed heating is
clearly better than that with added FeS2, and the over-
lapping of curves is significantly reduced. ,e tempera-
ture of C2H4 in the coal sample with a sulfur content of
4% was increased to 70°C for the first time, which in-
dicated that it had a significant promoting effect on the
spontaneous combustion of coal. At the same coal
temperature, with the increase of the sulfur content, C2H4
production usually increases first and then decreases, and
the C2H4 production reaches its maximum when the
sulfur content is 4%.

6. The Effect of the Shortest Spontaneous
Combustion Period of Coal

,e shortest spontaneous combustion period in coal ex-
periments refers to the time from coal exposure to air to coal
spontaneous combustion, which can better characterize the
risk of coal spontaneous combustion [27, 28]. ,e variation
trend of the coal spontaneous combustion period with sulfur
content is shown in Figure 9.

,e data in Figure 8 show that with the increase of the
sulfur content, the coal spontaneous ignition period
generally exhibits a decreasing trend, indicating that
sulfur plays a promoting role in the natural combustion
of coal. In addition, for the coal samples with added FeS2,
the minimum value is 14.23 when the sulfur content is
3%, and for the coal samples with added FeS, the mini-
mum value is 13.24 d when the sulfur content is 4%. ,e
promoting effect of the added FeS is greater than that of
the added FeS2. ,erefore, in the daily fire prevention
work, it is necessary to detect the content and type of
sulfur in the coal seam at any time to prevent the oc-
currence of the natural combustion of coal.

7. The Influence of Distribution of Main Active
Groups in Coal

,e distribution characteristics of coal samples with dif-
ferent contents of sulfide functional groups and the variation
characteristics of each functional group during oxidation are
analyzed by in situ Fourier transform infrared (FTIR)
spectroscopy. ,en, the real-time change rule of the groups
in the reaction process of coal is obtained, which provides
the basis of the microstructure distribution and change for
the study of the effect of different sulfides on the distribution
of the main active groups in coal [29, 30]. ,e in situ FTIR
spectroscopy analysis was performed on a Nicolet 6700 FTIR
spectrometer (,ermo Fisher Scientific Inc., Waltham, MA,
USA) equipped with a smart diffuse reflectance accessory,
sample reaction tank, temperature control device, gas supply
device, and water cooling device, as shown in Figure 10.

,e infrared spectra of the functional groups of coal
samples with different sulfides in the coal oxidation process
that change with time are shown in Figure 11.

,e chemical activity of coal is determined by its
composition and content of functional groups. ,e
content of each functional group in coal can be deter-
mined by quantitative analysis of infrared spectra of coal
samples. ,e quantitative analysis method of an infrared
spectrum is mainly based on Lambert-Beer law, expressed
as follows:

A(v) � lg
1

T(v)
� K(v)bc, (1)

where A (]) is the absorbance of the sample spectrum at the
wavenumber ],T (]) is the transmittance of the spectrumof the
sample at the wavenumber ],K (]) is the absorbance coefficient
of sample at the wavenumber ], b is the thickness of the sample,
and c is the concentration of the sample.,ere are two kinds of
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Figure 7: CO generation rules of coal samples with different sulfur contents in the process of programmed heating (a) with FeS2 and (b) with FeS.
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quantitative analysis methods based on Lambert-Beer law: one
is based on peak height; the other is based on peak area. ,e
peak area value of the infrared absorption spectrum is less
affected by the factors of sample and instrument than the peak
height value.,erefore, in this study, themethod of peak area is
used to quantitatively analyze the content of each functional
group in the coal samples.

,e peak area values of the main functional groups of
the coal samples with different sulfur contents at different
temperatures were obtained by the fitting method. As
shown in Table 3, the main functional groups in the coal
structure include aromatic hydrocarbons, aliphatic

hydrocarbons, and various oxygen-containing functional
groups (mainly hydroxyl and carbonyl groups).

,e peak area of aliphatic hydrocarbon and aromatic
hydrocarbon of the FeS coal samples generally increased
first and then decreased with the sulfur content, while the
peak area of the hydroxyl and carbonyl groups decreased
first and then increased, reaching its maximum value when
the sulfur content was 4%. With the addition of FeS2, the
peak area of the aliphatic hydrocarbon increased first and
then decreased with the sulfur content, the peak area of the
aromatic hydrocarbon increased first and then decreased
with the sulfur content, and the peak area of the hydroxyl
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Figure 9: ,e variation trend of the shortest spontaneous combustion period of coal with the sulfur content.
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Figure 8: Ethylene (C2H4 generation) rules of coal samples with different sulfur contents in the process of programmed heating (a) with
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and carbonyl groups increased first and then decreased,
reaching its maximum value when the sulfur content was
4%.

8. Conclusion

From the study of the effect of various sulfides on the
physical structural properties of coal, such as porosity and
microstructure, as well as its spontaneous combustion
tendency, spontaneous combustion mark gas, and sponta-
neous combustion period, the following conclusions are
drawn:

(1) Sulfide can expand coal and improve its pore
structure. ,e true density decreases with the in-
crease of the sulfur content, while the porosity

increases with the increase of the sulfur content.
After adding FeS2 and FeS powder to the raw coal
sample, the number of fine particles on the surface
increases significantly. After the oxidation and
temperature increase, the lamellar structure is clearly
disintegrated, and the block of coal is broken into
several fine particles. ,e thin layer of fine particles
loosens the structure of the coal seam, increases the
air leakage velocity and oxygen content in micro-
pores, and further promotes the spontaneous com-
bustion of coal

(2) ,e addition of sulfur promotes the low-temperature
oxygen absorption of coal. ,e promoting effect of
FeS on the spontaneous combustion tendency of coal
is slightly greater than that of FeS2. With the increase
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Figure 11: Infrared spectra of coal samples at 30°C: (a) raw coal sample; (b) coal sample with 2% FeS; (c) coal sample with 2% FeS2.

Figure 10: Fourier transform infrared spectroscopy in situ testing system equipped with a smart diffuse reflectance accessory.

Table 3: Infrared absorption peak area values of the main functional groups in each coal sample at 30°C.

Name of added sulfide Sulfur
content (%)

Aliphatic
hydrocarbon-CH3/-CH2-/-CH

Aromatic
hydrocarbon C�C

Oxygen-containing
functional group

-OH C�O C-O
Nothing 0 10.161 5.592 15.531 4.762 7.418

FeS

2 12.452 2.409 17.108 4.762 7.581
3 18.576 10.369 26.345 3.355 13.191
4 20.850 12.553 41.493 4.762 14.316
5 12.308 6.324 19.467 1.497 6.945

FeS2

2 13.432 7.579 21.908 2.244 7.780
3 11.894 7.410 18.865 2.464 9.979
4 12.999 9.518 20.578 3.412 12.897
5 14.630 7.577 23.372 2.948 10.033
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of the sulfur content, oxygen uptake increases first
and then decreases, and there is a sulfur content level
that enables the coal to have its maximum oxygen
uptake value. It is preliminarily determined that the
optimal sulfur content of the spontaneous com-
bustion of coal samples with the addition of FeS2 and
FeS is 3 and 4%, respectively

(3) Under the same coal temperature condition, the CO
production of the coal samples increases first and
then decreases with the increase of the sulfur con-
tent. When there are two kinds of additives with a
sulfur content of 3 and 4%, respectively, the coal
sample produces the largest amount of CO, and the
law of CO generation is basically consistent with the
change law of oxygen intake.,e C2H4 production of
the coal samples with various sulfur contents is
greater than that of the raw coal samples, and there
are many overlapping points. When the sulfur
content of the coal samples with FeS2 and FeS is 3%
and 4%, respectively, the C2H4 production is the
largest

(4) Sulfur promotes the spontaneous combustion of
coal, and the effect of adding FeS is greater than that
of adding FeS2

(5) ,e peak area of the aliphatic hydrocarbon and
aromatic hydrocarbon of FeS coal samples generally
increased first and then decreased with the sulfur
content, while the peak area of the hydroxyl group
and carbonyl group decreased first and then in-
creased and reached the maximum value when the
sulfur content was 4%. With the addition of FeS2, the
peak area of the aliphatic hydrocarbon increased first
and then decreased with the sulfur content, the peak
area of the aromatic hydrocarbon increased first and
then decreased with the sulfur content, and the peak
area of the hydroxyl and carbonyl groups increased
first and then decreased, reaching its maximum value
when the sulfur content was 4%
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No. 21 coal seam is a full-thickness structured soft coal in Dengfeng coalfield. )e coal seam gas-bearing capacity is high, and the
permeability is poor, thus resulting in serious coal and gas outburst dynamic disasters. According to the gas geological conditions
of BaoyushanMine, No. 17 coal seamwithout outburst danger, which is 0.5m thick and 23.4m under No. 21 coal seam, was mined
in advance as the lower protective seam. At the same time, a gas extraction roadway was constructed in No. 21 coal seam floor.
Cross-layer boreholes were constructed to extract the pressure relief gas of No. 21 coal seam for comprehensive treatment of mine
gas. )e mobile deformation of the overburden coal and rock mass after mining No. 17 coal seam, the fracture development
characteristics of No. 21 coal seam, the pressure relief gas migration of the coal seam, the gas extraction, and the outburst danger
elimination were studied. )e research findings showed the following: (1) after mining No. 17 coal seam, the overburden hard and
extremely thick limestone roof sagged slowly, albeit leading to no craving zone. (2) )e permeability of No. 21 coal seam was
increased by about 394 times, from 0.0012 mD to 0.4732 mD. (3) After the extraction of pressure relief gas through the gas
extraction roadway on the floor through the cross-layer borehole, the gas pressure of No. 21 coal seam decreased from 1.17MPa to
0.12MPa, while the gas content decreased from 9.74m3/t to 3.1m3/t, which suggested that the coal and gas outburst dynamic
danger of No. 21 coal seam was totally eliminated and the goal of safe and efficient mining in the mine was realized.

1. Introduction

Coal is the major energy of China, which accounts for more
than 60% of the primary energy [1, 2]. With the rapid de-
velopment of Chinese economy, the coal demand also in-
creased dramatically. From 2001 to 2020, China’s coal
output soared from 1.106 billion tons to 3.7 billion tons.
Limited by the conditions of coal resources, 90% of coal
resources are obtained through underground mining. )e
mining depth of coal increases at an annual rate of 10∼30m.
Currently, the average mining depth of the coal resources in
China has exceeded 600m, with the deepest one exceeding
1,500m. With the intensification of coal mining, the mining
depth keeps on increasing, resulting in growing ground
stress on the working seam, increasing coal seam gas
pressure and gas emission amount, and increasing com-
plexity and danger of gas disasters [3]. Many low gas mines

have been turned into high gas ones, and the high gas ones
have been turned into coal and gas outburst ones. In China,
the coal mines had a tendency to increase gas grade and
increase the number of outburst mines. In particular, the
mines in central China are characterized by in-depth
mining, high coal seam gas content, high gas pressure,
complex geographical conditions, and soft and crushed coal
seam structure, so the coal mines are faced with serious gas
disasters [4–7].

Located in about 60 km southwest of Zhengzhou, Henan
Province, Dengfeng coalfield is about 70 km long and
8∼15 km wide and covers an area of about 1,000 km2. )e
coalfield stratum can be divided into Permian System Shanxi
Group and Taiyuan Group. No. 21 coal seam under the
bottom of Shanxi Group is stable. It is the major minable
coal seam of the coalfield. No. 21 coal seam features a
thickness of about 0∼26.73m and an average thickness of
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4.57m. )us, it is a medium-thickness coal seam. )e coal
rank is the meager coal. Affected by the extrusion, rubbing,
and other tectonic movements, No. 21 coal seam is char-
acterized by full-thickness constructed soft coal. Most coals
are of types III∼V. )e coal strength and permeability are
extremely low, the coal seam gas content is high, and the coal
seam gas extraction effect is poor. )us, the gas disasters are
extremely serious. For a long time, the gas disasters of No. 21
coal seam in Dengfeng coalfield, especially the coal and gas
outburst disasters, have greatly limited the development of
the local coal mine enterprises and seriously threatened the
safety of miners. In order to ensure the mining safety of No.
21 coal seam in the deep area of the mine, the regional
outburst prevention measures should be adopted to elimi-
nate the coal and gas outburst dynamic disasters of No. 21
coal seam.

Many mines in China have achieved remarkable results
by adopting the measure of protective coal seam mining to
prevent and control coal and gas outburst dynamic disasters
[8–11]. Concerning the gas geological conditions of No. 21
coal seam of Dengfeng coalfield, the adoption of protective
seam mining combined with stress-relief gas extraction
technique is the most effective, simplest, and most economic
measure to prevent the coal and gas outburst disasters
[12–16]. )e technique can eliminate the coal and gas
outburst dynamic disasters and finally realize the goal of safe
and efficient mining. However, mines adopting the measure
must be equipped with the condition of coal seam group
occurrence. In other words, within the effective protection
vertical interval, there should be a coal seam free of outburst
danger whose thickness is no smaller than 0.5m acting as the
protective seam. According to the geological data of
Dengfeng coalfield, the gas content of No. 17 coal seam,
which is 23.4m below No. 21 coal seam and whose thickness
averages 0.5m, is extremely low, so it is the coal seam free of
outburst danger and can be first mined as the lower pro-
tective seam. At the same time, the adoption of the gas
extraction roadway during the construction in the chassis of
No. 21 coal seam and the extraction of the pressure relief gas
of No. 21 coal seam in the cross-layer boreholes can eliminate
the coal and gas outburst dynamic disasters. However, there
is a layer of 7.3m thick hard limestone between No. 17 coal
seam and No. 21 coal seam, which is unfavorable to the
pressure relief and permeability increase effect of No. 21 coal
seam. )erefore, under the condition, it is necessary to
conduct an experiment and field study to see whether the
technique of mining extremely thin No. 17 coal seam
combined with the pressure relief gas extraction technique
can eliminate the coal and gas outburst dynamic dangers of
No. 21 coal seam.)e BaoyushanMine in Dengfeng coalfield
was adopted as the research object. )rough the experiment
and field test, the gas parameters of No. 21 coal seam were
obtained, and the outburst danger was analyzed. )rough
studying the overburden coal-rock mass displacement and
distortion, the mining fracture development characteristics
of No. 21 coal seam, and the coal seam pressure relief gas
migration and convergence rules, the authors hope that the
research findings can guide Baoyushan Mine to conduct site
protective seam mining. )e research of the extremely thin

protective seam mining combined with the pressure relief
gas extraction under the hard and extremely thick limestone
condition is the first of its kind. )e research findings are of
vital significance to the prevention and control of coal and
gas outburst dynamic disasters during the in-depth mining
of No. 21 coal seam in Dengfeng coalfield.

2. Geological Background

Baoyushan Mine is located in the westmost Dengfeng
coalfield and the junction of Ruyang County, Linru County,
and Yichuan County. It is about 100 km away from
Zhengzhou City, capital city of Henan Province. Its geo-
graphical coordinates are 112°34′37.4″～112°41′ east lon-
gitude and 34°18′02.4″～34°21′54.4″ north altitude. Its
traffic situation is shown in Figure 1. )e mine is about
5∼11 km long and 1.1∼3.0 km wide and covers an area of
21.2186 km2. It is a coal and gas outburst mine with a design
production capacity of 600,000 ton per annum. No. 21 coal
seam is the major mining area of the mine.

)e mine adopts the inclined shaft and the vertical shaft
mixed exploitation method, the full-seam mining method,
and the fully caving roof management. )ere are two major
minable coal seams, namely, No. 21 coal seam andNo. 17 coal
seam. )e composite histogram of the mine is shown in
Figure 2. No. 21 coal seam is about 0∼18.98m thick, which is
averaged at 3.1m. )e coal bed pitch is 30°. )e gas content
of No. 21 coal seam is high. )e gas content is above 8m3/t.
)e mine mainly treats the gas outbursts through the
drainage borehole, bleeder off hole, and increase of the wind
amount for the mining working face. However, due to high
gas content of No. 21 coal seam, the coal seam is soft and has
poor permeability. As a result, the gas extraction effect is
poor. During the mining process, the gas density in the
ventilation roadway often exceeds the limit, which seriously
threatens the safe production of the mine. Even if the wind
amount for the working face is increased to above 1,000m3/
min, the problem still remains unresolved. During the
blasting process, the gas exceeds the limit more seriously. At
the same time, due to the large wind amount for the working
face, the working face is filled with the coal dust, thus
worsening the working environment of miners. It is apt to
say that gas disasters directly restrain the safe and efficient
production of the mine.

In order to solve the difficulties facing the prevention
and control of gas disaster, based on Detailed Rules of Coal
and Gas Outburst Prevention and Control and the condi-
tions of the coal seam, the authors decided to adopt the
protective seam mining combined with pressure relief gas
extraction technique. No. 17 coal seam of the mine was
adopted as the lower protective seam for prior mining. At
the same time, the gas extraction roadway was placed in the
proper position of the chassis of No. 21 coal seam. )e
pressure relief gas was extracted from No. 21 coal seam
through the boreholes. )e thickness of No. 17 coal seam in
Baoyushan Mine is about 0.12∼1.1m, which averages 0.5m.
It belongs to the extremely thin coal seam and the coal seam
gas content is low, which is about 0.5～1.5m3/t, so No. 17
coal seam has no outburst danger. No. 17 coal seam is mined
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using spiral drilling machine and adopts the gradual sagging
method to manage the roof [17]. )e average mining height
of No. 17 coal seam is 0.5m.

3. Parametric Measurement and Outburst
Danger Evaluation of No. 21 Coal Seam

3.1. Parametric Measurement of No. 21 Coal Seam

3.1.1. Industrial Analysis and Absorption Performance
Experiment Results. )e coal absorption performance ex-
periment was based on the coal’s gas absorption theory.
Generally speaking, the absorption constants, a and b, are
the two indexes evaluating the coal’s gas absorption per-
formance. )e measurement of coal’s gas absorption con-
stants was conducted in the lab according to the national

standard, Measurement Method of Coal’s Gas Absorption
Amount. First, the sample of No. 21 coal seam was obtained
from Baoyushan Mine. Using the HCA high-pressure vol-
ume method, the gas absorption experiment devices, and
5E-MAG6600 full-automatic industrial analyzer, the gas
absorption constants, moisture, ash content, and volatile
components of No. 21 coal seam were measured, respec-
tively. )e experiment devices are shown in Figure 3. )e
actually measured value of a, an absorption constant of No.
21 coal seam, was 28.834m3/t; the actually measured value of
b, the other absorption constant, was 0.835MPa−1; the
moisture of No. 21 coal seam was 1.12%; the ash content was
8.98%; and the volatile components were 13.03%.

)e coal’s porosity refers to the ratio of the bulk volume
of the hole to the bulk volume of the coal. )is index decides
the absorbability, permeability, and strength of coal and the
gas migration characteristics within the coal. )e porosity of
No. 21 coal was calculated through the actually measured
true and false proportion of No. 21 coal sample. )e result
showed that the porosity of No. 21 coal was 2.82%.

3.1.2. Coal Structure, Gas Diffusion Initial Velocity, and
Firmness Coefficient. Detailed Rules of Coal and Gas Out-
burst Prevention and Control clearly divides the coal de-
struction types into five. I and II are the nontectonic coal
without outburst dangers. III, IV, and V coal are the tectonic
coal; they are basically corresponding to the tectonically
crashed coal, the fractionalized coal, and the mylonitic coal.
)e site observation of No. 21 coal seam in Baoyushan Mine
shows that No. 21 coal seam has the following characteristics:
the coal mass is mainly powdery and seldom granulous or
flaky. It lacks luster and has no bedding. Its strength is low
and can be twiddled into powder by hand. )e protogenesis
structure of the coal has been seriously damaged. )e lump
coal formed through press of the pulverized coal is mixed in
the coal mass now and then. )e strength is low, and it can
be fragmented by the press of a finger. It belongs to the full-
thickness tectonic coal, and the destruction type of its coal
mass belongs to IV-V coal.

)e WT-1 gas diffusion rate tester and the coal firmness
coefficient tester were employed to test the gas diffusion
initial velocity and the coal firmness coefficient of No. 21 coal
seam. )e experiment devices are shown in Figure 3. )e
actually measured gas initial velocity of No. 21 coal seam in
Baoyushan Mine was 12∼27mmHg, and the firmness co-
efficient of the coal mass was 0.1∼0.18.

3.1.3. Gas Pressure and Gas Content of No. 21 Coal Seam.
Seam gas pressure refers to the acting force generated by the
free thermal motion of the gas molecules within the hole of
the coal seam, namely, the gas pressure exerted on the hole
wall. )e gas pressure of the coal seam is an important index
to evaluate the outburst danger and the gas content of the
coal seam [18]. At the same time, the gas pressure is also the
basic parameter which decides the gas migration power and
the potential of gas power. It plays a guiding role in the
research and evaluation of gas emission, gas migration, gas
extraction, and gas outburst [13, 19–22].

Baoyushan coal mine

1000 km

1000 km

Dengfeng coal feild

Henan province

Figure 1: Maps showing the traffic situation of the study area. (It is
reproduced from [17].)
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Figure 2: )e composite histogram of Baoyushan Mine.
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According to the requirements of direct measurement
methods of the gas pressure of the coal seam under the coal
mine, slip casting and hole sealing pressure measurement
method was adopted to test the gas pressure of No. 21 coal
seam in Baoyushan Mine. )e piezometer tube with the
holder was installed to the predetermined pressure depth
under the mine. )e porthole was sealed with the chuck and
the quick-drying cement. )e slip casting tube was installed.
)e use amount of the puff and nonshrink cement was
determined by the depth of hole sealing. )e hole sealing
cement paste was prepared according to certain proportion
(water-cement ratio was 2 :1; the mixing amount of the
swelling agent was 12% of the cement). )e hole sealing
cement paste was continuously injected into the borehole at
once with the injection pump. After the slip casting lasted for
24 h, the triple-channel devices and the piezometer were
installed in the porthole. Based on the natural permeation
principle of gas in No. 21 coal seam, the gas pressure to
achieve the balance in the borehole disclosed area was tested
(see Figure 4).)e site’s actually tested gas pressure of No. 21
coal seam in Baoyushan Mine was 1.17MPa.

)e coal seam gas content refers to the gas content in the
unit mass or volume of the original coal mass. According to
the requirements of direct measurement methods of the gas
pressure of the coal seam under the coal mine, a hole was
drilled in Baoyushan Mine. )rough hole drilling, No. 21
sample coal was fetched from the in-depth coal seam and
was sealed in the bottle immediately. )e field test of the gas
desorption amount lasted for two hours. According to the
gas desorption rule of the coal sample, the gas loss amount
before the gas was sealed in the coal sample bottle was
deducted.)en, the coal sample bottle was taken to the lab to
conduct the remaining gas content test. )e test devices are
shown in Figure 5. )e coal seam gas content is the sum of
the gas loss amount, gas desorption amount, and remaining

gas amount.)e actually measured gas content of No. 21 coal
seam of Baoyushan Mine was 9.74m3/t.

3.2. Analysis of the Outburst Danger of No. 21 Coal Seam

3.2.1. Coal and Gas Outburst Disasters of No. 21 Coal Seam of
the Adjacent Coal Mines. )e coal mines which focus on
mining the shallow part of No. 21 coal seam and which are
adjacent to the Baoyushan Mine include Pochi Mine, Poxin
Mine, Lugou No. 8 Mine, and Lugou Mine. )e coal mine
adjacent to Baoyushan Mine in the east is Hezhuang Mine
and in the west Changhong Mine. )e coal mines which
focus on mining the shallow include Shangzhuang Mine and
Baoyushan No. 2 Mine. )e relative position relationship of
coal mines adjacent to BaoyushanMine is shown in Figure 6.

(a) (b)

(c) (d)

Figure 3: Instruments used in the determination of coal seam gas parameters: (a) gas absorption experiment device; (b) 5E-MAG6600 full-
automatic industrial analyzer; (c) WT-1 gas diffusion rate tester; (d) coal firmness coefficient tester.
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Figure 4: Schematic diagram of coal seam gas pressure grouting
method: (1) air charging system; (2) three direct links; (3) pressure
gage; (4) wooden wedge; (5) piezometer tube; (6) coal seam; (7)
blocking material; (8) injection pipe; (9) grouting pump; (10)
holder; (11) small holes.
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According to the investigation, the gas dynamic phe-
nomenon of the adjacent mines is shown as follows: Pochi
Mine, Poxin Mine, Lugou No. 8 Mine, and Lugou Mine are
the coal mines which mined the shallow part of No. 21 coal
seam. During the mining period, the coal seam gas emission
is low. In recent years, the gas grade has been identified as the
low level. No coal and gas outburst dynamic phenomena
have ever happened.

Shangzhuang Mine is located in the shallow part of
Changhong Mine. In February 1977, there was a gas ex-
plosion accident. Two persons died and 17 were burned. In
August 1981, gas combustion occurred, leading to the death
of one person. It has ceased production.

Baoyushan No. 2 Mine is located in the shallow part of
Changhong Mine and in the west of Shangzhuang Mine.
On September 5, 2000, in +250m horizontal trans-
portation avenue, an extremely serious coal and gas
outburst happened, leading to the death of 14 persons and
the injury of 8 persons. On November 21, 2001, a gas
stifling accident caused the death of two. Now, it has
ceased production.

Hezhuang Mine and Baoyushan Mine are not con-
nected with each other but are close to each other. )e gas
dynamic phenomena happened here several times. In
2007, it was identified as coal and gas outburst mine. On
April 8, 2009, in the 11030 Transportation Avenue, a
medium-size coal and gas outburst happened. )e out-
burst coal and rock amount was 215 t and that of the gas
amount was 10,089m3.

Changhong Mine is connected with the west part of
BaoyushanMine. OnOctober 16, 2004, during the tunneling
process of the roadway on No. 21 coal seam, a coal and gas
outburst happened. )e sound of coal blasting lasted for a
long time, and the gas emission was abnormal. )e gas
concentration rose to 1.69% within a short time. )e out-
burst coal amount reached about 13 t, and the outburst gas
was about 500m3. )e actually measured gas content near
the outburst point when the outburst happened was 5.34m3/
t. In 2008, it was identified as the coal and gas outburst coal
mine. On March 21, 2014, during the tunneling face of the
roadway in ChanghongMine, a serious coal and gas outburst
happened, leading to the death of 13 persons.

3.2.2. Gas Outburst Parameters and Outburst Danger
Evaluation of No. 21 Coal Seam. )e actually measured gas
outburst parameters of No. 21 coal seam in Baoyushan Mine
are shown in Table 1.

From Table 1, the following can be seen: (1) the gas
pressure and gas content of No. 21 coal seam in Baoyushan
Mine were high. Gas pressure was 1.17MPa, which was
higher than the critical value, 0.74MPa, specified in Detailed
Rules of Coal and Gas Outburst Prevention and Control. Gas
content was 9.74m3/t, which was higher than the critical
value of 8m3/t specified in Detailed Rules of Coal and Gas
Outburst Prevention and Control and was far higher than
that of No. 21 coal seam in the outburst point of Changhong
Mine, which was 5.34m3/t. (2) )e initial velocity of gas
emission of No. 21 coal seam was 12∼27mmHg, which was
higher than the critical value of 10mmHg. (3) )e coal mass
structure of No. 21 coal seam features the pulverized coal,
which was a full-thickness tectonic soft coal. )e proto-
genesis structure of the coal seam suffered serious damage,
and the strength is extremely low.)e firmness coefficient of
No. 21 coal seam was 0.1∼0.18, and the destruction type is
V. )e original permeability of No. 21 coal seam was 0.0012
mD, so the seam permeability is extremely poor. )e gas
outburst parameters of No. 21 coal seam in Baoyushan Mine
are far higher than the outburst critical indexes specified in
Detailed Rules of Coal and Gas Outburst Prevention and
Control, so the outburst danger is high. No. 21 coal seam of
the adjacent coal mines underwent several coal and gas
outbursts. To sum up, No. 21 coal seam of BaoyushanMine is
a low permeability high gas outburst coal seam.

4. FeasibilityAnalysisandOutburstElimination
Principle of the Extremely Thin Protective
Seam Mining Combined with the Pressure
Relief Gas Extraction Technique

Since No. 21 coal seam is characterized by strong outburst
danger, we decided to adopt the protective seam mining
combined with the pressure relief gas extraction technique to
eliminate the coal seam outburst danger. According to the
protective coal seammining theory, the feasibility analysis of
No. 17 coal seam acting as the lower protective seam was first
conducted.

4.1. Feasibility Analysis of the Extremely4in Protective Seam
Mining

4.1.1. 4e Minimum Interlayer Spacing for the Lower
Protective Layer Mining. According to the requirements of
Detailed Rules of Coal and Gas Outburst Prevention and
Control, during the lower protective seam mining, the
minimum interlayer spacing not ruining the upper pro-
tective seam could be defined through the following formula:
α <60° in the formula H � KM cos α, where H stands for
the minimum interlayer spacing of the minable protective
seam, M stands for the mining thickness of the protective
seam and is set to be 0.5m, α stands for the coal bed pitch
and is set to be 30°, and K stands for the roof management

Figure 5: Coal seam gas content measurement instrument.
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coefficient; when the caving method is adopted to manage
the roof, K is set as 10.

)rough calculation, the minimum interlayer spacing,
H, for mining No. 17 coal seam without damaging the upper
No. 21 coal seam, was 4.3m, which was smaller than 23.4m,
the interlayer spacing between No. 17 coal seam and No. 21
coal seam. )us, the requirement was met.

4.1.2. 4e Maximum Protection Vertical Distance for the
Lower Protective Layer Mining. )e maximum protection
vertical distance for the lower protective layer mining, S, was
calculated according to the requirement of Detailed Rules of
Coal and Gas Outburst Prevention and Control:
S � Slowerβ1β2. In the formula, Slower stands for the maxi-
mum protection vertical distance of the protective seam, m.
It is related to the working face length, L, and the mining
depth, H. According to Detailed Rules of Coal and Gas
Outburst Prevention and Control about Slower, the following
can be found: (1)When the working face depth and length of
No. 17 coal seam are 400m and 125m, respectively, Slower is
66m. (2) β1 stands for the influence coefficient of the
protective seam mining, β1 �M/M0, in which M stands for
themining depth of the protective seam,m. (3)M0 stands for
the minimum valid thickness of the protective seam mining,
m. (4))e average thickness of No. 17 coal seam is 0.5m, and
the minimum mining depth is 0.5m; then β1 � 1. (5) β2
stands for the coefficient of the interlayer hard rock. Con-
sidering that there is a 7.3 m thick hard limestone above No.
17 coal seam, β2 is set to be 1 and S � Slowerβ1β2 � 66m.

Like the lower protective seam mining of No. 21 coal
seam, No. 17 coal seam has a maximum valid protection
distance of 66m and a minimum protection distance of
4.3m. )e interlayer spacing between No. 17 coal seam and

No. 21 coal seam is 23.4m.)us, it meets the requirement of
the maximum protection seam spacing and the minimum
protection distance, and it is a very ideal lower protection
seam.

)erefore, the method of adopting No. 17 coal seam as
the lower protective seammining to protect the upper No. 21
coal seam and extracting the pressure relief gas in No. 21 coal
seam through drilling holes in the roadway is feasible.

4.1.3. 4e Slanted Direction and Trend Protection Scope of the
Lower Protective Seam Mining. )e protection range on the
slanted direction of the lower protective seam mining was
decided according to the pressure relief angle of δ, specified
in Detailed Rules of Coal and Gas Outburst Prevention and
Control. )rough the field test, the pressure relief angle on
the slanted direction of No. 17 coal seam was δ1 � 71° and
δ2 � 89° (see Figure 7). When the slanted mining length of
the working face of No. 21 coal seam is designed to be 120m,
the mining length of No. 17 coal seam should be calculated
according to the following formula:
L � 120 + 23.4/tan 71∘ + 23.4/tan 89∘ � 128.5m. )us,
when the slanted length of the working face of No. 21 coal
seam is 120m, the slanted length of the working face of No.
17 coal seam must be larger than 128.5m.

)rough the field test, the mining pressure relief angle of
No. 17 coal seam along its trend direction in Baoyushan
Mine was δ3 � 56°, and the mining interval caving valid
protective angle is δ4 � 60° (see Figure 7). When the trend
mining length of the working face of No. 21 coal seam is
designed to be 500m, the mining trend length, L, of No. 17
coal seam should be calculated according to the following
formula: L � 500 + 23.4/tan 56∘ + 23.4/tan 60∘ � 529.3m.
)us, when the trend length of the working face of No. 21

Table 1: Gas outburst parameters of No. 21 coal seam.

Gas outburst parameters Measured
value

Detailed Rules of Coal and Gas
Outburst Prevention and Control

Overweight (yes
or no) Conclusion

Gas pressure (MPa) 1.17 0.74

Yes No. 21 coal seam has serious
outburst danger

Gas content (m3/t) 9.74 8
Damage type of coal IV, V III, IV, V
Initial speed of gas diffusion
(mmHg) 12∼27 10

Solidity factor 0.1∼0.18 0.5
Dynamic phenomenon of
mine gas disasters No. 21 coal seam in the adjacent mines has experienced many coal and gas outburst accidents.

Hezhuang mine

Lugou No.8 mine Baoyushan
No.2 mineLugou mine

Poxin mine Pochi mine

Shangzhuang 
mine

Baoyushan mine

Changhong mine

Figure 6: )e relative position relationship of coal mines adjacent to Baoyushan Mine.
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coal seam is 500m, the mining trend length of No. 17 coal
seam must be larger than 529.3m.

4.2. Protective Seam Mining Principle of Prevention of Coal
and Gas Outburst. After mining the protective seam, a free
space will be formed in the rockmass, destroying the balance
of the primary rock stress, redistributing the ground stress,
moving the rock mass to the goaf, and resulting in phe-
nomena including roof caving and sagging, chassis heaving,
and so on [23–25]. )e coal seam and the rock mass will
undergo pressure relief and dilatation and lead to fractures
of different sizes. )e increase of the permeability coefficient
will result in the increase of the gas flow. )e gas emission
will cause the decrease of the coal seam gas content, pressure,
and potential. )e gas emission enhances the coal mass
strength. In other words, the antioutburst performance of
the coal is intensified. )us, it can be seen that the cause and
basis of the serious of changes are the deformation and
movement of the rock (coal) seam. )e larger the defor-
mation and movement are, the more adequate the pressure
relief is and the better the protection effect is. )e closer to
the mining seam, the better the protective effect is; other-
wise, the poorer it is. )e protection effect is mainly decided
by the mining geological and technical conditions.

To sum up, after mining the protective seam, the change
order of the stress, deformation, gas, and the other pa-
rameters of the seam to be protected is shown as follows:
first, the rock seam undergoes movement and deformation.
)e seam to be protected shows the pressure relief phe-
nomenon. )e ground stress of the coal seam decreases. )e
coal seam is inflated and deformed. )e permeability of the
coal seam is increased. With the gas desorption in the coal
seam, the gas changes from the absorption state to the
unbound state. With the increase of the borehole gas flow,
the gas extraction amount increases, the coal seam gas
pressure decreases, the coal seam gas content is reduced, and
the mechanical strength of the coal seam is increased. All the
above parametric changes suggest that the protection effect
of the protective seam is the comprehensive function of
pressure relief, permeability increase, and gas emission
[26, 27]. )e pressure relief and permeability increase after
the start of the protective seam mining plays the most
important and decisive role in parametric changes. As long
as the seam to be protected plays the role of pressure relief
and permeability increase, the major parameters, including

coal mass structure, gas pressure, gas content, and coal seam
permeability, follow the above order. All these parametric
changes will decrease or eliminate the coal seam outburst
danger.

4.3. 4e Function of the Pressure Relief Gas Extraction.
Detailed Rules of Coal and Gas Outburst Prevention and
Control specifies that, “during the protective seam mining,
the pressure relief gas of the seam to be protected shall be
extracted as well.” )e thickness of the protective seam in
Baoyushan Mine is 0.5m, and there is a hard 7.3m thick
limestone between seams, which would definitely cause
unfavorable influence to the pressure relief and permeability
increase effect of the overburden No. 21 coal seam. In order
to accelerate and expand the pressure relief and permeability
increase function of the protective seam mining, the pro-
tective seam mining must extract the pressure relief gas of
No. 21 coal seam. Such extraction might further decrease the
ground stress, increase the coal strength, and reach the goal
of comprehensive prevention and control of outbursts.

5. Movement and Deformation of the
Overburden Coal Mass, Mining Fracture
Development Characteristics of No. 21 Coal
Seam,PressureReliefGasMigrationRule,and
Gas Extraction Methods

Since the mining thickness of No. 17 coal seam is 0.5m, the
average interlayer spacing between No. 17 coal seam and No.
21 coal seam is 23.4m, and there is a hard 7.3 m thick
limestone in between, it is necessary to analyze and study the
pressure relief and permeability increase effect of the
overburden No. 21 coal seam after mining No. 17 coal seam,
the movement and deformation of the overburden coal
mass, the mining fracture development characteristics of No.
21 coal seam, and the pressure relief gas migration rules.
Based on the research findings, the corresponding gas ex-
traction methods can be adopted.

5.1.MovementandDeformationof theOverburdenCoalMass,
FractureDevelopment ofNo. 21Coal Seam, andPressureRelief
Gas Migration. )rough the theoretical analysis and the
field experiment, it was found that, during the mining
process of No. 17 coal seam, the whole overburden coal mass

δ2

δ1 δ3 δ4

No.21 coal seam

No.17 coal seam

No.21 coal seam

No.17 coal seam

Figure 7: )e mining pressure relief angle of the slanted direction and the trend direction.
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is bent, sagged, and deformed along with the hard limestone
roof, but there is no craving zone formed. No. 21 coal seam is
located within the bent and sagged zone; thus, it cannot form
a vertically smooth fracture with No. 17 coal seam. Affected
by mining No. 17 coal seam, No. 21 coal seam undergoes
pressure relief and dilatational deformation. In No. 21 coal
seam, a lot of bedding fractures are formed. In the bedding
direction, the permeability of No. 21 coal seam is increased
by a large margin.

Mining No. 17 coal seam leads to the destruction of the
balance state of the original stress of the overburden No. 21
coal seam, and the deformation, movement, and fractures of
the coal seam. As a result, the balance of the gas absorption
and desorption will be destroyed, a lot of gas is turned from
the absorption state to the free state, and the desorption gas
of the coal mass expands to the fracture, leading to the
dramatic increase of the gas concentration in the fractures.
)us, under the mining effect of No. 17 coal seam, the
migration conditions of the pressure relief gas, namely,
“desorption⟶diffusion⟶transfusion,” are formed.

Due to the dominant fracture distribution of bedding
fracture in No. 21 coal seam, the pressure relief gas has good
bedding migration conditions. )erefore, the pressure relief
gas in the protected seam only flows in the bedding fracture.

In order to effectively and evenly extract the gas in the
protected seam during the migration active period of the
pressure relief gas, it is necessary to create the conditions to
enable the bedding migration and convergence of the
pressure relief gas. )rough the special extraction roadway
of No. 21 coal seam, the borehole was made for the extraction
of the pressure relief gas. It can be seen that the gas is turned
from the absorption state to the free state. )rough the
bedding separation fracture flow and the convergence in the
borehole, and affected by the extraction negative pressure, a
lot of pressure relief gas of No. 21 coal seam is extracted.

It should be noticed that when No. 17 coal seam is mined
for a period of time, the overburden coal mass movement
and deformation are gradually stabilized. )e pressure relief
effect exerted on No. 21 coal seam gradually disappears, the
permeability of the coal seam is reduced correspondingly,
and the desorbed gas will be reabsorbed by the coal mass.
)us, it is necessary to extract the gas within the valid
pressure relief period of No. 21 coal seam and realize the goal
of reducing the coal seam gas content and eliminating the
coal seam outburst danger.

What is interesting in this study is that the overburden
hard and extremely thick limestone roof sagged slowly but
led to no craving zone. Now, let us focus on explaining this
phenomenon. As the working face of No. 17 coal seam is
mined forward, the working face is directly overhanging.
Because the immediate roof of No. 17 coal seam is L7 hard
and extra-thick limestone roof, which is stable and not easy
to collapse, there is no obvious movement and deformation
of the overlying coal-rock mass in the early mining stage. As
a large amount of coal is mined in the working face of No. 17
coal seam, the hard and extra-thick limestone roof of L7
begins to bend and sink slowly under the action of gravity of
the overlying coal and rock mass. It can be seen that the
overlying coal and rock mass produce the overall slow

bending subsidence deformation, without falling zone and
obvious fault zone, and No. 21 coal seam is in the bending
subsidence zone. )ere are separation cracks at the
boundary of soft and hard strata of the overlying coal-rock
mass, but there are few vertical fracture cracks. It can be seen
from the field measurement that the gas pressure of No. 21
coal seam drops gradually and slowly without sudden drop,
which can also indicate that the roof is slowly sinking
without caving phenomenon. )e reason for these phe-
nomena is that the mining height of No. 17 coal seam is only
0.5m, and the roof of No. 17 coal seam is very hard and
extra-thick limestone roof. It is found that there are many
bedding tensile fractures on the surface of No. 21 coal seam,
some of which have gone deep into the interior of the coal
seam, while the number of vertical fracture fractures is few
and not obvious. As the overlying strata are gradually
compacted, the width and number of separation cracks
between strata are reduced. A careful observation of No. 21
coal seam shows that the coal seam is also gradually com-
pacted and the width and number of bedding tensile cracks
in the coal seam are obviously reduced.

5.2. Extraction Methods of the Pressure Relief Gas in No. 21
Coal Seam. Concerning the actual mining geological con-
ditions of Baoyushan Mine and in order to accelerate and
expand the pressure relief and permeability increase func-
tion of No. 17 coal seam, mining No. 17 coal seam should
extract the pressure relief gas of No. 21 coal seam as well.
During the mining process of No. 17 coal seam, the pressure
relief gas of the overburden No. 21 coal seam has sound
bedding migration conditions. )e chassis grid drilling
method can be adopted to extract the gas in the drill hole. To
put it specifically, the method is to tunnel a special roadway
for the gas extraction in the chassis rock seam; in the
roadway, a drill site is dug at the interval of certain distance.
Within the drill site, an upward drill hole is made in No. 21
coal seam. )e drill holes are evenly distributed in the coal
seam in the form of grid. Relying on the pressure relief and
permeability increase effect, the gas in No. 21 coal seam is
evenly and effectively extracted.

5.2.1. 4e Selection of the Special Gas Extraction Roadway.
Concerning the practical geological conditions of Baoyushan
Mine, No. 17 coal seam roof is a layer of 7.3m thick L7
limestone. )e upper part is a 2.6m thick sandy mudstone,
11m thick silty-fine sand, 2.5m thick sandy mudstone, and
3.1m thick No. 21 coal seam. )erefore, the gas extraction
roadway in the chassis should be conducted along the L7
limestone roof. )e distance from the extraction roadway to
No. 21 coal seam is maintained above 10m, and the roadway
construction fracture surface is above 6m2.

5.2.2. 4e Layout of the Cross-Layer Borehole for the Gas
Extraction Roadway. A 5m long extraction drill site per-
pendicular to the extraction roadway is set up every 20m. In
the drill site, the borehole is made and the gas is extracted.
Every drill site sets up a group of fan-shaped gas extraction
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boreholes. )e borehole features a diameter of 91mm. Every
drill site sets up seven cross-layer boreholes. )e borehole
space within the fully pressure relief area is 20m and in the
inadequate pressure relief area is 10m.)e borehole spacing
adopts the coal seam medium thickness as the standard. )e
two zones of the extraction roadways tunnel the connection
roadway on the interior section and the end section. )e
fully negative pressure ventilation is formed. )e gas ex-
traction of the upward borehole on the grid is shown in
Figure 8. All the extraction boreholes must finish their
construction before mining No. 17 coal seam. After the hole
sealing, the gas extraction pipeline is switched on. After
mining No. 17 coal seam, the coal mass of No. 21 coal seam
undergoes dilatation, deformation, and pressure relief. )e
gas is thus activated. Under the join effect of the mine
negative pressure and the coal seam gas pressure, the
pressure relief gas is extracted. With the decrease of the coal
seam gas content, the outburst danger of No. 21 coal seam is
eliminated.

5.2.3. Gas Extraction Devices. Two sets of 2BEC-40 gas
extraction pumps are set up on the ground, whose exhaust
capacity is 90m3/min. One is in use and the other stands by.
)e drilling devices feature the ZYG-150, 220, and 330 drill
with the drill pipe having a diameter of 50mm∼63mm and a
drill bit of 110mm to make the boreholes for the gas
extraction.

6. The Pressure Relief, Permeability Increase,
and Gas Extraction Effect after Mining the
Extremely Thin Protective Seam

)e pressure relief and permeability increase effect of the
protective seam is related to the interlayer spacing, the
protective seam mining height, the interlayer lithology, and
so on. Since No. 17 coal seam thickness of BaoyushanMine is
just 0.5m, the interlayer space between No. 1 7 and No. 21
coal seam averages 23.4m, and there is a hard 7.3m thick
limestone in between, field inspection and experiment are
needed to study the pressure relief and permeability increase
of the overburden No. 21 coal seam after mining No. 17 coal
seam. Two indexes, namely, coal seam pressure relief, and
deformation and permeability changes, are adopted to di-
rectly reflect the pressure relief and permeability increase
effect of the protective seam.

6.1. 4e Pressure Relief and Permeability Increase Effect of the
Protective Seam. )e permeability of the coal seam is an
important parameter to reflect the difficulty degree of the gas
migration and one of the feasible indexes to evaluate the gas
extraction. It is also one of the indexes to judge the coal and
gas outburst danger. )e original coal mass permeability of
No. 21 coal seam is 0.0012 mD. After mining No. 17 coal
seam, No. 21 coal seam undergoes pressure relief, dilatational
deformation. )e permeability of No. 21 coal seam also
undergoes corresponding changes. )e permeability in-
creases greatly. By comparing the permeability before and
after the pressure relief of No. 21 coal seam, an in-depth

understanding of the changes of No. 21 coal seam before and
after the protective seam mining can be gained. )rough the
hole drill under the shaft, the actually measured permeability
coefficient of No. 21 coal seam after mining the protective
seam is increased by about 400 times, about 0.4732 mD.

)e permeability of coal seam increases by nearly 400
times, and the analysis reasons are as follows: in the process
of mining No. 17 coal seam, the overlying coal and rock mass
gradually bends and sinks without caving zone and obvious
fault zone. Due to the slow subsidence deformation of the
overlying coal-rock mass, there are stratification fissures
along the layers between different soft and hard rock strata,
resulting in the expansion deformation of No. 21 coal seam.
A large number of bedding tensile fractures are produced in
No. 21 coal seam, so the permeability of the coal seam in-
creases, and the pressure relief gas in No. 21 coal seam flows
along the bedding tensile fractures formed between layers.
At this time, the pressure relief gas of No. 21 coal seam must
be strengthened to be extracted.

)e site experiment suggests that, after mining No. 17
coal seam, the roof and chassis of No. 21 coal seam slowly sag
along with the limestone. However, the sagging speed of No.
21 coal seam chassis is more quick than that of the roof. In
this way, No. 2 1 coal seam is stretched. In other words, the
roof and chassis of No. 21 coal seam undergo dilatational
deformation. )e relative deformation of the roof and
chassis of No. 21 coal seam obtained through the deep point
method can be employed to reflect the pressure relief and
permeability increase effect of No. 21 coal seam. During the
construction of deformation borehole, the borehole is re-
quired to enter the coal seam roof by 1.0m. A pair of steel
wedges is installed on the roof and chassis of the coal seam to
fix the deep points. )e steel wedges are made up of steel
pipes and steel plates, which look like inverted wedge-shaped
rock bolt, but they are not solid inside. A reinforcing steel
bar of about 10mm thickness is welded to the steel wedge of
the coal seam roof, which goes through the steel wedge of the
coal seam chassis to the porthole. )e steel wedge is welded
with a seamless steel tube with a diameter of about 15mm,
which is covered on the reinforcing steel bar connected with
the steel wedge. )e dial indicator and the micrometer
calipers are used to measure the relative displacement of the
steel pipe and the reinforcing steel bar. )en, the relative
deformation of the coal seam roof and chassis is calculated.
On 1# borehole, the deep point method is used to test the
dilatational deformation of the chassis and roof of No. 21
coal seam. )e coal thickness in 1# deformed hole is about
3.5m. )e actually measured dilatation deformation is
72mm, and the maximum dilatational deformation ratio is
72/3,500� 20.6%. )e maximum dilatational deformation is
found in the 20m of the working face. )is suggests that the
protective seam mining results in great reduction of the
ground stress of No. 21 coal seam. Due to the pressure relief,
dilatational deformation of the coal seam within the coal
layer to form the bedding fractures, it is beneficial for the
migration of the pressure relief gas within the coal seam.)e
advance distance between the deformation of No. 21 coal
seam chassis and roof in 1# borehole of No. 2 drill site and
the working face of the protective seam is shown in Figure 9.
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Based on the analysis of Figure 9, the following con-
clusions can be drawn: (1) the protective seam mining has a
great influence on the deformation of No. 21 coal seam
chassis and roof. With the progress of the protective seam
mining, the deformation follows the change of compression,
rapid dilatation, dilatational deformation reduction, and
stabilization. In other words, the corresponding lower
protective seam of No. 21 coal seam is compressed by the
upper coal mass before the mining. From the mining start
line, the coal seam experiences compression stage and ex-
pansion stage. About 20m above the mining start line, the
dilatation and the deformation of No. 21 coal seam reach the
maximum. At the same time, the permeability of the coal
seam increases dramatically. Within certain area, the dila-
tational deformation of No. 21 coal seam tends to be stable.
)e area is called No. 21 coal seam stable pressure relief and
dilatation area. (2) )e protective seam mining results in the
redistribution of the stress of the overburden No. 21 coal
seam. )e maximum compressive deformation of No. 21
coal seam reaches 7mm. )e maximum dilatational de-
formation of No. 21 coal seam reaches 72m. (3)When No. 21
coal seam is in a compressive deformation state, No. 21 coal

seam is in a pressure increase state, which might squeeze the
free gas within the coal seam.)e drill hole might be filled with
the high concentration gas, but the gas amount is low. When
the compressive deformation turns into the dilatational de-
formation, the coal seam will rapidly undergo pressure relief
and permeability increase. )e permeability will increase by a
hundred times. )e borehole will be filled with the high
concentration gas, which will be emitted along with the
pressure relief gas. It is the best time for the extraction of the
pressure relief gas. With the increasing mining distance of the
working face of the coal seam, since the overburden coal mass
is formed and slowly sags, No. 21 coal seam is gradually
compacted and the dilatational deformation of No. 21 coal
seam gradually decreases. After reaching certain level, it will
tend to be stable. At themoment, due to the gradual close of the
fracture, the gas channels will be closed, the gas concentration
within the borehole will rapidly decrease, and the gas amount
will be reduced as well. )is is the intermission for the gas
extraction in the borehole.With the reduction of the remaining
gas amount of No. 21 coal seam and the significant reduction of
the gas concentration and gas amount in the borehole, the
extraction of the pressure relief gas is generally completed.
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6.2. 4e Gas Extraction Effect and the Outburst Elimination
Field Verification

6.2.1. Gas Extraction Effect. Currently, the gas extraction
amount in the mine is about 30∼35m3/min, the gas con-
centration is 33%, the pure gas amount is 10∼12m3/min, and
the annual pure gas extraction amount reaches above 4
million m3. )e gas extraction rate of the mine reaches
35∼45%. With the intensification of the gas extraction, the
gas extraction rate increases correspondingly.

In this experiment, apart from the measurement of the
original gas pressure and the gas content of No. 21 coal seam,
the remaining gas pressure and the gas content of No. 21 coal
seam after mining the protective seam are measured. Before
mining the extremely thin protective seam, the maximum
value of the gas pressure of No. 21 coal seam reaches
1.17MPa. )e maximum gas content is about 9.73m3/t.
After the combination of the extremely thin protective seam
and the pressure relief gas extraction, the maximum
remaining gas pressure of No. 21 coal seam is 0.12MPa, and
the remaining gas content is 3.1m3/t. )e pressure relief
protective effect of No. 21 coal seam after mining the ex-
tremely thin protective seam is listed in Table 2.

In the process of the protective seam mining, the gas
pressure of the drill hole decreases gradually, and no sharp
drop occurs. )erefore, it can be deduced that there is no
direct fracture between the goaf of the protective seam
working face and No. 21 coal seam. )is also proves that,
after mining the extremely thin protective seam working
face, the overburden limestone roof sags gradually and
shows no caving.

6.2.2. 4e Site Verification of the Outburst Elimination Effect.
After the protective seam mining is combined with the
pressure relief gas extraction, the blast capacity of No. 21 coal
seam mining working face is decreased from 950m3/min to
500m3/min.)e return air gas concentration of subroadway
under the working face is decreased from the critical state to
0.3∼0.5%.)e absolute gas emission quantity decreases from
8.5∼10m3/min to the current level of below 3m3/min. )e
absolute gas emission rate of the return air of the mining
working face decreases by 70%. During the production
process, the gas never exceeds the limit, which well solves the
problem of excessive gas and coal dust flying during the
production process. )e working face output is also in-
creased by a large margin.

In the past, the tunneling of the roadway in No. 21 coal
seam without the mining protective seam was fulfilled by the
2∗15 kW pivot axial flow fan. Under the condition of 300m3/
min wind supply, the gas concentration of the return air

reached above 0.6%. During the gas emission period, the gas
often exceeded the limit. )e monthly footage should not
exceed 50m. When the gas amount was high, the tunneling
had to be stopped. Now, after the adoption of the mining
protective seam, the gas concentration ranges within
0.15∼0.3%, when the tunneling is conducted in the protected
roadway with the adoption of the 2∗15 kW pivot axial flow
fan and the wind supply of 200m3/min.)e tunneling speed
is increased from less than 50m to about 120m now, which
not only eliminates the phenomenon of the excessive gas
concentration and ensures the safe tunneling in the roadway
of the mine but also alleviates the tension of production
alternation and achieves good social and economic benefits.

7. Conclusions

(1) )e actually measured gas pressure of No. 21 coal
seam of Baoyushan Mine in Dengfeng coalfield is
1.17MPa, the gas content is 9.74m3/t, and the gas
emission initial velocity is 12∼27mmHg. )e orig-
inal structure of the coal has been seriously damaged.
)e coal mass is filled with the block coal formed by
the pressed pulverized coal.)e strength is low and is
fragile. It belongs to the full-thickness tectonic coal.
)e coal destruction type belongs to IV∼V coal. )e
firmness coefficient of No. 21 coal ranges within
0.1∼0.18. )e permeability rate of the original coal
seam is 0.0012mD.)e permeability of the coal seam
is extremely poor. )e parameters of No. 21 coal
seam gas outburst in Baoyushan Mine are far higher
than the outburst critical indexes specified in De-
tailed Rules of Coal and Gas Outburst Prevention
and Control, so the outburst danger is high and the
coal and gas outburst dynamic disasters are very
serious. According to the gas geological conditions of
the Baoyushan Mine in Dengfeng coalfield, No. 17
coal seam, being about 23.4m under No. 21 coal
seam and having a thickness of 0.5m, is regarded as
the lower protective seam for prior mining. At the
same time, the special gas extraction roadway is set
up in the chassis of No. 21 coal seam. )e borehole is
made to extract the pressure relief gas of No. 21 coal
seam to achieve comprehensive treatment of the gas.

(2) During mining the extremely thin protective seam,
the overburden coal and rock mass shows no caving
zone. )e whole overburden coal and rock mass
bends, sags, and deforms along with the generation
of the hard limestone roof. No. 21 coal seam is lo-
cated above the extremely thin protective seam roof
and the bent sagging zone. Macroscopically speak-
ing, there are no obvious cross-layer fractures, and a

Table 2: )e investigated relief protective effect parameters of No. 21 coal seam.

Permeability coefficient (mD) Gas pressure
(MPa) Gas extraction

rate (%)

Gas content (m3/t)
Measured expansion displacement

of coal seam (mm)
Original After

relief
Additional

magnification Original After
relief Original Remnant

0.0012 0.473 394 1.17 0.12 68 9.74 3.1 72
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vertically smooth fracture cannot be formed between
the extremely thin protective seams. Due to the
function of the extremely thin protective seam, No.
21 coal seam undergoes pressure relief and dilata-
tional deformation. )erefore, a lot of bedding
fractures are formed in No. 21 coal seam. )e per-
meability of the coal seam along the bedding di-
rection is increased by a large margin, while the
permeability vertical to the bedding direction is
relatively small. After No. 21 coal seam obtains the
pressure relief protection effect, the coal seam gas is
desorbed. However, since a lot of bedding fractures
are formed in the coal seam, the pressure relief gas in
the coal seam flows along the bedding fractures.
Concerning the distribution characteristics of the
mining fractures of No. 21 coal seam and the sound
bedding migration conditions of the pressure relief
gas, the gas extraction method is adopted in the
borehole in the chassis.

(3) )e field experiment results showed that, after
mining No. 17 coal seam, the permeability rate of No.
21 coal seam was increased by about 394 times, from
0.0012 mD to 0.473 mD. After adopting the chassis
grid borehole to extract the gas, the gas pressure of
No. 21 coal seam decreased from 1.17MPa to
0.12MPa. )e gas content decreased from 9.74m3/t
to 3.1m3/t, which fully eliminates the coal and gas
outburst dynamic disasters of No. 21 coal seam and
realizes the safe and effective mining of the mine.

(4) )e adoption of No. 17 as the protective seam in
combination with the pressure relief gas extraction
technique for the comprehensive treatment of No. 21
coal seam can eliminate the problem threatening the
safe production of themine.)e gas concentration of
the return air of No. 21 coal seam working face is
maintained within 0.3%∼0.4%, which wipes out the
phenomenon of excessive gas and achieves signifi-
cant results for the gas treatment. In this way, the
high gas outburst coal seam can be mined safely
under the low gas state, and the mine achieves
significant economic and safety benefits [28, 29].
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Coal and gas outbursts can lead to serious disasters in coal mines. *e drilling of boreholes to predrain the gas is an effective
measure for preventing such accidents. However, due to the complexity of the geological situation, the drilling trajectory often
deviates from the design trajectory, resulting in poor gas extraction. To solve the problem of gas drainage borehole deflection, an
analytic hierarchy process (AHP) model is established based on geological factors, technical factors, and human factors. *e AHP
model is used to rank the weights of various influencing factors, and the analysis is combined with a drilling model and en-
gineering examples. Finally, the results show that soft and hard interlayers are the most important factors affecting the deflection
of the borehole. *e rock drilling model is mainly affected by the formation forces. *e regularity of the change in the azimuth
angle during drilling is not obvious when the angle of the encountered layer is less than some critical value. When the borehole is
skewed downward, the deflection angle ranges from 0 to 4°, and the deflection of the borehole occurs mainly at the interface of the
rock layers. When the angle of the encountered layer is greater than the critical value, the borehole is skewed upward, with a
deflection angle of 0–6°, and the deflection occurs at the rock interface. *e trajectory curve obtained by theoretical predictions
from field data is found to be consistent with that of an actual project.

1. Introduction

Coal and gas outbursts can result in serious disasters in coal
mines [1–5]. In response to this problem, many scholars
have conducted research related to rock mechanics and gas
flow [6–13]. At present, the use of drilling boreholes to
predrain coal-seam gas is a common and effective measure
for preventing such accidents [14, 15]. However, when
drilling in soft and outburst-prone coal seams, problems
such as buried drilling, injection boreholes, and stuck drills
are prone to occur, and the actual drilling trajectory often
deviates from the designed trajectory [16, 17]. *is leads to
unqualified gas control drilling, which not only wastes
construction time, manpower, materials, and financial

resources but also seriously affects the gas drainage effect.
*erefore, it is necessary to study the deflection law of gas
drilling in soft outburst-prone coal seams [18, 19].

Aiming at the problem of borehole deflection, Gao et al.
[20] analyzed the lateral penetration ability of the drill bit,
which is different from its axial penetration ability. *e
inclination angle and lateral force of the drill bit were de-
termined based on a weighted residual method. Wang et al.
[21] obtained the contact characteristics between boreholes
and calculated the dynamic lateral force on the drill bit,
which led to a deviation control mechanism based on the
motion stability and dynamic lateral force. Gao and Zheng
[22] studied the changes in the formation characteristics of
the bottom borehole in the process of air drilling. A large
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anisotropy index in air drilling was found to lead to more
serious well deviation, and an increase in the penetration
depth of the bit teeth aggravates this deviation. Morin and
Wilkens [23] reported that the bit tends to be perpendicular
to the fracture strike in the drilling process and used the
deviation logarithm to describe the trajectory of the borehole
in three-dimensional space. Chen et al. [24] proposed a bit
formation wellbore model for a nonlinear coupled bottom
borehole assembly under full screw drilling. Liu et al. [25]
established a linear elastic model of borehole collapse failure
based on pore fluid seepage and obtained the attenuation law
for the soft coal seam collapse pressure with gas seepage; the
basic mechanical parameters of the coal seam and fluid
seepage and the space of the borehole trajectory were also
analyzed. *e influence of factors such as the azimuth angle
of drilling on the borehole collapse provides theoretical
support for soft rock formations and the deflection of
boreholes in coal seams.

Although the abovementioned studies covered research
on the law and control of borehole deflection, the resulting
deflection laws are somewhat vague, making a qualitative
and quantitative analysis of the deflection law impossible.
*ere have been few studies on borehole deflection in gas
treatment, so this work focuses on solving the problem of the
blind area of gas drainage and the inability to achieve ef-
fective gas drainage.*e deflection law andmain influencing
factors of gas treatment boreholes are analyzed, and the
borehole deflection trajectory equation is determined. Ad-
ditionally, the relationship between the magnitude of de-
flection and the main influencing factors is identified. *is
paper describes the use of an analytic hierarchy process
(AHP) model to sort the weights of the influencing factors
and analyzes the drilling model and engineering examples.
*e deflection law is then derived, allowing effective pre-
dictions of coal-seam gas to be realized. Pumping provides a
strong guarantee of preventing the occurrence of coal and
gas outbursts and gas overruns and ensures a certain basis
for the study and control of borehole deflection in high-gas
mines and coal/gas outburst mines.

2. Factors Affecting Borehole Deflection

A literature review and field investigations suggest that the
main factors influencing borehole deflection during natural
gas extraction are drilling depth, lithology, rock inclination,
drilling speed, drilling rig performance, and supporting
facilities. *ese influencing factors can be divided into three
aspects: geological factors, technological factors, and human
factors.

2.1. Geological Factors. Geological factors are the objective
causes of borehole deflection.*emain geological factors are
rock anisotropy, weak interlayers, and rock angles:

(i) Rock Anisotropy. *e rock anisotropy has an im-
portant influence on the choice of drilling direction
and method. In other words, the degree of rock
anisotropy determines the techniques and tech-
nologies used for drilling in the formation.

(ii) Weak Interlayers. *e principle that soft and hard
interlayers affect the drilling trajectory is that when
drilling through a hard rock formation at an acute
angle, the different pressure resistance of the soft
rock and hard rock causes the trajectory of drilling
to curve along the direction perpendicular to the
rock formation. When passing into soft rock from
hard rock, the axis of the drilling tool in the
borehole will deviate from the normal line of the
rock layer. However, the lithology of the borehole
wall of the hard rock above is relatively hard, which
limits the drilling tool in the borehole. *e final
result is that the trajectory of the borehole will
basically be offset in the original direction; when the
borehole passes into hard rock from soft rock and
then through the hard rock, the final result is still an
offset along the route of the hard rock facet.

(iii) Rock Angles. In the stratum where gneiss is devel-
oped and the rock angle is acute, the drilling tra-
jectory will bend in the direction perpendicular to
the stratum angle.

2.2. Technical Factors. Technical factors influence the whole
lifecycle of the drilling process. *e main technical factors
are equipment installation, drilling tool structure, and
drilling tool weight:

(i) Equipment Installation. *e uneven foundation of
drilling sites and the restricted space mean that the
borehole inclination is often less than required.
Additionally, the magnetism of the field equipment
will interfere with the compass used to determine
the borehole position. *ese factors will affect the
drilling trajectory. When the equipment is not
adequately stabilized, the equipment will swing back
and forth during the drilling process, causing de-
viations in the drilling trajectory and producing
serious safety hazards.

(ii) Drilling Tool Structure. *e influence of the drilling
tool structure on the drilling trajectory is mainly
reflected in the drilling tool length, borehole wall
clearance, and drilling tool rigidity. *e size of the
borehole wall clearance and the length of the drill
tool determine the deflection angle of the drill tool
in the borehole. When the borehole wall gap in-
creases or the length of the drill tool decreases, the
deflection angle of the drill tool in the borehole will
increase. A more rigid drilling tool will undergo less
deformation under the action of axial pressure, thus
reducing the impact on the drilling trajectory.

(iii) Self-Weight of Drilling Tool. In the process of di-
rectional drilling, the main drilling tools in the
borehole include the drill bit, screw motor, non-
magnetic lower tube, probe pipe, nonmagnetic
upper tube, and drill pipe. As the borehole depth
increases, the weight of the drill pipe becomes
heavier and the impact on the trajectory of the
borehole becomes greater.
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2.3.HumanFactors. Human factors determine the efficiency
of drilling. *e main human factors are the drilling method,
drilling procedure parameters, weight on bit (WOB) se-
lection, and drilling speed selection:

(i) Drilling Method. *ere are many construction
methods for underground drilling in coal mines.
Different drilling methods have different charac-
teristics in terms of the broken rock and borehole
wall gaps, which ultimately affect the deviation of
the drilling trajectory. *e current drilling methods
include percussion drilling, rotary drilling, per-
cussive rotary drilling, vibration drilling, and hybrid
drilling. Adopting reasonable drilling methods for
the site conditions can effectively control the drilling
trajectory while improving the drilling efficiency.

(ii) Drilling Procedure Parameters. *e influence of
drilling parameters on the drilling trajectory is
mainly reflected in the coordination of the drilling
pressure and the drilling speed. If the drilling
pressure of the drilling rig is too large, it will cause
the drilling tool in the borehole to bend, and the
drill bit will be biased to the side of the borehole
wall. *e optimized processing and reasonable
coordination of the drilling pressure and the drilling
speed can effectively reduce the deviation of the
drilling trajectory.

(iii) WOB Selection. When the drilling pressure is too
high, the cutting volume will be excessive and the
cutting tool will become completely buried in the
rock formation. At the same time, the cooling and
powder discharge conditions at the bottom of the
drill hole deteriorate, and the wear on the bit in-
creases, making the drilling less effective.*e choice
of drill weight depends on the rock abrasiveness,
drillability, particle size, quantity, grade, bottom lip
area of the diamond bit, and other factors.

(iv) Drilling Speed Selection. Rotation speed is the main
aspect affecting drilling efficiency. Strict control of
the drilling speed of the drill pipe so as to achieve
more grinding and less advancement improves the
qualification rate of drilling. For softer and less
abrasive rocks, the drilling speed can be increased by
increasing the rotation speed; for hard and abrasive
rocks, too high a rotation speed not only reduces the
drilling effect but also harms the drilling advance-
ment process. When selecting the drilling speed, the
drill bit type, flushing fluid (with or without lu-
bricant), ability of the drilling rig, strength of the
drill string, and cutting tool should also be con-
sidered, and the appropriate speed should be de-
termined through comprehensive analysis.

3. AHP Model

AHP [26, 27] is an effective method for transforming
semiqualitative and semiquantitative problems into

quantitative systems. It is applicable to systems with complex
evaluation structures. *e basic principle and main steps of
AHP are as follows: first, according to the characteristics of
the actual scenario, the problem is decomposed layer by
layer, and the AHP structure model of the overall target and
the hierarchical target is established; second, the judgment
matrix from the lower-level target to the higher-level target
is constructed, and the evaluation indexes of the same level
are compared in pairs to calculate the weight value relative to
the higher-level target (hierarchical single ranking table).
Finally, the results are combined with the total target weight
value to obtain the total ranking table.

3.1. Establishment of AHP Model. To determine the deflec-
tion from internal and external causes and considering the
factor of quantitative maneuverability, a selection of geo-
logical factors (U1), technology factors (U2), and human
factors (U3) were incorporated into the AHP model. Spe-
cifically, the proposed AHP model considers the rock an-
isotropy (U11), hard and soft interbed layers (U12), angle of
bedding (U13), equipment installation (U21), drilling tool
structure (U22), weight of drill tool (U23), drilling method
(U31), drilling parameters (U32), weight on bit (U33), and
drilling rate selection (U34), a total of 10 impact factors. *e
structure of the proposed AHP model is shown in Figure 1.

3.2. Determination of the Weight. According to the AHP
model described above, judgment matrices for the second-
and third-level targets were constructed using the 1–9 scale
method. Combined with practical experience, this allowed
the weight values of each impact factor in each judgment
matrix to be calculated (Tables 1–4). Finally, the weight
values of the third- and second-level targets were multiplied
from the bottom, and the results were further synthesized
with the total target to obtain the total weight ranking of
each impact factor [28, 29].

(i) Determine the Judgment Matrix of Each Level. On
the basis of each criterion layer, the result table from
comparing each pair of elements was established,
and the judgment matrices of each layer versus the
next were obtained from Tables 1–4. *e results are
as follows:

(a) Judgment matrix Az of the criterion layer to the
target layer Z [30]:

AZ �

1 2 5

1
2

1 2

1
5

1
2

1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (1)

(b) Judgment matrix AU1 between indicator layer and
criterion layer Z:
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AU1 �

1
1
6

1
2

6 1 3

2
1
3

1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (2)

(c) Judgment matrix AU2 between indicator layer and
criterion layer U2:

AU2 �

1
1
2

1

2 1 1

1 1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (3)

(d) Judgment matrix AU3 between indicator layer and
criterion layer U3:

AU3 �

1 1
1
2

1
2

1 1
1
2

1
2

1 2 1 1

2 2 1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

(ii) Calculate the Importance Ranking. According to the
judgment matrices, the eigenvector corresponding
to the maximum eigenvalue can be calculated using
the following equation, where P is the judgment
matrix and the eigenvector W is normalized to form
the order of importance of each evaluation factor,
that is, the weight allocation:

PW � λmaxW. (5)

Using the square root method to solve this equation,
we calculate the judgment matrix P for the product
of each row of elements M and then calculate the
cubic root W of Mi. *e vector W � (W1, W2, W3)

is normalized according to Wi � Wi/[
2
i�1 Wi], and

the resulting W � (W1, W2, W3) is the eigenvector.
According to the above steps, the eigenvector of the
judgment matrix Az can be calculated as (0.606,
0.265, 0.129).

(iii) Consistency Test. To determine whether the weight
distribution is reasonable, the consistency of the
judgment matrix needs to be tested using the fol-
lowing expression:

CR �
CI
RI

,

CI �
λmax − n( 

(n − 1)
.

(6)

where CR is the consistency index value, CI is the
random consistency ratio of the judgment matrix,
RI is the average consistency index of the judgment
matrix, and N is the order of the judgment matrix;
the RI values of the judgment matrix, ordered from
1–9, are presented in Table 5.
*e maximum eigenvalue of the judgment matrix is
calculated and converted to

λmax � 
3

i�1

(PW)i

nWi

�
1
n



3

i�1

(PW)i

Wi

, (7)

where (PW)i represents the i-th element of PW,
and the order of the judgment matrix is n� 3.

PW �

(PW)1

(PW)2

(PW)3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (8)

*e known data in Table 5 are substituted into
equation (3) and the maximum eigenvalue is cal-
culated; in this case, Max� 3.03. As shown in Ta-
ble 6, RI� 0.58 and CR� 0.025< 0.1. *is indicates
that the judgment matrix has satisfactory consis-
tency, so each component of W � (W1, W2, W3)

can be used as a weight coefficient. Similarly, the
second-level weight set can be calculated:
Max� 3.01, CR1� 0.01< 0.1, Max� 3.08,
CR2� 0.060< 0.1, and Max� 4.06, CR3� 0.02< 0.1.

(iv) Calculate the Composite Weight of Each Layer to the
Target Layer. *e synthetic weight of each element
to the target layer refers to the synthesis of the
relative weight of each factor of each judgment
matrix to the target layer (the topmost layer). *is
weight is calculated using a top-down method, that
is, layer-by-layer synthesis. *e composite weights
and their total rankings are listed in Table 6.

(v) Overall ranking consistency ratio is as follows:

CR �


3
i�1 WiCIi


3
i�1 WiRIi

�
0.606∗ 0.01 + 0.265∗ 0.06 + 0.129∗ 0.02
0.606∗ 0.58 + 0.265∗ 0.58 + 0.129∗ 1.12

� 0.026< 0.1. (9)

*us, the total sorting results of the hierarchy meet
the consistency requirement.
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4. Field Test

4.1. Overview of the Test Site. *e 14205 working face of
Xinzheng Coal and Electricity Co., Ltd., is a flat surface with
a ground elevation of +134.9–+137.2m. *e working face
elevation ranges from −152.0m to −193.0m, the working
face slope is 187m, the strike length is 668m, and the coal
seam inclination is 0–11°.*e coal thickness is 0.5–12m, and
the bottom roadway is 12–15m away from the coal seam.
On-site surveys indicate that the mining area was mainly
used in the initial stage of the drilling site, and a gas control
borehole was drilled on the roadway wall at a later stage. *e
site layout is shown in Figure 2.

4.2. Test Results. A total of 421 sets of drilling inclination
data from the bottom-draining roadway of site 14205 were
collected.*e changes in the top angle (θ) and azimuth angle
(α) of each borehole section are summarized in Table 7. Due
to the large amount of drilling data, not all of the statistics
can be listed here. Note, however, that both the vertex angle
and the azimuth angle change in 81.9% of cases; that is,
deviation occurred in the majority of drilling processes .

(i) Change in Azimuth. Figure 3 shows the azimuth
angle change diagram of boreholes 40–53. *e
general characteristics of the overall upper azimuth
angle change are as follows. During the drilling
process, the azimuth angle body exhibits an in-
creasing trend. Half of the cases are skewed to the left
with a deflection angle of 0–2°, and the other half are
skewed to the right with a deflection angle of 0–1.7°,
with an overall increasing trend.

(ii) Inclination Angle Change. According to the field
survey data collected by the bottom alley roadway of
site 14205, the main constituents of the drilling zone
are limestone (L7 and L8), sandy mudstone, and a 2-
1 coal seam. *e L7 limestone with L8 limestone has
the greatest strength, with a uniaxial compressive
strength of around 62.0–62.3MPa. *e sandy
mudstone is relatively weak, with a uniaxial com-
pressive strength generally in the range of
19.0–42.3MPa. *us, at the bottom alley roadway of
site 14205, drilling extraction from above will in-
volve drilling through hard and soft interbed
structures.

(a) When the Angle of the Encountered Layer is Less?an
the Critical Value. Using the SPSS data platform to
sort the field data, the critical angle was found to be
25–35°. Figure 4 shows that when the angle of the
encountered layer is less than the critical value, the
overall downward deflection of the borehole is be-
tween 0 and 4° and the overall offset is from 1 to
6.1m (average of 3.0m). When the angle of the
encountered layer is less than the critical value, the
offset in the vertical direction is larger in deeper
boreholes. *e vertical displacement tends to in-
crease over the extent of the borehole, and so the
borehole trajectory gradually moves away from the
design trajectory (Figure 5).
*e borehole trajectory deflection condition is
compared with a geological model of the regional
change corresponding to L8 limestone in Figure 6.
*e relatively soft sandy mudstone produces small
deviations when drilling, whereas drilling through
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Figure 1: Hierarchical structure model of borehole deflection evaluation.

Table 1: Judgment matrix table Z.

Borehole deflection Z U1 U2 U3 Weight
U1 1 2 5 0.606
U2 1/2 1 2 0.265
U3 1/5 1/2 1 0.129
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the rock to the L8 limestone produces large devia-
tions. *e “soft–hard–soft” rock formation means
that it is necessary to drill through the interface
between hard rock and soft rock. When the angle of
the encountered layer is less than the critical angle,
the main force results in downward deflection.

(b) When the Angle of the Encountered Layer is Greater
?an the Critical Value. When the angle of the
encountered layer is greater than the critical value,
Figures 7 and 8 show that there is an overall upward
deflection, with a drilling deflection angle of 0–6° and
an overall offset of 1–7.2m (average of 4.1m). *e

Table 2: Judgment matrix table U1.

Geological factors U1 U11 U12 U13 Weight
U11 1 1/6 1/2 0.11
U12 6 1 3 0.67
U13 2 1/3 1 0.22

Table 3: Judgment matrix table U2.

Technological factors U2 U21 U22 U23 Weight
U21 1 1/2 1 0.25
U22 2 1 1 0.5
U23 1 1 1 0.25

Table 4: Judgment matrix table U3.

Human factors U3 U31 U32 U33 U34 Weight
U31 1 1 1/2 1/2 0.2
U32 1 1 1/2 1/2 0.2
U33 1 2 1 2 0.2
U34 2 2 1/2 1 0.4

Table 5: RI values of average random consistency index.

n RI
1 0
2 0
3 0.58
4 0.90
5 1.12
6 1.24
7 1.32
8 1.41
9 1.45

Table 6: Overall ranking of synthetic weights of evaluation indicators.

Impact factor Total sorts Weight Wi

Hard and soft interbed 1 0.406
Angle of bedding 2 0.133
Device structure 3 0.133
Anisotropy 4 0.067
Rig-up 5 0.066
Drilling tool weight 6 0.066
Drilling rate choice 7 0.052
Drilling method 8 0.026
Drilling parameter 9 0.026
WOB choice 10 0.025
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(a) (b)

Figure 2: Inclination test site. (a) Drilling site at the early stage of treatment. (b) Drilling at the later stage of treatment.

Table 7: Drilling deviation.

Data classification Proportion (%)
Vertex angle θ and azimuth angle α are unchanged 0.5
Vertex angle θ changes; azimuth angle α is unchanged 10.9
Vertex angle θ and azimuth angle α both change 81.9
Apex angle θ remains unchanged; azimuth angle α changes 6.7
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Figure 3: Azimuth change diagram.

Advances in Civil Engineering 7



offset in the vertical direction due to the angle of the
layer being greater than the critical value grows as
the borehole becomes deeper. *erefore, over the
extent of the slanted borehole trajectory, the offset
gradually increases.
*e borehole deflection is compared with a geo-
logical model figure corresponding to L8 limestone
in Figure 9. Sandy mudstone induces small devia-
tions, whereas drilling through the L8 limestone
produces significant deflections. When drilling
through “soft–hard–soft” rock interfaces, if the angle
of the encountered layer is greater than the critical
angle, the resultant force is mainly towards the hard
rock interface, and so the main deflection is upward.

4.3. Inclinometer Trajectory Fitting and Prediction. From the
rock coring drilling trajectory data collected in this study, a
borehole trajectory nonlinear regression equation was con-
structed. A scatter plot of the trajectories is shown in Figure 10.

*e final fitting results were obtained as follows:

θ � (−2.35484 ± 0.89571) · e
(− L/(3.53216±3.00351))

+(2.13432 ± 0.2785).
(10)

Comprehensive analysis, theoretical analysis, and the
prediction model exhibit good consistency. *erefore, the
proposed approach can adequately represent the deflection
in the process of drilling, allowing adjustable control to be
implemented during the drilling process.
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Figure 6: Comparison of stratigraphic restoration.
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5. Conclusions

For the problem of gas drainage borehole deflection, an AHP
model has been established to rank the weights of various
influencing factors, and the analysis has been combined with
a drilling model and engineering examples. *e primary
conclusions from this study are as follows:

(1) *e soft and hard interlayers are critical factors
influencing gas drainage borehole deflection.

(2) In the process of drilling, when there are soft and
hard interlayers at the interface, the critical drilling
inclination angle ranges from 25 to 35°.When the dip
angle is greater than the critical angle, the inclination
angle generally moves upward with a deflection angle
of 0–6°, and the borehole deflection occurs mainly in
the rock layer interface. When the angle of the

encountered layer is less than the critical value, the
overall drilling angle is deflected downward, and the
skew angle is from 0 to 4°.

(3) *e theoretical model and field data for predicting
the trajectory curve are consistent, enabling pre-
liminary control of the drilling process.*is provides
a new way of thinking for borehole deflection
governance.
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All data, models, or code generated or used during the study
is available from the corresponding author upon request.
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Taking the deep mined-out areas of Paishanlou Gold Mine as the research object, we designed the indoor similar physical model
test and used VIC-3D and resistance pressure sensors to record the vertical stress and strain of the model during the test. And
based on the results of digital image correlation (DIC) analysis, we deeply analyzed the deformation and failure characteristics of
the surrounding rock in the process of goaf caving. At the same time, the failure mechanism of surrounding rock mass and the law
of temporal and spatial evolution during the excavation process of pillars between the mined-out areas were studied. According to
the characteristics of the caving process, it can be divided into three stages: initial caving in a small range at the arch angle,
continuous vault collapse, and instantaneous huge caving of the roof. Before the occurrence of instantaneous large caving at the
top, the phenomenon of sudden increase of caving arch curvature appears. Based on the monitoring results, it can also be seen that
the deformation of overlying rockmass is most affected by the span of the cavity, and the vertical strain is inversely proportional to
the depth.,e rock mass stress and strain caused by the excavation of isolation pillars between adjacent two goafs have an obvious
time delay phenomenon. ,e time delay effect of the strain is proportional to the span of the cavity; conversely, it is inversely
proportional to the span of the cavity. Specifically, throughout the experiment, the subsidence of the target area of the test model is
larger in the middle and smaller on both sides; simultaneously, the upper part is high, and the lower part is low. However, the
variation of the stress value shows the characteristics of higher on both sides and lower on the middle area and higher on the upper
part and lower on the lower part. To sum up, the experimental results show that the caving process can be predicted and effectively
controlled manually, and a new treatment method can be provided for the control and prevention of the large caving and mining
subsidence damage in the goaf combined with the field monitoring method.

1. Introduction

Over the years, the induced caving method has gradually
been applied to the treatment of the goaf. It does not have
bottom structure and does not have strict requirements for
the caving time and lumpiness. Because it is essentially
different from the natural caving method in terms of
technology, it can be considered as a natural caving method
improved in the form of undercutting and the structure of
the ore extraction. For this reason, it is called the induced
caving method [1–5]. ,e main process is to apply distur-
bances to expand the effective exposure area of the mined-
out area artificially (including elimination of supporting

pillars, undercutting, precracking, and other auxiliary
works) in specific rock mass projects, providing internal
stress concentration effects in the orebody and rock mass,
and inducing the deformation and caving of the roof. ,e
main difficulty lies in the fact that the support of the pillars
has accumulated caving energy in the roof of the goaf to be
caved, and the concentrated release of the energy will lead to
the instantaneous collapse of the roof surrounding rock,
endangering the safety of the mine. ,erefore, it is necessary
to use advanced theory of induced rock breaking to artifi-
cially intervene the caving process, so that the roof sur-
rounding rock can complete the caving process in the form
of sporadic caving [2, 5, 6].
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At present, the main methods for studying the caving of
orebody and rock mass include similar material simulation
experiment, numerical simulation analysis, theoretical
analysis, and on-site monitoring [7–13]. ,e simulation of
surrounding rock stress and deformation is the key to the
development or improvement of new treatment methods
for goafs, and similarity physical model test is one of the
typical research methods. It can reverse the relationship
between the physical quantities obtained during the test to
the simulated prototype, thereby directly reflecting the
corresponding deformation and failure characteristics and
evolution process of the actual engineering object. It has the
characteristics of easy operation, low cost, and high sim-
ulation. Besides, it can also carry out some research that
cannot be realized in actual engineering, so it has been
widely used in recent years [11, 13, 14]. He et al. [9]
established a support-surrounding rock mechanical model
considering the behavior of an elastic cantilever beam in
order to study the hard roof fracturing characteristics and
mining-induced stress behaviors. Ren et al. [11] designed
physical simulation experiments to analyze the deforma-
tion and failure characteristics of the surface and sur-
rounding rock around the goaf, as well as the creep
behavior and failure mechanism of surrounding rock de-
formation. Wang et al. [15] and Chen et al. [16] conducted
physical and numerical simulation of field monitoring for
the movement and structure of the overlaying strata on the
fully mechanized top-coal caving face. But nowadays, most
of the similar material model experiments can only qual-
itatively reflect the caving phenomena, which can only be
used as a reference for analysis of rock caving process. Even
if some monitoring equipment is introduced, due to the
lack of accuracy and simplicity of test method, there is still a
lack of in-depth study on the caving process of multi-
mined-out areas and the law of temporal and spatial
evolution of the three-dimensional morphology of caving
arches. ,ese years, the development of computer analysis
software, sensors, and imaging technology makes it pos-
sible to obtain the temporal and spatial evolution rules of
caving process, caving arch, and cracks during the test. In
addition, the introduction of on-site drilling monitoring
equipment has further optimized the goaf management
scheme [12, 17, 18].

,is paper takes the treatment of multi-mined-out
areas of Paishanlou Gold Mine as the research back-
ground, based on similarity theory, and uses VIC-3D
(noncontact full-field strain measurement system) and
resistive pressure sensor as measurement tools to design a
similar physical model simulation test. ,rough the test,
we studied the caving mechanism of the roof surrounding
rock during the excavation of the pillars in the deep
mined-out areas and the process of simulated under-
cutting and explored the internal law of the induced
caving process. Combining the experimental research
results with the RG underground TV monitoring tech-
nology, we can effectively control the caving process of the
goafs, so as to safely deal with the goaf while recovering
the residual ore and convert the overstocked ore in goafs
into available resources.

2. Geological Conditions of the
Experimental Prototype

Paishanlou gold deposit belongs to a large metamorphosed
hydrothermal gold deposit in the same ductile shear zone.
,e surrounding rocks of near-orebody are mylonite, and
the surrounding rocks far away from the orebody are pri-
mary mylonite and mylonitized rocks. ,e orebody thick-
ness of Paishanlou Gold Mine is medium to thick, the dip
angle is generally 35°∼55°, the stability of roof surrounding
rock is good, and the ore grade is low. Due to the large
thickness of the orebody and the slow attitude and con-
centrated distribution of orebody, the open-pit mining
method is used in the upper orebody. After mining to the
level of +300m, it is transferred to undergroundmining, and
the open-pit method is used in the process of transferring
from open-pit to underground. And then the whole upper
mined-out areas are induced to penetrate the surface, and
the subsidence area is filled from the surface and reclaimed
land (see Figure 1). Because it is located in a scenic pro-
tection area, the surface is not allowed to collapse (see
Figure 1(c)). Based on the treatment experience of the upper
goaf, the safe and efficient mining technology of zoned open
stope with subsequent filling was developed.

Based on the field geological survey and the classification
of rock mass stability, the mechanical parameters of rock
mass in Paishanlou Gold Mine are obtained (see Table 1).
,e stability level of surrounding rock in each level of
Paishanlou GoldMine belongs to medium stable∼stable.,e
borehole monitoring shows that the current height of the
mined-out area from the ground surface is 245∼410m, and
the goaf is already in a caving state, and the current caving
height of the mined-out area is about 13∼70m, so it is urgent
to deal with the mined-out areas at present.

In this paper, we took the deep mined-out areas of
Paishanlou Gold Mine as the experimental prototype,
simulated the process of cutting through between multi-
mined-out areas and rock strata induced caving, and studied
the rock mass failure mechanism and caving law in the
process of penetration and caving of multi-mined-out areas.
,e simulated range of the test was roughly from level of
+225m to level of +125m, with a dip length of about 240m.
,is design scheme adopts the induced caving method; that
is, the pillars between the goafs are excavated first, and then
the undercutting project is arranged in the rock mass at the
bottom of the goaf to induce the natural caving of the upper
orebody.

3. Description of the Similar Physical Model
Simulation Test

3.1. Test Equipment

3.1.1. Similar Physical Model Simulation Test Bench. ,e
main equipment for this test is an electrohydraulic servo
multichannel similar material test bench (see Figure 2(a)). It
is a plane loading system that adopts active loading mode.
,e equipment adopts multichannel independent control
technology that simulates distributed loads. It can simulate
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the excavation process in mining and geotechnical engi-
neering indoors. Multichannel independent control tech-
nology can simulate distributed loads. ,e upper part of the
test bench is equipped with 7 vertical oil cylinders, that is, 7
channels. Each channel can be individually controlled and
nonlinearly loaded. Each channel can load a maximum of
150 kN test force, and the actual control accuracy is 0.5 kN.
,e three oil cylinders of the test bench are combined into
one channel, and the maximum load is 600 kN. ,e test
bench can realize the constant rate loading of the test force,
can carry out the experiment under the constant load within

a given accuracy range, and can ensure the long-term sta-
bility of the axial and horizontal load during the experiment.

3.1.2. Equipment and Principle of Strain Measuring.
Because the surface displacement meter has a large direct
measurement error and is not easy to install, we use a
noncontact full-field displacement measurement system
(VIC-3D for short) (see Figure 2(b)) to monitor the dis-
placement change of the model surface. ,e DIC (Digital
Image Correlation) used by VIC-3D is a simple optical
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Figure 1: Topographic maps of the orebody and surface. (a) 3D model of geology. (b) Map of surface topography. (c) Current profile of the
mined-out areas. (d) Current plan of the mined-out areas.

Table 1: ,e mechanical parameters of rock mass in Paishanlou Gold Mine.

Type of rock body Ore Surrounding rocks in the upper wall Bed rocks of the footwall
Compressive strength (MPa) 22.1 25.19 27.4
Strength of extension (MPa) 1.85 2.5 2.54
Elasticity modulus (GPa) 34 43.1 42.17
Cohesion (MPa) 5.63 6.53 7.03
Internal friction angle (°) 36 35.1 35.7
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measurement method to measure surface deformation of
objects. DIC technology can be used in general indoor and
outdoor environments, and the strain measurement range is
from 0.005% (50 microstrains) to 2000%. ,e size of the
measuring object can be from 0.8mm to tens of meters. In
principle, strain can be measured as long as the image can be
obtained. It mainly adopts the method of spraying speckle
on the surface of the model, combined with industrial close-
up photography technology, with real-time acquisition of
digital images of the region of interest (speckle pattern) in
each deformation stage of the object. DIC tracks the smaller
areas with gray value patterns during the deformation
process, which we call the subset subarea. Find the relevant
area of the image by grayscale and calculate the strain on the
surface of the object by using an algorithm similar to that
used in finite element analysis software to obtain the surface
displacement and strain distribution [17]. ,en the dis-
placement field data is smoothed, and the corresponding
deformation information is visualized to realize fast, high-
precision, real-time, noncontact, full-field deformation and
strain measurement (see Figure 3).

After the simulation experiment, photos are analyzed in
order to obtain the deformation and strain. ,e strain
calculation in VIC-3D can be briefly summarized as follows
(see Figure 3).

,e strain calculation in Vic-3D is similar to the algo-
rithm generally used by FEA software. ,e input for the
strain calculation is the grid of data points from the
correlation—a cloud of X, Y, Z points and U, V, W dis-
placement vectors (see Figure 3A).

,e separation between these points (in pixels) is dic-
tated by the step size. ,e separation between the points in
physical space will vary depending on magnification and the
shape of the specimen. With this grid as the input, we
consider each point separately and create a local mesh of
triangles; here, we consider the highlighted point from above
(see Figure 3B).

Next, we consider the deformation of each triangle
separately (see Figure 3C).

Rigid body motion is easy to remove at this point (see
Figure 3D).

,e remaining deformation of the triangle gives us
exactly enough data to compute a single, constant strain
tensor for this triangle. We repeat this for each triangle (see
Figure 3E).

Since we want a strain for each existing data point,
we interpolate from the surrounding strains (see
Figure 3F).

We repeat this process for each point until we have a
strain tensor at each initial data point (see Figure 3G).

(a)

HD camera

Image Acquisition and
Computing Center

Fill-in light

(b)

Resistive pressure sensor

(c)

Figure 2: Main test equipment. (a) Electrohydraulic servo multichannel similar material test bench. (b) Noncontact full-field displacement
measurement system. (c) Resistive pressure sensor.

4 Advances in Civil Engineering



Because the local triangles are small, the directly calculated
strain tensors can be noisy, so at this point we smooth over a
group of points. ,e size of this smoothing group is dictated by
the user (“filter size”) and is a Gaussian (center-weighted) filter
(see Figure 3H).,e region of interest in themodel is composed
of these smoothed points, forming the final strain cloud image.

3.1.3. Equipment and Principle of Stress Measuring. For the
measurement of the internal pressure of the model, we
adopted the resistance strain sensor (see Figure 2(c)), whose
resistance strain gage has the strain effect of metal; that is,
mechanical deformation is generated under the action of
external force, so that the resistance value changes ac-
cordingly. According to the principle of resistance strain
effect, the deformation of the measured object is trans-
formed into the change of the resistance parameter of the
sensitive element, which is transformed into the output of
voltage or current signal by the circuit, so as to realize the
measurement of nonelectric quantity such as pressure.

3.2.Mechanical Parameters of the Strata andDeterminationof
Similar Model Material Ratios. ,e principle of the simu-
lation experiment of similar materials is to usematerials with

similar mechanical properties to the mine prototype. Based
on the three theorems of the similarity theory, the model is
made according to the geometric similarity constant and the
specific engineering conditions on-site, and the similar
physical model is used to simulate all kinds of mine engi-
neering. ,en the phenomenon and data obtained can be
used to speculate and analyze the rock mass change law in
the mine prototype, so as to improve the production process.

,e geometric shape of the model is similar to the en-
gineering entity and satisfies the length ratio as a constant,
that is,

aL �
Lp

Lm

, (1)

where aL is geometric similarity ratio; Lp is entity size; Lm is
model size.

According to the mine geological data, in the induced
caving mining scheme, it is necessary to focus on the caving
law of the roof surrounding rock at a height of about 100m.
Considering the size of the experimental equipment, the
geometric similarity constant is selected as 100.

According to the data provided by the mine, the bulk
density of mylonite ore is taken as cm � 2.74 t/m3, and the
bulk density of marble is taken as cn � 2.62 t/m3. According

Fill-in light Fill-in light

Subset

HD camera
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Figure 3: Methodology and principle for strain measurement.
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to the proportioning experiment, the bulk density of similar
materials with different proportions is close, which is
cs � 1.70 t/m3. ,erefore, the ore rock bulk density similarity
constant is

ac �
cn

cs

� 1.50. (2)

,e stress similarity constant is calculated by the simi-
larity theorem, aσ � acaL � 150, after calculation, aσ � 150. At
the same time, the elastic model similarity constant
aE � aσ � acaL � 150 can also be calculated. Take the time
similarity constant as

at �
��
aL

√
� 10. (3)

According to on-site investigation, the surrounding area
of the project can be regarded as a homogeneous gravita-
tional field. ,e vertical ground stress of the target orebody
at +175m is σp � 10.508MPa. After calculation, the vertical
loading stress of the model is

σm �
σp

aσ
� 0.070MPa. (4)

,is paper simplifies the structural characteristics of the
mine prototype, only simulating the horizontal layered rock
mass structure, and aims to find the mechanism and basic laws
of rock mass caving and then gradually simulates rock mass
caving under complex conditions in subsequent studies.
According to similar theory, the boundary conditions of the
model should be as consistent as possible with the prototype.
,e firstmining level in themine prototype has sufficient width
and length. For homogeneous rock mass, the range of stress
redistribution caused by excavation is approximately equal to 3
to 5 times the excavation space. ,erefore, when using the
applied load method to study the problem, the simulation
range should be at least 3 times larger than the excavation
space. ,e excavation height of this simulation experiment is
0.1m, so the model size is at least height× length� 0.5× 0.5m.
According to the loading space size of the electrohydraulic
servo multichannel similar material experimental platform, the
size of the model produced this time is designed to be
length× thickness× height� 2400mm× 200mm× 100mm,
and the model size can meet the requirements of similar
theories [11].

3.3. Determination of Similar Physical ModelMaterial Ratios.
“Similar physical model material ratio” refers to the pro-
portion of various materials contained in the model stacked
on the test bench. In order to find the appropriate ratio of
similar physical model materials, we mainly studied the
influence of sand-to-rubber ratio, gypsum-cement ratio,
water content, and rosin alcohol solution content on the
strength of similar materials. Firstly, according to the ex-
perience of similar mines, 11 sets of material proportioning
schemes were screened out through orthogonal experiment.
Each set of proportioning schemes produced 5 compressive
test pieces and 5 tensile test pieces. ,e test specimens
produced in the compressive strength experiment are
ϕ50×100mm. ,e tensile strength test specimen is a test

piece of ϕ 50× 50mm (see Figure 4(c)). Regression or-
thogonal experiment method is used to carry out rock
strength test on samples with different proportions. ,e
compressive strength can be obtained by using an exten-
someter to test the deformation of the specimen (see
Figure 4(a)), and the tensile strength can be measured by the
Brazilian split test (see Figure 4(b)), taking uniaxial com-
pressive strength, tensile strength, elastic modulus, and
Poisson’s ratio as the control targets for the strength of
similar materials, and summarizing the regression equation
for simulating the ratio of similar materials, so as to obtain
the simulation material that satisfies the similar physical
simulation test. ,e mechanical properties require the op-
timal proportioning scheme [7] (see Table 2).

3.4. Establishment of the Similarity Model

3.4.1. Test Model Design. ,e electrohydraulic servo mul-
tichannel similar material test bench can simulate the ex-
cavation process in mining and geotechnical engineering
indoors. ,e equipment adopts active loading mode to
simulate the excavation process under deep conditions. ,e
equipment adopts multichannel independent control tech-
nology, which can simulate distributed load. ,e 7 axial
loading cylinders are independently controlled, and the 3
horizontal loading cylinders are controlled synchronously.
,e loading force of the test can be loaded at a constant rate,
and the test under constant load can be carried out within a
given accuracy range. ,e long-term stability of axial load
and horizontal load can be ensured during the test.

,e size of the test model is length× thickness× height�

2400mm× 200mm× 1000mm. ,e model is stacked in
layers, and the upper part of the wood is used for layered
compaction. ,e lowermost part is 200mm high as the
excavation space, and a preburied layer of extractable bricks
is used for the test block (length× thickness×

height� 200mm× 50mm× 100mm). In the test, the wood
blocks are removed one by one to simulate the excavation
process of the orebody. At this moment, we observe the
development of roof cracks in the excavation space and the
caving of the upper mined-out areas (see Figure 5(a)) below.
After 3 days of stacking the model, three holes of different
sizes are drilled at predefined positions in the model
according to the similarity ratio. After stacking the model for
7 days, speckles are sprayed on the position shown in the
figure (as shown in Figure 5(b)); then we can carry out the
loading and excavation tests.

3.4.2. Procedure of the Model Test. ,e purpose of this test is
to study the failure mechanism and caving law of rock mass
in the process of induced caving in the deep multi-mined-
out areas of Paishanlou Gold Mine. K1, K2, and K3 represent
three mined-out areas, respectively, and the process of ex-
cavation is mainly divided into four steps. A total of 9 re-
sistive stress sensors are arranged inside the model, which
are, respectively, buried at points A, B, D, E, F, G, H, I, and J
to monitor the trend of stress changes during the entire
experiment.
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In the test, we apply uniform pressure to the model
according to the magnitude of the crustal stress, and the
vertical load of 10 kN is applied to the 7 channels of the
model before the model is excavated; then we keep the load
constant. After about 10 minutes, we start to excavate No. 1
(betweenK1 andK2) andNo. 2 pillars (betweenK2 andK3) in
turn. After the excavation of each pillar, a period of time
should be set aside to wait for the model to stabilize.,en we
begin to continuously remove wood blocks from the bottom
starting point which is 700mm to left side of the model to
simulate the caving of the surrounding rock on the roof. In
this process, in addition to the VIC-3D monitoring test
process, another high-definition camera is also needed to

record the formation of fracture line and rock caving process
of similar physical models (see Figure 6).

4. Results and Discussion

4.1. Deformation and Failure Characteristics of Rock Mass

4.1.1. 4e Process of Deformation and Failure. Firstly, the
vertical load is increased from 35 kN (load after the ini-
tialization of loading equipment) to 70 kN. ,roughout the
process of the test, the vertical load is kept constant without
active horizontal loading.,emodel failure process is shown
in Figure 7. When the model load is stable, it is found from

(a) (b) (c)

(d)

Figure 4: Physics experiments to find the material ratio of the test model. (a) Uniaxial compressive. (b) Brazil splitting experiment.
(c) Molded specimen test. (d) Mechanical properties test of similar simulated materials.

Table 2: ,e ratio of similar materials’ model test.

Materials River sand (%) Plaster (%) Cement (%) Rosin alcohol saturated solution (%) Water (%) Mica slice (%)
Ratio 78 4 7 2 8 1

(a)

Speckle pattern
Simulated goaf

(b)

Figure 5: Construction of the similar physical model. (a) Initial similar physical model. (b) Similar physical model after processing.
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the vertical strain cloud diagram (Figure 8(a)) that the
overall displacement of the model gradually decreases
with the increase in depth, and the greater the span of the
empty area, the greater the vertical displacement above it.
At this time, the centerline of the settlement zone is close
to goaf K3 with a larger span. From Figures 8(b) and 8(c),
we know that when the pillar No. 1 between the goafs K1
and K2 (all the following texts will be referred to as “pillar
No. 1”) is excavated, a 30∼55 cm thick cone-shaped
subsidence zone is quickly formed above the goaf after
penetration, and the larger the goaf span, the more the
vertical subsidence. ,e average displacement at this time
is 0.4 mm, but after about 200 s, the subsidence zone
gradually shifts to the top of the pillar 1 and then con-
tinually spreads to left of the upper of the model (the
region is above K3) to the top of the model, and the av-
erage displacement increases to 0.5 mm. ,en we excavate
the No. 2 pillar between K2 and K3 (all the following texts
will be referred to as “pillar No. 2”) (see Figures 8(d) and
8(e)). ,e displacement above No. 2 pillar increased
rapidly. Meanwhile, a 30 cm deep butterfly-shaped sub-
sidence zone is formed in the middle of the model with an
average deformation of 0.7 mm. After about 5 minutes, the
large deformation area gradually evolves into a chimney
shape, and the average amount of deformation increased
to 1mm. At this very moment, two strip-shaped defor-
mation areas that spread to the top of the model were
formed above the goafs K1 and K2, and the average amount
of deformation was 0.85mm. After that, the third step of
the simulated undercutting project is carried out. After
the excavation of the left corner of K3, the chimney-
shaped deformation zone gradually expands, and the
gourd-shaped deformation zone appears in the central
area.,e displacement of the central area was 1.3 mm, and
the displacement of the upper part of K3 was 1 mm (see
Figures 8(f ) and 8(g)); simultaneously, a 53° crack appears
above K3 (see Figure 7(e)). With the excavation in the
fourth step, the deformation area gradually develops into
a rectangle with a displacement of 2.48 mm, followed by a
caving, which is now in the sporadic caving stage. After a
strip-shaped deformation zone with an average defor-
mation of 4.3 mm appeared again in the lower left of the
rectangular displacement zone, a fracture line of 59°
appeared in the left side of the roof (Figure 7(f )), and then
a continuous caving occurs. After the continuous caving,
the remaining roof maintained a stable period of about
3minutes, and then large cracks of 71° and 58° penetrating
to the top were formed on the left and right sides of the
model, and then a large caving occurs rapidly until the
model collapses (see Figures 7(g) and 7(h)).

4.1.2. Analyses of Deformation and Failure Mechanisms.
According to the analysis of the similar test process, the
entire destruction process of the goafs can be divided into
five stages, namely, the deformation and failure of rockmass,
the instability stage of sporadic caving, the continuous
caving stage of separation layer of roof, and the instanta-
neous huge caving stage of the roof. ,e rock mass of

original goafs is in a state of squeezing, and the mining of the
pillar will unload the surrounding pressure, and the goaf that
loses its original support will cause the redistribution of the
surrounding rock stress.

① After the No. 1 pillar is excavated (the mined-out area
after the penetration of K1 and K2 is called K12), the
roof of the mined-out areas under the action of
gravity of the overlying rock mass will bend to the
free surface (see Figure 8(b)). After the spontaneous
stress redistribution process of the surrounding rock,
a stable deformation zone “a” is formed in the upper
area of the goaf K12, and the average deformation is
the largest (Figure 8(c)).
Similarly, when the No. 2 pillar is excavated, the main
deformation zone gradually shifts from the upper
area of K12 to the position of the No. 2 pillar, and
finally the deformation zone “b” is formed
(Figure 8(e)). ,e two steps have undergone the
process of elastic deformation-plastic deformation,
and the transition from elastic deformation to plastic
deformation is due to the redistribution of stress
around the goaf caused by the excavation of the pillar.
According to the analysis of the cloud diagram, the
pressure properties of the roof of the goafs in the
deformation zone “a” are mainly compressed, and
the exposed area of the roof expanded with the ex-
cavation of the pillar, which makes the stress prop-
erties of the roof of the goaf transform from the
compressed state to tension state.
As known from the foregoing, the ore rock in the goaf
is medium-hard rock with poor ductility, so the main
form of ore rock failure is brittle failure. From the
perspective of failure mechanism, it can be divided
into two categories: tensile failure and shear failure.
With the progress of the simulated undercutting
project, the span of the mined-out area has further
increased, the tensile stress of the surrounding rock
of the roof exceeds the allowable tensile strength of
the rock mass, and the left lower foot of model begins
to show 53° crack failure line under the action of
shear stress (as shown in Figure 7(e)).

② With the progress of the undercutting project, the
stress concentration phenomenon at the undercut-
ting position makes the crack failure further expand
upward. Caving occurs when the surrounding rock
stress is not enough to support the self-weight of the
rock formation, and the caving rock lumpiness is
small, and we call this stage sporadic caving.

③ ,e undercutting project destroys the stress balance
of the surrounding rock. With the progress of spo-
radic caving, the fracture damage gradually extends
upward under the combined action of the tensile and
compressive stress of the roof. At this time, the roof
layer began to gradually delaminate, followed by
continuous caving (Figures 8(e)–8(g)).

④ In the later period of the continuous caving, a 71°
large-angle fracture line appeared on the left side of
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the model. After a period of development of the
fracture, instantaneous roof collapse occurred in the
model.

4.2. Strain and Stress Analysis. ,e VIC-3D data analysis
software is used to extract the local displacement values of
points A, B, C, D, E, F, G, H, I, and J on the surface of the
model (see Figure 6), and the displacement trend during the
whole experiment is plotted (see Figures 9(a) and 9(b)). In
addition, the pressure values of points A, B, D, E, F, G, H, I,
and J collected by the pressure sensor are plotted as curves
(see Figures 10(a) and 10(b)).

As can be seen from the displacement trend diagram
in Figure 9, after the excavation of No. 1 pillar, all
monitoring points begin to settle, and the sedimentation
rate of E, F, and I points rises first, and the settlement rate
is the largest. After the excavation of No. 1 pillar is
completed, points E, F, G, and J will continue to settle for
about 50 s. During the excavation of the No. 1 pillar, the
settlement amount is large in the middle of the goaf and
small in the two sides. Due to the effect of No. 2 pillar, the
excavation of No. 1 pillar has less influence on the set-
tlement of four monitoring points A, B, C, and D. After
the excavation of No. 2 pillar, the settlement rates of B
and D near the pillar roof begin to rise first and reach the
maximum. ,e overall settlement shows the character-
istics of large in the middle and small in the two sides and
large in the upper part and small in the lower part. After
the excavation of No. 2 pillar, all monitoring sites still

keep the settlement trend of about 220 s. After the
simulated bottom drawing project starts, the settlement
rates of points A, B, G, and J begin to rise first and reach
the maximum, and then the overall settlement trend is
regular. ,e settlement of the whole simulated bottom
drawing process presents the characteristics of large,
middle, and small two sides, and the settlement of G and J
points at the other end of the excavation position is the
least. When continuous caving occurs, the displacement
of points G and J rises. ,is is because the effect of
cantilever beam causes the pressure in the middle of the
model to produce a component force along the direction
of gravity on the slope before caving occurs. After caving
is completed, the pressure disappears, so the displace-
ment of points G and J rises.

It can be seen from the vertical pressure variation
trend diagram in Figure 10, after the excavation of No. 1
pillar, since the span of K1 pillar is small, positions of F
and G are close, and their variation trends are also similar.
E is close to the center the connected goaf of A and B, and
the pressure value at point I drops first, and then point I
drops accordingly. ,e rate and range of decline at point E
are greater than those at point I, while H and J at the top
rise slowly. Points D and B are located above pillar 2. After
the excavation of No. 1 pillar, the pressure was transferred
to both sides, resulting in the pressure value of B and D
increasing at the same speed and range. At the same time,
the pressure value of points F and G increases, and the
pressure value of point G increases faster than that of
points F and J. After the excavation of No. 2 pillar, the
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Figure 8: Vertical strain cloud diagram of the whole field of the test model.
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pressure values of B and D begin to decrease first, and the
pressure values of E and I then decrease. ,e decreasing
rate of B is greater than that of D, and the decreasing rate
of E is less than that of D. On the contrary, the pressure
values of points H, G, and J all show an upward trend, and
the growth rate is greater than that of H, and the growth
rate of G is greater than that of J. After the beginning of
the drawing project, the pressure at points F, G, and J
increased, while the pressure at other points decreased to

some extent. Point A starts to decline first and has the
largest rate of decline; then points A, D, and E decline in
turn.

4.3. Discussion

(1) In order to ascertain the temporal and spatial evo-
lution of the deformation and failure of the sur-
rounding rock induced by multi-mined-out areas,
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Figure 10: Vertical pressure trend of each monitoring point (p1 stands for No. 1 pillar before excavation; p2 stands for No. 1 pillar after
excavation; p3 stands for No. 2 pillar before excavation; p4 stands for No. 2 pillar after excavation; p5 stands for the start of simulated
bottoming).
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Figure 9: Vertical displacement trend of each monitoring point (p1 stands for No. 1 pillar before excavation; p2 stands for No. 1 pillar after
excavation; p3 stands for No. 2 pillar before excavation; p4 stands for No. 2 pillar after excavation; p5 stands for the start of simulated bottoming).
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we need to analyze the impact mechanism of rock
mass instability on the safety of mine production and
the stability of the mined-out areas system. ,ere-
fore, based on the rock deformation and failure
mechanism obtained by the analysis in 4.1, combined
with the stress and strain change law obtained during
the experiment (Figures 8 and 9), we discuss the
overall instability law of the coordinated effect of the
roof-pillar system in the mined-out area and propose
the caving control and safety management tech-
nology in the goafs of Paishanlou. After the exca-
vation of the pillars between the mined-out areas in a
balanced state, the surrounding rock deforms, which
leads to changes in stress. For purpose of main-
taining the balance, the surrounding stress field
transfers spontaneously to seek a new balance.
,erefore, the balance of goaf system is essentially a
stress balance. In order to ascertain the law of caving
in the goaf, the transfer of the stress field and the law
of pressure increase and release of the roof-pillar
system are first studied.
Before the excavation of the pillar, the roof-pillar
system is in a balanced state. ,ere is a pressure-
bearing area above the pillar (indicated by “㊉” in the
figure, and the number of㊉ qualitatively indicates the
pressure-bearing value), and the upper area of mined-
out areas is the pressure relief area (indicated by “㊀” in
the figure, and the number of ㊀ qualitatively repre-
sents the pressure relief value) (Figure 11(a)); the ar-
rows represent the transfer of pressure.

After the excavation of the No. 1 pillar, the upper
area of K12 begins to relieve pressure, then the
pressure gradually shifted to the No. 2 pillar and the
right side bank, and the No. 2 pillar was the main
pressure-bearing area. At this time, the stress above
the goaf of K1 does not change significantly, indi-
cating that the stress transfer was blocked by the No.
2 pillar, and the No. 2 pillar shows obvious stress
concentration (see Figure 11(b)).
After the excavation of the No. 2 pillar, the goaf is
connected as a whole. ,e sudden release of the high
stress above the No. 2 pillar caused an instantaneous
pressure relief in the middle part, and the stress
shifted to the two sides and the pressure value of the
left slope was greater than that of the right slope.,is
is on account of the excavation sequence of the
pillars and the buried depth of the goaf (see
Figure 11(c)). After the start of the induced un-
dercutting project, with the increase of the span of
the mined-out area, the rock mass began to cave
sporadically, and the pressure above the caving zone
was slowly relieved at this time. At the same time as
the phenomenon of separation of rock mass occurs,
the pressure relief rate of the caving zone suddenly
increases, and the two slopes on both sides also
increase suddenly, and the rock mass begins to cave
continuously. ,e fracture line caused by the caving
gradually developed to the near-surface area, and
after a period of stability, a sudden and instantaneous
large caving occurs (see Figure 11(d)).

K2

K3

K1

(a)

K12

K3

(b)

(c) (d)

Figure 11: Schematic diagram of stress transfer of the roof-pillar system.
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(2) Since the lower mined-out areas are not allowed to
penetrate to the ground surface, so as to achieve
reasonable and efficient recovery of ore while dealing
with the goaf, we have formulated a coordinated
scheme for pillar mining and goaf filling through
surface borehole. Taking into account the safety and
efficiency factors, it is better to wait for the mined-
out areas to cave to a certain height before filling it,
but it is necessary to prevent sudden penetration to
the ground. Because the higher the caving height of
the goaf is, the smaller the drilling depth is, and the
larger the filling range is. It can be seen from the test
that, during the entire caving process, sporadic
caving is the least destructive to the stability of the
rockmass, and instantaneous large caving is themost
destructive. ,erefore, we should control the caving
process in the later period of the sporadic caving to
the initial period of continuous caving.
According to the results of the previous analysis,
there will be obvious roof separation phenomena
during the transition from sporadic caving to con-
tinuous caving. In addition, the angle of the fracture
line inside the rock mass, the vertical strain, and the
pressure of slopes on the two sides have increased
significantly. Hence, we monitor the roof rock caving
process of the mined-out areas by drilling surface
monitoring holes, combined with the RG under-
ground TV, and expand the monitoring boreholes at
a predetermined time and then fill the mined-out
areas through borehole A1 to control the caving
process. ,rough monitoring, we can see that the
mined-out areas are currently in the sporadic caving
phase (Figure 12). Test has proved that the process of

induced caving in the multi-mined-out areas can be
controlled artificially, and the mined-out areas can
be treated efficiently while the residual ore is mined,
which has certain guiding significance for the pro-
duction of similar mines.

5. Conclusion

,rough indoor similar physical model tests, using
noncontact full-field displacement measurement systems
and resistive pressure sensors as monitoring methods, we
recorded in detail the stress and strain trend of sur-
rounding rock during the process of penetration and
undercutting of the multi-mined-out areas and sum-
marized and analyzed the deformation and failure
characteristics of the rock mass and the temporal and
spatial evolution law of the stress and strain with the
caving of the mined-out area. ,e main conclusions are
as follows:

(1) ,e rock caving is mainly divided into three stages:
the first stage occurs above the left arch angle of the
first undercutting project, the fracture angle is 59°,
the caving in this stage is slower, and the lumpiness
is small. ,e stage occurs at the top of the caving
arch, and the fracture angle is 57°. ,is stage has a
large caving block; the third stage is an instanta-
neous roof caving, and there is a stable period of
about 3 minutes before the roof caving.,e fracture
angles of the sides are 71° and 58°, respectively,
because the large horizontal stress of the roof will
limit the dilatancy space of the surrounding rock of
the roof.

Surface Drill hole (A1)

Expected caving arch Slag heap surface

Lower mined-out areas

Figure 12: Schematic diagram of the goaf caving monitoring and filling scheme.
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(2) A sudden increase in the fracture angle occurred in
the upper area of the undercutting position before
the instantaneous caving of the top, and the cur-
vature of the caving suddenly increased. ,e in-
stantaneous caving of the top plate is the
continuation of the caving of the vault, which can be
safely drilled. ,e shape of the caving arch is
monitored to ensure that the goaf cave is naturally in
the form of sporadic caving in the initial caving stage;
that is, the time of huge caving can be safely mon-
itored and the caving process is controllable.

(3) Rock deformation is most affected by the span of
the goaf, and the vertical strain is inversely pro-
portional to the depth; the rock mass stress and
strain caused by the excavation of the void space
column have a significant time delay phenomenon,
and the time delay effect of the stress is inversely
proportional to the void span. ,e time delay effect
is inversely proportional to the gap span. During
the test, the strain value shows the characteristics
of high in the middle of model and low in the slope
of both sides and high in the upper area and low in
the lower area, while the stress shows the char-
acteristics of high in the slope of both sides and low
in the middle and high in the upper area and low in
the lower area.

(4) ,e excavation sequence of the pillar will affect the
stability of the roof-pillar system in the goaf. ,e
pillar excavated first will have a stress concentration
effect on the pillar excavated later and the sur-
rounding rock mass, resulting in the local destruc-
tion of the rock mass, thereby affecting the layout of
the inducing project and the process of caving in the
mined-out area.

(5) According to the law of caving in multi-mined-out
areas obtained from the test, combined with the RG
underground drilling monitoring technology, the
caving process of the goafs can be effectively con-
trolled. ,ereby it can provide favorable conditions
for the filling, mining, and ore drawing work of the
goaf. At the same time, it has reference significance
for the management of multi-mined-out areas in
similar mines.
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In order to solve the problem of stress concentration and gas overrun in the process of uncovering high gas and thick coal seam,
combined with the occurrence characteristics of coal seams in Wuyang Coal Mine, the measures of “hydraulic and mechanical
cavity making + steel screen pipe + surrounding rock grouting” are adopted to establish a method for mutual verification of
multiple effect test indexes of residual stress, residual gas content, coal seam moisture content, and microseismic signal
characteristics, and the three-dimensional accurate analysis of the influence range of hydraulic cavitation is effectively realized. By
comparing and analyzing the gas extraction amount, the surrounding borehole stress change and the microseismic monitoring
signals before and after the application of hydraulic cavitation technology are studied. +e results show the following. (1) +e
pressure relief effect of the hydraulic cavity on surrounding coal decreases with the increase of distance, and the pressure relief
effect is most obvious at 1.0∼2.5m, in the range of 2.5–3.5m around the hydraulic drilling hole, the duration, rate, and amplitude
of pressure relief are reduced compared with those in the range of less than 2.5m, while in the range of more than 3.5m, the effect
of pressure relief is very weak. (2) During the period of hydraulic cavitation release hole, the radius of water supply to coal seam is
within 1.5m, which accounts for 79% of coal wall area. (3) It is also a process where the stress distribution in the coal and rock
body needs to be rebalanced before and after hydraulic caverning, which is often accompanied by microfracture of coal and rock
mass.+e analysis shows that, before hydraulic caverning, the waveform of coal and rock fracture signal has a short duration, large
amplitude, and obvious signal mutation, and the dominant frequency of the signal is about 250Hz, with large total energy. After
hydraulic caverning, the intensity of coal and rock fracture events is greatly reduced. +e research results can effectively identify
the influence range of hydraulic cavitation, improve the detection accuracy and efficiency of hydraulic cavitation range, effectively
predict and warn the hidden danger of mine safety, and provide a reference for the work of similar mines.

1. Introduction

At present, China’s coal mines have entered deep mining
areas, and the characteristics of high gas content, strong
adsorption, and poor air permeability of coal seams have
more obvious constraints on the efficient mining of the
mine, and because of the increase of the scale of coal mining,
the impact on the environment is bigger and bigger [1]. +e
key to efficient mining is to improve the permeability of coal
seam, realize the efficient predrainage of gas before mining,
and effectively reduce the content of gas in the coal seam. At

the moment, measures such as loose blasting [2–4], hy-
draulic slitting [5, 6], hydraulic punching [7, 8], and hy-
draulic fracturing [9–11] have been widely adopted to relieve
pressure and improve reflection of coal seams. But due to the
limitations of these measures, applicable conditions, such as
loose blasting and hydraulic slotting easily induced by coal
and gas outburst, stress, high hydraulic fracturing cracks
easily closed, and hydraulic punching limited by the rigidity
coefficient of coal, are susceptible to the limitation of geo-
logical structure and construction equipment; at the same
time, the effect evaluation of hydraulic hole forming is
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imminent. Microseismic monitoring technology is a geo-
physical real-time monitoring technology that studies and
evaluates the stability of coal and rock mass by using the
microseismic signals generated in the process of coal rock
failure under load [12, 13]. It can effectively identify different
coal and rock dynamic disaster signal types and charac-
teristics, evaluate the stability of coal internal structure, and
provide theoretical support for coal and rock dynamic di-
saster prevention in underground operation.

+e technology of hydraulic hole punching and cavi-
tation is to cut the coal around the drilling hole with a high-
pressure water jet under the condition of no one in the
working face to form a larger hole, increase the exposed area
of the coal body, relieve the pressure inside the coal seam,
and take the cut coal out of the hole with water flow. In the
process of hydraulic cavitation, a large number of coal bodies
are crushed and rushed out of the borehole under the impact
of high-pressure water flow, which can greatly reduce the in
situ stress of coal bodies. At the same time, cavitation causes
a large amount of coal caving to form several depressurized
caverns with a larger diameter, which increases the exposed
area of the coal seam, and forms a huge fracture network
around the caverns, which provides a large space for gas
migration and extraction and improves the permeability of
coal seam. In addition, hydraulic perforation and cavitation
make a large amount of water enter the coal body, improve
the desorption rate of gas in the coal body, and further
reduce the risk of coal and gas outburst [14]. Many scholars
have conducted in-depth research on this. Wang and Li [5]
and others conducted numerical simulation by using the
field measured data and found that after the implementation
of hydraulic extrusion measures in the heading face, the
stress of coal body in front of the heading face was redis-
tributed, the elasticity was reduced, the plasticity was in-
creased, and the permeability of coal body was enhanced.
+rough analysis, Li [6] concluded that water injection by
hydraulic extrusion can effectively reduce the gas content
and gas emission in coal, greatly reducing the risk of out-
burst; Yang andHu [7] and others pointed out that hydraulic
punching in high outburst coal seam can not only eliminate
the outburst risk of working face but also improve the
driving speed and working environment. Liu et al. [9] and
others elaborated the basic principle of hydraulic cavitation
technology based on the research background of Jiulishan
Mine with serious coal and gas outburst and pointed out that
hydraulic cavitation technology could effectively eliminate
the stress of excitation outburst, reduce the risk of coal seam
outburst, and increase the driving speed of roadway by 2-3
times. Lu and others [11] used 40∼60MPa high-pressure
water jet cutting measures for gas control in Rujigou coal
mine, effectively improved the coal seam permeability, in-
creased the gas drainage efficiency by 3∼6 times, and
eliminated the outburst risk in the process of mining. Zhang
[15] combined theoretical analysis with the field test, studied
the application effect of hydraulic hole making pressure
relief and permeability enhancement technology in coal
roadway bottom drainage, and showed that hydraulic hole
making drilling can have the effect of pressure relief and
permeability enhancement on coal body. Compared with

ordinary through-layer drilling, hydraulic hole making
technology increases the initial gas drainage concentration,
and the influence radius of drilling also increases by one
time. It can be seen that hydraulic cavitation has a good
improvement and promotion effect on coal seam gas release
and pressure relief, so it is extremely urgent to develop
hydraulic cavitation technology to prevent coal and gas
outbursts in the roadway.

+e coal mining depth of the Wuyang Coal Mine of
Shanxi Lu’an Group has reached more than 700 meters.
With the increase of mining depth, the permeability of the
coal seam itself and surrounding rock is reduced, and the
amount of gas is also increasing, and there are many times of
coal blasting in the excavation. In order to solve the
problems of stress concentration and gas overrun in the
process of uncovering high gassy thick coal seam, combined
with the occurrence characteristics of the coal seam in
Wuyang Coal Mine, by using the combination of “hydraulic
and mechanical cavity making + steel screen
pipe + surrounding rock grouting” outburst prevention
technology, the mutual verificationmethod of multiple effect
inspection indexes such as residual gas pressure, residual gas
content, K1 value, coal swelling deformation, coal seam
moisture content, and surrounding rock deformation is
established, which effectively realizes regional pressure relief,
water supplement, and surrounding rock stress control. In
this paper, by comparing the changes of gas drainage
amount and surrounding borehole stress before and after
hydraulic punching, the gas drainage effect after hydraulic
punching and the activated drainage radius after stress re-
lease are studied. Combined with the microseismic moni-
toring technology, the whole process monitoring and
comparative analysis of the spatial-temporal distribution
characteristics of microseismic events before and after the
measures and the dynamic response characteristics of the
signal waveform are carried out, and the activated extraction
radius after hydraulic cavity building is verified by contact
and noncontact means, which provides a theoretical basis for
preventing mine rock burst disaster.

2. Hydraulic Cavern Engineering Test

Wuyang Coal Mine mainly adopts 3# coal seam, and the gas
control measures are mainly prepumping coal seam gas by
drilling along the seam. In daily work, there are many
problems, such as a large amount of drilling engineering, the
easy collapse of drilling, and the low net quantity of single
hole, which directly lead to a long time of reaching the
standard of drainage and then cause a serious imbalance of
mining and drainage balance. +e attenuation coefficient of
borehole coalbed methane flow in 3# coal seam of Wuyang
Coal Mine is 0.0063 d−1, the permeability coefficient is
0.412∼0.88m2/MPa2•d, and the firmness coefficient is
f= 0.2∼0.5. According to the daily underground gas content
measurement results, the coal seam coalbed methane de-
sorption speed in this area is slow, and 60–70% of the
coalbed methane is comminuted desorption volume, which
directly leads to low single hole drainage volume of drainage
borehole. +e in situ stress in this area is large, complex, and
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changeable, and it is easy to collapse after drilling. It is
difficult to release the in situ stress in the drainage area and
then inhibit the coalbedmethane desorption, resulting in the
rapid attenuation of single hole drainage volume. In view of
this, it is urgent to adopt effective pressure relief and per-
meability enhancement technology to improve the gas
drainage effect.

2.1. Engineering Principle of Hydraulic Cavitation.
Assuming that the shape of the hole after hydraulic
punching is still circular, when the broken coal is discharged
from the hole, the diameter of the hole increases, and the
radius of the pressure relief zone is as follows:

Rx � Rx + x( exp
σr d/σci + s/mb( 

s/mb( 
 

1− a

·
σc − σcr( 

Q (2 − 2μ)σ0 − σr d (1 + μ)
+ 1 

− 1/(1+Np)

.

(1)

After hydraulic punching, the radius of the broken area
of the borehole increases, the pressure relief area increases,
the strain affects the stress change, and the stress around the
borehole obviously decreases. Based on the strain-softening
model of the H-B criterion, when the drilling hole is im-
pacted by a high-pressure water jet, the strength of coal
decreases. +e place where the coal is thus damaged and
displaced is called the crushing area. +e more distant it is,
the greater stress the coal body suffers, ending up going
beyond its own strength. +is happens in the plastic area.
When the stress of the coal body is less than its own strength,
the coal body will have elastic deformation within a certain
range, which is called the elastic area. +erefore, the stress-
strain curve of coal can be divided into an elastic stage,
softening stage, and residual stress stage, and the area of
corresponding coal around the drilling hole can also be
divided into an elastic zone, plastic zone, and crushing zone.
According to the distance from the hole, it can be divided
into pressure relief zone, stress concentration zone, and
original stress zone. And its distribution changes are shown
in Figure 1.

In the process of hydraulic pressure relief, the stress of
the coal body is released, the strength of the coal body is
destroyed, the permeability of the coal body in the pressure
relief area is increased, and the gas drainage rate is effectively
improved. +e stress around the hole drilling meets the
following equation:

dσr

dr
+
σr − σθ

r
� 0, (2)

where σr is the borehole stress, and σθ is the borehole
tangential stress.

To sum up, the evaluation of the scope and effect of
hydraulic cavity building should first examine whether it can
increase the pressure relief range of drilling along the coal
seam, whether it can concentrate the stress to move far away
and reduce the relative stress of the coal seam around the
cavity building area.+erefore, the borehole stress meter will

be used to test the change of relative stress at different
distances around the hole, and then, the influence range of
hydraulic cavitation can be analyzed.

2.2. Engineering Design of Hydraulic Cavity Making.
Combined with the actual situation of the Wuyang Coal
Mine, two types of test boreholes were constructed in this
study, which is hydraulic hole making boreholes and stress
test boreholes. +ey are divided into three groups, with 5
boreholes in each group, 3 hydraulic hole making boreholes
and 2 stress test boreholes. Now, 5 boreholes have been
tested in the 8006 air-return roadway. During the process of
drilling construction, high-pressure hydraulic punching is
carried out for hydraulic hole drilling; after the construction
of stress test drilling, the stress meter is installed, and the
stress meter is pressed to make the flexible detection unit
expand to the preset pressure of 5MPa and test the stress
condition during hydraulic hole drilling, and the drilling is
shown in Figure 2.

Drilling type: 2 stress test holes, Y1 and Y2, respectively;
3 hydraulic holes, S1, S2, and S3, respectively. Opening
height: the upper row of boreholes is hydraulic hole making
boreholes with an opening height of 1.8m; the lower row of
boreholes is stress testing boreholes with an opening height
of 1.6m. Opening spacing: nonequal spacing, as shown in
Figure 1. Drilling azimuth: all azimuth angles are 90° (0° for
the middle line of roadway). Borehole dip angle: coal seam
dip angle +1°. Drilling length: the hydraulic hole drilling is
the same as the daily construction, but it needs to be
conducted once in the 1m section of 15-16m; the stress test
drilling length is 16m. Drilling diameter: the hydraulic hole
drilling is the same as the daily construction; the stress test
drilling is Φ55mm.

3. Influence Range Analysis of
Hydraulic Cavitation

3.1. Stress Change Analysis of Surrounding Coal Body

3.1.1. Stress Data during Punching. Figure 3 shows the
relative stress drop values at different intervals during the
process of hydraulic cavitation, as shown in Figure 3:

① In the process of hydraulic cavitation, the relative
stress of the coal seam at the distance of 1.0m and
1.5m from the cavitation hole decreases significantly,
reaching 0.6MPa and 0.8MPa, respectively, indi-
cating that hydraulic cavitation at the above position
has played a relatively good pressure relief effect. As
the initial stress value at 1.0m is higher than 4.5MPa,
the pressure drop is more likely to occur when
subjected to coal seam strain. +erefore, the relative
stress drop at the distance of 1.5m is larger than that
at the distance of 1.0m.

② In the process of hydraulic cavitation, the relative
stress of the coal seam at the distance of 2.5m from
the cavitation hole has a certain decrease, which is
0.3MPa, indicating that the hydraulic cavitation can
still play a certain pressure relief role at this position,
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but it is weaker than that at the distance of 1.0m and
1.5m.

③ In the process of hydraulic cavitation, the relative
stress of the coal seam at the 3.5m interval of the
cavitation hole almost does not decrease, which is
only 0.1MPa, indicating that the pressure relief effect
caused by hydraulic cavitation at this position is very
weak.

3.1.2. Stress Data after Punching. After hydraulic cavitation,
the relative stress data at different distances were continu-
ously tracked, and the variation of the relative stress values
with time was analyzed, as shown in Figure 4.

① At 1.0m and 1.5m spacing between cavitation holes,
the relative stress of coal seam decreases obviously,
and the decrease speed is fast, the decrease duration is
long, and the decrease amount is large. +e decrease
amount at the distance of 1.0m and 1.5m from the
cavitation hole is 2.0MPa and 1.1MPa, respectively.
At a 1.0m interval, the decrease rate is 0.049MPa/h,
and the decrease rate is stable after 41 h. After a
continuous decrease for 31 h at a distance of 1.5m,
the decrease rate is 0.035MPa/h. It shows that the
pressure relief effect in the above area is very obvious.

② At the 2.5m spacing of cavitation holes, the relative
stress of coal seam drops relatively small, and the
amount of decrease is 0.3MPa. It remains stable after
a continuous decrease for 22 h, and the rate of decline
is 0.014MPa/h. +e decrease time is short and the
rate of decline is low, indicating that the pressure
relief effect here is weaker than that at the 1.0m and
1.5m spacing.

③ At the 3.5m spacing of cavitation holes, the relative
stress of coal seam drops less, with a decrease amount
of 0.2MPa, which remains stable after a continuous
decrease of 20 h and a decline rate of 0.010MPa/h,
indicating that the pressure relief effect here is weaker
than that at the 2.5m spacing.

According to relevant studies, the change rule of per-
meability coefficient of coal seam around hydraulic cavi-
tation drilling is as follows:

λ �

λ′, r � r0,

K

4μpn

+
λ′
2

e
− ar

, r0 < r<L,

λ0, r≥L.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

λ′ is the permeability coefficient of the borehole wall, m2/
(MPa 2·d); λ0 is the permeability coefficient of the original
coal seam, m2/(MPa2·d); L is the stress distribution range of
borehole surrounding rock, m; r0 is the borehole radius of
line cavitation, m; pn is atmospheric pressure, 0.101325MPa;
K is the permeability of coal, m2; u is the dynamic viscosity
coefficient, μ� 1.08×10−5 Pa·s.

According to the above equation, hydraulic made hole
drilling hole wall of the coal seam permeability coefficient is
the largest, extending outward along the borehole diameter
direction of the broken zone, plastic zone of coal gas per-
meability coefficient of the original coal seam permeability is
obviously improved and made the hole stress, high coeffi-
cient of permeability of coal seam is the broken zone, and the
plastic zone is on the decline and gradually tends to be the
original coal seam permeability coefficient.

In conclusion, with the increase of the distance, the
pressure relief effect of hydraulic cavitation on the sur-
rounding coal decreases. +e pressure relief effect can be
obvious at 1.0∼2.5m, while the pressure relief effect is very
weak after 3.5m. +is is shown in Figure 5.

In order to ensure the safety and efficiency of roadway
excavation, the surrounding area of hydraulic hole drilling
>3.5m, the stress direction and gas content of roadway are
large, and the prevention and control measures of “hydraulic
and mechanical cavity making + steel screen
pipe + surrounding rock grouting” are adopted. +ere are 8
hole making boreholes in a single drilling field, with a depth
of 120m. +e adjacent boreholes start to make holes at 18m
and 15m, respectively, and the hole making spacing is 7m.
After verification, it is found that the effective gas fracturing
burst pressure to reduce the frequency of coal blasting is
more than 190MPa. In order to fully grasp the occurrence of
roof strata and bedding and fracture development, the
changes of bedding and fracture in borehole before and after
fracturing were compared. Before and after fracturing, the
borehole imager is used to peep the borehole. +e peep
image results are shown in Figure 6.

(1) Peep before fracturing: before fracturing, the bore-
hole wall is smooth, bedding and fracture are not
developed.

(2) Peep after fracturing:

① +e maximum peeping depth of the hole peeper
is 17m, and the part with the hole depth greater
than 17m cannot be observed temporarily.
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② +e number of microfractures, fracture expan-
sibility, and fracture number increase signifi-
cantly in the fracturing area.

③ On the seventh day after fracturing, the fractures
closed obviously and the dynamic events of
surrounding rock began to increase.

3.2. Spectrum Analysis of Microseismic Events in Hydraulic
Cavitation of Coal Roadway. Coal and rock dynamic di-
sasters occur in large intensity and are highly destructive.
Coal and gas outburst is one of the biggest coal and rock
dynamic disasters in mine production, which seriously
threatens the safe mining of the mine [16]. Underground

mining disturbance induces coal and rock to release a large
amount of elastic energy and high gas internal energy. Under
such conditions, the possibility of coal outburst is greater
and the probability of coal and rock dynamic disasters is also
greater [17]. In order to reveal the relationship between
thelaw of seismic activity and the change of stress before and
after hole making,the Canadian ESG microseismic moni-
toring system is used to monitor the wholeprocess of driving
roadway and summarize and analyze the data and the
temporal andspatial evolution process of microseismic
events before and after hole making, and the qualitative
analysis of roadway surrounding seismic dynamic response
waveform signal spectrum characteristics and
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Figure 6: Peep image (a) before fracturing, (b) after fracturing, and (c) 7 days after fracturing.
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implementation of rock burst signal remote, real-time,
dynamic, automatic monitoring identify each time the vi-
bration of the vibration types and judge the stress source of
microseismic events to face danger degree evaluation. Ta-
ble 1, for February 19–29 coal mine ring number and po-
sition, from February 19 to 24, shows the underground coal
and cannons, 44 noise cannons according to the noise source
and noise microseismic monitoring system for real-time
positioning from the roof and the ram position, monitoring
of more than 40 significantly coal YanWei burst incidents,
and calculation of wavelet packet energy 1.00 e+ 07 J above
26, February 21, which is thus around roadway roof where
microfracture occurs, the highest energy at 3.6 e+ 09 J. In
this case, the miner has successively adopted hydraulic
cavitation to relieve pressure on the coal seams from many
sources in the roadway. After the implementation, 21 sound
coal cannons were recorded from February 25 to 29, and
only 11 microseismic events with obvious power were sta-
tistically found, with small sound and energy. In addition, it
is found that the frequency of crosstalk is the most frequent
at 8 o’clock every day.+emain reason is that 8 o’clock is the
main driving time. During this time, the driving speed is
accelerated, the fault zone of the coal roadway is active, and
the coal gun is fired. As can be seen from Figure 7, after
adopting hydraulic cavitation to relieve the danger, both the
gas content and gas pressure in the coal seam are released,
and the number of underground sounding coal gunners and
microseismic events is significantly reduced. It can be seen
that this measure can keep the internal stress in the coal
seam in balance and has a good effect on maintaining the
stable state of the roadway and accelerating the driving
speed.

Research shows that coal and rock dynamic disasters
often occur in the axis of anticline and syncline, especially
near faults, coal seam dip angle change zone, coal seam fold,
and tectonic stress zone [18]. 8006 transport lane is located
in an active fault zone, the coal seam inclination of the
roadway is 4–14°, the tunneling face is close to the Eastern
Zhou anticline, the geological structure is complex, the
excavation activity caused by the increase of fault shear stress
and the decrease of normal stress is likely to induce mine
seismic activity, with the continuous advancement of tun-
neling work, and the roof activity is intense. According to the
dynamic event microseismic signal of coal and rock in the
roadway, the short-time Fourier transform and wavelet
packet transform are used to analyze the spectrum char-
acteristics. +e short-time Fourier transform (STFT) is
derived from the classical Fourier transform, on the basis of
which the time window function is added. STFT overcomes
the interference of cross term in nonstationary signal
analysis and is a powerful tool for nonstationary signal
analysis. +e expression is in the following form, including
t� τ:

STFT(τ, f) � 

∞

−∞

h(t)g(t − τ)e
(− 2iπf)

tdt, (4)

where f is the frequency, H(t) is the analyzed signal, g(t) is
the window function, and T is the time.

Figure 8 shows seismic signal spectrum analysis of coal
and rock burst. As shown in Figure 7 (February 21–24),
three times more large vibration signals, where, on Feb-
ruary 21, roadway roof fracture happens, analyze the ac-
quisition signal where the signal length is about 0.4–0.5
milliseconds, there is the short duration of the signal and
large amplitude (has reached the maximum amplitude of
sensor that can accept 4096mv), the signal total energy is
3.6 e + 09 J, the wavelet package signal energy is concen-
trated in the first band, since 2-band energy gradually
decreased, and 16-band wavelet packet energy almost re-
duced to 0 J. +erefore, it is ruled out that internal
microfracture signal occurs in coal and rock mass. For
further analysis, reasons of roof fracture to provide theo-
retical support for XieWei measures and the monitoring
signal Fourier transform to get the signal frequency of
250Hz satisfy large intensity spectrum characteristics of
vibration signals, and by the S transformation of its veri-
fication, it was found that the strength of large rupture
occurred ahead of the side of roadway roof rock mass, rock
burst, support, and pressure transfer to coal.

According to the analysis of coal and rock fracture that
occurred from 21 to 24 and formulate measures to relieve the
danger, hydraulic cavitation was adopted to relieve the
pressure in the roadway. After the measures were adopted,
three obvious coal and rock dynamic phenomena occurred
successively from 25 to 29 days. Figure 9 makes hydraulic
hole after microseismic signal spectrum analysis, discovered
by Figure 8 after the hydraulic hole builds microseismic
signal waveform amplitude slash, remaining within the
2000mv, of which 200–800mv, the signal frequency is
obtained by Fourier transform concentrated in about
200Hz, mostly in 200Hz, significantly lower than building
hole before the main frequency, and the frequency range is
also greatly narrowed; through the frequency domain
analysis of S-transform, it is found that the main frequency
points of surrounding rock dynamic events are low after
hydraulic cavern building; most of them are caused by small
coal rock falling, which will not affect the normal driving of
coal roadway. Visible XieWei measures after execution and
the coal and rock dynamic events are small rock failure or
tunneling roadway coal drop ahead and will not affect
drivage work, also not to endanger the safety of staff and
facilities of the safety of life.

3.3.MoistureChangeAnalysis of SurroundingCoal. After the
hydraulic measures, the surrounding coal mass moves to-
ward the borehole, causing the crack expansion, and at the
same time, the high-pressure water will also flow along with
the crack expansion to supplement the water of the coal
seam [19–21]. +erefore, the water replenishment range of
coal seam is approximately consistent with the crack ex-
pansion range. Since the crack extension range directly
measured in the coal wall of the working face is affected by
the visible width of the crack and the continuous expansion
of mining-induced stress [22, 23], the reliability of the
measured crack extension range is not high (as shown in
Figure 10, only obvious cracks can be observed and it is
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Figure 8: Continued.

Table 1: Statistics of noise coal gun in the roadway.

Date Frequency of
sound

Frequent noise
frequency

Sound
frequency Position

February 20th 12 8 o’clock 6 Middle of roof
February 21th 2 4 o’clock 1 Roof fracture
February 22th 2 8 o’clock 2 —
February 23th 13 8 o’clock 8 Wind tunnel gang
February 24th 15 8 o’clock 7 +ere are 4 air ducts and two pedestrians

February 25th 13 8 o’clock 9 Air duct, pedestrian, 10–15m from head to back 10-
15m

February 26th 2 8 o’clock 9 —
February 27th 6 4 o’clock — —
February 28-
29th 0 — — —
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Figure 7: Diagram of the daily number of microseismic events.
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Figure 9: Frequency spectrum characteristics of microseismic signals after hydrocavern building. (a) Fourier transform results of coal rock
fracture. (b) S-transform results of coal rock fracture.
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Figure 10: Fracture expansion range. (a) +e distance between the two hole making holes is 3m, and the cracks are completely connected.
(b) +e diameter of a single hole is 0.7m, and it has collapsed after coal cutting.
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Figure 8: Spectrum diagram of coal rock fracture signal from February 21 to 24. (a) Fourier transform results of coal rock fracture. (b) S-
transform results of coal rock fracture.
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difficult to determine the cause of the crack), so the water test
is used to calculate the coal seam water supply range.

According to the data in Figure 11, it can be seen that the
average moisture of coal seam within the test range increases
from 1.09% of raw coal to 3.16%, and the maximum reaches
5.15%. During the test, considering the influence of two
ordinary holes in themiddle of the roadway, the radius of the
test area was 1.1m, and the water content at the edge of the
test area was still far greater than that of the raw coal.
According to the variation law of each water test point, the
radius of the water replenishing range was 1.5m, so the
water replenishing range of the working face by the hy-
draulic cavitation release hole technology exceeded 79% of
the area of the coal wall.

On the one hand, hydraulic cavitation release drill plays
the role of pressure relief and reflection improvement,
speeding up the release of gas from the broken coal body,
and on the other hand, it also plays the role of water
replenishing and wetting the coal body around the cave and
inhibiting the desorption of gas from the wet coal body
[24–27]. After sampling at the opening of 8006 return air
roadway, the coal sample with 0.17–0.25mm, and the
particle size was obtained from No. 3 coal seam of Wuxiang
Coal Mine through grinding. Natural desorption experi-
ments of coal under different moisture and unified equi-
librium pressures were carried out. +e variation curve of
gas desorption velocity over time is shown in Figure 12.

+e following can be seen from the above experimental
results:

(1) +e desorption law of coal samples with different
water contents conforms to the power exponential function.
(2) +e coal sample with 1% moisture has the highest
coalbedmethane desorption rate, and the fitting coefficient B
value reaches 1.7233, which indicates that the methane
desorption of coal sample with 1% moisture has the char-
acteristics of high initial gas desorption rate and fast decay
rate. With the increase of water content, the B value of the
injected coal samples decreased from 1.7233 to 0.9342,
which indicated that water injection affected the desorption
rate of methane in the coal samples, making the initial
desorption rate smaller and the attenuation rate slower. +e
initial desorption velocity is reduced by water injection, and
the desorption process becomes more gentle, avoiding the
sudden release of a large amount of coalbed methane. (3)
With the increase of water content, the initial gas desorption
velocity B value decreases continuously. +e decrease of the
initial gas desorption rate in the water-injected coal sample
can effectively prevent the sudden and massive gas de-
sorption, which is beneficial to the prevention and control of
coal and gas outbursts. With the increase of moisture, the
attenuation rate slows down, and the desorption of methane
in coal becomes more uniform, and it is not easy to release a
large amount of methane in case of a slight disturbance.

+e above experimental results are the important reason
for the slow attenuation of the extraction pure volume of
hydraulic cavitation borehole and the fundamental reason
for the low gas concentration in the backflow during coal
cutting in the tunneling face under the action of hydraulic
cavitation release hole.

3.4. Analysis of Gas Change in Surrounding Coal.
+rough the statistical analysis of the content test results of
8006 air-return roadway and haulage roadway and the air-
return flow data of developing face, it is found that the
content is not the root cause affecting the air-return flow
concentration of developing face, but the root cause lies in
the desorption characteristics of coal in a short time. +e
coal breaking process during coal cutting is the direct reason
for the increase of gas concentration in return for air flow.
Generally, the whole coal cutting time lasts about
40minutes, and the coalbed methane sources include free
gas in the coal body, W1 +W2, and fresh head-on natural
release. Table 2 shows the comparison of gas content test
results after taking danger relief measures.

According to the calculation formula of coalbedmethane
content, various indexes of coal content and free gas in the
8006 air-return roadway and haulage roadway are obtained.

x �
abp

1 + bp
×
100 − Ad − Ma d

100
×

1
1 + 0.31Ma d

+
10πp

c
.

(5)

In the formula, x is the residual gas content of coal seam,
m3/t; a and b are the adsorption constant; p is the residual
gas pressure of coal seam, MPa; Ad is the ash content of coal,
%; Mad is the moisture of coal, %; π is the porosity of coal,
m3/m3; c is the bulk density of coal proportion (false), t/m3.

Among them (abp/(1 + bp)) × ((100 − Ad − Ma d)/
100) × (1/(1 + 0.31Ma d)). 10πp/c is adsorbed gas and free
gas.

As shown in Table 2, after the implementation of hy-
draulic hole making and hazard relief measures, the free gas
content, fresh head natural gas release content, gas pressure,
and total gas released by coal body during coal cutting have
been reduced. It can be seen that hydraulic hole punching
and hazard relief measures have a good effect on reducing
gas content.

4. Results and Analysis

Based on the test and research background of 8006 haulage
roadway in the Wuyang Coal Mine expansion area, this
paper analyzes the influence scope of hydraulic punching
and the stress transformation of surrounding coal body by
arranging stress test boreholes and hydraulic hole making
boreholes in different directions; it is found that the pressure
relief effect of hydraulic cavitation on surrounding coal
decreases with the increase of distance, and the pressure
relief effect is obvious at 1.0–2.5m, but it is very weak after
3.5m; meanwhile, the water content of coal seam is greatly
increased by hydraulic cavitation measures, the maximum
water content reaches 5.15%, and the radius of water sup-
plement for coal seam is 1.5m. Combined withmicroseismic
monitoring technology, the intensity change of coal rock
dynamic events before and after hydraulic cavern building
was analyzed. It was found that the amplitude of micro-
seismic signal waveform decreased greatly after hydraulic
cavern building, the frequency also decreased from above
250Hz to about 150Hz, and the intensity of coal rock
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dynamic events was far less than that before hydraulic cavern
building and pressure relief. Based on the analysis of water
content and coalbed methane change of coal body around the
hydraulic cavern, it is found that hydraulic cavern can ef-
fectively prevent a sudden large amount of coalbed methane
desorption, which is very beneficial to the prevention and
control of coal and coalbed methane outburst. +e research
shows that the hydraulic cavity can release the pressure of coal

seam coalbed methane greatly, keep the roadway stable, and
improve the driving speed. However, the selection of test sites
is limited, the spatial analysis of coal and rock dynamic events
monitored by themicroseismicmonitoring system is not deep
enough, and the research on the relative position relationship
between coal and rock dynamic events and hydraulic cavern
formation is not specific enough. +is part should be em-
phasized in the follow-up research.
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Figure 11: Water supplement of coal seam around cavern forming a hole at (a) 20m, (b) 50m, and (c) 80m of cavern forming mileage.
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Figure 12: Gas desorption rate of coal sample under different moisture conditions (gas desorption speed when equilibrium pressure is
2.5MPa and water content is 1%, 3%, and 5%).

Table 2: Comparison of gas content test results after taking measures.

Test tunnel Before and after
the measures

Average
W1 +W2

Average
W

Average
W3 m3/t

Pressure
MPa

Free
gas

During coal cutting total
amount of gas released from

coal
(w1 +w2)/w

8006 air-
return

Before 4.06 14.33 7.60 1.56 0.38 4.06 0.29
After 2.61 12.14 7.17 1.02 0.25 2.61 0.21

8006
haulageway

Before 4.16 14.38 8.42 1.38 0.35 4.16 0.30
After 3.08 12.90 7.44 1.10 0.28 3.08<X< 3.36 0.24
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5. Conclusion

(1) +e paper makes a comparative analysis of the stress
variation of coal seam during and after hydraulic
cavitation and finds that the relative stress of coal
seam decreases gradually with the extension of time,
and the pressure relief effect gradually appears. In the
range of less than 2.5m around the hydraulic hole
drilling, the pressure relief duration is long, the
pressure relief rate is fast, and the pressure relief
amplitude is large. +e pressure relief effect of hy-
draulic hole drilling is the best. In the range of
2.5–3.5m around the hole, the duration, rate, and
amplitude of pressure relief are reduced. Although
the hydraulic cavity can produce a certain pressure
relief effect, it is relatively weak. Within the range of
above 3.5m around the hole, the available pressure
relief effect can hardly be observed.

(2) +rough the analysis of the moisture change of the
surrounding coal body during hydraulic cavitation,
the conclusions are as follows: during the process of
drilling, the coal body in the face of the working face
is basically communicated through the cavity mak-
ing fissures, and the free coalbed methane also
dissipates through these fissures in advance. How-
ever, the disturbance of the common hole to the coal
seam is far less than that of the hydraulic hole. +e
hydraulic hole making and releasing technology is of
great significance to the construction. +e head-on
water supply scope of the working face should exceed
79% of the coal wall area.

(3) +rough time-frequency analysis of tunnel micro-
seismic events before and after hydraulic cavitation
found that the main frequency of coal rock fracture
signal before hydraulic cavern building is about
250Hz, and the signal is continuous. Multiple groups
of signals are similar, with rapid attenuation, short
duration, high main frequency, large specific gravity
value, large signal duration, and released energy. It
shows that the impact of microseismic events will
cause the sudden increase of deformation energy of
surrounding rock of mine roadway and cause large-
scale damage events, which will cause the collapse of
coal rock. With the increase of coalbed methane
content and coalbed methane pressure, the intensity
of coal rock fracture dynamic event is greatly weak-
ened after the implementation of hydraulic cavity-
making measures, which shows that this measure has
a good effect on coal seam pressure relief.
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Based on the background of close coal seam mining in the Qianjiaying coal mine, Tangshan, China, the feasibility of the upper
seam mining in complex underlaying goaf is analysed using the roof caving analysis and numerical method. +e deformation of
the mining seam and roadways is monitored and analysed by field measurement and 3D laser scanning. +e deformation
characteristics of #5 seam after mining 1378P, 2071P, 2072P, and 2091P working panels with a depth of 39–54m below the #5 seam
are analysed using roof caving analysis and numerical method. Results show that the maximum deformation of #5 seam in the
superimposed area of the lower goafs reaches 2.5m and the maximum deformation in the single coal goaf is 1.5m.+e maximum
seam inclination is 1.9°. +e subsidence of the floor of 1359P roadways is obtained by field measurement, and the result is
consistent with numerical calculation. ZEB-HORIZON 3D laser scanner was used to measure and model the roadway defor-
mation. Based on the analysis of multiple scanning data, the deformation of the 1359P roadways was obtained. Results show that
the deformation of the surrounding rock of the roadway is not great, the maximum displacement of the roof fall is 30mm, and the
maximum rib convergence is 25mm. It can be concluded that the #5 seam can be recovered in this complex underlying lower
seams’ mining condition.

1. Introduction

Close multiseams mining refers to the coal seams with mutual
influence. As excavation has greater impact on the roof than the
floor, the downwardminingmethod is often used to reduce the
influence on adjacent seams [1]. In practice, due to uncertainty
of geological exploration or unsatisfied mining conditions, the
lower seam may be mined firstly, namely, upward mining.
Upward mining faces the challenges of upper seam and sur-
rounding rock subsidence, fracturing and bending, gas imi-
tation, and stress concentration directly above lower seampillar
[2–7]. Considering the timed effect of lower goaf compaction,
the situation of upward mining for close multiple coal seams is
complex; thus, it is often studied case-by-case in practice.

+e lower seams’ mining causes upper seam movements
and ground stress unloading, which introduce fractures
influencing the stability of surrounding rock of upper seam
[8–15]. +e research of the upward mining method mainly
focuses on the overburden damage analysis caused by lower

seam mining and the deformation monitoring and strata
control technology while upper seam mining. +e former
addresses the feasibility of upper seam mining. For example,
based on the statistics of more than 200 upward mining cases,
Wang and Li [8] suggested that the feasibility of upwardmining
can be determined using three zones’ discrimination and
surrounding rock equilibriummethods. Han et al. [9] classified
the extent of damnification of upper seam caused by lower
seam mining and established the criterion for the upward
mining of close seams using the multivariate regression
analysis. Wang et al. [16] identified the overburden stress
distribution and fracture field for upward mining. In a case
study, Zhang et al. [17] found that the fracture in upper seam
located above the caving zone was recovered after a certain
period, indicating that the upper seam could be mined. Jiang
et al. [18] obtained roof stress distribution using the continuous
beam model under uniformly distributed load, which can be
used to study the feasibility of upper seam mining above large
goaf area.
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Another key of upward mining is strata deformation
monitoring and related ground control technologies in
upper seam development and excavation [19–23]. Sucho-
werska et al. [19] studied the vertical stress redistribution in
close seam mining. Shao et al. [20] conducted simulation
experiment study on the overlying rock fracture and stability
of interlayer strata in upwardmining, and result showed that
the upper seam working face could pass through the fracture
zone safely under proper support technique. Based on the
theory of composite overburden structure, Huang et al. [24]
considered the fracture zone inclined to the inner side of the
goaf and proposed two schemes of upward mining, namely,
the overlaying method and the staggering pillar method.
Zhang [25] monitored the overburden movement during
upward seam excavation, and the roof caving angle, over-
burden displacement, and large and small periodic
weighting intervals were studied. Zhao et al. [26] calculated
the range of upper seam influenced by lower seammining in
Qianjiaying and proposed a roadway reinforcing scheme for
passing through lower seam pillars. Based on theoretical
analysis and numerical calculation, Wang et al. [27] studied
the upper seam floor subsidence upon lower seam open cut,
and it showed that the working face was unstable while
passing through the lower seam open cut, and special
support should be implemented.

Qianjiaying colliery, located in Tanshan, China, is a
typical close multiseams’ coal mine. After mining out two
lower seams, it is necessary to determine the possibility of
upward mining [28]. In this paper, the influence of the lower
seams’ mining on the overlying strata is determined based
on the roof caving analysis. +en, the subsidence and
bending angles of the upper seam due to lower seamsmining
are calculated using numerical method, so as to provide a
criterion for the feasibility of upward mining. After roadway
development of the upper panel, the actual subsidence of the
upper seam floor is measured based on elevation data. Before
panel excavation, multiple 3D laser scanning was carried out
in the roadways using the ZEB-HORIZON 3D laser scanner,
and the deformation of the upper roadways beyond lower
seam coal mass, goaf, roadway, and coal pillars was evaluated
to provide a basis for monitoring and strata control in the
excavation. +is paper conducts a case study of upper seam
mining over complex lower seam conditions using theo-
retical, numerical, and field monitoring methods, which
provide a reference for feasibility judgement and premining
confirmation of upward mining under similar geo-
condition.

1.1. Field Conditions. Qianjiaying coalmine is 17 km east of
Tangshan, China, with a mining area of 42.6 km2. +e
minable coal includes #5, #7, #9, and #12 seams with total
recoverable coal 600Mt and annual production of around
6.0Mt. +e seams have medium thickness with composite
overlaying strata; the bury depth is about 600–800m un-
derground. In situ stress measurements suggest that the
major and medium principle stresses of the Qianjiaying
coalmine are in horizontal direction, and the major principal
stress to vertical stress ratio is around 1.6.

+e seams are mainly formed by clarain and semiclarain.
+e average thickness of #5, #7, and #9 seams is 1.4, 3.6, and
1.8m, respectively; their dipping angle is 1°–10°.+e distance
between #5 and #7 seam is 39m and is 54m between #5 and
9 seam. +e comprehensive stratigraphic column of related
seams is shown in Figure 1.+e mining method of #7 and #9
coal seams is full roof caving longwall mining.

Before mining of 1359 panel (shorten as 1359P hereafter)
in #5 seam, 1378P, 2071P, and 2072P in #7 seam were mined
out in 2006, 2009, and 2012, respectively; 2091P in #9 seam
was mined out in 2017. +e layout of the related panels is
shown in Figure 2.

+e roadway and mining direction of 1359P is nearly
vertical to lower seams. +e roadway development and face
retreat of 1359P need to cross 4 gobs and 2 pillars.

+e aim of this study is to evaluate the excavation
possibility of 1359P. Before roadway excavation of 1359P,
the influence of lower seams’ mining towards #5 seam
should be studied quantitively. During roadway excavation,
in situ measurement and data analysis should be conducted
to confirm the prediction result. Before panel retreat, the
deformation behaviour of 1359P roadways over different
underlaying strata conditions should be monitored and
evaluated to guarantee a safe environment of working face
retreat.

1.2. Overlaying Strata Caving Analysis. After panel excava-
tion, the overlying strata form caving zone, fracture zone,
and subsidence zone from the bottom to the top. For upward
mining, if the upper panel is within the caving zone of lower
seam gob, the seam and surrounding rock are seriously
broken and cannot be driven or mined. If the upper panel is
within the fracture zone, the roadway is unstable as the
fracture cannot be restored for a long time, i.e., the upper
seam cannot be mined. If the upper panel is beyond the
middle section of the fracture zone or within the subsidence
zone, the upper seam keeps certain integrity although there
are a large number of fractures developed in the coal and
surrounding rock. After a certain period of compaction, the
strata can restore stability and the seam can be safely mined
[29–33].

+e height of each zone is related to geological condition
and mining method, which are often evaluated using the
semitheoretical and semiempirical method [1, 8]. According
to the geological characteristics of Qianjiaying (Figure 1), the
height of one single coal seam caving zone can be calculated
using the following equation:

Hm �
M − W

(K − 1)cos α
. (1)

And, the height of the fracture zone can be calculated
using

H1 �
100 M

1.6 M + 3.6
± 5.6, (2)

H2 �

�����

 M



+ 10, (3)
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where M is the excavation thickness, W is the roof subsi-
dence, K is the volumetric expansion coefficient of crushed
rock, normally 1.1∼1.4, and α is the seam dipping angle.

+e mining height of 2071P is 3.4m and the seam
dipping angle is 8°. +e roof fall is around 400mm and the
volumetric expansion coefficient of crushed rock is supposed
to be 1.4. +en, the height of the caving zone can be esti-
mated as 7.57m; the height of the fracture zone can be
calculated as 32.0–43.2m and 46.9m based on equation (2)
or (3), respectively. Based on safety consideration, the height
of the fracture zone of 2071P can be estimated as 46.9m.+e

heights of the caving zone and the fracture zone of each
lower seam panel can be calculated in a similar manner, and
the result is summarized in Table 1.

+e average distance between #5 and #7 seam is 39m, i.e.,
1359P is located in the upper position of fracture zone of #7
seam gob. Accordingly, #7 seam gob has less influence on the
deformation of #5 seam.+e distance between #5 and #7 seam
is 54m, so #5 seam is within the subsidence zone of #9 gob.
+e deformation of #5 seam due to #9 seam mining is small.
+e gob of 2091P overlaps with 1378P and 2071P gobs, and
the deformation of #5 seam over this area is expected large.

HistogramStratum

5 seam

6 seam

7 seam

9 seam

Siltstone

Siltstone

Siltstone

Siltstone

Siltstone

Siltstone

Siltstone

Medium
sand

Mudstone

Mudstone

Mudstone

Fine
sandstone

Ave
thickness (m)

34.6

0.2

1.4

3.0

4.1

3.6

0.3

7.8

8.5

7.7

3.2

12.6

2.2

4.8

9.0

10.6

Figure 1: Stratigraphic diagram of the studied area.
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1.3. Numerical Calculation. To quantify the deformation of
#5 seam induced by lower seams’ mining, a FLAC 3D
calculation model is constructed to calculate the subsidence
consequence of #5 seam due to lower seams’ mining. +e
model size is 1223(L)× 566(W)× 114(H) m using a total of
1193600 elements, as shown in Figure 3.

+e mechanical properties of the surrounding rock used
in the model are shown in Table 2.

+e calculation procedure followed the consequence of
lower seam mining [34]. After 2071P is mined out, the
deformation nephogram and numerical simulation of #5
seam floor are shown in Figure 4. It shows that the subsi-
dence of the middle sections of 2071P gob and 1378P gob is
large, up to 1.22m, and gradually decrease towards mining
boundary.

Figure 5 shows side view of vertical displacement of A-A
cross section. +e maximum subsidence is 3.1m, occurs at
the #7 seam roof, and gradually decreases upwards. +e
subsidence of #5 seam floor is around 1.0–1.2m.

After all lower panels are mined out, the subsidence of #5
seam floor is shown in Figure 6. It shows that, after exca-
vation of #7 and #9 seams, the subsidence of #5 seam floor
over the gob areas is 1.0–2.5m, and the maximum defor-
mation is on the overlapped area of 1378P gob and 2091P
gob.

Figure 7 shows the subsidence of middle axial of 1359P
(A-A in Figure 2). +e maximum subsidence is 2.5m. +e
bending angle of the seam is calculated based on the sub-
sidence geometry. It shows that the maximum bending angle
is around 1.9°, according to studies related to deformational
behaviour of coal mass [31, 35–37], and it suggests that the
rock integrity of 1359P is favourable.

1.4. Field Measurement. +e results of roof caving analysis
and numerical calculation suggest that the 1359P is minable.
After roadway development, the subsidence of #5 seam
should be measured to confirm pre-excavation prediction.
In reality, due to the coal seam pinch out, the final length of
the tailgate is 544.6m, i.e., 112m beyond the 2072P goaf
boundary. +e final length of the maingate is 583.9m and
76m beyond the 2072P goaf boundary.

Based on the survey, the subsidence of the 1359P
roadway floor is analysed. +e roadways of 1359P are de-
veloped along the floor.+e elevation at the corner of tailgate
and open cut is −618.37m, and the elevation at the corner of
the maingate and open cut is −611.9m. +e subsidence
contours of the roadway floor are obtained by the com-
parison of the elevation data before and after lower seams’
excavation, as shown in Figures 8 and 9. +e dashed line is
the floor elevation before lower seams’ mining.

Figures 8 and 9 show that the maximum subsidence of
the 1359P tailgate is about 2.5m, which is located in the
overlapping area of 1378P gob and 2091P gob. +e maxi-
mum subsidence of the 1359P maingate is about 2.7m,
which is located in the overlapping area of 2071P gob and
2091P gob. Figure 10 shows the measured and calculated
subsidence data of the 1359P roadway floor. +e numerical
calculation is in good agreement with field measurement.

1.5. Roadway Deformation Monitoring. 3D laser scanning
can obtain precise chamber profile data and quick modeling,
which has been tested and trialed in deformationmonitoring
of underground roadway in the coal mine [38–42]. ZEB-
HORIZON 3D laser scanner is used to analyse the roadway
deformation of 1359P. ZEB-HORIZON is a mobile 3D laser
scanner based on SLAM algorithm. It can dynamically
measure and record 3D spatial information without GPS. Its
scanning range is 30m, the data acquisition rate is 43,200
points/s, the accuracy is 4mm/100m, and the angle accuracy
is 60mrad. It is the IP64 level that can be used in harsh
environment. Its weigh is 3.5 kg and can be carried
personally.

+e deformation of roadway can be obtained by multiple
scanning. +e 3D laser scanning model of the tailgate and
maingate of 1359P over 2072P is shown in Figure 11.

Figure 12 shows the outline of the maingate of 1359P,
and they are (a) underlying coal mass, (b) over 2072P gob,
(c) over pillar between 2072P and 2071P, (d) over 2071P gob,
(e) over pillar between 2071P and 1378P, and (f ) over 1378P
gob. +e red and blue lines are two measurements, after
roadway development and before 1359 panel excavation,
respectively. +e calculation results of roof fall and rib
convergence are shown in Table 3.

For large deformation of surrounding rock of the
roadways, a special ground support scheme should be
implemented based on the reinforcement principles and
field conditions [43–46]. +e maximum roof fall is 30mm,
and the maximum rib convergence is 25mm. +e overall
deformation of the roadway is small. At the same time, it was
observed that the roof, floor, and ribs of the roadway
remained in good condition. Combining with result of
theoretical analysis, it can be concluded that the roadway of
1359 panel in #5 seam is stable, and the panel can be mined
as normal.

Table 1: +e height (in meters) of the caving zone and the fracture zone of related lower panels.

2071P 2072P 1378P 2091P
Caving zone (m) 7.57 8.08 7.71 4.03
Fracture zone (m) 46.9 48.0 47.3 36.8

Figure 3: Numerical model.
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Table 2: Parameters of coal and rock used in the calculation.

Rock Density
(kg/m3)

Tensile
strength (MPa)

Elastic modulus
(MPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal friction
angle (°)

Siltstone 2.600 1.10 15.125 0.26 1.30 34
Coal 1.323 0.28 2.173 0.28 0.28 32
Medium
sand 2.502 0.66 35.696 0.20 0.66 33

Mudstone 2.668 0.36 11.399 0.25 0.83 31

Contour of Y-displacement
Plane: active on

3.1245E + 00
3.0000E + 00
2.7500E + 00
2.5000E + 00
2.2500E + 00
2.0000E + 00
1.7500E + 00
1.5000E + 00
1.2500E + 00
1.0000E + 00
7.5000E – 01
5.0000E – 01
2.5000E – 01
0.0000E + 00
–2.5000E – 00
–5.0000E – 01
–7.3766E – 01

Figure 5: Overlaying strata subsidence of A-A cross section after 2071P is mined out.

Contour of Y-displacement
Plane: active on

1.2164E + 00
1.2000E + 00
1.1000E + 00
1.0000E + 00
9.0000E – 01
8.0000E – 01
7.0000E – 01
6.0000E – 01
5.0000E – 01
4.0000E – 01
3.0000E – 01
2.0000E – 01
1.0000E – 01
0.0000E + 01
–2.6369E – 03

Figure 4: Subsidence of #5 seam floor after 1378P and 2071P are mined out.

Contour of Y-displacement
Plane: active on

2.5362E + 00
2.5000E + 00
2.2500E + 00
2.0000E + 00
1.7500E + 00
1.5000E + 00
1.2500E + 00
1.0000E + 00
7.5000E – 01
5.0000E – 01
2.5000E – 01
2.3079E – 03

Figure 6: Floor subsidence of #5 coal seam after lower seam mining.
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2. Conclusion

Based on the upward mining engineering background of the
Qianjiaying coal mine, this paper comprehensively uses roof
caving analysis and numerical calculation to analyse the
mining feasibility of 1350P. In the stage of the roadway
development, the roadway subsidence is measured and the
roadway deformation is modeled.+e following conclusions
can be drawn:

(1) +e results of caving analysis and numerical calcu-
lation show that, under the condition of 2071P.
2091P, 1378P, and 2091P are mined out, and the
subsidence of #5 seam 5 is 1.0–2.5m. +e maximum
bending angle of #5 seam is 1.9°. +e subsidence and
bending angle results of #5 seam show that 1359P
roadway can be developed.

(2) +rough field measurement, the floor subsidence of
1359P roadway is obtained. +e maximum subsi-
dence of 1359P tailgate is about 2.5m, located in the
overlapping area of 1378P gob and 2091P gob. +e
maximum subsidence of the maingate is about 2.7m,
which is located in the overlapping area of 2071P gob
and 2091P gob. +e numerical results are in good
agreement with the field measurements.

(3) +e roadway deformation is monitored using the
multiple 3D laser scanning method. +e maximum
roof fall and rib convergence is 30 and 25mm, re-
spectively. So, 1359P can be mined as normal.
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,e roadway of S2S2 fully mechanized caving face (FMCF) in Xiaokang CoalMine is one of the most typical deep-buried soft-rock
roadways in China and had been repaired several times. In order to figure out the failure reasons of the original roadway support,
the geological conditions were investigated, the surrounding rock stress was monitored, the rib displacement, roof separation, and
floor heave were in situ measured, and the performance of the U-shaped steel support was simulated. ,e above analysis results
indicated that the support failure was mainly caused by (1) the unreasonable arch roadway section, (2) the high and complex
surrounding rock stress, (3) the failure control of the floor heave, and (4) the inadequate self-supporting capacity of the sur-
rounding rock. For optimizing, the roadway section was changed to circle and a new full-section combined support system of
“belt-cable-mesh-shotcrete and U-shaped steel-filling behind the support” was adopted, which could specifically control the floor
heave, allow the roadway deformation in control, and improve the self-supporting ability and stress field of the surrounding rock.
To determine the support parameters, the selected U-shaped steel support was verified by simulation, and various bolt-cable
support schemes were simulated and compared. Finally, such an optimized support scheme was applied in the roadway of the next
replacement FMCF. ,e in situ monitoring showed that the rib-to-rib convergence and roof-to-floor convergence were both
controlled within 600mm, which indicated that the roadway was effectively controlled. ,is case study has important reference
value and guiding function for the optimal design of the soft-rock roadway support with similar geological conditions.

1. Introduction

As coal mining depth increases, the roadway support is
generally faced with the difficult problems caused by soft
rock and high ground stress [1–3]. In addition, the severe
strata behavior, the large and long-time roadway defor-
mation, serious floor heave, and serious support structure
damage lead to over 70% of the repair rate in such kind of
roadways [4–6]. ,e induced vicious cycle of “digging and
repairing” during mining [7–9] wastes a lot of manpower
and material, directly affects the efficient production of coal
mine, and endangers the safety of human life and property
[10–12].

,e research on the theory and technology of the soft-
rock roadway support under high ground stress is active, and
a series of research results have been obtained. For instance,
He et al. [13] proposed the coupling support concept of
roadway and developed the technical system of active
support; Kang andWang [14] put forward the theory of high
pretensioned stress and intensive bolting system and de-
veloped a complete technology of bolt support for coal mine;
Gao et al. [15] developed the concrete-filled steel tube
support technology; Jiang et al. [16] analyzed the mechanism
of different types of roadway floor heaves and proposed
corresponding prevention and control measures. In addi-
tion, Yang et al. [17] revealed the deformation and failure
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mechanism of deep soft-rock roadway and put forward a
new “bolt-cable-mesh-shotcrete + shell” combined support;
Shen [18] optimized the spacing and pretightening force of
the bolt and anchor cable by UDEC; Kang et al. [19] analyzed
the soft-rock roadway deformation and failure character-
istics with different support types by the numerical simu-
lation method; Wang et al. [20] first adopted grouting to
enhance the surrounding rock’s self-bearing ability and then
used the bolt to control the deformation and failure of the
soft surrounding rock.

,ese studies laid the theoretical foundation and provided
new ideas and methods for the support of deep-buried soft-
rock roadway. As for specific applications, the geological
conditions and the key factors affecting the stability of sur-
rounding rocks are complex and numerous [20–23]. Hence,
the design and optimization of the support scheme should be
carried out according to the in situ conditions and a suitable
support theory and technology should be adopted [24–27].

In Xiaokang CoalMine, during the first fully mechanized
caving face (FMCF) of S1W3, during the whole mining
period, the cumulative roof-to-floor convergence of the two
mining roadways is 3800mm and 6500mm, respectively,
and the cumulative rib-to-rib convergence is 1400mm and
3200mm, respectively, which is 10∼20 times and 2∼3 times
that of other mines where the surrounding rock is relatively
stable and soft. Coupled with serious floor heave and
complex surrounding rock stress, the soft-rock roadway in
Xiaokang Coal Mine is extremely difficult to maintain in
China and even in the world [28].

,e purpose of this paper is to optimize and design the
support scheme of the deep-buried soft-rock roadway in
Xiaokang Coal Mine based on the initial soft-rock roadway
support system in S2S2 FMCF.,us, the performance of the
original support scheme in S2S2 FMCF was first analyzed by
in situ measurement and numerical simulation to figure out
the failure mechanism, based on which the corresponding
control technology was developed and the support scheme
was optimized. Finally, the new proposed support scheme
was carried out in the roadway of the next replacement
FMCF, and the in situ monitoring was carried out to identify
the effect of the new support system.

2. Engineering Background

2.1. -e Geological Conditions. As shown in Figure 1,
Xiaokang Coal Mine with an area of 28.99 km2 is located in
Liaoning Province, China. Its north-south length is 6.03 km
and the east-west width is 4.81 km.

In Xiaokang Coal Mine, the S2S2 FMCF and its re-
placement FMCF are both located in southern No. 2 mining
area (S2) and share the same geological conditions. ,e
width of the S2S2 FMCF is 232m, and the advancing length
is 1281m. As for the coal seam, the thickness is 7.50m to
10.24m, with an average of 8.50m; the buried depth is 640m
to 720m, with an average of 665m; and the dip is 3° to 10°,
with an average of 5°.

,e immediate roof of the coal seam is oil shale with
stepped fracture. It is carbonaceous, oil-rich, and easily
weathered and would be crushed after drying, which make it

not easy to maintain. Its thickness is 6.31m to 14.2mwith an
average of 8.5m. ,e mining height of the machine is 2.8m,
the coal drawing height is 5.7m, and the caving ratio is 1 :
2.04. ,e basic roof is mainly composed of mudstone with
obvious beddings and joints. Its thickness is 11.2m to 21.3m
with an average of 15.6m.

,e thickness of the coal seam floor is 6.51m to 12.3m
with an average of 7.62m. It was relatively highly cemented
by argillaceous material. More than 50% of the clay minerals
in floor strata are Aemon interbeds, and the other clay
minerals are mainly kaolin and illite, so they are easy to be
weathered and have strong dilatability, resulting in a very
serious floor heave.

2.2. -e Initial Support Scheme. ,e arch-section mining
roadways of the S2S2 FMCF with a sectional area of 13.7m2

initially adopted the combined support scheme of “bolt-
mesh-shotcrete and U-shaped steel”. ,e specific support
parameters are as follows.

As shown in Figure 2(a), the anchor bolts were just
installed at the top and shoulder of the roadway. ,e
anchor bolt used the thread steel of M22 × 2400mm with a
spacing of 800 × 800mm and a pretightening force of
60 kN. ,e lengthened resin anchorage was applied with
two Z2335 resin anchor agents and one Z2540 resin
anchor agent in each hole. ,e high-intensity tray of
120mm × 120mm × 10mm was selected. ,e U36 steel
support was adopted with a spacing of 1000mm. ,e
rhombic metal mesh was used with a bar of 8mm and a
grid spacing of 100mm. ,e back-filling thickness was
300mm. ,ere almost no support was conducted to
control the floor. ,e support effect is shown in
Figure 2(b).

2.3. Complex Stress Field of the Roadway Surrounding Rock.
To reveal the stress environment of the roadway in the S2S2
workface, three observation stations of P1, P2, and P3 were
arranged at a distance of 50m, 500m, and 1000m away from
the open-off cut, respectively, as shown in Figure 3(a). ,e
stresses were measured by using the SYY-56 hydrofracturing
in situ stress measurement device in the drilling of the
roadway surrounding rock, as shown in Figure 3(b). ,e
drilling depth was 10m and the bore diameter was
56± 2mm. ,e horizontal stresses on the two ribs and the
vertical stresses on the roof are shown in Figure 3(c).

,e results indicated that the rock stress varied with the
positions along the roadway: at P1 position, the stress on the
two ribs (21MPa) is two times that of the roof (10MPa),
while at P2 position the roof stress (21MPa) is two times that
of the ribs (10MPa), and when it turns to P3 position, the
right rib stress is the largest. It can be concluded that the rock
stresses were not even around the roadway and changed
along the length direction, and such high and uneven stress
field far exceed the resistance of the surrounding rock which
only has a saturated compressive strength of 3MPa–5MPa,
resulting in large displacement and damage depth of the
roadway and high pressure on the support structures. Under
the complex and uneven stress field at different positions, the
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performance of the U-shaped steel support will be simulated
and analyzed in Section 3. In addition, in the new optimized
support scheme, the selected U-shaped steel must adapt to
such complex stress field environment which will be verified
in Section 4.

2.4. -e Roadway Deformation and Failure Characteristics.
In order to analyze the roadway deformation and failure
characteristics, three observation stations were set at ob-
servation stations of P1, P2, and P3 to monitor the rib-to-rib

convergence, roof separation, and floor heave during the
stopping period under the influence of mining.

2.4.1. Displacement of Ribs. ,e crossing method is com-
monly used to measure the displacement of ribs, as shown in
Figure 4.,e pegs were used to fix the ends of the line on two
ribs, roof, and floor of the roadway at P1 observation station
(50m away from the open-off cut).,e surrounding rock on
ribs moved inward towards the roadway under the actions of
the horizontal stress causing the lateral displacement of the
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surrounding rock. A tape was used to measure the dis-
placement on ribs, as Figure 4(b). ,e monitoring results of
rib-to-rib convergence are shown in Figure 5.

Figure 5 indicates that (1) there were three stages of rib-
to-rib convergence, that is, slow stage, accelerated stage, and
instability stage, with the corresponding periods of 0∼4 days,
4∼10 days, and 10∼18 days, respectively; (2) the rib-to-rib
convergence was 99mm, 783mm, and 1300.5mm in the
three stages, respectively, and the total convergence was
2182.5mm, and the average speed was 138.9mm/d since 4 to
18 days; and (3) at the instability stage, the failure of the
U-shaped steel support and the anchor bolt occurred and the
roadway ribs were out of control.

2.4.2. Roof Separation. ,e roadway roof activities mainly
include bending deformation, separation, and caving, which
could be monitored by using the SMJ-2 roof separation device.
,e SMJ-2 is made up of anchor head of the base point,
measuring line, casting, external cylinder, and internal cylinder.
As shown in Figure 6(a), the roof separation device was mainly
used to monitor the roof separation values within depths of
0–2.4m and 0–8.0m in the roof strata. ,e anchor head of the
deep base point (8.0m) was fixed within the stable deep
bedrock, and the anchor head of the shallow base point (2.4m)
was fixed at the anchor end.,e observation station was 500m
away from the open-off cut (i.e., P2 observation station).

,e results of the shallow base points could be seen in
Figure 6(b), which indicated that (1) the roadway roof ex-
perienced three stages, that is, the slow stage, accelerated
stage, and stable stage with the periods of 0∼4 days, 4∼11
days, and 11∼18 days, respectively; (2) the roof subsidence
amounts were 101.6mm, 843.4mm, and 84.0mm at the
three stages, respectively, and the total amount was
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1029mm; and (3) at the stable stage, the roof deformation
basically kept unchanged because a single prop was used for
timely maintenance.

2.4.3. -e Amount of Floor Heave. ,e floor heave is caused
by the uplift of the roadway floor due to mining, as shown in
Figure 7(a). It could reduce the roadway section, hinder the
transportation and pedestrians, affect mine ventilation, and
greatly limit the safe production of the mine. In the worst
situation, the roadway has to be abandoned. To solve the
severe floor heave, a lot of manpower and material resources
are needed. ,e floor heave amounts were obtained 1000m
away from the cut-open, as shown in Figure 7(b).

Figure 7(b) indicates that (1) the roadway roof experi-
enced three stages, that is, slow stage, accelerated stage, and
stable stage with the periods of 0∼6 days, 6∼15 days, and
15∼18 days, respectively; (2) the floor heave amounts were
168.0mm, 828.0mm, and 48.8mm, respectively, at the three
stages, and the total floor heave amount was 1044.8mm; and
(3) at the stable stage, the floor deformation basically
remained unchanged. As the original arched roadway
adopted an open support system with no measurement to
control the floor heave, the serious floor heave is mainly
caused by stress extrusion and floor rock water expansion.

3. Numerical Analysis of Deformation and
Failure Characteristics of the U-Shaped
Steel Support

A shed is often used for soft-rock roadway support. In this
support method, the bearing capacity of the U-shaped steel
support is the basis to ensure the control effects of the
roadway surrounding rock. When the loads applied on the
U-shaped steel support exceed its bearing capacity, the
support will undergo significant deformation and failure.
According to the obtained roadway surrounding rock

stresses in Section 2.3, the numerical simulation method was
used to analyze the deformation and failure characteristics of
the U-shaped steel support in this part.

3.1. -e Numerical Model

3.1.1. -e Constitutive Model of the Material. ,e materials
of the U-shaped steel are usually 20MnK, 25MnK, and
20MnVK. According to the requirements of international
standard GB/T228-2010, the aforementioned three materials
were used to make tensile specimens with circular cross
sections with a size of 100×Φ10mm to conduct tensile tests
at room temperature. ,e tensile testing machine is shown
in Figure 8(a). It could realize automatic data acquisition,
processing and storage, and real-time display of test status
and curves.

Figure 8(b) shows the stress-strain curve of the speci-
mens, which have undergone the elastic stage, yield stage,
strengthened stage, and failure stage. ,e properties of the
stress-strain curve were used to determine the materials’
elastic modulus E1, yield limit σs, and tensile limit σb. ,e
bilinear isotropic hardening model was used to select the
material type. ,e MATLAB was used to write program and
fix the material’s tangent modulus E2. ,e electrical mea-
surement method was applied to get the Poisson ratios μ.
Table 1 shows the detailed results.

3.1.2. Model Establishment. ,e establishment of the
U-shaped steel support could be divided into the estab-
lishment of the solid model, the selection of the element
type, the constitutive model of materials, and the boundary
conditions. ,e specific process is as follows:

(1) ,e establishment of the solid model: according to
the international standards of U-shaped steel, a 3D
modeling software was applied to build an U36
section model, which was then saved in sat.file
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format and imported into the solver. Finally, the
U-shaped steel support contour along the axial di-
rection was constructed.

(2) ,e selection of the element type: the U-shaped steel
support with shed is composed of a straight beam
and a curved beam. ,erefore, the straight beam
element CBEAM and the curved beam element
CBEAN were used in the numerical model. ,e
former one required the neutral axis to coincide with
the shear center and did not consider the effects of
warping on the torsional stiffness as well as the in-
fluence of transverse shear [26].,e curved beam did
not require the neutral axis to coincide with the shear
center, and it also considered the impacts of warping

on the torsional stiffness as well as the influence of
transverse shear.

(3) ,e constitutive model of materials: based on the
stress-strain curve of the pull-out test of the
U-shaped steel support metal materials, the bilinear
isotropic hardening elastic-plastic material model
was selected. Table 1 shows the concrete parameters
[28, 29].

(4) ,e boundary conditions: the constraint was simply
supported at both ends [30–33]. According to the
measured results of the roadway stress field obtained
in Section 2.3, three types of the corresponding loads
were applied on the axis of the U-shaped steel
support. ,e above four steps were used to establish
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Table 1: Main parameters of the U-shaped steel support.

Type Material Elastic modulus
E1 (GPa)

Poisson ratio μ Tangent modulus E2 (GPa) Yield strength σs (MPa) Tensile strength σb (MPa)

25U 25MnK 206 0.3 21 335 530
29U 25MnK 206 0.3 21 335 530
36U 20MnK 210 0.3 19 350 530
40U 20MnVK 215 0.3 20 390 580
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the U-shaped steel support numerical model, as
shown in Figure 9.

3.2. -e Deformation and Failure Characteristics. ,e de-
formation and failure characteristics of the U-shaped steel
support at P1, P2, and P3 observation stations were extracted
and compared with field measurement, as shown in
Figures 10(a)–10(c), respectively.

It could be obtained that

(1) ,e U-shaped steel support presented various de-
formation and failure characteristics under different
stress states.

(2) As shown in Figure 10(a), the stresses on the two ribs
of the roadway were greatly larger than the vertical
stresses, which leads to the two sides of the U-shaped
steel support being obviously moved inward at P1
observation station. ,e maximum Mises stress was
440MPa at the leg of the shed. It was beyond the
limit of the material and caused bending and failure.

(3) As shown in Figure 10(b), the vertical stresses on the
top of the U-shaped steel shed were significantly
larger than those on two legs, and obvious subsi-
dence could be found on top of the U-shaped steel
support at P2 observation station, 500m away from
the cut-open. ,e maximum Mises stress was
463MPa at the top.

(4) As shown in Figure 10(c), the stresses on the right
side of U-shaped steel shed were obviously larger
than those on the left side, and the U-shaped steel
support inclined to the left. ,e maximum Mises
stress was 650MPa at the right side of the shed leg
and caused bedding.

,e analyses indicated that the arch roadway had poor
adaptability under uneven and complex stress environment,
and the stresses acted on the support by the surrounding
rock exceeded its bearing capacity.

4. Optimization and Design of Soft-Rock
Roadway Support underComplex Stress Field

As analyzed and discussed above, it is the precise factors
such as the roadway being deep-buried, the surrounding
rocks being weak and easy to expand and undergo weath-
ering, the floor control not being included in the support
system, the support structure not being able to fully mobilize
the self-supporting capacity of surrounding rocks, the
roadway section being unreasonable, etc., that finally cause
the complex surrounding rock stress and the serious
roadway deformation and failure.

In order to overcome the support difficulty of a deep-
buried soft-rock roadway, the floor heave control must be
incorporated into the support system [34]. However, as
previously discussed, in the initial open support system, the
roadway was constructed with an arch section and the floor
reinforcement and control was ignored, so the self-sup-
porting capacity of surrounding rocks failed to be effectively

manipulated and the support performance of the U-shaped
steel could not be fully developed as analyzed in Section 3.
Even if floor bolts were added later, the floor heave was still
out of control.

,us, aimed at overcoming the aforementioned support
defects, which make the original supporting system unable
to adapt to the deformation and failure characteristics of the
deep-buried soft-rock roadway, it is critical to select an
appropriate roadway section and improve the supporting
system. According to the experience from the existing
roadway support in Xiaokang Coal Mine, it is more rea-
sonable for the roadway section to select circle than arch and
ellipse. In order to reduce the actions of the surrounding
rock on the support, the section size should be reduced as
much as possible. To meet the minimum requirements of
transportation and ventilation, the roadway section was
designed with a diameter of 4.6m and a net area of 13.9m2.

Furthermore, matching with the redesigned circular
roadway section, a new full-section combined support
scheme of “belt-mesh-cable-shotcrete +U-shaped steel and
wall back filling” was suggested, in which the positive
support of the “belt-mesh-cable” could improve the self-
supporting ability of the surrounding rock, and the passive
and rigid support of the “U-shaped steel and wall back
filling” not only allows the roadway deformation in control
to relieve the surrounding rock pressure, but also effectively
resists excessive deformation to ensure that the roadway can
be normally used. In this way, the new support system was
expected to control the displacement and failure of such
deep-buried soft-rock roadway.

4.1. Parameters of the U-Shaped Steel Support. To verify the
bearing capacity of the U36 support with the diameter of
4.6m under a complex stress field environment, the nu-
merical simulation of the circular section U-shaped steel
support was constructed.,e in situ stress values obtained in
Section 2.3 were applied.

As shown in Figure 11, when the circular section support
was dominated by horizontal stress, vertical stress, and right
horizonal stress, the corresponding deformation amounts
were 465mm, 636mm, and 763mm, respectively, and the
maximum Mises stresses were 293MPa, 312MPa, and
342MPa, respectively. It implied that the circular U-shaped
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steel support had high ability to resist deformation, and the
roadway deformation was well controlled to a certain degree.

4.2. -e Filling behind the Support. During the process of
construction, it is inevitable to leave a certain space between
the U-shaped steel shed and the surrounding rock. ,ere-
fore, at the beginning, the shed almost has no support effect
on the roadway, and its supporting resistance could not exert
timely, resulting in the roadway deformation. ,en, the
surrounding rock will contact the U-shaped steel shed
unevenly, leading the support to suffer extremely complex
stress, which is manifested as the uneven distribution of the
U-shaped steel support load around the roadway and along
the axial direction of the roadway. ,is is the main cause of
bending, torsional deformation, and bearing capacity loss of
the shed. However, the filling behind the shed support could
eliminate such space, make the shed support and the sur-
rounding rock come in close contact and make the shed
suffer uniform load, so as to give full play to the supporting
performance of the U-shaped steel shed.

,e characteristics of the filling materials are as follows:

(1) ,e curing time of the filling materials should be
short and the intensity should increase rapidly. ,at
is, the filling materials should have certain early and
later intensity.

(2) ,e filling materials should have certain compress-
ibility. In the case of the surrounding rock defor-
mation, the filling material could produce yielding
effects.

(3) After curing, the filling materials should not undergo
volume shrinkage, and they should have slight
expansion.

(4) ,e filling materials should have abundant sources of
raw materials, and also should be low-cost, easy to
transport, and easy to construct underground.

(5) ,e filling materials should have favorable pro-
cessing properties such as pumpability and timely
support.

According to the above requirements and based on the
existing engineering experience, the mixing proportions of
the filling materials were given as follows:
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(1) ,e raw materials of back wall filling consisted of
cement, gypsum, coal ash, and plasticizer. ,e 425#
ordinary Portland cement and dihydrate gypsum
were used [35–37]. ,e coal ash was the high-quality
fly ash discharged from power plants.

(2) According to multiple trial ratios and on-site engi-
neering experience, the cement-gypsum-coal ash
ratio was 1 :1 : 3.,e water-cement ratio was 0.4.,e
admixture dosages accounted for 2% of the cement
weight [38].

4.3. Parameters of Anchor Bolt and Cable. Another key to
control the surrounding rock is to select the parameters of
the anchor bolt and cable appropriately. Scholars have put
forward many theories, such as the suspension theory and
loose circle theory. ,ese theories are useful to determine
these parameters. In recent years, the prestress theory
[39, 40] has been proposed, which suggests that a complete
compressive stress layer within the surrounding rock of the
roadway should be formed under the action of prestressed
anchor bolt and prestressed anchor cable. ,e prestress
theory has been generally accepted and has been widely used
in industrial practice to provide basis for the determination
of the anchor bolt and cable parameters.

According to the theory, without considering the orig-
inal rock stress, if there exists a near-zero compressive stress
layer within the supporting area of the anchor cable and bolt,
it means that the bolt and cable fail to reinforce the sur-
rounding rock in this area. If the compressive stress zones
generated by different bolts and cables are isolated from each
other, and a continuous ring of compressive stress is not
formed, it means that the integral support effect of bolts and

cables has not fully played [41–43]. ,erefore, reasonable
and effective bolt-cable support should generate as high
compressive stress as possible within their support range,
eliminate as much as possible the area of near-zero com-
pressive stress, and make the area of compressive stress
contiguous to form as large as possible the scale of com-
pressive stress circle layer.

,us, in order to clearly reflect the stress field generated
by the prestressed anchor bolt and cable in the surrounding
rock, the supporting effect is simulated numerically without
considering the original rock stress, and the alternative
support parameters are considered as shown in Figure 12:
bolts with different spaces of 1200mm, 1000mm, and
800mm, lengths of 1.8m, 2.2m, and 2.4m, and pre-
tightening forces of 40 kN, 60 kN, and 100 kN, and cables
with different lengths of 5.3m, 6.3m, and 7.3m and pre-
tightening force of 60 kN, 105 kN, and 150 kN. In addition,
the simulation scheme is listed in Table 2.

As shown in Figure 12(a), under the pretightening force
of 100 kN and the length of 2.4m, with the decrease in the
bolt support space from 1200mm to 800mm, the com-
pressive stress in the surrounding rock increases continu-
ously, and the isolated compressive stress area begins to
form a continuous compressive stress circle layer, and its
range is obviously expanded outward.When the bolt spacing
is 800mm, the continuous compressive stress circle layer has
formed in the whole length of the bolt, and there is basically
no near-zero compressive stress area and isolated com-
pressive stress area. ,at is, the space of 800mm is better
than 1000mm and 1200mm.

As shown in Figures 12(b) and 12(d), for both the anchor
bolt and the cable, the increase in the pretightening force has
a significant control effect on the magnitude of compressive
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stress and the range of a continuous compressive stress layer,
so it is more appropriate to choose a higher pretightening
force.

As shown in Figures 12(c) and 12(e), under the same
pretightening force and support space, the length of the
anchor bolt and cable has no significant effect on the
improvement of the support effect. However, considering
the complex geological conditions of soft rock and the
existing support experience in this mine, it is suggested to
choose the 2.4 m anchor bolt and 7.3 m anchor cable
which have larger support range and higher safety
coefficient.

According to the above simulation and analysis, the final
support scheme is formed, that is, the anchor bolt with a
length of 2.4m, an interval of 0.8m× 0.8m, and a pre-
tightening force of 100 kN, and the anchor cable with a
length of 7.3m, a pretightening force of 150 kN, an interval
of 1.6m× 1.6m, and a density of 7. ,e combined sup-
porting effect of the anchor bolt and the cable is shown in
Figure 12(f ), and a complete compressive stress layer was
formed around the roadway.

5. Engineering Application

5.1. -e Scheme. First, instead of blasting, the road header
was used to cut the roadway profile, which could reduce the
impact of driving activities. ,en, the anchor bolt and cable
were applied. ,e diamond wire mesh was arranged on the
roadway surface, and the U-shaped steel support shed was
set. Finally, the filling behind the support was applied. ,e
specific support parameters are shown in Figure 13.

U-shaped steel support: the diameter of the roadway
section was 4.6m. 5 sets of U-shaped screw type con-
nectors were set at each lap section. A set of strong draw
plates was applied in the middle of the U-shaped steel to
enhance the whole supporting capacity. ,e central angle
of the round vault was 90°. To make the support have
better bearing capacity and yieldable performance, the
curvature radius R1 of the vault should meet N�R2/R1.
,e curvature radius of the lateral arch was R2.,erefore,
when N� 1.0, the support had the best bearing capacity,
and the space between two sheds was 800mm.
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Figure 12: Parameter optimization of the anchor bolt and cable. (a) ,e space of the anchor bolt; (b) the pretightening force of the anchor
bolt; (c) the length of the anchor bolt; (d) the pretightening force of the anchor cable; (e) the length of the anchor cable; (f ) matching of bolts
and cables.

Table 2: Simulation scheme for parameter optimization of the anchor bolt and cable.

Support type Plans in Figure 12
Parameters

Space (mm) Pretightening force (kN) Length (mm)

Anchor bolt
(a) 1200, 1000, 800 100 2.4
(b) 800 40, 60, 100 2.4
(c) 800 100 1.8, 2.2, 2.4

Anchor cable (d) — 60, 105, 150 7.3
(e) — 150 5.3, 6.3, 7.3
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Anchor bolt: the left-hand threaded steel bolt without
longitudinal reinforcement was used for the anchor
bolt. ,e yield strength was 600MPa and the tensile

strength was 800MPa. ,e bolt had a diameter of
22mm and a length of 2.4m. ,e interval of the bolt
was 0.8m× 0.8m.,e resin full-column anchorage was

Φ21.8 × 7300mm

Φ22 × 2400mm

80
0mm

Figure 13: ,e scheme of the roadway support.
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used, and the pretightening force of the bolt was
100 kN. ,e high-intensity tray was used with the size
of 130mm× 130mm× 10mm.
Anchor cable: the anchor cable had a diameter of
21.8mm and a length of 7.3m. ,e pretightening force
of the anchor cable was 150 kN. A total of 7 cables were
adopted. ,e high-intensity tray was used with the size
of 300mm× 300mm× 16mm.
Shotcrete and filling behind the support: the first
spraying thickness is 50mm, and the second spraying
thickness is 100mm.
Other supports: the W-type steel band had a thickness
of 4mm and a width of 250mm. ,e self-made 10#
diamond metal net with a mesh spacing of
40mm× 40mm was installed to protect the roof.

5.2. -e Monitoring Scheme of the Roadway. In order to
verify that the proposed new support method could
effectively control the deformation and failure of the
mining roadway with soft rocks under complex geo-
logical conditions, the roadway of the replacement
workface of S2S2 FMCF in Xiaokang Coal Mine was
taken as the example. 5 observation stations were dis-
tributed evenly in the roadway to monitor the surface
displacement of the soft-rock roadway under the mining
influence. ,e crossing method was also applied to
monitor the rib-to-rib convergence and the roof-to-floor
convergence. Figure 14 shows the specific monitoring
method.

5.3. -e Roadway Deformation Monitoring. ,e support
quality of the roadway was judged by comparing the
monitoring data with those of the original data. ,e un-
derground roadway deformation was monitored continu-
ously, and the rib-to-rib convergence and roof-to-floor
convergence were monitored and given every other day, as
shown in Figure 15.

Figure 15 indicates that

(1) Within 20 days of roadway monitoring, the rib-to-
rib convergence was 616mm, 545mm, 467mm,
340mm, and 581mm from No. 1 to No. 5 obser-
vation points, respectively. ,at of original support
scheme was 2182.5mm. ,erefore, the deformation
of the ribs was effectively controlled.

(2) Within 20 days of roadway monitoring, the roof-to-
floor convergence was 450mm, 438mm, 348mm,
441mm, and 570mm from No. 1 to No. 5 obser-
vation points, respectively. Compared with the
original support scheme with a roof separation of
1029mm and a floor heave of 1044.8mm, the
roadway roof and floor deformations were well
controlled.

,e obtained roadway deformation laws verify that the
new support scheme could effectively control the sur-
rounding rock deformation.

6. Conclusions

Based on the on-site monitoring and numerical simulation
of the original roadway support effect, the U-shaped steel
support, the anchor cable, and the bolt were optimized and
verified, a new full-section combined support system of
“belt-cable-mesh-shotcrete and U-shaped steel-filling be-
hind the support” was proposed, and the support effects
were simulated and in situ measured. ,e main conclusions
are as follows:

(1) ,e roadway in the S2S2 working face underwent
serious deformation and damage with a rib-to-rib
convergence of 2183mm, a roof separation of
1029mm, and a floor heave of 1045mm. In addition,
it was the overload pressure that caused the failure of
the U-shaped steel support.
,e in situ measurement and simulation results
indicated that it was the unreasonable roadway
section and the failure control of the floor heave that
weakened the self-supporting capacity of the sur-
rounding rock, caused the complex surrounding
rock stress, and finally resulted in the failure of the
initial soft-rock roadway support.

(2) For optimization, the roadway section in the re-
placement FMCF was changed from arch to circle
and a new full-section combined support scheme of
“belt-cable-mesh-shotcrete and U-shaped steel-fill-
ing behind the support” was proposed.
,e redesigned U-shaped steel support was verified
by simulation and it exhibited high adaptability to
different types of surrounding rock stress, and the
roadway deformation could be effectively controlled
within 770mm. ,e support parameters of the belt
and cable were determined by simulation with the
pretightening theory.

(3) ,e optimized full-section combined support
scheme was practiced and applied in the roadway of
the replacement FMCF. In addition, the in situ
measured rib-to-rib convergence and roof-to-floor
convergence were both controlled within 600mm,
i.e., the roadway deformation and failure were
controlled effectively.
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Reasonable width of gob-side coal pillar can reduce the waste of coal resources and is conducive to roadway stability. According to
the distribution of internal and external stress fields at the working face, a method for determining the width of gob-side coal pillar
was proposed. &e coal pillar and roadway should be set within the internal stress field, and support is provided through the
anchored part and the intact part of the coal pillar.&emethod was used in the design of the coal pillar at No. 130205 working face
of Zaoquan Coal Mine. &e calculation results indicated that the width of a coal pillar suitable for gob-side entry is 6.0m. It is
reasonable to arrange the roadway and coal pillar in the low-stress zone with a width of 11m. During tunnelling of roadway and
stoping of the working face, the deformation of the roadway increased with a reduction in the distance from the working face.
Even during stoping of the working face, there was an approximately 1.5m intact zone in the coal pillar. &is indicates that the
proposed method of designing small coal pillar of gob-side entry driving is reliable.

1. Introduction

With the continuous improvement of coal mining methods
and the enhancement of the mechanical equipment level,
fully mechanised caving has become an important mining
method for thick coal seam [1–3]. It can achieve high-yield
and high-efficiency mining of thick coal seams, but
roadways in mining area face challenges of surrounding
rock control, for example, the large cross section, strong
mining influence, and soft and thick coal roof and floor
[4–7]. Over the past few years, China has called for the
construction of resource-saving mines [8]. Fully mecha-
nised caving mining projects involving large-cross section
roadway driving along goafs under narrow coal pillar
conditions have become increasingly common, and the
difficulty in controlling the stability of the surrounding
rocks in these projects has increased.

A key issue in the fully mechanised caving of small coal
pillars is the design of a reasonable width. A reasonable coal
pillar width can not only reduce the deformation of the coal
pillar and the maintenance costs, but also maximise the

recovery of coal resources [9–11]. A century ago in the
United States, the design of coal pillar dimensions depended
heavily on intuition or established rules of thumb [12].
However, currently, various coal pillar design guidelines
have been developed on the basis of indoor tests and the-
oretical analyses [13–16]. Sheorey et al. [13] analysed 23 cases
of pillar instability and 20 cases of safe and stable pillars and
proposed a new pillar strength equation for practical values
of the width-to-height ratio. Aiming at the defect of tra-
ditional coal pillar safety evaluation method which regards
safety factor as fixed value, Najafi et al. [14] proposed a coal
pillar stability evaluation method which regards safety factor
as probability function. He et al. [15] studied the correlation
between the gob-side entry (GSE) stability and coal pillar
width during longwall top-coal caving mining in extra-thick
coal seams and found that the GSE with an 8m coal pillar
was destressed and minimal GSE deformation occurs. Fan
et al. [16] calculated the range of the internal stress field from
the perspective of the stress distribution in the surrounding
rock, thereby determining the width of coal pillars and
validating them onsite.
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In addition, with the advancement of field measurement
and numerical simulation techniques, they have been in-
creasingly applied to coal pillar design [17–24]. Focusing on
the potential variation in strength due to the strength
properties of the surrounding rock, Gale [17] proposed a
design method for coal pillar arrangement. Jaiswal and
Shrivastva [18] proposed a method for establishing the
strain-softening constitutive relation of coal via calibration
of a numerical model, and they determined the most ap-
propriate strain-softening parameters and hence identified a
reasonable coal pillar width. Esterhuizen et al. [19] calibrated
the numerical model of coal pillar strength using FLAC3D
according to triaxial test data of coal samples together with
the failure depth and peak resistance of the coal pillar. Wu
et al. [20] studied the initiation, propagation, and failure of
cracks within a 7m gob-side coal pillar during its formation
and suggest that the most appropriate pillar width is 10m in
the Sijiazhuang Coal Mine in China.

In the foregoing studies, the width of the coal pillar was
designed to maintain stability only under specific stress
conditions. However, the design of the coal pillar is related to
not only its own bearing capacity but also the stress envi-
ronment in which it is located. When the coal pillar is
designed to be in a high-stress area, its bearing capacity must
be high, that is, a large width. Conversely, a coal pillar in a
low-stress area must have a low bearing capacity and small
width [25]. &is study focused on soft rock roadway driving
along the goaf of Zaoquan Coal Mine. A design method for
the width of the coal pillar along the goaf was developed by
combining the position of the chain pillar (stress conditions)
and the bearing capacity of the coal pillar. &e method was
applied to Zaoquan Coal Mine.

2. Study Area

2.1. Geological Overview. Zaoquan Coal Mine is located at
the edge of the Mu Us Desert, southeast of Lingwu City in
Ningxia in northwestern China.&emine field is 13 km long
from north to south and approximately 4 km wide from east
to west, with an area of 52 km2. &e bedrock strata in the
mine field include the Upper Triassic Shangtian Formation,
Middle Jurassic Yan’an Formation (coal-bearing strata), and
Zhiluo Formation, as well as the Upper Jurassic Anding
Formation, with the bedrock extensively covered by Qua-
ternary wind-deposited sand or Palaeogene purplish-red
clay.&ere are three main workable coal seams: No. 2, No. 6,
and No. 8, which have thicknesses of 8.4m, 2.6m, and 5.5m,
respectively. &e coal seam currently being mined is No. 2.

2.2. Overview of Working Face. &e coal seam mined at
working face 130205—coal seam No. 2—is buried at a depth
of approximately 615m. Its thickness ranges from 8.2 to
10.7m, with an average of 8.4m. It contains a layer of gangue
(black carbonaceous mudstone) with an average thickness of
0.3m, which is 0.7m from the immediate floor of the coal
seam. &e lithology of the pseudoroof of No. 2 coal seam is
carbonaceous mudstone (average thickness of 0.4m), while
that of the immediate roof is siltstone (average thickness of

4.6m) and fine sandstone (average thickness of 3.2m), with
the part above it beingmedium sandstone (average thickness
of 12.7m) and fine sandstone (average thickness of 5.0m).
&e coal seam floor is siltstone (average thickness of 11.8m).

Airway 130205 opens at the return airway moving
downhill of mining area No. 13, and the machine tunnel
opens at the downhill belt conveyor of working face 130203
(where mining is completed) is above working face 130205.
Coal safety pillars (35m high) were set up in airway 130205
and machine tunnel 130203.&e working face is bounded by
normal fault F201 to the north and the shaft pillar in mining
area No. 13 to the south.&e part below working face 130205
is a primitive coal seam that has not been extracted; thus,
there is no mining activity affecting the excavation of the
working face.

&e airway of working face 130205 has a length of
2,198m, with a cross section of length×width� 5,000mm
× 4,000mm. &e machine tunnel has a length of 1,976m,
with a cross section of length×width� 5,200mm×

4,000mm. &e working face has a strike length of 1,910m
(with a workable length of 1,583m) and an inclination
length of 332m (cutting hole). &e mining method of
retreating longwall along the strike, the fully mechanised
top-coal caving technique, and the full-caving method were
adopted at the working face for the treatment of the goaf.
&e mining layout plan of working face 130205 is shown in
Figure 1.

3. Methodology

3.1. Coal Pillar DesignMethod Based on Internal and External
Stress Fields. During roadway excavation and maintenance,
the sources of mine pressure and their corresponding ex-
cavation locations and timings under different chain pillar
mining conditions were divided into three types, as shown in
Figure 2 [25–27].

&e first type was the excavation of a small coal pillar
within the internal stress field and advancement due to
mining of the relative working face before the formation and
stabilisation of the internal stress field (Position 1 in Fig-
ure 2). &e second type was advancement due to delayed
mining of the working face after the stabilisation of the
internal stress field (Position 2 in Figure 2). &e third type
was a roadway protection scheme using a large coal pillar, in
which excavation was conducted in the high-stress area
(Position 3 in Figure 2), with a low recovery rate owing to the
large coal pillar and a large stress concentration factor.

For improving the coal recovery rate and reducing the
stress concentration factor of coal pillar, the narrower the
coal pillar is, the better. But considering the supporting effect
of the coal pillar on the roof and the deformation degree of
the surrounding rock of the roadway, the designed width of
the coal pillar has a minimum value. If it is less than this
value, the coal pillar will be easily broken, and the roadway
will produce large deformation.

&e width of the small coal pillar in the section was based
on the comprehensive analysis of the effects of the stress,
displacement, and width of the small coal pillar on the
deformation of the roadway when the coal pillar was affected
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by stoping of the working face in this section. &e main
factors affecting the working condition of the coal pillar
included the following:

① Loading time: if the service time of the roadway was
relatively long, a strength factor of prolonged service
(with a value of 0.7 to 0.8) was used to correct the
compressive strength of the specimen.

② Width-to-height ratio: the relationship between the
coal pillar strength and width-to-height ratio (Sp) can
be expressed by the following equation [28]:

Sp �
B

h
 

(1/2)

Sc, (1)

where Sc represents the strength at B/h� 1 (i.e., the
cubic strength) and Sp represents the coal pillar
strength at a width-to-height ratio of B/h.

③ Load size: the degree of filling of the immediate roof
in the goaf is directly related to the load size of the
coal pillar. If the degree of filling was low, dynamic
loading was significant. If the filling thickness was 3
to 5 times larger than the mining height, dynamic
loading was not significant.

④ Anchor reinforcement: after the roadway was exca-
vated, stress failure occurred within the surface layer
of the coal seam on both sides of the coal pillar,
forming a failure zone in the internal stress field.
Moreover, the coal pillar was reinforced with an
anchor bolt, which significantly increased the lateral
pressure of the coal pillar under certain conditions.

3.2.CalculationMethod forCoalPillarWidth. &e stability of
roadway driving along the goaf must be maintained with the
installation of a small coal pillar in this section of the
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roadway. &e width of the coal pillar should be greater than
the sum of the widths of the crushing zone on the side of the
goaf and the anchorage zone. &at is, it must be ensured that
an intact zone is retained in the middle of the coal pillar to
provide support, as shown in Figure 3. Hence, the reasonable
minimum width B of small coal pillars in the section of
roadway driving along the goaf is calculated as follows:

B � S1 + S2 + S3, (2)

where S1 represents the crushing zone created in the small
coal pillar in the roadway driving along goaf in this section,
whose width is given as follows [29]:

S1 �
mA

2tgϕ0
ln

kcH + C0/tgϕ0( 

C0/tgϕ0(  + Px/A( 
 , (3)

wherem represents the height of the roadway (in m),A is the
coefficient of lateral pressure, k is the stress concentration
factor caused by excavation of the roadway, c represents the
average unit weight of the overlying strata (in kN/m3), H
represents the mining depth (in m), Px represents the
strength provided by the roadway support to the coal wall (in
MPa), and C0 and φ0 represent the cohesive force (MPa) and
the angle of internal friction (°) of the interface of the
laminae of the coal mass, respectively.

S2 represents the effective length of the anchor bolt in the
sidewall of the roadway (in m), with an additional rein-
forcement factor of 15%.

S3 represents the width of the elastic core zone in the
middle of the coal pillar (in m). Assuming that the crushing
zone of the coal pillar does not provide load bearing and that
only the anchorage zone and the elastic core zone provide
support, the width of the elastic core zone can be determined
using the width-to-height ratio of this part of the coal pillar
(equation (1)).

4. Results and Discussion

4.1. Calculation of Width of Coal Pillar at Working Face
130205. According to the equation for calculating the width
of the coal pillar and the geological parameters of working
face 130205, the width of the crushing zone of the small coal
pillar S1 was calculated as 1.8m, where m� 4m, A� 1.6,
k� 2.5, c � 2512 kN/m3, H� 615m, Px � 0.1MPa,
C0 �1.5MPa, and φ0 � 27°. &e effective length of the anchor
bolt in the sidewall of roadway was S2 � 2.3× (1 + 15%)�

2.6m. According to the uniaxial compressive strength
(24.6MPa) and the coal mass strength of the plastic an-
chorage zone (22.3MPa) of coal seamNo. 2 of Zaoquan Coal
Mine, it was found that the elastic core zone S3 in the middle
of the coal pillar was 1.7m in width. Combining the three
parts, the minimum width of the coal pillar was determined
to be 5.8m.&e width of the small coal pillar was set to 6.0m
in this study.

4.2. Distribution of Advanced Abutment Pressure.
Excavation and maintenance of roadways under a stable
internal stress field are crucial for preventing and controlling
the large deformation of roadways and related disasters.

Numerical simulations were performed to study the char-
acteristics of the distribution of advanced abutment pressure
during mining of working face 130203 and the deformation
and failure of the airway of working face 130205 during
excavation and stoping. An FLAC3D numerical simulation
model was established according to the physical and me-
chanical parameters of coal and the geological characteristics
of Zaoquan Coal Mine, as shown in Figure 4. &e working
face and the roadway were arranged in the central area of the
model, and the grid was densely divided in the part around
the roadway. &e numerical model comprised 285,600 grid
units. &e left and right boundaries of the model were
constrained by horizontal displacement conditions, and the
lower boundary was constrained by vertical displacement.
&e upper boundary was a free boundary with a uniform
load. &e size of the computational model was set as
311m× 300m× 227m.

During the simulation, excavation of working face 130203
was first conducted to observe the lateral abutment pressure
distribution characteristics of the working face, and the results
are presented in Figure 5. &e lateral stress distribution of the
working face was divided into low-stress (0∼5m), high-stress
(5∼11m), peak-stress (11∼20m), and stress-relief zones
(20∼50m). &is indicates that the range of lateral impact due
to the excavation of the working face was approximately 50m.
&e 6m coal pillar was just outside the peak-stress zone,
verifying the accuracy of the calculation results.

4.3. Deformation and Failure Pattern of Coal Pillar during
Excavation. After the excavation of working face 130203
was completed and the movement of the overlying strata was
stabilised, excavation of the airway of working face 130205
was conducted. &e deformation and failure of the sur-
rounding rocks of the roadway 150 and 180m from the
cutting hole during the excavation are shown in Figures 6
and 7, respectively.

&e results suggest that the deformation of the rock
around the airway gradually increased. &e deformation
value was particularly large near the vault. &e maximum
deformation near the airway was 114.4mm (180m from the
cutting hole). &e vault extended upwards, and the defor-
mation of strata converged quickly. &e deformation of the
surrounding rock was within 10mm, after extending 5m
into the rock. &e maximum uplift at the bottom was ap-
proximately 45mm. &e two sidewalls exhibited highly
asymmetric deformation distributions owing to the het-
erogeneity of the cross section.

4.4. Deformation and Failure Pattern of Coal Pillar during
Stoping. After the excavation of the airway of working face
130205 was complete, the excavation of working face 130205
was conducted.&e deformation and failure of the coal pillar
were observed, and the failure of the surrounding rocks of
the roadway 150 and 180m from the cutting hole is shown in
Figure 8. During the advancement of the working face with a
large mining height, the coal wall of the working face failed
in a certain range along the advancement direction under the
action of abutment pressure.&e depth range of 0 to 2.0m in
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the coal wall on the side of mining face 130205 was the
tensile and shear plastic zone, which was characterised by a
typical failure in the form of outward bulging. Under the
action of the abutment pressure, the reduction in the
strength of the coal mass caused the coal wall at the working
face to bulge outward. &e depth range of 0 to 1.5m in the
coal wall on the side of mining face 130203 was the tensile
and shear plastic zone. Under the action of the abutment
pressure, the reduction of the strength of the coal mass led to
the outward bulging of the coal wall at the working face.
Within the range of 2.0 to 4.5m in the centre of the small
coal pillar, although part of the coal seam was in the plastic
zone, the coal seam was mainly in the shear plastic zone, and
the degree of rock fragmentation was not severe.

&e comprehensive analysis indicated that there was
approximately 1.5m of noncrushing zone in the centre of the
6m small coal pillar.

4.5. Application Results. &e cross-point method [30] was
used to monitor the degree of deformation of the sur-
rounding rock of airway 130205. Measuring pins were in-
stalled at the centres of the roof, floor, and two sidewalls.&e

degrees of deformation of these parts were measured once a
day using a steel tape measure. &e deformation of the
roadway 150m and 180m from the cutting hole during the
advancement of the working face is shown in Figure 9.

&e deformation of the two sidewalls of the roadway was
greater than those of the roof and floor during the advance-
ment of the working face. &e maximum sinkage of the roof
was 55mm, the maximum heave of the floor was 55mm, the
maximum upper-wall bulge was 30mm, and the maximum
lower-wall bulge was 70mm. &e bulging of the upper wall of
the airway was the smallest among all the changes, indicating
that a 6m coal pillar can maintain the stability of the roadway.
Within 50m from the working face, the deformation of the
surrounding rock of the roadway became increasingly ap-
parent. &e deformation accelerated significantly within 35m,
and the deformation rate was maximised at approximately
20m.&us, the influence range during the process of stoping of
the working face was roughly within 50m.&e deformation of
the roof increased significantly within 20m ahead of the
working face, and a sharp increase occurred at approximately
15m. &is indicates that the coal seam mining generally af-
fected a range 50m ahead of the coal wall and that the impact
of the mining intensified within the range of 15m.

130205
working face Roadway 130203 goafCoal

pillar

(b)

(c)(a)

Bolt in sidewall

Cable in
sidewall

Roof bolt

Roof cable

Reinforced ladder
beam
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Immediate roof

Main roof

Overburden

Floor

Road
way

Figure 4: Grid diagram of the three-dimensional numerical model.
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Figure 3: Schematic of roadway driving along the goaf and the small coal pillar.
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&e YS(B) explosion-proof electronic borescope for mines
(as shown in Figure 10) was used to detect the failure in the coal
pillar 50m ahead of the working face, and the results are shown
in Figure 11. At the front end of the borehole (i.e., near working
face 130203), fractures developed in the borehole, and the coal
mass was crushed. At the middle of the borehole, the borehole
wall was relatively smooth, with high integrity. At the back end
of the borehole (i.e., near working face 130205), the borehole
wall appeared to be bright black under the illumination of the
probe, indicating that the coal mass here was also in the plastic
state. &e detection results indicated that both sides of the coal
pillar were in a state of plastic failure, while there was still an
intact elastic core zone in the middle, which indicates that the
design of the coal pillar is reasonable.&is was supported by the
overall results for the deformation control of the roadway. &e

effects on the roadway 50 and 100m ahead of the working face
are presented in Figure 12. As shown, the deformation of the
roadway along the goaf with a 6m small coal pillar was not
apparent within the influence range of advanced abutment
pressure, which can ensure normal stoping of the working face.

4.6. Discussion. &e method for determining the width of
gob-side coal pillar proposed in this paper is applicable to all
coal mines in theory. However, when the roadway roof is
hard, it needs to be supplemented by roof cutting and other
measures to prevent excessive stress on the coal pillar. &e
broken position of soft roof is close to the coal pillar, so it is
not necessary to take other measures, so the method in this
paper can be directly used for design.
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5. Conclusions

In the design of a coal pillar in roadway driving along a goaf,
not only the width of the coal pillar but also its location must
be considered. In this study, a method for determining the
location and width of a small coal pillar was developed on
the distribution of the internal and external stress fields at
the working face. &e method was applied to working face
130205 of Zaoquan Coal Mine.

(1) According to the calculation of the width of the limit
equilibrium zone generated in the coal pillar at

working face 130205 and the mechanical calculation
of the joint loading in the limit equilibrium zone and
the elastic core zone of the coal pillar, a reasonable
width of the coal pillar of the section was found to be
6m. &is result is consistent with the simulation
results for the distribution of the lateral abutment
pressure after the mining of working face 130203.

(2) During the excavation of the roadway and stoping of
the working face, the deformation of the roadway
increased with a reduction in the distance from the
working face. Owing to the asymmetry of the

Probe

Receiver

Transmission line

Figure 10: Detection equipment for internal fracture of the coal mass.

(a) (b) (c)

Figure 11: Internal fracture development in the coal mass. (a) Front-end crushing zone, (b) middle intact zone, and (c) back-end anchorage
zone.

(a) (b)

Figure 12: Effects on the roadway with 50 and 100m of working face advancement. (a) 50m of advancement and (b) 100m of advancement.
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roadway, plastic failure of the solid coal side of the
roadway was apparent. Although plastic failure also
occurred in the coal pillar, its bearing capacity was
still relatively high.&ere was approximately 1.5m of
intact zone in the middle of the coal pillar even
during the stoping of the working face.

(3) &e influence range during the stoping of the
working face was roughly 50m, and the deformation
of the roof increased significantly within 20m ahead
of the working face. &e deformation of the two
sidewalls of the roadway exceeded those of the roof
and floor, and the bulging of the upper wall was the
smallest among all the changes, indicating that a 6m
small coal pillar can effectively maintain the stability
of the roadway.&is is consistent with the conclusion
from the exploration of the coal pillar through the
borehole onsite that there is an intact zone in the
centre of the coal pillar.

(4) &e proposed design method for small coal pillars in
deep roadway driving along goafs is scientific and
reliable. It provides a scientific basis for the deter-
mination of the reasonable width of narrow coal
pillars, which can improve the maintenance status of
deep roadways and increase the coal recovery rate.

Data Availability

&e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

&e author declares that he has no conflicts of interest.

Acknowledgments

&is work was supported by the Key R&D Program of
Shandong Province (no. 2019GSF111020). &e support was
greatly appreciated.

References

[1] J. Martin and W. Holger, “Progress in the research and ap-
plication of coal mining with stowing,” International Journal
of Mining Science and Technology, vol. 23, pp. 7–12, 2013.

[2] M. L. Hu, W. L. Zhao, Z. Lu, J. X. Ren, and Y. P. Miao,
“Research on the reasonable width of the waterproof coal
pillar during themining of a shallow coal seam located close to
a reservoir,” Advances in Civil Engineering, vol. 2019, Article
ID 3532784, 14 pages, 2019.

[3] Q. Wang, Y. P. Fan, G. Li, W. X. Guo, D. H. Yan, and
L. P. Zhang, “Determination of coal pillar width between
roadways of fully mechanised caving face with double
roadways layout in a thick coal seam,” Rock and Soil Me-
chanics, vol. 38, pp. 3009–3016, 2017.

[4] K.Wang, T. Zhao, K. Yetilmezsoy, and X. Q. Zhang, “Cutting-
caving ratio optimization of fully mechanized caving mining
with large mining height of extremely thick coal seam,”
Advances in Civil Engineering, vol. 2019, Article ID 7246841,
11 pages, 2019.

[5] W. Liu, Z. Guo, J. Hou, and D. Chen, “Research and appli-
cation of support technology for re-mining roadway in goaf
under regenerated roof in thick coal seam,” Geotechnical &
Geological Engineering, vol. 37, no. 5, pp. 4327–4335, 2019.

[6] Y. Xue, P. G. Ranjith, F. Dang et al., “Analysis of deformation,
permeability and energy evolution characteristics of coal mass
around borehole after excavation,” Natural Resources Re-
search, vol. 29, no. 5, pp. 3159–3177, 2020.

[7] X. S. Liu, D. Y. Fan, Y. L. Tan et al., “Failure evolution and
instability mechanism of surrounding rock for close-distance
chambers with super-large section in deep coal mines,” In-
ternational Journal of Geomechanics, vol. 21, no. 5, Article ID
04021049, 2021.

[8] Y. Xue, T. Teng, F. Dang, Z. Ma, S. Wang, and H. Xue,
“Productivity analysis of fractured wells in reservoir of hy-
drogen and carbon based on dual-porosity medium model,”
International Journal of Hydrogen Energy, vol. 45, no. 39,
pp. 20240–20249, 2020.

[9] J. Zhang, F. Jiang, S. Zhu, and L. Zhang, “Width design for
gobs and isolated coal pillars based on overall burst-instability
prevention in coal mines,” Journal of Rock Mechanics and
Geotechnical Engineering, vol. 8, no. 4, pp. 551–558, 2016.

[10] Z. Zhu, H. Zhang, J. Nemcik, T. Lan, J. Han, and Y. Chen,
“Overburden movement characteristics of top-coal caving
mining in multi-seam areas,” =e Quarterly Journal of En-
gineering Geology and Hydrogeology, vol. 51, no. 2, pp. 276–
286, 2018.

[11] Y. L. Tan, F. H. Yu, J. G. Ning, and T. B. Zhao, “Design and
construction of entry retaining wall along a gob side under
hard roof stratum,” International Journal of Rock Mechanics
and Mining Sciences, vol. 77, pp. 115–121, 2015.

[12] E. Ghasemi and K. Shahriar, “A new coal pillars design
method in order to enhance safety of the retreat mining in
room and pillar mines,” Safety Science, vol. 50, no. 3,
pp. 579–585, 2012.

[13] P. R. Sheorey, M. N. Das, D. Barat, R. K. Prasad, and B. Singh,
“Coal pillar strength estimation from failed and stable cases,”
International Journal of RockMechanics andMining Science &
Geomechanics Abstracts, vol. 24, no. 6, pp. 347–355, 1987.

[14] M. Najafi, S. E. Jalali, A. R. Y. Bafghi, and F. Sereshki,
“Prediction of the confidence interval for stability analysis of
chain pillars in coal mines,” Safety Science, vol. 49, no. 5,
pp. 651–657, 2011.

[15] W. He, F. He, and Y. Zhao, “Field and simulation study of the
rational coal pillar width in extra-thick coal seams,” Energy
Science & Engineering, vol. 8, no. 3, pp. 627–646, 2020.

[16] N. Fan, J. Wang, B. Zhang, D. Liu, and R. Wang, “Reasonable
width of segment pillar of fully-mechanized caving face in
inclined extra-thick coal seam,” Geotechnical & Geological
Engineering, vol. 38, no. 4, pp. 4189–4200, 2020.

[17] W. J. Gale, “Experience of field measurement and computer
simulation methods for pillar design,” in Proceedings of the
Second International Workshop on Coal Pillar Mechanics and
Design, US National Institute for Occupational Safety and
Health, Pittsburgh, PA, USA, June 1999.

[18] A. Jaiswal and B. K. Shrivastva, “Numerical simulation of coal
pillar strength,” International Journal of Rock Mechanics and
Mining Sciences, vol. 46, no. 4, pp. 779–788, 2009.

[19] G. S. Esterhuizen, C. Mark, and M. M. Murphy, “Numerical
model calibration for simulating pillars, gob and overburden
response in coal mines,” in Proceedings of the 29th Interna-
tional Conference on Ground Control inMining, West Virginia
University, Morgantown, WV, USA, July 2010.

Advances in Civil Engineering 9



[20] W.-d. Wu, J.-b. Bai, X.-y. Wang, S. Yan, and S.-x. Wu,
“Numerical study of failure mechanisms and control tech-
niques for a gob-side yield pillar in the Sijiazhuang coal mine,
China,” Rock Mechanics and Rock Engineering, vol. 52, no. 4,
pp. 1231–1245, 2019.

[21] J. B. Bai, C. J. Hou, and H. F. Huang, “Numerical simulation
study on stability of narrow coal pillar of roadway driving
along goaf,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 20, pp. 3475–3479, 2004.

[22] K. Chen, J. B. Bai, and Q. Zhu, “Failure law of small coal pillar
and determination of reasonable width in gob side entry
driving,” Safety in Coal Mines, vol. 40, no. 8, pp. 100–102,
2009.

[23] X. G. Zheng, Z. G. Yao, and N. Zhang, “Study on stress
distribution of small coal pillar in gob side entry driving in the
whole process of mining,” Journal of Mining and Safety
Engineering, vol. 29, no. 4, pp. 459–465, 2012.

[24] X. S. Liu, D. Y. Fan, Y. L. Tan et al., “New detecting method on
the connecting fractured zone above the coal face and a case
study,” Rock Mechanics and Rock Engineering, 2021.

[25] G. Zhang, L. Chen, Z. Wen et al., “Squeezing failure behavior
of roof-coal masses in a gob-side entry driven under unstable
overlying strata,” Energy Science & Engineering, vol. 8, no. 7,
pp. 2443–2456, 2020.

[26] Z. Zhao, W. Sun, S. Chen, D. Yin, H. Liu, and B. Chen,
“Determination of critical criterion of tensile-shear failure in
Brazilian disc based on theoretical analysis and meso-macro
numerical simulation,” Computers and Geotechnics, vol. 134,
Article ID 104096, 2021.

[27] B. Wang, F. Dang, S. Gu, R. Huang, Y. Miao, and W. Chao,
“Method for determining the width of protective coal pillar in
the pre-driven longwall recovery room considering main roof
failure form,” International Journal of Rock Mechanics and
Mining Sciences, vol. 130, Article ID 104340, 2020.

[28] S. H. Prassetyo, M. A. Irnawan, G. M. Simangunsong,
R. K. Wattimena, I. Arif, and M. A. Rai, “New coal pillar
strength formulae considering the effect of interface friction,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 123, Article ID 104102, 2019.

[29] G. S. Jia and L. J. Kang, “Study on the chain pillar stability of
the developing entry in longwall top-coal mining,” Journal of
China Coal Society, vol. 27, pp. 6–10, 2002.

[30] J. Ning, J. Wang, Y. Tan, and Q. Xu, “Mechanical mechanism
of overlying strata breaking and development of fractured
zone during close-distance coal seam group mining,” Inter-
national Journal of Mining Science and Technology, vol. 30,
no. 2, pp. 207–215, 2020.

10 Advances in Civil Engineering



Research Article
Characteristics of Pressure Relief Gas Extraction in the Protected
Layer by Surface Drilling in Huainan

XiaozhangTong ,1,2,3,4HuWen ,1,2XiaojiaoCheng ,1,2ShixingFan ,1,2ChunhuiYe,3,4

Mingyang Liu,1,2 and Hu Wang 1,2

1College of Safety Science and Engineering, Xi’an University of Science and Technology, Xi’an 710054, China
2Shaanxi Key Laboratory of Prevention and Control of Coal Fire, Xi’an 710054, China
3National Engineering Research Center for Coal Gas Control, Huainan, Anhui 232001, China
4Huainan Mining Group Co., Huainan, Anhui 232001, China

Correspondence should be addressed to Xiaozhang Tong; 183042045@qq.com and Xiaojiao Cheng; 201512713@stu.xust.edu.cn

Received 25 March 2021; Accepted 24 May 2021; Published 8 June 2021

Academic Editor: Jia Lin

Copyright © 2021 Xiaozhang Tong et al..is is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To study the behavior of gas extraction from the protected layer by surface drilling, the common characteristics of gas extraction
concentration and gas extraction quantity are summarized through the collection of key parameters of surface drilling and a
combination of data and figures, with the background of 11−2 coal protection 13−1 coal in the Huainan mining area. .e research
results show that the flow of pressure relief gas extraction of the protected layer by surface drilling has three stages: a rising period,
stable period, and decay period.When the extraction processes of multiple surface wells on the same working face are coordinated,
the extraction flow is superimposed, and the extraction volume of surface drilling shows an increasing trend and fluctuates with
the location of the drilling..e extraction flow rate before ground drilling is relatively small, and the extraction flow rate increases
after ground drilling. .is behavior is further confirmed by field observation of mining changes in the protective layer and the
expansion and deformation of the protected layer. .e periodic variation in the surface drilling and extraction quantity is affected
primarily by the mining movement of the working face of the protective layer. Specifically, it is affected by factors such as the
mining progress of the working face of the protective layer, mining height, degree of compacted goaf, degree of pressure relief of
the protected layer, original gas content, and other measures taken to extract the protected layer.

1. Introduction

China is rich in coal resources and coalbed methane (CBM)
resources. According to the second national coal resource
prediction results, the volume of the reserves of CBM buried
at depths less than 2000m in China is 3.68×1013m3,
equivalent to 4.2×1010 t standard coal [1]. China’s coal mine
methane (CMM) resources are less plentiful than those of
Russia and the United States, ranking third in the world,
accounting for 13% of the total CMM resources in the 12
countries richest in CMM. In 2012, 3284 high gas outburst
coal mines were distributed in 26 major coal-producing
provinces, mainly in the southwest and mid-eastern regions.
China’s coal mine safety regulations stipulate that the coal
seam must be predrained before mining so that the gas

pressure and gas content are reduced to 0.74MPa and 8m3/t,
respectively. Otherwise, it is easy to cause coal and gas
outbursts, excesses of gas in the working face, and gas ex-
plosion accidents [2–5]. In addition, the damage to the
ozone layer and the greenhouse effect caused by gas emission
into the atmosphere are 7 and 21 times greater than that of
CO2, respectively [6]. However, coalbed methane is a clean
and efficient energy source, and its calorific value is 2–5
times that of general coal [7].

Coal seam permeability enhancement mainly includes
protective layer mining, hydraulic fracturing, hydraulic
cutting, hydraulic punching, presplitting blasting, shock
wave fracturing, liquid CO2 blasting, and other hole fracture
reconstruction technologies. At present, hydraulic fractur-
ing, hydraulic cutting, and hydraulic flushing have made
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great progress in increasing the production of shale gas and
CBM [8–11]. However, these methods also introduce some
problems. When water enters the microhole fracture of the
coal body, under the influence of “water lock,” gas de-
sorption decays rapidly, resulting in poor water injection. It
is difficult to ensure that fracturing water is evenly dis-
tributed in the fine cracks and pores of the coal seam, and it
cannot fully wet the coal. Hydraulic technology requires
high water consumption, which has become a problem in
areas such as Texas, North Dakota, and Kansas [12]. In
addition, the water and groundwater used by the hydration
technology return to the ground; this water can contain
hydraulic additives or harmful substances.

Presplitting blasting has made some achievements in
increasing the permeability of coal seams and strengthening
gas drainage [13]. However, it is extremely difficult to deal
with abnormal conditions such as “dumb blasting” and
“blind blasting” when using explosives. In addition, ex-
plosives cause the coal and rock mass to be crushed during
the blasting process, and the crushed coal will hinder the
propagation of the blasting wave, resulting in higher energy
consumption. .e fracture circle area is small, and the
crushed coal and rock mass can easily block the fracture,
making extraction ineffective. Shock wave fracturing of coal
seams is an innovative technology for enhanced permeability
gas drainage [14]. .e coal reservoir is reconstructed
through breaking, tearing, and elastic acoustic wave dis-
turbance, which have the basic characteristics of segmen-
tation and frequency bands. .is basic feature is combined
with the fatigue effect of repeated loading, which makes
controllable shock wave technology advantageous in res-
ervoir reconstruction technology; however, large-scale un-
derground applications have not yet been realized.

In recent years, domestic and foreign researchers have
carried out numerous liquid CO2 blasting tests in major
coal mines [15]. .e field results show that the technology
has a significant effect on coal reservoir reconstruction and
coal seam methane recovery, but the range of influence is
small. Wen et al. [16–24] proposed liquid CO2 permeability
enhancement and gas displacement technology in coal
mines, carried out several underground engineering tests,
and achieved good results. However, these studies had
problems such as small test areas and difficulty of CO2
transportation. Protective layer mining is the most effective
regional measure for preventing and controlling gas di-
sasters. Protective layer mining changes the deformation
degree of the coal skeleton, destroys the stress state of the
overlying coal and rock mass, effectively improves the
permeability of the protected layer, and promotes de-
sorption, flow, and discharge of pressure relief gas [25–28].
In addition, Jin confirmed that the protected areas gen-
erated by protective layer mining were larger than those
predicted theoretically [29], but the technology was greatly
affected by geological conditions. With the deepening of
mining depth year by year, there are fewer and fewer coal
seams or low outburst-prone coal seams with an interlayer
spacing of 20–50m. .erefore, the protective layer mining
method is greatly affected by the occurrence characteristics
of coal seams.

.e typical geological feature of the Huainan mining
area is the high occurrence of coal seam groups, and the
protective layer mining strategy has been fully implemented.
In the process of mining the protective layer, the stress field
and fracture field evolution caused bymining action are used
to relieve pressure, increase the permeability of gas, and
improve the storage and transportation of pressure relief gas.
.e pressure relief gas of the protected layer is efficiently
extracted, and coal and gas are mined together to eliminate
the risk of coal and gas outbursts in the protected layer.

Pressure relief gas extraction methods mainly include
underground roadway extraction, coal pillarless borehole
extraction, and surface drilling extraction [30]. Gas ex-
traction by surface drilling is a type of green mining tech-
nology that does not interfere with the normal operation of
the mine from the surface construction, reduces the amount
of underground engineering technology, and is conducive to
safe operation of the mine. .is process is generally divided
into predrainage before mining, mining-induced drainage,
and goaf drainage. Surface drilling technology has been
applied in Huainan, Huaibei, Jincheng, Lu’an, and other
high gas mining areas and has become increasingly effective
[31–37]. Based on the drainage results of surface drilling of a
typical working face during the exploitation of the protective
layer in the Huainan mining area, the characteristics of relief
gas extraction from the protective layer by surface drilling
are summarized.

1.1. Application of Surface Drilling for Pressure Relief Gas
Extraction in the HuainanMining Area. Since the successful
application of pressure relief gas extraction technology by
surface drilling in the 2352(1) protective layer working face
of the Panyi Coal Mine in 2002, more than 100 wells have
been tested in the Pansan Coal Mine, Xieqiao Coal Mine,
Zhangji Coal Mine, and Guqiao Coal Mine. .e geo-
graphical distribution of coal mines is shown in Figure 1.
Surface drilling in the Huainan mining area is mainly used
for pressure relief gas extraction during the mining of the
11−2 coal protective seam face, that is, the construction of
surface drilling before the 11−2 coal mining.With the mining
of the 11−2 coal protective layer, the overlying coal and rock
layers continue to collapse, crack, and sink, causing the pores
and cracks of the originally closed geological body to pro-
liferate and open, and the air permeability coefficient of the
surrounding rock and its coal seam greatly increases, as
shown in Figure 2. .e mining of the protective layer
promotes full pressure relief of the protective and protected
layers. .e pressure relief gas of the protective layer, the gas
flowing into the goaf, and the pressure relief gas of the
protected layer flow into the well through the screen are then
pumped to the ground from the well.

2. Characteristics of Surface Drilling Types in
the Huainan Mining Area

To adapt surface drilling technology for pressure relief gas
extraction to various types of working faces of mining
protective layers and improve gas extraction, Huainan
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Mining Group has improved and innovated upon the
drilling well structure, drilling construction technology, and
drilling well location layout. .e Huainan mining area
successfully applied well structure types I, II, III, and IV, as
shown in Table 1. Furthermore, the Huainan Mining Group
formed a drilling well structure and drilling well location
layout suitable for different mining conditions, mastered the
key drilling construction technologies of different well body
structures, and enriched the theoretical basis of pressure
relief gas extraction in the protective layer.

3. Characteristics of Gas Extraction in Pressure
Relief by Typical Surface Drilling in the
Huainan Mining Area

3.1. Measurement of Gas Extraction Flow from Surface
Drilling. To extract pressure relief gas from the protected
layer by surface drilling, an independent extraction system
was established with sufficient extraction capacity and
negative pressure of 20–50 kPa. .e highly concentrated gas

extracted can be used directly as clean energy for gas power
generation or civil use. During the extraction of surface
wells, special personnel were deployed to maintain the ex-
traction system. .e gas extraction concentration, negative
pressure, flow rate, temperature, and other parameters were
measured daily. A daily extraction report was formulated,
and the extraction effect of surface drilling was analyzed
regularly.

3.2. Typical Characteristics of Pressure Relief Gas from Single
GroundDrilling. .e ground drilling No. 1 in the protective
layer working face 2662(1) is a type I drilling structure, with a
total of 214 days of extraction and 20.91 million m3 of gas
extraction. Figure 3(a) shows that the gas flow of No. 1
surface drilling has a significant periodicity, which can be
divided into a rising period, stable period, and decay period.
.e ground well (No. 1) passed 12m through the mining
face to begin the extraction; the gas extraction concentration
was 20%, and the gas extraction rate was 2.99m3/min. From
that point, the gas extraction concentration and extraction
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Figure 1: Geographical location of the study area and locations of the engineering test sites [17].
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Table 1: Surface gas extraction wells of different structural types in the Huainan mining area.

Type Structural representation Coal mines featuring
successful application Result

I

350

273

177.8

4,
62

,1
00

245

152

127

7,
25

,0
00

7,
27

,0
00

8,
09

,5
00

8,
25

,8
00 7,38,700

11–2

8,15,700
118

Unit:mm

13–1

Panyi coal mine, Xieqiao coal
mine, and Pansan coal mine

.e maximum single-well gas extraction volume is
close to 1,000,000m3

II

350

273

177.8

139.7

245

177.8

13–1

11–2

7,59,250

8,31,800
118

8,
21

,0
00

8,
44

,0
00

7,
30

,3
70

7,
38

,0
80

Unit:mm

Dingji coal mine .e cumulative gas output of a single well is close to
1,000,000m3
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rate were in the rising period until the mining face passed the
drilling at 33m; the gas extraction concentration was 81%,
and the extraction rate was 15.89m3/min. .e working face

then passed through 33–109.2m of drilling, and the ex-
traction rate was stable during this period. .e average gas
extraction concentration was 64%, and the average

Table 1: Continued.

Type Structural representation Coal mines featuring
successful application Result

III

350

273

177.8

177.8

13–1

11–2

6,67,900

7,47,650
133

7,
40

,0
00

6,
63

,0
00

6,
63

,0
00

6,
53

,0
80

Unit:mm

219

7,
60

,3
40

420

Guqiao coal mine, as well as
other coal mines in the
Huainan mining area

.e gas output of a single well is more than
1,000,000m3, which solves the problem of gas

extraction and pressure relief by rapidly advancing
surface gas extraction drilling in complex

geological and hydrogeological environments

IV

450

340

244.5

13–1

11–2

7,35,000
160

7,
31

,0
00

Unit:mm

244.5

6,
47

,5
00

311

Pansan coal mine, as well as
other coal mines in the
Huainan mining area

.e maximum single well gas extraction volume
reached 7,500,000m3
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extraction rate was 11.84m3/min. After the working face
passed the drilling (109.2m), the extraction rate was in the
attenuation period, and the extraction rate and mining
progress (time) decreased exponentially.

.e ground drilling No. 1 in the protective layer working
face 2371(1) is a type II drilling structure, with a total of 427
days of extraction and 542.54 million m3 of gas extraction.
Figures 3(b) and 3(c) show that the periodic variation be-
havior of “rising period, stable period, and decay period”
described previously is exhibited in this drilling system as
well. .e working face was 15.2m away from the No. 1
ground drilling system, the gas extraction concentration was
80%, and the extraction rate was 1.25–1.4m3/min, which is
the original coal extraction. When the working face was
7.5m away from the No. 1 well, the gas extraction con-
centration was 60%, the extraction rate was 6.85m3/min,
and the extraction rate was greatly increased, indicating that
the protected layer 13−1 coal was released.When the working
face was mined to the position of the No. 1 well on the
ground, the gas extraction concentration was 30%, the ex-
traction rate was 0.76m3/min, and the extraction concen-
tration of ground drilling was significantly lower.
Subsequently, the gas extraction concentration and extrac-
tion rate entered the rising period. When the working face
passed a drilling depth of 11.6m, the gas extraction con-
centration was 95% and the extraction rate reached
17.15m3/min. .e working face passed through the drilling
depths of 11.6–162.9m, and the extraction rate was in the
stable period. .e average gas extraction concentration was

85.8%, and the average extraction rate was 14.86m3/min.
After the working face passed the drilling depth of 162.9m,
the extraction rate entered the attenuation period, and the
extraction rate and working face progress (time) decreased
exponentially.

.e structures of the No. 1 wells on the ground of the
2662(1) working face and 2371(1) working face are different,
and the extraction time and amount are different, although
both follow the periodic pattern of the “rising period, stable
period, and decay period.” .erefore, after analyzing the
extraction of surface drilling in the Huainan mining area, it
was found that the typical characteristics of pressure relief
gas extraction by surface drilling follow the periodic pattern
of the “rising period, stable period, and decay period.”

3.3. Analysis of Gas Extraction by Multiple Ground Drilling
Systems in the Same Working Face. .e distance between
ground drilling and extraction of pressure relief gas in the
protective layer in the Huainan mining area is generally less
than 300m. .erefore, multiple drilling systems are
arranged in the same working face. As shown in Figure 4, a
total of five ground wells were arranged in the 1581(1)
working face, and the ground well spacing was 230–260m.
After the working face was recovered from the No. 1 surface
drilling system, the surface drilling extraction rate rose
rapidly by 21.08m3/min, and after a short stable period, it
entered a decay period. Before the working face mining to
No. 2 surface drilling, the surface drilling extraction rate was
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Figure 3: Diagram illustrating gas concentration and flow rate in gas extraction and pressure relief for typical single surface wells:
(a) protective layer working face 2662(1), (b) protective layer working face 2371(1), and (c) protective layer working face 2371(1) rising
period.
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attenuated to about 7m3/min, and the extraction volume of
the working face recovered rapidly to 27.74m3/min after the
surface drilling of No. 2 was recovered. .e extraction
process of surface drilling at different positions in the same
working face follows the periodic pattern of “rising period,
stable period, and decay period.”

Because of the different locations and times at which
surface drilling was conducted in the working face, the
extraction rates of multiple surface drilling systems in the
same working face were combined, the trend of the surface
drilling extraction rate increased, and the extraction rate
fluctuated with the position of surface drilling. When the
working face was close to No. 4 surface drilling, the extraction
volume decreased to 14.81m3/min. After the working face
was recovered from No. 4 surface drilling, the surface drilling
extraction volume rose rapidly to 58.38m3/min. After a short
stabilization period, it entered the decay period. No. 5 surface
drilling which was close to the retraction line of the working
face; the recovery progress of the working face slowed down,
the gas emission volume was reduced, and the combination
of multiple surface drilling extraction rates was not obvious.
In summary, when multiple ground drilling systems in the
same working face perform extraction concurrently, the
extraction rate of ground drilling increases with an increase
in the number of drilling systems extracting simultaneously,
and the extraction rate fluctuates with different ground
drilling positions.

3.4. Analysis of the Causes of Surface Drilling Extraction
Characteristics. In the mining process of the 11−2 coal
protective layer working face in the Huainan mining area,
the pressure relief gas extraction by surface drilling of the
13−1 coal protective layer was taken as an example for
analysis. .e influence of the mining-induced 11−2 coal
protective layer on gas extraction in the goaf of the 11−2 coal
face includes several main aspects. When the 11−2 coal
working face passed through the ground drilling, the ground
drilling system communicated with the 11−2 coal goaf, and

the air leakage in the goaf was large. With the 11−2 coal face
advancing, the ground drilling and 11−2 coal goaf gradually
compacted and the goaf air leakage was reduced and then
gradually stabilized.

To determine the influence of mining changes in the 11−2

coal protective layer working face on the 13−1 coal protected
layer, the expansion deformation rate of the protected layer
working face was studied as an evaluation index, as shown in
Figure 5. When the working face was 37.75m away from the
measuring point, the deformation rate of the 13−l coal seam
was 0. When the working face was 33.8m away from the
measuring point, the 13−l coal seam expanded and deformed.
When the working face was 0m away, the expansion defor-
mation rate of the 13−l coal seam was 7.2‰. When the
working face passed the measuring point of 16.3m, the ex-
pansion deformation rate of the 13−l coal seam was 28.5‰.
After that, the 13−l coal seam has contracted slightly, and when
the working face passed the measuring point of 66.45m, the
expansion deformation rate of the 13−l coal seam was 23.2‰.

Before the surface drilling of the 11−2 coal face in the
Huainan mining area, the protective layer of 13−1 coal
generally began to unload pressure. When the working face
passed through the ground drilling, the ground drilling
communicated with the goaf of the 11−2 coal working face,
the extraction volume was reduced, and the gas extraction
concentration was generally at its lowest value. With the
advancement of the 11−2 coal working face, the goaf of
ground drilling and the 11−2 coal working face was gradually
compacted, and the air leakage was gradually reduced. .e
expansion and pressure relief of the 13−1 coal protected layer
in ground drilling and the amount of desorbed gas both
increased, while the concentration and rate of gas extraction
entered the rising period. With an increase in the goaf
distance between the 11−2 coal face and the ground drilling,
the goaf of the 11−2 coal face during ground drilling was
basically stable. .e range of the fully pressure relief zone of
protected layer 13−1 extracted by ground drilling increased,
and the amount of ground drilling extraction entered a
stable period.
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Figure 4: Cooperative extraction of five surface wells in 1581(1) working face.
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When the distance between the working face of the
11−2 coal seam and the ground drilling goaf increased to a
certain range, the protected layer of 13−1 coal during
ground drilling gradually entered the recompaction area
from the fully depressurized area, and the gas content in
the fully depressurized area decreased significantly, and
the ground drilling pumping quantity entered the atten-
uation period. In summary, the periodic variation in the
surface drilling extraction is mainly affected by changes in
the mining of the protective layer working face. .e rate of
surface drilling extraction and the variation thereof are
affected by the mining progress of the protective layer
working face, mining height, degree of goaf compaction,
degree of pressure relief of the protected layer, original gas
content, and other measures for extraction of the protected
layer.

After the protective layer working face passes through
the drilling, the mined-out area is not fully compacted, and
the air leakage is gradually reduced. Gas drilling occurs in
the rising period, mainly manifested as an increase in the gas
extraction concentration and extraction rate. .e goaf of the
protective layer working face is fully compacted, and the
leakage is stable. Gas extraction by surface drilling occurs
in the stable or attenuation period. .e rate of gas ex-
traction by surface drilling is mainly determined by the
amount of pressure relief gas in the protective layer within
the range of influence of surface drilling in the stable or
decay period. In the range of influence of ground drilling,
the amount of pressure relief gas in the protected layer is
large, the gas extraction rate of ground drilling is stable,
the fluctuation is small, and the trend line of the fitting
curve is in a horizontal state, which represents the stable
period of gas extraction from ground drilling. In the range
of influence of ground drilling, the amount of gas released
by the protective layer decreases, and the rate of gas
extraction decreases.

.e main feature of the surface drilling extraction vol-
ume from the rising stage to the stable stage is that the gas

extraction concentration reaches a maximum. Simulta-
neously, the variation trend of the extraction volume is
considered. .e fluctuation of extraction quantity in the
stable period is small, the trend line of the fitting curve is in
the horizontal state, and the gas extraction concentration is
generally stable. .e stable period transitions to the decay
period mainly because the extraction volume begins to
decline, and the extraction volume and stopping schedule or
time in the decay period decrease exponentially.

4. Conclusions

(1) .rough the analysis of pressure relief gas flow and
extraction concentration of protected layer extrac-
tion by surface drilling in different working faces, it
was found that, after the protected layer working face
was pushed through the surface drilling, the gas
extracted by surface drilling showed a periodic
variation summarized as the “rising period, stable
period, and decay period.”

(2) When multiple ground drilling systems were used in
the same working face coordinate extraction, the
extraction rate is superimposed, and the extraction
rate increases with an increase in the number of
drilling systems. .e extraction rate fluctuated with
different ground drilling positions. .e extraction
rate was small before the working face was pushed
through ground drilling, and increased afterward.

(3) .e periodic variation in surface drilling extraction is
mainly affected by the mining progress of the pro-
tective layer working face, mining height, degree of
goaf compaction, degree of pressure relief of the
protected layer, original gas content, and other
protective layer measures. .e rate of gas extraction
by surface drilling is mainly determined by the
amount of pressure relief gas in the protective layer
within the influence range of surface drilling in the
stable or decay period.
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(4) .e main change from the rising period to the stable
period is that the gas extraction concentration rea-
ches the maximum value, considering the trend of
the extraction volume. .e main change from the
stable period to the attenuation period is that the
extraction rate begins to decline, and the extraction
rate in the decay period decreases exponentially with
the recovery progress or time.
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Under the mining condition of extrathick coal seam, the overburden moves violently, the surface is destroyed seriously, and the
discontinuous deformation such as cracks is fully developed. Taking Datong mining area as an example, this paper studies and
analyzes the development characteristics and generation mechanism of surface cracks in loose layer covered area and bedrock
exposed area by means of field measurement and similar model experiment. In the bedrock exposed area, there is no main crack.
)e width, length, number, and step drop of surface cracks are relatively small. )ere are many cracks with the same scale and
distributed evenly and parallel. However, in the loose covered area, the main cracks are mainly located above the open-off cut and
the stoppage line side that is deviated from the working face.)ere are many secondary cracks around the main crack, with a large
crack density and a few cracks in the outer edge of the main crack. )rough research, it is found that three mining faces belong to
the typical three-zone mining mode and the main fracture is consistent with the O-ring fracture distribution theory. )is
research’s results can provide theoretical and technical support for the follow-up land remediation and ecological restoration.

1. Introduction

Coal industry is closely related to sustainable development.
From the social, economic, and environmental aspects, it has
both positive and negative driving effects [1, 2]. Coal is a
widely distributed energy source in China, mainly concen-
trated in Xinjiang, Qinghai, Shaanxi, Inner Mongolia, Shanxi,
Henan, Hebei, Shandong, Jiangsu, Anhui, and other prov-
inces. )e mining of underground coal resources often leads
to large-scale overburden movement and surface subsidence.
According to the mining subsidence knowledge, the greater
themining thickness, themore serious the surface subsidence.
So, when mining the thick seam and extrathick seam, the
surface subsidence is the most serious. When the mining
thickness of the coal seam is thick or extrathick, the roof is
broken seriously. After the mining influence transmits to the
ground surface, cracks, collapse pits, landslides, and other
disasters are formed. As a result, the buildings in the mining

area are seriously damaged, the groundwater level is lowered,
the railway and highway are blocked, and the other secondary
geological disasters are produced [3–7].

)e mining of extrathick coal seam often causes dis-
continuous damage to the ground surface and then forms
the surface cracks [8, 9]. Up to now, some scholars at home
and abroad have studied the distribution law of surface
cracks after mining of extrathick coal seam [10, 11]. Due to
the large mining thickness, the failure height of overlying
strata can reach 200–350m with the mining of extrathick
coal seam under the hard roofs [12]. Gao et al. obtained the
surface subsidence prediction parameters and angular pa-
rameters of Dongpo coal mine and studied the surface
subsidence law and its particularity of fully mechanized top
coal caving mining in extrathick coal seam under the
conditions of near shallow buried depth and medium-thick
bedrock [13]. Guo et al. derived the calculation method of
surface mining crack width according to the basic
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characteristics of surface movement and surface limit de-
formation [14]. Gao et al. investigated and analyzed the
influence of hard rock crack in different layers on the surface
stress distribution under the mining conditions of extrathick
coal seam [15, 16]. Ma et al. used a variety of algorithms to
analyze the possibility of landslide caused by thick coal seam
mining [17, 18]. Guo et al. discussed the roof support
technology under the condition of fully mechanized mining
in hard overburden and extrathick coal seam [19]. Lan et al.
measured and analyzed the rock movement characteristics
of thick coal seam mining under the action of a thick hard
roof [20]. Chen et al. analyzed and studied the influence of
mining on the underground roadway under the condition of
10m mining height and constructed the safety evaluation
method [21]. Singh et al. studied the movement mode of
overburden under the condition of large mining height in
the mountainous area [22]. Huang et al. established the
prediction method of residual deformation in the mining of
extrathick and steeply inclined coal seam [23]. Wang and
Wang studied the movement law and control technology of
surrounding rock system under thick coal seammining [24].
Nayzar et al. analyzed the interaction effects in double
extrathick coal seams mining [25]. Matsui et al. studied the
underground mining systems for extrathick coal seams [26].

According to the above literature analysis, there are
many studies on the surface subsidence law and the dis-
tribution characteristics of mining cracks caused by the
mining of extrathick steeply inclined coal seams, but there
are few studies on the surface mining cracks of extrathick
near horizontal coal seams. )erefore, this paper takes a coal
mine in Datong City as the research object and uses similar
material model experiments to conduct in-depth research on
the distribution characteristics and formation mechanism of
surface cracks caused by the mining of extrathick near
horizontal coal seams.

2. Survey of Research Area

2.1. Geological and Mining Conditions of Research Area.
)e research area is located in a coal mine in Datong City,
with a design production capacity of 3 million Ton/year, and
the mining face is supported by suspended support. )is
mine adopts the strike longwall mining method to excavate
and the all caving method to manage the roof. )e recovery
rate is more than 80%. Coal seam 3 is mined in this study
area. )e buried depth of the coal seam 3 is 295∼380m, the
full thickness is 21.38∼28.01m, and the dip angle is about 3°.
)e overlying strata are mostly sandstone and mudstone.

)ree longwall working faces are mined, including
working faces 1505, 1506, and 1502 successively from south to
north. )e thickness of the coal seams of the three working
faces is 21.20∼32.43m.)e inclination angle of the coal seam is
about 3°. In China, when the thickness of the coal seam ismore
than 3.5m, it is a thick coal seam, and when the thickness of
the coal seam is more than 8.0m, it is an extrathick coal seam.
When the dip angle of the coal seam is less than 8°, it is a near
horizontal coal seam. So, these three working surfaces are
typical extrathick near horizontal seam mining. )e relative
position of those working faces is shown in Figure 1.

)e mining method of three working faces is fully
mechanized top coal caving. )e top view and cross-sec-
tional view of the caving situation are shown in Figure 2.

2.2. Measured Distribution Characteristics of Surface Cracks.
After the three working faces were mined in sequence,
various cracks occurred on the surface, as shown in Figure 3.

In Figure 3, the red thick curve represents the large crack
with the drop greater than 1m and the width greater than
20 cm, also known as the main crack; the blue thin curve
represents the crack with the drop less than 1m and the
width less than 20 cm, referred to as the small crack. It can be
seen from Figure 3 that the crack area is located around the
goaf, and the crack width and depth in different areas are
different. Working face 1502 is close to the mountain, the
mountain is steep, and the cracks on the mountain are
mainly tensile cracks. )e side near the mountain body of
working face 1502 is mainly exposed bedrock area, and the
north side is the mountain body. )e surfaces above the
working faces 1505 and 1506 are mainly covered by loess.
Compared with the loess area, the shape and distribution of
cracks in the bedrock exposed area are different.

2.2.1. Distribution of Surface Cracks in Loess-Covered Area.
Open-off cut side: In working faces 1505 and 1506, the crack
area appears above and outside the open-off cut along the
open-off cut direction. )e main crack strikes in the north-
south direction and is continuous along this direction.)ere
are two main cracks along the strike direction above the goaf
of 1505 working face (Figure 4(a)). )e length is 200–220m.
Two main cracks are located at the edge of the goaf, and
many small cracks are generated around the main crack
about 50m, which is consistent with the trend of the main
crack. )e length of small parallel cracks is 50–180m.

Stop mining line side: )e cracks at the stop line of
working faces 1505 and 1506 are located on the inner side of
the working face, and there are several similar cracks with
large lengths and widths. )ere are many small- and me-
dium-sized cracks at the stop line of working face 1505 near
the farmland, which have great density and complexity, and
seriously damage the farmland. A large area of stepped arc-
shaped cracks appeared at the stop line of working face 1506.
)e depth of the main crack is about 2.4m. )e distribution
of the cracks is regular.)ere are few cracks in the outer edge
of several main cracks.)e cracks are mainly close to the side
of the belt roadway, just above the mining area.

Above the goaf: )e middle part of the goaf of working
faces 1505 and 1506 showed overall collapse, there are large
cracks and many cracks of different sizes (Figure 4(b)). )e
distribution density of cracks is not uniform, the strike
direction is not consistent, and the damage degree is dif-
ferent. )rough field survey, the large-scale surface defor-
mation area of this type of goaf occurs within the boundary
of working face 130m. )e surface deformation is a typical
“cutting and caving form,” which shows that the defor-
mation of the upper part of the mining boundary and the
surrounding area is strong, and the deformation outside the
crack is greatly weakened (Figure 4(c)).
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2.2.2. Distribution Law of Surface Cracks in Bedrock Exposed
Area. In 1502 working face, the main crack appears in the
upward direction of the open-off cut near the mountain
(Figure 5). )e main crack is located in the bedrock exposed
area. Compared with the main crack in the loess area, the
width and drop of cracks are small. At the same time, the
length of other cracks is shorter than that in the loess area.
)e uphill direction of working face 1502 is the mountain.
)ere is no main crack in the mountain, but many parallel
cracks with the same scale and uniform distribution are
formed. In working face 1502, the terrain of the stoppage line
is gentle, and many medium cracks are evenly distributed.
With the generation of large cracks, there are few small
cracks.

3. Research Method

3.1. Experimental Model Making. )is simulation is limited
by the size of the model frame, only working faces 1505 and
1506 are simulated. )e comprehensive histogram of the
mining area is shown in Figure 6. According to the actual
geological and mining conditions of the mining area, a
similar material model of the dip section of the coal face is
established.

)e size of the experimental frame model is
2990mm× 1610mm× 250mm, the geometric similarity
constant of similar material model is 350, the similarity
constant of bulk density is 0.6, the strength ratio is 210, and
the time ratio is 20. )e measuring points are evenly
arranged on the surface of the model. )e two sides of the
observation points on the same floor are equally spaced by
5 cm, and other points are spaced every 10 cm in the middle
part. A total of six lines are arranged, from top to bottom as
A, B, C, D, E, and F, as shown in Figure 7. Line A is the
surface observation line, line B is arranged on the interface
between loose layer and bedrock, and lines C,D, E, and F are
placed on the bedrock of different layers.

3.2. Material Ratio. According to the similarity constant,
the parameters of model laying are calculated. Quartz
sand is selected as aggregate, and gypsum and lime
mixture is used as cementation material. Combined with
the bulk density and compressive strength of the simu-
lation material, the material ratio and model making are
carried out. Table 1 shows the geometric parameters and
proportioning parameters of similar material model
experiments.

3.3. ModelMining andObservation. After the completion of
the model, first mining working face 1505, and then mining
working face 1506, the subsidence is observed four times,
two times before mining, and the average value was taken as
the initial value, and once after the mining of working faces
1505 and 1506, respectively. )e accuracy of the observed
subsidence is higher than ±0.2mm.

4. Results and Discussion

4.1.DistributionLaws ofMiningCrack. After the mining, the
upper roof collapsed and a large range of collapse occurred.
)e width of the caving zone was 540mm and the height was
432mm. )e height of the caving zone was about 5∼6 times
the coal thickness.)e height of the fracture zone is 220mm,
and the bending zone reaches the ground surface. )ere are
three kinds of mining affected zones in overlying strata,
including caving zone, fracture zone, and bending zone,
which is a typical “three-zone” model.

After the mining of working faces 1505 and 1506, cracks
appear on the left and right sides of the goaf. On the left, a
large crack appears just above the open-off cut of working
face 1505 (such as crack 2 in Figures 8 and 9). With the
passage of time, the crack gradually becomes larger and
forms the main crack. )e depth of the main crack runs
through the whole loose layer and reaches the bedrock
surface. )e width of the main crack is consistent with the

(a) (b) (c)

Figure 4: Morphology of surface cracks in loess-covered area. (a) Surface cracks near the boundary of goaf (main crack). (b) Crack right
above the middle of goaf. (c) Crack near the surface movement basin margin.
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measured situation and finally forms the step shape shown in
crack 2. At the side where the large crack is far away from the
goaf, some small cracks (such as crack 1) are gradually
produced, and the distance between the outermost crack of
the goaf and the large crack is 328mm.

On the right, two cracks also appear on the side of the
1506 working face that deviates from the working face
(such as crack 3 and crack 4). )e main characteristics of
the cracks on the right side of the goaf are that the distance
between the outermost crack and the crack above the
mining boundary is 231mm. With the gradual transfer of
overburden movement to the surface, both sides of the
surface main crack (crack 3) above the mining boundary
of working face 1505 gradually subsided and moved, and
the subsidence difference on both sides of the crack
gradually increased and finally formed a bench crack with
a drop of 1.5m. )e maximum width of crack 3 is 2.1 m,
and the final depth of crack 3 is 140m. It is quite different
from the general mining subsidence studies or the
maximum depth of cracks measured in other areas
(generally less than 10m). )e main reason is that the
lithology of overburden rock in the study area is hard and
sudden subsidence occurs in the mining process, resulting
in the surface deformation rate is large, thus forming
cracks throughout the loose layer. )ere are cracks on
both sides of the goaf, and the development morphology
and geometric characteristics of the cracks are basically
consistent.

Overall, the above mining face belongs to the typical
three-zone mining mode. )e main fractures are mainly
distributed near the edge of the goaf, which is consistent with
the O-ring fracture distribution theory.

4.2. Reasons for the Difference of Crack Development in Dif-
ferent Surface Coverage Areas. )e distribution of surface
fractures is consistent with the O-ring theory. According to
the O-ring theory, after mining, the fractures are mainly
distributed around the goaf, similar to the O-shape circle.
However, in different geotechnical coverage areas, the de-
velopment rules of surface cracks are different.

(1) )e cracks in the loess-covered area are fully de-
veloped, with various types and different laws. )e
reasons are as follows:

(a) In the loess-covered area, the loess structure is
soft and has significant anisotropy. Due to the
existence of loess, it is equivalent to softening the
overlying layer.

(b) )e mechanical strength of resistance to tensile
deformation, resistance to compression defor-
mation, and resistance to bending deformation is
very low. In particular, the tensile deformation
resistance is very weak. When the tensile de-
formation capacity of the ground surface exceeds
2-3mm/m, the ground surface will be broken
and cracks will appear. So, the surface cracks in
the loess-covered area are fully developed, with
both large and small cracks.

(c) At the same time, the vertical joints in the loess are
fully developed, and vertical cracks are easily
formed after being disturbed bymining. Due to the
development of vertical joints in the loess and the
soft shear resistance, large vertical cracks of the cut-
off type are easily formed in the loess above the
cracks in the bedrock surface; and around the large
cracks, the loess has a very weak tensile defor-
mation resistance. )erefore, many small irregular
cracks are formed around the large crack.

(2) Compared to the loess-covered area, the cracks in the
bedrock exposed area are relatively small but have
strong regularity. )e reasons are as follows:

(a) )e bedrock in the bedrock exposed area is di-
rectly exposed on the ground surface without
loose layer covering. Compared with the loess-
covered area, the overlying rock is generally
stronger in lithology, and the bedrock has
stronger resistance to deformation. )erefore,
the number of surface cracks in the bedrock
exposed area is small, the width is small, and the
depth is shallow.

(a) (b)

Figure 5: Morphology of surface cracks in bedrock exposed area.
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Figure 7: Experimental model and measuring point layout.
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(b) )e generation of cracks in the bedrock mainly
develops along the weak surface of the rock
mass. Because the distribution of weak sur-
faces in the rock body has a strong regularity
overall, the distribution of the cracks in the
bedrock also has a strong regularity. After the
cracks are exposed on the surface, they also
have strong regularity; there are many cracks
with the same scale and distributed evenly and
in parallel.

5. Conclusion

Based on the analysis of the existing and measured data of
the extrathick coal seam in the Datong mining area, com-
bined with the similar material model test research, the
following main conclusions are drawn.

(1) )ree mining faces belong to the typical three-zone
mining mode. )e main fracture is consistent with
the O-ring fracture distribution theory.

(2) In the loess-covered area, cracks are fully developed.
)e main cracks are mainly located above the open-
off cut, outside of the open-off cut and the stoppage
line side that is deviated from the working face.)ere
are many secondary cracks around the main crack,
with a large crack density and few cracks in the outer
edge of the main crack.

(3) Compared with the loess-covered area, the width,
length, number, and step drop of surface cracks in
the bedrock exposed area are smaller. )ere is no
main crack, and there are many cracks with the same
scale and distributed evenly and in parallel.
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Table 1: Material ratio table of model test.

Rock stratum Layer thickness (mm) Material ratio Sand (kg) Lime (g) Gypsum (g) Water (ml) 7% calculationSand : lime : gypsum
1 Loose layer 150
2 Sandy mudstone 540 120 : 4 : 6 536.3 17876.9 26815 40670
3 Fine sandstone 105 40 : 3 : 2 107.6 5377.8 8067 8470
4 Coal seam 60 20 : 3 : 7 19.5 1200.0 300 1470
5 Sandy mudstone 250 120 : 4 : 6 248.4 8280.0 12420 18837
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Figure 8: Crack distribution and overburden failure map of model mining.
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Figure 9: Local enlarged map of surface crack distribution.
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In order to achieve the goal of ecological restoration, plant irrigation, and water retention in the external dump of open-pit coal
mine in the arid desert area, it is proposed to use the mudstone in the stripped material to reconstruct the surface aquiclude and
improve the water holding capacity of the topsoil. By taking the Hongshaquan Open-Pit Coal Mine as the study object, the red
mudstone of mining level +650 was selected as the topsoil aquiclude material through the geological survey. XRD diffraction
experiments are used to determine the composition of red mudstone including kaolinite mineral, quartz, potash feldspar, albite,
and illite. 'e moisture content of the red mudstone is 4.16% as measured by the indoor drying experiment. And the particle size
of 0.5mm, 1mm, and 2mm and the thickness of 5 cm, 10 cm, and 20 cm rock samples were selected to conduct the indoor soil
column experiment. 'ree indicators of initial infiltration rate, stable infiltration rate, and average infiltration rate were obtained
according to the analysis and calculation of the water column drop rate, wet peak drop rate, and cumulative infiltration rate so that
the permeability law and coefficient of each group of tests can be known. 'e finite element transient analysis theory and
numerical simulation method were adopted to verify the results of physical experiments.'e research results show that +650 level
redmudstone has a strong antiseepage ability, and the smaller the particle size, the better the antiseepage performance. For 0.5mm
and 2mm particle sizes, as the paving height increases, the water-proof effect is better. 'e laying height of 1mm particle size has
no obvious influence on the water barrier effect. 'e physical simulation was confirmed to have the same result trend as the
numerical simulation, both of which are quadratic functions with the error within a reasonable range.

1. Introduction

In the process of open-pit coal mining, a large amount of
topsoil and stone is removed and an empty site is needed for
disposal, which damages the original terrain of the mining

area and leads to the deterioration of soil and regional
ecological environment. 'erefore, it is of great significance
to carry out mine land reclamation and ecological resto-
ration in the process of mining and after mine closure [1]
(Ma et al. 2017). Especially for the arid desert areas, as it has
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the characteristics of less rainfall and large evaporation,
combined with the impact of open-pit mining on the terrain
structure, the topsoil structure of the dump site has a loose
structure, strong permeability, poor water retention ca-
pacity, and large irrigation water requirements. Hence, it is
necessary to study the permeability law and parameters of
water barrier reconstruction for maintaining the ecological
restoration, irrigation cycle, and water consumption in the
open-pit mine of the arid area.

Under natural conditions, the soil profile in the stratum
has a layered structure, which can maintain certain infil-
tration characteristics and rate. 'e external dump material
of open-pit mine is made of loose material such as rock,
mudstone, and sandstone, which has large porosity and
strong water permeability between materials. In addition,
due to the low rainfall and large evaporation in the mining
area, there is no groundwater in the lower part of the
reconstructed external dump. Only a small part of the water
is absorbed by plants, most of the irrigation water is lost
along the vertical direction of the external dump, and it has
poor water function to maintain plant growth, which is easy
to cause water loss in topsoil prematurely, seriously affecting
plant growth or increasing irrigation water consumption.

According to the structural characteristics and principle
of the vadose zone, the water barrier is reconstructed inside
the external dump to reduce or prevent the vertical infil-
tration of atmospheric precipitation and irrigation water. In
line with the phreatic impact layer, a stagnant water layer is
formed on the upper part of the water barrier. 'e water
layer allows the water blocked by the water barrier layer to
rise along the soil pores through capillary action, as a result,
capillary water supply from stagnant water layer to plant
root. 'e structure is shown in Figure 1.

'ere are several studies related to the reconstruction of
the aquifer at home and abroad. Some scholars obtained the
variation curve of permeability coefficient with time through
variable head experiment and carried out a feasibility analysis
for the error [2–6] (Ma et al., 2020; Wang, 2019; Zhao et al.,
2018; Li et al., 2016; and Cao et al., 2010). Based on the ex-
periment of bentonite and nonbentonite, Chen et al. (2010)
and Bojana (2009) concluded that there is an obvious rela-
tionship between water conductivity and soil properties [7, 8].
By studying the permeability change of the coal seam under
the action of plastic flow, Guo et al. (2019, 2020) obtained the
relationship between the permeability and the relative re-
sidual strain and the influence coefficient of the confining
pressure [9, 10]. Burger et al. (2001), Niu et al. (2009), Robert
et al. (2004), and Aubertin et al. (2003) obtained equations
that are more suitable for experiments by modifying and
optimizing theoretical equations [11–14]; Zhu et al. (2014),
Zhang et al. (2013), and Robert et al. (2001) discussed the
experimental methods of different soil permeability coeffi-
cients, determined the error range through comparative ex-
periments, and summarized the error sources to determine
the appropriate functional relationship [15–17].

In order to provide a theoretical foundation for realizing
ecological restoration of external dump and topsoil water
conservation in the open-pit mine of arid areas, the red
mudstone of mine level +650 from the Hongshaquan open-

pit coal was taken as the research object. 'e physical soil
column experiments and numerical simulation were
adapted to explore the permeability coefficient and per-
meability law of the red mudstone.

2. Project Overview of Hongshaquan Open-Pit
Coal Mine

2.1.9e Environment of Mine Area. Hongshaquan Open-Pit
Coal Mine is located in the southeast of Junggar Basin. It
belongs to the temperate continental climate, and the annual
average temperature is 5.5°C. 'e annual average precipi-
tation is 269.4mm, and summer generally accounts for
40–50% of the total annual precipitation; spring and autumn
are nearly equivalent, each accounting for 20–30%, the
winter precipitation is the least, accounting for less than 10%
of the annual precipitation. 'e evaporation capacity is
2141mm, the annual average wind period is about 100 d, and
the wind speed is generally 3∼ 4m/s. Low rainfall, large
evaporation, and frequent winds resulting from the surface
water storage around the stope and dump are scarce, while
the irrigation water demand is large. Figure 2 shows the
exterior view of the external dump site of the Hongshaquan
Open-Pit Coal Mine.

2.2. Selection of Mudstone Antiseepage Materials. As the
open-pit mine is located on the northern edge of the eastern
part of the Junggar Basin, the exposed strata such as Pa-
leozoic Carboniferous and Permian, Mesozoic Triassic and
Jurassic, Neogene of Cainozoic and the fourth series, and the
Paleozoic strata constituting the base of the Mesozoic strata
were included.

By geological surveys, it is found that the rock of
mining level +650 on the east side of the stope has good
physical and chemical properties of mudstone (Figure 3).
'e mudstone belongs to the Shishugou Group of the
Middle-Upper Mesozoic Jurassic System (J2-3sh). Its li-
thology is variegated fluke-lacustrine facies. 'e upper
subgroup mainly consists of red argillaceous siltstone,
mudstone intercalated with sandstone. 'e lower sub-
group mainly consists of green argillaceous siltstone,
mudstone, and silicified wood. And the storage is abun-
dant, with a thickness of 116m–900m.

In order to furtherly confirm the mineral composition
content of mudstone, XD-3X-ray diffractometer was used to
perform XRD diffraction experiments on the rock samples.
First grinding the granular solid into powder with a mortar,
then pouring the clean powder sample into the center of a
clean sample pan, covering with a clean iron sheet to make
the surface of the sample flat, and finally entering the test
parameters with the scanning angle from 0 to 90°, scanning
speed of 4°/min, working voltage of 36 kV, and electric
current of 20A, the XRD experimental map shown in
Figure 4 is obtained.

It can be seen from Figure 4 that the peak intensity of the
curve has obvious peaks④ and⑤ when the 2θ is 27.5° and
29°. 'e diffraction peaks①,⑥, and⑦ are illite,② and③
are quartz, and the diffraction peaks ④ and ⑤ are the
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diffraction peaks of potassium feldspar and albite, respec-
tively. Due to the presence of potash feldspar and albite in
mudstone, the mudstone is reddish-brown.

Considering that there may be other impurities in the
rock sample which may interfere with the results of the
XRD diffraction experiment, the known identified
minerals are reconfirmed. 'e rock samples were cal-
cined at different high temperatures, and the XRD dif-
fraction experiment was continued. 'e treatment
temperature was 300°C, 500°C, and 800°C, and the cal-
cination time was 30 minutes. 'e comparison chart is
shown in Figure 5.

'e comparison of the experimental results shows that
the diffraction peaks ⑤ and ⑥ of the rock sample have a
tendency to weaken after the high temperature calcination
treatment at 800°C; especially the diffraction peak ⑥
weakens more significantly, and it is indicated that potash
feldspar and albite will gradually disappear after high
temperature treatment. 'e diffraction peak ② has no
change in the peak after high temperature treatment; it is

indicated that the crystal plane distance remains un-
changed after high temperature treatment. 'is peak
indicates that the mineral is illite. 'us, the final mineral
composition is kaolinite mineral, quartz, potash feldspar,
albite, and illite.

3. Soil Column Experiment on Seepage Control
Law of Mudstone in Water Isolation Layer

3.1. Experiment Preparation

3.1.1. Seepage Test Materials. To explore the permeation law
of different material parameters, particle size and thickness are
key influence factors to be considered. By crushing and sieving
repeatedly, the experimental materials were sorted into 9
groups of soil columns with three different particle sizes of
0.5mm, 1mm, and 2mm and different heights of 5 cm, 10 cm,
and 20 cm [18]. 'e experimental material packing density
parameters are shown in Table 1. After the drying experiment,
the initial soil moisture content was 4.16%.

Figure 2: 'e location and external dump site of Hongshaquan open-pit mine.

Topsoil layer

Water barrier
Dry layer

Cushion layer

Basal layer

Stagnant water layer
Capillary water zone

Figure 1: Schematic diagram of aquiclude reconstruction of the external dump.
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Figure 3: On-site rock sample collection.
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3.1.2. Equipment Required for Soil Column Experiment.
'e experiment requires a plexiglass tube with an inner
diameter of 14 cm and height of 50 cm; 3L beaker; 200 mesh
geo-sieve of 0.25mm, 0.5mm, 1mm, 2mm, and 5mm;
crusher; geo-hammer; material basket; tamping pestle; filter
paper; gauze; red and blue ink; scale bars; and so forth.

3.2. Experimental Principle of Soil Column Based on Variable
HeadMethod. 'e infiltration performance of soil water can
be described by soil physical characteristic parameters. In
this paper, through the analysis and calculation of the water
column drop rate, wet peak drop rate, and cumulative in-
filtration rate, three indicators of initial infiltration rate,
stable infiltration rate, and average infiltration rate are
obtained. Among them are the following:

(1) 'e initial infiltration rate:
'e initial infiltration rate refers to the ratio of the
drop height of the liquid level to the time within the
first 6 hours:

v0 �
h1

6
, (1)

where v0 is the initial infiltration rate, cm/h, and h1 is
the height change corresponding to the first 6 hours,
cm.

(2) 'e stable infiltration rate:
'e stable infiltration rate refers to the ratio of the
drop height of the wet peak to the time during the
stable water penetration period.

v1 �
h3 − h2

t3 − t2
, (2)

where v1 is the stable infiltration rate, cm/h; h2 and
h3 are the height at the beginning and ending of
stable infiltration, cm; t2 and t3 are the time of
stable infiltration and the time to end the stable
infiltration, h.

(3) 'e average infiltration rate:

'e average infiltration rate is the ratio of the cumulative
infiltration amount to the time used from the beginning of
the test to the end of the test:

v2 �
hz

tz

, (3)

where v2 is the average infiltration rate, cm/h; hz is the total
height, cm; and tz is the total time of infiltration, h.

3.3. Seepage ExperimentMethod. 'e constant head method
of the indoor permeability test is suitable for sandy soil and
noncohesive soil with a small amount of gravel, and the
variable head method is suitable for silt and cohesive soil
[19]. 'e experiment was carried out in a closed laboratory
without natural light, so the effect of evaporation was not
considered. As the mudstone used has a strong antiseepage
ability, the variable head method should be adopted for the
permeability test with one-time adding water for simulating
field irrigation. After the water level is stabilized, the infil-
tration rate of different particle sizes and heights can be
calculated to determine the antiseepage effect by observing
the height change of the water column, the distance of the
wet peak migration, and the cumulative infiltration volume.

'e sieved particles are added to a plexiglass column
with an inner diameter of 14 cm and a height of 50 cm for
filling.'e bottom of the soil column needs to be added with
gauze to prevent mudstone from clogging the mesh. Filter
paper is added above the mudstone to relieve the impact of
water during the water addition process. 'e experimental
principle and device are shown in Figure 6. Measure the
change of the wet peak, water column level, and water depth
of the beaker which is also the cumulative infiltration vol-
ume. After the experiment, the results are processed. 'e
corresponding curves of the wet peak, liquid level, and water
depth of the beaker with time are shown in Figure 7.

'e water depth of the test beaker can be converted into
the cumulative infiltration amount in line with the size of the
beaker. According to Figures 7(c) and 7(f ), it can be seen that
the 0.5mm/20 cm and 1mm/20 cm schemes never seeped or
seeped rarely during the experiment, showing that the
antiseepage effect of the two experimental schemes is ex-
cellent, and the cumulative infiltration amount has nothing
to do with time. For the other 7 groups of experimental
results obtained in Figure 7, the cumulative infiltration
volume and time curve under different particle sizes and
heights are summarized as shown in Figure 8.'e horizontal
axis of the fitting curve in this paper is the time, the vertical
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Figure 5: Comparison of XRD diffraction experiments at different
temperatures.

Table 1: Experimental material density.

Size (mm)
Height (cm)

5 10 20
0.5 1360 kg/m3 1400 kg/m3 1327 kg/m3

1 1093 kg/m3 1067 kg/m3 1047 kg/m3

2 1000 kg/m3 1140 kg/m3 1033 kg/m3
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Figure 6: Experimental principle and device diagram.
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Figure 7: Curve of the relationship between wetting front, liquid level, water depth of beaker, and time: (a) 0.5mm/5 cm seepage curve of soil
column experiment. (b) 0.5mm/10 cm seepage curve of soil column experiment. (c) 0.5mm/20 cm seepage curve of soil column experiment.
(d) 1mm/5 cm seepage curve of soil column experiment. (e) 1mm/10 cm seepage curve of soil column experiment. (f) 1mm/20 cm seepage
curve of soil column experiment. (g) 2mm/5 cm seepage curve of soil column experiment. (h) 2mm/10 cm seepage curve of soil column
experiment. (i) 2mm/20 cm seepage curve of soil column experiment.

6 Advances in Civil Engineering



axis is the cumulative infiltration volume, and its slope is the
infiltration rate.

Since mudstone has strong disintegration, the seepage
process can be divided into two stages shown in Figure 9.
'e first stage is the stage of water absorption, expansion,
and disintegration of mudstone. It takes various times for
mudstones of different particle sizes and thicknesses to
disintegrate. 'e second stage is after the completely dis-
integrated mudstone reaches a saturated state; it begins to
enter the infiltration stage. 'erefore, the permeability co-
efficient at the initial stage is unstable. Due to the charac-
teristic relationship of the permeability, the initial
disintegration stage of the experimental results of Figure 8 is
pretreated as shown in Figure 10.

As shown in Figure 10, the relationship between the
cumulative infiltration volume and time meets the growth
trend of the quadratic function curve, and the growth rate is
from fast to slow, and then tends to be linear. 'e fitting
function can be listed in Table 2.

3.4. Physical Experiment Data Processing. According to
formulas (1)–(3), the initial infiltration rate, stable infiltra-
tion rate, and average infiltration rate were calculated by
combining the wet peak height, liquid level height, and
cumulative infiltration volume of each group of experi-
ments. 'e results are shown in Table 3.

'e average infiltration rate corresponding to each
particle size and height is fitted to form a three-dimensional
surface diagram shown in Figure 11.'e relationship among
the average infiltration rate, the particle size, and height is
obtained:

f(x, y) � p00 + p10x + p01y,

p00 � − 0.03056 ∈ (− 0.0519, 0.009214),

p10 � 0.07762 ∈ (0.06552, 0.08972),

p01 � − 0.0006667 ∈ (− 0.001877, 0.0005433),

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where f (x, y) is the average infiltration rate of permeability
coefficient, x is the particle size of mudstone, in mm; and y is
the height of laying mudstone, in cm.

It can be seen from Figure 11 that the average infiltration
rate of rock samples gradually increases with the increase of
mudstone particle size and gradually decreases with the
increase of paving thickness. 'e higher the average infil-
tration rate, the stronger the permeability, and the worse the
antiseepage effect. 'at is, the smaller the mudstone particle
size and the thicker the soil layer, the better the antiseepage
effect.

4. Numerical Simulation Method of
Mudstone Permeability

4.1. Principles of Transient Analysis. In the physical exper-
iment of mudstone permeable soil column, water is added
once, and related variables are measured at certain time
intervals. It is the basic point to define the initial total head
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on all nodes. 'e two-dimensional seepage control differ-
ential equation using the transient analysis method can be
expressed as

z

zx
kx

zH

zx
  +

z

zy
ky

zH

zy
  + Q �

zθ
zt

, (5)

whereH is the total head; Kx is the permeability coefficient in
the x direction; Ky is the permeability coefficient in the y
direction; Q is the imposed boundary flow; θ is the water
content per unit volume; and t is the time.

'e change of volumetric water content depends on the
change of stress state and the properties of soil. Both sat-
urated and unsaturated stress states can be expressed by two
state quantities σ− ua and ua − uw [20–22], where σ is the
total stress, ua is the atmospheric pressure in the pore, and
uw is the pore water pressure.

It is assumed that, for transient problems, the atmo-
spheric pressure of the pore is kept at constant atmospheric
pressure; that is, (σ− ua) remains unchanged [23, 24] and has
no effect on the change of water content per unit volume.
'erefore, the change of water content per unit volume only
depends on (ua − uw). When ua remains unchanged, the
water content per unit volume is only a function of water
pressure. 'e relationship between water content per unit
volume and pore water pressure is

zθ � mwzuw, (6)

where mw is the slope of the water storage curve.
'e total head H is defined as

H �
uw

cw

+ y, (7)

where uw is the pore water pressure; cw is the bulk density of
water; and y is the elevation.

Substituting formulas (6) and (7) into formula (5), we
can get

Table 3: Summary of experimental data processing results.

Size (mm) Height (cm) Type
Infiltration rate cm/h

Initial Stable Average

0.5

5
Wet peak 0.43 0.07 0.14
Liquid level 0.17 0.02 0.02
Cumulative 0 0.01 0.01

10
Wet peak 0.38 0.08 0.09
Liquid level 0.12 0.02 0.03
Cumulative 0 0.02 0.01

20
Wet peak 0.67 0.11 0.14
Liquid level 0.12 0.04 0.04
Cumulative 0 0 0

1

5
Wet peak — — —
Liquid level 0.28 0.03 0.04
Cumulative 0 0.02 0.03

10
Wet peak — — —
Liquid level 0.42 0.03 0.04
Cumulative 0 0.02 0.03

20
Wet peak 1.9 0.11 0.33
Liquid level 0.33 0.05 0.08
Cumulative 0 2.12 0.03

2

5
Wet peak — — —
Liquid level 0.55 0.08 0.14
Cumulative 0.8 0.06 0.13

10
Wet peak — — —
Liquid level 0.38 0.13 0.15
Cumulative 0.63 0.06 0.12

20
Wet peak — — —
Liquid level 0.2 0.06 0.09
Cumulative 0.17 0.11 0.11
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Figure 11:'e average infiltration rate varies with the height of the
particle size.
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z

zx
kx

zH

zx
  +

z

zy
ky

zH

zy
  + Q � mwcw

z(H − y)

zt
. (8)

Since the elevation is a constant, the derivative of y with
respect to time is 0, and finally, the governing equation used
in the finite element formula is [25–27]

z

zx
kx

zH

zx
  +

z

zy
ky

zH

zy
  + Q � mwcw

zH

zt
. (9)

'eGalerkin method with weighted margin is applied to
the governing equation, and the finite element format of the
two-dimensional seepage equation can be obtained:

τ  A [B]
T
[C][B] dA H{ } + τ  A λ<N> T <N> dA H{ },

t � qτ  L <N> T
 dL,

(10)

where [B] is the gradient matrix; [C] is the element per-
meability coefficient matrix; {H} is the nodal head vector;
<N> is the interpolation function vector; q is the unit flow
across the element boundary; τ is the element thickness; t is
the time; λ is the storage item, which is equal to mwcw for
transient seepage; A is the sum sign on the unit area; L is the
sum sign on the unit boundary length.

In the case of axisymmetric, the complete hoop distance
is 2πR. Since it is derived for 1 radian, the equivalent
thickness is R. 'erefore, the finite element equation in the
case of axisymmetric is [28–30]

 A [B]
T
[C][B] dA H{ } +  A λ<N> T <N> dA H{ },

t � qτ  L <N> T
 dL.

(11)

In the two-dimensional analysis, the thickness τ is dif-
ferent, the radial distance R in an element is not a constant,
and R is variable in the integrand, so the finite element
seepage equation can be simplified as

[K] H{ } +[M] H{ }, t � Q{ }, (12)

where [K] is the unit characteristic matrix; [M] is the unit
mass matrix; and {Q} is the flow vector imposed on the unit.

'e finite element solution of transient analysis is a
function of time, and the time integration can be completed
by the finite element difference approximation method. 'e
finite element equation is written according to the finite
difference to obtain the following equation:

(ωΔt[K] +[M]) H1  � Δt((1 − ω) Q0  + ω Q1 

+([M] − (1 − ω)Δt[K]) H0 ,

(13)

where t is the time increment; ω is a coefficient between 0
and 1; H1 is the water head at the end of the time increment;

H0 is the water head at the beginning of the time increment;
Q1 is the node flow at the end of the time increment; and Q0
is the node flow at the beginning of the time increment.

4.2. Mudstone Seepage Law Based on Numerical Simulation.
Firstly, by selecting the transient analysis, the duration was
set as the experimental time, and the appropriate number of
steps and soil parameters was set in the meantime. And the
different model heights of 5mm, 10mm, and 20mm for the
same particle sizes were established with the ratio of 1 :10.
'en, according to the experimental results of the soil
column, the permeability coefficient kT of each group of
schemes can be calculated by [3, 7]

kT � δ
aL

A t2 − t1( 
log

H1

H2
, (14)

where a is the cross-sectional area of the variable head tube,
cm2; A is the sample area, cm2; δ is the conversion factor of
ln and log, δ � 2.3; L is the height of permeation diameter of
the sample, cm; t1 and t2 are the start and end time of the
measured water head, h; H1 and H2 are the start and end of
water head height, cm.

According to the physical experiment data, the corre-
sponding heights of mudstones with different particle sizes
and different heights can be obtained by formula (14); they
are shown in Table 4.

Secondly, the boundary conditions were set for the
model.'e head boundary function was adapted at the top
of the model, the boundary conditions of zero total flow
for the two sides, and the boundary conditions of zero
pressure head for the bottom, as well as a flow monitoring
line at the bottom. By Taking 0.5 mm particle size as an
example, the total head stress cloud diagram at different
soil layer thicknesses is shown in Figure 12. 'e perme-
ability decreases approximately linearly in line with the
thickness of the clay layer increases. According to the
simulation calculation of different higher transient water
levels, a transient head-time-seepage flow relationship
table is listed in Table 5. As the transient head drops,
seepage flow increases with the accumulation of time. 'e
change rate of seepage flow presents a phenomenon of
starting at a slow speed, and then from fast to slow, finally
tending to be stable.

Based on the data obtained from the numerical simu-
lation results, a scatter plot of each program can be drawn as
Figure 13. 'e curve of time and cumulative infiltration
volume obtained by numerical simulation has the same
trend as the results of the soil column physical simulation
(Figure 10), and both are quadratic: the initial growth rate is
fast and then tends to be linear. Similarly, the fitting function
that can obtain the numerical simulation results is shown in
Table 6.

It can be seen that the simulation results of 0.5 mm
and 1mm rock samples have the same trend as the ex-
perimental results, and the error is kept within the error
range.
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Table 4: 'e corresponding k value of each group of experiments.

Size/mm
Height/cm

5 10 20
0.5 0.0105 0.015 0.014
1 0.015 0.021 0.029
2 0.044 0.081 0.154
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Figure 12: Numerical simulation total water head stress cloud diagramwith different thickness and 0.5mmat different times: (a) 0.5mm/5 cm soil
column pressure head at different times. (b) 0.5mm/10 cm soil column pressure head at different times. (c).5mm/20 cm soil column pressure head
at different times.

Advances in Civil Engineering 11



5. Results and Discussion

(1) During the period of soil column experiment, there is
no visible seepage of water from particle size 0.5mm
with height 20 cm and particle size 1mm with height
20 cm, which proves that it has good antiseepage
performance.

(2) Due to the disintegration characteristics of mudstone
in the seepage process, the small particle size
mudstone disintegrates quickly, and the particle size
is further reduced after disintegration, resulting in a
denser soil structure. As the thickness increasing, the
soil column does not seep out of water, which is one
of the important factors affecting the permeability
effect.

(3) For mudstone with a small particle size, since its
particle size is small, the degree of disintegration is
also small, so the change of its liquid level is fast and
then slow to a constant speed until the seepage is

complete. After the particle size increases, the degree
of disintegration also increases. For the particle size
of 2mm with a height of 5 cm, the water is com-
pletely permeated due to the small height; for the
particle size of 2mm with a height of 10 cm, the
water is not permeated.

(4) In addition to disintegration, water absorption also
has a certain impact on the experimental process.
Particle size and height are positively correlated with
water absorption, so the mudstone of 2mm with a
height of 20 cm seeps less water, and most of it is
absorbed.

6. Conclusion

(1) 'e particle size is negatively correlated with the
infiltration effect, and the influence of mudstone
paving thickness on the infiltration effect shows a
certain difference. 'e paving height under the

Table 5: Transient head-time-seepage flow relationship.

Number
Transient head/cm Time/h Seepage flow/m3

5 cm 10 cm 20 cm 5 cm 10 cm 20 cm 5 cm 10 cm 20 cm
1 15.4 13.8 10.5 0 0 0 0 0 0
2 12.1 10.7 9.0 50.6 48 29.5 0.0018 0.0021 0.0008
3 10.5 8.5 7.7 101.3 105 59.14 0.0034 0.0042 0.0017
4 9.4 6.7 7.1 152 151 88.7 0.0048 0.0058 0.0024
5 8.6 5.4 6.5 202.6 196 108.42 0.0061 0.0072 0.0030
6 7.8 4.2 5.1 253.3 250 138 0.0074 0.0086 0.0037
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Figure 13: Numerical simulation cumulative infiltration volume and time relationship curve.

Table 6: Numerical simulation fitting function.

Size/mm
Height/cm

5 10 20
0.5 y � − 2 × 10− 8x2 + 3 × 10− 5x + 9 × 10− 5 y � − 3 × 10− 8x2 + 4 × 10− 5x + 6 × 10− 5 —
1 y � − 7 × 10− 8x2 + 7 × 10− 5x − 2 × 10− 5 y � − 4 × 10− 8x2 + 6 × 10− 5x + 3 × 10− 5 —
2 y � − 7 × 10− 7x2 + 2 × 10− 4x + 6 × 10− 5 y � − 8 × 10− 7x2 + 2 × 10− 4x + 6 × 10− 5 y � − 4 × 10− 7x2 + 3 × 10− 4x − 5 × 10− 7
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condition of particle size of 0.5mm and particle size
of 2mm is negatively related to the average infil-
tration rate. However, the thickness of 1mm particle
size has little effect on the antiseepage effect.

(2) 'e relationship among the average infiltration rate,
height, and particle size is obtained by fitting. 'e
average infiltration rate is proportional to the particle
size, inversely proportional to the laying height, and
inversely proportional to the water barrier effect; the
higher the average infiltration rate, the worse the
water barrier.

(3) 'e cumulative infiltration volume is in a quadratic
function relationship with time. 'e infiltration rate
gradually decreases with the increase of time and
then tends to be linear.

(4) 'e permeability coefficient calculated by physical
experiment is used for numerical simulation, the
obtained seepage curve can better restore the process
of physical simulation, the results show a quadratic
function growth, and the error is within a reasonable
range.
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Based on the newly developed sinking headframe for the deep and large shaft, the finite element model of the full-scale headframe
was established by using SAP2000. /rough the calculation, the theoretical stress of the headframe at sinking depths of 40m,
143m, 223m, 518m, 762m, 1000m, 1250m, and 1503m was obtained and then compared with the field measured stress. /e
results show that with the increase of shaft sinking depth, the theoretical stress of finite element simulation and the field measured
stress of each member of the sheave wheel platform and the headframe increase linearly, and for the maximum member stress in
the upper, middle, and lower layers of the headframe, the numerical simulation value is greater than the field measured value and
less than the designed steel strength. In other words, under normal working conditions, headframe members are in the elastic
stress stage and meet the design requirements, and instability failure of headframe members will not occur. /e end-restraint
mode of the supporting bars has a great influence on the force of the topmember./e reasonable selection of the restraint mode in
the simulation is the key to the accuracy of the calculation results. /e simulation results well reflect the actual stress of the
headframe and provide a reliable guarantee for the follow-up work of the project.

1. Introduction

China has one of the richest coal reserves in the world.
According to incomplete statistics, China’s proven coal
reserves are about 1 trillion tons, with complete coal types
and wide distribution areas, which provides a reliable ma-
terial guarantee for the development of the coal industry
[1–5]. With the mining of mineral resources gradually
shifting to the deep, the proportion of large diameter (more
than 8m) and deep shaft (more than 1000m) exploitation
will be further increased. In mine construction, the shaft
construction is generally regarded as the key project, and the
sinking headframe is the main stress component in the shaft
construction process [6–9]. In the actual construction, the
sinking headframe in the large shaft is subject to extremely
complex stress, and its bearing capacity not only depends on
its own structure but also closely related to the layout of the
shaft sinking equipment and the ground winch lifting
equipment [10–12]. /e reason and limit value of derrick

inclination are determined by experiment and finite element
modeling analysis. /e inclination of derrick, support set-
tlement, and corrosion of support beam are measured by
experiment, and the bearing capacity is analyzed by con-
sidering defects in the finite element model [13–15].

With the development of test and analysis technology,
field tests of prototype structure can be used to verify and
develop the calculation theory and then directly applied to
production practice to solve problems. More importantly,
tracking and monitoring, fault alarm, and automatic control
of important buildings are realized to ensure safe operation
[16–18]. Due to the limitation of funds and conditions, it is
impossible to monitor a large number of structures. Within
the operation of structure for a certain time, field tests can be
used to detect or diagnose the fault to achieve the purpose of
troubleshooting [19–22]. Only through the field test of the
prototype structure, various kinds of structural parameters,
boundary conditions, and load distribution rules in line with
the actual situation and the satisfactory results of the
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theoretical analysis can be obtained. /e field test is also the
best way to develop the theory of prototype structure testing
[23–25]. In a word, field tests and the monitoring of pro-
totype structure play an irreplaceable role in both the theory
development and the solution of practical production and
scientific research problems [26, 27].

Kong [28] simulated and analyzed the structural changes
of the headframe after lifting in the main and auxiliary shafts
through the finite element analysis software and improved
the stress state of some components of the headframe close
to the critical stress state. Xiao et al. [29] used the anchoring
agent, screw-thread steel, and concrete foundation rein-
forcement methods to reinforce the headframe leg foun-
dation. As a result, the further settlement deviation of the
headframe foundation was prevented after the use of the
freezing method in a mine, and the construction safety and
smooth sinking construction were ensured. In previous
studies [30–33], the headframe stress caused by headframe
deflection was analyzed. Gusella et al. [34] studied the dy-
namic characteristics of headframe structure and deter-
mined its influencing factors based on the simulation
analysis. Link [35] regarded the element stiffness parameter
as a modified parameter in the process of relevant research
and modified the design scheme appropriately based on the
obtained results. In these studies [36, 37], the fatigue stress
and deformation of various components of headframe were
intuitively and comprehensively analyzed based on the field
measurement method [38, 39].

With the continuous increase of energy demand, the
required sinking speed and production efficiency have been
improved, and the diameter and depth of the construction
shaft have been increased; thus, the lifting capacity of the
headframe should be increased greatly. However, the con-
ventional sinking headframe cannot meet the needs of deep
and large shaft construction, and the stress analysis of the
super large shaft headframe is rarely reported. In this study,
the stress of the large sinking headframe developed for the
auxiliary shaft (net diameter 10m, depth 1503.9m) in the
Sishanling iron mine was comprehensively analyzed.

2. Selection of the Headframe for Large
Shaft Sinking

/e auxiliary shaft of the Sishanling iron mine was located in
Benxi City, Liaoning Province. /e net diameter of the shaft
was 10.0m, and the shaft neck section was 40m in total. /e
temporary lock section was 3.7m, which was supported by
1000mm thick brick. /e neck section of the shaft was
supported by 1000mm thick reinforced concrete. /e shaft
sinking equipment included the lifting system, trans-
portation system, ventilation system, air pressure system,
drainage system, and water supply system.

For the engineering conditions of the shaft with a di-
ameter over 8m and a depth over 1000m, the existing
V-type headframe with the largest specification cannot meet
the construction conditions. According to the construction
requirements of drilling equipment and the large shaft, the
SA-III type headframe was selected. /is headframe was
developed by China University of Mining and Technology

and Handan Design Engineering China Coal Co., Ltd. meet
the development trend of overdepth and large-diameter
shaft in China. /e Q345 steel was selected as the main and
auxiliary materials of the large-scale sinking headframe.
Figure 1 shows its structural form, and Figure 2 shows the
sinking headframe in working condition.

According to the characteristics of large diameter and
deep depth of the auxiliary shaft in Sishanling iron mine and
the construction technology of the shaft, the shaft sinking
equipment included a hoist and bucket, a Φ 9800mm three-
layer hanging plate, the YSJZ-6.12 hydraulic umbrella drill,
and two HZ-6B central rotary rock grabs. According to the
selected drilling equipment, eight kinds of drilling depth
were obtained: 40m, 143m, 223m, 518m, 762m, 1000m,
1250m, and 1503m; then, the working loads of wire rope of
sinking equipment under eight working conditions were
obtained. /e loads of wire rope were transmitted to the
sheave wheel platform and then to the stress bars of the
headframe. Figure 3 shows the number and corresponding
position of the stress bars.

A FBD-2 × 55 kW counter rotating fan with a Φ
1000mm FRP air duct is installed near the wellhead for
forced ventilation. Two 35W× 7−Φ 42–1960 steel wire
ropes and two JZ-40/1800 stable car suspensions are se-
lected. A Φ 57× 3.5 water supply pipe is arranged in the
shaft, and the surface is connected with the underground
reservoir. A pressure reducing valve is installed in the water
supply pipe in the shaft to meet the water pressure re-
quirements of the rock drill.

3. Simulation Analysis of Working State of the
Large Sinking Headframe

In the SAP2000 finite element numerical simulation analysis,
the number and position of the large sinking headframe were
consistent with the measuring points of the headframe, and
working conditions of the numerical simulation analysis were
consistent with the working condition of the sinking depth
measured in the field. /e corner columns and supporting
bars of large sinking headframe were mainly axial force-
bearing bars, and the normal stress at each point on the cross-
section was σ � N/A, and the cross-sections were all Φ
325mm× 16mm. According to the length, these members
can be divided into eight types, I-II corner columns and III-
VIII supporting bars. /e end spring stiffness of the sup-
porting bars was 1000N/mm. /rough the force analysis of
members and side beam of the sheave wheel platform, the
steel of the HN 1350mm× 600mm× 25mm× 45mm was
adopted for the sheave wheel platform. /e calculated length
coefficient of the supporting bars was taken as 0.9, and the
calculated length coefficient of the axial compression member
hinged at both ends is 1.0. Table 1 provides the parameters of
the members.

/rough the calculation of σ � N/A, the stress was
obtained. /e stress at the sinking depth of 40m (the release
of the hanging plate) was taken as the reference value in the
field measurement. /rough the above equations, the the-
oretical stress of corner column and supporting bars for the
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headframe in the working condition of 40m, 143m, 223m,
518m, 762m, 1000m, 1250m, and 1503m was calculated.

3.1. Stress Analysis of Upper Members. With the increase of
sinking depth, the theoretical stress curves of the upper
corner column and supporting bars are obtained, as shown
in Figure 4 and Figure 5, respectively.

As shown in Figures 4 and 5, the stress value of the upper
member increases gradually with the increase of sinking
depth. /e stress growth rate of corner column G07 and
supporting bar F17 is the fastest, while that of corner column
G04 and supporting bar F01 is the slowest. /e reason is that
the load growth rate on the beam of the sheave wheel
platform corresponding to G07 and F17 is greater than that
of G04 and F01. When the sinking depth is 1503m, the
maximum compressive stress of G07 and F17 is 105.4MPa
and 69.7MPa, which is far less than the designed tensile
strength of Q345 steel (f� 310MPa). It shows that the upper

members are in the elastic stress stage, meeting the design
requirements, and the instability failure of headframe
members will not occur under the normal working condi-
tion within the sinking depth of 1503m.

3.2. Stress Analysis of Middle Members. With the increase of
sinking depth, the theoretical stress curves of the middle
corner columns and supporting bars are shown in Figure 6
and Figure 7.

As shown in Figures 6 and 7, the stress value of the
middle members gradually increases with the increase of the
sinking depth. /e growth rate of compressive stress and
tensile stress of corner column G08 and supporting bar F22
is the fastest, while that of corner column G05 and sup-
porting bar F06 and supporting bar F04 is the slowest. /e
reason is that the load growth rate of G08, F22, and F20
corresponding to the sheave platform beam is higher than
that of G05, F06, and F04. When the shaft sinking depth is

1 2

(a)

AB

(b)

Figure 1: General drawing of SA-III sinking headframe. (a) Front elevation of headframe. (b) Side elevation of headframe.

Advances in Civil Engineering 3



Figure 2: /e working condition of sinking headframe in the field.
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Figure 3: Continued.

4 Advances in Civil Engineering



South North

Head sheave platform

West East

G01

G02

G03

G04

G05

G06

G04

G05

G06

G07

G08

G09

G07

G08

G09

G10

G11

G12

G10

G11

G12

G01

G02

G03

F01 F03

F02
F04 F05

F06 F07

F08

F09 F10

F16 F18

F17
F19 F20

F21 F22

F23

F24
F25

F11
F12

F13

F26
F27

F28

F14 F15
F29 F30

Head sheave platform Head sheave platform Head sheave platform

(b)

Figure 3: Number and corresponding positions. (a) Sheave wheel platform. (b) Headframe.

Table 1: Parameters of the members.

Types of member bar l/mm μ I/mm4 A/mm2 λ Member bar type
Class I 8228.0 1.0 1.86×108 1.55×104 75.2 Corner columns 01, 02, 04, 05, 07, 11
Class II 6171.0 1.0 1.86×108 1.55×104 56.4 Corner columns 03, 06, 09, 12
Class III 10157.8 0.9 1.86×108 1.55×104 83.6 Supporting bars F01, F03, F16, F18
Class IV 8114.8 0.9 1.86×108 1.55×104 66.8 Supporting bars 02 and 17
Class V 8962.1 0.9 1.86×108 1.55×104 73.7 Supporting bars 06 and 21
Class VI 8436.1 0.9 1.86×108 1.55×104 69.4 Supporting bars 07, F22
Class VII 7608.0 0.9 1.86×108 1.55×104 62.6 Supporting bars 08, 13, 23, F28
Class VIII 6721.6 0.9 1.86×108 1.55×104 55.3 Supporting bars 09, 10, 14, 15, 24, 25, 29, F30
Note. l is the length of the member; μ is the calculated length; I is the moment of inertia of the section; A is the area of the section; λ is the flexibility of the
member.
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1503m, themaximum compressive stress of G08 and F22 are
87.1MPa and 47.9MPa, which is far less than the designed
tensile strength of Q345 steel (f� 310MPa). It shows that the
middle members are in the elastic stress stage, meeting the
design requirements; the instability failure of headframe
members will not occur under the normal working condi-
tion within the sinking depth of 1503m.

3.3. Stress Analysis of Lower Members. With the increase of
sinking depth, the theoretical stress curve of lower corner
columns and supporting bars is obtained, as shown in
Figure 8 and Figure 9.

As shown in Figures 8 and 9, the stress value of lower
members gradually increases with the increase of the sinking

depth. /e stress growth rate of corner column G09 and
supporting bar F25 is the fastest, while that of corner column
G06 and support bar F08 is the slowest. When the shaft
sinking depth is 1503m, the maximum compressive stress of
G09 and F25 is 82.6MPa and 78.6MPa, which is far less than
the designed tensile strength of Q345 steel (f� 310MPa). It
shows that the top members meet the design requirements
and are in the elastic stress stage; the instability failure of
headframe members will not occur under the normal
working condition within the sinking depth of 1503m.

3.4. Stress Analysis of Members in the SheaveWheel Platform.
In the establishment process of the finite elementmodel of the
sheave wheel platform in the headframe, the bendingmoment
and torque at the end of the supporting member should be
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Figure 6: /e theoretical stress curve of middle corner columns
under different working conditions.
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transferred without the release. /e calculation results of the
bending normal stress at the measuring points of the cross-
section of the sheave wheel platform beam under the wording
conditions of 40m, 143m, 223m, 518m, 762m, 1000m,
1250m, and 1503m are obtained, as shown in Figure 10.

As shown in Figure 10, with the increase of the sinking
depth, the theoretical stress of four measuring points L03,
L04, l05, and L06 of the twomiddle beams of the sheave wheel
platform and the four measuring points L01, L02, L07, and
L08 of the two side beams of the sheave wheel platform in the
finite element numerical simulation increases linearly under
normal working conditions. When the shaft sinking depth is
1503m, the maximum stress of the middle beam L05 (L06) of
the sheave wheel platform is 34.1MPa, which is far less than
the designed tensile strength (f� 310MPa). It shows that the
headframemembers are in the elastic stress stage, meeting the
design requirements, and the instability failure of headframe
members will not occur under the normal working condition
within the sinking depth of 1503m.

As shown in Figure 10, the stress growth rate of mea-
suring point L05 (L06) in the middle beam of the sheave
wheel platform is the fastest and the largest and that of
measuring point L07 in the side beam of the sheave wheel
platform is the slowest. /rough the analysis of the
equipment layout on the beam of the sheave wheel platform
in the headframe and the rigid connection at the end of the
supporting bar, it can be concluded that there is no support
constraint in the middle beam of the sheave wheel platform,
and themiddle beam is a single span simply supported beam.
/e load growth rate of measuring points L05 (L06) on the
side beam of platform is faster than that of L03 (L04) on the
middle beam of platform, and the stress in the midspan
increases the fastest and the most. Because of the rigid
connection at the end of the supporting bar, the center of the
side beam of the platform is supported, so the side beam of
the platform can be considered as the two-span continuous
beam with a certain supporting function. Since the span is
reduced by one time, the stress growth rate at the measuring
point of the side beam of the platform is the slowest and the
smallest.

4. Field Measurement and Analysis of the
Working State of Sinking Headframe in the
Large Shaft

According to the stress characteristics of the headframe in
this project, the constraints of site construction conditions
and economic cost and other factors are considered, and the
strain gauge electrical measuring system was used as the
static test scheme of the headframe working state in this
project. According to the basic situation of the auxiliary shaft
engineering in Sishanling iron mine, combined with the
main test contents of headframe in the SA-III vertical shaft
sinking, the main measured headframe strain on-site was

considered, and the actual bearing condition of the head-
frame was judged, and the datataker test system was
adopted.

Eight times of static data acquisition were carried out on-
site, including eight working conditions of 40m, 143m,
223m, 518m, 762m, 1000m, 1250m, and 1503m. /e field
data acquisition is shown in Figure 11.

According to the field measurement results and the
conclusion of numerical simulation analysis, the most
representative members of the upper, middle, and lower
layers are selected for analysis. In other words, the members
with the maximum stress of corner columns, vertical sup-
porting bars, and diagonal supporting bars in the upper,
middle, and lower parts are selected for comparison, as
shown in Figure 12

As shown in Figure 12, the stress variation law of bars
in the field measurement is consistent with that of sim-
ulation results. /e stress of bars increases with the in-
crease of shaft sinking depth, and the measured value is
less than the theoretical value in the simulation calcula-
tion. /erefore, the bar stress of the headframe is far less
than the maximum bearing capacity of the bar within
1503m of shaft sinking depth. In other words, these bars
meet the design requirements and are in the elastic stress
stage, and the instability failure of headframe members will
not occur. Besides, with the increase of the shaft sinking
depth, the measured stress value of the bars is gradually
close to the simulated value. At the shaft sinking depth of
1503m, the measured stress value of the bars is basically
consistent with the simulated value. It can be concluded
that the simulation results can better reflect the actual
situation.
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(a) (b) (c)

(d) (e)

Figure 11: Field data acquisition. (a) Data acquisition equipment. (b) Datataker data acquisition. (c) Site map of upper measuring points.
(d) Site map of middle measuring points. (e) Site map of lower measuring points.
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5. Analysis of the Influence of Different
Constraint Modes on the Support End

/e upper members mainly include corner column and
supporting bar. According to the above simulation analysis and
field measurement results, the top corner column G07, vertical
supporting bars F17, and inclined supporting bars F18 are the
most stressed. /e stress variation curve of the upper member
and the sheave wheel platform under different restraint modes
with the shaft sinking depth is shown in Figure 13.

It can be seen that when the constraint of member
changes from flexible to rigid, the slope of curves increases
gradually. Within a certain range of sinking depth, the
compressive stress of the flexible constraint has a greater
change. Since the different constraint methods lead to dif-
ferent stress characteristics of the bar, the flexible constraint
has a greater impact on the compressive stress of the bar.

As shown in Figure 13, the measured analysis results of
the working state of the upper member are between the
calculation results of the finite element numerical simulation
of the rigid connection and the flexible connection. /e
corner column stress of the rigid connection at the end of the
supporting bar is 55.7% lower than that of the flexible
connection at the end of the supporting bar, and the sup-
porting bar stress of the rigid connection at the end of the
supporting bar is 36.17% and 58.3% higher than that of the
flexible connection at the end of the supporting bar, re-
spectively. It shows that the end-restraint mode of the
supporting member has a great influence on the force of the
uppermost member. /erefore, in the finite element nu-
merical simulation, the determination of the end-restraint
mode of supporting bars is particularly important for the
calculation analysis and optimization design of the head-
frame in the large shaft sinking.

6. Conclusions

Aiming at the field application of the newly developed steel
headframe for the superlarge and ultradeep shaft in the
auxiliary shaft of the Sishanling iron mine, the working state
and mechanical performance analysis of the headframe are
carried out in combination with the actual project. /e
results of field measurement and finite element numerical
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simulation are compared and analyzed. /e conclusions are
drawn as follows:

(1) Numerical simulation analysis of the headframe
members in eight sinking depths of 40m, 143m,
223m, 518m, 762m, 1000m, 1250m, and 1503m is
performed. /e results show that the stress of
headframe members increases linearly with the in-
crease of sinking depth;

(2) /e measured stress of headframe in the on-site
working condition is less than the theoretical stress
of headframe in the finite element numerical sim-
ulation. When the sinking depth is less than 1503m,
the reliability of this project is verified by the results
of numerical simulation results and field measure-
ment, that is, the headframe members are in the
elastic stress stage, meeting the design requirements,
and the instability failure of headframe members will
not occur under the normal working condition
within the sinking depth of 1503m.

(3) /e end restraint mode of the supporting member
has a great influence on the force of the top member.
/e reasonable selection of the end-restraint mode in
the simulation is the key to the accuracy of the
calculation results.

/e numerical simulation in this study can better reflect
the stress state of the shaft headframe in the actual project
and provide a reliable guarantee for the follow-up mining
work./e simulation results and measured results show that
the internal force of the member bar has a large surplus, and
the bar can be optimized to achieve the purpose of saving
steel, which will be further studied.
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Coal and gas outburst is a kind of complex dynamic disaster with short duration and strong explosiveness, and the modes and
strength of the outburst are determined by the in situ stress, gas pressure, and physical and mechanical properties of the coal mass.
In this paper, the status quo of research on the mechanism of coal and gas outburst in China is described from three aspects: the
controlling effect of single factor, the controlling effect of multi-factor, and new understandings of the outburst mechanism in
recent years. Firstly, controlling factors of coal and gas outburst are classified for an in-depth analysis of the main factors of the
same type of disasters, and the research progress and new understandings of the mechanism of coal and gas outburst are
systematically sorted out. Secondly, the influencing factors of the strength coal mass are analyzed, and the related issues of coal
mass strength on coal and gas outburst disaster mechanism are discussed. ,e results show that the stages of incubation,
occurrence, development, and stop on coal and gas outburst are affected by the coupling effects of in situ stress field, gas pressure
field, and seepage field, and the coal strength becomes an important factor affecting outburst strength under the same in situ stress
and gas pressure.,erefore, the scientific and reasonable improvement methods of such similar simulation experiment devices are
proposed according to the existing experimental methods and devices, which is of great significance to provide ideas for the
continuous transferring to deep mining and preventing coal and gas outburst in China in the future.

1. Introduction

Coal and gas outburst is a lump of typical coal and rock
dynamic disaster in the process of coal mine production,
which has become a key problem affecting the safety of coal
production and causing serious casualties and property
losses [1, 2]. Besides, coal and gas outbursts are extremely
complex dynamic disasters with extremely short duration
and strong explosiveness, and its disaster mechanism is
fundamental to prevent coal and gas outburst [3, 4].

Currently, the mechanisms of coal and gas outburst are
still in the stage of hypothesis, such as the hypothesis of gas
action, ground stress, chemical action, and other single
factor hypothesis, which cannot fully explain some special
disasters reasonably [5–7]. However, in the practical ex-
plorations of the mechanism of coal and gas outburst, more
and more scholars believe that coal and gas outbursts occur
under the combined action of three main factors, namely,

gas pressure, in situ stress, and physical and mechanical
properties of coal mass [8, 9]. Since the 1950s, the former
Soviet Union expert B. B. Hodot conducted the simulation
experiments on coal and gas outburst with soft coal for the
first time, subsequently followed by a lot of coal and gas
outbursts by many other researchers, but most of them
utilized pulverized coal as the experimental materials and
focused mainly on soft coal outburst. Besides, the coal
strength is one of the important parameters of the coal
physical and mechanical properties of coal, but it was not
taken as the variable index of outbursts [10–12]. It is found
that coal strength is closely related to outburst indexes such
as coal quality, outburst distance, and hole depth. As a result,
the change of coal strength affects the outburst strength
under the same in situ stress and gas pressure [13–15].

Given this, the paper expounds the disaster mechanisms
of coal and gas outbursts in China, assorts the types of the
disaster mechanisms, and analyzes the main controlling
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factors of coal and gas outburst. Besides, the influencing
factors of coal strength and the causes of coal outburst are
emphatically analyzed. Furthermore, the relevant scientific
problems are discussed, and the research directions and
urgent scientific problems about the mechanism of coal and
gas outburst are put forward, so as to provide theoretical
support for the prevention and control of coal and gas
outburst accidents and the reduction of casualties and
property losses.

2. Research Progress onMechanism of Coal and
Gas Outburst

,e outburst processes occur with huge energy effects and
sounds, which damage the facilities in the surrounding rock
roadway facilities and discharge with harmful gases such as
gas and carbon dioxide, resulting in suffocation casualties,
which easily lead to gas explosion, fire, and other safety
accidents [16–20]. Since the first recorded coal and gas
outburst accident in 1834, it has become one of the most
serious disasters in coal mines [21].

Since the 20th century, a large body of researches on the
mechanism of coal and gas outbursts, and based on the
experience of preventing and controlling outburst accidents
[22–24]. At the same time, with laboratory tests and com-
puter simulations, a series of hypotheses on the disaster
mechanism are formed, such as spherical shell instability
hypothesis [25–27], rheological hypothesis [28, 29], two-
phase fluid hypothesis [30], unified instability theory [31],
fluid-solid coupling instability theory [32, 33], and key layer
stress wall outburst mechanism [34, 35]. In recent years, with
the progress of technology and experimental methods, new
theories and understandings are constantly put forward,
which are mainly summarized as the following aspects.

2.1. Single-Factor Dominant Control 2eory. ,e in situ
stress, gas pressure, and the physical and mechanical
properties of coal and rock mass fully determine the way and
intensity of coal and gas outbursts. According to the current
complex geological conditions and the control factors of the
outburst, coal and gas outburst disasters can be classified
with quantitative study for an in-depth exploration of the
main control factors under the same type of coal and gas
outburst disasters. Yuan [36] conducted experiments based
on the comprehensive action hypothesis and found that coal
and gas outbursts were mainly driven by gas. A large body of
gas is stored in fractured coal, which supports the formation
and growth of the bursts. Driven by the gas, the coal mass of
low permeability are destroyed instantly, discharging huge
energy and leading to coal and gas outbursts. Chen et al. [37]
utilized the coal and gas outburst test system with multi-field
coupling conditions and found that gas pressure had obvious
pulverization effect on coal mass. ,e high gas pressure
gradient of the gas makes it circulate in the cracks inside the
coal mass, and a large amount of pulverization, particles, and
small pieces of coal ash inhibit the further outburst.

Moreover, increasing studies show that coal and gas
outbursts are closely related to geological tectonic

movement, and the uneven distribution of geological
structure greatly changes the state of other factors such as in
situ stress, gas pressure, and physical and mechanical
properties and controls the process of coal and gas outburst.
Cheng et al. and He and Chen [38, 39] found that tectonic
stress controls the migration and occurrence of gas in coal
seam by using the combination of theoretical analysis and
field examples, which is the premise and basis of high gas
stress in the coal mass, and is also the main controlling factor
of coal and gas outburst accidents. Zhang and Liu et al.
[40, 41] believed that the geological tectonic movement
changed the closing-expansion states of the internal mi-
crostructures of the coal and rock mass, which promotes the
development of the tectonic coal and the occurrence state of
gas in the coal and rock mass, and controlled the occurrence
of coal and gas outburst accidents. Han and Zhang [42]
analyzed that the relationship between coal and gas out-
bursts and the tectonic evolution in North China, Northeast,
and South China with tectonic evolution as the timeline.
And they also found that large tectonic areas in the same
region would evolve different small-level tectonic structures,
which plays a controlling role in these small-scale tectonic
regions. Besides, the factors such as coal structure, gas, and
in situ stress in different regions have different impacts on
each stage of coal and gas outbursts. Yan et al. [43] inves-
tigated and summarized the research on coal and gas out-
bursts in China and abroad and found that the geological
conditions in high gas concentration are the prerequisite and
key factors for the formation of outbursts. Besides, the
destruction and permeability of the coal seam are changed
due to the progress of mining and other works, resulting in
the desorption of a large number of gases in the coal seam.
As a result, the gas pressure increases sharply, and coal and
gas outburst accidents occur.

In addition, it is also found that coal and gas outburst
disasters are caused by the evolution of paleotectonic stress
fields and modern stress fields. Zhu and Xu [44] found that
the tectonic stress fields are the link connecting the in situ
stress, gas pressure, and coal physical and mechanical
properties, as an indivisible whole [44]. ,e long-lasting
stable states of paleotectonic stress fields are the main reason
for the intact existence and high concentration of the gas,
while the continuous changes of modern tectonic stress
fields are the main reason for the formation of high in situ
stress and high gas pressure. In short, the evolution of the
tectonic stress fields has become the main controlling factor
for coal and gas outbursts.

What is more, the distribution of in situ stress and the
weak geological structures in coal seam also play a role in
controlling role in coal and gas outbursts. Shu et al. [45]
believed that the primary coal mass transforms into struc-
tural coal mass due to the change of in situ stress and forms
closed high gas stress environments, which accelerates the
crushing process of tectonic coal and provides a good
material and energy basis for the outburst excitation process.
Meanwhile, the key structure model of coal and gas outburst
is shown in Figure 1. ,e key structure 1 with the outburst
hazard is the energy source and prerequisite for coal and gas
outbursts, and the supporting structure 2 of the key structure
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1 in the coal mass makes its gas and energy accumulate. At
the same time, the supporting structure 3 and supporting
structure 4 of the roof-floor of coal seam store a large
amount of elastic potential energy, which promotes the
continuous derivation and expansion of supporting struc-
ture 2. Eventually, the accumulated gas and elastic potential
energy are released, resulting in coal and gas outbursts.

In Jiangjunling and Malingshan coal mine [46, 47], the
sliding structures change the occurrence environments of
stress, gas, and physical and mechanical parameters in coal
seam, and they also found that the gas content gradient of
the coal mass affected by the sliding structures is more
obvious than that of the coal mass not affected by them.
Furthermore, the reverse fault structures formed by the
trailing edge of the sliding structures have better sealing;
thus, the gas cannot spread easily and the gas pressure is
high, more likely to cause outburst accidents. At present,
computer technology has become an important means to
understand the mechanism of coal and gas outbursts. Zhang
et al. [48] conducted a series of numerical simulation ex-
periments by using RFPA2D-Flow solid-gas coupling dy-
namics software and analyzed the disaster mechanism of
coal and gas outbursts in the process of cross-entries from
the meso-perspective. In this case, the combined action of
high gas pressure gradient, self-weight stress, stress con-
centration, and blasting stress shock is the main reason for
the occurrence of coal and gas outbursts. And the stress
concentration in front of tunneling plays an important role
in the process of coal and gas outbursts, so that reduces stress
concentration in front of tunneling work is an important
measure and means to effectively reduce the coal and gas
outburst.

,us, single factors such as gas, in situ stress, and tec-
tonic movement control the occurrence of coal and gas
outburst accidents, but the single factor dominant control
theory is based on specific geological conditions. ,e main
controlling factors lead to coal and gas outburst by con-
trolling other key factors and can theoretically explain the
mechanism of coal and gas outbursts in some mines. Over
the years, it is found that the processes of coal and gas
outbursts have experienced four stages: preparation,

stimulation, development, and stop [49, 50], which is in-
evitably accompanied with changes of in situ stress, gas, and
physical and mechanical properties of the coal mass.
However, it is difficult to explain the process and critical
conditions of the four stages of outbursts. Also, in situ stress,
coal rock, gas, and other necessary conditions of coal and gas
outbursts should be regarded as an organic system, and the
coupling effects of various elements in each stage jointly lead
to the coal and gas outbursts [51, 52].

2.2. Disaster-Causing Mechanism of Multi-Field Coupling.
Coal and gas outbursts are closely connected with the
changes and coupling effects of in situ stress field, electro-
magnetic field, seepage field, and gas pressure field. Under
the multi-field coupling conditions, the mechanical prop-
erties of gas-bearing coal and the occurrence state of gas are
changed, which accelerates the instability of gas-bearing coal
and rock and further leads to coal and gas outbursts. For
example, the physical model of blasting disturbance struc-
ture of coal and rock outbursts was proposed in 2014. ,e
model believes that the existence of the blasting stress wave
in the outburst preparation stage breaks the equilibrium
state of the initial stress [53], which makes the coal crack
develop and forms the “geological weak face.” Also, the
coupling effect of the gas pressure field and the stress field
accelerates the crack propagation, which lead to a large
number of gas desorption under the adsorption state. Be-
sides, the coupling effect of gas pressure and blasting stress
wave exacerbates coal and rock mass and accelerates the
instability of “geological weak face.” Eventually, when the
gas pressure in the coal seam reaches the critical state, the
internal energy and elastic energy of the gas will burst out of
the broken coal, leading to the occurrence of coal and rock
outbursts.

,e coal mining industry has shifted to the deep mining
stage, and coal seam mining conditions are more compli-
cated, which leads to the occurrence of coal and rock
outbursts frequently. And the gas-bearing coal mass from
the deep mining is in a three-dimensional complex in situ
stress field [54]. Coal crushing in the mining face is caused

The supporting structure 3

The key structure 1The free face The supporting
structure 2

The supporting structure 4

Figure 1: ,e key structure model of coal and gas outburst [45].
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by the combined action of in situ stress and gas pressure, and
the in situ stress becomes an important external factor to
induce outbursts. Besides, gas pressure is the key internal
power source for outburst initiation, and the experiments
also prove this conclusion.

Moreover, the occurrence of coal and rock dynamic
disasters involves many theories, such as the adsorption
desorption, gas dynamics, seepage, and gas-solid two-phase
flow theory. Sun et al. [55], by using classical gas dynamics
theory, defined the two-phase flow, in the outburst cavity,
reaching the sound velocity as a critical state, and the two-
phase flow below the critical state was defined as non-
expansion state. Besides, the instantaneous expansion of gas
in lots of the nonexpansion two-phase flow will produce a
huge momentum effect and burst out disasters in the out-
burst cavity. Xie et al. [51] also believed that the gas pressure
provides the key power source for the initiation of outbursts.
Under the coupling effect of in situ stress and gas leads to the
continuous derivation and expansion of cracks, pores, and
other defect structures in the coal mass, and they also extend
along the direction of maximum tangential stress. Fur-
thermore, when the energy of the gas power source is much
greater than the energy consumed by the development and
penetration of the cracks, the coal mass will collapse and
breaks all of a sudden, which will form the coal and gas
outburst accidents. Besides, Zhao et al. [56] conducted a
series of experiments and found that there are obvious
multi-physical field coupling effects between temperature
and gas pressure field. After the outburst occurs, a large
amount of gas is discharged, which causing the medium gas
pressure to reduce. At the same time, the temperature is
obviously reduced due to the endothermic reaction during
the desorption.

With the development of computer and numerical
technology, scholars begin to consider the coupling effect of
damage field and fracture field, Zhao et al. [57] carried out
many numerical simulation experiments and established the
multi-field coupling model of gas pressure field, in situ stress
field, damage field, and seepage field. ,ey found that the
mining disturbance causes the fracture closure and per-
meability reduction in the stress concentration area in front
of the working face. ,e stress distribution in front of
mining working face is shown in Figure 2. ,ey also found
that the mining disturbance would cause closure of the
fracture and reduction of permeability in the area of stress
concentration in front of the working area, thus increasing
the gas pressure gradient in the area of stress relief and the
area of stress concentration, which affects the occurrence of
coal and gas outburst. Similarly, Zhang et al. [58] came to a
similar conclusion that the coal and rock mass gradually
break under the coupling of the mining stress field and
fracture field, which leads to an increased gas concentration
and pressure; driven by the gas pressure, the coal and rock
outbursts occur. Nevertheless, Li et al. [59] found that the
coupling effect of the vibration field, gas pressure field, in
situ stress field, electromagnetic field, and seepage field
affects the occurrence of coal and gas outbursts. ,e vi-
bration caused by blasting and other excavation works
further promotes the coupling effect between each other.

,rough combining and analyzing related documents on
the disaster mechanism of coal and gas outbursts under the
coupling effect of multiple fields [16, 60], the in situ stress,
gas pressure, and coal physical and mechanical properties
have obvious differences in the various stages of coal and
rock outbursts. And other internal and external factors, such
as tectonic movement and mining disturbance, have
changed the stress field environments of coal and rock,
which accelerated the expansion and damage of coal and
rock fractures. In this stage, it mainly depends on the
crushing ability of in situ stress of mining stress to coal and
rock, which provides the possibility for the occurrence of
outbursts. Meanwhile, the adsorption and desorption state
of gas changes due to the coupling effect of the in situ stress
field and mining stress field, which changes the closing and
open states of fractures and increases the internal energy of
gas stored in coal and rock. When the accumulated gas
internal energy and elastic energy makes the coal and rock
mass broken to a certain extent and exceed the energy
consumed by coal and rock breaking, which will cause the
gas internal energy and elastic energy bursting out rapidly.

2.3. New Understanding of the Mechanism of Coal and Gas
Outburst. In recent years, some new theories have been
obtained by some advanced techniques on coal and rock
outbursts, which can explain some special phenomena of
coal and gas outburst. Guo et al. [61] found that there was an
obvious stick-slip instability phenomenon during the out-
burst processes by referring to the mechanism of stick-slip
instability in rock bursts [53]. And they also proposed the
mechanism of stick-slip instability in coal and gas outbursts,
which can reveal the mechanism of vibration fluctuation,
delayed outbursts, and intermittent outbursts during the
outburst. Besides, Wang et al. [62] constructed the ad-
sorption model between coal particle surfaces and methane
gas by using the quantum chemical density functional theory
(DFT) calculation method from a view of microscopic. ,ey
also found that the electromagnetic waves in the process of
deformation and the failure of surrounding coal and rock in
working face are due to the vibration, mining, and other
works. Furthermore, coal and CH4 molecules are adsorbed
to form a companion molecular system that absorbs elec-
tromagnetic waves in a quantized form, which leads to CH4
transforming from adsorption state to free state. Finally, a
greater gas pressure is formed, which leads to CH4 breaking
through the structural surfaces and coal and gas outbursts.
Ma and Yu [63] regarded the outburst coal mass as the
pressure-bearing loose body, and they calculated the motion
catastrophe potential function in the process of coal and gas
outburst combined with the catastrophe theory from the
perspective of the momentum of the coal-bearing loose
body. Besides, they also analyzed the influencing factors and
disaster-causing mechanism of the coal and gas outburst,
which further put forward the mechanism of uncontrolled
outburst of pressure-bearing loose body in coal and gas
outburst.

Nowadays, Ma et al. [64–67] put forward the hypothesis
of butterfly coal and gas outbursts in tunneling roadways
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based on the butterfly rock burst theory and nonlinear
dynamic system theory, and they also established the de-
formation and failure model of circular roadway in the two-
way nonisostatic pressure stress field. ,e theoretical cal-
culation of butterfly-shaped plastic zone is shown in Fig-
ure 3. When the ratio of the maximum principal stress to the
minimum principal stress increases continuously, the sur-
rounding rock around the roadway will produce a plastic
zone similar to the “Butterfly” shape. Besides, based on the
Mohr–Coulomb failure criterion, the implicit equation of
the plastic zone boundary of circular roadway surrounding
rock in nonisobaric stress field is derived, which is called
butterfly failure theory. Moreover, the conjecture holds that
a certain amount of butterfly plastic zones appearing in the
heading face in a short time due to the uneven distribution of
in situ stress. When the increments of the plastic zones
increase to the critical value, the elastic potential energy and
gas energy stored in the coal rock mass will be released
instantly, which thus leading to the coal and gas outburst.

It is believed that the hypothesis of stick-slip instability
mechanism and microscopic outburst mechanism lead to a
new idea and direction for the study of the mechanism of
coal and gas outburst, which can explain specific coal and gas
outbursts under certain conditions. However, it fails to give a
judgement standard of the risk of coal and gas outbursts and
is insufficient to a universal application to the outburst
accidents, nor in applications to the coal seam with com-
plicated geological conditions and burial conditions. Be-
sides, as per the analysis, the outburst mechanism of the
uncontrolled pressure-bearing loose mass holds that the
pressure-bearing loosemass, within the range from the stress
concentration area to the boundary of the pressure relief
zone in front of the working face, is a practical engineering
problem and in line with the characteristics of the general
outburst coal mass. But the catastrophe potential function of
the motion of the pressure-bearing loose mass, by the hy-
pothesis, operates in the condition that the stress in front of
the working face is in circular distribution and the coal mass
in the stress concentration area is isotropous. And the
original in situ stress and gas pressure are isobaric in all
directions, it is different from the actual complex in situ
stress environments of coal and gas outbursts, and there is a
certain error with the actual movement increment about the

motion increment of the confined bulk calculated by using
the motion mutation potential function. Moreover, it is also
believed [23] that the hypothesis of butterfly coal and gas
outburst takes into account the uneven distribution of the
ground stress caused by the excavation of the roadways in
the working face and gives the stress field state and plastic
zone boundary by using the implicit equation of the plastic
zone boundary of circular roadway surrounding rock in
nonisobaric stress field, which solves the quantitative in-
terpretation of the risk indicators of coal and gas outburst
risk indicators. However, the hypothesis is similar to the
outburst mechanism hypothesis of pressure-bearing loose
mass that the roadway is assumed to be in a plane stress state,
which leaves a big difference from the complex stress en-
vironments of coal and gas outbursts in practice. Also, the
conjecture does not consider the role of physical and me-
chanical properties of gas and coal in the whole outburst
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decompress
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Figure 2: ,e stress distribution in front of mining working face [57].
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Figure 3: ,eoretical calculation of butterfly-shaped plastic zone.
P1 and P3 are the maximum and minimum principal stress in
surrounding rock stress field; a is the radius of circular roadway; R,
θ is the polar coordinates of any location.
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process and how these three interact with each other to
induce the coal and gas outbursts, thus leaving certain
limitations.

,erefore, in spite of the full demonstration of the effects
of in situ stress, gas, and tectonic movements by the above
theories, researches on the action mechanism of the coal
strength on coal and gas outbursts are rare due to the limited
testing means and conditions. Strength is one of the im-
portant parameters of the physical and mechanical prop-
erties of the coal mass, also an essential index to predict the
risk of coal and gas outbursts, and the strength value greatly
affects the degree of damage of coal and gas outburst ac-
cidents [69].

3. Influencing Factors of Coal Strength

Differentiation of the coal strength is attributed to different
occurrences under various geological conditions against the
backdrop of the complicated geologic environment in
China. It has been proved that the coal strength is affected by
geological structure movement, gas pressure, size effect, and
mining disturbance.

(1) Influence of tectonic movement on coal strength
,e formation and evolution of structures are closely
related to coal and gas outbursts, which change the
bedding, joints, faults, fractures, and folds in the coal
mass, as well as the microscopic pores inside the coal
mass. Besides, the changes of the stress environment
state of the coal mass have a certain influence on the
strength of the coal mass [46]. Han et al. [70] found
that the tectonic coal mass is relatively developed in
areas where tectonic stress is concentrated, such as
compressive fault zones and fold shafts caused by
tectonic movements. Also, tectonic movements
cause compaction or loosening of micropore
structures in the coal mass, and the multi-stage
evolution of tectonic stress fields makes most faults
go through multi-stage activities, resulting in re-
duction of the coal strength.Moreover, Cao et al. [71]
conducted uniaxial mechanical parameters experi-
ments on coal samples from different areas and
different coal ranks, and they also found that the
tectonic movements change the tectonic stress fields
combined with the statistics of previous uniaxial
experiment data. Different tectonic stress fields affect
the change speed of coal elastic modulus with uni-
axial compression strength, as well as the interaction
between the tectonic stress and the coal ranks causes
the relationship between the elastic modulus and
Poisson’s ratio to change, which causes the change of
the coal strength in turn. In addition, the tectonic
movements have changed the microscopic pore
structures inside the coal mass, leaving a significant
increase in density and unstable direction of the
fractures which causes the change of the coal
strength [72].

(2) Influence of gas pressure on coal strength

,e gas mainly exists in the micropores and
microcracks in coal mass in the forms of adsorption
and free state. And the existence of gas greatly causes
the change of internal structures of coal mass, which
further leads to the change of the coal strength in
turn. Han et al. [73] believed that more than 90% of
the coalbed methane is adsorbed on the coal base
blocks, which reduces the permeability of coal mass.
At the same time, the existence of adsorbed gas
reduces the gas migration channels in the coal mass,
which is extremely easy to cause the coal mass to
fracture and reduce its strength. Similarly, Zhang
[74] found that the content of adsorbed gas in coal
mass increases with the increase of the gas pressure.
Besides, the expansion and deformation of coal mass
and the increase of gas pressure reduces the size of
structural cohesion and effective stress between coal
mass, resulting in the decrease of the coal strength.
Generally, the coal structures will become more
compact under the condition of gas desorption, with
the coal strength increasing to some extent.
Other scholars believe that the existence of gas ac-
celerates the derivation and expansion of internal
cracks in coal mass, resulting in the change of the
coal strength. Xu et al. [75] conducted a series of
meso-pressure shear experiments on the gas-bearing
coal mass and found that the coal cracks continue to
expand in the process of experiments, which pro-
vides many channels for gas to infiltrate into coal
mass. With the continuous development of pressure
and shear experiments, the observation surfaces of
the coal mass gradually break and fall off. Besides, the
broken areas continue to increase, and more likely
new cracks evolve, which eventually leads to the
penetration of the cracks and the reduction of coal
strength. On the basis of previous studies, Bai et al.
[76] found that the defect structures such as
microcracks and micropores in the coal mass further
expand and fracture after the coal mass absorbs gas.
Meanwhile, part of the elastic potential energy is
transformed into solid surface energy during the
fracture process of the defect structures. When the
increasing rate of the solid surface energy is equal to
the release rate of the elastic energy, the defect
structures of the coal mass are in the critical state of
fractures.
As a result, the coal strength decreases with the
increase in the number of internal cracks, pores, and
other defects, which leads to the increase of gas
content in coal mass. Conversely, the increase of gas
content will accelerate the derivation and expansion
of internal cracks, pores, and other defects, in coal
mass, which leads to the decrease of coal strength.

(3) Influence of size effect on coal strength
Physical similarity experiments and numerical
simulation methods have become the important
means to study the mechanism of coal and gas
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outbursts. ,e research shows that the selection of
engineering material specifications affects a series of
strength indicators such as compressive strength,
tensile strength, and flexural strength, and the size of
the material also affects the final results of physical
and numerical simulation experiments [77]. Deng
[78] took the size effect as the starting point for the
problem and found that there is a positive correla-
tion between the coal strength value and size, which
is in line with the theoretical function relationship of
the Weibull strength size effect. And they also found
that there are large number of pores and cracks of
different sizes in the coal mass with the increase of
the test size of coal mass.
,e theoretical relationship between coal strength
and size is as follows:

σ �
σ0

V/V0( 
1/m Γ

1
m + 1

 , (1)

where σ is the strength of the coal sample; σ0 is the
strength value of reference sample; m is the test
material homogeneity; V is the test sample volume;
and V0 is the reference sample volume, the labo-
ratory standard sample is usually used as the ref-
erence sample.
Zhao et al. [77] believed that the size effect exhibits
an obvious sensitivity to the coal strength with the
increase of gas pressure when the coal is in the same
homogeneous conditions, and the gas pressure has a
significant impact on the size effect of coal com-
pressive strength of coal, and heterogeneity of the
coal controls the size effect of the coal. Herewith, the
author thinks that the influence of size effect on coal
strength is mainly manifested in the change of the
defect structures such as micropores and micro-
cracks inside the coal mass. In this stage, the increase
of the tested coal size increases the possibility of the
increase in the number of defect structures inside the
coal mass, and this promotes the further initiation
and evolution of new cracks due to the coupling
effect between gas pressure and stress field, softening
the coal further reducing the coal strength.

(4) Influence of mining disturbance on coal strength
,e underground mining activities in coal mines
make the stress redistribute in front of the mining
face or heading working face and form the pressure
relief zone, the concentrated stress zone, and the
stress zone of the original rock with the continuous
advancement of the working face [79]. Besides, the
vibration of blasting, tunneling machine, shearer
cutting, and other mining works will cause the
change of internal microcracks of the surrounding
coal and rock mass and then cause the change of the
coal strength. Wang et al. [80] analyze the stress
distribution of the two sides of the roadway in the
mining working face by using the numerical simu-
lation method. Also, a regularly concentrated

distribution area of stress on the two sides of the
roadway in the mining face and the tunneling face is
formed with the advance of the working face without
considering the tectonic movements. Furthermore,
the periodic weighting of the roof in the roadway
causes periodic impact damage to the surrounding
coal and rock mass, which further causes looseness
and damage to the coal and rock. Ultimately, the
overall strength of the coal mass is reduced. Li et al.
[81] carried out many experiments and found that
the vibration leads to the expansion and develop-
ment of microcracks in coal mass, which gradually
forms interpenetrated fissures between the cracks in
coal mass and makes the coal strength reduced. ,ey
also found the vibration will change the stress state
and the occurrence state of gas in coal mass, which
increases the possibility of coal and gas outburst due
to the rapid increase of the gas pressure.
In addition, the coal strength reduces by using the
oftener water injection, hydraulic fracturing and
other methods to solve the problems caused by the
mining of harder coal. Also, gas extraction activities
have a certain impact on the coal strength, which will
affect the process of coal and gas outburst [82, 83]. To
sum up, the change of the coal strength affects the
distribution state of other factors, such as gas
pressure and in situ stress, and it is of great signif-
icance to study the influence mechanism of coal
strength on outburst prevention and control of coal
and gas outburst.

4. ResearchProgress of InfluenceMechanismof
Coal Strength on Outburst

At present, theoretical achievements have been made on the
disaster-causing mechanism of the in situ stress and gas
pressure to the coal and gas outbursts in China, and the
control effects of coal strength on the occurrence of coal and
gas outbursts have been proved. Yuan et al. [84] found a
negative correlation between the coal strength and coal and
gas outburst. Also, they regard the coal mass as a prominent
barrier, and it is more likely to cause coal and gas outburst
with the lower coal strength. But there will still be gas
outburst accidents under certain conditions with the higher
coal strength, and it is lower about the outburst strength
than that with the lower coal strength. In addition, some
scholars have reached the opposite conclusions due to
different experimental conditions. Yuan and Peng et al.
[14, 15] found that the coal strength increases with the
decrease of coal particle size by using their self-designed
device of coal and gas outburst. In the outburst process, the
quality of outburst coal increases with the increase of coal
strength, and there is a linear positive correlation between
the relative outburst strength and the coal strength. Fur-
thermore, Zhang et al. [85] carried out a series of simulation
experiments for the instant exposure of gas-bearing coals
with different strengths and found that the indexes of
outburst strength, such as the quality of the outburst coal
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power, distance, and hole depth, decrease with the increase
of the coal strength under the same in situ stress and gas
pressure. Also, there is a linear negative correlation between
outburst indexes and the coal strength, which is manifested
as the hindrance of the coal strength against the occurrence
of the outburst accidents. During the four stages of inoc-
ulation, occurrence, development, and termination of coal
and gas outburst, the existence of gas pressure leads to the
decrease of the effective stress, which accelerates the failure
process of coal mass. Besides, the release of gas internal
energy in the failure process of coal mass and its proportion
in the total energy increase with the increase of the coal
strength, and there is a linear positive correlation between
gas internal energy, which becomes the main energy source
affecting the occurrence of outburst accidents.

At present, the research on the mechanism of coal and
gas outburst induced by the coal strength is relatively in-
sufficient, and the definitive evaluation standard of the
outburst strength is not unique. So that it is worth further
discussing whether the definitive evaluation standard can be
formed only by the single index, such as outburst coal
quality, distance or hole depth. To sum up, in the action
hypothesis on the four stages of incubation, start-up, de-
velopment, and stop of coal and gas outburst in China, the
effects of in situ stress, gas pressure, and the physical and
mechanical properties of coal mass are taken into account
comprehensively. Moreover, the control effects of the
ground stress and gas pressure in the structural coal seams
are believed to mainly lead to the occurrence of the coal and
gas outburst. ,e above studies have indicated that the
mechanical properties of coal mass are changed by the
geological structure movements, which leads to the occur-
rence of outbursts, but it is focusing on the distribution laws
of in situ stress and gas pressure in the coal seams about
outbursts. Besides, the coal strength is one of the important
physical mechanical parameters of coal mass, and how to
further study coal and gas outburst induced by coal strength
is of great significance to the improvement of outburst
theories.

5. Discussion and Outlooks

By summarizing the mechanism of coal and gas outbursts in
China, it can be seen that the existing research mainly fo-
cuses on influence of in situ stress, tectonic movement, and
gas pressure on the coal and gas outburst. ,e coal strength
is an important physical mechanical property of the coal
mass and is closely related with the strength of the outburst.
However, research on the effects of the coal strength on the
disaster-causing mechanism of the coal and gas outburst is
rarely reported. ,erefore, further thinking should be given
to the following aspect.

(1) ,e influence mechanism of the coal strength to the
coal and gas outburst requires further research. More
and more scholars regard in situ stress, gas, physical
and mechanical properties, and other influencing
factors as an organic whole, and they also

comprehensively consider the processes of coal and
gas outbursts by constructing different mathematical
models, such as spherical shell instability model
[25, 26] and butterfly coal and gas outburst con-
jecture [64, 65]. However, previous studies often set
certain preconditions, for example, the hypothesis of
spherical shell instability assumes that the coal seam
is usually infinite with the isotropic original stress,
and the stress concentration caused by mining work
should be ignored. Also, the conjecture of butterfly
coal and gas outburst simplifies the surrounding rock
of the driving roadway into a plane, and the implicit
equation of plastic zone boundary of surrounding
rock in nonequal pressure stress field is calculated by
means of elastic mechanics. By this conjecture, we
can solve outburst problems like “pear-shaped
cavity,” but the scientific issues related to coal and
gas outburst, such as gas pressure and coal strength
are ignored. How to further determine the critical
conditions of the change of the coal strength in the
four stages of incubation, occurrence, development,
and stop of the outburst and how to quantitatively
analyze the influence of coal strength on outburst are
particularly important.

(2) Coal and gas outburst includes four stages of in-
cubation, occurrence, development, and stop, in
which the coal mass is destroyed gradually under the
coupling action of stress field, gas pressure field,
vibration field, seepage field, fracture field, and
electromagnetic field, and the gas pressure plays the
most important role in the process of coal and gas
outburst, following by coal strength and in situ stress
[84]. Moreover, the tectonic movement has an ex-
tremely important impact on the coal strength and
induces the coal and gas outburst [42–46]. But the
researches only focus on the crushing effect of gas
pressure and external stress on coal mass, ignoring
the effect of in situ stress and tectonic movement on
the coal mass’ crushing and stripping. In addition,
the in situ stress and tectonic movement can change
the opening and closing states of the internal frac-
tures of coal mass and change the gas migration at
the same time. Generally, when the coal strength is
large enough or the integrity of coal mass is good
enough, the gas pressure is insufficient to strip and
break the high-strength coal mass, and the coal mass
plays an important role in preventing coal and gas
outbursts, which affects the test results of coal and
gas outbursts. Otherwise, some scholars consider the
influence of coal strength on coal and gas outburst
from another perspective [14, 15].,e particle size of
the coal size changes the internal porosity of the coal
mass, the smaller the particle size, the smaller the
porosity, and the better the compactness of the coal
mass. ,e test has indicated that the smaller the
particle size of the coal, the better the adsorption
feature of the coal, and the higher the temperature of
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coal rises. Under effects of the temperature field,
energy stored in the high-strength coal is relatively
high; therefore the outburst is instantaneous with a
high intensity. ,e current research focuses on the
changing internal energy of the gas stored in the coal
due to the changes of the adsorption feature of the
gas. Enhancement of the adsorption feature of the
gas rises the temperature within the coal mass, thus
transporting energy to expand the gas continuously.
As a result, the intensity of the outburst may be
increased. Under the same gas pressure and ground
stress, the coal strength is the main factor that affects
the failure form of the coal mass at each stage of the
outburst, which is the main influencing factor that
controls the storage and release of the elastic energy
and gas internal energy. At the same time, the author
thinks that how to establish more suitable experi-
ment conditions for underground outburst process
and fully consider the coupling effect of multiple
fields will be more conducive to study the influence
mechanism of physical and mechanical parameters
on coal and gas outburst and improve the disaster
mechanism of coal and gas outburst.

(3) Research methods of the disaster mechanism of coal
and gas outburst need to be further improved in the
future. In recent years, the mechanisms of coal and
gas outburst have been studied by using rheological
mechanics, elastic mechanics, chaos theory, plastic
mechanics, rock mechanics, and gas-solid coupling
theory, and by means of laboratory similar simula-
tion experiments and numerical simulation
methods, but no methods or theories are perfect. In
short, they can explain specific coal and gas outburst
accidents to a limited extent.

,e size effects have greatly changed the coal strength
value [77, 78, 86], and when for the similarity simulation
experiments on coal and gas outburst, it is necessary to
ensure that the physical and mechanical properties, geo-
metric similarity, movement trend similarity and dynamic
similarity of the simulated coal seams according to the
similarity theory. But it is difficult to ensure that the final
simulation results are consistent with the actual outburst
process and outburst characteristics of the mine [87].
,erefore, the physical and mechanical properties of similar
simulation materials and raw coal should be the same as
possible, avoiding the influence of the size effects on the coal
and gas processes caused by the coal strength, and ensuring
the rationality of the design of the similar simulation ex-
periments to achieve the quantification and accuracy of
experiment on coal and gas outburst. However, the existing
devices of the similar simulation experiment limit the ac-
curacy of the experiment results of coal and gas outburst to a
certain extent. For example, some of the existing devices [88]
are designed with a small size, which is difficult to avoid the
influence of boundary effect and hard to simulate the ex-
istence of the geological structure of the coal seam and the
realization of engineering excavation function. In addition,

the sensors can only be placed in the model, which limits the
data collection. Or some of the existing devices are designed
with a large size, which increases the difficulty of device
manufacturing and the periodicity of experiments. Or some
of the existing devices are designed with a smaller volume of
the gas cavity, which makes it difficult to maintain the
adequacy of gas during the testing. Or some of the existing
devices have poor airtightness and cannot provide the true
triaxial stress loading which is more consistent with the
actual engineering difficultly.

In view of the existing problems to the research methods
and devices, the existing materials for the similarity simu-
lation test should be improved to conform to the physical
and mechanical properties of coal mass. ,e key factors of
coal and gas outburst, such as in situ stress, gas stress, and
physical and mechanical properties, should be compre-
hensively considered, and the scientific and reasonable size
(avoiding boundary effects and size effects) should be
designed to truly restore the geological structures of the coal
seams and gas migration laws and truly restore the stress
environment and excavation conditions of the coal seams.
At the same time, the device of the similarity simulation test
in terms of the four stages of preparation, excitation, de-
velopment, and stopping (acquiring the critical conditions of
each stage) can be obtained from multiple directions. Be-
sides, the priority should be placed on the impact of changes
of the macro-mechanical properties of coal mass on its
microstructures, and how to use numerical simulation
technology more reasonably by means of the computer
numerical simulation technology.

6. Conclusions

Coal and gas outburst is a complex kinetic process. ,e
current researches have revealed the disaster-causing
mechanism of the coal strength to the coal and gas outburst,
providing an idea for deep mining as well as prevention and
control of the coal and gas outburst.

(1) ,e research progresses and new understandings of
the coal and gas outburst mechanism under the
control of different factors are systematically sum-
marized, providing an idea for the future deep
mining as well as prevention and control of the coal
and gas outburst in China.

(2) Stages of incubation, occurrence, development, and
stop of the coal and gas outburst are affected by the
coupling effects of the multi-physical field such as in
situ stress field, gas pressure field, fissure field,
electromagnetic field, and seepage field. ,e coal
strength is the main factor that affects the occurrence
of outburst under the same gas pressure and ground
stress.

(3) Scientific methods are put forward to improve the
research methods of the mechanism of coal and gas
outburst. It is imperative to design a scientific size
(boundary effects and size effects should be avoided),
restore the real coupling conditions of multiple
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geological fields, obtain the critical conditions of
each stage from multiple directions, use numerical
simulation technology comprehensively, and con-
sider the influence of the changing mechanical
properties of macrocoal on its microstructure.
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,is study is aimed at predicting rock burst disasters in high gas mines. First, the distribution law and correlation of gas and stress
in the F15-17-11111 working face of Pingdingshan No. 13 Mine were analyzed based on the coupling relationship between gas
emission and stress in the working face. Next, the relationship between gas emission and stress distribution was revealed, and an
early warning method of rock burst in the deep mine working face based on the law of gas emission was proposed and applied to
the F15-17-11111 working face. Finally, the critical value of the gas concentration indicator for rock burst early warning in the
F15-17-11111 working face was determined as 0.05%. ,e following research results were obtained. ,e gas emission and the
mining stress in the F15-17-11111 working face are negatively correlated. Mechanically, their correlation satisfies the typical
coupling. Besides, the critical value of the gas concentration indicator determined by the proposed early warning method boasts
high accuracy in predicting rock burst disasters. It can be used as an early warningmethod for underground rock burst disasters to
promote the safety of working face mining. ,e research results provide reference and guidance for the monitoring and early
warning of rock burst disasters in deep high gas mines.

1. Introduction

Rock burst [1] is a dynamic phenomenon in which the elastic
energy accumulated in coal rock is released in a sudden,
rapid, and violent way when the mechanical system of coal
rock reaches its strength limit, scattering coal rock over
roadways with great impact. ,is disaster, usually accom-
panied by huge vibration, will damage the roadway and
equipment and causes casualties. Scholars at home and
abroad have conducted extensive researches on the occur-
rence mechanism and monitoring and early warning
methods of rock burst. A series of rock burst monitoring and
early warning techniques have been proposed, including the
microseismic method, the electromagnetic radiation
method, the stress online method, the acoustic emission
method, and the drilling cuttings method. However, these
techniques cannot achieve early warning. When the

monitoring indicators reach the danger value, the rock burst
disaster is about to occur, failing to leave sufficient time for
pressure relief and disaster prevention. Besides, precursor
information is needed to determine the risk of rock burst,
which is of great inconvenience to the monitoring and
prevention of rock burst in mines. At the same time, as the
depth and extent of coal mining increase, the gas content and
gas pressure in coal seams tend to increase, and the number
of deep high gas mines is on the rise. Rock burst disasters
occurred in many mines with high gas coal seams in China,
such as Laohutai Coal Mine in Fushun, Wulong Coal Mine
and Wangying Coal Mine in Fuxin, Tao’er Coal Mine in
Handan, Jianxin Coal Mine in Fengcheng, and Pingding-
shan No. 10 and 12 Mines [2–4]. ,e high gas in coal seams
complicates the occurrence mechanism of rock burst, which
poses a great obstacle to the monitoring and prevention of
dynamic hazards in high gas coal seams. ,erefore, special
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studies on dynamic hazards in high gas coal seams are
needed.

Scholars all over the world have done abundant studies
on the occurrence mechanism and monitoring and early
warning methods of rock burst in high gas mines. Petukhov
[5], a scholar from former Soviet Union, was the first to
research the combination of rock burst and gas outburst in
1987. Zhang et al. [6–8] were the first to analyze gas-induced
coal instability and established amathematical model of rock
burst in gas-bearing coal seams.With the aid of microseisms,
gas monitoring, and on-site investigation, Li et al. [9, 10]
detected unusual gas emissions before, during, and after rock
burst disasters, thus questioning the former idea that rock
burst was a kind of coal outburst free from the impact of gas.
,ey held that rock burst in deep mining was closely related
to gas; high-pressure gas was highly likely to be involved in
the occurrence of rock burst; and there was a kind of rock
burst induced by the coupling between mining-induced
stress relief and high-pressure adsorbed gas desorption and
expansion in gas-bearing porous media and gas storage
structures. Dong et al. [11] analyzed the influence of gas on
the mechanical properties of coal and the law of gas seepage
and fracture expansion and explored the conditions under
which rock burst and gas outburst mutually converted in
different stages. Yin et al. [12] studied the influence of stress
field on gas field and established a gas-solid coupling model.
Lu et al. [13] investigated the mechanism of rock burst
occurrence in high gas coal seams. Zhang et al. [14] studied
the coupling effect between the stress field and the gas field.
Yuan et al. [15] summarized the characteristics and
mechanism of rock burst in high gas coal seams and ana-
lyzed the problems in their study. Stanislaw [16] analyzed the
effect of rock-burst-induced ore vibration on gas adsorption
from multiple perspectives and factors and discussed the
causes and conditions of emissions. Huo et al. [17, 18]
proposed a solid-fluid coupling instability theory for coal
and gas outburst based on the mechanism of coal rock
deformation and gas seepage and established the intrinsic
structure relationship of gas-bearing coal. Meanwhile, they
proposed a method to determine material parameters. Shane
and Tang [19] questioned whether rock burst induced gas, or
gas induced rock burst, or both, based on the increase in gas
concentration before, during, and after rock burst disasters.
Ogieglo et al. [20] studied the effect of mine vibration on gas
concentration. Zhou et al. [21, 22] established a one-di-
mensional flow model for coal and gas outburst, gave a
crushing initiation criterion, and discussed the outburst
process. Besides, they also studied large-scale outbursts
corresponding to constant steady advancement and ana-
lyzed the important dimensionless parameters of coal and
gas outburst, as well as the criterion. Wang et al. [23] probed
into the unified mechanism of rock burst and outburst,
explored the influences of coal burst proneness, pore gas
pressure, and surrounding rock stress on outburst, and
proposed amathematical model of outburst. Wang et al. [24]
researched the influence of gas during the implementation of
the drill cuttings method in gas-bearing coal seams and used
the classical theory to derive an index of the amount of drill
cuttings for detecting rock burst in gas-bearing coal seams.

Liu et al. [25] put forward AVO technology (i.e., amplitude
variation with offset) early warning theory of coal seam gas
enrichment based on the comparison results of coal seam gas
and conventional sandstone gas occurrence mechanism.
Zhou et al. [26] analyzed the relationship between energy
gathering and energy dissipation during uniaxial com-
pression and cyclic loading of coal samples in different gas
pressure environments and concluded that the gas shall be
taken into account for burst proneness evaluation in deep
mining of high gas mines.

,e above studies mainly explain the mechanism behind
the occurrence of rock burst in high gas coal seams and the
effect of gas on rock burst. ,e results of these studies
conduce to correcting the early warning indicators of the
conventional rock burst monitoring technique to make it
more applicable to the monitoring and early warning of high
gas coal seams. However, methods for early warning of rock
burst remain to be found. In this paper, the F15-17-11111
working face of Pingdingshan No. 13 Mine was taken as the
research background. First, the correlation between gas
emission and rock burst was studied. Furthermore, a
monitoring and early warning method of rock burst in the
deep mine working face based on the law gas emission was
proposed by using gas monitoring means. In this way, early
warning of rock burst was achieved. Finally, the method was
applied to engineering practice for verification. ,e research
is expected to provide reference and guidance for the
monitoring and early warning of rock burst disasters in deep
high gas coal seams.

2. Study Area

2.1. Geological Conditions of Mines. Pingdingshan No. 13
Mine, with a design capacity of 1.80Mt/a, is developed using
double vertical shafts, two levels, rise and dip combined
mining. ,e main minable seam is the lower F coal of the
Shanxi Formation, and the main mining coal seam is the F15-
17 coal seam whose average thickness is 5.85m. ,e mine
field is located on the common flank of Likou syncline and
Xiangjia anticline of the Pingdingshan coalfield, with the
northeast oriented Gouli normal fault on the southeastern
boundary, the coal outcrop near the Xiangjia fault on the
northeastern boundary, and the northwest oriented Xing-
guosi normal fault on the western part. Overall, the strata
strike and dip are NW 305°–340° and SW 215°–250°, re-
spectively, and the dip angle is 10°–35°. ,e northeastern
boundary of the mine field is close to the Xiangjia anticline
axis, so it is significantly influenced by the Xiangjia anticline
structure as a whole. ,e northwestern part of the mine field
is a monoclinic structure that dips to the southwest, and it is
accompanied by faults. Due to the Lingwushan syncline, the
Baishishan anticline, and the secondary folds and faults
perpendicular to the Lingwu syncline, the south-eastern part
of the mine field is a complex structural area centered on the
Lingwu syncline.

Pingdingshan No. 13 Mine is identified as a gas outburst
mine. ,e distribution of gas occurrence in coal mine shows
zonation. ,e gas content of the coal seam rises as the burial
depth increases, and it increases from the west to the east,
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resulting in a low gas concentration in the west and a high
gas concentration in the east. Nevertheless, the gas con-
centration may vary locally due to the influence of faults,
folds, and magmatic rocks. In the eastern part of the mine
field, the gas contents of the F1 and F3 mining areas are the
highest, with the measured maximum gas content at an
elevation of −720m being 16.09m3/t. All the three dynamic
disasters that once threated the mine occurred in the two
mining areas. ,e gas content of the F4 mining area in the
western part of the mine field is relatively low, the measured
maximum gas content at an elevation of −660m being
10.28m3/t. ,e gas content in the central F2 mining area is
the lowest due to local faults.

2.2. Profile of the Working Face. ,e F15-17-11111 working
face of Pingdingshan No. 13 Mine is located in the sixth
section of the east flank of the F1 mining area. It extends to
the Goulifeng normal fault in the east, the boundary of the
security pillar at the rise and the Dongfeng shaft in the west,
the goaf of the F15-17-11090 mining face in the north, and the
boundary of the F1 mining area in the south. ,e F3 mining
area is under the F1 mining area. ,e schematic diagram of
the F15-17-11111 working face is shown in Figure 1. ,e
ground elevation of the working face is +84.1m, and the
elevation of it ranges from −465m to −620m. ,e mining
coal seam in this working face is the F15-17 seam whose
thickness and dip angle lie in the range of 3.8–6.5m and
8°–16°, respectively, according to the coal exploration data.
In addition, the seam has a simple and stable structure.

,e F1 mining area where the F15-17-11111 working face
is located and the adjacent F3 mining area both experienced
the compound dynamic disasters of rock burst and gas
outburst. ,e F15-17-11111 working face, located at the
boundary of the F1 mining area and near the F3 mining area,
belongs to an outburst coal seam. It is also prone to the
compound dynamic disasters.

2.3. Overview of Rock Burst Accidents in theMine. On March
12, 2002, the first compound dynamic disaster occurred at
12m (i.e., at the open-off cut) of the F15-17-11091 machine
lane. Rock burst occurred first, resulting in local destruction
of the roadway and bursting 196 t of coal. ,en, the gas
concentration surged sharply, and the volume of gas
emission was 3,840m3. On January 20, 2008, 594 t of coal

was burst and 32,927m3 of gas was emitted at 830m of the
F15-17-13031 machine lane. On June 13, 2010, 1,133 t of coal
was burst and 308,557m3 of gas was emitted at 272m of the
F15-17-13031 low-level gas drainage roadway. Based on on-
site cases of Pingdingshan No. 13 Mine, it was found that the
gas concentration dropped first before rock burst, whereas it
jumped sharply after that.

3. Methodology

3.1. Coupling Structural Model ofWorking Face Gas Emission
and Stress. Rock burst generally occurs from the coal wall
side of the working face. In the limit equilibrium zone ahead
of the coal wall, stress is highly concentrated due to the
suspension of overlying roof. As a result, a large amount of
elastic strain energy is reserved in coal. In the high gas mine,
the expansion energy of adsorbed gas is also reserved in coal.

,e coupling structural model of gas emission and stress
during deep high gas coal seam working face mining is
shown in Figure 2.

During mining, three areas, namely, Areas A, B, and C,
will be formed in front of the working face with the rupture
of coal (Figure 2). Under high stress, the yield failure of coal
in Area A leads to the loss of its bearing capacity, forming a
pressure relief zone where the residual strength provides
radial load for the internal coal. Under the support of the
radial support force provided by the coal in Area A, the coal
in Area B boasts enhanced strength, a great bearing capacity,
and the highest stress, thus forming a stress concentration
area. Stress in Area C gradually decreases to the initial rock
stress, and this area is called the initial stress area.

When the working face experiences weighting, the hard
roof is suspended above the coal wall, resulting in a certain
range of “stress wall” in front of the coal wall. ,e “stress
wall” gradually gets compacted, during which the gas
emission is gradually reduced. Hence, a large amount of gas
is accumulated inside the “stress wall.” When the roof
ruptures suddenly, the stress transfers to the deep area,
which is equivalent to a sudden opening of the “stress wall.”
Accordingly, the gas emission increases sharply. ,erefore,
affected by mining stress, coal porosity and gas pressure will
change dynamically. Xie et al. [27] held that the coal seam
mining stress σ is a function where the gas pressure P and the
porosity λ are variables (other parameters are constants for
specific coal):

σ �
1 − λ0( E

(1 − λ)(1 − 2μ)

aK0RT

NmS
ln

(1 + bP)

1 + bP0( 
− Ky P − P0(  + 1 −

E

(1 − 2μ)
, (1)

where λ0 is the initial porosity of coal; P0 is the initial gas
pressure of coal seam, MPa; E is the elastic modulus of coal,
GPa; μ is Poisson’s ratio of coal; R is a universal gas constant,
J/(mol·K); T is the absolute temperature, K; Nm is the molar
volume of gas, which equals 22.4 L/mol in the standard state;
S is the specific surface area, m2/g; a is the adsorption

constant, m3/t; b is the adsorption constant, MPa−1; Ky is the
compressibility coefficient of coal, MPa−1.

,erefore, the stress has a significant influence on the
distribution and extension of cracks in the coal. Cracks in the
coal in Area A are interconnected, causing an increase in the
porosity and a high permeability of the coal seam. In this case,
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gas can be fully emitted, so the gas content and gas pressure are
relatively low.,e coal in Area B is relatively integrated. Under
the action of high stress, pores and cracks in the coal are
compacted, bringing about a decrease in the porosity and a
poor permeability. In this case, gas is accumulated, so the gas
content and gas pressure are both high. Since Area B is close to
the pressure relief area where the coal is ruptured seriously, a

high gas pressure gradient and a high gas content gradient tend
to be formed. While the gas in Area A is emitted, the gas in
Area B remains accumulated and rarely gets emitted because of
the low porosity induced by stress concentration in the deep
coal. ,e above phenomenon reflects the negative correlation
between coal seam gas emission andmining stress in coal seam.
Mechanically, their correlation satisfies the typical coupling.

Gas pressure P

Mining stress σ

Porosity λ

Dynamics train energy
generated by roof rupture

Area A

Area B Gas concentration area

Area C

Figure 2: Coupling structural model of gas emission and stress in the working face.
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Figure 1: Schematic diagram of the location of the F15-17-11111 working face.
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3.2. Evolution Law of Stress and Gas in the Working Face
during Mining. Since the working face is continuously ad-
vancing in the production process, the stress and gas states in
the coal seam are changing cyclically and constantly. ,e
following discussion is about the change of stress and gas
states in the coal seam after the mining footage of the
working face.

After the working face advances for a distance of S, the
overlying load originally acting on the coal in Area S is
transferred to the coal in the front, leading to a sudden rise of
the stress borne by the newly exposed coal. At the same time,
the amount of released gas in the coal seam is relatively small
for a short time. Resultantly, a large stress gradient and a
large gas gradient are formed (Curve 1 in Figure 3). When
the stress exceeds the strength limit of the coal, the coal
ruptures and the stress transfers to the inner part of the coal
seam. Meanwhile, the cracks become interconnected after
the coal ruptures, providing a channel for the migration and
release of gas. ,e gas in the deep area transfers towards the
working face (Curve 2 in Figure 3). After several ruptures of
the coal in front of the working face, the stress and gas
pressure gradually stabilize (Curve 3 in Figure 3). At this
time, a footage of the working face is completed.

Under normal mining conditions, stress and gas pres-
sure in front of the working face can transfer smoothly.
However, once geological structures, coal seam thickness
changes, and an excessively long suspended roof exist in
front of the working face, stress transfer will become ab-
normal. Specifically, the stress and the stress gradient surge,
so that gas becomes accumulated in local areas. Assuming
there is an abnormal area (Area D, such as fault structures,
coal seam thickness changes, soft layer thickness changes,
and partings) in front of the working face, the stress transfer
and variation law is shown in Figure 4. In this case, the stress
no longer transfers forward along with working face ad-
vancement. Instead, it undergoes stress stagnation under the
influence of Area D. As the pressure relief area (Area A)
narrows, the stress peak becomes larger and increasingly
closer to the working face. Besides, more and more gas is
accumulated inside the coal, forming an increasing stress
gradient and gas pressure gradient. A high gas content
determines greater expansion energy of adsorbed gas. When
Area A fails to provide enough radial support for the stress
concentration area (Area B), the accumulated energy in Area
B will be released outward suddenly, bringing about coal
ruptures, rock burst dynamic disasters, and a rise of gas
concentration.

3.3. An EarlyWarningMethod of Rock Burst in the DeepMine
WorkingFaceBasedon theLawofGasEmission. By analyzing
stress and gas evolution in the working face duringmining, it
is concluded that abnormal mining conditions of the
working face are likely to cause rock burst disasters. ,e gas
concentration decreases first before the occurrence of rock
burst, while it soars sharply after the occurrence. In areas
where rock burst occurs, the stress increases gradually before
the occurrence of rock burst, and rock burst occurs when the
stress reaches the coal failure limit. Stress monitoring in

working face belongs to point monitoring which is dis-
continuous. When the stress reaches its maximum, the
disaster is about to occur. ,erefore, stress monitoring
cannot support early warning. In contrast, the monitoring
and control of gas concentration in the working face are
continuous. As a result, based on the relationship between
gas emission and stress in the working face, changes in the
stress can be indirectly obtained by monitoring the gas
concentration variation. In other words, rock burst can be
monitored with the aid of gas concentration monitoring.

As revealed by the above analysis, the early warning of
rock burst can be realized through a combination of rock
burst monitoring and gas emission monitoring. In this
study, by taking geological and mining conditions of the
mine into account, based on the rational utilization of the
existing monitoring facilities in the mine, a comprehensive
monitoring scheme which can be used to monitor the gas
concentration and the stress in the working face is
designed, and an early warning method of rock burst in the
deep mine working face based on the law of gas emission is
proposed.

,e flowchart of the proposed early warning method is
shown in Figure 5. First of all, the monitoring points of gas
concentration and stress in the working face are designed
and arranged. ,en, the monitoring data of gas concen-
tration and stress are collected. Moreover, by analyzing the
monitoring data, the law of gas emission and stress distri-
bution is concluded, and the correlation between the gas
concentration values and the data from the stress moni-
toring points is analyzed. Finally, the value of the gas
concentration early warning indicator for early warning is
determined, according to the data from the stress moni-
toring points at the moment when the dynamic changes of
gas concentration are observed.

3.4. Design of Gas and Stress Monitoring in theWorking Face.
According to the above introduction to the proposed early
warning method, a field test was carried out with the F15-17-
11111 working face of Pingdingshan No. 13 Mine taken as
the engineering geological background. ,e support pres-
sure, which could reflect the stress change in the working
face, was used for predicting the weighting time and
weighting step distance. In accordance with the weighting
condition, the rock burst and outburst hazards could be
predicted. In this study, stress monitoring in the working
face was realized online through the supports. A total of nine
KJ21 support pressure online recorders were installed on the
supports 18#, 27#, 31#, 36#, 45#, 50#, 72#, 81#, and 90# in the
F15-17-11111 working face, respectively. ,e roof periodic
weighting step distance and pressure distribution were
analyzed according to the monitored data. ,e gas con-
centration monitoring was realized through the KJ-2000N
safety monitoring system. ,e system included an MGTSV
monitoring cable and two GJC40 (A) gas sensors. Of the two
gas sensors, the internal gas sensor was installed in the return
airway, being no more than 10m away from the mining face.
,e layout of gas and stress monitoring points in working
face is shown in Figure 6.
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4. Results and Discussion

4.1. Law of Gas Emission and Stress Distribution in the F15-17-
11111Working Face. In order to investigate the relationship
between gas emission and stress distribution, the support
pressure data in the working face and the gas concentration
real-time data in the return airway were collected and sta-
tistically analyzed. On the basis of the analysis, the variation
curves of support pressure and average gas concentration
with the advancement distance of the working face are
obtained (Figure 7).

According to the field data of Pingdingshan No. 13Mine,
the weighted average of support pressures in the F15-17 coal
seam is 25MPa. If the support pressure exceeds the weighted
average, it can be determined that periodic pressure is oc-
curring in this area where the coal is under highly con-
centrated stress and possesses the risk of rock burst. Figure 7
shows that since the start of monitoring, as the advancement
distance of the F15-17-11111 working face increases, the roof
of the working face gradually bends and sinks, accompanied

by periodic collapses. Correspondingly, the roof pressure
increases to over 25MPa, the maximum approaching
40MPa. During normal advancement of the working face,
the support pressure maintains a low value without sig-
nificant changes and rarely exceeds the weighted average.
However, when the working face advances to 21.4m, 72.8m,
108.5m, and 140.1m, the gas concentration of the working
face falls notably, andmeanwhile the working pressure of the
support rises. As the working face continues to advance, roof
collapse or rock burst occurs. Later, the support pressure
drops, and the gas concentration jumps dramatically first
and then falls. When the “8.16” rock burst occurs, the gas
concentration reaches the minimum (0.03%) of the entire
monitoring process, and the support pressure reaches the
maximum (39.8MPa). Afterwards, the gas concentration
rises sharply to 38.65%.

4.2. Determination of the Critical Value of the Early Warning
Indicator. As disclosed by the law of gas emission and stress

Arranging gas
concentration

monitoring
points in the
working face

Arranging
stress

monitoring
points in the
working face

Acquiring gas
concentration

monitoring data

Acquiring stress
monitoring data

Analyzing the
correlation between gas

concentration values
and stress values

Determining the
critical value of gas
concentration for

early warning

Figure 5: Flowchart of early warning method of rock burst in the deep mine working face based on the law of gas emission.
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Figure 6: Schematic diagram of gas and stress monitoring design in the working face.
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distribution in the F15-17-11111 working face, during the
periodic weighting, the gas emission often lags behind the
periodic weighting. As the support pressure increases, the
gas concentration experiences a great decrease. When it
reaches the minimum, the support pressure is at its maxi-
mum. At this moment, the rock burst is the most likely to
occur. By comparing the decrease in gas concentration with
the usual gas concentration, the early warning of rock burst
can be realized. According to the support pressure statistics
during the mining of Pingdingshan No. 13 Mine, the
minimum support pressure corresponding to coal and rock
gas dynamic phenomena is 35MPa, so 35MPa is regarded as
the critical value of support pressure. According to the
support pressure data in the working face and the real-time
gas concentration data in the return airway, during normal
periodic weightings, the maximum support pressure is
34.7MPa, and the gas concentration in the return airway
ranges from 0.05% to 0.1%. When the support pressure
exceeds 35MPa, that is, when a coal and rock gas dynamic
phenomenon occurs, the gas concentration is 0.03%, lower
than 0.05%. ,erefore, considering the correlation between
the gas concentration value and the stress monitoring data,
0.05% is regarded as the critical value of gas concentration.
When the gas concentration in the return airway undergoes
a continuous decrease and falls to below 0.05%, rock burst
warning is triggered.

4.3.EarlyWarningandVerification. In this study, the critical
value of gas concentration for rock burst warning in the F15-
17-11111 working face is determined as 0.05%. From No-
vember 2018 to January 2019, two impact hazards were
predicted, with gas concentration reaching 0.042% and
0.047%, respectively, which reached the warning value, as
shown in Figure 8. ,erefore, when the pressure risk of
impact ground pressure is detected, pressure relief measures
are adopted. After pressure relief, the pressure of working
face has not increased significantly, and no impact ground
pressure accident occurred on the working face.

After that, the early warning results indicated rock burst
risk for a total of 12 times of F15-17-11111 working face. After
the pressure relief measures were adopted when the danger
of rock burst was detected, the working face has been pushed
forward for 400 meters, and the stopping line is safe, which
has achieved significant economic, technical, and social
benefits.

5. Conclusions

(1) ,rough the analysis of the on-site rock burst ac-
cident of Pingdingshan No. 13 Mine, it is found that
gas concentration changes regularly before and after
the occurrence of rock burst. ,e gas concentration
decreases first before the occurrence, while it jumps
sharply after that.

(2) ,e gas emission and the mining stress in the coal
seam of the working face are negatively correlated.
Mechanically, their correlation satisfies the typical
coupling. In the direction of working face

advancement, the gas concentration in the working
face increases as the stress decreases, and it decreases
as the stress increases. In addition, the gas con-
centration reaches its minimum when the stress
reaches its maximum.

(3) ,e early warning method of rock burst in the deep
mine working face based on the law of gas emission
is proposed. ,rough field monitoring, the critical
value of the gas concentration indicator for rock
burst early warning in the F15-17-11111 working face
is determined as 0.05%. On-site practice demon-
strates that regarding the critical value as the early
warning value is basically consistent with the field
practical situation, and it succeeds in ensuring the
safe mining of the working face.
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)e potential dynamic risk of the mined underground space with hard overlying strata is one of the main concerns for coal
operators.)is paper presents a comprehensive study on treating the hard overlying strata upon the coal seam through the presplit
blasting technique. )e properties of the overlying strata were firstly investigated and evaluated via the laboratory tests and
theoretical analysis. With the consideration of the geological and mining condition of the research area, the critical parameters of
the presplit blasting technique (e.g., unsaturation coefficient, borehole spacing, and the slit width) were consequently determined
via the numerical simulation with the application of LS-DYNA. )en, the field practice in accordance with the determined
parameters was carried out in Yuwu coal mine. )e effectiveness of the presplit blasting technique was well verified when the
microstructures of the surrounding rock were investigated. )e success presented in this paper does not only demonstrate the
feasibility of using the presplit blasting technique in treating the hard strata of underground mines but also provide a guideline in
determining the critical parameters by the numerical simulation and theoretical analysis from the design aspect.

1. Introduction

It has been well noted that the hard overlying strata, which
are also termed the hard roof upon the coal seams, are
generally defined as the key strata by strata controlling
engineers [1–4]. Different from other strata around the coal
seam, the hard overlying strata generally consist of one or
more layers of thick and strong strata (e.g., limestone or
sandstone). )e hard overlying strata will be hung for a long
time rather than immediately be crushed and collapsed with
the excavation process. During the past decades, a large
amount of reported rock burst and coal and gas outburst
accidents are attributed to the existence of these exposed and
hung hard overlying strata after the extraction of coal re-
source [5–7].)emain reason for these unexpected dynamic
accidents is that the concentrated stress and accumulated
energy released within a very short time, once the hung roof

cannot sustain its integrity [8]. )e dynamic accidents as-
sociated with the large deformation of surrounding rock and
the severe damages of support structures even the injuries to
miners have attracted much attention either from the aca-
demic researchers or the on-site managers [9, 10]. In ad-
dition, the sudden roof falls will result in the accumulation of
gas and CO emission, leading to some other potential risks
for underground coal operators [8]. How to effectively
control or treat the hard overlying strata therefore becomes
an urgent issue to be considered.

)ere are numerous underground coal mines facing the
problematic issues in terms of the management of the hard
overlying strata and the related dynamic accidents. From the
design aspect, pretreating the hard overlying strata to
weaken its strength and reduce the hung length is believed to
be one of the most effective methods [11, 12]. Different
pretreating techniques have been proposed and put into
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practical applications to eliminate or prevent associated
dynamic accidents caused by the exposed hard overlying
strata. Among them, the presplit blasting technique (see
Figure 1) and the hydraulic-fracturing technique are be-
lieved to be two most popular methods for weakening the
hard overlying strata [8, 12–15].

)e main aim of either the hydraulic-fracturing tech-
nique or the presplit blasting technique in treating the hard
overlying strata is to generate a series of manmade cracks or
fractures [16–18]. In practice, it is not very easy to maintain
the accurate application of hydraulic fractures/cracks and
therefore the effect of which will be somehow affected.
Compared with the hydraulic-fracturing technique, the
presplit blasting technique in treating the hard overlying
strata obtains its comparative advantages including (1) ease
of logistics, the requested equipment is with acceptable
configurations and it is thus very suitable to be used in the
narrow space in underground, when it is compared with the
hydraulic-fracturing technique [8]; (2) cost effectiveness;
and (3) the universal feasibility, which can be used to
pretreat different types of hard overlying strata [8, 12]. Most
importantly, the presplit blasting technique is believed to be
the controllable method as verified from different practical
applications in variable coal mines.

Currently, the application of the presplit blasting tech-
nique in weakening the hard overlying strata has been widely
accepted, from which the critical parameters including the
layout and depth of the blast holes, the usage of cartridge,
and the design of associated support system are well rec-
ognized. )e numerical modelling method has also been
adopted to determine the final design of the presplit blasting
technique. Different computing programmes (e.g., ABA-
QUS, ANSYS, etc.) have shown their superior advantages in
numerical simulation of the presplit blasting technique
[19–21], based on which the preliminary design can be
proposed with some assumptions. Note that the surrounding
rock is heterogeneous in nature; the results obtained from
the finite element numerical simulation should be used
together with the field investigation before the final design.

Previous research on the presplit blasting technique has
provided the meaningful guideline for further applications
of pretreating hard overlying strata. However, there are still
some research gaps that should be investigated: (1) the
comprehensive study on the presplit technique in different
types of the roadway (e.g., large-scale cross section) is still
requested; (2) the in-depth evaluation of the preblasting
technique, from the initial proposal to the final design,
should also be further conducted.

Against this background, the comprehensive research
with the combined numerical simulation and field test was
conducted on the representative coal mine operated by Luan
Coal Ltd., China. Different from previous research, the ef-
fectiveness of the large-scale cross section cut-through of the
underground mine is investigated. )is paper starts with the
concise introduction of the geological and mining condi-
tions of the selected coal mine, followed by the numerical
modelling covering the large range of parametric studies.
)is paper ends up with the case study with the application
of the critical parameters obtained from the comprehensive

research. As expected, using the presplit blasting technique
in weakening the hard overlying strata exhibited the superior
advantages.

2. Geological and Mining Conditions

)e N1202 longwall of Yuwu coal mine, located in Shanxi
province China, was selected to verify the effectiveness of the
presplit blasting technique in weakening the hard overlying
strata. As depicted in Figure 2, the N1202 longwall is sur-
rounded by the N1201 and N1203 longwall, the southern of
which is the unmined coal seam. )e width and the strike
length of N1202 longwall are 295m and 890m, respectively.
)e average buried depth of investigated area ranges from
515 to 544m. )e 6.34-meter-thick coal seam numbered 3#
is extracted by the top caving method with a mining depth of
3m. )e average dip angle of the coal seam is 6°. )e black
coal seam is in danger of explosion and outburst with a gas
content of 10.05m3/t.

Figure 3 presents the lithology of the N1202 longwall, in
which there is an 8.10-meter-thick medium sandstone lo-
cated upon the coal seam. According to the definition of the
hard roof presented earlier, this medium sandstone can be
regarded as the hard roof of N1202 longwall. Due to the
existence of the hard overlying strata and the high-strength
bolting system, the medium sandstone within the longwall is
hung without obvious deformation observed, which is the
other evidence to support the correction of the definition
mentioned above.

)e systematic laboratory tests were conducted to de-
termine the mechanical properties of the surrounding rocks.
)ese rock samples were collected through the drilling hole
and then cut into the standard samples with a diameter of
50mm and a height of 100mm for compression tests in
accordance with ASTM D7012-10 [22]. For tensile tests, the
rock samples with a diameter of 50mm and a height of
25mm were also tested. Note that the values listed in Table 1
were all averaged from three identical specimens from each
group.

It is apparent in Table 1 that the compressive strength of
the overlying stratum upon the coal seam (e.g., sandy
mudstone and fine sandstone) is much higher. Based on the
mechanical properties of rock samples presented in Table 1
and the key strata theory proposed by Qian et al. [23], the
length of the initial crushed hard roof can be then calculated
by the following equation:

Presplit blasting hole

Overlying strata

Hard roof strata
Immediate roof

Coal seam

Floor

Figure 1: )e sketch of the presplit blasting technique in treating
the hard roof.
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� 48.59m, (1)

in which Lm is the theoretical length of the crushed block, L

is the length of the longwall, and lm is defined as the length of
the secondary key strata. )e calculated length of the hung
roof is about 50m, and thus, it is urgent to take some
measure to treating the hard roof from the perspective of
controlling the stability of the surrounding rock.

To maintain the stability of the surrounding rock of
N1202 longwall, the 8300-millimeter-length cables were
installed associated with the blotting support system, the
sketch of which can be seen in Figure 4. Note that the
predriving roadway was excavated twice (Step 1 and Step 2);
the GFRP bolts were installed in the working face. )e
additional support reinforcement increases the difficulty of
the collapse of the hard roof, and thus, the presplit blasting
technique is proposed to treat the hard roof strata by
changing the integrity of the overlying strata.

3. Numerical Simulation

)e embedded programme in the LS-DYNA covers the
advantages of both Euler and Lagrange’s algorithms, which
is actually suitable to simulate the coupling of the fluid–solid
coupling (e.g., the propagation process of the detonation

shock wave and the flow of the blasting gas). In this pro-
gramme, the Euler algorithm is generally used to divide the
internal cell grid whereas the boundary of the built model
was usually achieved by the Lagrange algorithm. To prevent
the occurrence of unexpected distortion of the grid, the
division of the target zone should be manually adjusted.
More detailed information about both the theoretical
foundation and setup of the model can be found in the
manual of the of LS-DYNA [24].

Figure 5 depicts the distribution of different zones of
surrounding rock with the use of the presplit blasting
technique. According to the propagation of the explosive
energy, the surrounding rock around the blast hole can be
divided into the crushed zone and the fractured zone. )e
explosive energy is initially generated around the surface of
the blast hole and some of them will be consumed to crush
the surrounding rock, leading to the generation of the
crushed zone. With the shock waves gradually attenuating
into stress waves, the original quasistatic pressure enlarges
the initial cracks. If the peak intensity of the shock wave is
larger than that of the compressive strength of the sur-
rounding rock, the blast hole will be directly damaged and
crushed. )e radius of the crushed zone (i.e., R1) can be
marked from the numerical simulation if the monitored
strength applied to the surrounding rock exceeds its peak
strength.

Figure 2: Geographical location and the plane view of the N1202 longwall.
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Apart from the crushed zone, there is a fractured zone,
mainly generated attributed to the stress wave rather than
the shock wave. If the maximum tensile stress obtained from
the stress wave is larger than the tensile strength of the
surrounding rock, the fractured zone featured with huge
shear/tensile cracks will be then generated. )e radius of the
fractured zone (i.e., R2) is closely related to the tensile
strength of surrounding rock. With the combination of the
crushed zone and the fractured zone, the integrity of the
hard overlying strata will be somehow changed and the
potential risks of dynamic accidents will be correspondingly
prevented.

It has been well noted that the detonation shock wave
will directly act on the surrounding rock around the blast
borehole through the air medium associated with the re-
flection and transmission of the shock wave. During the
propagation process, the shock wave gradually propagates
and both the crushing zone and fissure zone will be formed.
In this research, the following four critical parameters (e.g.,
the radial noncoupling coefficient, blasting borehole

spacing, group spacing, and the splitting width) were se-
lected to investigate the effects of the presplit blasting
technique.

3.1. Determination of Input Parameters. In this research, the
input parameters were determined based on the geological and
mining condition mentioned above. In accordance with the
manual of LS-DYNA programme, the SOLID164 module was
selected to generate the base model through the Euler grid.
Differently, the ALE algorithm is used to establish the cartridge
element. )e air medium and the surrounding rock were
obtained by the Lagrange algorithm. In building the numerical
model, the blasting borehole was sealed with the 75-millimeter-
diameter stemming. Considering themain strata above the coal
seam to be the 8100-millimeter-thickness sandstone, they are
selected to be the basic strata for the parametric studies pre-
sented in the following sections. Correspondingly, the me-
chanical properties of sandstone listed in Table 1 were adopted
for numerical simulation.

2.10m

1.62m

2.75m

3.70m

8.10m

1.65m

6.34m

0.37m

1.85m

Sandy mudstone

Sandy mudstone

3# coal seam

Mudstone

Mudstone

Fine sandstone

Fine sandstone

Fine sandstone

Medium sandstone

Figure 3: Lithology of the N1202 longwall.

Table 1: Key test results of rock samples.

Rock samples UCS (MPa) Tensile strength (MPa) Elastic modulus (GPa) Poisson’s ratio Friction angle
Fine sandstone 95.0 9.5 35.1 0.2 30.0
Medium sandstone 72.0 7.5 25.0 0.2 31.0
Sandy mudstone 55.0 2.5 14.0 0.2 34.0
3# coal seam 14.5 2.0 4.3 0.4 31.0
Mudstone 30.0 2.2 12.2 0.2 29.0
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)e MAT-HIGH-EXPLOSIVE-BURN module was
adopted to rebuild the cartridge element. )e following
equation represents the relationship between the shock
stress (P) applied to the surrounding rock and the relative
volume (V) [24]:

P � A1 −
ω

R1V
e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE0

V
, (2)

in which A � 78.1GPa, B � 0.552GPa, R1 � 4.02, R2 � 0.91,
ω� 1.4, and E0 � 51GPa.

)e inherent element of “NULL” is adopted to generate
the air element when the uncoupling blasting is considered.

P � c0 + c1μ + c2μ + c3μ + c4 + c5μ + c6μ( E0, (3)

in which c0 � 0.1, c1 � c2 � c3 � c6 � 0, c4 � c5 � 0.4, and
E0 � 250 kJ.
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Figure 4: )e cross section of the supported predriving roadway in the N1202 longwall.
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)e stemming was used to plug the blast borehole in the
N1202 working face of Yuwu coal mine, which is simulated
by the inherent MAT-SOIL-AND-FOAM element. With the
consideration of conventional experience in underground
blasting, the 4000-millimeter-length stemming is used in this
research.

3.2. Effect of Noncoupling Coefficient. )e value of the
noncoupling coefficient is generally smaller than 2, and thus
the following values (1.15, 1.25, 1.5, and 1.75) were adopted
to investigate the effect of the noncoupling coefficient on the
behaviour of the damaged surrounding rock. To obtain an
in-depth understanding of the transmission of the shock
wave and determine the radius of the crushed zone and
fractured zone, the centre point of the blasting borehole is
fixed as the reference point and the other five monitoring
points apart from the reference point are nonuniformly
distributed in accordance with the layout shown in Figure 6.

When the noncoupling coefficient is equal to 1, the
distribution of the von Mises stress at different processes is
presented in Figure 7. It is apparent that the shock wave
decreased with the time and the stress applied to the sur-
rounding rock nearby the blasting borehole experiences
consequently a decrease. As can be seen from Figure 7, the
effect of shock wave applied to the surrounding rock is not
obvious when T� 3.6ms. It is thus believed that the gen-
eration of the crushed and fractured zone is within 2.3ms.

Figure 8 presents the monitored shock wave pressure at
different times, in which the pressure is simultaneously
recorded by the programme itself. It is obvious that the peak
pressure at point A is larger than 320MPa corresponding to
the time equal to 0.3ms, indicating that the crushed zone
was generated within this time. From then on, the shock
wave acted on the surrounding rock experiences a sharp
decrease and the value of which tends to be zero when
T� 2.3ms.

To enhance the effects of presplit blasting, it is suggested
to increase the effective time of the stress wave and the
transmission of blasting air rather than the shock wave. If so,
the radius of the crushed zone will be decreased and the
fractured zone will be enlarged. It can be seen in Figure 9 that
the maximum stress at point A is 320MPa and the peak
strength monitored at point B is 60MPa at 0.4ms. With the
consideration of the mechanical properties of the sur-
rounding rock listed in Table 1, it is supposed that the ra-
diuses of the crushed zone and fractured zone are 1m and
3.5m, respectively.)e generation of these fractured zones is
within 2.3–4.0ms, which is not good enough in respect of
increasing the diameter of the fractured zone.

In the following section, the effects of noncoupling
coefficient are investigated through the comparison of the
numerical results. In these cases, the shock wave will be
directly applied to the air layer, which is used to separate the
cartridge rolls, rather than the surrounding rock. Because
the air layer will absorb somewhat energy, the radius of the
crushing zone will be correspondingly reduced and the
effected zone of the fractured zone will be therefore in-
creased, which can be seen in Figure 10.

Figure 11 presents the effective stress obtained from
different monitoring points with different K values. When
the value of K is equal to 1.15, the peak stresses obtained
from different monitoring points (e.g., A, B, and C) are
140MPa at 0.43ms, 64MPa at 0.9ms, and 29MPa at 1.9ms.
When it is compared with the coupling coefficient (K� 1),
the reach of the shock wave on the surrounding rock has
been significantly postponed. It can also be found that the
stress obtained from point A experiences a decline, whereas
the monitored stress at pint C is larger than that when K� 1,
indicating that the energy dissipation of the shock wave in
the crushing zone is significantly reduced. As a result, much
more energy will be used to increase the crack expansion,
resulting in the increase of the radius of the fractured zone.

Given the dynamic compressive strength of surrounding
rock listed in Table 1, the estimated diameter of the crushed
zone is still smaller than 1m, suggesting that the effect on the
crushed zone is not obviously affected when the non-
decomposition coefficient increased to 1.15. With the con-
sideration of the monitored tensile stresses are 9MPa at
point C and 10MPa at point D, the radius of the fractured
zone is estimated to be around 3.5–4m. )e other notable
observation is that the action time of the shock wave on
surrounding rock is among 3–6ms, which is much larger
than that when K� 1.

It can be seen from Figure 11 that there is still a very high
effective strength nearby the blasting borehole when
K� 1.25. )e positive pressure action time for the formation
of the fractured zone is much longer in this case. Corre-
spondingly, the minor cracks are further expanded and the
radius of the fractured zone is enlarged. With the increase of
the K value, the stress wave attenuates greatly at 3.5ms. It
can also be found that the effective stresses with the K value
of 1.5 at different monitoring points are obviously smaller
than their counterparts with the K value of 1.15 and 1.25,
respectively.

X

Y

R1
R2

Fractured zone

Blast hole

Crushed zone

Figure 5: Classification of the crushed and fractured zones around
the blast borehole.
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When the value of K increases to 1.5, the peak stress at
point A is 93.5MPa at 0.45ms, which is larger than that of
the peak strength of surrounding rock. )e monitored peak
stress at point B is 46.5MPa when T� 0.9ms, the value of
which is larger than that of the mudstone and sandy
mudstone. Even though, this stress is not enough to crush
the sandstone and can only generate somewhat fractures and
cracks. )e declined peak stresses at points A and B are the
direct evidence to support the assumption that the shock
wave mainly works on the fractured zone with the increased
radius. When the tensile stresses obtained from points C and
D are all higher when they are compared with their coun-
terparts with smaller K values, the increased tensile stress is
actually suitable to generate much more cracks around the
blasting borehole. As depicted in Figure 10, the radius of the

fractured zone is beyond 3.5m, which is larger than that with
other K values.

With the continuous increase of the K value, much more
cracks and fractures may be generated. As illustrated in
Figures 10-11, the radius of the crushed zone is too small
when K� 1.75. In this case, the limited numbers of initial
cracks around the crushed zone cannot guarantee the
requested distribution of the fractured zone. Although the
shock wave and the explosion gas will work together to
expand these cracks, they can only increase the length of
these separated cracks, mainly attributed to the generated
crushed zone with smaller radius (i.e., 0.4m). According to
the above analysis and discussions, the optimised K value is

Y

X
EDCBA

0.
5m

0.
5m 1.0m 2.0m 2.0m

Figure 6: )e schematic of monitoring points apart from the centre of the blast borehole.
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1.5 from the numerical simulation with the simple as-
sumption as stated earlier.

3.3. 9e Effect of the Borehole Spacing in the Same Group.
)e above analysis of the single blasting borehole can help to
deepen the understanding of the presplit blasting technique.
However, the blast boreholes are either generally detonated
in the group or some multiple blast boreholes are detonated
together in practical applications. In this section, it is simply
assumed that there are three blasting boreholes in the same

group; the numerical simulation was thus conducted to
investigate the effect of different borehole spacing. With the
consideration of the geological and mining conditions
mentioned earlier, three typical borehole spacing values
(e.g., 3m, 6m, and 9m) were inputted. Different monitoring
points were set up along the X- and Y-axes with the central
point in the middle of the blasting borehole as illustrated in
Figure 12.

It is expected to obtain the proper blasting borehole
spacing based on the systematic of the monitored stresses
from two different axes and the stress distribution
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Figure 10: )e evolution of the effective stress in the surrounding rock at different times. (a) K� 1.15. (b) K� 1.25. (c) K� 1.5. (d) K� 1.75.
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characteristics. According to the monitoring results in two
directions as shown in Figure 13, the occurrence of the stress
increase will take place in some areas due to the superim-
position of stress waves in the process of propagating in the
rock formation. At these superimposition areas, the sur-
rounding rock will be crushed and the radius of the fractured
zone will be a little bit smaller.

Figures 14 and 15 present the effective pressure recorded
at different monitoring points from different axis, respec-
tively. When the value of the borehole spacing ranges from
3m to 8m, the radius of the signal fractured zone is 4m and
the sum radius of the crushed zone is 3m, which can ensure
the formation of the expected fractured zone between two
blast boreholes in the same group. )e suitable spacing
between each borehole should be therefore in the range of
3–8m. However, with the increase of the spacing between
two blast boreholes, namely, L> 8m, it becomes difficult to
obtain enough cracks and fractures and the distance between
each blast borehole should be within 3–6m.

3.4. 9e Effect of the Borehole Spacing in Different Groups.
In practice, the blasting boreholes are drilled in rows and the
fractures attributed to the blasting may be connected. In this
section, the effects of the space between different blasting
boreholes are investigated. In accordance with the geological
and mining conditions, two typical spaces (L1�6m and
L2 � 8m) were selected and compared. To evaluate the effect
of the borehole spacing, six points were marked to record the
maximum stress. More detailed information about the
layout of the monitoring points can be found in Figure 16.

Figure 17 presents the monitored stress distributed
around the Y-direction with different borehole spacing and
Figures 18-19 present the distribution of the stress around
the blasting boreholes. According to the results presented
above, the peak tensile stress intensity of each tracking unit is
weaker than when the group space is 6m, and the peak
intensity time is also delayed. If the group space is equal to
6m, the peak compressive stresses obtained from points A,
B, and C are 16MPa at 2.6ms, 17MPa at 2.7ms, and 19MPa
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at 3.5ms, respectively. )e cross section of the crushed zone
along the Y-direction is about 4m, which can cover the
width of the working face. When the borehole spacing in-
creased to 8m, the crack expansion radius is between 2 and
4m, which is significantly lower than that with a group
spacing of 6m.

It can be comprehensively known that in the actual
engineering design, the blast borehole groups at both ends of
the working face, the group spacing is generally designed to
be within 8m, which can better ensure that there are partial
penetration cracks at the end position, and the partial
penetration cracks will continue to extend and expand in the
later stage, so as to realize the cutting of the entire working
face roof along the cutting hole position of the working face
to ensure the presplitting effect.

3.5.9e Effect of the Split Width. )e split width is the other
critical parameter to be considered in practice. If the split
width is too large, the energy cannot be concentrated which
will not obtain an effective explosive. If the split width is too
small, it will be very difficult to get the expected fractures.
)erefore, in this section, the 15-millimeter-width split was
adopted to investigate the effect of split width with the
comparison between the normal cartridge pack.)e dimeter
of the blasting hole is 64mm, which is in accordance with the
PVC tube used in practice.

Different from the stress distribution of normal cartridge
pack shown in Figure 20, it is apparent that the energy from
the shock wave is concentrated around the split. In

particular, the stresses applied to the surrounding rock are
much larger when T�1ms and T�1.5ms. )e main reason
for this difference is that the shock wave will firstly be
applied to the surrounding rock nearby the split line which
acts as a pilot line. )e shock wave will be generally
transferred along the split line and thenmake the shock wave
(stress wave) and explosive gas penetrate the initial crack
along the direction of the incision. )en, the cracks will be
further expanded and penetrated along the line of the blast
borehole. Compared with the normal cartridge pack, the
existing of the split reduces the excessive dissipation of
explosion energy in other directions and thus improves the
effect of presplit blasting effects.

Five monitoring points apart from the central point with
various distance (0.5m, 1m, 2m, 4m, and 6m) were set up
to track the peak stress of the shock wave, the results of
which are presented in Figures 21 and 22. It is obvious that
the peak stress at point A is about 170MPa at 0.3ms if there
is a split, whereas the peak value of the detonation wave
pressure at point A is only 130MPa corresponding to the
time of 0.4ms. With the consideration of the distance be-
tween point A and the split line, it is believed that the
detonation wave pressure around the split is much greater
than that where there is no split, indicating that the existence
of the split is obvious. However, the pressure at points B, C,
andD apart from the split line are slightly smaller than that if
there is no split constructed. )is observation is mainly
attributed to the wave reflection associated with the energy
loss. As a result, the radius of the crushed zone is smaller
than that without the split. )e slit-guided high-energy jet
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Figure 12: Layout of monitoring points.
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(A) T = 2.0ms (B) T = 3.5ms (C) T = 5.5ms

(a)

(A) T = 2.8ms (B) T = 4.0ms (C) T = 4.8ms

(b)

(A) T = 3.8ms (B) T = 4.9ms (C) T = 6.7ms

(c)

Figure 13: Distribution of stress with different blasting borehole spacing from the same group. (a) L� 3.0m. (b) L� 6.0m (c) L� 8.0m.
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and explosive gas diffuse to both sides along the slit to
further increase the residence time of the two in the initial
fissure. In this case, more energy will work on the expansion

of the blast fissure. In general, the radius of the fissure zone is
larger than that of the latter, which is conducive to the
formation of through fissures along the central line of the
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Figure 14: Stress at the X-axis in the blasting borehole with different values of L (a) L� 3m. (b) L� 6m. (c) L� 8m.
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blast borehole to achieve the purpose of precracking the
roof. According to above discussion, the 15-millimeter-
width split is recommended.

4. Field Study

4.1.Overview. )e layout of the blasting borehole to pretreat
the hard roof of the longwall N1202 can be seen from
Figure 23, in which the number is used to clarify the location

of the blasting borehole. A total of 49 blasting boreholes with
the length of 15m were drilled by the functions, among
which two blasting boreholes were located at the conner of
the main gate and the tailgate, respectively.

)e critical parameters determined by the numerical
simulation were adopted in this research to pretreat the hard
roof. With the consideration of the existed fractures and
cracks before the application of the presplit blasting tech-
nique, the radial noncoupling coefficient of 1.5 is applied.
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Figure 16: Layout of monitoring points.
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)e borehole spacing in the same group and different groups
are 5m and 6m, respectively. )e split width of 15mm is
used. In addition, two detonating cords and two detonators
are designed to detonate the charge at the same time, which
ensures that the charge can be detonated smoothly.

4.2. Evaluation of the Presplit Blasting Effects. To evaluate the
effect of using presplit blasting technique in weakening the
hard overlying strata, the breakage of the hard overlying strata
and the inner structures of the surrounding rock nearby the
blasting borehole were adopted in this research.)emeasured
cracked length of the hard roof reduces to 18m, which is
acceptable for coal operators. As observed from field inves-
tigation, there was still somewhat deformation, the evidence
of which is that some blasting boreholes drilled among the
130#-143#, 173#-3# hydraulic chocks were sealed due to the
collapse of the top coal seam. To maintain the stability of the
overlying strata, the timber chocks were installed as shown in
Figure 24.

Figure 25 presents the inner structures of the blasting
boreholes at different depth, from which the effect of presplit
blasting technique can be further examined. It is apparent
that the surrounding rock nearby the blasting borehole is
crushed within the depth of 2–5m. Most importantly, there
is obvious separation between the top coal and the sandy
mudstone. Starting from 3.8m to 4.8m, there are lots of
fractures distributed along the blasting borehole. With the
increase of the depth, the horizontal fractures were observed
at the depth of 6–8m, indicating the effective radius of the
crushed zone is among this area. As expected, there is no
crushed rock observed from the blasting borehole with the
depth of 9–12m. However, the horizontal fractures in these
zones are much more obvious, which agrees well with the
numerical modelling. As shown in Figure 25, the distri-
bution of fractures is much more random and some sur-
rounding rock experiences the crush. )e main reason for
this observation is probably attributed to the reflection of
shock wave, which is located at the bottom of the blasting
borehole.

(a)

(b)

(c)

Figure 18:)e evolution of the effective stress in the surrounding rock with the borehole spacing of 6m at different times. (a) T� 2.7ms. (b)
T� 4.6ms. (c) T� 8.6ms.
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(a)

(b)

(c)

Figure 19: )e evolution of the effective stress in the surrounding rock with the borehole spacing of 8m at different times. (a) T� 3.5ms.
(b) T� 5.5ms. (c) T� 7.0ms.

(a) (b) (c)

Figure 20: Continued.
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(d) (e) (f )

Figure 20: )e evolution of the effective stress in the surrounding rock without split at different times. (a) T� 0.58ms. (b) T�1.0ms. (c)
T�1.42ms. (d) T� 2.0ms. (e) T� 2.50ms. (f ) T� 3.30ms.

(a) (b) (c)

(d) (e) (f)

Figure 21: )e evolution of the effective stress in the surrounding rock with a split spacing of 15mm at different times. (a) T� 0.60ms.
(b) T�1.00ms. (c) T�1.50ms. (d) T� 2.00ms. (e) T� 2.51ms. (f ) T� 3.32ms.
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Figure 22: )e effective stress obtained from different monitoring points with or without the presplit technique.

Tailgate
N1202 longwall

Main gate

Main gateTailgate

Figure 23: Layout of the blast boreholes in the N1202 longwall.

(a) (b) (c)

Figure 24: Roof deformation with the application of the presplit blasting technique. (a) Working face. (b) Main gate. (c) Tailgate.
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Figure 25: )e inner surface of the surrounding rock in the blast borehole.
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5. Conclusions

)e hanging of the hard overlying strata is believed to be
one of the main reasons for the occurrence of the dynamic
accident. )is paper presents the case study of the appli-
cation of presplit blasting technique in treating the pre-
driving roadway through the longwall with the hard
overlying strata. )e following conclusions can be drawn
based on the discussions in the present research:

(1) Compared with the conventional layout of the
blasting hole, the effect of the noncoupling coeffi-
cient is much obvious. With the increase of the
noncoupling coefficient, the diameter of the crushed
zone decreased, whereas the dimeter of fractured
zone experience somewhat increase.

(2) Both the blasting borehole spacing and the split
width will significantly affect the distribution of the
stress and radius of the crushed zone and fracture
zone. When other parameters are the same, the
smaller borehole spacing and split width are highly
recommended to reduce the radius of the crushed
zone.

(3) )e advantages of the presplit blasting technique
have been verified by the field study in weakening the
large-scale predriving roadway with the hard over-
lying strata. )e length of the hard roof block has
been significantly decreased, which is the direct
evidence to support the effectiveness of the presplit
technique.

Note that the rock mass is generally regarded as a ho-
mogeneous medium in numerical calculation. However,
there must be a lot of joints and fissures in practical engi-
neering. )erefore, the critical parameters obtained from
numerical simulation should be further verified by the field
case study.
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0is study aimed to explore the stress distribution and variation of reverse fault-affected mined coal body. A mechanical analysis
model of the coal body in the reverse fault area was first established, then the coal body stress characterization equation was
derived, and the stress distribution pattern on the coal body was calculated. Subsequently, applying the Mohr–Coulomb strength
criterion revealed the following relationship: the closer is the distance to the reverse fault, the worse is the stability of the coal body,
and that the coal body strength influences the stress concentration of the coal body in front of the working face. Moreover,
simulation with FLAC3D was carried out to verify the coal body stress calculated by the mechanical model as well as the fluctuation
of the coal body stress concentration. It could be concluded that while mining the hanging wall of the reverse fault, the stress
concentration of mined coal body decreases with the increase of reverse fault dip angle, but increases with the increase of reverse
fault throw; the stress concentration magnitude generated during footwall mining is lesser than that during hanging-wall mining.
In other words, the magnitude of coal body stress concentration can be affected by the hanging wall and footwall mining, as well as
parameters of the reverse fault. Finally, intrinsically safe GZY25 borehole stress sensors were used to monitor the coal body
stresses in the reverse fault area under the influence of mining in Xinchun Coal Mine and ZuoQiuka Coal Mine. It was found that
the coal body stress concentration in front of the working face either increased gradually or increased first before decreasing. It can
be concluded that with the decrease of the distance between the working face and reverse fault, the vertical stress of the coal body
increases, and the vertical stress of the coal body begins to increase obviously at a certain position. At this point, the vertical stress
of the coal body can be generalized to 1.02–1.39 times of the initial vertical stress. Furthermore, the stress concentration coefficient
of coal body is related to the distance from the reverse fault, and two changes occur:① if the coal-bearing capacity does not exceed
its strength, the coal stress in front of the working face increases gradually, and the stress concentration factor increases gradually;
② the stress concentration coefficient of mining coal body increases first, such that when the coal body bearing capacity exceeds its
strength, the coal body fails and loses all its effective bearing capacity, followed by the decrease in coal body stress concentration
coefficient.

1. Introduction

Reverse faults are common geological structures widely
distributed in China’s coal-producing areas [1–3], especially
those in the southwest of the country, such as Guizhou,
Yunnan, and Sichuan. Underground coal mine projects in

these areas often take place across or close to these reverse
faults [4–6]. In fact, the coal bodies often lose their stability
when the mining face gets too close to the reverse fault
[7–11]. Also, reverse faults have sealing properties, so
mining stress will also have an impact on gas bearing and its
migration. 0erefore, the mining activities in the reverse
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fault area inflict massive challenges to the site construction
and maintenance [12–14]. To ensure safety and improve
mining productivity around the coal seam in the reverse
fault area, it is necessary to study the stress variation trend of
reverse fault-affected mined coal bodies.

At present, significant achievements have been made in
the analysis of mined coal body stress in reverse fault re-
gions. However, due to high susceptibility to rockbursts
caused by the mining conditions-incurred reverse fault
instability, plenty of research efforts have been focused on
fields related to the prevention of rockbursts, such as stress
variation, the stability of reverse fault zone, and the slip of
reverse fault zone. To clarify the stress variation charac-
teristics of reverse fault-affected mined coal bodies and
explore the stress distribution characteristics of the mined
coal bodies under various working faces, reverse fault dis-
tances, reverse fault dip angles, and fault throws, the actual
working conditions of a typical working face in Guizhou
mining area, were taken as the reference for the research
herein.

2. Mechanical Model of the Reverse Fault-
Affected Mined Coal Body

2.1. 0eoretical Model. To study the stress distribution
characteristics of the reverse fault–affected mined coal body,
we established a geomechanical analysis model for coal
rocks, measuring H and L along the X and Y axes respec-
tively, as shown in Figure 1. A reverse fault was designed in
front of the mining face, and O marks the intersection point
of the reverse fault and the roof of the coal seam. It is
vertically subject to the stress of the overburden above the
roof of the coal seam and horizontally to the horizontal
stress. Under normal circumstances, the horizontal and
vertical stresses are approximately equal, but due to the
existence of a reverse fault, the horizontal compression
should become obvious in actuality, so the horizontal stress

is set herein as 1.5 times the vertical stress [4]. With the
advancement of the mining face, the upper roof becomes an
area subject to abutment stresses of various magnitudes and
the front side of the working face and the rear side of the goaf
become areas subject to increasing levels of abutment stress,
whereas the goaf turns into an area subject to decreasing
levels of abutment stress. With the advancement of the
working face, the scope of the abutment stress also changes.
Since hanging walls serve as the active plates in reverse faults,
the effects of all mechanical stresses will also become more
obvious. For this reason, the mining activities on the
hanging wall of the reverse fault are taken as the object of
mechanical analysis herein [15].

According to the distribution law of mine pressure [16],
the vertical stress of roof can be divided into eight areas, the
maximum stress value of AB and BC is K1 · qx, the maxi-
mum stress value of FG and GH is K3 · qx, the maximum
stress value of CD and DF is K2 · qx, and the stress value of
OA and HJ is qx.

0e stress in the horizontal direction is qy, according to
the boundary conditions of the mechanical analysis model of
reverse fault, the horizontal stress is 1.5qx[4, 12]. In order to
quantitatively calculate the law of coal stress variation, the
vertical stress variation curve of roof stress support area is
simplified as linear variation.

In the analysis process, it is assumed that the coal
geological body is homogeneous and isotropic. According to
rock mechanics [16], the concentrated force P acting on the
plane will affect any point M (x, y) below the plane, and its
vertical stress value can be expressed as
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where qx is the vertical stress, MPa; qy is the horizontal
stress, MPa; A, B, C, D, F, G, H, and J are Y-axis lengths, and
K1, K2, and K3 are stress concentration factors.

When the coal load exceeds its strength, the coal body
will undergo plastic deformation and fails, which leads to a
reduction in stress. In view of this, the Mohr–Coulomb
strength criterion was applied to analyze the stability of the
coal body and determine whether failure occurs (see
Equation (3)), before analyzing its stress characteristics.

σ1 − σ3
σ1 + σ3 + 2 cot ϕ

< sinϕ, stability,

σ1 − σ3
σ1 + σ3 + 2 cot ϕ

� sinϕ, limit equilibrium,

σ1 − σ3
σ1 + σ3 + 2 cot ϕ

> sinϕ, instability,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where σ1 is the first principal stress, MPa; σ3 is the third
principal stress, MPa; φ is the friction angle in coal body.

While mining the working face, shear stresses on mined
coal bodies are relatively negligible in magnitude compared
with the vertical and horizontal stresses, which makes it
reasonable to omit their contributions in calculations. In
fact, vertical stress of the coal body is generally taken as the
first principal stress and the horizontal stress of working face
inclination as the third principal stress [17]. With the de-
crease of the distance between working face and reverse
fault, the stress concentration magnitude of coal body in
front of working face and σ1increase gradually. σ3 is
influenced by the mining roadway on both sides of the
working face, so stress will not be concentrated during
mining activities. Moreover, when the position of coal body
in front of the working face and the working face is the same,
the difference in σ3 is not large and hence can be simplified
as equal. As such, Equation (3) (σ1 − sσ3)/(σ1 + σ3 + 2 cotφ)

can be converted into 1 − ((2σ3 + 2 cotφ)/(σ1 +σ3 + 2

cotφ)), whose value increases gradually with the increase of
σ1. 0is implies that (σ1 − σ3)/(σ1 + σ3 + 2 cotφ) also in-
creases gradually, which in turn indicates that, as the mining
activity on the working face proceeds, the stability of
mining-induced coal decreases gradually; when the coal-
bearing capacity exceeds its strength, the coal will undergo
plastic deformation and fails, resulting in the reduction of
coal stress. 0e same can be inferred that, as the mining
activity proceeds along the direction of the working face to
the reverse fault, if the coal-bearing capacity does not exceed
its strength, the coal body stress in front of the working face
will increase, and the stress concentration coefficient will
gradually increase; if the bearing capacity of the coal body
exceeds its strength, the coal pillar between the working face
and the reverse fault will fail, and the coal body will ef-
fectively lose the capacity to bear the load inflicted on it,
hence lowering the stress concentration coefficient of the
coal body in front of the working face.

2.2. Mechanical Calculations Associated with the Reverse
Fault-Affected Mined Coal Body. Xinchun Coal Mine is
located in the west of Tongzi County, Guizhou Province,
with a designed production capacity of 900,000 t/a and
service life of 62a. 0e 1503 working face is located in the
southeast of the mine.

0e C5 coal seam has been mined to a depth of
300–420m using the strike longwall mining method. In the
mining area of the 1503 working face, there lies the F4
reverse fault, which has a fault dip angle of 60°, length of
195m, fault spacing of 0–6m, and average length of 4m.
0ere is no other structure in the mining area of the 1503
working face; the working face layout is as illustrated in
Figure 2.

To get a clearer understanding of the mechanical dis-
tribution characteristics of the reverse fault-affected mined
coal body, the required calculation parameters were selected
from the field geological conditions of Xinchun Coal Mine:

X

Y O

qyqy

?

£È

L

Working faceGoaf
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K1 ·qx
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K2 ·qx
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Figure 1: Mechanical model of mining coal under the influence of reverse fault.
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vertical stress qx � 9.0MPa, horizontal stress qy � 13.5MPa,
the distance between the coal seam and the roof� 9m, and
the mining height of the coal seam� 2.0m. Relevant prin-
ciples of mining science were consulted to determine the
selection range of each stress zone, while a field investigation
was conducted to determine specific parameters. Starting
from a working face position separated by 70m from the
reverse fault, the distance parameter OA is 57m, AB is 28m,
BC is 2m, CD is 4m, DF is 100m, FG is 2m, Hg is 28m,K1 is
2.3, K2 is 0.8, and K3 is 2.0. Substituting relevant parameters
into (2), the vertical stress distribution curve of the mined
coal body is calculated at various working face positions
from the reverse fault, as shown in Figure 3.

When the distance between the working face and the
reverse fault is 70m, 40m, and 10m, respectively, there is a
stress concentration area in front of the working face, and
the coal body stress rises, and the vertical stress of the coal
body reaches the maximum at 5m in front of the working
face. After that, the coal body stress begins to decline and
gradually returns to the original stress state after exceeding
the influence range of the stress increase area. By calculation,
the maximum vertical stress of coal body in front of working
face is 15.82MPa and the stress concentration coefficient is
1.58 when the distance from the reverse fault is 70m; when
the distance from the reverse fault is 40m, the maximum
vertical stress of the coal body is 16.43MPa, and the stress
concentration coefficient is 1.64; when the distance from the
reverse fault is 10m, the maximum vertical stress of the coal
body is 18.52MPa, and the stress concentration coefficient is
1.85. It is found that with the decrease of the distance be-
tween the working face and the reverse fault, the stress
concentration degree of the coal body in front of the working
face increases, and the maximum value of the vertical stress
increases.

When the distance between the working face and the
reverse fault is 70m, 40m, and 10m, respectively, stress
concentration areas are formed in front of the respective

working faces. In these areas, the coal body stress rises and
the vertical stress of the coal body reaches its maximum at
5m in front of the working face. After that, the coal body
stress begins to decline and gradually returns to the original
stress state after exceeding the influence range of the stress
increase area. According to the calculation, the maximum
vertical stress of the coal body in front of the working face is
15.82MPa and the stress concentration coefficient is 1.58
when the distance from the reverse fault is 70m. When the
distance from the reverse fault is 40m, themaximum vertical
stress of the coal body is 16.43MPa, and the stress con-
centration coefficient is 1.64; when the distance from the
reverse fault is 10m, the maximum vertical stress of the coal
body is 18.52MPa, and the stress concentration coefficient is
1.85. It was also found that, with the decrease of the distance
between the working face and the reverse fault, the stress
concentration magnitude of the coal body in front of the
working face increases, and the maximum value of the
vertical stress increases.

3. Numerical Simulation of the Stress in the
Reverse Fault-Affected Coal Body

To verify the calculation accuracy of the mechanical model
with respect to the coal body stress and explore the
mechanisms of how the stress concentration coefficient of
themined coal body would both increase and decrease under
the influence of the reverse fault, the FLAC3D numerical
simulation module was used to analyze the stress variation
trend of reverse fault–affected mined coal body, using which
the influences on the mined coal body stress exerted by
mining the hanging wall versus the footwall, as well as by
reverse fault dip angle, fault throw, etc., were discussed.

3.1. Numerical Model. 0is study constructed the 3D nu-
merical simulation model based on the 1503 mining face of
Xinchun Coal Mine and declared the X-axis along the
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Figure 2: Map of 1503 working face.
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direction of the coal seam, the Y-axis along the direction of
coal seam inclination, and the Z-axis along the vertical
direction. 0e reverse fault was designed with a dip angle of
60° and a fault throw of 4m. 0e model measures 350m,
200m, and 103m in length, dip length, and height, re-
spectively. In the calculation, the mining process was sim-
ulated by excavation step by step, and the working face
excavation was simulated by empty element. 0e reverse
fault is simulated by adding 2m-long weak bands in the
middle of the upper and lower walls of the model. In the
simulation, the coal-rock body model was regarded as an
elastoplastic body and the Mohr–Coulomb model was se-
lected. 0e mechanical parameters of coal and rock mass in
1503 working face used in the simulation process are se-
lected according to references [18, 19], and the mechanical
parameters of coal and rock mass are as shown in Table 1.
Vertical movements were limited by the X and Y directions
of the model and the Z-direction of the bottom plane. 0e
upper part is a free surface, on which a vertical load is to be
applied to simulate the dead weight of the overlying strata.
0e vertical stress is 9.0MPa, and stress with 1.5 times of that
magnitude will be applied along the horizontal direction.

3.2. Stress Variation of the Reverse Fault-Mined Coal Body

3.2.1. Variation of Hanging-Wall Mining-Inflicted Stress on
the Coal Body. When the working face was 70m, 40m, and
10m away from the reverse fault, the vertical stress distri-
bution of coal body is shown in Figure 4.

When the working face is 70m away from the reverse
fault, under the shearing action of the reverse fault, the roof
of the coal seam becomes wedged, the vertical stress

concentration of surrounding rock is relatively low, and the
maximum vertical stress of the coal body in front of the
working face is 18.2MPa. When the working face is 40m
away from the reverse fault, the vertical stress concentration
magnitude of the coal body in front of the working face
increases, and the maximum vertical stress increases to
19.2MPa. Lastly, when the working face is 10m away from
the reverse fault, the vertical stress concentration of the coal
body in front of the working face further increases, and the
maximum vertical stress rises to 19.8MPa. From the sta-
tistics above, it can be concluded that, when the working face
is mined toward the direction of the reverse fault, as the
distance from the reverse fault decreases, the stress con-
centration magnitude of the coal body in front of the
working face gradually increases, and the maximum of the
advanced stress gradually increases.

Stress monitoring points were arranged at 65m, 35m,
and 5m away from the reverse fault, and the variation curve
of the vertical stresses at the monitoring points was obtained
as the mining activity on the working face proceeds, as
shown in Figure 5.

With the advancement of the working face, the vertical
stresses of the coal body at the monitoring points signifi-
cantly increase. When the mining face is 110m away from
the reverse fault, the stresses captured by the three moni-
toring points show little difference. 0e monitoring point at
the 65m point is closer to the working face at this instance;
hence, the greater influence from the mining activities and
the highest vertical stress were recorded.0e 5mmonitoring
point is farthest from the working face; thus, the influence of
mining activities is relatively small and the vertical stress is
the least. At 70m away from the reverse fault, the maximum
vertical stress read by the monitoring point at the 65m point
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Figure 3: Vertical stress of coal body in different distance between working face and reverse fault.
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reaches 15.6MPa. After that, the coal body at the monitoring
point is mined and the stress returns to 0. When the working
face advances to 40m away from the reverse fault, the
maximum vertical stress at the 35m monitoring point
reaches 16.2MPa. Lastly, when the working face is 10m
from the reverse fault, the maximum vertical pressure at the
5m monitoring point rises to 18.4MPa.

Compared with the results of mechanical calculation, the
numerical simulation results are identical to the conclusion
of mechanical analysis. 0e stress concentration magnitude
of the coal body in front of the working face is gradually
increasing, and the maximum stress value is constantly
increasing. Moreover, the stress concentration magnitude of
theoretical calculation is basically consistent with the results
in Figure 5, which again confirms the accuracy of theoretical
analysis.

3.2.2. Variation of Footwall Mining-Inflicted Stress on the
Coal Body. In order to analyze the footwall mining-inflicted
stress on the coal body, when the working face was 70m,
40m, and 10m away from the reverse fault, the vertical stress
distribution of coal body was shown in Figure 6.

During footwall face mining, the coal body stress dis-
tribution also shows a variation trend whereby the closer the
coal body gets to the reverse fault, the more concentrated the
coal stress becomes. When the footwall working face is 70m
away from the reverse fault, the maximum vertical stress in
front of the working face is 17.4MPa; 40m away, the
maximum vertical stress becomes 18.9MPa; 10m away, and
the maximum vertical stress rises to 19.0MPa. Comparing
the stress distribution in the event of hanging wall mining, it
can be concluded that footwall mining incurs weaker stress
concentration.

Stress monitoring points were arranged at 65m, 35m,
and 5m away from the reverse fault, and the variation curve
of the vertical stresses at the monitoring points was obtained
as the mining activity on the working face proceeds, as
shown in Figure 7.

With the advancement of the working face, the stresses
recorded at the monitoring points increase. When the
working face is 70m away from the reverse fault, the
maximum vertical pressure at the 65m monitoring point
reaches 17.0MPa; at 40m away, the maximum vertical
pressure at the 35m monitoring point reaches 18.4MPa;

10m away, and the maximum vertical pressure at the 5m
monitoring point becomes 18.8MPa. 0is shows that the
stress variation trends for both the hanging wall and footwall
mining cases are equivalent and that the working face po-
sitions affect the stress concentration magnitude of the coal
body.

3.3. Influence of Reverse Fault Parameters on Stress Variation
in Mined Coal Body

3.3.1. Influence of Reverse Fault Dip Angle on Coal Body
Stress. Four reverse fault mining simulation models were
established. Adjustments made for the model used
throughout this experimental section were as follows. 0e
mechanical properties of the fault plane are the same, the
fault throw, the rock physical and mechanical properties are
the same, and only the reverse fault dip angle has been
changed to 30°, 45°, 60°, and 75°, respectively. 0e stress
distribution characteristics of the mined coal body are as
shown in Figures 8–10.

When the working face is 70m and 40m away from the
reverse fault, the larger is the reverse fault dip angle and the
smaller is the maximum advanced stress of the coal body.
0is is caused by the varying reverse fault dip angles, which
diversify the volume of the resulting trapezoidal coal pillars
between the working face and the reverse fault. Analogously,
the smaller the dip angle, the larger the coal volume above
the coal pillar and the higher the load. Moreover, the
presence of a reverse fault structure has also diminished the
effectiveness of stress transfer across the mined coal bodies,
increasing the gravity load on the coal pillars as well as the
stress concentration.

When the working face is 10m away from the reverse
fault, the stress on the coal body in front of the working face
reaches its maximum when the dip angle of the reverse fault
is 45°. Compared with the stress concentration area in front
of the working face in Figure 10, part of the coal body stress
concentration area does not reach its maximum at the 30°
dip angle reverse fault, whereas the maximum is reached at
other dip angles.0is suggests that only part of the coal body
can still bear the load effectively in the stress concentration
area at the 30° dip angle, whereas the remaining coal body
part has failed and completely lost its load-bearing capacity,
hence resulting in the reduction in stress concentration

Table 1: Rock mechanics parameters of 1503 working face in Xinchun coal mine.

Lithology 0ickness
(m)

Density
(kg·m3)

Elastic
modulus
(GPa)

Poisson’s
ratio

Bulk
modulus
(GPa)

Shear
modulus
(GPa)

Cohesion
(MPa)

Tensile
strength
(MPa)

Internal
friction angle

(°)
Sandstone 49 2540 17.55 0.24 14.7 8.1 10.0 11.55 26
Sandy
mudstone 12 2600 15.45 0.27 10.5 7.1 1.7 2.30 30

Coal 2 1350 3.53 0.33 10.5 6.5 1.2 0.90 23
Mudstone 8 2340 4.92 0.35 9.8 7.1 0.5 1.55 39
Silty
mudstone 15 2530 7.33 0.31 10.4 7.3 0.7 1.65 38

Siltstone 17 2580 10.23 0.31 13.4 7.6 1.4 1.85 37
Fault 2 2000 1.10 0.12 4.1 1.3 0.4 0.2 5
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magnitude. 0is conclusion further verifies that obtained in
the theoretical analysis, which also claims the reduction in
stress concentration.

Stress monitoring points were arranged at 65m, 35m,
and 5m away from the reverse fault, and the variation curve

of the vertical stresses at the monitoring points was obtained
as the mining activity on the working face proceeds, as
shown in Figure 11.

At 45°, 60°, and 75° dip angles, the stress concentration
magnitudes of the coal body in front of the working face
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Figure 4: Variation of hanging-wall mining-inflicted stress on the coal body under different distance between working face and reverse
fault. (a)0e working face is 70m away from the reverse fault. (b)0e working face is 40m away from the reverse fault. (c)0e working face
is 10m away from the reverse fault.
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gradually increase, whereas at 30° dip angle, the stress
concentration magnitude of the coal body in front of the
working face gradually increases first before decreasing once
the distance from the reverse fault reaches 10m. It is also
worthy to note that the change in reverse fault dip angle
mainly affects the stress concentration magnitude of the coal
body in front of the working face, and not the stress variation
trend.

When the working face is far away from the monitoring
point, the vertical stress is the initial stress, and when the
working face is 35m away from the monitoring point, the
vertical stress begins to rise obviously. By comparing both
the two stresses, it can be seen that the value of the stress
where the increase is the most significant is 1.02–1.39 times
that of the initial stress, as shown in Table 2.

3.3.2. Influence of Reverse Fault 0row on Coal Body Stress.
Four reverse fault mining simulation models were estab-
lished. Adjustments made for the model used throughout
this experimental section were as follows. 0e mechanical
properties of the fault plane are the same, the fault dip angle,
the rock physical and mechanical properties are the same,
and only the reverse fault throw has been changed to 4m,
10m, 15m, and 20m, respectively. 0e stress distribution
characteristics of the mined coal body are as shown in
Figures 12–14.

When the working face is 70m away from the reverse
fault, the maximum stress of the coal body in front of the
working face is between 18.2 and 18.5MPa; at 40m away, the
maximum stress is 19.2–20.4MPa; at 10m away, and the
maximum stress is 19.8–20.7MPa. 0e coal body stress
reaches its minimum when the throw is 4m and is at its
maximum when the throw is 20m. 0is shows that the coal
body stress increases with the fault throw.

Stress monitoring points were arranged at 65m, 35m,
and 5m away from the reverse fault, and the variation curves
of vertical stresses at the monitoring points were obtained as
the mining activity on the working face proceeds, as shown
in Figure 15.

When the reverse fault throws are 4m, 10m, 15m, and
20m, the maximum vertical stress of the coal body in front

of the working face basically shows a trend of gradual in-
crease. 0e change of reverse fault throw mainly affects the
stress concentration degree of the coal body in front of the
working face.

When the working face is far away from the monitoring
point, the vertical stress is the initial stress, and when the
working face is 35m away from the monitoring point, the
vertical stress begins to rise obviously. By comparing the two
stresses, it can be seen that the value of the stress where the
increase is the most significant is 1.04–1.31 times that of the
initial stress, as shown in Table 3.

4. Field Test of the Reverse Fault-Affected Coal
Body Stress

To verify the accuracy of the theoretical analysis and nu-
merical simulation, a field test was carried out in the 1503
working face of Xinchun Coal Mine, where intrinsically safe
GZY25 borehole stress sensors were used to monitor the coal
body stress in front of the working face to analyze the stress
variation trend of the mined coal body. GZY 25 borehole
stress sensors were mainly used for monitoring the stress
change of coal and rock mass, which was composed of
sensor, transmitter, and junction box. At 5m, 35m, and
65m from the reverse fault of 1503 transport lane, the layout
of measuring points was shown in Figure 2, Φ 42mm stress
test boreholes with 10m depth were drilled, and the stress
sensors were pushed inward using the given conveyor rod
accessory. 0e variation of borehole stress with the ad-
vancement of the working face is as shown in Figure 16.

It can be seen that the stress variation trend of the three
monitoring points is the same and that the coal stress
gradually increases with the decrease of the distance from
the working face. When the distance separating the working
face and the monitoring point is 35m, the stress starts to
increase obviously. 0e stress change reaches its maximum
when the separation lessens to 5m. 0e stress change at the
5mmonitoring point is the largest, while the stress change at
the 65mmonitoring point is the smallest, indicating that the
closer is the distance to the reverse fault, the higher is the
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Figure 5: Variation curve of the vertical stresses at the monitoring points in hanging-wall mining.
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stress concentration magnitude of coal body in front of the
working face. 0is finding conforms with the previously
acquired variation trend, whereby the stress concentration
magnitude of reverse fault-affected mined coal body grad-
ually increases and is consistent with the conclusions
reached in the theoretical analysis and numerical simulation.

Another coal body stress monitoring was also carried out
in the F2 reverse fault area of the 1301 working face of
ZuoQiuka Coal Mine in Guizhou Province. 0e dip angle of
the F2 reverse fault was 32° and the fault distance was 6.1m.
0e variation of borehole stress with the advancement of
working face is as shown in Figure 17.
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Figure 6: Variation of footwall mining-inflicted stress on the coal body under different distance between working face and reverse fault. (a)
0e working face is 70m away from the reverse fault. (b) 0e working face is 40m away from the reverse fault. (c) 0e working face is 10m
away from the reverse fault.
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Figure 8: Continued.
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It can be seen that as the distance from the working face
decreases, the stresses at the three monitoring points
gradually increase. However, the maximum vertical stress
concentration at the monitoring point located 35m away
from the reverse fault is higher than that at the monitoring
point located 5m away, indicating that the coal body at the
5m monitoring point failed and lost its load-bearing

capacity, so the stress concentration magnitude decreases. It
has also been verified that the stress concentration magni-
tude of the coal body decreases. Also, when the working face
is 40m away from the reverse fault, the vertical stress of the
5m monitoring point increases obviously; when the 35m
monitoring point is 60m away from the reverse fault, the
vertical stress is significantly increased, indicating that when

Table 2: Ratio of stress to initial stress when hanging wall working face is 35m away from monitoring point.

Location of monitoring
points

Stress ratio of 30° reverse
fault

Stress ratio of 45° reverse
fault

Stress ratio of 60° reverse
fault

Stress ratio of 75° reverse
fault

65m monitoring-point 1.44 1.14 1.04 1.02
35m monitoring-point 1.32 1.33 1.27 1.23
5m monitoring-point 1.39 1.23 1.21 1.15

Table 3: Ratio of stress to initial stress when working face is 35m away from monitoring point.

Location of monitoring
points

Stress ratio of 4m fault
throw

Stress ratio of 10m fault
throw

Stress ratio of 15m fault
throw

Stress ratio of 20m fault
throw

65m monitoring-point 1.04 1.05 1.04 1.03
35m monitoring-point 1.27 1.20 1.29 1.31
5m monitoring-point 1.21 1.20 1.21 1.22
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Figure 8: Stress distribution when the distance between working face and reverse fault is 70m with different dip angles. (a) 0e dip angle of
reverse fault is 30°. (b) 0e dip angle of reverse fault is 45°. (c) 0e dip angle of reverse fault is 60°. (d) 0e dip angle of reverse fault is 75°.
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Figure 9: Continued.
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Figure 9: Stress distribution when the distance between working face and reverse fault is 40m with different dip angles. (a) 0e dip angle of
reverse fault is 30°. (b) 0e dip angle of reverse fault is 45°. (c) 0e dip angle of reverse fault is 60°. (d) 0e dip angle of reverse fault is 75°.
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Figure 10: Continued.
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the working face is at a certain distance from the monitoring
point, the mining-induced vertical stress on the coal body is
significantly increased. 0is distance is related to several
factors, such as mining speed, mining height, and reverse
fault parameters.

5. Stress Variation Trend of Reverse Fault-
Affected Mined Coal Body

Under the influence of mining, the coal body in the reverse
fault region experienced an ongoing increase in vertical
stress and an ongoing decrease in horizontal stress, until the
coal body reached the point of structural failure. In the initial
condition, without the influence of mining, the coal body
was in the original rock tectonic stress state. With the
approaching of the working face, the vertical stress of the
coal body begins to rise and gradually reaches the peak
pressure, before entering the pressure relief state when the
coal body experiences failure, and the vertical stress de-
creases to the residual stress. On the other hand, when the
horizontal dip stress of the coal body in front of working face
is greater than that of original rock, under the influence of
the inclined inlet and return air lanes of the working face, the

horizontal inclined stress gradually decreases, there is no
stress concentration, and the horizontal stress decreases
linearly in the mining [20]. Factors such as hanging wall and
footwall mining, reverse fault dip angle, and throw mainly
affect the stress concentration magnitude of coal body, not
the stress variation trend on the coal body.

0erefore, based on the theoretical analysis, numerical
simulation, and field testing, it can be inferred that when the
reach of the mining influence coincides with the test point,
the vertical stress at the test point will begin to increase, and
then with the further decrease in the separation between the
working face and the test point, the vertical stress begins to
increase significantly. At this point, the vertical stress of the
coal body can be generalized as (1.02–1.39)c · H. Finally,
once the test point falls on the stress concentration area in
front of the working face, the vertical stress will reach its
maximum at K · c · H. 0e horizontal stress then gradually
decreases [20], and the variation of coal body stress prog-
resses as shown in Figure 18.

Under the influence of reverse fault, the value of stress
concentration coefficient K of the mined coal body is related
to the distance L from the test point to the reverse fault,
which mainly includes the following two situations:
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Figure 10: Stress distribution when the distance between working face and reverse fault is 10mwith different dip angles. (a)0e dip angle of
reverse fault is 30°. (b) 0e dip angle of reverse fault is 45°. (c) 0e dip angle of reverse fault is 60°. (d) 0e dip angle of reverse fault is 75°.
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Figure 11: Variation curve of the vertical stresses at the monitoring points with different dip angles. (a) 0e dip angle of reverse fault is 30°.
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(1) When the working face is mined along the direction
facing the reverse fault, with the decrease of the
distance L from the reverse fault, if the coal-bearing
capacity does not exceed its strength, the coal stress
in front of the working face and hence the stress
concentration coefficient K will increase gradually.

(2) When the working face is mined along the direction
facing the reverse fault, with the decrease of the
distance L from the reverse fault, the stress con-
centration magnitude of the mined coal body in-
creases gradually at first, before decreasing, which
occurs when the bearing capacity of the coal body
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Figure 12: Stress distribution when the distance between working face and reverse fault is 70m with different fault throw. (a) 0e throw of
reverse fault is 4m. (b) 0e throw of reverse fault is 10m. (c) 0e throw of reverse fault is 15m. (d) 0e throw of reverse fault is 20m.
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Figure 13: Stress distribution when the distance between working face and reverse fault is 40m with different fault throw. (a) 0e throw of
reverse fault is 4m. (b) 0e throw of reverse fault is 10m. (c) 0e throw of reverse fault is 15m. (d) 0e throw of reverse fault is 20m.
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Figure 14: Stress distribution when the distance between working face and reverse fault is 10m with different fault throw. (a) 0e throw of
reverse fault is 4m. (b) 0e throw of reverse fault is 10m. (c) 0e throw of reverse fault is 15m. (d) 0e throw of reverse fault is 20m.
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Figure 15: Variation curve of the vertical stresses at the monitoring points with different fault throw. (a) 0e throw of reverse fault is 4m.
(b) 0e throw of reverse fault is 10m. (c) 0e throw of reverse fault is 15m. (d) 0e throw of reverse fault is 20m.
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Figure 16: Borehole stress with working face advancing in Xinchun coal mine. (a) Change of coal stress at 65m monitoring point.
(b) Change of coal stress at 35m monitoring point (c) Change of coal stress at 5m monitoring point.
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exceeds its strength, causing the coal body to fail and
lose its load-bearing capacity, leading to the decrease
in the stress concentration coefficient K.

6. Conclusions

(1) 0e mechanical analysis model of reverse fault-af-
fected mined coal body was established, the coal
stress characterization equation was derived, the coal
stress distribution was calculated, and the

Mohr–Coulomb strength criterion was applied to
analyze the stability of the coal body. It could be
inferred that the closer it gets to the reverse fault, the
poorer is the stability of the coal body and that the
stress concentration magnitude of the mined coal
body is affected by the strength of the coal body.

(2) FLAC3D was used to study the stress variation trend
of the mined coal body, and the accuracy of coal
body stress calculated by the mechanical model was
verified. It is concluded that in case of hanging-wall
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Figure 17: Borehole stress with working face advancing in ZuoQiuka coal mine. (a) Change of coal stress at 65m monitoring point. (b)
Change of coal stress at 35m monitoring point (c) Change of coal stress at 5m monitoring point.
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mining, the stress concentration of the mined coal
body decreases with the increase of reverse fault dip
angle and increases with the increase of reverse fault
throw. Also, the stress concentration magnitude in
the case of footwall mining is less than that of
hanging-wall mining. 0e choice to mine the
hanging wall or footwall and the parameters of re-
verse fault affect the stress concentration magnitude
of the coal body. At the same time, combined with
the field monitoring results of the coal body stress
measured by intrinsically safe GZY25 borehole stress
sensors, it has been verified that the coal body stress
concentration magnitude may either increase or
decrease, depending on the actual conditions.

(3) Based on theoretical analysis, numerical simulation,
and field test results, when the mining activity on the
working face proceed towards the reverse fault, the
vertical stress of the coal body initially demonstrates
a significant rise as the distance from the reverse fault
lessens. At any point during this stage, the vertical
stress can be generalized as (1.02–1.39)c · H. Going
into the latter stage, once the test point falls on the
stress concentration area in front of the working face,
the vertical stress will reach its maximum, which can
be acquired by K · c · H. Moreover, the stress con-
centration coefficient K is related to the distance L
from the reverse fault, and two kinds of changes may
take place. Firstly, if the coal-bearing capacity does
not exceed its strength, the coal stress in front of the
working face, and hence the stress concentration
coefficient of the mined coal body, will increase
gradually. Secondly, the stress concentration mag-
nitude of mining coal body gradually increases first,
before decreasing after the coal body bearing ca-
pacity exceeds its strength, during which the coal
body experiences structural failure and loses its load-
bearing capacity, ultimately resulting in the decline
of the stress concentration coefficient.
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In the process of improving coalbed permeability through pulse hydraulic fracturing, the cyclic loading effect influences the
characteristics of micropores in coal matrix, thus affecting the process of gas migration. ,erefore, it is essential to investigate the
effect of cyclic loading on the pore structure of coal. Seven groups of loading tests at different frequencies and amplitudes were
conducted on anthracite coal obtained from Shanxi Province, China, using a fatigue-testing machine. Subsequently, using a
PoreMaster GT-60 Mercury-intrusion apparatus, the influence of the frequency and amplitude on the structural characteristics
(including mercury-injection and mercury-ejection curves, pore size distribution, porosity, and specific surface area) of pores in
coal samples was analyzed. Finally, the law and mechanism of action of the loading frequency and amplitude on pores in coal
samples were comprehensively analyzed. ,e test results showed that, in the case of maintaining the sine-wave amplitude
unchanged during loading while altering the loading frequency, the overall porosity and pore volume rise at different degrees.,e
growth of the loading frequency presents a more significant promotive effect on the initiation and development of pores and
fractures. Moreover, it drives the transformation of micropores and transition pores into mesopores and macropores, thus
increasing the proportion of seepage pores. Under the condition of large sine-wave amplitude during loading, macropores and
mesopores are subjected to the repeated action of the external force, thereby reducing the overall porosity. In addition, the volume
of the seepage pores declines, and the number of the coalesced pores decreases. Finally, in light of these results, the implications of
frequency and amplitude selection in the process of pulse hydraulic fracturing are discussed.,erefore, the results of this research
will provide an important theoretical basis for the field application of pulse hydraulic fracturing technology in coal mines.

1. Introduction

Efficient extraction of coalbed methane (CBM) is important
for the safe production of coal in many underground coal
mines [1, 2]. Additionally, the extracted CBM can be used as
energy, and the combustion of CBM can be part of the
environmental protection plan of coal mine enterprises,
because it can avoid the release of the greenhouse gas (CH4)
into the atmosphere [3–5]. However, the permeability of
coal seams in China is generally low, which is unfavorable
for the production and utilization of CBM [6, 7]. At present,
hydraulic fracturing has been widely used to improve the
yield of CBM reservoirs [8–10]. ,e technology can enhance

the permeability of coal seams by increasing the number and
density of fractures, thus changing the structures of coal
seams [11, 12]. In the past decades, hydraulic fracturing
technology has been widely applied to coal mine production
in numerous countries, including China, USA, Canada, and
Australia [13, 14].

Previous research has shown that traditional hydraulic
fracturing technologies employ a constant higher water
pressure than the rock strength to fracture the rock [15].
,us, to realize an ideal fracturing effect, traditional hy-
draulic fracturing requires high flow, high pressure, and
large amounts of water. Moreover, proppants and certain
chemical agents are typically used to improve the effect of
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hydraulic fracturing and maintain the stability of the frac-
ture. ,ese proppants and chemical reagents may enter the
formation water and, consequently, pollute and damage the
CBM reservoirs [16–18]. In addition, high-pressure equip-
ment required to perform hydraulic fracturing in under-
ground coal mines should have more complex sealing
requirements, which significantly increases the safety risks.
Utilization of the pulse hydraulic fracturing technology has
been proposed to overcome this limitation [19]. Under a low
impulsive load, more secondary cracks will be generated and
the surface area of coal increases to promote gas desorption.
At present, this technology has been the focus of research.

During pulse hydraulic fracturing, the persistent pulse
waves propagate into coal rock, and the periodically alter-
nating stresses generated under the peak pressure and base
pressure are repeatedly applied to the coal mass. Eventually,
due to the influence of cyclic loads at different frequencies,
the fatigue failure of pores and cracks in coal gradually
becomes more obvious, thus promoting the formation of
new pores and cracks. Li et al. [20] investigated the
mechanism of crack propagation during pulse hydraulic
fracturing by utilizing the triaxial mechanical test system and
acoustic emission. Similarly, Li et al. [21] carried out field
testing at Yuwu Coal Mine (Shanxi Province, China) with
pulse hydraulic fracturing. ,e S2107 coal seam was selected
as the test coal seam, showing high gas content and coal and
gas outburst hazard. ,e pulse hydraulic fracturing tech-
nology was used in the cross-measure boreholes from the
high-level roadway to the driving roadway to improve the
effect of gas drainage and ensure safety during the pro-
duction. ,e test results revealed that the amount of gas
extracted from the coal seams treated with pulse hydraulic
fracturing separately increases by 3.32- and 3.07-fold relative
to ordinary boreholes. Wang et al. [22] analyzed the in-
fluence of the pulse pressure on the formation and propa-
gation of cracks in coal through numerical simulation. ,e
results showed that the radius of influence of pulse hydraulic
fracturing in coal seams reaches 8m, and the total amount of
the gas extraction rises by 3.6-fold; the flow of gas extraction
reaches ≤50 L/min. However, the above studies did not
thoroughly investigate themechanism of pulsating hydraulic
slitting at the microlevel.

As a special porous medium, natural coal mass exhibits
many microporous characteristics, including porosity, pore
size distribution, and pore volume [23–25]. ,e pore
characteristics of coal are closely related to the adsorption
capacity of gas in coal seams and also greatly influence the
dynamic characteristics of gas [26–29]. ,e effect of cyclic
loading may influence the characteristics of micropores in
coal matrix in the process of improving permeability of coal
seams through pulse hydraulic fracturing. ,us, cyclic
loading affects the processes of gas migration, such as gas
desorption, diffusion, and seepage in coal seams. ,erefore,
investigating the influence of cyclic loading on the char-
acteristics of micropores in coal may provide an important
theoretical basis for analyzing the microdynamic charac-
teristics of gas during pulse hydraulic fracturing.

Based on the above evidence, seven groups of loading
tests at different frequencies and amplitudes were performed

on anthracite coal obtained from Shanxi Province, China,
using a fatigue-testing machine. Afterwards, by applying a
PoreMaster GT-60 Mercury-intrusion apparatus, the in-
fluence of the frequency and amplitude on the structural
characteristics (e.g., mercury-injection and -ejection curves,
pore size distribution, porosity, and specific surface area) of
pores in coal samples was analyzed. Finally, the law and
mechanism of action of the loading frequency and amplitude
on pores in coal samples were comprehensively analyzed.
,e aim of this research study was to provide an important
theoretical basis for the field application of pulse hydraulic
fracturing technology in coal mines.

2. Materials and Methods

2.1. Preparation of Coal Samples. Anthracite coal obtained
from YangquanMining Area in Shanxi Province, China, was
used for the test. ,e location of Yangquan Mining Area is
shown in Figure 1. ,e blocky coal samples were imme-
diately sealed after collection from the fresh working face,
packed, and sent to the laboratory.

,e anisotropy of coal samples would influence the
cyclic loading tests. Hence, the coal samples were crushed
and processed into a briquette prior to testing and analysis
for pores. ,e briquette is prepared mainly according to the
following two steps: (1) (preparation of pulverized coal) the
coal blocks were ground into fine powder particles by
successively using a crusher and a grinder; afterwards, the
powder particles were screened using standard sieves to
attain particles of pulverized coal with pore size ranging
0.2–0.25mm; and (2) (molding under compression) 200 g of
pulverized coal and some water was loaded into a mold
(diameter: 50mm) and pressed for 20min under the
forming pressure of 100MPa using a material testing ma-
chine with 200 t. ,rough this approach, coal samples were
formed (the process required 10min to load the pressure to
the preset value at the loading rate of 20 kN/min).

2.2. Cyclic Loading Test. As shown in Table 1, seven groups
of loading conditions were designed to investigate the in-
fluence of cyclic loading at different frequencies and am-
plitudes on the pore structure of anthracite coal.

During cyclic loading, a sample under loading for 20min
subjected to the forming pressure together with the mold
was placed onto the fatigue-testing machine (Figure 2).
According to the loading conditions in Table 1, the coal
sample was loaded for 6 h, with sine waves as the loading
waveform. After the loading was completed, the mold and
sample were removed; furthermore, the mold was opened
using a spanner to extract the final sample, whose length was
measured with a Vernier caliper. Finally, after being sub-
jected to loading, the coal particles with size ranging 1–3mm
were obtained from the sample using a knife, to be used as
the test coal samples for the Mercury-intrusion test.

2.3.Determination of Pore Structure. ,e test was performed
using the PoreMaster GT-60 Mercury-intrusion apparatus
(Quantachrome Instruments, Boynton Beach, FL, USA) to
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Yangquan
mining area 

Beijing

Figure 1: Location of Yangquan mining area.

Table 1: Loading conditions for the cyclic loading tests.

Group
Test condition

Loading time (h)
Loading frequency (Hz) Pressure amplitude during loading (MPa)

1 10 12–18

6
2 7
3 4
4 7 10–20
5 14–16
6 — 15
7 — — —
Note. In the test groups 1–5, only the frequency or amplitude was changed; in the control group 6, the frequency or amplitude was fixed; in the blank control
group 7, cyclic fatigue loading was not performed.

Coal
sample

Figure 2: Fatigue-testing machine.

Advances in Civil Engineering 3



measure the volume of pores with diameter ranging
1,000–0.0035 μm (Figure 3). ,e apparatus is equipped with
two low-pressure ports and two high-pressure ports. It is
necessary to apply the low-pressure port and Mercury-
injection station when measuring the volume of pores with
size ranging 7–99 μm. ,e low-pressure examination port
(under pressure of 0.2–50 psi) was used to inject Mercury
with a sample tube, which measured the volume of pores
with diameter ranging 1.0–4.3 μm. ,e high-pressure
examination port (Figure 3) is utilized under pressure of
20–60,000 psi. ,e test data were processed using Wash-
burn’s equation [30] shown as follows:

pc �
2σ cos θ

r
, (1)

where pc, σ, θ, and r refer to the additional pressure (MPa) of
the applied liquid, surface tension (dyn/cm2) of Mercury,
wetting contact angle of Mercury, and radius (nm) of the
pore throat, respectively.

Washburn’s equation provides a simple relationship
between the pressure and pore radius. ,erefore, during the
Mercury-intrusion test, it was feasible to attain the distri-
bution of the pore radius by tracing the relationship between
the amount of Mercury injected into pores and the con-
stantly increasing pressure. Pores with different sizes show
diverse degrees of resistance to Mercury; higher external
pressures indicate smaller pore sizes in coal to which
Mercury can enter [31]. Some other analysis parameters
(e.g., specific surface area and porosity) can also be obtained
by analyzing changes in the volumes of injected and ejected
Mercury and pressures [32]. Of note, the pore distribution in
coal samples under different loading conditions compared in
this study was investigated the absence of any stress.
,erefore, the influence of cyclic loading on pores can be
determined to a certain extent through comparison before
and after the stress-free condition.

3. Results and Discussion

3.1. Influence of Different Loading Frequencies on Pore
Characteristics of Coal Mass. To investigate the influence of
different loading frequencies on the pore characteristics of
coal mass, tests were performed at loading frequencies of 4,
7, and 10Hz and loading amplitude ranging 12–18MPa
(frequency magnitude that engineering applications can
achieve). Moreover, the test results were compared with
those attained in the control group under a steady pressure
(15MPa).

3.1.1. Mercury-Injection and Mercury-Ejection Curves.
Figure 4 shows the mercury-injection and mercury-ejection
curves of samples at different loading frequencies. ,e
mercury-intrusion curves in the test groups at different
loading frequencies and the control group presented a
similar shape: a large growth amplitude in the low-pressure
mercury-injection stage. Under the pressure of approxi-
mately 15MPa, the curves became gentle, and they slowly
rose with increasing pressure. In contrast, the mercury-

ejection curves started to separate from the injection ones
under the initially high pressure, illustrating the hysteresis
phenomenon. However, the final contents of Mercury in-
jected are different, implying that the loading frequency
influences the pore characteristics of coal samples to some
extent. As shown in Figure 4, the highest final content of
Mercury injected in the test group was shown at the loading
frequency of 10Hz, and the contents of Mercury injected in
the test groups at 7 and 4Hz differed only slightly. However,
the contents of Mercury injected in the three test groups
were significantly larger compared with those of the control
group. It was also found that the mercury-injection and
mercury-ejection curves in the two sample groups at the
loading frequencies of 7 and 4Hz were similar. ,is finding

Figure 3: PoreMaster GT-60 Mercury-intrusion apparatus (Quan-
tachrome Instruments).
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Figure 4: Mercury-intrusion curves of samples at different loading
frequencies.
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indicates that, with the same amplitude, the pores in samples
increase when loading sine waves with different frequencies
are used. Moreover, the most remarkable influence was
observed at the loading frequency of 10Hz. In contrast, there
was no great difference shown at low loading frequencies.
Additionally, in terms of the difference in cumulative
contents of the Mercury injected and ejected, the differences
of the test groups at different loading frequencies were
obviously larger than those of the control group. ,is result
implies that when loading sine waves at different frequencies
are used, the pores in samples favorably develop, and the
proportion of seepage pores increases, thus optimizing the
connectivity of pores.

3.1.2. Pore Size Distribution. Figure 5 shows the pore size
distribution under four loading conditions, demonstrating a
relatively similar overall shape to that of the control group.
,e pore size distribution was relatively concentrated, and
the corresponding pore size ranges of two peaks were ap-
proximated; however, the peaks of the size range of the
seepage pores in several test groups marginally shifted
rightward; higher loading frequencies were associated with
larger shift amplitudes. In other words, the peak pore vol-
ume slightly varied towards the range of macropores. ,e
difference is that the global pore volume of the coal samples
loaded with sine waves at different frequencies rose at dif-
ferent amplitudes, in which the pore volume of the test
group at the loading frequency of 10Hz showed the most
significant growth amplitude, followed by the test groups at 7
and 4Hz. In terms of the distribution of seepage pores and
adsorption pores, the volumes of the former greatly in-
creased, while those of the latter were similar.

3.1.3. Porosity and Percentage of Pore Volume. ,e division
scheme of the pore size proposed by Hodot was employed in
the test; pores were divided into macropores (>1,000 nm),
mesopores (100–1,000 nm), transition pores (10–100 nm),
and micropores (<10 nm) [33]. Micropores are space-
storing gas; transition pores provide the space for gas dif-
fusion; mesopores offer the space for slow gas flow; and
macropores are space for strong flow of gas. ,erefore,
scholars also termed the pores with a size <100 nm (i.e.,
micropores and transition pores) adsorption pores, while
mesopores and macropores with a size >100 nm are termed
seepage pores [28, 34].

Table 2 displays the comparison data of the percentage of
the pore volume and porosity under four loading conditions.
In terms of the total porosity, the overall porosities of the
samples loaded with sine waves at different frequencies
increased slightly; higher loading frequencies were linked to
higher total porosities. ,is indicates that the porosities of
coal samples are markedly enhanced after performing cyclic
loading with sine waves at different frequencies. Regarding
the classification based on the pore size (Figure 6), the
corresponding porosities contributed by pores of various
size ranges also varied at different amplitudes.,e porosities
contributed by seepage pores delivered a large growth
amplitude: it nearly doubled in the test group at 10Hz, while

those in the test groups at 7 and 4Hz increased by 3.41% and
2.04%, respectively. ,e porosities contributed by adsorp-
tion pores exhibited a nonsignificant increase: those in the
test groups at 4 and 7Hz hardly differed from those in the
control group, and only the porosity contributed by ad-
sorption pores in the test group at 10Hz was slightly
increased.

Table 3 shows the percentages of pore volume at different
loading frequencies. ,e volume ratio of the adsorption
pores to seepage pores in the control group was approxi-
mately 1 : 2. In contrast, the volume ratios of the adsorption
pores to seepage pores in several test groups were ap-
proximately 1 : 3, and the proportion of the adsorption pores
markedly decreased.,is shows that loading sine waves with
different frequencies can promote the expansion of pores
and even fractures in coal samples. As a result, micropores
and transition pores develop into mesopores and macro-
pores, and new pores and fractures appear, thereby signif-
icantly improving the porosity of coal mass. However, the
amplitude at which new pores and fractures initiate is lower
than that at which pores expand. ,us, the porosity con-
tributed by the adsorption pores nonsignificantly increases,
while that contributed by seepage pores markedly rises.

3.1.4. Specific Surface Areas of Pores. ,e specific surface
area of pores in coal mass is an important parameter for
describing the pore characteristics. It is an important factor
influencing the adsorption and desorption properties of gas
in coal mass [5, 35, 36]. Figure 7 shows the distribution of the
specific surface area of pores with the unit diameter under
different loading frequencies, that is, the change in the re-
lationship between the distribution density function ds(d)
for the specific surface area and the diameter d. ,e de-
velopment trend of curves shown in Figure 8 illustrates that
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Figure 5: Density functions of pore volume distribution at dif-
ferent loading frequencies.
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Table 2: Percentages of the pore volume and porosities of coal mass at different loading frequencies.

Loading condition Porosity (%)
Frequency
(Hz)

Amplitude
(MPa)

Micropores
(<10 nm)

Transition pores
(10–100 nm)

Mesopores
(100–1,000 nm)

Macropores
(>1,000 nm)

Porosity
(%)

4
12–18

2.42 0.69 2.06 7.55 12.71
7 2.02 1.42 5.15 5.83 14.41
10 3.15 2.11 5.88 8.68 19.81
— 15 2.15 1.60 4.40 3.18 11.32
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12.00
10.00

8.00
6.00
4.00
2.00
0.00

4Hz
Adsorption pore
Seepage pore

3.10%

9.61%
10.98%

3.44%
5.25%

14.56%

7.57%

3.75%

7Hz 10Hz Control group

%

Figure 6: Distribution of the porosities contributed by adsorption and seepage pores at different loading frequencies.

Table 3: Percentages of the pore volume at different loading frequencies.

Loading condition Percentage of the pore volume (%)
Frequency (Hz) Amplitude (MPa) Micropores Transition pores Adsorption pores Mesopores Macropores Seepage pores
4

12–18
18.31 5.41 23.72 41.57 34.72 76.28

7 14.00 9.27 23.27 39.88 36.85 76.73
10 14.91 11.76 26.67 37.20 36.13 73.33
— 15 16.70 17.15 33.85 47.66 18.49 66.15
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Figure 7: Distribution densities of the specific surface area of pores
in coal mass at different loading frequencies.
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the distribution densities of the specific surface area of all
samples in the test were generally increased at first. Sub-
sequently, they were reduced with the increasing pore size;
they all reached the maximum before the pore size reached
10 nm. ,e peak in the test group at 10Hz was observed at
4.57 nm, and the two peaks in the test group at 7Hz sep-
arately appeared at 3.82 nm and 6.87 nm; the peak in the test
group at 4Hz was found at 6.37 nm, while that in the control
group appeared at 6.36 nm. ,e growth of the distribution
density shows that the growth rate of the cumulative specific
surface area of pores in coal samples was gradually
accelerated, and the specific surface area reached the peak at
the peak of the distribution density. At the peak of the
distribution density, the number of pores in coal samples
with the corresponding size was the largest, or the length of
pores was the largest, and the specific surface area was the
largest. Based on this condition, the pores presented the
strongest capacity of gas storage; in contrast, the capacity of
pores for storing gas was gradually reduced.

Based on this evidence, the following conclusions can be
drawn: the difference in loading frequencies influences the
pore characteristics of coal samples to some extent; the pore
volume generally increases significantly; although meso-
pores constitute the majority, followed by macropores,
micropores, and transition pores, the proportions of mes-
opores and macropores increase, whereas those of micro-
pores and transition pores slightly decline. ,is implies that
the change in loading frequency exposes the coal mass to
long-term fatigue loading. As a result, internal pores or
fractures develop, and somemicropores and transition pores
are expanded and transformed into mesopores and mac-
ropores in the loading process; moreover, new pores and
fractures are generated.

3.2. Influence of Different Loading Amplitudes on Pore
Characteristics of Coal Mass. To investigate the influence of
different loading amplitudes on the pore characteristics of
coal mass, tests were carried out by separately selecting
loading amplitudes (10–20, 12–18, and 14–16MPa) and
loading frequency (7Hz). Furthermore, the results of the test
were compared with those of the control group with a steady
pressure (15MPa) to analyze the influence law of the change
of the loading amplitudes on the pore characteristics of coal
samples.

3.2.1. Mercury-Injection and Mercury-Ejection Curves.
Figure 8 shows the mercury-intrusion curves concerning the
relationship between the cumulative content of Mercury
injected in samples and mercury-injection and mercury-
ejection pressures after loading sine waves at different
amplitudes and frequency of 7Hz. ,e curve in the control
group under a steady pressure of 15MPa was utilized as the
reference curve. ,e shapes of mercury-intrusion curves in
the four groups were similar. In the initial mercury-injection
stage under low pressure, the mercury-injection curves
abruptly rose and gently increased when the mercury-
injection content reached two-thirds of the final overall
content of Mercury injected.,e curves slowly grew with the

increasing pressure. ,e change in the mercury-ejection
stage was similar to that observed in the mercury-intrusion
curves at different loading frequencies in the last section:
hysteresis was initiated in the initial mercury-ejection stage
under high pressure. ,e generation of hysteresis is related
to the existence of “ink bottle”-shaped holes in coal. Hys-
teresis is caused because the Mercury inlet pressure used to
completely fill such holes with Mercury is different from the
Mercury withdrawal pressure utilized to completely empty
Mercury. However, the final contents of Mercury injected in
the four test groups markedly differed. Relative to the test
groups with different loading frequencies, the final contents
of Mercury injected in the test groups loaded at different
amplitudes demonstrated a smaller difference. ,e test
group with the loading amplitude of 14–16MPa showed the
highest final content of Mercury injected (approximately
0.3 cm3/g), followed by the test groups (approximately
0.2 cm3/g) with the loading amplitudes of 12–18 and
10–20MPa; among these two groups, the content of Mer-
cury injected was higher in the test group with the loading
amplitude of 12–18MPa; the final content of Mercury in-
jected was the lowest in the control group. However, the
differences between the final content of Mercury injected in
the test groups with the loading amplitude of 12–18MPa and
10∼20MPa and the control group were nonsignificant. ,is
indicates that when the loading frequency is unchanged,
while the amplitude varies, the pores in coal samples are
greatly affected; also, larger amplitudes are linked to lower
final pore volumes, showing a negative correlation.,emost
remarkable influence was noted in the test group with the
loading amplitude of 14–16MPa. In terms of the difference
between the cumulative contents of Mercury injected and
ejected, the differences in the test groups loaded with dif-
ferent amplitudes were slightly larger than those observed in
the control group. ,is indicates that changes in the loading
amplitude of sine waves lead to the development of pores in
coal samples and increase the seepage pores, thereby im-
proving the connectivity of pores.

3.2.2. Pore Size Distribution. Figure 9 shows the distribution
density functions of pore volumes under four loading
conditions. ,e four curves with a similar shape presented
two peaks. ,e pore size ranges corresponding to the peaks
were relatively similar (d< 10 nm and d� 1,000 nm, re-
spectively). However, the corresponding pore sizes of the
peaks of seepage pores at 12–18MPa and 14–16MPa
exhibited a nonsignificant rightward shift, in which the
deviation value at 12–18MPa was larger, implying that the
peak pore volume slightly shifted to macropores. Moreover,
the overall pore volumes of the two test groups were greatly
larger than those of the control group. According to the
distribution of seepage and adsorption pores, the pore
volume of the former was more markedly increased, while
that of the latter was less significantly increased. Never-
theless, the overall pore volume of the test group at the
loading amplitude of 10–20MPa decreased at a small am-
plitude relative to the control group. Among the several
loading conditions, this was the only one under which the
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peak distribution density of the pore volume was lower than
that of the control group. ,is finding reveals that the
loading condition of the test group possibly presents a small-
amplitude inhibitory effect or nonsignificant promotive
effect on the development of the pore volume of coal samples
with different pore sizes.

3.2.3. Porosities and Percentages of the Pore Volume.
Table 4 lists the comparison data of the percentages of the
pore volumes and porosities under four loading conditions.
,e test groups at amplitudes of 14–16 and 12–18MPa
exhibited the highest total porosities, which were similar
(14.47% and 14.41%, respectively). Relative to the porosity
(11.32%) of the control group, the test group with the largest
amplitude of 10–20MPa only showed porosity of 10.22%,
which was reduced by 1%. Regarding the porosity, the
loading condition of 10–20MPa showed an inhibitory effect
on the development of pores, and the pores were slightly
closed. ,e variations in the porosities contributed by ad-
sorption and seepage pores also differed; the porosities
contributed by seepage pores at 14–16 and 12–18MPa were
markedly increased by >10%. However, the porosity con-
tributed by seepage pores in the test group at 10–20MPa
(only 6.92%) was lower than that of the control group, and
the lowest among those of the test groups, as shown in
Figure 10. Moreover, the porosity contributed by adsorption
pores was slightly increased only in the test group at
14–16MPa, while those in the test groups at 10–20 (3.30%)
and 12–18MPa (3.44%) were lower than those of the control
group.

Table 5 shows that the volume ratios of the adsorption
pores to seepage pores in the test groups and control group
approximated 1 : 2; only the volume ratio of adsorption

pores to seepage pores in the test group at 12–18MPa ap-
proximated 1 : 3; the proportion of the adsorption pores was
not markedly changed. ,ese findings show that the change
in the loading amplitude during the test exerted a non-
uniform effect on promoting the formation of pores in coal
samples. With the increase in loading amplitude, the seepage
pores of coal showed an initially increasing trend followed by
a decreasing trend, while the adsorption pores of coal
showed a decreasing trend. Compared with the conventional
control group (constant 15MPa), the loading amplitude in
the experimental group was the smallest (14–16MPa), and
the adsorption pores and seepage pores showed an in-
creasing trend.,e above experimental observations showed
that the increase in loading amplitude can promote the
expansion of existing pores or fractures, as well as the
initiation of new pores and fractures. Although there was a
difference in the degree of promotion of expansion and
initiation, overall, the total pores in the coal sample were
increased. When a loading amplitude of 10–20MPa is used,
the adsorption seepage pore porosity decreased.,is showed
that 10–20MPa loading condition for the development of
pore expansion inhibition and reaction, coal sample after
extrusion force to change substantially, release, internal
sample particles is compressed and intergranular pore, hole
and the hole in the collapse of pore structure, transition into
pores, holes, and microporous and transition hole by
compaction, the compaction, the aperture range was lower
than that of Mercury-injection experiment can measure
range.

3.2.4. Specific Surface Area of Pores. Figure 11 shows the
distribution of the specific surface area of pores with the unit
diameter under different loading amplitudes. ,ere is the
relationship of change between the distribution density
function ds(d) of the specific surface area and the diameter d.
According to the development trend noted in the curves, the
distribution densities of the specific surface areas of all
samples during the test were initially increased and subse-
quently decreased with the increase in pore size; they all
reached the maximum before the pore size reached 10 nm.
,e peak in the test group at the loading amplitude of
10–20MPa appeared at 5.18 nm, and the test group at
12–18MPa presented two peaks at 3.82 nm and 6.87 nm; the
peak in the test group at 14–16MPa occurred at 4.31 nm,
while that in the control group was found at 6.36 nm. ,e
growth of the distribution density implies that the cumu-
lative specific surface area of pores shows a gradually
accelerated growth rate and reaches the peak at the peak of
the distribution density. At the peak of the distribution
density, the number of pores in samples with the corre-
sponding size (mainly concentrated between 3.5 and
30.0 nm) was the largest, or the length of pores was the
largest, and the specific surface area was the largest. Such
pores demonstrated the strongest capacity for gas storage; in
contrast, the capacity of pores for gas storage was gradually
reduced.

According to the above evidence, the following con-
clusions can be drawn: the difference in the loading
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Figure 9: Distribution density functions of the pore volumes at
different loading amplitudes.
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Table 4: Percentages of the pore volume and porosities of coal mass at different loading amplitudes.

Loading condition Porosity (%)
Frequency (Hz) Amplitude (MPa) Micropores (<10 nm) Transition pores Mesopores Macropores Porosity (%)

7
10–20 1.95 1.35 3.35 3.57 10.22
12–18 2.02 1.42 5.15 5.83 14.41
14–16 2.51 1.77 4.97 5.22 14.47

— 15 2.15 1.60 4.40 3.18 11.32
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4.28%

10.19%

7.57%

3.75%

12~18MPa 14~16MPa Control group

%

Figure 10: Distribution of porosities contributed by adsorption and seepage pores at different loading amplitudes.

Table 5: Percentages of the pore volume at different loading amplitudes.

Loading condition Percentage of the pore volume (%)
Frequency
(Hz)

Amplitude
(MPa)

Micropores
(<10 nm)

Transition pores
(10–100 nm)

Adsorption
pores

Mesopores
(100–1,000 nm)

Macropores
(>1,000 nm)

Seepage
pores

7Hz
10–20 17.51 15.23 32.74 46.10 21.16 67.26
12–18 14.00 9.27 23.27 39.88 36.85 76.73
14–16 16.68 13.34 30.02 37.61 32.37 69.98

— 15 16.70 17.15 33.85 47.66 18.49 66.15
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Figure 11: Distribution densities of the specific surface area of pores in coal mass at different loading amplitudes.
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amplitudes influences the pore characteristics of coal sam-
ple; and the pore volume generally increases slightly. In
terms of the classification based on the pore size, mesopores
generally account for the majority, followed by macropores,
micropores, and transition pores. Moreover, the change in
loading amplitude promoted an initial increase followed by a
decrease in the seepage pores of coal body, while the ad-
sorption pores were gradually decreased. ,is implies that
the change in amplitude plays a nonsignificant role in
distinguishing the pores with different sizes. However, the
porosity of the test group with the largest amplitude of
10–20MPa decreased, and the corresponding peak of the
pore volume slightly declined. ,ese data reveal that a large
loading amplitude exerts an opposite effect on the initiation
and development of pores or fractures, which induces the
collapse of macropores and mesopores. Furthermore, the
pores were more compacted, thus leading to reduction of the
porosity to lower levels than the original coal porosity or
fracture occurrence degree.

4. Implications for Frequency and Amplitude
Selection during Pulse Hydraulic Fracturing

According to the analysis described in Sections 3.1 and 3.2,
the change in the loading frequency or loading amplitude
influences the pore characteristics of coal samples. ,e in-
fluence was basically positive, promoting the initiation and
development of pores; however, there was also negative
influence noted.

Table 6 compares the effects of the change in amplitude
and frequency on the porosity. Relative to the control group
loaded under a steady pressure, the growth amplitude of the
porosity ranged from −9.7450% to 27.7895% when changing
the amplitude; lower amplitudes were linked to larger
growth amplitudes. ,e growth amplitude of the total po-
rosity varied between 12.2637% and 74.9861% when
changing the frequency; higher frequencies were associated
with larger growth amplitudes. Regarding the total porosity,
the change in frequency imposed obviously greater influ-
ences than the change in amplitude.

In terms of seepage and adsorption pores, the growth
amplitude of the porosity of the seepage pores in the test
group with changing frequency ranged from −8.58% to
45.02%, while that of adsorption pores was between −8.37%
and 14.10%; the porosity contributed by seepage pores in the
test group with changing amplitude presented a growth
amplitude of 26.95–92.34%, while that contributed by ad-
sorption pores delivered a growth amplitude between
−17.33% and 40.00%. ,is indicates that the loading fre-
quency exerts a greater negative influence on adsorption
pores; correspondingly, it exhibits a greater positive influ-
ence on seepage pores. ,e effects of the loading amplitude
on the growth amplitudes of the porosity contributed by the
two types of pores were nearly equivalent.

By comparing the distribution density functions of the
pore volume under different loading conditions (Figure 12),
it was found that the function curve of the pore volume in
the test group at 10Hz and 12–18MPa was located markedly
above those of the other test groups. Moreover, only the
function curve of the pore volume in the test group at 7Hz
and 10–20MPa was situated below that of the control group.
,e curves of the three groups at different loading ampli-
tudes were denser than those at different loading frequen-
cies, implying that the change in amplitude marginally

Table 6: Comparison of the growth amplitudes of the porosity under different loading conditions.

Frequency
(Hz)

Amplitude
(MPa)

Total
porosity

Growth amplitude
(%)

Growth amplitude of adsorption
pores (%)

Growth amplitude of seepage
pores (%)

— 15 11.32 — — —

7
10–20 10.22 −9.75 −12.00 −8.58
12–18 14.41 27.29 −8.37 45.02
14–16 14.47 27.79 14.10 34.63

4
12–18

12.71 12.26 −17.33 26.95
7 14.41 27.29 −8.27 45.05
10 19.81 74.99 40.00 92.34
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Figure 12: Distribution density functions of the pore volume under
different loading conditions.
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influences the pore volume, whereas the change in frequency
greatly changes the pore volume of samples.

,e final purpose of pulse hydraulic fracturing in un-
derground coal mines is to increase the permeability of coal
seams and further improve the amount of gas extraction.,e
results of this research show that the seepage pores in coal
samples rose significantly in response to increasing fre-
quency. ,is indicates that, in field construction, the frac-
turing effect can be strengthened by enhancing the
frequency. However, enhancement of the frequency is as-
sociated with an increase in construction cost. Further re-
search on this topic is warranted for the selection of the
proper frequency and evaluation of the economic cost.
Additionally, the results described in Section 3.2 show that
the largest increment of seepage pores is observed at the
amplitude of 12–18MPa. ,us, during field construction, it
is suggested to perform pulse hydraulic fracturing by
selecting the amplitude within this range.

5. Conclusions

Based on the findings of the present study, the following
conclusions can be drawn.

Firstly, by maintaining the loading amplitude of sine
waves unchanged while changing their loading frequency,
the overall porosity and the pore volume increase at different
amplitudes. ,e increase in loading frequency exerts a more
significant promotive effect on the initiation and develop-
ment of pores and fractures and drives the transformation of
micropores and transition pores into mesopores and mac-
ropores. ,e proportion of the seepage pores grows, and the
change in the loading amplitude of sine waves delivers a
complex influence on the pore characteristics of anthracite
coal.

Secondly, when the frequency of the loaded sinusoidal
wave is unchanged, the amplitude of the loaded sinusoidal
wave is altered to promote change in coal seepage pores
through an initial increase followed by a decrease, while the
change in coal adsorption pores gradually decreases. When
the loading amplitude increases, it influences the develop-
ment and initiation of pores or fractures. ,is leads to the
collapse of macropores and mesopores, and the pores be-
come more compact.

Finally, the change in loading frequency has a greater
impact on the pore characteristics of the briquette and a
greater negative impact on adsorption pores than seepage
pores. Amplitude of the change of adsorption and filtration
could inhibit the growth of two types of pores, which is
relatively close, active application in practice of changing
load change coal pore properties, and if unable to meet the
change of frequency and amplitude, at the same time, give
priority to increasing frequency of choice to promote the
initiation and development of pore, to be connected hole,
and guide the internal pore gas form seepage.
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Among the various geological disasters that threaten the safe operation of long-distance oil and gas pipelines, water-damage
disasters are numerous and widely developed. Especially the pipelines crossing river channels or gullies are vulnerable to scouring
hazards from storms and floods. A water-damage disaster physical model was established to investigate the characteristics of the
riverbed scour profile and the pipeline force when the pipeline was buried at different depths under the condition of different
particle size riverbed sediment. Results indicated that the equilibrium scour depth changed in a spoon shape with the gradual
increase of the embedment ratio in general. .e equilibrium scour depth formed by the fine sand riverbed was the largest, about
1.5 times the pipeline diameter. When the pipeline was half exposed, the clay riverbed was more resistant to the scour of the river
than the riverbed of fine sand and very fine pebbles with a larger particle size. In the riverbed of three particle sizes, fine sand was
more difficult to withstand the scour of the river. .e scour profile formed by the sand bed around the pipeline and the force and
deformation of the pipeline were related to pipeline location and riverbed sediment type. Results of this study might be useful for
the safety warning and protection measures of underwater pipeline crossing.

1. Introduction

Oil and gas pipelines play an important role in the de-
ployment of oil and natural gas resources [1]. By the end of
2017, the total mileage of global oil and gas pipelines in
service was approximately 355×104 km, including
296.56×104 km for natural gas pipelines and 58.4×104 km
for crude oil pipelines [2]. Long-distance oil and gas
pipelines inevitably have to cross rivers. Two methods are
generally adopted when oil and gas pipelines traverse a river:
underwater crossing and water crossing. For the former, due
to the effects of riverbed evolution, riverbed scour, and water
current impact, the pipeline is partially suspended or ex-
posed and is easily damaged, which increases the risk of
damage to the oil and gas pipeline at the river bottom [3].
Once the oil and gas pipeline at the bottom of the river is

damaged, it is very easy to cause dangerous situations such as
leakage, poisoning, fire, or explosion. .is not only is
harmful to the environment, but also can cause serious
economic losses and even endanger human life [4].

With the rapid development of oil and gas pipeline
construction in various countries around the world, pipeline
safety accidents caused by local scour of the pipeline have
occurred from time to time [5]. For example, in 2011,
ExxonMobil’s Silvertip pipeline near Laurel was exposed and
then ruptured due to riverbed erosion, causing pollution of
miles of riverbanks. As a result, the municipal water supply
and irrigation districts in eastern Montana were forced to
suspend water from the river [6]. In 1994, the flooding of the
San Jacinto River in Texas, USA, caused multiple pipelines to
rupture, causing 34,500 barrels of crude oil and petroleum
products to be discharged into the river and ignited [7].

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 6689212, 15 pages
https://doi.org/10.1155/2021/6689212

mailto:haoxianjie_cumtb@126.com
https://orcid.org/0000-0001-5102-8394
https://orcid.org/0000-0002-6977-3293
https://orcid.org/0000-0003-0781-2872
https://orcid.org/0000-0003-2438-5569
https://orcid.org/0000-0002-2661-4348
https://orcid.org/0000-0002-9598-350X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6689212


.erefore, more and more scientific researchers have
begun to pay attention to the problem of pipeline local scour.
Mao [8], Sumer et al. [9–12], Chiew [13–15], Neelamani and
Rao [16], Yang et al. [17], and Gao et al. [18] mainly studied
the local scour process and mechanism of submarine
pipeline by establishing physical models. Van Beek and
Wind [19], Zhao et al. [20], and Liu et al. [21] used numerical
simulation methods to study the flow field changes, bed
surface pressure distribution, and pipeline surface pressure
distribution during the local scour process of submarine
pipelines. In addition, with the development of new tech-
nologies, some new equipment and methods have also been
applied to the study of pipeline scouring. An et al. proposed a
new type of contact image sensor (CIS) to track the de-
velopment of scour pits near bridge piers [22]. Zhu et al.
used a miniature camera installed in a transparent pipe to
show the results of a visual experiment of three-dimensional
scouring of the pipe [23]. Azamathulla and Zakaria [24]
applied the artificial neural network (ANN) to pipeline scour
depth estimation and verified the effectiveness of the
method. In addition to that, they also studied the temporal
variation of local pipeline scour depth to estimate the scour
depth and proposed a regression model that can well predict
the relative scour depth [25]. Najafzadeh et al. [26–29]
applied the group method of data handling (GMDH) net-
work method to predict the pipeline scour depth under wave
action and compared the performance of this method with
the adaptive neurofuzzy inference system (ANFIS) model,
model tree (MT), and empirical formula, which verifies the
superiority of the GMDH network in predicting the scour
depth. Based on the above analysis, it is not difficult to find
that there are many studies on long-distance oil and gas
pipelines; nevertheless, most of those studies mainly focus
on the prediction of scour depth and the calculation of
critical suspended length. Besides, most researches are on
the evolution process and scour characteristics of the seabed
around submarine pipelines, and few studies are on local
scour of oil and gas pipelines crossing rivers. In addition,
different riverbed medium at different depth will inevitably
lead to changes in the evolution process of scour.

.us, a physical model of the local scour of oil and gas
pipelines crossing rivers under water was established based
on experimental conditions. Subsequently, the characteris-
tics of riverbed scour profile and the stress and deformation
of the pipeline when the pipeline was buried at different
depths of the riverbed under the conditions of different
particle sizes of riverbed sediment were studied. .e major
emphasis of the experiment is that we compared the
characteristics of the scour profiles formed in the process of
the pipeline being scoured by the river under the action of

the riverbed with different particle sizes and also analyzed
the pressure and strain situation of the pipeline itself in this
process. .is study can provide theoretical guidance for the
protection engineering of oil and gas pipelines crossing
rivers under water and avoid serious accidents such as
pipeline explosion and leakage caused by hydraulic factors.

2. Materials and Methods

2.1. Model Design

2.1.1. Model Design Principle. Local scour of oil and gas
pipelines crossing rivers will cause the riverbed around the
pipelines to drop, which will seriously affect the safety of
operation pipelines [30, 31]. .e maximum depth of riv-
erbed descent around the pipeline is called the equilibrium
scour depth. It can be used as an indicator of the intensity of
local scour. As the local scour of oil and gas pipelines across
rivers involves the interaction between water flow, sediment,
and pipelines, the relationship between each physical
quantity and the equilibrium scour depth was established
through the dimensional analysis method to explore the
relationship between the physical quantities and simplify the
physical equations. .e physical quantities related to the
scouring process of oil and gas pipelines crossing rivers are
shown in Table 1.

Based on the above nine physical quantities, the scour
process of oil and gas pipelines crossing rivers can be
expressed as

f u, ρ, μ, d50, ρs, D, g, e, S(  � 0. (1)

Choose u as the basic variable:

[u] � M
0
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− 1
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1
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0
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0
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0

 .
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.e exponential determinant of the basic dimensions of
the three basic variables u, ρ, and D is

0 1 −1

1 −3 0

0 1 0





≠ 0. (3)

.erefore, the selected basic variables are independent of
each other. According to the π theorem, the other six pa-
rameters can be expressed as the dimensionless π term as
follows:
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(4)

where Re is the Reynolds number, which represents the ratio
of the inertial force to the viscous force of the fluid in the
process of flowing; θ is the Shields number, which reflects the
ratio of the shear stress of the water flow to the river bed
sediment to the underwater weight of the sand; u2

∗ represents
the friction flow rate, which can be estimated using the
Colebrook–White formula [32]; G is the embedment ratio,
which is the ratio of the distance between the lower wall of
the pipeline and the riverbed surface in the physical model
(the lower wall of the pipeline is positive when it is higher
than the surface of the riverbed material, and negative if it is
lower than the surface of the riverbed material) and the
diameter of the pipeline.

.e local scour depth of the pipeline can be expressed in
a unified dimensionless form, such as

f
S

D
,Re,

ρS

ρ
,
d50

D
, G, θ  � 0, (5)

which is

S

D
� f Re,

ρS

ρ
,
d50

D
, G, θ . (6)

Refer to the actual pipeline diameter and experimental
conditions to choose a pipeline diameter D of 4 cm.

2.1.2. Model Sand Selection. Seven different types of sedi-
ments were selected according to the particle size: clay, fine
sand, medium sand 1, medium sand 2, coarse sand, very
coarse sand, and very fine pebbles. .e specific particle size
distribution is shown in Figure 1 and the physical properties
of sediments are shown in Table 2. In addition, the grading
curves of noncohesive soils are shown in Figure 2.

2.1.3. Experimental Device. .e constructed local scour test
system for oil and gas pipelines crossing rivers is mainly
composed of three parts: circulating water tank, pipeline
model, and monitoring system. .e schematic diagram of
the experimental device is shown in Figure 3.

(1) Circulating Water Tank. .e circulating water tank is
mainly composed of a water storage tank, an experimental
flume, and circulation system. .e water storage tank is a
rectangular parallelepiped tank with a length of 900 cm, a
width of 140 cm, and a height of 100 cm. .e experimental
flume is a rectangular concave groove (the flume cross
section is rectangular) with a length of 700 cm, a width of
60 cm, and a height of 30 cm. .e side wall of the flume test
area is made of transparent plexiglass, which is convenient
for monitoring the scouring process and depth of sediment
around the pipeline. A flat water grating is installed at the

Table 1: Main physical quantities.

Attributes Physical quantities Symbols Dimensions

Water flow
Flow velocity u LT−1

Water density ρ ML−3

Kinetic viscosity μ ML−1·T−1

Sediment Median diameter d50 L
Sand density ρs ML−3

Pipelines Diameter D L

Other
Gravity g LT−2

Distance between the lower wall of the pipeline and the riverbed surface in the physical model e L
Scour depth S L
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water inlet port of the experimental flume to dissipate energy
and reduce drag, so that the incoming flow is even and stable,
and provides stable water flow conditions for the experiment.
A filter screen is installed at the water outlet of the experi-
mental flume to filter the model sand in the water flow to

prevent the model sand from causing damage to the pump.
.e circulation system mainly refers to the installation of a
high-power water pump at the bottom of the water storage
tank and the delivery of water to the experimental flume
through a water delivery pipeline. After flowing through the

Clay
d50 = 0.02mm

Fine sand
d50 = 0.23mm

Medium sand 1
d50 = 0.35mm

Medium sand 2
d50 = 0.41mm

Coarse sand
d50 = 0.85mm

Very coarse sand
d50 = 1.16mm

Very fine pebble
d50 = 2.35mm

Figure 1: Test sediment.

Table 2: Physical properties of sediments.

Clay Fine sand Medium sand 1 Medium sand 2 Coarse sand Very coarse sand Very fine pebbles
Dry density (g·cm−3) 1.40 1.37 1.34 1.29 1.22 1.30 1.23
Wet density (g·cm−3) 1.55 1.43 1.47 1.55 1.39 1.56 1.49
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Figure 2: Grading curves.

Cable

Acquisition instrument

Filter

Experimental flume

Pipeline model Velocimeter

Experimental area Model sand

Water storage tank Water pump

Valve

Circulatory system

Camera Flat water grating

Figure 3: Schematic of the experiment.
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experimental flume and at the end, it flows into the water
storage tank again to form the water circulation.

(2) Pipeline Model. .e pipeline used in the experiment is a
PVC pipeline with a diameter D of 4 cm, and the pressure
sensor and strain gauge are arranged on the outer surface of
the central position of the pipeline axis. .e specific ar-
rangement position is shown in Figure 4. Eight pressure
sensors are evenly arranged on the left profile A to monitor
the pressure in the axial center section of the pipeline. Eight
strain gauges are evenly arranged on the right profile B to
monitor the strain in the axial center section of the pipeline.

(3) Monitoring System. As shown in Figure 5, the monitoring
system consists of an Acoustic Doppler Velocimetry (ADV,
type: LSH10-1M), a data acquisition instrument (type:
EY221), strain gauges (type: BE120-3AA), and pressure
sensors (type: HCYB-16).

2.1.4. Experimental Scheme. Seven types of riverbed sedi-
ment were designed and tested for the model performance.
.e length of the mobile bed is 3m, and the length of the
approaching bed is 1m to allow the water flow to develop
fully. .e sediment transport along the approaching bed will
not affect the scouring process of the local riverbed sediment
in the pipeline. Seven groups of tests were carried out for
each type of bed sediment with embedment ratios G of −2,
−1.5, −1, −0.5, 0, 0.5, and 1, respectively. A total of 49 groups
of experiments were conducted. Each group of experiments
is carried out under live-bed condition. .e schematic di-
agram of different embedment ratio tests is shown in Fig-
ure 6, and the test conditions of each group are shown in
Table 3. Since our main concern in this experiment is the
impact of riverbed particle size and pipeline depth on the
riverbed scour process, it is not intended to predict the
various values of riverbed scour to establish a connection
with the actual project. .erefore, we ignore the influence of
the sidewall effects. .e experimental process is as follows:

(1) Spread the sand evenly on the bottom of the ex-
perimental flume, and the thickness of the sand is
about 10 cm. .en turn on the pump to make the
water flow and turn off the pump when the sediment
is fully saturated.

(2) Paste the pressure sensor and strain gauge on the
outer surface of the pipeline at the axial center po-
sition. .en glue two suction cups on both ends of
the pipeline. .e suction cups at both ends of the
pipeline are adsorbed on the transparent plexiglass
on the side wall of the test area of the sink to fix the
pipeline. .e relative position of the pipeline is
determined according to the test group. After that,
smooth the surface of the sand and keep the height at
10 cm.

(3) Turn on the water pump again. At the same time, the
camera, data acquisition instrument, and ADV were
turned on to monitor the experimental process, the
force and deformation of the pipeline surface, and

the water flow velocity. In order to reduce the
pulsation of the water flow itself and the error caused
by the monitoring process, the water flow velocity
under all working conditions is averaged to
V� 0.4m/s, which is used as the water flow velocity
in the experiment..e approach flow depth is 25 cm.

(4) When the shape of the scour hole at the bottom of
the pipeline remains basically unchanged and the
measured data does not change more than 1mm for
three consecutive times, it is considered that the
scouring has reached equilibrium and a set of tests is
done. .e duration of each run is not fixed until it
reaches the equilibrium scour conditions. Turn off
the water pump, camera, data acquisition instrument
and ADV. .en reset the type of sediment and the
relative position of the pipeline according to the test
groups and repeat the above steps.

3. Results

3.1. Characteristics of Equilibrium Scour Depth. .e depths
of the scour holes formed when each group of scouring
reaches equilibrium were analyzed. .e result is shown in
Figure 7. It can be seen from Figure 7 that the equilibrium
scour depth changed with the gradual increase of the em-
bedment ratio in a scoop shape in general. When the em-
bedment ratios were −2.0, −1.5, and −1.0, no scour holes
were formed under the pipelines on the riverbed conditions
of different particle sizes. At this time, the pipeline was
buried in the riverbed and was not influenced by the river
scour. When the embedment ratio was −0.5, scouring holes
began to appear under the pipeline on the conditions of
riverbed with other particle sizes except for the clay riverbed.
.e maximum depth of the scour hole formed by the fine
sand riverbed was 6 cm, which was about 1.5 times the
pipeline diameter. .e minimum depth of the scour hole
formed by the very fine pebble riverbed was 3 cm, which was
about 0.75 times the pipeline diameter.

Take G� −0.5 as an example to study the local scour
process around the pipeline. At this embedment ratio, the
pipeline is half buried and half exposed. Observation of the
local scour form of the sandy riverbed below the pipeline
shows that the local scour of the pipeline generally goes
through four stages of scour start-up, micropore formation,
scour extension, and scour equilibrium. It can be seen from
Figure 8 that during the scour start-up stage (Figure 8(a)), a
large-scale scour hole gradually appeared behind the pipe-
line, the length was about 3-4 times the pipeline diameter,
and the maximum depth was about 0.5 times the pipeline
diameter. At the stage of micropore formation (Figure 8(b)),
the back-flow surface of the pipeline near the pipeline
bottom began to spray sand and water mixture as the
scouring continued. Finally, a connecting gap penetrated
through the bottom of the pipeline. A large amount of water-
sand mixture quickly passed through the communicating
gap and covered and filled with the scour hole formed in the
first stage..is phenomenon is mainly caused by the seepage
force generated inside the riverbed under the action of the
pressure difference on both sides of the pipeline. During the
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stage of scour extension (Figure 8(c)), the connecting gap at
the bottom of the pipeline gradually became deeper, and the
speed of the water-sand mixture in the connecting gap

gradually slowed down. In the scour equilibrium stage
(Figure 8(d)), the shape of the scouring hole at the bottom of
the pipeline basically stabilized and no longer changed.
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Pressure
sensors

Strain gauges
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Flow direction

Figure 4: Schematic diagram of pipeline model sensor layout.

(a) (b)

(c) (d)

Figure 5: Physical image of the monitoring system: (a) acoustic Doppler velocimetry, (b) data acquisition unit, (c) strain gauge, and
(d) pressure sensor.
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3.2. Scour Profile Characteristics. Select representative scour
profiles of clay, fine sand, and very fine pebbles under
different embedment ratios for analysis, and the results are
shown in Figure 9.

It can be seen from Figure 9 that under the condition of
the riverbed with clay particles, whenGwas −2, −1.5, and −1,

the pipeline was buried under the riverbed, and the bed
surface was basically unchanged after the scour process.
When G was −0.5, the pipeline is semiexposed to the riv-
erbed surface. .e bed surface near the pipeline area
dropped by about 1.5 cm, but no through scouring holes
were formed. When G was 0, 0.5, and 1 respectively, the
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Figure 6: Schematic diagram of different embedment ratio tests: (a) schematic diagram of the test setup when the embedment ratio is −2,
(b) schematic diagram of the test setup when the embedment ratio is −1.5, (c) schematic diagram of the test setup when the gap ratio is −1,
(d) schematic diagram of the test setup when the embedment ratio is −0.5, (e) schematic diagram of the test setup when the embedment ratio
is 0, (f ) schematic diagram of the test setup when the embedment ratio is 0.5, and (g) schematic diagram of the test setup when the
embedment ratio is 1.

Table 3: Test conditions.

Embedment ratio (G)
Clay Fine sand Medium sand 1 Medium sand 2

Test
groups

Flow velocity
(m·s−1)

Test
groups

Flow velocity
(m·s−1)

Test
groups

Flow velocity
(m·s−1)

Test
groups

Flow velocity
(m·s−1)

−2 1−1 0.408 2−1 0.383 3−1 0.417 4−1 0.413
−1.5 1−2 0.429 2−2 0.385 3−2 0.432 4−2 0.397
−1 1−3 0.417 2−3 0.419 3−3 0.385 4−3 0.398
−0.5 1−4 0.396 2−4 0.405 3−4 0.398 4−4 0.389
0 1−5 0.394 2−5 0.408 3−5 0.411 4−5 0.387
0.5 1−6 0.423 2−6 0.391 3−6 0.413 4−6 0.397
1 1−7 0.398 2−7 0.407 3−7 0.399 4−7 0.419

Coarse sand Very coarse sand Very fine pebble

Embedment ratio (G) Test
groups

Flow velocity
(m·s−1)

Test
groups

Flow velocity
(m·s−1)

Test
groups

Flow velocity
(m·s−1)

−2 5−1 0.384 6−1 0.398 7−1 0.395
−1.5 5−2 0.384 6−2 0.423 7−2 0.422
−1 5−3 0.397 6−3 0.392 7−3 0.397
−0.5 5−4 0.391 6−4 0.423 7−4 0.395
0 5−5 0.416 6−5 0.387 7−5 0.387
0.5 5−6 0.385 6−6 0.404 7−6 0.414
1 5−7 0.411 6−7 0.406 7−7 0.404
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pipeline was completely exposed above the riverbed, and a
scour hole about 1.5 cm deep was formed at the bottom of
the pipeline. Under the condition that the riverbed was
constituted with fine sand, when G was −2, −1.5, and −1
respectively, the pipeline was buried under the riverbed. .e
entire bed surface dropped about 1 cm after scouring. When
Gwas −0.5, 0, 0.5, and 1, the pipeline was exposed on the bed
surface. After scouring, the depth of the scouring hole at the
bottom of the pipeline was 4.7 cm, 4.2 cm, 3.5 cm, and 1.6 cm
in sequence. .e whole bed surface was lowered by about
1 cm. Under the condition that the riverbed was very fine

pebble, when G was −2, −1.5, and −1 respectively, the
pipeline was buried under the riverbed, and the surface of
the bed was basically unchanged after scouring. WhenGwas
−0.5, 0, 0.5, and 1, the pipeline was exposed on the bed
surface. After scouring, the depth of the scouring hole at the
bottom of the pipeline was 2.8 cm, 2.4 cm, 1.6 cm, and 0.6 cm
in sequence.

3.3. Mechanical Effect of Pipeline. .e profile pressure and
the strain at the axial center of the pipeline were monitored
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Figure 7: Variation of equilibrium scour depth with embedment ratio under different particle size riverbed conditions.
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Figure 8: Local scour process around sandy riverbed pipelines: (a) scour start-up stage, (b) micropore formation stage, (c) scour extension
stage, and (d) scour equilibrium stage.
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Figure 9: Scour profile under different embedment ratios: (a) scour profile with a embedment ratio of −2, (b) scour profile with a
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under different embedment ratios (buried under the bed
material, half buried and half exposed, and suspended on the
bed material) when the bed sediments were clay, fine sand,
and very fine pebble..e results are shown in Figures 10–12,
respectively. .e pressure and strain in Figures 10–12 refer
to the measured values when the scouring reaches an
equilibrium state.

Figure 10 shows the pressure and the strain on the
surface of the pipeline when G was −2, −1.5, and −1 (the
pipeline was buried under the riverbed as a whole). It can be
seen from Figure 10 that the pressure at the top of the
pipeline was greater than the pressure at the bottom of the
pipeline when the sediment was clay particles. And the strain
at the top of the pipeline was negative, which was in the
compression zone; the strain at the bottom of the pipeline
was positive, and it was in the tension zone. When the
sediment was fine sand and very fine pebble, the pressure at
the bottom of the pipeline was larger than that at the top of
the pipeline. .e strain at the bottom of the pipeline was
negative, which was in the compression zone, while the
strain at the top of the pipeline was positive and in the tensile
zone.

Figure 11 shows the pressure and strain on the surface
of the pipeline when G was −0.5 (the pipeline was half
buried and half exposed). It can be seen from Figure 11
that when the sediment was clay, the pressure at the top of
the pipeline was larger than that at the bottom of the
pipeline. .e strain at the top of the pipeline was negative,
which was in the compression zone, while the strain at the
bottom of the pipeline was positive, which was in the
tensile zone. When the sediment was fine sand or very fine
pebble, the pressure on the upstream surface of the
pipeline was larger than that on the downstream surface.
.e upstream surface of the pipeline was strained to be
negative and was in the compression zone. .e strain on
the downstream surface of the pipeline was positive and
was in the tensile zone.

Figure 12 shows the pressure and strain on the surface of
the pipeline whenG is 0, 0.5, and 1, respectively (the pipeline
is suspended on the riverbed). As Figure 12 shows, since the
pipeline was suspended on the riverbed, the sediment type of
the riverbed had little effect on the stress of the pipeline. Due
to the impact of the water flow, the pressure on the upstream
surface of the pipeline was greater than that on the
downstream surface. .e strain on the upstream surface was
negative and in the compression zone, while the strain on the
downstream surface was positive and in the tensile zone. It
shows that the pipeline has a tendency to bend downstream
at this time.

4. Discussion

When the embedment ratio was 0, scour holes appeared in
the clay riverbed. .e depth was 2 cm, which was about half
of the pipeline diameter. But it was still less than the depth of
the scour hole formed by the very fine pebble riverbed when
the embedment ratio was −0.5. .is is mainly due to the fact
that when the noncohesive sediment starts to scour, it is
mainly affected by the force of the water current (including

shear stress and lifting force) and its own effective gravity. In
addition to the above two forces, the cohesive sediment is
also affected by the cohesive force between particles. Co-
hesive sediment due to the cementation between the par-
ticles causes the clay particles to require greater water flow
shear stress when starting, so when the buried depth of the
pipeline is changed, the scour pits appear lagging behind the
noncohesive sediment bed. After that, with the gradual
increase of the embedment ratio, the equilibrium scour
depth under the conditions of different particle diameters of
riverbeds showed a gradual decrease in general. .e reason
may be that as the buried depth of the pipeline decreases, the
pipeline is gradually exposed to the water flow, and the eddy
effect generated by the water flowing through the pipeline
gradually increases. When the pipeline is completely ex-
posed on the riverbed, the influence of the eddy effect on the
riverbed sediment gradually decreases as the gap between
the pipeline and the riverbed increases.

It can be seen that when G was −2, −1.5, and −1, the bed
surface of the riverbed sediment with different particle sizes
was basically unchanged after the scour process. It is
explained that when the pipeline is buried under the riv-
erbed, the riverbed particle size has little influence on the
formation of scour holes near the pipeline. At this point, the
pipeline is in a state of being less affected by the flow. When
G was −0.5, the bed surface of the clay riverbed near the
pipeline area dropped by about 1.5 cm. However, no through
scouring holes were formed, and scouring holes with depths
of 4.7 cm and 2.8 cm appeared in both the fine sand and very
fine pebble riverbeds. .is shows that the clay bed is more
resistant to the river erosion than the fine sand and very fine
pebble riverbed with larger particle size when the pipeline is
semiexposed. In these three grain-size riverbeds, fine sand is
more difficult to resist the river’s flushing and more likely to
form a larger range of scouring holes.

When G was 0, 0.5, and 1, the pipeline was completely
exposed on the bed surface. At this time, a 1.5 cm deep scour
hole was formed at the bottom of the pipeline in the clay
riverbed. .e depths of the scour holes formed by the fine
sand riverbed were 4.2 cm, 3.5 cm, and 1.6 cm, respectively,
and the scour holes formed by the very fine pebble riverbed
were 2.4 cm, 1.6 cm, and 0.6 cm, respectively. It shows that
the depth of scour hole in clay bed does not change sig-
nificantly with the increase of embedment ratio when the
pipeline is completely exposed to the bed. However, the
depth of scour holes in fine sand and very fine pebble
riverbed gradually decreases with the increase of the em-
bedment ratio. But in general, the depth of scour holes
formed by fine sand bed is greater than that of fine pebble
bed.

Based on the results of Figures 10–12, it can be judged
that when the pipeline is buried under the riverbed material
and the sediment is clay, the pipeline has a downward
bending trend, and when the sediment is fine sand or very
fine pebble, the pipeline has the tendency of upward bulge.
When the pipeline is half buried and half exposed and the
sand is clay particles, the pipeline has a downward bending
trend. When the sediment is fine sand and very fine pebbles,
the pipeline tends to bend downstream.

10 Advances in Civil Engineering



Clay
Fine sand
Very fine pebble

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Pressure (kPa)

(a)

Clay
Fine sand
Very fine pebble

40
30
20
10

0
–10
–20
–30

Strain (με)

(b)

Clay
Fine sand
Very fine pebble

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

Pressure (kPa)

(c)

Clay
Fine sand
Very fine pebble

40
30
20
10

0
–10
–20
–30

Strain (με)

(d)

Figure 10: Continued.
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Figure 10: Pressure and strain on the surface of the pipeline which is buried under the riverbed: (a) pressure on the surface of the pipeline
when the embedment ratio is −2, (b) strain on the surface of the pipeline when the embedment ratio is −2, (c) pressure on the surface of the
pipeline when the embedment ratio is −1.5, (d) strain on the surface of the pipeline when the embedment ratio is −1.5, (e) pressure on the
surface of the pipeline when the embedment ratio is −1, and (f) srain on the surface of the pipeline when the embedment ratio is −1.
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Figure 11: Pressure and strain on the surface of the pipeline when half of the pipeline is buried and half exposed: (a) pressure on the surface
of the pipeline when the embedment ratio is −0.5 and (b) strain on the surface of the pipeline when the embedment ratio is −0.5.
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5. Conclusions

In this work, a physical model of water-damage disaster was
established to test the characteristics of the riverbed scour
profile and the pipeline force when the pipeline was buried at
different depths under the condition of different particle size
riverbed sediment. .e following conclusions are obtained:

(a) .e local scour of the pipeline generally goes through
the four stages of scour start-up, micropore for-
mation, scour expansion, and scour equilibrium. In
general, the equilibrium scour depth changes in a
spoon shape with the gradual increase of the em-
bedment ratio. .e equilibrium scour depth formed
by fine sand riverbed is the largest, about 1.5 times of
the pipeline diameter, and the clay riverbed is the
smallest, about 0.5 times of pipeline diameter.

(b) When the pipeline is buried under the riverbed, the
particle size of the riverbed has little effect on the
formation of scour holes on the bed surface near the
pipeline. When the pipeline is half exposed, the clay
riverbed is more resistant to the erosion of the river
than the riverbed of fine sand and very fine pebbles with
a larger particle size. However, in the riverbed with
three kinds of grain size, the fine sand riverbed is more
likely to form a large range of scour holes. When the
pipeline is completely exposed on the riverbed surface,
the balance scour depth of the fine sand and very fine
pebble riverbed will gradually decrease with the in-
crease of the embedment ratio. But from the overall

perspective, the equilibrium scour depth of fine sand
riverbed is greater than that of very fine pebble riverbed.

(c) When the pipeline is completely buried in the riv-
erbed, the pipeline in the clay riverbed tends to bend
downward, and the pipeline in the fine sand and very
fine pebble riverbed tends to uplift upward. When
half of the pipeline is under the surface of the riv-
erbed, the clay riverbed pipeline has a downward
bending trend, and the fine sand and very fine pebble
riverbed pipelines have a downstream bending trend.
When the pipeline is completely above the surface of
the riverbed, the type of riverbed sediment has little
effect on the force of the pipeline. In future studies,
related numerical simulation tests will be considered
to explore the factors affecting the evolution of the
riverbed near the pipeline. Further designs related to
prototype tests are needed and they should be
compared with current research works in order to
improve the existing research results.
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Figure 12: Pressure and strain on the surface of the pipeline which is suspended on the riverbed: (a) pressure on the surface of the pipeline
when the embedment ratio is 0, (b) strain on the surface of the pipeline when the embedment ratio is 0, (c) pressure on the surface of the
pipeline when the embedment ratio is 0.5, (d) strain on the surface of the pipeline when the embedment ratio is 0.5, (e) pressure on the
surface of the pipeline when the embedment ratio is 1, and (f) strain on the surface of the pipeline when the embedment ratio is 1.
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)e gas loss in sampling is the root of coalbed gas content measurement error. )e pressure and particle size have a significant
impact on the gas loss. Using the self-developed coal particle pneumatic pipeline transportation experimental system, this study
investigated the pressure and particle size changes in the sampling pipeline. It is found that the sampling process can be divided
into four stages: no flow field stage, sample outburst stage, stable conveying stage, and tail purging stage. )e extreme pressure in
the sampling pipeline appears at the sample outburst stage; and the pressure in the pipeline has levelled off after sharp decrease in
the stable conveying stage. It is also found that the extreme pressure increases first and then decreases with the increase of particle
size. )e duration of outburst stage is negatively correlated with particle size, and that of stable conveying stage is positively
correlated with particle size. In addition, the results show that the loss rate of 1–3mm particles is the smallest after the test but that
particles less than 1mm increase by about two times and particles greater than 3mm decrease by more than three times.)e study
also shows that the particle size distribution of coal samples is a single peak with left skew distribution, and the gas reverse
circulation sampling test does not change the location of the peak but makes it higher and sharper. )e single size coal sample is
more likely to collide than the mixture. )is study can help to advance the understanding of impact factors on gas loss during
reverse circulation sampling.

1. Introduction

Gas content has been recognized as the basic parameter of gas
disaster prevention as well as coalbed methane resource
development and applications [1–3]. Accurate measure-
ment of gas content has considerable practical value and
significance for productivity evaluation of coalbed methane.
Regarding the accurate measurement of gas content in the
coal seam, the direct methods for measurement of gas content
based on air reverse circulation sampling were invented by
Chinese researchers [4]. )ese researchers achieved stable
measurement of gas content in a wide range of holes of 80m
depth with a measurement time of less than 8 h. However, the
problem of large measurement error has not been resolved.

In direct methods for measurement of gas content, the
gas desorption amount and residual gas content from a coal

sample are firstly measured, and then the gas loss in the
sampling process is assessed. )e gas loss in the sampling
process has been recognized as the error source of this
method [5]. Much work has been done by experts and
scholars on the calculation of gas loss in the sampling
process. Furthermore, some calculation models, such as the
Barrer [6–8] model, Winter [9] model, Bolt [10] model, and
Airey [11] model, have been developed. )is gradually led to
the development of a method to reverse the amount of gas
loss in the sampling process by using these calculation
models. However, these methods are based on the condition
of fixed particle size and pressure and do not consider the
influence of pressure and particle size change on gas loss
during sampling.

In the process of sampling, the gas loss comes from the
gas desorption and diffusion of granular coal. Gas
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desorption of granular coal is the gas transfer process in
porous media, and this process is affected by particle size,
pressure, temperature, and other factors [12, 13]. Wang et al.
[14] showed that the sensitivity of gas desorption law to
particle size, temperature, pressure, moisture content, and
forming pressure was pressure> temperature> particle
size>moisture content> forming pressure. Qin et al. [15]
proved that the desorption process of granular coal was
inhibited when the desorption environment pressure was
higher than the atmospheric pressure. Chen et al. [16] found
that the negative pressure desorption environment signifi-
cantly promoted gas desorption.

)e influence of particle size on gas loss is reflected in the
influence of particle size on desorption speed. )e larger the
particle size of the coal sample, the smaller the initial kinetic
diffusion parameter, and the smaller the amount of gas
desorption at the same time [17, 18]. On the other hand, the
gas desorption behaviors of coal sample correlate with the
surface area and depend significantly on porosity [19].
Meanwhile the coal sample with a smaller particle size has a
higher specific surface area and higher pore volume [20, 21].
)e specific surface area and larger pore volume can reduce
the resistance of gas desorption inside the coal sample, thus
increasing the gas desorption at a given time [22]. From the
results of these studies, it is evident that pressure and particle
size have great influence on gas desorption of coal samples.
)is means that the pressure and particle size have a close
relation with the gas loss in the sampling process. )erefore,
when calculating the amount of gas loss in the process of
sampling, we need to pay attention to the changing law of
pressure and particle size.

)e air reverse circulation sampling technology is a
method that brings the coal sample at the bottom of the hole
to the surface from the central channel of the drill pipe with
the help of compressed air [23]. It is currently the most
commonly used sampling method in coal seam gas content
measurement. )e research on this sampling technology
mainly focuses on the characteristics of the gas-solid flow
field in the reverse circulation pipeline [23–26] and the
improvement of sampling efficiency [27–29]. However,
there is a lack of studies on the change rule of factors af-
fecting gas loss in the process of sampling.

)is study mainly discussed the factors affecting the gas
loss during sampling rather than desorption behaviors in a
closed space. )erefore, the temperature, moisture content,
forming pressure, and other factors were not investigated.
Instead, the change rules of pressure and particle size were
experimentally studied, aiming to reveal the change rules of
pressure and particle size during reverse circulation sam-
pling and provide the basic theory for the establishment of a
more accurate gas loss compensation model.

2. Materials and Methods

2.1. Experimental Setup. To study the change rules of
pressure and particle size in the process of sampling, an
experimental reverse circulation sampling device was
designed. )e experimental system included air compressor,
pressure gauge, gas flowmeter, hopper, conveying pipeline,

and high-precision pressure sensors. )e experimental
system is shown in Figure 1.

)e parameters of the main parts are outlined as follows:

(1) Air compressor: maximum power of 110 Kw, ex-
haust volume of 17.1m3/min, and exhaust pressure
of 1.0MPa.

(2) Detecting system: a pressure gauge with range of
0–1.6MPa was used to monitor the output pressure
of the air compressor. )e flowmeter was used to
monitor the instantaneous flow and velocity in the
pipeline. In addition, eight pressure sensors were
arranged on the pipeline. )e pressure sensors were
installed at 0.1m, 4m, 8m, 12m, 16m, 24m, 65m,
and 80m from the feed port.)e sampling frequency
of the pressure sensor was 2400 times in 1 s, and the
accuracy level was 0.5. In addition, the concentrator
and software were designed for storing measurement
data.

(3) Coal sample conveying system: the design volume of
the bunker was 15 L, which can hold a coal sample of
about 12 kg. )e inner diameter of the pipeline was
40mm, which was consistent with the inner diam-
eter of the double-barreled drilling rod used in the
current air counter circulation method. )e total
design length of the pipeline was 80m, and a mesh
bag was used to collect coal samples.

(4) Granularity analysis system: the OCCHIO ZEPHYR
ESR2 particle analyzer was used to determine the
particle distribution of coal samples before and after
the air reverse sampling test. )is allowed easy and
rapid analysis of the particle size parameters, shape
parameters, and number of particles in the range of
30 μm–30mm.

2.2. Sample Preparation. )e coal samples used in this ex-
periment were collected from No. 4 coal Seam of Xintian
Colliery, which is located in Qianxi County of Guizhou
Province. )e location of the mine is shown in Figure 2.

)e process of sample preparation is shown in Figure 3.
)e preparation process of coal sample was as follows. First,
the cone bit and PDC (Polycrystalline Diamond Compact)
bit were used to drill with the parameters of reverse cir-
culation sampling to collect the original coal sample. With
the aid of the particle analyzer, the particle size distribution
of the original coal sample was measured. Moreover, the f
value (consistent coefficient of coal) of the coal sample was
measured in accordance with industry standards. Subse-
quently, the pulverizer was used to crush the lump coal of
No. 4 coal seam of Xintian Colliery, and the powdered coal
with various sizes was obtained after screening. Finally,
according to the particle size distribution of the original coal
sample, the test coal sample was obtained by mixing the
powdered coal.

According to the coal sample size commonly used in gas
content measurement, the original coal sample size was
classified as ≤1mm, 1–3mm, 3–4mm, 4–5mm, 5–6mm,
6–7mm, and 7–8mm. )e particle size distribution of the

2 Advances in Civil Engineering



original coal sample drilled by using the cone bit and
PDC bit is shown in Table 1. According to Table 1, two
groups of coal samples were configured for each particle size
distribution, four groups in total, of which two groups
corresponding to the cone bit were numbered 1 # and 2 #,
and two groups corresponding to the PDC bit were num-
bered 3 # and 4 #. )e weights of 1 #, 2 #, 3 #, and 4 # coal
samples were 12 kg. In addition, 8 kg coal samples were
taken from 1–3mm, 3–4mm, 4-5mm, 5-6mm, 6-7mm, and
7-8mm as single particle size coal samples.)e f value of No.
4 coal seam of Xintian Colliery was 0.8.

2.3. Experimental Procedure. After the equipment and the
coal sample were prepared, the numbered coal samples were
successively loaded into the bunker. )en, the air com-
pressor was started. When the output pressure of the air
pressure was stable at 0.6MPa, the valve was opened. )is
allowed the compressed air to draw the coal sample into the
pipeline and start transmission. At the same time, the

sensors collected the pressure data in the transmission
pipeline. When all the coal samples had been transported,
the air compressor was turned off and the coal samples in
sampling mesh bag were collected. Finally, the size distri-
butions of coal samples collected were tested by particle
analyzer.

3. Results and Discussion

3.1. Pressure Variation during the Process of Sampling

3.1.1. Pressure Characteristics in the Pipe during Mixed Coal
Sample Tests. )e pressure change in the air reverse cir-
culation sampling pipeline is the result of the kinetic energy
transfer between gas and particles, as well as the conversion
of the gas phase kinetic energy and pressure potential en-
ergy. Pressure variation in the pipeline during the tests of the
mixture sample is shown in Figure 4.

)e whole test process can be divided into four stages: no
flow stage, sample outburst stage, stable conveying stage, and

Air compressor

Pressure
gauge

Valve

Flow meter

Bunker

Feed port

1#
sensor

Pipeline

Pressure sensors

8#
sensor Mesh bag

Discharge port

Concentrator Computer

(a)

1
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3
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5

(b)

Figure 1: )e experimental system. (a) Schematic diagram of the experimental system. (b) Physical map of the experimental system:
① Conveying pipeline. ② Particle analyzer. ③ High-speed camera. ④ Bunker. ⑤ Concentrator.
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tail purging stage. )e no flow stage refers to the stage from
energizing the detecting system to opening the valve. At this
stage, there is no fluid in the pipeline, so the indication of the
sensor is zero. )e sample outburst stage refers to the
completion of transportation of coal sample accumulated at
the feed port. In the sample outburst stage, most of the
pressure potential energy of the compressed air was rapidly
converted into kinetic energy, and part of the kinetic energy
was transferred to the coal sample at the feed port, so that the
coal sample could achieve acceleration and move with the
compressed air. Currently, the moving speed of the coal
sample was less than that of the compressed air. )erefore,
the movement of compressed air is the main element in the
pipeline, and the pressure in the pipeline increases from
atmospheric pressure to compressed air pressure. It can be
seen from Figure 4 that the extreme pressure appears at the
sample outburst stage. )e extreme pressures of 1 # sensor
were 558.84 Pa, 508.04 Pa, 509.85 Pa, and 514.30 Pa, and the
maximum pressures of 8 # sensor were 76.44 Pa, 60.29 Pa,
75.14 Pa, and 78.31 Pa, respectively. )is illustrates that the
closer to the feed port, the higher the extreme pressure, and
the closer to the discharge port, the smaller the extreme
pressure. )e distinction between the abscissa of point “e”
and point “f” in Figure 4 represents the time difference when
the extreme pressure reaches 1 # sensor and 8 # sensor
and also represents the duration of sample outburst stage.
)e durations of sample outburst stage in the test of 1#, 2 #,
3 #, and 4 # coal samples were 1.8 s, 0.8 s, 1.2 s, and 1.0 s,
respectively.

In the stable conveying stage, coal sample enters the
pipeline evenly from the feed port. )e kinetic energy and

pressure potential energy of the compressed air were con-
verted into a dynamic equilibrium. )erefore, there was
relatively little pressure change in the pipeline, which is
reflected in that the curve of the stable conveying stage tends
to be stable after a sharp drop in Figure 4. )e durations of
stable conveying stage in the test of 1#, 2 #, 3 #, and 4 # coal
samples were 85.4 s, 86.2 s, 85.2 s, and 80.4 s, respectively.

In the tail purging stage, the coal sample is no longer
supplied to the pipeline from the feed port, so the remaining
coal sample in the pipeline is reduced. )erefore, the
movement resistance of compressed air is reduced, andmore
pressure potential energy is converted into kinetic energy,
resulting in the reduction of static pressure in the pipeline.
When the particles are completely transported, the flow field
returns to pure air flow, and the pressure in the pipeline
returns to a lower level. It is shown in Figure 4 that the curve
of the purge stage tends to be stable after the obvious
decrease.

)e pressure values of each measuring point in the
pipeline at 35 s, 55 s, 75 s, and 95 s are shown in Figure 5. It
can be seen that, in the stable conveying stage, the pressure
variation trends of all measurement points are basically the
same. )e further from the feed port, the lower the static
pressure. At the same time, the pressure loss values of the
same distance are almost equal. )e pressure difference
between each measuring point at 35 s and 55 s is significantly
higher than that at 55 s and 75 s.)is means that the closer to
the sample outburst stage, the higher the static pressure loss
value, and much of the lost pressure potential energy is
converted into the kinetic energy of compressed air and coal
particles. )erefore, the moving speed of particles is still on

Capital Sample
location

Provincial
capital

Guizhou
Province

Sample location: Xintain Colliery

Guizhou Province

Figure 2: Geographical location of the coal sample.
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the rise, which increases the time during which the coal
sample remains in the pipeline and increases the gas loss of
the coal sample.

3.1.2. Effect of Particle Size on the Pressure Characteristics in
the Sampling Pipeline. Pressure variation in the pipeline
during the tests of single size coal sample is shown in
Figure 6. )e relationship between the pressure character-
istics and the particle size is shown in Figure 7. Two laws can
be drawn from Figures 6 and 7: One is that the duration of
outburst stage is negatively correlated with particle size, and
that of stable conveying stage is positively correlated with

particle size. )e other is that the extreme pressure increases
first and then decreases with the increase of particle size.

In the test of 1–3mm coal sample, the duration of sample
outburst stage is 2.4 s, and that of the stable conveying stage
is 20.6 s. Meanwhile, in the test of 7–8mm coal sample, the
duration of sample outburst stage is 0.8 s, which is only one-
third of the 1–3mm coal sample. )e duration of stable
conveying stage is 46.8 s, which is increased by 127%. )is
shows that the larger the coal sample size, the shorter the
sample outburst stage, but the longer the duration of the
stable conveying stage. In the test of 1–3mm coal sample, the
extreme pressures of 1 # and 8 # sensors are 520.53 Pa and
104.73 Pa, respectively. In the test of 6–7mm coal sample,

Cone bit and PDC bit

Acquisition of original coal sample

No. 4 coal seam of
Xintian Colliery

Lump coal

Collecting
lump coal

Pulverizing
and sieving
lump coal

Mixing
powdered

coal

Electronic scale

Mixture of coal sample

Particle analyzer

Measuring instrument of
coal consistent coefficient

Single size coal sample

Measurement
of consistent

coefficient

Measurement
of particle

distribution

Pulverizer and
vibration sieve

Figure 3: )e process of coal sample preparation.

Table 1: Particle size distribution of the original coal sample.

Sample size ≤1mm 1–3mm 3–4mm 4–5mm 5–6mm 6–7mm 7–8mm
Cone bit 34.61 35.10 8.27 9.10% 4.51% 5.45% 2.96%
PDC bit 30.87 43.29 10.10 5.61% 5.32% 1.25% 3.56%
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the extreme pressures of 1# and 8 # sensors are 520.53 Pa and
104.73 Pa, which increased by 6.4% and 13.0%, respectively.
However, the extreme pressures of 1# and 8 # sensors during
the test of 7–8mm coal sample are 547.78 Pa and 104.95 Pa,
respectively, which are 1.1% and 12.8% lower than those of
the test of 6–7mm coal sample.

Further analysis of the results showed that if the particle
size is too small, the density of small particle size sample at
the feed port will be uneven, which will lengthen the du-
ration of sample outburst stage. On the other hand, the
smaller the particle size, the larger the total surface area of
coal sample with the same quality and the more contact area
with compressed air. As a result, more pressure potential
energy of compressed air will be converted into kinetic
energy of coal sample. )e extreme pressure of the sample
outburst stage is reduced. )e movement speed of coal
sample is improved, and the duration of stable conveying
stage is shortened.

3.2. Particle Size Variation during the Process of Sampling

3.2.1. Particle Size Variation of the Mixed Coal Sample
)e coal samples before and after the gas reverse circulation
sampling tests were mixed evenly, and a certain amount of
coal samples was taken from each coal sample twice. )en,
the coal samples taken each time were divided into two parts:
one for backup and the other for particle size distribution
measurement using the particle analyzer. )e particle size
distribution (Feret’s minimum diameter volume distribu-
tion) after the mixed coal sample tests is shown in Table 2.

By comparing the original particle size distribution
(shown in Table 1) with the particle size distribution after the
tests (shown in Table 2), 30% of the original particle di-
ameter is less than 1mm, while more than 60% of the coal
samples had a diameter less than 1mm after the test, which is
double. In addition, more than 25% of the particles of the
original coal samples are larger than 3mm, while only 7% of
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Figure 4: Pressure variation in the pipeline during the tests of the mixture sample. Point “e” represents the extreme pressure point of 1 #
sensor, and point “f” represents the extreme pressure point of 8 # sensor.
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the particles of the coal sample are larger than 3mm after the
test, almost 3.6 times less. )is proved that the particle size
changed significantly in the process of gas reverse circulation
sampling due to particle-particle and particle-tube wall
collision, which is mainly manifested in the sharp decrease in
large particles and the obvious increase in small particles.
Owing to the change in particle size, the total surface area of
the coal sample increased, the gas desorption rate of the coal
sample accelerated, and the gas loss increased.

According to Tables 1 and 2, coal sample particles larger
than 3mm account for a relatively small proportion. If those
samples are selected to measure the gas content of coal
seams, more coal samples will be obtained and more time
will be spent on screening, resulting in a further increase in
gas loss. Conversely, the gas loss of the coal sample particles
less than 1mm is serious. )erefore, it is suggested that a
coal sample with 1–3mm particles should be used in the
actual measurement of gas content.

Figure 8 shows the distribution of particle size before and
after the tests of mixed coal sample. Figure 9 shows the
cumulative distribution of particle size before and after the
tests of mixed coal sample. It is evident that the particle size
distributions of coal samples before and after the tests are a
single peak with left skew distribution. )e gas reverse
circulation sampling test does not change the location of the
peak but makes the peak particle size distribution higher and
sharper. )e cumulative distribution of particle size before
and after the test conforms to Rosin–Rammler distribution
(R–R distribution) [30, 31], which is expressed as follows:

F(d) � 100 − 100 exp −
d

d0
 

m

 , (1)

where F(d) is the cumulative distribution; d is the particle
diameter in mm; d0 is the median diameter in mm, when
d0 � d, F(d)� 63.2%, and therefore d0 is the particle size
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Figure 5: Pressure value in pipeline at different time of stable conveying stage.
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Figure 6: Pressure variation in the pipeline during the tests of single size coal sample.)e point “e” represents the extreme pressure point of
1 # sensor, and the point “f” represents the extreme pressure point of 8 # sensor.
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corresponding to F� 0.632; and m is the parameter char-
acterizing the particle size distribution range. After two
logarithmic transformations of formula (1), the following
result is obtained:

ln −ln
1 − F(d)

100
   � m ln d − m ln d0. (2)

A straight line can be obtained by plotting ln{−ln
[1−F(d)/100]} on lnd. )e slope of the line is the uniformity
index m of the R–R distribution equation, and then the
characteristic particle size d0 can be obtained according to
the intercept of the line on the Y-axis. Take the derivative on
both sides of formula (1) to obtain the particle size distri-
bution density function:

f(d) � F(d)’ � 100
m

d0

d

d0
 

m− 1

exp −
d

d0
 

m

 . (3)

)e percentage of particle volume between any two
particle sizes can be calculated as follows:

F d2(  − F d1(  � 

d2

d1

f(d)d(d). (4)

According to formula (2), linear regression was carried
out for the cumulative particle size distribution data of the 1
# coal sample after the test, as shown in Figure 10.)e linear

regression correlation coefficient R2 � 0.9971 and the linear
fitting degree is high. From the fitting results, it can be seen
that the slope of the straight line is 0.95251 and the intercept
is −6.53405, and therefore the uniformity index of the R–R
equation is m� 0.95251 and the characteristic dimension is
d0 � 0.9532mm. )e same method was used to calculate the
R–R fitting characteristic parameters of each coal sample
before and after the test, as shown in Table 3. Hereafter,
according to formula (4) and them and d0 values of each coal
sample, it is easy to obtain the volume fraction of coal
samples in any two particle size ranges.

As mentioned, m is a parameter that characterizes the
range of particle size distribution. )e larger the value of m,
the narrower the range of particle size distribution. On the
contrary, the smaller the value of m, the larger the range of
particle size distribution. Meanwhile, d0 is also a parameter
to describe the characteristics of particle size distribution.
)e larger value of d0 indicates that the particle is inclined to
the end with larger particle size. Conversely, it tends to the
end with smaller particle size. Compared with the charac-
teristic parameters of coal particle size distribution before
the tests, the characteristic parameters of coal particle size
distribution after the tests have little change in the m value
but the value of d0 is generally reduced by more than two
times. )is reflects that, during the process of the air reverse
circulation sampling test, the collision results in particle
breakage, which makes the size of more than half of the coal
sample particle less than 1mm.
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Figure 7: )e relationship between the pressure characteristics and the particle size. (a) Duration of sample outburst stage and stable
conveying stage. (b) Extreme pressure of 1 # sensor and 8 # sensor.

Table 2: Particle size distribution after the mixed coal sample tests.

Sample size ≤1mm (%) 1–3mm (%) 3-4mm (%) 4-5mm 5-6mm 6-7mm 7-8mm
1 # coal sample 62.32 32.54 2.06 1.83% 1.24% 0 0
2 # coal sample 65.91 29.42 3.97 0.70% 0 0 0
3 # coal sample 64.74 29.41 3.61 0 2.24% 0 0
4 # coal sample 64.82 28.05 5.33 1.11% 0.69% 0 0
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3.2.2. Particle Size Variation of Single Size Coal Sample
Using the same method as the mixed coal sample, the gas
reverse circulation sampling tests with single particle size of
1–3mm, 3-4mm, 4-5mm, 5-6mm, 6-7mm, and 7-8mm
were conducted. )e distribution of particle size after the
tests is shown in Figure 11, and the cumulative distribution
of particle size after the tests is shown in Figure 12, and the
R–R fitting characteristic parameters of each single particle
size coal sample are given in Table 4.

)e results show that the particle size distribution after
the test presents a single peak with left skewed distribution,
and the cumulative distribution after the test conforms to the

R–R distribution. However, there is no obvious correlation
between the particle size distribution and the original
particle size. )e fitting parameters of cumulative distri-
bution vary widely and are not correlated with the original
particle size. When comparing the particle size distribution
of the mixed coal sample and the single particle, it can be
seen that the number of coal samples with a particle size
greater than 3mm after the single particle size test is lower.
)is indicates that the impact crushing of particles in the
reverse circulation sampling pipeline is a random process
and the impact crushing degree of uniform single size
particles is more serious than that of mixed coal samples.
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Figure 8: )e histogram of particle size distribution before and after the tests. )e volume fraction represents Feret’s minimum diameter
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Table 3: Fitting parameters of Rosin–Rammler distribution.

Samples
Before test After test

m mlnd0 d0 R2 m mlnd0 d0 R2

1 # coal sample 0.8577 6.6383 2.2972 0.9906 0.9525 6.5341 0.9533 0.9989
2 # coal sample 0.9781 6.6194 0.8695 0.9961
3 # coal sample 0.8994 7.0159 2.4433 0.9976 0.8834 5.9926 0.8835 0.9984
4 # coal sample 0.8352 5.6107 0.8273 0.9974
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Figure 12: Continued.
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4. Conclusions

(1) In this study, change rules of pressure and coal
particle size in an air reverse circulation sampling
pipeline were experimentally evaluated. )e results
show that the sampling process could be divided into

four stages: no flow field stage, sample outburst stage,
stable conveying stage, and tail purging stage. In the
actual sampling process, the sample collection can be
started during stable conveying stage, as the pressure
in the pipeline tends to be stable in this stage. )e
duration of outburst stage is negatively correlated
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Figure 12: )e cumulative distribution of particle size after the tests of single particle coal sample. (a) Original size: 1−3mm. (b) Original
size: 3-4mm. (c) Original size: 4-5mm. (d) Original size: 5-6mm. (e) Original size: 6-7mm. (f) Original size: 7-8mm.

Table 4: Fitting parameters of Rosin–Rammler distribution.

Samples
After test

m mlnd0 d0 R2

1−3mm 1.7953 11.7079 0.6795 0.9998
3-4mm 0.7717 4.5987 0.3873 0.9685
4-5mm 1.1094 7.4188 0.8021 0.9726
5-6mm 1.6574 10.5177 0.5701 0.9969
6-7mm 1.6961 10.3262 0.4406 0.9905
7-8mm 1.2022 7.5682 0.5420 0.9742
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with particle size, and that of stable conveying stage
is positively correlated with particle size.)e extreme
pressure in the pipeline occurs in the sample out-
burst stage, and the extreme pressure increases first
and then decreases with the increase of particle size.

(2) )e particle size changed significantly in the process
of gas reverse circulation sampling due to particle-
particle and particle-tube wall collision. Comparing
the particle size distribution before and after the test,
it is found that the proportion of 1–3mm coal
sample changes the least.)erefore, coal sample with
particle size of 1–3mm is recommended for gas
content measurement.

(3) )e particle size distribution presents a left skewed
distribution, and the cumulative distribution follows
Rosin–Rammler distribution. After the test, the value
of d0 reduces more than 50%, which reflects that
more than half of the coal sample particles are less
than 1mm in diameter due to particle breakage.
Further study reveals that the impact crushing degree
of uniform single size particles is more serious than
that of mixed coal samples.

)ese results are helpful to understand the factors af-
fecting gas loss during gas reverse circulation sampling and
thus provide insights for establishing a more accurate
compensation model of gas loss.
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Geological tectonic movements, as well as complex and varying coal-forming conditions, have led to the formation of rock
partings in most coal seams. Consequently, the coal in coal-rock composites is characterised by different mechanical properties
than those of pure coal. Uniaxial compression tests were performed in this study to determine the mechanical properties and
bursting liability of specimens of coal-rock composites (hereinafter referred to as “composites”) with rock partings with different
dip angles θ and thicknessesD. (e results showed that as θ increased, the failure mode of the composite changed from tensile and
splitting failure to slip and shear failure, which was accompanied by a decrease in the brittleness of the composite and an increase
in its ductility as well as a decrease in the extent of fragmentation of the coal in the composite. Additionally, as θ increased, the
uniaxial compressive strength σu, elastic modulus E, and bursting energy index Ke of the composite decreased.(e rock parting in
the composite was the key area in which elastic energy accumulated. As D increased, σu, E, and Ke of the composite increased. In
addition, as D increased, the ductility of the composite decreased, and the brittleness and extent of coal fragmentation in the
composite increased. Notably, the curve for the cumulative acoustic emission (AE) counts of the composite corresponding to the
stress-strain curve could be divided into four regimes: pore compaction and closure, a slowly ascending linear elastic section,
prepeak steady crack propagation, and peak unsteady crack propagation. (e experimental results were used to propose two
technologies for controlling the stability of coal-rock composites to effectively ensure safe and efficient production at
working faces.

1. Introduction

Most thick coal seams contain rock partings as a result of
complex coal-forming geological conditions [1, 2]. (ese
partings affect the stability of the working faces and roadway
coal ribs in mines and can cause severe rib spalling and
support system failure [3–5]. In addition, coal cutters
consume more energy during cutting and cutting picks are
severely worn down [6–8], significantly affecting the stoping
at working faces. Moreover, sparks generated from collisions
between cutting picks and rock partings are a major hazard
that can trigger gas explosions in gassy coal mines [9]. Rock
partings alter the stress distribution in the surrounding
rock of coal seams and may produce rock bursts. Stress

perturbations induced by mining increase the risks involved
in stoping operations at working faces [10]. A coal-rock
composite with a seam parting consists of rocks with two
lithologies. (e anisotropy of the composite increases sig-
nificantly with the difference between the structural plane
and rockmechanical parameters. Interactions between rocks
with different lithologies during the failure process produce
different mechanical failure characteristics from those of
pure coal and pure rock. (us, it is important to study the
mechanical properties and bursting liability of coal-rock
composites.

Numerous researchers have extensively studied the
mechanical properties of coal-rock composites. Yang et al.
[11] studied the mechanical properties and failure modes of
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coal-rock composites for various coal-rock height ratios and
determined the corresponding deformation and failure
patterns. Gao et al. [12] investigated the brittle failure modes
of coal-rock composites under uniaxial compressive loading,
analysed energy evolution patterns, and determined the
failure mechanisms. Qin et al. [13] studied the energy dis-
tribution pattern in each constituent of coal-gritstone-fine
sandstone composites before buckling failure and analysed
the bursting failure behaviour. Song et al. [14] investigated
the failure modes, deformation behaviours, and energy
evolution patterns of coal-rock composites under various
loading conditions. (e study results provided strong
support for controlling working faces and the rocks
surrounding roadways. Zhang et al. [15] used uniaxial
compression tests to investigate the energy evolution pat-
terns and bursting liability of composite specimens with
different rock types and produced a reasonable correction to
the bursting energy index. Wang et al. [16] studied the
progressive failure processes and acoustic emission (AE)
characteristics of various coal-rock composites and analysed
the bursting liability as well. Xie et al. [17, 18] investigated
the deformation and failure patterns, as well as the energy
evolution mechanisms, of coal-rock composites and pro-
posed stability control principles for composite roofs in deep
roadways. Wang et al. [19] used triaxial compression tests to
investigate coal-rock composites with various height ratios
and determined the stress-strain behaviours. Chen et al. [20]
developedmechanical constitutive models for coal and rock-
coal-rock composites to analyse the evolutionary patterns of
the physical parameters of the rock-coal-rock composites
during instability and loading processes. Chen et al. [21]
studied the stress-strain behaviour and strength character-
istics of composite rock-coal layers. Crack nucleation,
propagation, and coalescence patterns in these layers at
various loading rates were also investigated. Tan et al. [22]
developed a “flexible-hard” combination supporting wall to
control the rapid sinking of a hard roof in a roadway. Lu et al.
[23] conducted a series of true triaxial tests on a layered coal-
rock composite and studied the corresponding deformation
and failure laws and mechanical response characteristics. In
summary, the aforementioned studies on coal-rock com-
posites have focused primarily on the mechanical properties
of coal-rock, rock-coal, or rock-coal-rock composites. By
contrast, few studies have been performed on themechanical
properties of coal-rock composites with partings formed
from magmatic intrusions into coal seams. (erefore,
studying the mechanical properties and bursting liability of
coal-rock composites is important for weakening the me-
chanical properties of rock partings to prevent rock burst
and for controlling the stability of rocks surrounding
roadways.

In this study, specimens of a coal-rock composite with a
rock parting (hereinafter referred to as “composites”) with
different dip angles θ and thicknesses D were investigated by
uniaxial compressive mechanical testing on an MTS elec-
trohydraulic servo control test machine. (e deformation
and failure patterns of the composite specimens were
recorded using high-speed photography and AEmonitoring.
(e mechanical properties and bursting liability of the

composite specimens with different rock-parting char-
acteristics were subsequently analysed. Finally, two tech-
nologies for controlling the stability of coal-rock composites
were proposed. (ese technologies can effectively ensure
safe and efficient mining at working faces.

2. Materials and Experimental Methods

2.1. Material Preparation. Experimental coal-rock samples
were collected from the No. 112201 working face of a mine in
Shaanxi Province. (ese rock samples had a sandstone li-
thology. All the samples were collected from intact and
highly homogeneous coal-rock blocks to eliminate inter-
ference factors and ensure the reliability of the test results.
Cuboidal specimens (50mm× 50mm× 100mm) were
fabricated from the coal-rock samples according to the
specifications of the International Society for Rock Me-
chanics. (e ends of each specimen were polished to ensure
that the surface roughness of the ends did not exceed 0.2mm
and the non-parallelism did not exceed ±0.1%. (e speci-
mens were divided into groups A and B. (e specimens in
group A hadD of 20mm and θ values of 10°, 20°, 30°, and 40°
(three specimens were used for each θ). (e specimens in
group B had θ of 0° and D values of 10, 20, 30, and 40mm
(three specimens were used for each D). An epoxy resin
adhesive was used to glue the composite specimens into
standard specimens, as shown in Figures 1 and 2.

2.2. Experimental Process. Figure 3 shows the experimental
testing system, which consisted primarily of a load control
system, an AE monitoring system, and a high-speed digital
photographic acquisition system.

An MTS-C64.106 electrohydraulic servo control system
was selected as the load control system for the uniaxial
compression tests. (e strain control mode was used in this
study. Each specimen was loaded at a rate of 0.01mm/s until
failure.

A PCI-2 AE system was used to monitor the AE activity.
Four AE sensors were adhered to the surfaces of each
composite specimen to collect data. (e noise suppression
threshold, peak definition time, hit lockout time, sampling
frequency, and preamplifier gain of the AE monitoring
system were set to 30 dB, 50 µs, 300 µs, 2MHz, and 40 dB,
respectively. (e AE sensors and each composite specimen
were coupled by applying Vaseline.

A GX-1/3 high-speed camera (NAC Inc, Japan) was used
to acquire digital photographs to observe the loading process
and record the deformation and failure patterns of the
composite specimens.

3. Analysis of the Mechanical Properties of the
Composite Specimens

3.1. Mechanical Properties of the Composite Specimens with
Different Dip Angles (θ). In the composite specimen images,
the yellow lines indicate the expansion fractures, and the
pink areas indicate the coal body flakes.
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(a) (b) (c) (d)

Figure 1: Composite specimens with different rock-parting dip angles (θ). (a) 10°. (b) 20°. (c) 30°. (d) 40°.

(a) (b) (c) (d)

Figure 2: Composite specimens with different rock-parting thicknesses (D). (a) 10mm. (b) 20mm. (c) 30mm. (d) 40mm.

Figure 3: (e experimental monitoring system.
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(e stress-strain curve of the composite could be divided
into four regimes: pore compaction (OA), a linear elastic
section (AB), prepeak crack development (BC), and
postpeak fracture development (CD). During the pore
compaction stage, the preexisting cracks and pores in the
coal and the rock parting were closed, and the AE activity
was weak and fluctuated slightly. (e AE activity in the
composite remained basically stable over the linear elastic
regime. However, there was some propagation of the pre-
existing cracks in the composite under compressive loading,
and a small quantity of coal spalled off in the form of flakes.
Consequently, a few AE peaks appeared, albeit with rela-
tively small amplitudes. During prepeak crack development,
the cracks inside the composite developed steadily, ac-
companied by the caving of small coal blocks. A small
quantity of rock powder fell off, the coal failed in local areas,
there were violent fluctuations in the AE activity, and
multiple AE peaks appeared. During postpeak fracture
development, small coal blocks erupted accompanied by a
notable cracking sound and increasing AE activity. Each
steplike sudden increase observed in the cumulative AE
count curve corresponded to the initiation and development
of microcracks in the composite, as well as the spalling of
coal in the form of flakes. (e cumulative AE count curve
demonstrably corresponded to the stress-strain curve and
could be approximately divided into four regimes: pore
compaction and closure (during which the AE count in-
creased slightly); a slowly ascending linear elastic section
(during which the AE count increased steadily overall but
suddenly increased to a relatively small extent at isolated
points as a result of the propagation of the preexisting
cracks); prepeak steady crack propagation (during which the
propagation of the preexisting cracks intensified, new cracks
were initiated, the AE activity increased, and the cumulative
AE count curve exhibited a large rate of increase); and peak
unsteady crack propagation (during which cracks developed
unsteadily, and there was a sharp increase in the cumulative
AE count curve).

Increasing θ shortened the pore compaction regime of
the stress-strain curve, changed the failure mode of the
composite from tensile failure to slip and shear failure, and
decreased the AE activity. Figure 4 shows that at θ� 10°,
horizontally propagating cracks appeared on the surfaces of
the lower coal under compressive loading, the lower coal
underwent splitting and tensile failure, and the AE count was
relatively high. At θ � 20°, horizontally propagating cracks
appeared on the surfaces of the upper coal, and sudden
steplike increases occurred in the cumulative AE count
curve. Figure 5 shows that as the loading displacement
increased, axial splitting and tensile coalescence appeared in
the rock parting and the lower coal during the postpeak
fracture development regime of the stress-strain curve. At
θ� 30°, some cracks propagated into the interface between
the upper coal and the rock parting, accompanied by a
sudden decrease in the stress-strain curve, abnormally high
AE counts, and unsteady slip failure of the composite.
Figure 6 shows that over the postpeak fracture development
regime of the stress-strain curve, the bearing capacity of the
composite increased again, the upper coal spalled off in the

form of flakes, and there was a gradual increase in the AE
count. At θ� 40°, the pore compaction regime of the stress-
strain curve disappeared, and the linear elastic section was
significantly lengthened. (ere were no notable sudden
increases in the AE count during the pore compaction and
linear elastic regimes of the stress-strain curve. (is result
suggests that the increase in θ prevented notable initiation
and propagation of cracks in the composite and that the coal
tended to undergo slip failure. AE peaks appeared over the
prepeak crack development regime of the stress-strain curve
because vertical splitting cracks formed in the upper coal.
During the stage postpeak fracture development regime of
the stress-strain curve, the interfacial cracks in the composite
coalesced, and the upper coal-rock interface underwent
steady slip failure, corresponding to a gradual decrease in the
AE count and a slow decrease in the stress-strain curve, as
shown in Figure 7.

High-speed photographs of the failure process of the
composite showed that the coal failed first in the composite.
(is is primarily because of the large difference between the
strengths of the coal and rock in the composite. (e de-
velopment of internal microcracks resulted in a relatively
low coal strength. Consequently, under compressive load-
ing, crack initiation and propagation occurred first in the
coal, which spalled off in the form of flakes.

Figure 8 and Table 1 show that as θ increased, the
uniaxial compressive strength σu, elastic modulus E, and
bursting energy index Ke of the composite decreased. (e σu
values of the composite specimens with θ values of 20°, 30°,
and 40° were 16.59%, 31.49%, and 57.93% lower, respec-
tively, than those of the composite specimens with θ of 10°.
(e E values of the composite specimens with θ values of 20°,
30°, and 40° were 10.64%, 16.78%, and 31.08% lower, re-
spectively, than those of the composite specimen with θ of
10°. (e Ke values of the composite specimens with θ values
of 20°, 30°, and 40° were 13.98%, 30.02%, and 37.63% lower,
respectively, than those of the composite specimens with θ of
10°.(is is mainly because as θ increased, the failure mode of
the composite changed from splitting and tensile failure to
slip and shear failure. Consequently, the composite was
more prone to slip and shear failure along the coal-rock
interfaces under uniaxial compressive loading. (us, the
composite σu decreased as θ increased. (e preferential
failure of the composite along the weak structural planes
hindered the accumulation of elastic energy, resulting in a
notable decrease in Ke. (e composite became less frag-
mented and remained more intact as θ increased.

3.2. Mechanical Properties of Composite Specimens with
Different%icknesses (D). Similarly, the stress-strain curve of
each of the composite specimens with different D values
could be divided into four characteristic regimes of failure
development. (ere was a notable correspondence between
the stress-strain and cumulative AE count curves. Increasing
D caused an increase in the ductility and a decrease in the
brittleness of the composite.

For the composite specimen with D � 10mm under
uniaxial compressive loading, crack propagation occurred in
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Figure 4: Stress-strain curve and acoustic emission monitoring curve of composite specimens with a 10° dip angle (A10-1).
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Figure 5: Stress-strain curve and acoustic emission monitoring curve of composite specimens with a 20° dip angle (A20-1).
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Figure 6: Stress-strain curve and acoustic emission monitoring curve of composite specimens with a 30° dip angle (A30-1).
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Figure 8: Test results of the mechanical parameters of composite specimens with different dip angles. (a) Uniaxial compressive strength. (b)
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the lower coal, which underwent splitting and tensile failure.
(e rock parting had an insignificant impact on the strength
and failure of the composite, where the strength was dictated
primarily by the coal strength, as shown in Figure 9. (e
composite specimen with D� 20mm was comparatively
more anisotropic, and the rock parting accumulated more
energy. As considerable space was vacated by crack prop-
agation in the coal, the sudden release of the elastic energy
accumulated in the rock parting at the coal-rock interfaces
resulted in the violent failure of the composite and ab-
normally high AE counts, as shown in Figure 10. Crack
propagation occurred in the upper and lower coal of
composite specimen B30-1 (D� 30mm), accompanied by
stretching and spalling, an increase in displacement, and the
sudden release of the elastic energy accumulated in the rock
parting, resulting in the bursting failure of the specimen, as
shown in Figure 11(a). In composite specimen B30-2
(D� 30mm), the initiation of cracks in the rock parting did
not provide conditions for the sudden release of accumu-
lated elastic energy. (us, the rock parting underwent static
splitting and tensile coalescence failure, as shown in
Figure 11(b). (e composite specimen with D� 40mm
underwent bursting failure, with notable crack propagation
in the rock parting, primarily because more energy had
accumulated than for the rock parting with D� 30mm. (e
considerable strain in the coal caused the rock parting to
rebound and suddenly release the accumulated elastic en-
ergy, causing violent failure of the composite, as shown in
Figure 12. (e initiation and propagation of cracks in the
composite corresponded to decreases in stress (as evidenced
by the stress-strain curves) and sudden increases in the
cumulative AE count (as shown by the cumulative AE count
curves). (us, the AE counts effectively reflected the internal
crack propagation patterns in the composites.

Figure 13 and Table 2 show that asD increased, σu, E, and
Ke of the composite increased. (e σu values of the com-
posite specimens with D values of 20, 30, and 40mm were
13.58%, 24.62%, and 57.21% higher, respectively, than those
of the composite specimens with D of 10mm.(e E values of
the composite specimens with D values of 20, 30, and 40mm
in D were 10.55%, 23.06%, and 41.31% higher, respectively,

than those of the composite specimens with D of 10mm.(e
Ke values of the composite specimens with D values of 20, 30,
and 40mm were 174.57%, 194.97%, and 361.68% higher,
respectively, than those of the composite specimens with D of
10mm.

As D increased, the rock parting became the main load-
bearing structure, and σu and Ke of the composite increased,
as did the risk of bursting. Under uniaxial compressive
loading, the rock parting was the key structure for accu-
mulating energy due to its relatively high strength. (e
relatively low coal strength enabled micro- and macrocracks
to develop in the coal before the ultimate failure strength of
the rock parting was reached, causing a relatively large
displacement in the coal and generating a relatively large
vacated space. Under these conditions, the rock parting
rebounded and released the accumulated elastic energy,
which precipitated the violent bursting failure of the coal.
Rebounding generated a tensile stress in the rock parting and
caused similar splitting and tensile failure of the surfaces.
However, premature crack propagation divested the rock
parting of the preconditions for accumulating energy. (e
corresponding composite specimens in this study were
found to exhibit static failure characteristics with a con-
siderably lower risk of bursting. (e larger the composite D
was, the higher the capacity of the rock parting to accu-
mulate elastic energy was. (e release of elastic energy from
the rock parting increased the extent of fragmentation of the
coal. (e larger D was, the more fragmented the coal was.

4. Engineering Applications

(e experimental results were used to formulate two
technologies for controlling the stability of the surrounding
rock (Figure 14). (1) Excavation causes the surrounding rock
stress at the free face of a roadway to transition from a
three-dimensional stress state to a two-dimensional or
unidirectional stress state, thereby decreasing the rock
stability. (e presence of partings increases the strength
anisotropy of the coal-rock composite surrounding the
roadway. Under the mining-induced surrounding rock
stress, the coal ribs of a roadway significantly spall off.

Table 1: Mechanical parameters of composite specimens with different dip angles.

Uniaxial compressive
strength σu (MPa) Elastic modulus E (GPa) Bursting energy index Ke

Specimen group Tested Average Tested Average Tested Average
A10-1 14.236

13.726
1.172

1.206
7.059

7.694A10-2 13.254 1.252 6.896
A10-3 13.689 1.193 9.126
A20-1 12.240

11.449
1.064

1.077
6.870

6.618A20-2 11.123 1.143 7.569
A20-3 10.985 1.025 5.415
A30-1 10.234

9.404
0.942

1.003
4.325

5.384A30-2 9.853 1.073 5.698
A30-3 8.126 0.995 6.129
A40-1 5.756

5.775
0.899

0.831
6.125

4.799A40-2 6.443 0.792 4.365
A40-3 5.125 0.802 3.906
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Consequently, an asymmetric strengthening support tech-
nology can be used to increase the strength of coal-seam
support systems, reduce the difference between the strengths
of the coal and rock in coal-rock composites, and maintain
the stability of roadway surrounding rocks. (2) Under
uniaxial compression, the initiation and propagation of
microjoints and microcracks damages the coal in a coal-rock
composite and thereby releases part of the accumulated
elastic energy in the rock. (us, the extent of damage
sustained by the coal increases, and bursting is induced. It is
necessary to reduce the extent of damage sustained by coal-
rock composites, the bursting risk, and the coal cutting
energy consumption. (ese goals can be achieved by using
high-pressure fracturing to weaken and disrupt the integrity
of rock partings, reduce the strength anisotropy of coal-rock
composites, and decrease the risk of bursting in coal seams.

Mining is currently underway in the No. 2 coal seam of a
mine in the Yushen mining area in Shaanxi. (is coal seam,
with an average burial depth of 370m, is at low risk of rock
burst. (e No. 112201 working face of this coal seam, 350m
in length and 4,556.6m in strike length, contains one to two
partings overall but three partings in some local areas. (e
parting thickness is 0.6–2.0m. (e high hardness coefficient
of the partings hinders excavation and makes cutting dif-
ficult. In addition, coal blocks are ejected during the cutting
process, and the rocks surrounding the roadway have low
stability and significantly spall off. To reduce the energy
consumption of coal cutters and the dynamic manifestation
at the working face, high-pressure pulsed water-jet frac-
turing technology was employed to reduce the strength of
the partings at the working face. Figure 15 shows the
partings at the working face before and after weakening.
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Figure 10: Stress-strain curve and acoustic emission monitoring curve of 20mm-thick composite specimens (B20-1).
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Figure 11: Stress-strain curve and acoustic emission monitoring curve of 30mm-thick composite specimens. (a) B30-1. (b) B30-2.
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Figure 13: Test results of the mechanical parameters of composite specimens with different thicknesses. (a) Uniaxial compressive strength.
(b) Elastic modulus. (c) Bursting energy index.

Table 2: Mechanical parameters of composite specimens with different thicknesses.

Uniaxial compressive
strength σu (MPa) Elastic modulus E (GPa) Bursting energy index Ke

Specimen group Tested Average Tested Average Tested Average
B10-1 12.148

12.662
1.167

1.286
2.968

3.131B10-2 12.685 1.325 3.556
B10-3 13.154 1.367 2.869
B20-1 13.644

14.382
1.325

1.422
9.091

8.597B20-2 14.851 1.485 8.873
B20-3 14.652 1.456 7.826
B30-1 15.936

15.779
1.513

1.583
13.521

9.236B30-2 14.543 1.583 0.371
B30-3 16.859 1.653 13.815
B40-1 20.237

19.906
1.782

1.818
14.071

14.455B40-2 20.125 1.856 15.026
B40-3 19.356 1.815 14.269
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High-pressure pulsed prefracturing promoted crack
development in the partings, reduced the parting strength,
curtailed coal rib spalling and dynamic ejection of coal dust
at the working face, decreased the number of cutting picks
used by 36%, and increased the coal cutting speed by 49.16%,

as shown in Figure 16. (e presence of the partings resulted
in a poorly formed return airway at the No. 112201 working
face that exhibited significant spalling, as shown in
Figure 17(a). To maintain the stability of the rocks sur-
rounding the roadway, the support parameters were adjusted

Figure 14: Control technology for surrounding rock.

(a) (b)

Figure 15: (e parting before and after fracturing at the working face. (a) Before fracturing. (b) After fracturing.
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Figure 16: (e cutting speed of the coal cutters before and after fracturing of the parting.
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to increase the strength of the coal seam support system. (e
rock bolt spacing was changed from 900mm× 900mm to
900mm× 800mm. Figure 17(b) shows the performance of
the roadway support system. Figure 18 shows that the ad-
justment notably decreased the deformation of the sur-
rounding rocks along the two sides of the roadway and the
roof and floor of the roadway by 69.44% and 70.55%, re-
spectively, while significantly increasing the stability of the
rocks surrounding the roadway.

5. Conclusions

(1) As θ increased, the pore compaction regime of the
stress-strain curve became shorter, the failure mode
of the composite changed from splitting and tensile
failure to slip and shear failure, the brittleness and
the extent of fragmentation of the coal of the
composite decreased, and its ductility increased.
Additionally, as θ increased, σu, E, and Ke of the
composite decreased. Notably, the cumulative AE
count curve of the composite could be divided into
four characteristic regimes corresponding to the
stress-strain curve: pore compaction and closure, a
slowly ascending linear elastic section, prepeak

steady crack propagation, and peak unsteady crack
propagation.

(2) (e rock parting was the key area in which elastic
energy accumulated. (e initiation and propagation
of cracks in the coal caused the rock parting to re-
lease elastic energy, which precipitated violent failure
of the composite. As D increased, σu, E, and Ke of the
composite increased. In addition, as D increased, the
failure mode of the composite changed from ductile
failure to brittle failure, and the extent of frag-
mentation of the coal increased.

(3) (e experimental results for the coal-rock composite
with a seam parting were used to formulate two
technologies to control the stability of the sur-
rounding rock, namely, high-pressure fracturing
technology to weaken partings at working faces and
asymmetric strengthening support technology for
rocks surrounding roadways.(ese two technologies
can effectively ensure safe and efficient production at
working faces.
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Hard rock Tunnel Boring Machines (TBMs) engaging disc cutters as cutting tools have been employed in considerable un-
derground coal mines to accommodate the requirement of more stone drivage as operations are going deeper. ,is study
conducted a set of disc cutter indentation tests to explore the influence of confining stresses on rock fragmentation, thrust force,
and penetration energy on sandstone, which is commonly encountered in underground coal mines. ,e test results show that
there exists a critical confining stress, under which the maximum thrust force and penetration energy keep increasing with
confining stress mounting while the maximum thrust force and penetration energy will decrease or flatten if it is surpassed. By
combining with previous studies and comparing the critical confining stress values to the rock mechanical properties’ values, the
critical value is most likely to be of cohesion. For subsurface rock fragmentation, the Constant Cross Section (CCS) disc cutter
indentation has denser cracks and their orientations are more lateral than those under the V shape one; the V shape disc cutter
indentation is less sensitive to confining stresses, with no notable increase of crack number and crack reorientation with increasing
confinement. ,us, the CCS disc cutter is more favorable than the V shape one from the perspective of rock fragmentation under
confining stresses.

1. Introduction

Stone drivage has been in increasing demand for under-
ground coal mines. Depletion of shallow resources forces
them to go deeper. ,e deepest underground coal mining
operation in China has been over 1500 meters beneath the
ground surface, and numerous others are deeper than 1000
meters [1, 2]. With such large overburden depths, coal seams
sit in high-stress regimes and hold more methane [3–7]. For
that, stone roadways are needed to facilitate safe mining
operations. Firstly, high ground stress deteriorates the sta-
bility of underground workings, whichmakes coal mains not
feasible; to obtain reasonable stability, the mains need to be
constructed in a more competent stone floor. Secondly, high
gas content, combined with high ground stress, makes coal

seams prone to outbursts. Coal gates in outburst prone
seams need to be destressed and degassed during devel-
opment to eliminate risks. In many mines, destressing and
degassing operations are carried out from stone roadways
beneath longwall panels. Last but not least, numerous gassy
mines also construct stone roadways above longwall panels
to accommodate goaf gas drainage to avoid methane build-
ups at longwall faces. In conclusion, stone drivage is in a
great and growing demand for deep underground coal mines
[8–11]. Hard rock Tunnel Boring Machines (TBMs) en-
gaging disc cutters as rock breaking tools have been used in
considerable deep underground coal mines to accommodate
the requirement of stone drivage [12–14].

In the rock cutting process, thrust force applied from
TBM cutting heads makes disc cutters penetrate into the
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rock, as illustrated in Figure 1, and incurs rock fragmen-
tation and penetration energy. Magnitudes of thrust force
and penetration energy are indicators of cutting easiness.
Rock fragmentation under a disc cutter mainly includes
forming a crushed zone and incurring cracks. Crack de-
velopment patterns reflect the modes of failures; radial
cracks are often caused by tensile failure, while lateral cracks,
that is, side chipping, indicate shear failure [15, 16]. Study of
rock fragmentation, thrust force, and penetration energy
under confining stresses improves understanding of TBM
rock breaking in deep underground mines, which presents a
prerequisite for refining cutting force prediction models and
practicable feasibility study for underground coal mine TBM
projects.

Disc cutter cutting force prediction is a basis for TBM
cutting head design, optimization, and advance rate pre-
diction. Numerous researchers have attempted to develop
accurate cutting force prediction models. For V shape disc
cutters which were adopted in the early days of TBMs, Evans,
Roxborough and Philips, and Ozdemir et al. proposed their
cutting force prediction models, respectively [17–20]. Along
with TBMs’ application in hard rock tunnelling, CCS disc
cutters became more predominant than V shape ones in
those cases [21]. Rostami and Ozdemir introduced new
models to cover the CCS disc cutters [22]. Although re-
searchers have been refining the cutting force prediction
models, there is still no widely accepted cutting force pre-
diction model taking due consideration of the factor of
confining stresses [23, 24].

Researchers have proposed various rock-breaking
mechanisms under confining stresses by disc cutters, which
often conflict with each other. It means the influence of
confining stresses on disc cutting is still not clear. Tarkoy and
Marconi [25] proposed an unfavorable influence of high
confining stresses on rock boreability by referring to field
data from Star Mine tunnels driven with 1200–2000m
overburden [25]. Klein et al. [26], in contrast to Tarkoy and
Marconi, argued favorable effects of high confining stresses
on TBM boring based on the Field Penetration Index (FPI)
data from other four TBM tunnelling projects [26].
Innaurato et al. [27] conducted laboratory disc cutter in-
dentation tests on two hard rocks and found that thrust force
increased with the confinement mounting [27]. Yin et al.
[28] studied the influence of confining stresses on disc
cutting rock fragmentation with up to 25MPa confinement
on marble and granite samples. ,e study found the exis-
tence of a critical confining stress value for the marble
samples, under which the thrust force for crack initiation
keeps increasing, while they decrease when the confining
stress is higher than the critical value [28]. ,e governing
factor for the critical value was however not identified in the
study, and only one CCS disc cutter was adopted in the tests.
Chen and Song [29] studied the confining stresses’ influence
on penetration energy, which is calculated by integrating the
thrust force with indentation displacement. ,e penetration
energy continuously increased with the rising of confining
stresses [29]. However, only a CCS disc cutter was utilized in
the tests. Conclusively, the influence of confining stresses on
disc cutting is notable and not yet fully explored, the

mechanisms proposed by previous researcher conflict with
each other. In addition, the aforementioned finding of
critical confining stress needs to be further studied.

Different rocks might undergo different rock cutting
mechanisms. Rocks utilized in previous studies are rarely
encountered in underground coal mines. So, findings from
the aforementioned studies bear questionable relevance for
underground coal mine TBM operations. To remedy the
shortcomings, a series of laboratory tests with bilateral
confinement were conducted on sandstone, which is a
commonly encountered stone in underground coal mines.
In addition, both CCS and V shape disc cutters were used.

2. Test Methodology

Rock fragmentation under a disc cutter is mainly the
function of thrust force. So, the cutter-rock interaction can
be treated as an indentation process. ,is study adopts the
indentation methodology to conduct the laboratory tests.

2.1. Test Equipment

2.1.1. .e Cutters. ,e cutters used in the indentation tests
are shaped as a portion of the 450mm diameter and 30mm
width TBM cutter rings, as shown in Figures 2 and 3. For the
V shape cutter, its included edge angle is 80°.

2.1.2. .e Confining Box. To apply the bilateral confinement
on sandstone blocks, a confining box was designed to ac-
commodate the sandstone blocks. ,e sandstone block is
positioned at a corner of the box, and then two steel plates
are placed against the two open sides of the sandstone block.
Two hydraulic flat jacks are placed between the box and steel
plates to apply the confining pressure, as shown in Figure 4.

2.1.3. Penetration Platform. ,e indentation tests are set
upon an AVERY computer-controlled electrohydraulic
servo machine with a load capacity of 5000 kN, as shown in
Figure 5. ,e confining box is placed on the bottom platen
while the disc cutter is placed at the upper platen. ,e two
flat jacks are inflated with two hydraulic hand pumps to
apply confining stresses.

Disc cutter

Crushed zone

Crack

Figure 1: Schematic diagram of disc cutter’s penetration into the
rock.
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2.2. Rock Sample Preparation. ,e background of this lab-
oratory study is the application of TBMs in underground
coal mines. Sandstone is the most common surrounding
rock in underground coal mines. As different rock types
have distinctive failure patterns under disc cutting due to the
complexity of the rock properties in nature; it is hard to
generalize a specific research outcome applicable for all
rocks. Sandstone is chosen for this study to obtain mean-
ingful guidelines for the application of TBMs in under-
ground coal mines.

To ensure that the tested sandstone blocks have con-
sistent physical and mechanical properties, all rock blocks
were cut from a single large lump, from a quarry in Wol-
longong. ,ey were prepared into a specified dimension
of 400mm × 260mm × 120mm.

,e main properties of the sandstone are summarized in
Table 1.

Uniaxial and triaxial tests were conducted on an Instron
loading machine according to ISRM suggested methods
[30]. ,e dimensions of all samples are 54mm in diameter
and 120mm in height.

2.3. Testing Design and Procedure

2.3.1. Test Design. Eight rock specimens are tested: four ones
under the CCS disc cutter and the other four ones under the
V shape disc cutter. ,e variable parameters of the study are
disc cutter patterns and confining stresses. Two sequential
cuts are designed for each specimen on the top surface, as
illustrated in Figure 6.,e first cut’s penetration is 6mm and
the second cut’s penetration is 9mm. Determination of each
cut’s position is based on reviewing of research outcome on
spacing-penetration ratio. ,e spacing-penetration ratio is
normally lower than 10 [31]. To eliminate the edge effect, the
first cut’s spacing to the edge is adopted as 85mm, and the
second cut’s spacing to edge is adopted as 125mm, by
further adding safety factors. In addition, the spacing be-
tween the two cuts is 190mm, which is much larger than 10
times the deeper penetration of 9mm. ,us, the two cuts
neither have edge effect nor interfere with each other.

,e bilateral confining stresses are provided by inflated
flat jacks, as shown in Figure 5. ,e confining stresses are 0,
3, 6, and 9MPa, respectively, with the same values in two
directions for the same sandstone specimen. Penetration

forces of disc cutters are applied by the hydraulic servo
compression machine. ,e vertical penetration process is
controlled by displacement with the final penetration depths
of 6 and 9mm for the first and second cuts, respectively.
Tested sandstone blocks are then cut to examine the sub-
surface crushed zone and crack development after inden-
tation tests.

2.3.2. Test Procedure. ,ere are two cuts for each sample,
and the testing procedure is as follows:

(i) ,e sandstone specimen is put into the confining
box, and the steel plates and hydraulic flat jacks are
set as illustrated in Figure 4.

(ii) ,e confining box is then placed onto the testing
platform, as shown in Figure 5. Subsequently, the
flat jacks are inflated with hydraulic hand pumps to
apply designated confinement stresses onto the
sandstone samples.

(iii) ,e designated cutter is installed onto the hydraulic
servo machine and then located to the designated
positions. Penetration load is applied to the sand-
stone sample with displacement control, in which
the penetration depth and thrust force variations are
recorded.

(iv) Once the indentation cuts are finished, the servo
machine is unloaded. Sequentially, the flat jacks are
deflated, and the confining box is retrieved from the
test platform. ,e sandstone specimen is then
collected from the confining box, and the confining

Figure 5: ,e indentation test platform.

Table 1: Properties of the sandstone used in laboratory tests.

Rock properties Property values
Specific density 2230 kg/m3

Uniaxial compressive strength (UCS) 38.43MPa
Brazilian tensile strength 5.29MPa
Cohesion 6.79MPa
Internal friction angle 47.47°
Young’s modulus 48.60GPa
Poisson’s ratio 0.16

85mm 190mm
125mm

σ

σ

Figure 6: Schematic representation for the positioning of the
indentation cuts.
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box will be cleaned to accommodate another
specimen for being tested.

(v) ,e tested specimen is diamond cut into four pieces
to study the subsurface rock fragmentation under
the disc cutter, as shown in Figure 7.

3. Results

3.1. Confining Stresses’ Influence on Cutting Forces. ,e CCS
disc cutter thrust cutting force evolution patterns under
different confining stresses are illustrated in Figure 8. It
shows that the thrust force disparities among different
confining stresses are of a marginal extent with penetration
lower than 3mm. After that, thrust forces fluctuate with
large amplitude up to the ultimate penetrations of 6mm and
9mm, and the disparities are irregular.

TBM thrust capacity is a multiplication of single cutter
thrust force by the number of cutters. ,us, getting the
maximum load for a single cutter is the basis for determining
the thrust capacity for the TBM propelling system design.
From this point of view, the influence of confining stress on
maximum thrust force is of great interest. ,e influence
identified in this study is presented in Figure 9.

Figure 9(a) shows the maximum thrust force values for
the CCS disc cutter with a penetration of 6mm. ,e
maximum thrust force values are 249, 368, 432, and 348 kN
under confining stresses of 0, 3, 6, and 9MPa, respectively.
Maximum thrust force increases with confining stresses
mounting when it is lower than 6MPa, while maximum
thrust force begins to decrease from some point between 6
and 9MPa of confinement. Figure 9(b) shows the maximum
thrust force values for the CCS disc cutter with the ultimate
penetration of 9mm. It shows that the load reaches 233, 378,
480, and 483 kN under the confinement of 0, 3, 6, and 9MPa,
respectively. ,e correlation between confinement and
maximum thrust force is similar to that of 6mm penetration,
while the maximum thrust force begins to flatten instead of
decreasing from some point between 6 and 9MPa of
confinement.

,e V shape disc cutter thrust force evolution patterns
under different confining stresses are illustrated in Figure 10.
Figure 10(a) shows the thrust force curves with penetration
up to 6mm. ,rust force disparities among different con-
fining stresses are of the marginal extent and irregular with
penetration up to 3.3mm. Notable drops appear at 5, 5.4,
and 3.3mm afterwards for 3, 6, and 9MPa, respectively,
which present very irregular disparity patterns. Figure 10(b)
shows the thrust force curves with penetration up to 9mm.
,e thrust force disparities among different confining
stresses are irregular but generally increase with increasing
confining stresses, which is different from that of 6mm
ultimate penetration. ,e most notable change is the drop at
6.5mm penetration for 0MPa of confinement.

,e influence of confining stress on maximum thrust
force of V shape disc cutter is presented in Figure 11. For
ultimate penetration of 6mm, Figure 11(a) shows that the
maximum thrust force reaches 132, 105, 111, and 97 kN
under confining stresses of 0, 3, 6, and 9MPa, respectively.
No correlation is found between confining stress and

maximum thrust force. For ultimate penetration of 9mm,
Figure 11(b) shows that maximum thrust force reaches 113,
202, 224, and 242 kN under confining stresses of 0, 3, 6, and
9MPa, respectively, which means a positive correlation
exists between confining stress and maximum thrust force.
In summary, the confining stress’s influence on V shape disc
cutter thrust force is totally different for 6mm penetration
and 9mm penetration, which makes it irregular and
unpredictable.

3.2. Disc Cutter Pattern’s Influence on .rust Cutting Forces.
,rust cutting force evolution patterns under different disc
cutters with 9mm penetration are illustrated in Figure 12. It
indicates that CCS disc cutter thrust forces are significantly
higher than those of V shape disc cutter. Under 0MPa
confinement, the maximum thrust forces are 113 and 233 kN
for the V shape disc cutter and the CCS disc cutter, re-
spectively; the maximum value for the CCS disc cutter is
206.4% that of the V shape disc cutter. Under 3MPa con-
finement, the maximum thrust forces are 202 and 378 kN for
the V shape disc cutter and the CCS disc cutter, respectively;
the maximum value for the CCS disc cutter is 187.6% that of
the V shape disc cutter. Under 6MPa confinement, the
maximum thrust forces are 224 and 480 kN for the V shape
disc cutter and the CCS disc cutter, respectively; the max-
imum thrust force for the CCS disc cutter is 214.4% that of
the V shape disc cutter. Under 9MPa confinement, the
maximum thrust forces are 242 and 484 kN for the V shape
disc cutter and the CCS disc cutter, respectively; the max-
imum thrust force for the CCS disc cutter is 200.0% that of
the V shape disc cutter. Conclusively, thrust forces for the
CCS disc cutter are nearly two times those of the V shape
disc cutter under the given experimental setup.

3.3. Confining Stress’s Influence on Crack Development.
After indentation tests, the sandstone blocks were diamond
cut to examine the subsurface crack development under
different disc cutter patterns and confining stresses, as
shown in Figures 13 and 14.

Figure 13 shows that confining stresses influence the
crack number and orientation under the CCS disc cutter.
Radial and lateral crack numbers increase with confinement
rising. In addition, radial crack orientation turns more
laterally with confining stresses increasing.

Figure 14 shows the crack development with different
confining stresses under the V shape disc cutter. All cracks

Crushed zone

Crack development

Figure 7: Observation of rock fragmentation.
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initiate from the cutter tip contact. Confining stress variation
does not have a notable influence on crack development
from the perspectives of crack number and orientation.

In summary, indentation under different disc cutters
induces distinctive crack patterns with the same pene-
tration and confining stresses. ,e CCS disc cutter in-
dentation has denser cracks and their orientations are
more lateral, which is favorable for rock cutting. ,e V
shape disc cutter indentation is less sensitive to confining
stresses, with no notable increase in crack number and
crack reorientation. So, the CCS disc cutter is better for
rock fragmentation.

3.4. Confining Stress’s Influence on Penetration Energy.
Penetration energy, which is calculated by integrating the
thrust force with displacement, is an important indicator of
cutting efficiency, that is, boreability. ,e relationship be-
tween the penetration energy and confining stress is illus-
trated in Figures 15 and 16.

Figure 15(a) shows the penetration energy values for
6mm penetration for the CCS disc cutter. ,ey are 967,
1112, 1193, and 1104Nm under confining stresses of 0, 3, 6,
and 9MPa, respectively. Figure 15(b) shows the values for
9mm penetration, which are 1154, 1883, 2417, and 2501Nm
under confining stresses of 0, 3, 6, and 9MPa, respectively. It
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Figure 8: ,rust cutting force evolution patterns under the CCS disc cutter. (a) Ultimate penetration� 6mm; (b) ultimate
penetration� 9mm.
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Figure 9: Confining stresses’ influence on maximum thrust force for the CCS disc cutter. (a) Ultimate penetration� 6mm; (b) ultimate
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is clear that when the confining stresses are no higher than
6MPa, penetration energy increases with confining pressure
mounting. While if the confinement surpasses a critical
value, which is between 6 and 9MPa, then the penetration
energy will decrease or flatten with confinement increasing.
It is notable that the increasing increments for 9mm pen-
etration are much higher than the counterparts for 6mm
penetration.

,e penetration energy evolution for V shape disc cutter
with the ultimate penetration of 6mm is shown in
Figure 16(a). ,e values are 343, 287, 305, and 243Nm for
confining stresses of 0, 3, 6, and 9MPa, respectively. No
correlation is found between confining stresses and pene-
tration energy. ,e evolution pattern with the ultimate

penetration of 9mm is shown in Figure 16(b), in which the
penetration energy reaches 405, 730, 801, and 872Nm with
confining stresses of 0, 3, 6, and 9MPa respectively; the
penetration energy increases monotonically with rising
confining stresses. In conclusion, the confining stress’s in-
fluence on V shape disc cutter penetration energy is totally
different for 6mm penetration and 9mm penetration, which
make it irregular and unpredictable.

4. Discussion of the Indentation Tests Results

4.1. Confining Stress’s Influence on .rust Force. ,e high-
lighted feature for the CCS disc cutter cutting force evolution
is the decreasing and flattening from some point between
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Figure 10: ,rust cutting force evolution patterns under the V shape disc cutter. (a) Ultimate penetration� 6mm; (b) ultimate
penetration� 9mm.
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6MPa and 9MPa confinement, as shown in Figure 9. It is in
line with the findings of the experimental study of Yin et al.
[28], as shown in Figure 17 [28]. In contrast, Innaurato et al.
[27] found that the maximum load ever increased with the
mounting pressures in their experimental study, as shown in
Figure 18 [27].

Figure 17 shows that Yin et al. [28] adopted differential
confining stresses in different directions, which are the
minimum confining stress for one direction and the max-
imum confining stress for the other. For the tested marble
samples, there is a critical confining stress, when the con-
fining stresses are lower than that, the forces for crack
initiation increase along with the confinement mounting;
while the confining stresses are higher than that, the forces
decrease or flatten with confinement mounting. However,
the critical confinement phenomenon was not found on the
tested granite samples [28]. Yin et al. [28] proposed that the
critical confining stress level relates to the compressive
strength of rock mass, while no further detailed relationship
was given.

Figure 18 shows that the maximum thrust load values in-
crease with confinement mounting up to 10MPa, without any
decreasing or flattening, for Botticino and Diorite samples [27].
By comparing the different tests, the tested rocks are of different
properties.,e tested sandstone’s cohesion is 6.8MPa, as shown
in Table 1, which is lower than the designed maximum con-
finement of 9MPa, while the tested rocks’ cohesion in
Innaurato’s study is much higher with values of 16 and 23MPa,
as shown in Table 2, which are also higher than the designated
maximum confinement of 10MPa. For Yin’s tests, Marble’s
cohesion is 22MPa, andGranite’s cohesion is 25MPa, which are
lower than and equal to the designed maximum confinement of
25MPa, respectively.

,eflattening and decreasing thrust patternswere not found
in Innaurato et al.’s tests on Botticino andDiorite and Yin et al.’s
tests on Granite because the cohesion values of the tested rocks
are no lower than the maximum confining stresses. By relating
cohesion values to themaximum thrust forces, it is reasonable to
deduce that cohesion value is the turning point for the flattening
and decreasing of thrust forces.
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Figure 12: Comparison of thrust forces between CCS and V shape disc cutters. Confining stress: (a) 0 MPa; (b) 3MPa; (c) 6MPa; (d) 9MPa.
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4.2. Confining Stress’s Influence on Boreability.
Penetration energy and Field Penetration Index (FPI) are
two indicators of boreability. ,is experimental study shows
that, under the CCS disc cutter, decreasing and flattening of

penetration energy occurs after the confining stresses sur-
pass a critical value, which is between 6MPa and 9MPa for
the sandstone. By checking the rock mechanical properties,
the critical value is most likely to be of cohesion, which is

(a) (b)

(c) (d)

Figure 14: Crack development on the cross section under V shape disc cutter with 6mm penetration.Confining stress: (a) 0MPa; (b) 3MPa;
(c) 6MPa; (d) 9MPa.

(a) (b)

(c) (d)

Figure 13: Crack development on the cross section under CCS disc cutter with 6mmpenetration. Confining stress: (a) 0MPa; (b) 3MPa; (c) 6MPa;
(d) 9MPa.
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6.8MPa for the tested rock samples. ,is means the bore-
ability will increase under CCS disc cutters when the con-
fining stresses surpass the value of cohesion.

,e increasing boreability with confinement mounting is
also substantiated by the field database collected and
compiled by Klein et al. from the perspective of FPI, as
shown in Figure 19 [26]. FPI is a normalized parameter,
which is defined as the cutter loading divided by the actual
penetration rate. It has been used as an important index for

boreability. ,e higher it is, the lower is boreability, and vice
versa [32].

Figure 19 shows the correlation between FPI and the
ratio of overburden pressure to UCS of rock mass. ,is
finding indicates that, with fixed rock, higher ground
pressure, that is, confining stresses, would cause lower
FPI and further higher boreability. It supports the
penetration energy trend between 6MPa and 9MPa
confining pressure for the tested sandstone. ,e
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Figure 15: Penetration energy varies with confining stresses under the CCS disc cutter. (a) Ultimate penetration� 6mm; (b) ultimate
penetration� 9mm.
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unfavorable influence of confinement on boreability was
not found in Klein’s findings, because the collected data
mainly had overburden pressure values varying between
0.2 and 0.8 times of the uniaxial compressive strength,

while cohesion value is normally 0.1 to 0.2 times the rock
UCS value; the sourced projects do not have tunnelling
operations falling into this lower range of ground stress
regimes.
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Table 2: Physical and mechanical properties of the tested rocks adopted in Innaurato et al.’s laboratory tests and Yin et al.’s laboratory tests.

Properties
Innaurato et al.’s tests Yin et al.;s tests

Botticino Diorite Marble Granite
Young’s modulus (GPa) 67 30 25 23
Poisson’s ratio 0.3 0.2 0.26 0.19
Uniaxial compressive strength (MPa) 142 234 71 108
Cohesion (MPa) 16 23 22 25
Internal friction angle (°) 57 61 40 52
Tensile strength (MPa) 7.2 9.3 6.6 6.5

Advances in Civil Engineering 11



5. Conclusions

From the perspective of subsurface rock fragmentation,
the CCS disc cutter indentation has denser cracks and the
crack orientations are more lateral, which is favorable for
rock cutting, while the V shape disc cutter indentation is
less sensitive to confining stress mounting, with no
notable increase of the crack number and crack
reorientation.

,e existence of critical confining stress value is found
for both maximum thrust force and penetration energy.
When the confining stress is lower than the critical value, the
maximum thrust force and penetration energy keep in-
creasing with confining stress mounting. As the confining
stress level is higher than the critical value, the maximum
thrust force and penetration energy will decrease or flatten.
By combining with previous studies, and comparing the
critical confining stress values to the rock mechanical
properties, the critical value is most likely to be of cohesion.

Finding of the critical confining stress value bears no-
table meaning for establishing cutting force and boreability
prediction models which incorporate the confining stress
factor, and even the design and optimization of cutter head
layout for the TBMs employed in deep underground coal
mines. However, more research efforts, including laboratory
experiments, field investigation, theoretical analysis, and
industrial support, are needed to build such models.
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,e overburden subsidence induced by underground mining has caused great damage to the ecological environmental and
seriously threatens the safe use of underground structures. Focusing on the overburden subsidence, this paper uses theoretical
analysis method to study the overburden subsidence boundary with a horizontal coal seam mining. In this paper, the viscoelastic
theory and the random medium theory are used separately to deduce and analyze the subsidence boundary of bedrock and
unconsolidated stratum, which are twomedia with different lithology. For bedrock, the results show that the subsidence boundary
of bedrock is 1/4 of the wavelength of pressure wave from the mining boundary, strata subsidence boundary expands with the
increase of vertical distance between calculated strata and coal seam, and the subsidence boundary in bedrock is an upward
concave curve. For unconsolidated stratum, the results show that the larger the internal friction angle, the greater the angle
between subsidence boundary and horizontal line. From the bottom to the surface of the unconsolidated stratum, the internal
friction angle decreases gradually and the angle between subsidence boundary and horizontal line also decreases gradually, so the
subsidence boundary curve in the unconsolidated stratum is convex. Combined with the bedrock and unconsolidated stratum, it
is concluded that the subsidence boundary of the whole overburden is bowl-shaped.,is study is helpful to reveal the black box of
rock subsidence and can provide theoretical support for the establishment of overburden subsidence prediction model and
transparent mine in the later stage.

1. Introduction

After mining of underground coal resources, the initial stress
in rock mass is destroyed and redistributed, which leads to
the large-scale subsidence of overburden and ground surface
[1–5], and seriously affects the underground pipelines,
structures, water system, ecological environment, and so on.
Surface subsidence is only a representation, and overburden
movement is the essence. Only by understanding the
movement law of overburden, can we have a clear under-
standing of the subsidence fundamentally. ,e large-scale
overburden movement results in the decline of groundwater
table, reduction of farmland quality, destruction of eco-
logical environment, decline of people’s living standards, etc.
[6–12]. In order to mitigate those adverse effects caused by

mining subsidence, researchers have carried out a lot of
work in the extraction method of subsidence information
[13–15], analysis of subsidence law [16–18], revealing of
subsidence mechanism [12, 19–21], establishment of sub-
sidence prediction model [22–24], and development of
mining methods with low ecological damage [25, 26]. Taking
subsidence prediction as an example, scholars have pro-
posed some subsidence prediction method, such as em-
pirical formula method, influence function method, section
function method, chart method, and other surface subsi-
dence prediction methods [22–24, 27–30]. ,e content of
subsidence prediction includes two aspects: the degree of
subsidence and the scope of subsidence. For the prediction
of surface subsidence, no matter the degree or scope of
subsidence, the current research is relatively sufficient. For
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the degree of subsidence of overlying strata, the prediction
accuracy is relatively high. However, for the scope of sub-
sidence of overlying strata, the study on boundary mor-
phology of overburden subsidence is still insufficient.
,erefore, it is necessary to study the subsidence boundary
shape of overburden rock.

In this study, we consider bedrock and loose layer as
viscoelastic medium and random medium, respectively. ,e
theoretical analysis method was used to derive the shape of
the subsidence boundary of overburden rock. Relevant re-
search can provide knowledge support for further study of
the overburden subsidence prediction methods.

2. Traditional Mining Subsidence Model

After the underground coal resources are mined out, the
goaf is formed and the overburden and surface subsidence
occur. When the size of the goaf is large enough, basin-like
subsidence basin is formed on the surface, whereas bowl-like
subsidence basin is formed on the surface. ,e boundary of
surface subsidence basin generally refers to the outermost
area of surface subsidence. According to the mining sub-
sidence theory, because of the limitation of measuring in-
struments and methods, the point with subsidence of 10mm
was usually selected as the subsidence basin boundary. To
define the subsidence boundary, the concept of angle of
boundary was proposed in China and angle of draw was
proposed in other countries, as shown in Figure 1.

(i) Angle of boundary: when the gob reached the critical
size, or nearly so, on the major section of a move-
ment basin, the angle between the horizontal line
and the line connecting the surface subsidence
boundary and the gob edge at the pillar side is the
angle of boundary

(ii) Angle of draw: when the gob reached the critical size,
or nearly so, on the major section of a movement

basin, the angle between the vertical line and the line
connecting the surface subsidence boundary and the
panel edge at the pillar side is the angle of draw

From the above definition, it can be seen that they are
mutually complementary, and they have the same effect.
,erefore, we are just going to analyze the angle of draw.

For the angle of draw, the larger the angle is, the larger
the influence range of subsidence is. According to the theory
of mining subsidence, lithology is the main factor affecting
the boundary angle.,e harder the strata are, the smaller the
angle is and the smaller the range of strata movement is. On
the contrary, the softer the lithology is, the larger the angle is
and the larger the range of strata movement is.

,e above two definitions assume that the movement
boundary in overlying strata simply conform to the linear
law. However, many experimental results show that the
movement boundary in overburden does not simply con-
form to the linear rule. ,erefore, it is necessary for us to
study the boundary shape in overburden strata.

3. Theoretical Analysis

3.1. Movement Boundary Shape of Bedrock. Based on the
research results of Yan (2019), the bedrock are in line with
the Kelvin rheological model.

Figure 2 shows the coordinate system which is suitable
for the analysis of skewed subsidence characteristics of the
rock mass. Establishing the x-axis along the central axis of
rock beam, the part above the pillar is positive and the part
above the gob is negative. Establish the z-axis in the vertical
direction, and take the downward direction as positive. ,e
coordinate origin point O is selected just above the gob
boundary. Correspondingly, the ground coordinate system
XO1W has been established on the Earth’s surface.

According to the results of Yan (2019), we can derive the
deflection equation of the beam:
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where LP and Lk are the half wavelength of pressure wave of
the coal pillar side and the gob side, respectively, M is the
mining thickness, Pz is the initial stress, Pz � cH, and Ek

and EP are the elastic modulus of the goaf side and coal pillar
side, respectively.

Because MPz/Ep is caused by the self-weight stress of
overburden before mining and is not induced by mining,
this item can be neglected. In addition, in order to facilitate
calculation, we generally make the following approximate
assumptions:

Lk � Lp. (2)

When the time tends to be infinite, the maximum
subsidence value appears on the surface at a large distance
from the coal pillar above the goaf:

lim
t⟶∞
x⟶ − ∞

W(x, t) �
2MPz

Ek

� Wmax, (3)

where Wmaxis the surface maximum subsidence value.
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According to the above discussion, formula (1) can be
simplified to

W1(x, t) �
Wmax

2
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− kt
 e

− (π/L)x cos
π
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x , x> 0,

W2(x, t) �
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2
1 − e

− kt
  2 − e

(π/L)x cos(π/L)x , x< 0.

(4)

If the mining has gone through a long time and the time
tends to be infinite, the above formula can be further
simplified as follows:

W1(x) �
Wmax

2
e

− (π/L)x cos
π
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x , x> 0,
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2
2 − e

(π/L)x cos
π
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(5)

Solving the equation W1(x) � 0, we can get x � (L/2).
Because L represents half of the wavelength of pressure

wave, the movement boundary of bedrock is 1/4 of the
wavelength of pressure wave from the mining boundary.

,e rock beam of the coal pillar side is compressed in
normal direction of strata and pulled in parallel direction.
According to the theory of rock mechanics, the relationship
between compressive stress and P-wave velocity is shown in
Figure 3.

,e relationship between compressive stress and P-wave
velocity along the vertical direction of compressive stress can
be obtained by fitting:

vp � (A − p)
n
, n ∈ (0, 1). (6)

According to the general theory of coal mining subsi-
dence, it can be seen that, in the vertical direction, the
overburden subsidence of the coal pillar side and goaf side
presents different changing rules:

(1) Coal pillar side: with a certain horizontal distance
from the mining boundary, the farther the vertical
distance from the mining seam is, the bigger the
subsidence value is, and the logarithmic growth
occurs

(2) Goaf side: with a certain horizontal distance from the
mining boundary, the farther the vertical distance
from the mining seam is, the smaller the subsidence
value is, and it decreases logarithmically

,e subsidence value of overburden rock on the coal
pillar side is smaller than that on the goaf side in the same
stratum.

According to the above rules, the following formulas can
be used for calculating the subsidence value of overburden
rock on the coal pillar side:

w(z) � ln(kz), (7)

where z is the vertical distance from the mining seam.
According to [3, 4], the supporting reaction of under-

lying rock mass to the rock beam is proportional to the
subsidence value of rock beam. It can be described as

φ(z) � c ln(kz), (c> 0). (8)

,e compressive stress of rock strata in vertical direction
is equal to the overlying gravity minus the supporting
reaction:
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Figure 1: Definition of the inner boundary of overburden rock.
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Figure 2: Construction of the coordinate system.
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p � Pz − φ(z) � c(H − z) − c ln(kz), (9)

where pis compressive stress, Pz is overlying gravity, φ is the
supporting reaction, and c is bulk density.

Bringing formula (9) into (6), the relationship between
P-wave velocity perpendicular to the direction of com-
pressive stress and the distance from the mining coal seam
can be obtained:

vp � (A − cH + cz + c ln(kz))
n
. (10)

According to the wave theory, we know that wavelength
equals wave velocity divided by frequency. So, the rela-
tionship between the P-wave wavelength perpendicular to
the compressive stress direction and the distance from it to
the mining coal seam can be calculated by the following
formula:

L �
vp

f
�

A − cH + cz + c ln (kz)
n

f
. (11)

,e relationship between the two can be illustrated by
Figure 4.

It can be seen from the above that the movement
boundary of strata expands with the increase of the vertical
distance between the calculated strata and the mining coal
seam, and the movement boundary of bedrock is concave as
a whole (Figure 5).

3.2. Movement Boundary Shape of Loose Layer. Loose layer
includes Quaternary and Neogene strata. It is composed of
soil, sand, gravel, pebble layer, and so on. Compared with
bedrock, the cohesive force between particles of the loose
layer is small, and the strength of loose layer is very weak.
From the knowledge of soil mechanics, we can see that the

loose layer is similar to the random medium. ,erefore,
when analyzing the movement boundary of the loose layer,
the loose layer can be generalized as the random medium.
,e analysis model is as follows.

As shown in Figure 6, when the random particle A
moves away and the random particle C slips toward its
position. ,e force borne by the random particle C mainly
consists of two parts: its own gravity Wand the horizontal
thrust T of the random particle B to it. Assuming that the
angle between the movement boundary line and the hori-
zontal plane is α, the sliding force of random particle C along
the movement boundary line is Rf � Wsinα, and the normal
stress perpendicular to the movement boundary is
N � Wcos α + T sin α. ,e antisliding force generated by
the normal stress is as follows:

N tanφ � (Wcos α + T sin α)tanφ. (12)

,e total antisliding force is as follows:

Ro � (Wcos α + T sin α)tanφ + T cos α. (13)

When Rf � Ro, the random particle C is in the critical
sliding state. ,e following formula can be obtained:

W sin α
(Wcos α + T sin α)tanφ + T cos α

� 1. (14)

After the above formula is processed, the following
formula can be obtained:

tanφ �
W − T cot α
T + Wcot α

. (15)

According to the knowledge of soil mechanics, the
deeper the loose layer is buried, the greater the compaction
degree and the relative density are and the larger the internal
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Figure 3: Variation curve of pressure wave velocity. (a) P-wave velocity along the direction of compressive stress. (b) P-wave velocity
perpendicular to the direction of compressive stress.
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friction angle is.,erefore, it can be concluded that, from the
bottom to the surface of the loose layer, α gradually de-
creases, and themovement boundary line in the loose layer is

convex. ,e shape of movement boundary is shown in
Figure 7.

3.3. Movement Boundary Shape of Overlying Strata.
According to the above discussion, the shape of movement
boundary in bedrock is convex, while that in the loose layer
is convex. ,e combination of the two is shown in Figure 8.
It can be seen from the figure that the shape of themovement
boundary in the whole overburden is bowl-shaped.

3.4. Application Scope. ,is movement boundary shape of
overlying strata is a theoretical analysis model. As such, the
application is limited. When the movement of the strata
above the gob is only affected by self-weight and overburden
pressure, the movement boundary shape is high. However,
when a place has a wide range of geological structure (e.g.,
faults and folds) or geological events (e.g., earthquakes), the
movement boundary shape model is unsuitable.
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4. Conclusions

Based on the theoretical analysis, we have drawn the fol-
lowing conclusions.

(1) Loose layer and bedrock constitute overlying
strata together, but the lithologies of these two
materials are very different. In the process of
boundary morphology analysis, these two mate-
rials were treated separately. ,e loose layer is
regarded as random medium, and the bedrock is
regarded as viscoelastic medium.

(2) ,e movement boundary of bedrock is 1/4th of the
wavelength of pressure wave from the mining
boundary, and the strata subsidence boundary ex-
pands with the increase of vertical distance between
calculated strata and coal seam.

(3) Based on the elastic wave theory and random
medium theory, it is deduced that the shape of
movement boundary in the loose layer is convex,
and the shape of movement boundary in bedrock
is upper concave. ,e shape of the movement
boundary of the whole overlying strata is similar
to that of a bowl.

(4) Research results can provide theoretical support for the
subsequent establishment of overlying rock subsidence
prediction model and provide technical support for the
protection of underground structures from the mining
impacts.
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Large-area goafs in a gypsum mine tend to collapse after 10 or more years, but the influencing factors are still unclear, and the
effects of multiple factors have not been comprehensively considered. In this study, the failure mechanism and collapse mode of
the room-pillar goaf structure were analyzed, and the uniaxial compressive strength tests of the pillars under different conditions
were carried out in a laboratory. )e influences of water, temperature, and time on the strength of the gypsum rock were
considered. )ese three factors weakened the gypsum rock in different degrees. After 120 days of immersion, water had the
greatest effect with a strength-weakening rate of 52.61%. After 20 temperature cycles, changes in temperature had little effect with
a strength-weakening rate of 12.60%. After 25 years of aging, the strength-weakening rate of time was 25.13%. )ese results show
how different factors affect the instability and collapse of the goaf structure, which are of great significance for predicting and
preventing this from happening.

1. Introduction

Gypsum is an important mineral resource and widely used in
various fields [1–3]. At present, gypsum is mined with the
room pillar method, with multiple pillars supporting the
working space and isolated pillars supporting the isolated
mining unit [4–6].)e room pillar method leads to large-area
goafs, which can become a major hazard [7, 8]. )e instability
and collapse of goafs are sudden and instantaneous [9–11].
With an obvious long-term lag effect, this makes it difficult to
predict, prevent, and control the collapse behavior, which
becomes a major safety issue for gypsum mines. Many re-
searchers have studied the stability of gypsum pillars and
rooms. Lu et al. [12] improved the damage evolution con-
stitutive equation of a gypsum rock mass considering the
characteristics of the surrounding rock. )ey found that an
ore pillar should have a factor of safety greater than 1.5, and
the pillar width greater than 4.3m. Zhou et al. [13] proposed a
simplified mechanical model of a gypsum column based on
the given stress-strain relationship of gypsum rock, which
they used to study the instability mechanism of a gypsum
room-pillar system. )ey found that the peak pressure after

strain softening and the surrounding humidity can increase
the stiffness of the support system. Xia et al. [14] established a
new viscoelastic model to solve the creep failure of the mine
roof by considering the rheology of a gypsum rockmass.)ey
found that the deflection of the roof increases with time.
Wang et al. [15] developed a physical model for the failure
mode of a multipillar support system and found that the
failure of any supporting member would cause settlement.
Chen et al. [16] built a cusp catastrophe model for the support
system where beams and pillars release and dissipate energy,
respectively, in the plastic zone.)ey found that the instability
of the support system is caused by uncoordinated energy
release, energy dissipation, and geometric deformation. Xu
et al. [17] used case studies to evaluate the pillar stability under
site-specific rock mass conditions and established a correla-
tion between the strain and aspect ratio. Jessu and Spearing
[18] studied the influence of a typical fault on the stress and
displacement of a goaf in a gypsum mine; they found that the
loads on the roof and pillar are negatively correlated with
distance from the fault. Zhang et al. [19] proposed amethod to
evaluate the condition of masonry pillars. )eir results
showed that ultrasonic stress waves can be used to monitor
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the internal structure of a pillar. Zielińska and Rucka [20]
conducted an experimental study on the creep of red sand-
stone under step loading. Xie and Gong [21] analyzed the
influence of the temperature and surrounding rocks on the
strength and deformation of weathered granite under freeze-
thaw conditions. Shen et al. [22, 23] studied the influence of
geological characteristics on overburden failure in the process
of working face mining by means of restricted equilibrium
and continuous numerical methods; then, they concluded
that the influence characteristics of goaf stability mainly
varied with different lithologies. Zhou et al. [16, 24] conducted
a comprehensive evaluation of the goaf risk by combining
mattering element analysis with numerical simulation; then,
they obtained a relatively objective and reasonable compre-
hensive evaluation method.

)e previous studies mainly focused on establishing a
mechanical or failure evaluation model to judge or predict
pillar failure according a certain influencing factor. How-
ever, the instability of a gypsum pillar is affected by many
factors. In this study, the large-area goaf structure formed
after many years in the Luneng Gypsum Mine was used to
analyze the stress characteristics and failure modes gener-
ated by the room pillar method. )e effects of water and
temperature on the strength of the gypsum rock were
considered. )en, the variation in strength of gypsum rock
pillars at different positions and ages was tested. )is paper
aims to grasp the influence of different factors on the in-
stability of the goaf structure to provide a theoretical basis
for maintaining the stability of goaf, so as to promote the
sustainable development of mining.

2. Theory

2.1. Mechanism of a Mining Unit. )e main types of insta-
bility and collapse of the gypsum mine are as follows: (I)
single-pillar instability and overlying strata stability in goaf,
(II) single-pillar instability and overlying strata overall in-
stability and collapse in goaf, (III) multiunit instability and
collapse impact in goaf, (IV) group structure “domino-type”
instability and collapse impact in goaf, and (V) impact form
of large-area group collapse in goaf. )e room pillar method
is commonly used for gypsum mines; it relies on a large
number of pillars to support the working space, and isolated
pillars support isolated mining units. Figure 1 shows the
structural model. )e stability of a mining unit mainly
depends on the geometric parameters of the pillars and
room: the room span l and pillar side length d, as shown in
Figure 2. )e mechanical model of an overburdened rock
beam can be used to solve for the limit span of the roof plate
and analyze the stability of the mine room [25–27]. )e
tributary area method can be used to solve for the stress state
of a pillar and analyze its stability, which in turn can be used
to determine the stability of the mining unit.

2.1.1. Stability of a Mine Room. According to the classical
rock beam theory of mine pressure, the initial state of the
protective gypsum plate is a fixed beam at both ends. )e
maximum bending moment of the protective gypsum

plate is at the end of the mine room, which is given by
MFixed_end � ql2/12. When the cracks appear at the end
of the protective gypsum plate, the entire structure be-
comes a simply supported beam, as shown in Figure 2.
)ere are two failure modes for the protective gypsum
plate: bending tensile failure and shear failure [16]. )e
maximum bending moment of the protective gypsum
plate is at the middle and is given by Mmid � ql2/12. )en,
the maximum tensile stress at the middle of the protective
gypsum plate is

σMid �
MMid

W
�

ql
2

2m0
, (1)

where W is the interface modulus of the rock beam W �

m0/6 and m0 is the thickness of the protective gypsum plate
(m). When the maximum tensile stress at the middle of the
protective gypsum plate is greater than the ultimate tensile
strength of the gypsum rock (i.e., σMid ≥ [σt]), the protective
gypsum plate is damaged by bending tension.)us, the limit
span of bending tensile failure of the protective gypsum plate
can be solved as follows:

lPull ≥

�����
2m0σt

q



. (2)

When the protective gypsum plate cracks, the maximum
shear force at the end is QEnd � (ql/2).

When the maximum shear stress at the end exceeds the
ultimate shear strength of the gypsum rock (i.e., τEnd ≥ [τ]),
the whole end of the room caves owing to shear failure of the
protective gypsum plate. )us, the limit span of the pro-
tective gypsum plate for shear failure can be solved as
follows:

lShear ≤
4mResidual[τ]

3q
. (3)

To ensure that the protective gypsum plate will not be
damaged, the limit span of the room should be

l0 � min lPull, lShear . (4)

Generally speaking, due to the existence of bending
tension as well as the presence of fractures, the protective
gypsum plate tends to fail.

2.1.2. Pillar Stability. )e pillar is loaded by the overlying
strata, and its stability directly determines the stability of the
overlying rock in the mining unit. )ere are many methods
to calculate pillar load, such as empirical formulas, the ef-
fective load method, and the tributary area method [28]. In
this study, the tributary area method was used to calculate
the effective load on a pillar, as shown in Figure 2. )e pillar
load is given by Q � q(d + l)2. When the pillar stress exceeds
the ultimate compressive strength (i.e., σPre ≥ σc), the pillar is
damaged and destabilized, which resulted in the overall
instability and caving of the lower part of the key stratum in
the mining unit. )us, the limit size of the pillar to ensure
stability can be obtained as follows:
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d0 �
l

������
σc/q( 


− 1

. (5)

When the room is smaller than the limit span (l≤ l0) and
the pillar is larger than its limit size (d≥d0), the room and
pillar can remain stable during the mining process. If they
are not, the room and pillar will be destroyed and will
destabilize the mining unit.

2.2. Modes of Instability and Collapse. At present, there are
two structural collapse and instability modes in the gypsum
mine goaf: room failure and pillar failure [29–33].

2.2.1. Instability Mode Induced by Room Failure. When a
room is larger than the limit span (i.e., l≥ l0 � min
[lPull, lShear]), it is gradually damaged by the mining process.
Most rooms fail in tension. A failure arch structure forms and
gradually develops upward to the bottom of the key stratum,
which results in the destruction of the pillar, as shown in
Figure 3. After the room and pillars in the mining unit are
destroyed, the load of the critical stratum and overlying strata
is transferred to an isolated pillar, resulting in stress con-
centration. In general, the collapse evolution process of this
instability mode is relatively slow. Although the mining unit
will collapse, if the key stratum remains stable, a serious
accident will not occur. For actual sites, the geometric pa-
rameters are generally far less than the limit span of the mine
room. However, a large amount of on-site accidents in
available data shows that even if the mine room is far smaller
than the limit span, the protective gypsum plate is gradually
weathered and collapsed under the influence of various

factors such as water, temperature, and mining disturbances,
as shown in Figure 4.

2.2.2. Overall Unit Instability Mode Induced by Pillar Failure.
When a pillar is less than the stability limit size (i.e.,
d≤d0 � l/(

�������
(

��σc

√ /q)


− 1)), it may suddenly fail and de-
stabilize during the mining process. )is results in the
overall collapse of the protective gypsum plate and the soft
rock strata above up to the upper key stratum, as shown in
Figure 5. After the pillar and room are destroyed, the load of
the key stratum and overlying strata is transferred to an
isolated pillar, which results in a stress concentration. )e
instability and collapse mode develop rapidly, and it can be
induced by an impact. )e state of a gypsum mine goaf is
complex, and a pillar is affected by water, mining distur-
bances, and other factors. )e accident data of on-site di-
sasters prove that even large pillars have a high risk of later
failure and instability, which is why current pillars are far
greater than the size that leads to ultimate failure, as shown
in Figure 6.

)erefore, the collapse mode of goaf can be changed by
adjusting the thickness of roof protection and the unit size of
goaf, such as increasing the thickness of roof protection and
decreasing the unit size.

3. Experimental Study on the Influencing
Factors for the Instability and Collapse of the
Room Pillar Structure

)e room pillar method has formed stable and large-area
goafs in the gypsum mine. Over time, a collapse may occur;
this indicates a long time lag resulting from the combined
effects of many external factors. )is part takes the Luneng
Gypsum Mine as a case to study the weakening effects of
water, temperature, and age on gypsum rock.

3.1. Methodology. At the same pillar location of the gypsum
mine, the original gypsum rock were obtained and trans-
ported to the laboratory. )rough rock coring equipment,
the original rock is processed into a standard rockmechanics
test specimen: cylindrical (Φ100× 50mm). )en, the second
screening and wave velocity test are carried out on the
specimens, and the specimens with no obvious joint cracks
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Unit iUnit i – 1 Unit i + 1 Unit i + 2

Key stratum

Overlying strata load
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Isolated pillarPillar

Figure 1: Spatial structure of overlying strata for a room-pillar gypsum mine.
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Figure 2: Mechanical model of a room pillar mine.
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Figure 3: Progressive failure mode of a mining unit induced by room failure: (a) cracking and caving of the protective gypsum plate, (b)
upward development of the arch structure, and (c) overall failure of the room pillar structure with stable suspension of the key stratum.

Figure 4: Weathering damage of a gypsum mine room.
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Figure 5: Overall instability mode induced by pillar failure.
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on the surface and little difference in wave velocity are
selected as the final specimens of this test.

3.1.1. Experimental Design and Process of Water Effects.
Gypsum mines are susceptible to water, and some accidents
have shown that water contributes to goafs’ instability and
collapse )e presence and amount of water affect the me-
chanical properties of gypsum rock [34–38]. In this study,
the uniaxial compressive strength of gypsum rock was used
as the evaluation parameter, and the strength-weakening
rate was taken to quantify the effect of water on gypsum
rock. )e natural water content of gypsum rock is 2.17%.
Gypsum rock specimens were immersed in water for dif-
ferent amounts of time (1–120 days). )e uniaxial com-
pressive strength of the gypsum rock was then measured,
and the strength-weakening rate was determined. Figure 7
shows the experimental process.

3.1.2. Experimental Design and Process of Temperature
Effects. )rough an analysis of collapse accidents of gypsum
mine goafs, it is shown that the collapse accidents of the
goafs mostly occur in spring and winter, especially for loose
goafs. )is indicates that changes in temperature due to
seasons may have a weakening effect. )erefore, the
strength-weakening effect of temperature cycles on gypsum
rock was considered [39–41]. Specimens were placed in
different temperature environments to simulate the four
seasons. Figure 8 shows the specific experimental process,
which is detailed as follows:

(1) Spring: specimens were placed in a refrigerator at a
set temperature of 4°C

(2) Summer: specimens were placed in an incubator at a
set temperature of 30°C

(3) Autumn: specimens were placed in a refrigerator at a
set temperature of 4°C

(4) Winter: specimens were placed in a refrigerator at a
set temperature of −10°C

Each stage was 4 h, and a cycle comprised all four
stages. During the experiment, the gypsum specimens were
sealed with the film to ensure that the moisture content
remained stable and to eliminate the influence of water.
After each cycle, the wave velocity of the specimen was
tested. )e uniaxial compressive strength was tested after
the specimen was kept for 24 h at room temperature.
Specimens were subjected to up to 20 cycles, which rep-
resented 20 years.

Each stage was 4h, and a cycle contains all four stages.
During the experiment, the gypsum specimens were film-sealed
to ensure that the moisture content remained stable and to
eliminate the influence of water. After the end of each cycle, the
wave velocity of the specimen was tested. )e uniaxial com-
pressive strength of the specimen was tested after being stored
for 24h at room temperature. Specimens were subjected to up
to 20 cycles, which represented 20 years.

3.1.3. Experimental Design and Process of Time Effects.
)e goafs of a gypsum mine created by the room pillar
method often remain intact for several years or even decades
before collapse. Under long-term stress, the stability and lag
collapse of a gypsum mine goaf depend to a large extent on
the ultimate support capacity of the gypsum ore pillars over
time [42–47]. )e uniaxial compressive strength test was

Figure 6: Weathering damage of gypsum mine pillars.
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carried out on the large-area goaf specimens of the Luneng
GypsumMine.)e strength-weakening rate was taken as the
key parameter to evaluate the effect of age.

When a room in a gypsum mine is exhausted, the
resulting goaf should be sealed. A goaf has no water or power
supply. Over time, the conditions in the goaf become
complex and changeable, and the risk to workers entering
the goaf is high. )is led to many difficulties with taking
specimens. With the help of on-site engineers and techni-
cians, a simple and portable sampling equipment was
designed that comprises an electric drill, battery, and coring
sleeve.

To ensure personnel safety, gypsum rock pillars were
mainly sampled from the relatively stable II-1 gypsum
stratum. )ree to five pillars with good integrity were se-
lected to specimen different ages. )e coring position was
1.0–1.5m from the bottom of the gypsum pillar. )e coring
depth was 2.5–3.5m on both sides of the pillar at a 45°
syncline. )e boreholes on both sides crossed in the middle
to ensure that the entire transverse range of the pillar was
drilled. )e cores were arranged in order after being taken
out and processed into standard rock specimens for labo-
ratory tests. )e coring process is shown in Figure 9.

3.2. Results

3.2.1. Experimental Results of Water Effects. )e saturated
water content of the gypsum rock was 10.05%. It reaches
saturation within 48h. )e wave velocity of the specimens
under different immersion times wasmeasured. After reaching
the saturation state, the wave velocity fluctuated in the range of
2100–2300m/s. )roughout the immersion period, the

specimens showed no obvious disintegration.However, in later
stages of immersion (>90 days), the surface and edges of the
specimens showed obvious exfoliation and slagging. Figure 10
shows the uniaxial compressive stress-strain curves of the
gypsum rock specimens with different immersion times. As the
immersion time increased, the compression of the specimen
increases significantly; the uniaxial compressive strength de-
creases clearly, and the strain corresponding to the peak
strength increases clearly. )e compressive strength of the
specimens showed obvious small fluctuations before reaching
the peak strength.

)e strength-weakening rate for the uniaxial compres-
sive strength of gypsum rock is given by

ηWater �
σc − σWater

σc

× 100%, (6)

where σc is the natural compressive strength of the gypsum
rock (MPa) and σWater is the compressive strength of the
gypsum rock with different immersion times (MPa).

Figure 11 indicates the variation in the uniaxial com-
pressive strength and strength-weakening rate of gypsum
rock specimens with different immersion times. As the
immersion time increased, the uniaxial compressive strength
and strength-weakening rate decreased and increased, re-
spectively. Each showed a rapid change, followed by a slow
change and then a stable state. Water had a greater effect on
the strength initially and less at later stages. )e maximum
strength-weakening rate was 52.61% at an immersion time of
120 days. For mining areas that are greatly affected by water,
water should be considered as a key factor leading to the
destruction of pillars and delayed collapse of a goaf, and
targeted prevention and control measures should be taken.

Figure 8: Experiments on the influence of the cycle temperature.

Figure 7: Water immersion test of gypsum rock specimens.
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3.2.2. Experimental Results of Temperature Effects.
Figure 12 shows the various values of wave velocity of the
gypsum rock specimen with the number of temperature
cycles. In different states, the wave velocity value of the test
specimen shows that the velocity value is not constant.
Instead of a steady increase or decrease, the results show a
fluctuating change, but the overall trend is downward. )e
wave velocity changes for the first three cycles are not ob-
vious. After 3–10 cycles, the wave velocity decreased by
500–900m/s but there is a certain fluctuation. After 10
cycles, the wave velocity tended to stabilize, although it still

showed some fluctuation. As the number of temperature
cycles increased, the wave velocity initially remained stable
before rapidly declining and then stabilizing again. )e
variation range was more than 35%.

Figure 13 shows the uniaxial compressive stress-strain
curves of the gypsum rock specimens with different amounts
of temperature cycles. With the number of temperature
cycles, the compressive stress of the specimens increases
clearly. )is indicates that the internal microstructure of the

45°
Pillar

(a)

(b)

Figure 9: In situ sampling and process. (a) Sampling method in the goaf. (b) Sorting and processing of cores.
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gypsum ore and rock was expanded and extended by the
action of temperature cycling. After more than 10 tem-
perature cycles, the uniaxial compressive stress-strain curve
showed obvious fluctuations. As the number of temperature
cycles increased, the strength decreased overall, but the
range of the decrease was small. )e uniaxial compressive
strength was 24.53MPa after 15 cycles.

)e strength-weakening rate for the uniaxial compres-
sive strength of gypsum rock subjected to temperature cycles
is given by

ηTem �
σc − σTem

σc

× 100%, (7)

where σTem is the compressive strength of the gypsum rock
with different temperature cycles (MPa).

Figure 14 shows the variations in the uniaxial compressive
strength and strength-weakening rate of gypsum rock spec-
imens with different temperature cycles. As the number of

temperature cycles increased, the uniaxial compressive
strength decreased, and the strength-weakening rate in-
creased. After 20 cycles, the maximum strength-weakening
rate was 12.60%, which is relatively low. )is indicates that
temperature cycles do not have an obvious effect on the
strength of gypsum rock, so they do not significantly affect the
lag collapse of gypsum mine goafs. Apart from the lax sealing
of some mining areas, gypsummine goafs are generally sealed
quite well. )us, a goaf can be regarded as a closed space with
constant temperature and humidity. Temperature cycles
should have a relatively small strength-weakening effect on the
gypsum rock. )erefore, the seasonal temperature change can
be considered an influencing factor for the lagging collapse of
goafs in unsealed gypsum mines.

3.2.3. Experimental Results of Time Effects. )e gypsum
pillars in the goaf were 4–6m wide. To study the strength-
weakening rate at different pillar depths, the cores at depths
of 0.5, 1.5, and 2.5m were processed into standard speci-
mens. To standardize the specimens, the precision of the
depth had to be within 0.2m. )e uniaxial compressive
strength was tested in a laboratory. To eliminate the error,
the average peak strength of several specimens was taken as
the final strength for different ages and pillar depths. Fig-
ure 15 shows the variation in the peak strength.

)e following characteristics and laws were obtained:

(1) With increasing pillar depth, the uniaxial com-
pressive strength gradually increased, and the
strain corresponding to the peak strength gradu-
ally decreased. )is trend became more obvious
with increasing age. )e gypsum rock was stronger
and close to the pillar surface (0.5 m depth) than
deep within the pillar (2.5 m depth) with increasing
age.

2

2.3

2.6

2.9

3.2

0 5 10 15 20
Cycle times

C-1
C-3
C-5

C-7
C-9

W
av

e v
elo

ci
ty

 (m
/s

)

Figure 12: Wave velocity curves of specimens with different
temperature cycles.
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Figure 16: On-site photos of mine pillars in the goaf. (a) 1996. (b) 2015.
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(2) )e strength of the gypsum rock greatly differed at
pillar depths of 1.5 and 2.5m with increasing age.
)e difference gradually increased with age (e.g.,
before 2015). However, the strength showed little
difference at the pillar depths of 1.5 and 2.5m for
younger pillars (e.g., after 2015).

)ese can be explained as follows:

(1) With increasing age, the influences of water, tem-
perature, disturbances, and weathering on the pillar
surface increased, and joints and fissures in the
gypsum rock developed. Phenomena such as
breakage, expansion, and spalling were observed
on-site, as shown in Figure 16. When the cores were
taken, the gypsum rock had low integrity near the
pillar surface, and few cores had a length greater
than 10 cm. )ese reasons led to the increased
compaction and decreased strength of the gypsum
rock near the pillar surface, which only increased
with age.

(2) Under the long-term stress of overlying strata, the
gypsum rock deep in the pillar will creep continu-
ously. Before failure and instability occur, the con-
tinuous creep will increase the compaction and
strength of the gypsum rock. Meanwhile, weathering
of the gypsum rock near the pillar surface will reduce
the effective support area of the pillar and increase
the peak stress deep within the pillar. During coring,
some pillars showed obvious obstructions to drilling.
)e increased stress gradually increased the com-
paction and strength of the gypsum rock (i.e., plastic
hardening). )ese reasons explain the increased
strength of the gypsum rock deep within the pillar
with increasing age.

(3) New goafs had little time for weathering and creep,
which explains the little change in strength for these
samples.

)e weakening rate for the uniaxial compressive strength
of gypsum rock at different ages is given by

ηTem �
σt − σc

σc

× 100%, (8)

where σt is the compressive strength of gypsum rock (MPa).
Figure 17 shows the variation in the strength-weakening

rate of gypsum rock specimens with different ages and
depths. Near the pillar surface (depth of less than 1.5m), the
strength-weakening rate increased with age. Deep within the
pillar, the strength-weakening rate showed the opposite
trend. )e maximum strength-weakening rate was 25.13%
(1996), which is relatively low.)is is the main reason for the
long-term stability of well-sealed goafs, which may not
collapse for several years or even decades.

4. Conclusions

(1) Two conditions must be satisfied to ensure the
stability of the room pillar structure: the pillar is
larger than the limit size, and the room is less than
the limit span. If these conditions are not met, rock
collapse and instability will occur due to pillar or
room failure. Pillar failure has a large effect on in-
stability and collapse.

(2) Water has a significant influence on the strength of
gypsum rock. )e strength-weakening rate of
specimens was 52.61% after immersion in water for
120 days. )is indicates that water penetration or
flooding can easily destabilize a large-area goaf.

(3) )e temperature cycles indicated little effect on the
strength of gypsum rock. However, changes in
temperature often affect the relative humidity.
)erefore, it is a major factor for pillar failure in
unsealed goafs.

(4) )e gypsum rock near the pillar surface is gradually
weathered over time, and it loses its bearing capacity.
)e supporting pressure is transferred deep within
the pillar, so the effective support capacity gradually
decreases over time.
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*e current study aims to analyze the principles of integrated technology of explosion to tackle the problems of coal seam high gas
content and pressure, developed faults, complex structure, low coal seam permeability, and high outburst risk. Based on this, we
found through numerical simulation that as the inclination of the coal seam increases, the risk of coal and gas outburst increases
during the tunneling process.*erefore, it is necessary to take measures to reduce the risk of coal and gas outburst. We conducted
field engineering experiments. Our results show that the synergistic antireflection technology of hydraulic fracturing and deep-
hole presplitting blasting has a significant antireflection effect in low-permeability coal seams. After implementing this technology,
the distribution of coal moisture content was relatively uniform and improved the influence range of direction and tendency.
Following 52 days of extraction, the average extraction concentration was 2.9 times that of the coal seam gas extraction con-
centration under the original technology. *e average scalar volume of single hole gas extraction was increased by 7.7 times.
*rough field tests, the purpose of pressure relief and permeability enhancement in low-permeability coal seams was achieved.
Moreover, the effect of gas drainage and treatment in low-permeability coal seams was improved, and the applicability, ef-
fectiveness, and safety of underground hydraulic fracturing and antireflection technology in low-permeability coal seams were
verified. *e new technique is promising for preventing and controlling gas hazards in the future.

1. Introduction

Gas is the main factor restricting coal mining safety. Coal-
gas outburst is a complex dynamic phenomenon in un-
derground coal mines, which has occurred frequently over
the past 150 years. *e coal-gas outburst process includes
four stages: outburst occurrence, rapid development, de-
celeration development, and outburst termination [1]. *e
coal mines enter the stage of deep mining in China [2]. *e

prevention of coal and gas outbursts is facing unprecedented
challenges with an average mining depth of 650m and rapid
extension to the deep at a rate of 10∼25m per year and the
increase of coal seammining depth [3]. Most of the dynamic
disasters occurred in areas deeper than 700m [4]. Currently,
the main tools to enhance coal seam permeability and
strengthen gas drainage mainly include hydraulic fracturing,
hydraulic punching, hydraulic slitting, loose blasting, and
deep-hole presplitting blasting.
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Recently, many scholars have conducted extensive and in-
depth research on deep-hole presplitting blasting, the mech-
anism of hydraulic fracturing technology, and field applications
and achieved promising results. *ey used numerical simu-
lation, analyzed the expansion law of coal blasting lines, and
determined the spacing of drainage holes. *e coal body
firmness coefficient and coal seam gas pressure positively affect
the penetration enhancement of coal seam deep-hole blasting.
Moreover, high ground stress severely inhibits the coal seam
blasting cracks and studies the coal seam’s plot coefficient f< 1
and the impact of time on the antireflection effect [5, 6]. To
study the influence of the distance from a control hole to a
blasting hole on fractures’ evolution laws, finite element
software LS-DYNA is used to perform presplitting blasting of
the deep hole for different distance coal. It is concluded that,
under the effect of tensile stress superposition from stress wave
and free surface reflection effect, 3m blasting hole around the
control hole can form 10 to 13 main cracks [7].

*e permeability improvement method uses presplitting
and blasting technology and multiple boreholes to improve the
permeability of the soft coal seam, which is achieved by op-
timizing the inseam distribution of generated fractures through
multiple control boreholes. *e permeability improved by
presplitting and blasting with deep boreholes is 2.5 times higher
than the original coal seam [8]. Previous study reports the
mechanism of deep-hole presplitting blasting, which
strengthened gas drainage in coal seams with low permeability.
Hydraulic fracturing technology is widely used in the devel-
opment of low-permeability oil and gas fields [9, 10].

In 1965, the Fushun Branch of the Central Coal Research
Institute introduced the technology for the coal seam pene-
tration enhancement. Coal seam pulsating hydraulic fracturing
pressure can provide relief and increase the permeability en-
hancement technology based on ordinary hydraulic fracturing
and pulse water injection technology [11, 12]. Hydraulic frac-
turing has a significant effect and mechanism for improving
coal and rock permeability and enhancing gas drainage capacity
[13]. *e coal seam pulse hydraulic fracturing technology was
studied and compared with general methods of hydraulic
fracturing, the results of industrial experiments show that pulse
hydraulic fracturing generates a better effect of pressure re-
lieving and permeability improving [14]. Permeability im-
provement technology of directional hydraulic penetration by
guided groove was described and studied in detail, and they
found that the efficiency of gas drainage has been significantly
improved [15]. Variable frequency, a new pattern of pulse
hydraulic fracturing, is presented for improving permeability in
coal seam, and they found that it is better to select the sequence
of low frequency at first and then high frequency. Which hy-
draulic fracturing for the bottom-draining roadway was in-
vestigated [16]. *ey develop the fractal calculation models of
the fracture robustness and the filtration coefficient of fracturing
fluid under hydraulic fracturing [17]. *e evolution laws of
permeability and gas pressure during hydraulic fracturing in the
underground gas drainage were studied and several influence
factors were analyzed by accomplishing a series of simulations.
Gas drainage can effectively be enhanced when the hydraulic
fracturing induced damage zone is a breakthrough at the
drainage hole. After the coal seam is effectively fractured, the gas

flux has a decline-incline-decline tendency with increasing
drainage time. *e breakthrough time of the damage zone
increases linearly with coal seam elastic modulus, increases
exponentially with vertical stress and borehole spacing, and
decreases exponentially with injecting pressure [18]. When the
fracturing time increases, the coal seam’s porosity gradually
increases and finally reaches a fixed value [19].

Recently, to solve the problems of a long time and high cost
of gas drainage for common coal seam antireflectionmeasures,
numerous studies report the coupled antireflection technology
of hydraulic and blasting and found that the coupling tech-
nology has better coal seam permeability compared with the
original technology.*e coupling technology greatly improved
in recent years. For the gas drainage effect of a coal seam with
high gas content and low permeability, hydraulic-controlled
blasting of a deep hole was conducted to provide pressure relief
and increase a coal seam’s permeability. Moreover, they found
that the technology can connect boreholes through fractures,
effectively discharge coal seam gas and release gas pressure,
significantly improve the coal seam’s permeability, and reduce
gas drainage time [20]. Hydraulic fracturing and deep-hole
presplitting blasting synergistic antireflection technology im-
prove the permeability of coal seams more efficiently than the
hydraulic fracturing technology, deep-hole presplitting blasting
antireflection technology, and ordinary drainage technology
[21]. *e increasing water content of coal can significantly
reduce the risk of gas outbursts. *e technology of promoting
coal seam infusion by blasting has been proposed to increase
the water injection volume.*e blasting promotes equilibrium
distribution in the stress field and generates new fractures,
promoting the water injection [22]. In an attempt to increase
the permeability and high-gas coal seams and improve gas
utilization and drainage efficiency, a previous study proposed
the hydraulic fracturing deep-hole presplitting blasting com-
posite antipermeability technology and analyzed the hydraulic
fracturing deep-hole presplitting [23]. *e blasting cracking
mechanism of the composite antireflection of split blasting was
established, as well as the equation of the stress intensity factor
of the crack and the equation of the secondary crack propa-
gation radius under detonation gas [24].

To solve the problems of coal seam gas content, high gas
pressure, developed faults, complex structure, poor coal
seam permeability, and high outburst risk in the 8th Mine of
Pingdingshan Coal Mining Group, the method of com-
bining theoretical analysis and field engineering tests were
was for coupling technology of deep-hole presplitting
blasting and hydraulic fracturing.

2. NumericalSimulationof theInfluenceofCoal
Seam Dip Angle Change on Outburst
Hazard of Coal Heading Head

2.1.Working Face Profile. *e buried depth of 15–15060 face
working in the 8th Mine of Pingdingshan Coal Mining
Group is 580∼636m, the coal seam thickness is relatively
stable, the coal thickness is usually 2.9∼3.8mwith an average
of 3.3m, the coal seam inclination is 10∼18°, the average is
12°, and the coal seam is semibright-type coking coal. *e
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lower part is the 16th coal, the thickness of the coal seam is
1.5 to 2.3m, the average thickness is 1.9m, and the interlayer
spacing is 7.9m.*e 15th coal seam’s direct roof is dark gray
thick layered sandy mudstone with clear bedding, and the
basic top is light gray medium-fine-grained sandstone. *e
coal seam’s direct bottom is mudstone, containing plant root
fossils, which is easy to expand when exposed to water, and
the basic bottom is a thin layer gray shape sandy mudstone.
*e gas pressure is 1.89MPa, and the gas content is 13.7m3/
t. It is classified according to the outburst hazard level and
belongs to the outburst hazard working face.

2.2. Model Building. During underground coal road excava-
tion, the excavationwork destroys the original equilibrium state
of the surrounding coal and rock, resulting in a stress con-
centration area, and the roadway wall area near the heading
head also has a significant numerical displacement; therefore,
the heading head is oftenmore prone to outburst accidents.*e
stress concentration area is generated during the roadway
excavation process. It is easy to understand the possibility of
outburst hazards around coal roadways under different coal
seam inclination angles and study the effect of coal seam in-
clination on outburst accidents by a comparative analysis of the
maximum stress and the area of the stress concentration area
under different coal seam inclination angles. *e FLAC3D
simulation software is used to establish a numerical simulation
model of coal and rock layers during tunneling in underground
coal mines. Based on the different inclination angles of coal
seams, a total of 6models have been established.*e inclination
angles of coal seams are 0°, 5°, 10°, 15°, 20°, and 25°. *e size of
the model is 80m× 80m× 80m, and it is divided into three
layers. *e upper layer is the coal seam’s top rock layer, the
middle layer is the coal seam, and the lower layer is the bottom
rock layer of the coal seam.*e coal seam is 3.3m thick, and the
roadway is dug in the middle of the coal seam. *e roadway is
5mwide, and themiddle part of the roadway is 2.2m high.*e
top surface is directly excavated to the rock layer. *e stress
boundary is set on the top surface of the rock layer at the top of
the model, and the displacement boundary is set on the
remaining 5 surfaces of the model, as shown in Figure 1.

According to themeasured in situ stress value of themine,
the model’s in situ stress is set to 20MP, and the mechanical
parameters of coal and rock are shown in Table 1.

For simulation, the length of the model is 80m, and the
roadway is driven 40m in the coal seam. Among them, the first
25 meters are located at the edge of the model and exhibit a
boundary effect, which is not suitable for detailed analysis.
*erefore, rapid excavation is adopted, and only 3 calculations
were performed. *e next 15 meters are in the middle of the
model, with a high grid density and high accuracy. *e cal-
culation was performed after every one meter of excavation.

2.3. Influence of Coal Seam Dip Angle Change on Outburst
Danger of Driving Head. *e stress cloud diagram on the
section of the heading head is drawn through the software,
and a three-dimensional stress diagram is constructed, as
shown in Figures 2 and 3.

We found that the stress distribution of the head section
shows a distribution law of double peaks and deep valleys during

stress map analyses. *e possible reason is that the coal in the
tunnel is excavated and removed, the stress value in this area is 0,
and it forms a deep valley on the three-dimensional stress map.
Observing the coal seams on both sides of the driving roadway,
when the distance from the driving roadway increases, the coal
seam stress gradually increases and reaches a maximum value at
a certain distance from the driving roadway. Two towering peaks
are formed on the three-dimensional stress map because the
tunneling destroys the coal seam’s original stress balance,
causing the stress around the roadway to accumulate gradually.
When the distance from the excavation roadway exceeds the
stress peak position, the coal seam stress gradually decreases until
it reaches a stable value.*is is because the coal seams that are far
away from the roadway are less affected by the roadway. Ob-
serving the rock formation area around the roadway, it can be
found that, except for the area close to the excavation roadway
due to the influence of tunneling, the stress value of the rock
formation ismaintained in a relatively stable area, which appears
as a plain on the three-dimensional stress map. *e possible
reason is that the rock layer is harder, and the stress state is not
easily affected by roadway driving.

We found that the stress distribution of the head section
shows a distribution law of double peaks and deep valleys by
analyzing the stress diagram. As the coal in the tunnel is ex-
cavated and removed, the stress value in this area is 0, forming a
deep valley on the three-dimensional stress map. Observing the
coal seams on both sides of the driving roadway, with different
coal seam inclination angles, the stress distribution of the head
section still shows similar distribution characteristics, indi-
cating a state of double peaks with deep valleys, rotating around
the driving roadway, and the double peaks are often in the coal
seam. *ese findings indicate that no matter how the incli-
nation angle of the coal seam changes, the outburst around the
roadway still mainly occurs in the coal seam, and the outburst
of the rock layer around the roadway is less dangerous.

*e increase of the inclination of the coal seam can pro-
gressively improve the maximum stress on the section of the
heading head from −2.9865×107 to −3.1265×107, with an
increase of about 4.7%. For every 1° increase in the average coal
seam inclination, the maximum stress value increased by
0.16%. *erefore, considering the maximum stress, when the
inclination of the coal seam increases, the danger of outbursts
around the roadway will also be increased.

2.4. Conclusions Reached through FLAC3D Simulation

(1) No matter how the inclination angle of the coal seam
changes, the outburst hazard around the roadway
mainly occurs in the coal seam during the driving
process of the coal roadway, and the outburst in the
rock layer is less dangerous.

(2) When the inclination of the coal seam increases, the
probability of outburst around the heading head will
also be increased.

(3) When the coal seam’s inclination angle increases, the
areas with a higher probability of outbursts around
the roadway will gradually gather in the coal seam
above the roadway.
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Table 1: Mechanical parameters of coal and rock formations.

Classification Elastic modulus (GPa) Poisson’s ratio Internal friction angle (°) Cohesion (MPa) Density (kg/m3)
Coal 2 0.35 20 0.3 1350
Rock 10 0.3 25 2 2500
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Figure 1: Example diagram of numerical simulation model of coal road driving with 0° and 20° dip angle coal seams.
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Figure 2: Continued.
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Figure 2: Plane cloud diagram of the section stress of the roadway heading head under each coal seam dip.
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Figure 3: Continued.
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From the above conclusions, it is established that, during
coal roadway excavation, the roadway’s outburst danger
mainly occurs in the coal seam.*erefore, in these positions,
gas outburst enhancement and elimination technology must
be adopted to ensure coal mine production safety. *ese
technologies include hydraulic enhancement, mining pro-
tective layer, loose blasting, and deep-hole presplitting
blasting. *ese drainage technologies have long drainage
cycles in outburst coal seams with low air permeability and a
small impact area, increasing the time and cost of safe in-
vestment in the mining. Because the coal seam has a certain
inclination angle, numerical simulation can show that as the
inclination angle increases, the risk of coal seam outburst
also increases. Not only is the No. 8 Mine of Pingdingshan
Coal Mining buried deep but also it has a certain inclination
angle, and the effect of conventional gas penetration en-
hancement measures is average. *erefore, it is necessary to
adopt a more effective method to increase the permeability
of coal seam gas.

*is paper uses the blast-injection integrated antire-
flection technology for research. *e blasting and injection
integrated antireflection technology can directly perform
hydraulic fracturing after deep-hole presplitting blasting to
achieve the comprehensive purpose of strengthening gas
drainage at the working face and improve coal seam
permeability.

3. Field Engineering Test of Blast-Injection
Integrated Antireflection Technology

*e test site is located in the bottom extraction roadway of
15–15160 machine road in the No. 8 Mine of Pingdingshan
CoalMiningGroupCo., Ltd.*e pressure holding hole and the
blasting-injection hole are arranged, and the distance between
the two holes is 100m. As shown in Figure 4, the pressure-
holding hole is arranged at an elevation angle of 58° at the
bottom of the suction roadway of 15–15060 machine roadway,
which is perpendicular to the middle line of the roadway side.
As shown in Figure 5, the opening position of the blasting hole
is located at the lower side of the roadway at an elevation angle
of 74°, passing through the center of the roadway, and the drill
hole passes through the 15th coal seam’s 0.5m roof.

As shown in Figure 6, we constructed 10 drilling holes in
each of the four horizontal and vertical directions around the
pressure-holding hole, for a total of 40 observation holes.
*e distances between the bottom of the 10 observation
holes in each direction and the pressure-holding hole are
3m, 6m, 9m, 12m, 15m, 18m, 21m, 25m, 30m, and 35m,
respectively. *e drilling of No. 20-No. 40 is perpendicular
to the direction of the roadway. As shown in Figure 7, the
drill moves to a fixed position when constructing a frac-
turing hole and changes the drilling angle to construct Nos.
21–40 holes.

As shown in Figure 8, the blast hole is constructed with 8
observation holes in each of the four horizontal and vertical
directions, for a total of 32 observation holes. *e distances
between the 8 observation holes in each direction and the
bottom of the blast hole are 3, 6, 9, 12, 15, 18, 21, and 25m,
respectively. *e 41–56 holes are drilled parallel to the di-
rection of the roadway. As shown in Figure 9, the 57–72
holes are drilled perpendicular to the direction of the
roadway and arranged in two rows, the single number row is
outside the roadway, the double number row is inside the
roadway, and the two split holes are 0.5m away from the
blast hole.

4. Test Effect Analysis

4.1. Comparison of Blast-Injection Integrated Antireflection
Technology and Conventional Hydraulic Fracturing Influence
Radius. We take the upper, middle, and lower coal samples
of the observation hole of the pressure holding hole and the
blast-injection hole to measure the water content, as shown
in Figure 10, and draw the relationship between the water
content and the distance.

It can be seen from Figures 10(a) and 10(b) that, without
blasting, the water content of the observation hole around
the pressure holding hole is unevenly distributed, and the
direction of the observation hole is within the range of
−18m∼15m, and the inclined observation hole is within the
range of −21m∼18m. *e coal sample moisture content
curve fluctuates abruptly, indicating that, during the frac-
turing process, the water body is not evenly distributed along
with the trend or along the strike, and it is difficult to
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Figure 3: *ree-dimensional diagram of the section stress of the roadway heading head under each coal seam dip.
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determine the fracturing water’s whereabouts. *e coal body
contains water at different sampling positions in the same
observation hole and has a big difference in the rate.
Generally, the lower coal sample has high water content, and
the middle and upper parts have low water content.
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Figure 4: Sectional view of pressure holding hole.
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It can be seen from Figures 10(c) and 10(d) that, after
blasting, the water content curve of the coal body around the
blasting hole is significantly smoother than the pressure

holding hole. At different sampling positions of the same
observation hole, the water content of the middle and upper
coal bodies is higher, indicating good consistency. Except
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Figure 9: Sectional view of blast observation hole number.
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Figure 10: Water cut curve at different positions around the fracturing hole.
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that the water content of the lower coal body is generally
higher with a range of −18m∼−6m, the water contents of
the upper, middle, and lower coal bodies are not much
different in other test areas.

To determine the effective radius of the influence of the
two fracturing methods, the relationship between the po-
sition of the observation hole and the average water content
is plotted in Figure 11.

*e pressure-holding hole direction and the water content
tendency are unevenly distributed, as shown in Figures 11(a)
and 11(b). After going to −15m and 12m, the water content
begins to decrease and gradually stabilizes. After the tendency
to −18m and 12m, the water content gradually decreases and
progressively stabilizes. In Figures 11(c) and 11(d), after blast
hole strikes −15m and 15m, the moisture content gradually
decreases and reaches the minimum value in the test range
and tends to the area outside −18m and 12m, and the
moisture content begins to decrease and achieves stability.

4.2. Comparison of Gas Drainage Effect between Blast-Injec-
tion Integrated Antireflection Technology and Conventional

Hydraulic Fracturing. After 52 days of on-site monitoring,
the blast-injection integrated antireflection technology was
compared with the original unfractured coal seam gas
drainage data in the same drainage time to investigate the
drainage effect before and after fracturing. We plot the gas
concentration, average flow, and cumulative scalar into a
curve.

It can be seen from Figures 12–14 that, after 52 days of
drilling, the average concentration of gas in the blasting and
fracturing area is 66.3%, and the maximum concentration of
a single group is 82%. *e average concentration is the same
as that of coal seam gas extraction under the original
technology, 2.9 times the concentration. *e average gas
scalar of a single drill hole is 0.024m3·min−1, and the
maximum is 0.0031m3·min−1, which is an average increase
of 7.7 times. For 52 days’ draining, the blast-injection in-
tegrated synergistic antireflection technology is adopted.*e
scalar amount of gas drainage is 14003m3, but when con-
ventional hydraulic fracturing is used for gas drainage, the
scalar amount of drainage is only 2310m3, which increases
nearly 6 times.
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Figure 11: Relationship between test location and average moisture content.
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5. Conclusion

We draw the following conclusions after analyzing the
principle of blast-injection integrated antireflection tech-
nology and applying it in the No. 8 Coal Mine of Ping-
dingshan Coal Mine and comparing the effect of
conventional hydraulic fracturing.

(1) *rough numerical simulation, we found that it is
established that, during coal roadway excavation, the
roadway’s outburst danger mainly occurs in the coal
seam.

(2) *e water content in coal bodies is severely rough
near conventional fracturing and the peak and valley
of water content alternately appear; however, blast-
injection integrated technology is adopted to dis-
tribute water evenly around the fracturing hole. *e
blast-injection integrated technology has larger area
of influence on the strike compared to conventional
fracturing.

(3) After implementing blast-injection integrated tech-
nology, the gas drainage effect of outburst coal seams
has low permeability. After 52 days of drainage, the
average drainage concentration is 2.9 times that of
the coal seam gas drainage concentration under the
original technology.*e average scalar was increased
by 7.7 times.

(4) *rough field tests, the purpose of pressure relief and
permeability enhancement in low-permeability coal
seams was achieved. Moreover, the effect of gas
drainage and treatment in low-permeability coal
seams was improved, and the applicability, effec-
tiveness, and safety of underground hydraulic frac-
turing and antireflection technology in low-
permeability coal seams were verified.

*is paper has conducted an in-depth analysis of the
integrated technology of explosive injection and has
achieved promising results. However, the experimental re-
search is mainly conducted in the Ping coal mine area, and it
still needs to be extended to other different mining areas to
improve the construction technology. Different solidity
coefficients of coal samples were studied separately to deal
with different degrees of metamorphism, resulting in certain
limitations in the experiment.
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To study the effects of the three deformation instability modes of gas drainage borehole on gas drainage, the deformation
instability mechanism of soft coal seams is analyzed, three deformation instability modes are proposed for soft coal seams, namely,
complete holes, collapse holes, and plug holes, and a solid-fluid couplingmodel incorporating dynamic change of borehole suction
pressure is established. .e results of the study show the following. (1) When there is no borehole deformation (i.e., complete
borehole), the suction pressure loss of drainage system in the borehole is very small, whose effect on gas drainage can be neglected.
(2) In case of borehole collapse, the suction pressure loss is big at the collapse segment, and the total suction pressure loss of the
drainage system in the borehole is bigger than that in the complete hole. However, it is smaller than the suction pressure of the
drainage system and exerts limited effect on gas drainage. As the borehole collapse deteriorates, the effective drainage section of
the borehole becomes smaller, while the suction pressure loss in the borehole increases continuously; thus, the gas drainage effect
continuously worsens. (3) In case of plug hole, a continuous medium forms between the plug segment coal body and the
surrounding coal seam, the plug segment drainage pressure turns into coal-bed gas pressure, and effective drainage length of the
borehole shortens, seriously affecting the gas drainage effect. .e study carries important theoretical guiding significance for
improving gas drainage effect and effectively preventing gas disasters.

1. Introduction

Deeply mined soft coal seams are characterized by high
stress, low mechanical strength, high gas content and
desorption velocity, great coal seam thickness variation,
etc. During extraction drilling construction on soft coal
seam, dynamic problems such as spit-out, drilling tool
sticking, and jamming often bother, causing large-scale
hole collapse and formation of drilling cave [1], which
severely restrict drilling depth; after the accomplishment
of hole drilling, influenced by poor tamper resistance
capacity of coal mass, the hole wall may deform, fall, or
even collapse under crustal stress; moreover, with

extraction going on, soft coal mass may creep and cause
hole diameter to shrink or even to clog, which may block
gas discharge and flow channel [2–4], and severely impact
on gas extraction efficiency. Deformation, instability,
collapse, etc. of borehole can all be attributed to dynamic
instability caused by redistribution of stress field and flow
field of gas-bearing coal around the borehole [5], i.e.,
instability failure of borehole wall. .e study on the effect
of deformation instability of gas drainage borehole on
high-stress soft coal seam means important theoretical
guiding significance for solving the problem of high-
stress soft coal seam in borehole instability and collapse
and for effectively improving gas drainage effect.
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Many scholars both at home and abroad have studied the
deformation and instability disciplines of coal rocks around
the extraction boreholes [6–20]. Tezuka and Niitsuma [6]
proposed some borehole stability models and conducted
theoretical analysis on the stability of borehole wall based on
such models. Wang et al. [7] established the mechanical
model of drilling hole instability and researched the de-
struction modes and instability characteristics of borehole
bottom and coal mass nearby borehole wall. Shengqi et al.
[8, 9] studied the influence of fracture dip angle on the
mechanical properties of sandstone under uniaxial com-
pression by using sandstone with pore fractures as research
object and studied the crack growth characteristics and its
influence on the stress strain curve of sandstone with
combined defects of single fracture, double fracture, and
circular holes using acoustic emission and digital photog-
raphy. Cheng et al. [10] analyzed the instability and de-
formation mechanisms of boreholes on soft outburst coal
seams under coal mines and pointed out the main roots for
the frequent occurrence of destruction and instability, hole
collapse, and difficulty in hole formation in the weak hole
wall structure after fracturing drilling in coal seam con-
struction. Yao et al. [11] adopted Kastner formula and
utilized numerical simulation method to research the var-
iation disciplines of stress field, displacement field, and
plastic failure area of borehole. Hao et al. [12] established the
viscoelastic-plastic softening model of coal mass around
borehole, conducted the comparative analysis on the pres-
sure relief effects of boreholes in soft and hard coal seams,
and researched the variation discipline of borehole diameter.
Predecessors have not yet studied the effect of borehole
deformation, instability, and collapse on distribution law of
suction pressure of the drainage system as well as drainage
volume.

.e results show that many achievements have been
made on borehole instability, but the effect of borehole
deformation instability collapse on the distribution of
negative pressure and pumping capacity has not been
studied. Targeting at the practical problem of easy defor-
mation and instability of gas drainage borehole in high-
stress loose coal seams, this paper aims to analyze the
mechanism of borehole deformation and instability, put
forward the model of borehole deformation and instability,
and establish a solid-fluid coupling model considering the
dynamic change of borehole negative pressure to analyze the
effect of different borehole instability modes on gas drainage.
.e study carries important theoretical guiding significance
for optimizing arrangement of gas drainage borehole, im-
proving gas drainage effect, and effectively preventing gas
disasters.

2. Study on Mechanism and Mode of
Deformation Instability of Gas
Drainage Borehole

2.1. Mechanism of Deformation Instability of Gas Drainage
Borehole. .ere are natural factors and engineering factors
causing deformation instability of borehole. Fundamentally

speaking, instability failure of borehole means that of coal-
rock mass around the borehole, which is a mechanical in-
stability process. .e essence is instability failure caused by
inability of coal-rock mass strength to withstand the applied
stress; in other words, ground stress is the root cause of
borehole instability. Deformation failure of the surrounding
coal-rock mass follows the formation of gas drainage
boreholes, which mainly includes the two stages: formation
of plastic zone and rupture zone and borehole collapse.

(1) As shown in Figure 1(a), the borehole results in
elastic zone, plastic zone, and rupture zone from the
outside to the inside, the coal body strength in the
rupture zone is significantly lower than the virgin
rock stress, and the pressure relief zone caused by the
drilling construction is mainly concentrated within
the rupture zone.

(2) With the continuous extension of time, the defor-
mation of the coal body in the rupture zone and
plastic zone further increases, while the coal body
strength in the two zones further lowers. When the
cohesive force and friction between the coal blocks
cannot resist deformation pressure and weight of the
internal coal-rock mass, the broken coal body
around the borehole will fall and collapse into the
borehole. .e deformation resistance of the com-
pacted coal body in the collapse zone continuously
grows until it can balance the deformation pressure
transmitted by the rupture zone when new balance of
forces emerges and coal body in each zone maintains
relative stability. .e final distribution of the de-
formation instability in each area is shown in
Figure 1(b). .e fracture surface is in irregular shape
after instability collapse of the borehole. .e fracture
surface size has close relation to load stress, coal body
strength, and expansion coefficient of collapsed coal
body and time.

2.2. Mode of Deformation Instability of Gas Drainage
Borehole. .e effect of borehole gas drainage mainly con-
cerns suction pressure of the drainage system, borehole
diameter, and permeability of the surrounding coal body.
Previous studies found that borehole deformation instability
exerts little effect on permeability of surrounding coal body,
and the main influencing factor is borehole diameter, i.e., the
size of effective flow cross-sectional area of the gas.
.erefore, this paper classifies borehole deformation in-
stability modes based on bore diameter after borehole in-
stability. Considering that both borehole shrinkage and hole
collapse will occur in gas drainage borehole of deeply mined
soft coal seams, this paper classifies deformation instability
of gas drainage borehole into complete borehole, collapse
hole, and plug hole as shown in Figure 2.

.e complete hole means the borehole wall is intact. At
this time, there is no deformation of borehole which remains
in a quasicircular shape. .e collapse hole means the wall
surface around the borehole has fallen and collapsed, the
fallen coal dust is accumulated on the wall surface below the
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hole, making the effective cross-sectional area of circulation
in the hole smaller, local drainage resistance increased, and
the drainage flow decreased. .e plug hole means the
borehole wall surface undergoes sharp collapse, and the
collapsed coal dust completely blocks the gas flow passage,
making it extremely difficult to extract the gas. Next, gas
operation under the three modes of deformation instability
of gas drainage borehole is numerically simulated to analyze
the effect of borehole instability.

3. Establishment of Theoretical Model for
Borehole Gas Drainage

3.1. Basic Hypothesis. .e following basic hypotheses are
introduced to establish the solid-fluid coupling model de-
scribing the gas drainage process: (1) the coal seam is an
isotropic elastic medium; (2) the gas coal seam is in saturated
single-phase adsorption state; (3) the gas flow in the coal
seam is isothermal flow that follows the modified Darcy’s
law; (4) the adsorption and desorption of gas follow
Langmuir equation; (5) deformation of the gas-bearing coal
seam is a small deformation.

3.2. Coal Seam Deformation Control Equation. If we view
coal-rock mass as a linear body, considering the pore
pressure in the coal seam and the expansion stress generated
by gas adsorption, the stress equilibrium equation can be
obtained according to Terzaghi’s effective stress principle:

σij,j
′ + npδij ,j +

2aρsRT ln(1 + bp)

3Vm

δij ,j + Fi � 0, (1)

where n is the porosity of the coal seam; δij is a Kronecker
symbol; R is the molar gas constant, J/(mol·K); T is the
absolute temperature, K; a is the limit adsorption of coal-
rock mass, m3/kg; b is the adsorption constant, MPa−1; ρs is
the apparent density of coal-rock mass, kg/m3; p is the gas
pressure, MPa;Vm is the molar volume, m3/mol; and Fi is the
volume force tensor, N/m3.

Geometric equation can be established according to the
Cauchy equation as

εij �
1
2

ui,j + uj,i , (2)

where Rij is the strain tensor of gas-bearing coal and ui is the
displacement component, m.
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Plastic zone

Elastic zone
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Figure 1: Sketch map of unstable deformation area of coal seam around borehole. (a) Before the borehole collapses. (b) After the borehole
collapses. R0, borehole radius before instability; Rc, radius of fracture zone; Rp, radius of plastic zone; R0′, borehole radius after instability; U,
radial deformation of coal body.

(a) (b) (c)

Figure 2: Scheme of borehole deformation and instability. (a) Complete hole. (b) Collapse hole. (c) Blocked hole.
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According to the basic hypothesis for the model con-
struction, the coal body follows the generalized Hooke’s law
in the elastic deformation stage, i.e.,

σij
′ � λδijεv + 2Gεij, (3)

where λ is the Lame constant; εv is the volumetric strain; and
G is the shear modulus.

.e deformation control equation of the solid-fluid
coupling model for gas-bearing coal body can be obtained by
integration of formulas (1)∼(3):

(λ + G)uj,ji + Gui,jj + np,i +
2aρsRT ln(1 + bp)

3Vm

 ,i + Fi � 0.

(4)

3.3. Dynamic Model of Coal Seam Porosity and Permeability.
In view of the coal body deformation caused by gas pressure,
the calculation formula of porosity in the elastic phase of
gas-bearing coal rock considering coal body deformation
can be obtained according to the definition of porosity n:

n � 1 −
1 − n0( 

1 + εv

1 −
Δp
ks

 , (5)

where ks is the bulk modulus of the coal body, MPa; Δp is the
change of the gas pressure; εv is the volume strain; and n0 is
the initial porosity of the coal seam.

With full consideration to the deformation of gas coal
rock, gas pressure change of pore, and the effect of pore
volume change on permeability, the permeability calculation
formula can be obtained using Kozeny–Carman equation:

k �
k0

1 + εv

1 +
εv + Δp 1 − n0( /ks

n0
 

3

, (6)

where k is the coal seam permeability, m2, and k0 is the initial
permeability of coal seam, m2.

3.4. Coal Seam Gas Migration Control Equation. By com-
bining the modified Darcy’s law (Klinkenberg effect in-
corporated), the gas content equation, the continuity
equation, and the gas state equation, the coal-bed gas mi-
gration control equation incorporating seepage and ad-
sorption gas analysis can be obtained.

2 n +
p(1 − n)

ks

+
abp0

(1 + bp)
2 

zp

zt
− ∇

k

μ
1 +

m

p
 ∇p2

 

+ 2(1 − n)p
zεv

zt
� 0,

(7)

where μ is the dynamic viscosity coefficient of gas, Pa·s, and
m is the Klinkenberg factor.

3.5. Suction Pressure Loss CalculationModel for GasDrainage
Borehole. As gas discharges along the borehole, gas flow in
the hole is a variable mass flow. Since pressure loss in the

variable mass flow can only be calculated after obtaining
experimental coefficients, the gas flow in the borehole is
simplified as pipeline constant mass flow to facilitate cal-
culation. .at is, the borehole is divided into several seg-
ments as shown in Figure 3. .e suction pressure loss in the
borehole is obtained via piecewise calculation of suction
pressure of the drainage system from the aperture to the hole
bottom, as shown in formula (8). In suction pressure loss
calculation of each segment, average flow rate is used to
replace the actual one, so that suction pressure loss along the
borehole can be calculated using formula (9).

pi � pd + 
n�i

n�0
Δpn, (i � 1, 2 . . . n), (8)

Δpn � λd

Δl
d

ρav
2
n

2
, (9)

where pd is the suction pressure of the drainage system at the
aperture, MPa; pi is the average suction pressure of the
drainage system in the ith section of the borehole, MPa; Δpn

is the suction pressure loss in the nth segment of the
borehole, MPa;Δl is the borehole length, m; d is the borehole
diameter, m; vn is the average flow rate for the ith segment of
the borehole, m/s; ρa is the gas density, kg/m

3; and λd is the
drag coefficient along the course.

To calculate the resistance loss in borehole, flow state of
the fluid is first judged by Reynolds number Re. Drag co-
efficient along the course is λd � 64/Re for laminar flow,
while that of turbulent flow can be calculated based on the
empirical formula proposed by Aritsuri:

λd � 0.11
ks

d
+
68
Re

 

0.25

. (10)

.e local energy loss caused by the deformation and
instability of borehole is expressed as a function of flow
kinetic energy factor, and the local resistance coefficient is
determined according to the calculation method of corre-
sponding local resistance coefficient of underground tunnel.

4. Effect of Deformation Instability of Gas
Drainage Borehole in Deep Mining of Soft
Coal Seams

4.1. Engineering Background and Establishment of Physical
Model. .e simulated mine is located in the eastern part of
the Pingdingshan mining area. .e designed production
capacity of the mine is 3 million tons per year, and the
mineable coal seams in the mine consist of three groups of 4
layers, that is, Ding, Wu, and Ji. .e vertical shaft is used for
multilevel up and down to develop the whole mine field..e
JI15-21030 working face is the first mining face in Ji No.1
mining area, which is located in the Middle East wing of Ji
No.1 mining area. .e average mining strike length of the
working face is 1420m, the average inclined width is 152m,
the average coal thickness is 5.0m, the buried depth is
860m∼1020m, and the original gas pressure of coal seam is
1.6MPa. .e coal-bed bedding gas drainage borehole and
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the floor laneway through the layer gas drainage borehole are
used in the working face.

Simulation study in this paper is achieved via secondary
development of COMSOLMultiphysics. .e research object
is coal-bed bedding gas drainage borehole process. .e
established physical model according to the actual condition
of working face as shown in Figure 4 is a three-dimensional
model of 100m× 20 m× 5m. .e bedding gas borehole
locates in the center of the coal seam with a thickness of 5m.
.e gas drainage borehole is 80m long (hole sealing is 20m)
and 0.094m in diameter. .e simulation parameters are
shown in Table 1.

4.2. Initial Conditions and Boundary Conditions. As regards
initial conditions, there is an initial gas pressure of 1.6MPa
inside the coal seam, the suction pressure of the drainage
system is 14 kPa at the aperture, and the initial stress state is a
result of stress distribution after the open-off cut.

Regarding boundary conditions, gas only flows in the
coal seam, the open face has a given atmospheric pressure of
0.1MPa, and the rest of surfaces are with zero-flux, non-
ventilated boundary. .e surrounding of the model is
constrained in the form of roller support (displacement in
the direction of the restraint normal line), with fixed con-
straint for the lower part and freedom for the upper part..e
upper part bears rock mass with stress at 27.0MPa.
Meanwhile, the model has self-weight load.

.e boundary of suction pressure of the drainage system
at the hole wall is a dynamic function boundary. Every 2m
borehole is set as an infinitesimal calculation segment. .e
suction pressure of a segment is obtained by piecewise
calculation of suction pressure loss from the aperture to the
hole bottom. .e calculation model adopts the theoretical
model of borehole suction pressure loss established in the
paper. .e hole wall flow required for the model calculation
is obtained by coupling calculation of coal seam gas mi-
gration model.

For calculation scheme, simulation of the effect of de-
formation instability of gas drainage borehole on gas mi-
gration law, suction pressure distribution, etc., is carried out
in the three following schemes: (1) there is no borehole
deformation, i.e., a complete hole; (2) collapsed hole occurs
in the rear 40m, with the section reduced to half of the
original; (3) plug hole occurs in the rear 40m, i.e., rear
borehole blockage.

4.3. Numerical Simulation Results

4.3.1. Effect of Deformation Instability of Gas Drainage
Borehole on Gas Distribution in Peripheral Coal Seam.
When there is no borehole deformation (i.e., complete hole),
collapsed hole, or plug hole, the gas pressure distribution in
the coal seam is shown in Figures 5∼7 for different drainage
time.

.e following can be seen from Figures 5∼7. (1) Under
the effect of gas drainage borehole, coal-bed gas forms an
elliptical pressure relief zone around the borehole; the ex-
tension of the drainage time makes the coal-bed gas pressure
around the gas drainage borehole decrease continuously and
results in constantly increasing pressure relief zone, though
the increasing rate gradually decreases and eventually sta-
bilizes. (2) Collapsed hole at 40m below the hole bottom
exerts little effect on coal-bed gas pressure distribution
around the borehole. Compared with coal-bed gas pressure
distribution of complete hole, gas pressure distribution in
case of collapsed hole differs only at the collaged hole
segment, while coal-bed gas pressure distribution at other
locations is basically the same as that of complete borehole.
(3) Plug hole leads to the change of coal seam permeability
near the plug hole segment; that is, the permeability becomes
better. .is causes great difference in coal-bed gas pressure
distribution compared to that of complete hole. In this way,
the pressure relief zone in the coal seam in front of the plug
segment enlarges, and the drainage pressure in the plug
segment becomes positive. .e drainage pressure closer to
the hole bottom is larger, until it becomes the original gas
pressure.

4.3.2. Effect of Deformation Instability of Gas Drainage
Borehole on Suction Pressure Distribution of the Drainage
System. When there is no borehole deformation (i.e.,
complete hole), collapsed hole, or plug hole, the extraction
negative pressure distribution of the drainage system is
shown in Figures 8∼10 for different drainage time.

.e following can be seen from Figures 8∼10. (1) Drainage
pressure in the borehole gradually decreases with the in-
creasing distance from the aperture, and the decrease range
shows a reducing trend. .e suction pressure loss of the
drainage system is small for complete borehole. As the
drainage time increases, the borehole suction pressure loss
gradually decreases due to continuous decay of drainage flow.
On the 1st day of drainage, suction pressure loss of 80m
borehole is 22.9 Pa..e figure is only 8.0 Pa on the 30th day of
drainage. (2) In case of borehole collapse, the decreased
borehole section at the collapse segment renders the suction
pressure loss of the segment larger, while the suction pressure
loss is small for complete segment. .e extension of the
drainage time makes the drainage flow decay and results in
smaller suction pressure loss. After one day of drainage, the
suction pressure loss of the first 40m complete segment is
27.2 Pa. .e figure is 70.8 Pa for the latter 40m collapse
segment. .us, the 80m borehole loses 98.0 Pa. After one
month of drainage, the suction pressure loss of the first 40m
complete segment is 9.5 Pa. .e figure is 25.3 Pa for the latter
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Figure 3: Schematic diagram of the calculation of negative pressure
in a borehole.
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40m collapse segment. .us, the 80m borehole loses 34.8 Pa,
which is very small. As the borehole collapse gradually ag-
gravates, the effective drainage section of the borehole

becomes smaller, and the suction pressure loss within the
borehole increases, leading to deterioration in gas drainage
effect. (3) .e drainage pressure changes little for the

Airway
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Horizontal stress

Borehole

Vertical section

Vertical stress

20m 20m60m

Coal seamHole sealing
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Borehole

5m

–50

xy
z

Figure 4: Map of three-dimensional geometrical modeling.

Table 1: Simulation parameters.

Parameter Value Unit
Maximum amount of adsorbed gas per unit mass of coal 28.84 m3/t
Adsorption constant of coal 0.49 MPa−1

Gas density under the standard condition 0.717 kg/m3

Standard atmospheric pressure 0.1 MPa
Initial porosity of coal seam 0.064 —
Initial permeability of coal seam 0.0227 mD
Moisture of coal 0.014 —
Coal ash 0.127 —
Coal density 1380 kg/m3

Crustal stress 27.0 MPa
Poisson’s ratio of coal 0.339 —
Modulus of elasticity of coal body 2863 MPa
Dynamic viscosity of gas 1.08×10−5 Pa·s
Radius of borehole 0.047 m
Initial gas pressure of coal seam 1.6 MPa
Extraction negative pressure 14 kPa
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Figure 5: .e gas pressure distribution of complete hole in the coal seam.

6 Advances in Civil Engineering



Gas pressure (MPa)
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

1d

5d

10d

30d

Figure 6: .e gas pressure distribution of collapsed hole in the coal seam.
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Figure 7: .e gas pressure distribution of plug hole in the coal seam.
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complete segment and remains negative, while the drainage
pressure of the plug segment becomes positive, and that closer
to the borehole bottom is closer to the original gas pressure.

4.3.3. Effect of Deformation Instability of Gas Drainage
Borehole on Gas Drainage Effect. When there is no borehole
deformation (i.e., complete hole), collapsed hole, or plug
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Figure 10: .e gas extraction pressure distribution of plug hole.
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hole, the drainage flow distribution of the borehole is shown
in Figures 11 and 12 for different drainage time.

It can be seen from Figure 11 that the borehole drainage
flow is roughly in linear distribution along the hole length.
.e drainage flow is smaller if the borehole is farther from
the aperture. .e borehole drainage flow decreases with the
increasing drainage time but stabilizes finally.

It can be seen from Figure 12 that drainage flow de-
creases with the extension of drainage time and then sta-
bilizes in case of borehole collapse. .e drainage flow still
decreases as the distance from the aperture increases, but the
drainage flow is no longer in linear distribution along the
hole length but with slight turning point at the junction
between the collapse segment and the normal segment.
Compared with the decreasing extent of complete segment
drainage flow along the hole length, that of collapse segment
is slower. However, compared with the complete hole, the
latter has decreased total drainage flow, which means that
gas drainage effect will be worse in case of hole collapse.

When there is no borehole deformation (i.e., complete
hole), collapsed hole, or plug hole, the borehole drainage
flow distribution along the hole length and its total flow

change after one month of drainage are shown in Figures 13
and 14.

It can be easily seen from Figures 13 and 14 that the
drainage effect is ideal for complete hole but worse for
borehole collapse, which renders borehole aperture smaller.
In case of borehole plug, the drainage effect is poorer, owing
to the reduced effective drainage length.

4.4. SuctionPressureDistributionof theDrainageSystemin the
FieldTest. .e bunch of pipes method can be used to test the
negative pressure at different depth in the borehole in the
field. As shown in Figure 15, we put a group of copper tubes
of different length into the borehole, record the position of
each copper tube, and measure negative pressure at different
depth of hole with U-type mercury column meter.

.e gas extraction negative pressure distribution of
bedding borehole for 1 day after extraction was measured by
bunch of pipes method in the JI15-21030 working face. .e
test results are shown in Figure 16.

As can be known from Figure 16, the suction pressure
loss is small within 40m from the borehole, it suddenly
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increases 40m away from the hole, and it is even bigger
within 40m from the bottom, which is consistent with the
suction pressure distribution law in case of collapse at the
bottom. It can be inferred from the magnitude of suction
pressure loss that great collapse occurs in the rear 40m of the
borehole, i.e., a serious hole collapse. In this case, the smaller
effective gas circulation area in the borehole leads to greater
suction pressure loss.

5. Conclusion

(1) .e deformation instability mechanism of soft coal
seams is analyzed, and three deformation instability
modes are proposed for soft coal seams, namely,
complete holes, collapse holes, and plug holes. A
solid-fluid coupling model incorporating dynamic
change of borehole suction pressure is established.
.e effects of the three deformation instability modes
of gas drainage borehole on gas drainage are analyzed.

(2) Collapsed hole at the hole bottom exerts little effect on
coal-bed gas drainage. In case of borehole collapse, the
suction pressure loss is big at the collapse segment,
and the total suction pressure loss of the drainage
system in the borehole is bigger than that in the
complete hole. However, it is smaller than the suction
pressure of the drainage system and exerts limited
effect on gas drainage. As the borehole collapse de-
teriorates, the effective drainage section of the

borehole becomes smaller, while the suction pressure
loss in the borehole increases continuously; thus, the
gas drainage effect continuously worsens. Compared
with coal-bed gas pressure distribution of complete
hole, gas pressure distribution in case of collapsed
hole differs only at the collapsed hole segment.

(3) Borehole plugging at the hole bottom exerts big effect
on coal-bed gas drainage. In case of plug hole, a
continuous medium forms between the plug seg-
ment coal body and the surrounding coal seam, the
plug segment drainage pressure turns into coal-bed
gas pressure, and effective drainage length of the
borehole shortens, seriously affecting the gas
drainage effect. Borehole plugging has a great in-
fluence on gas pressure distribution in coal seam,
and it cannot play the role of drainage and pressure
relief in the section of borehole plugging. .e re-
search results can be used to monitor the instability
region and the degree of borehole instability.
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Potential disasters of large deformation pose serious threats to deep underground projects such as tunnels andmines. Engineering
with large deformation is typically characterized by high stress, complex engineering geology, strong disturbance, and squeezing
deformation, posing a great challenge to the design of an effective and accurate monitoring system. To address this problem, it is
necessary to grasp the three-dimensional features of deformation and establish integrated monitoring of a support system.
Monitoring equipment should be selected to obtain joint, stress, deformation, cracking process, and other information, and this
information can be fed back to the warning and control module. +e scheme of the monitoring system presented here was
successfully applied to a deep metal mine.+is intelligent monitoring system ensures safety during the construction and operation
of the tunnel under complex surrounding rock conditions, allows the use of field monitoring data to guide construction and
design, and provides a reference for future construction and project monitoring.

1. Introduction

With the rapid development of the world economy, easily
accessible resources have been nearly exhausted and re-
source exploitation requires deep excavation. Deep engi-
neering is also required for many road and rail tunnels that
cut through huge mountains and are buried thousands of
meters deep. +e engineering environment is significantly
different for deep and shallow engineering, and deep
projects present unique engineering problems with poorly
understood mechanisms [1–3]. In exploitation and utiliza-
tion of underground resources, outburst-rockburst, large
deformation, and other disasters are the threats of deep
mining [4]. Under the influence of mining disturbance, the
coupling effect of high ground stress, high gas pressure, and
low permeability is stronger [5].

Tunnels under the conditions of high geostress, exca-
vation disturbance, and weak engineering geology may
encounter problems such as collapse, spalling, and large
extrusion deformation [6]. +is study focused on large

deformation during the construction period of deep un-
derground engineering. Large deformation refers to the
support system of surrounding rock displacement in the
radial direction after tunnel excavation under high ground
pressure. Large deformation occurs when the displacement
of the squeezing deformation exceeds the conventional
deformation of the surrounding rock [7].

Given the unique challenges of deep underground
engineering, monitoring is typically performed in real
time and using systematic features that can be used to
assess squeezing during the construction and service
periods [8]. +e formation mechanism of large defor-
mation remains a complex problem, as reflected in the
lack of systematic studies of advanced monitoring of
internal fractures of surrounding rock and the lack of
three-dimensional (3D) sensing technology of deforma-
tion in squeezing tunnel [9, 10]. Because underground
projects may face various potential disaster threats, a
monitoring system with an intelligent early warning
function is required [11, 12].
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With the development of the information age, the de-
velopment and popularization of sensors, intelligent total
station, the Internet, and other technologies has improved
engineering monitoring and allow real-time synchroniza-
tion of monitoring data and monitoring terminals [13–15].
Online synchronization and real-time monitoring are the
basis of the Internet of +ings [16]. To investigate the large
deformation formation mechanism, real-time and system-
atic data were acquired. Setting up an early warning and
evaluation module needs further collection of data and the
establishment of an intelligent security monitoring system.

2. Technical Challenges Facing Jinchuan Mine
Monitoring System

+e Jinchuan mine is an extremely large metal mine in
China, with deep tunnel large deformation [17]. +e tunnels
there often traverse complex engineering geological envi-
ronments, such as fractured hard rock, weak rock, and other
materials. +e geological structure and mineralization
process have created unique unfavorable tunneling condi-
tions making these areas extremely unstable [18]. +ere is
high geostress in a tunnel, especially horizontal tectonic
stress. During tunneling, a bolt-net-shotcrete support sys-
tem is usually adopted, and after the implementation of
support, rapid squeezing deformation of the tunnel can
occur [19, 20].

As shown in Figure 1, there is obvious squeezing de-
formation on both sides of the tunnel, which tends to tear
apart the metal mesh and the shotcrete. +e left-sidewall of
the tunnel cracked out, with a displacement of about
300mm. +e shotcrete on the right side also crumbled and
fell, with extrusion of the metal mesh. +e use of a fixed
point for surface monitoring is vulnerable to damage,
limiting the acquisition of continuous data. If a surface
failure occurs, the extent and depth of internal cracking are
unknown. +us, the construction of a three-dimensional,
real-time, and intelligent monitoring system is required to
reveal the interaction mechanism between support and
surrounding rock mass.

+e large deformation of the tunnel in the Jinchuanmine
has a large impact range, with annual repair costs as high as
hundreds of millions of yuan [17]. +is mine transport
roadway has been in service for more than five years and
there are often problems with large deformation. After
several repairs, the deformation often converges and the
rheology continues for a period, exhibiting significant ac-
cumulation. At intervals of 10m along the tunnel axis, the
convergence value of the section was roughly calculated for
deformation of about 0.6m–1.3m. +e calculations are
shown in Figure 2. Given the magnitude of this problem, it is
urgent to explore the mechanism of large deformation to
find a reasonable control technique.

To ensure tunnel safety, there has been extensive
monitoring in this mine since 1970, with monitoring
techniques including surface settlement, measurement of
ground pressure, observation of convergence deformation,
and observation of displacement in the surrounding rock
[18]. Monitoring equipment [19–21] adopted in the tunnel

includes (1) steel ruler, convergence gauge, laser rangefinder,
and other tools to monitor surface convergence deforma-
tion; (2) extensometer, multipoint displacement gauges,
acoustic emission, and other devices to monitor the internal
cracking and deformation of deep surrounding rock; (3)
fiber Bragg grating (FBG) information fusion to measure the
deformation of surrounding rock. Although much infor-
mation has been acquired, these monitoring systems cannot
acquire and process data in real time and cannot intelligently
select useful information for decision-making.

3. Monitoring System

3.1. Design of Monitoring System. An intelligent monitoring
system was designed to monitor the process of large de-
formation. +e system consists of several modules for
monitoring, data storage and transmission, warning, and
control. Each module obtains, stores, and analyzes data for
its design objectives. As shown in Figure 3(a), the three
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Figure 1: Large area of extrusion cracking on the sidewall of the
deep tunnel.
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Figure 2: Convergence deformation along the axis section of the
tunnel.
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major aspects of large deformation are characteristics of
engineering geology, internal cracking of surrounding rocks,
and surface deformation. As shown in Figure 3(b), a
borehole is usually adopted to measure the interior of the
surrounding rock in fine detail, with a measurement ac-
curacy of millimeters. +e cracking depth and degree can be
determined by observing the cracking evolution process in
the surrounding rock with a borehole camera. As shown in
Figure 3(c), the tunnel surface can be measured by a laser
point cloud, with a measurement accuracy of millimeters.

During large deformation, the surface and interior of the
surrounding rock will show some mechanical behaviors,
requiring comprehensive observation. As shown in Figure 4,
the basic data of rock mechanics, joints, and water should be
obtained first. Next, the setting of the monitoring system
should consider characteristics of the deformation and
cracking occurring inside and on the surface of the tunnel
and obtain the stress, strain, pressure, and displacement
data. +e displacement variables can be obtained by non-
contact 3D laser scanning. For evolution observation of the
degree and depth of rock cracking, the internal cracking of
the surrounding rock can be observed by digital borehole
televiewer. In addition, the stress-strain data of internal
deformation of rock mass-support can be comprehensively
obtained by bolt stress gauge, multipoint displacement
gauge, pressure cell, and hollow inclusion stress gauge.

As shown in Figure 5, applying the Internet of +ings
and cloud computing techniques, an intelligent monitoring
system can acquire sensor data; transmit, store, and process

these data; and send early warnings. Effective transmission is
essential to the real-time application of an intelligent
monitoring system. In this design, the wired transmission is
adopted to ensure the timeliness and reliability of trans-
mission. +e network system consists of data cables, optical
cables, data acquisition modules, a switch, a gateway, and
other transmission terminal equipment. Multivariate data
exists as big data in a cloud platform and can be directly used
for disaster warning and control measures.

Using the control platform shown in Figure 6, all the
monitoring data can be collected in real time from the sensor
equipment, with both automatic and manual acquisition
functions. A manual acquisition can be used to collect data
for monitoring specific sections as needed with manual
control of collection frequency and time. Automatic col-
lection requires the setting of frequency and period for
periodic data collection. In addition to the real-time display
of monitored data, the control platform allows query,
analysis, statistics, graphical display, and other functions.
When the warning module reaches a set level of danger, the
software platform will make a sound and show a pop-up
dialog box, send messages, and automatically increase the
cross section of the monitoring frequency. Reasonable
control measures from the control module are also
suggested.

+e study of monitoring data is needed to study the
mechanism of large deformation disaster, design control
measures, and evaluate control techniques. +e support of
the network, big data, Internet of +ings, and artificial
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Figure 3: Basic principle of large deformation measurement in the tunnel. (a) Major aspects of large deformation, (b) boreholes to measure
information in the surrounding rock, and (c) monitoring points on the tunnel surface.
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intelligence technologies will then be used to further analyze
the large deformation disaster mechanism.

3.2. Surface Information Acquisition. Engineering geological
survey can determine the geological factors that affect tunnel
safety. Preparatory work includes the acquisition of pre-
liminary geological data, tunnel design parameters, and
construction data. As shown in Figure 7, site survey to obtain
engineering geological information related to tunnel exca-
vation includes working face reconnaissance, joint set sta-
tistics, photography, and other data acquisition before each
construction cycle. After determining the geological con-
ditions, it is necessary to evaluate the influence and scale of
appropriate engineering according to the structure and
operation requirements of the tunnel as the basis for en-
suring building stability and use.

For surface information acquisition, a three-dimensional
(3D) laser scanning system, High-Definition Surveying
(HDS), can be used. HDS uses laser ranging to continuously
and closely record the three-dimensional coordinates,
reflectivity, and texture information of the surface of a target.
+is system captures data as a point cloud to generate a real
three-dimensional record of the space of interest. As shown
in Figure 8, this provides point cloud data of engineering
surface during construction. +e 3D laser scanning equip-
ment consists of a target, scanner, leveling base, bracket, and
other components. Field operations require control network
establishment, field scanning, and recording measurement.
As shown in Figure 9, a single acquisition can obtain tens of
meters of high-precision data that can be spliced together to
provide data for the whole tunnel along the axis. Using
specialized software, 2D or 3D graph, line drawing, point
cloud graph, 3D model, and ASCII coordinate data can be
output.

After the application of a set of algorithms and data
processing methods [10] and sufficient data acquisition, the
project profile changes can be obtained. Additionally, the
displacement data for key positions can be extracted to
obtain a curve of continuous engineering deformation, as
shown in Figure 10. Large deformation disaster is charac-
terized by convergence deformation reaching 0.4m, with
serious damage to the support system during excavation.
During the service period after lining construction, the
deformation rate is slow, but cracking and deformation of
the lining must still be monitored.

3.3. InternalCrackingProcess of SurroundingRocks. To assess
the failure mechanism of the surrounding rock, a digital
borehole televiewer was used to continuously observe the
crack.+e cracking evolution process at a single location can
be sensed by continuous borehole photography. As shown in
Figure 11, continuous borehole video is obtained by passing
a borehole camera through the borehole and conversion of
the video data in the acquisition instrument. Two important
indexes are used to assess the evolution of cracking in the
surrounding rock [22, 23]: (1) the depth of the maximum
cracking area and (2) the degree of cracking in this area.
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investigation

Surface deformation
observation

Stress-strain collection
in rock-support

system
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microevolution in rock

mass

Three-dimensional laser
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Figure 4: Intelligent monitoring system for large deformation.
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In the surrounding rock mass, fractures develop in many
areas over time. As shown in Figure 12, over almost eight
months, the crack width increased from the original 7.2mm
(position ① in Figure 8) to 8.4−84mm (position ② in
Figure 8, almost 6 months later) and 9.4mm (position③ in
Figure 8, almost 8 months later). In addition, the devel-
opment of cracks can be accompanied by the initiation of
new cracks, which can interlace with old cracks to further
degrade the surrounding rock quality.

As shown in Figure 13(a), due to geological conditions,
extremely poor rock mass integrity can decrease the stability
of a geological borehole, resulting in hole collapse. Even after

hole formation, hole collapse may occur due to low stability,
excavation disturbance, or blasting vibration (Figure 13(b)).
Future work should include the development of in situ
geological borehole protection technology to facilitate the
study of the adverse geological rock mass.

3.4. Acquisition of Stress-Strain Data in Surrounding Rocks.
High-frequency acquisition of internal stress and strain of
the rock mass and support system includes bolt stress gauge,
multipoint displacement gauges (extensometers), pressure
cells, concrete strain gauges (vibrating wire), hollow
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inclusion stress gauges, and other sensing elements. As
shown in Table 1, these components are connected as a
sensing system. +e bolt stress gauge and pressure cell can
obtain the mechanical characteristics of both the rock mass

and the support system. +e data link field operation is
shown in Figure 14(a). Sensors are wired to the acquisition
module (Figure 14(b)), and the data can be automatically
collected by computer control.

Figure 9: Comparison of the data obtained by real scene photos and 3D laser scanning equipment.

Figure 8: Operation of 3D laser scanning equipment.
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Typical data are shown in Figure 15 and constitute a
multivariate information system. In multipoint displace-
ment gauge data shown in Figure 15(a), the displacement
curve of each measuring point at 3m, 10m, and 20m in-
creased with time. +e deformation of the deep measuring
point was greater than that of the shallowmeasuring point in
surrounding rocks, and the maximum depth of displace-
ment in the surrounding rock reached 20m. As shown in
Figures 15(c) and 15(d), the stress curves also increased with
time and showed a good correlation with the displacement
curve data. +e pressure cell data in Figure 15(b) also
showed significant changes.

4. Warning and Control of Large Deformation

4.1. Basic Principles of Early Warning. When a rock mass is
overdeformed, there is an increased risk of structural failure
such as collapse, large deformation, and surrounding rock
instability, which will increase safety risk. With the large
deformation of deep tunnel surrounding rock, surrounding
rock points can be displaced to the surface, leading to the
failure of tunnel structure, including serious deformation of
the support structure, lining cracking, and other functional
failures. +erefore, it is necessary to construct an early
warning system that can detect the initiation of large de-
formation. Early warning evaluates changes in the sur-
rounding rock mass, the support system, and deformation,
described in detail below. As shown in Figure 16, focusing on
the interior of the surrounding rock can help identify early
signs of the start of large deformation.

(1) Early warning of surrounding rock: as shown in
formula (1), a warning is triggered when the cracking
depth of surrounding rock (D) is greater than or
equal to the length of reinforcement (Lsupport). +is
indicates insufficient control ability of the existing
reinforcement (rock bolt or grouting) to the sur-
rounding rock and the possibility that the sur-
rounding rock mass will gradually experience large
deformation after excavation under high stress en-
vironment. +is warning would be based on data
from borehole cameras, multipoint displacement
gauges, and support design parameters:

D≥ Lsupport. (1)

(2) Early warning of support system: the time-depen-
dent characteristic of large deformation is also re-
flected in the gradual failure of the support structure.
As shown in formula (2), a warning is triggered when
the monitoring data of support (Msupport) are greater
than or equal to the reasonable index (IR). +is
indicates that the existing support system is near the
critical value for breaking.+e concrete can fail when
the bolt stress exceeds the yield point, the lining
pressure exceeds the reasonable value, and the
concrete stress exceeds the reasonable value. +e
reasonable index can refer to an engineering design
guide and relevant literature. +ese data can be
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obtained from the bolt stress gauge, pressure cell,
and steel bar gauge:

Msupport ≥ IR, (2)

(3) Early warning of deformation: if the size of the tunnel
section cannot meet the design requirements, early
remedial action may be required. As shown in formula
(3), this criterion is based on the relationship between
the convergence deformation (Cf), the limit of section
size (L0) used in the tunnel, and the initial section size
(Li) after excavation.When the on-sitemonitoring data
of displacement reach this condition, the convergence

deformation is too large, and the existing support
cannot effectively control the surrounding rock and
meet its use function. +us, it is necessary to carry out
engineering reinforcement and treatment:

Cf ≥ Li − L0. (3)

4.2. Dynamic Control of Large Deformation. +e early
warning module can guide dynamic regulation, as shown in
Figure 17, by optimizing the parameters of the excavation
process, support system, and support timing.+is requires the
use of monitoring data to calculate the analysis parameters.

(a) (b)

Figure 13: Collapse of borehole. (a) Broken core and (b) caving of borehole.

Table 1: Multiple sensing elements of rock mass-support system.

Name +e main parameters Target
Multipoint displacement gauge Number, range, sensitivity Displacement of rock mass at different depths
Bolt (reinforcement) stress gauge Range, sensitivity Variation of stress
Pressure cell Range, sensitivity Change of pressure between shotcrete and lining
Hollow inclusion stress gauge Range, sensitivity Change of stress in the rock mass

(a) (b)

Figure 14: Data connection of field equipment. (a) Data link field operation and (b) data acquisition module.
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+e specific parameters of the excavation process are the step
size and step sequence, and these construction parameters can
be optimized based on the monitoring data of surrounding
rock. Parameters of the support system mainly include the
bolt-mesh-shotcrete system parameters (length and spacing
of rock bolt, thickness of shotcrete layer, and metal mesh
measurements), grouting parameters (length and spacing),
and lining parameters (thickness and strength). Support
timing describes the sequence of the support system and the
time to construct.

5. Discussion

Using the above-described monitoring data, the nonuni-
formity of shallow and deep cracks in the surrounding rock
mass and the progressiveness of the aging displacement

change can be observed. Excavation of the tunnel under high
geostress induces cracking in a certain range around the
tunnel, and stress redistribution may promote the gradual
deepening of cracking. In this process, the gradual cracking
of surrounding rock decreases its bearing capacity and
shows the characteristics of aging deformation, as shown in
Figure 18. Some locations, such as the bottom corner of the
wall, exhibit large deformation (displacement far exceeds the
overall deformation capacity of the bolt), but where a bolt
has not failed, it may be because the bolt is parallel to the
structural plane and moves with the surrounding rock. +e
mechanism of large deformation can be further studied by
means of model tests or numerical simulation.

Different control measures can be selected based on the
indexes of the evolution of cracking in the surrounding
rock, considering the depth of the cracking area affected by
excavation and the cracking degree of the surrounding
rock. Monitoring the change of these two indexes can guide
support design and evaluation. According to previous
studies [22, 24], support parameters such as reasonable
support depth and support timing will affect the devel-
opment of internal cracks in surrounding rocks. As shown
in Figure 19, the deformation coordination function of the
first layer of the bolt-mesh-shotcrete system can be rea-
sonably utilized to allow adjustment of the surrounding
rock. +e second layer of the support system, including
bolt-mesh-shotcrete and grouting, can effectively
strengthen the surrounding rock and restrain the devel-
opment of cracking in surrounding rock for the control of
large deformation.
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Figure 15: Multivariate data collection [10]. (a) Multipoint displacement gauge. (b) Pressure cell. (c) Bolt stress gauge. (d) Reinforcement
stress gauge.
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Overall, to control large deformation, it is essential to
predict large deformation and implement reasonable pre-
vention and control measures. Prevention of large defor-
mation requires comprehensive preparation at the design
stage and the collection and use of geological monitoring
data.

6. Conclusion

+is work describes how to obtain real-time and three-di-
mensional information in a fractured hard rock tunnel to
limit the risk of the development of large deformation. +e

collected information can guide engineering design and
construction, provide early warning, and suggest effective
control measures. +e main conclusions of this work are
summarized below.

(1) +e use of a 3D, real-time monitoring system can
capture the essence of a large deformation disaster.
Evolution of large deformation can be analyzed by
monitoring the deformation of surrounding rock,
the dynamic process of rock cracking, and the
pressure and internal stress of the surrounding
support structure. Automatic data collection, real-
time data transmission, and efficient data storage
enable visual real-time display of the mechanical
state of the surrounding rock and tunnel structure.

(2) A real-time warning and control module can be
constructed to intelligently analyze data. +e use of a
three-dimensional monitoring system can detect the
start of large deformation of surrounding rock,
enabling the implementation of reasonable control
measures. Based on tunnel service requirements,
real-time monitoring data can be utilized for early
warnings. Based on the warning information, data
analysis can be carried out to propose the most
appropriate control measures.

(3) +e internal cracking of the surrounding rock is the
fundamental cause of large deformation and
cracking gradually expands to the interior. Ob-
serving the space-time relationship between support
and large deformation should guide the strength-
ening of the support system. More attention should
focus on the early restraint effect of rock bolt on the
surrounding rock cracking, and rock bolt length
should be extended when the cracking depth is
insufficient.
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