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Abstract Coal seams with low gas permeability and high gas outburst hazards are
becoming more serious as coal mines extend deeper, but there are no appropriate protective
coal seams for this kind of coal seam in China. In this paper, mining technology using a
protective seam with nearly whole rock (PSNWR) is used to improve gas drainage and
ensure safety during production. The characteristics of the distribution and occurrence of
PSNWRs and their mechanical properties are analyzed. A theoretical mechanics model and
three-dimensional numerical model are established to study the controlling effect of
PSNWR mining on pressure-relief gas drainage. In this context, the mining process, system
and gas extraction design for PSNWRs are introduced. The results for Pingdingshan No. 12
Coal Mine show that mining with a PSNWR 2.0 m thick can effectively reduce the danger
of coal and gas outbursts and improve gas drainage and utilization. The gas drainage rates
are >80 %, which significantly increases the social, economic and environmental benefits
of Pingdingshan No. 12 Coal Mine.
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1 Introduction

Since the first reported coal and gas outburst occurred in the Issac Colliery, Loire coal field,
France, in 1843 (Lama and Bodziony 1996), this hazard has occurred in most coal-pro-
ducing countries and has posed a challenge to coal mine safety experts (Beamish and
Crosdale 1998; Diaz Aguado and Gonzélez Nicieza 2007a; Yang et al. 2012). In recent
years, with the expansion of the scale of coal mining and the increase in mining depth, coal
mine gas outbursts have become the main factor restricting high productivity and high
efficiency, especially in the exploitation of coal seams with low gas permeability and high
gas. Coal and gas outbursts are natural disasters that influence coal mine safety and pro-
duction. China now has the world’s highest risk of coal and gas outburst disasters (Cheng
2010). By 2012, 800 coal mines in China were in danger of coal and gas outbursts (Li 2014),
and the death toll for coal and gas outbursts from 2006 to 2010 was 1199 (Wang et al. 2014).

There are several ways to control and prevent coal and gas outbursts (Flores 1998; Noack
1998; Diaz Aguado and Gonzélez Nicieza 2007b; Lu et al. 2009; Tian and Zheng 2011), but
a comparative analysis indicates that protective seam mining technology is the most eco-
nomical and effective method (Yu et al. 2004; Brandt and Sdunowski 2007; SAWS
2005, 2008). The main idea of the technique is first to mine a coal seam with a low risk of
coal and gas outbursts, which serves to relieve the stress in the protected coal seam and
improve the gas permeability of the protected coal seam (Yang et al. 2011). Unfortunately,
there are no appropriate protective coal seams for many coal seams are in danger of coal and
gas outbursts in China (Li 2014). In the three levels of the Ji;s coal seam in Pingdingshan
No. 12 Coal Mine, whose gas outburst hazard is serious, the upper Ji;4 coal seam has good
coal quality and is without the risk of coal and gas outbursts, but the distribution and
occurrence of the Jij4 coal seam is not stable. The average thickness is 0.5 m and in most
areas there is no coal seam, so mining such a protective seam with nearly whole rock
(PSNWR) will produce a large amount of waste rock. The key technology includes the
mining scheme, process, system arrangement and gas extraction design.

This study focused on the geological conditions of the Pingdingshan No. 12 Coal Mine
in Henan Province. Based on the characteristics of the distribution and occurrence of a
PSNWR and its mechanical properties, the expansive deformation and pressure-relief gas
drainage of the protected seam and the depth of PSNWR floor damage are studied using
theoretical analysis and numerical modeling. In addition, the mining process, system and
gas extraction design of the PSNWR are introduced. The results for Pingdingshan No. 12
Coal Mine show that the technology can effectively reduce the danger of coal and gas
outbursts, improve gas drainage and utilization and has great application prospects.

2 Study areas
2.1 Geological setting of Pingdingshan Coal Mine

The Pingdingshan No. 12 Coal Mine, located in eastern Henan Province, Pingdingshan, is
about 7.5 km from Pingdingshan city center. The mine, put into production on July 1,
1960, has seen more than 50 years of exploitation history. At present, the main recoverable
section is the Ji;5 seam. The coal reserves are 32.323 million t and the recoverable reserves
are 21.253 million t. The seam is 800 m underground and 3.2 m thick, and it is a typical
low-permeable gas-rich seam. Due to its high gas content, low permeability and low gas
drainage ratio, the technical difficulty of safe mining has begun to hinder its sustainable
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development. The drilling and disclose of the Ji;s coal seam indicate that the gas content is
about 15.26-19.14 m’/t, the gas pressure is 1.78-2.3 MPa, the porosity is 2.37 % and the
permeability coefficient is 0.00112-0.076 m/d. Figure. 1 shows the location of the
Pingdingshan Coal Mine and the layout of the mining area.

2.2 Characteristics of distribution and occurrence of the Ji;4 coal seam

Based on the drilling and disclose of the Jij4 coal seam, we analyze and forecast its
distribution and occurrence. A three-dimensional distribution of the Ji;4 coal seam is
shown in Fig. 2.

Based on the distribution and occurrence of the Ji;4 coal seam, combined with field
practice, the thickness of the coal seam along the directions of the Ji;4-31010 coalface and
the Ji;4-31030 coalface when advancing is shown in Fig. 3.

According to Figs. 2 and 3, we can see that the thickness of the coal seam along the
directions of the Ji;4-31010 coalface and the Ji;4-31030 coalface when advancing is rather
changeable. The thickness ranged from O to 0.8 m, the average coal thickness was 0.5 m
and in most areas there is no coal seam. In actual production, part of the floor rock also
needs to be mined to improve the pressure-relief gas drainage. Mining such a rock-coal
seam as a PSNWR produces a large amount of waste rock (>80 %), and the technology has
to be more advanced.

3 Key parameters of PSNWR

To optimize the design of the PSNWR mining scheme and improve the effects of gas
drainage, the tensile strength, compressive strength and shear strength of rock samples
from the Jij4 coal seam were tested (Wang et al. 2013; Zhang et al. 2014). The key
parameters are shown in Tables 1, 2 and 3.
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Table 1 Test results for tensile

strenth No. Diameter Thickness Prax (KN) a G
i (cm) (cm) (MPa)  (MPa)
1 4.981 2.555 3.673 1838 2.455
2 4971 2.631 6.643 3.235
3 5.051 2.449 4.453 2293
grtls):?vi Sﬂzitgfﬁsuks forcom- o, Diameter cm) F(em)  Ppu (KN) R (MPa) R
(MPa)
5177 x 5201 26926  48.074 17.85 18.84
5039 x 5076 25578 39.171 15.31
5104 x 5140 26235  55.049 23.36
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Table 3 Test results for shear strength

No. Length Width F Pax g T G T
(cm) (cm) (sz) (kN) (MPa) (MPa) (MPa) (MPa)

45°
5.290 5.278 27.92 63.271 1.602 1.602 1.585 1.585
5.245 5.280 27.69 59.029 1.507 1.507
5.288 5.306 28.06 65.370 1.647 1.647

55°
5.257 5.281 27.76 22.145 0.457 0.653 1.032 1.475
5.255 5.267 27.68 66.555 1.379 1.970
5.185 5.301 27.49 60.447 1.261 1.801

65°
5.279 5.393 28.46 21.987 0.326 0.700 0.408 0.875
5.305 5.247 27.84 41.466 0.629 1.350

3 5.265 5.134 27.03 17.111 0.268 0.574

The test results show that the average tensile strength of the rock in the Ji;4 coal seam is
2.455 MPa, the average compressive strength is 18.84 MPa, and when the shear angle is
45°, 55° or 65°, the average shear strength is 1.585, 1.475 or 0.875 MPa, respectively.
According to the Mohr—Coulomb rule, the cohesion ¢ is 0.611 MPa, and the internal
friction angle ¢ is 34.84°. In addition, the Protodyakonov coefficient f is 7-9.

4 Mining scheme for PSNWR
4.1 Theoretical analysis
When the PSNWR is extracted, the overburden stress will transfer, resulting in high stress

in front of the face. A mechanical model was established in the strike direction (Meng et al.
2010; Wang 2008), as shown in Fig. 4. M(x,y) are the coordinates of a point on the floor, S,

Fig. 4 Mechanical model for PSNWR
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and S, are the zone of influence of the front abutment pressure, yH is the in situ stress and
k is the stress concentration factor of the front abutment pressure.
The stress on the unit length in front of the face is:

kHy(1+Sl),(—sl<n<o)
1

q(n) = _
Hy(%+k>,(0<n<$2)

The stress at M(x, y) caused by g() is:
2qd, X

e
do, = 24 X0 n)’ )
( i [Jc“r(y—n)z}2 2
2qdy  X*(y—n)

" e o]

The stress at M(x, y) caused by the whole of the loading is:

do, = —

doyy = —

0 r . 3 ST 1= 3
G =—= / kH'y 1+S1 S Y (8 PO . ) Y
e b S e o-np] °© > et -ny’]
o T n] xO=n? o (U=kn]  x(y—n)’
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2 0 [ 1 - T -kl x*(y—
O_xy—_% / kH"/ 1+SE (yirl)zdn‘l- HV k+( S )7 (y 17) zdn
b Sl gy ot > e -ny]
(3)
According to the Mohr—Coulomb rule, the maximum shear stress at M(x, y) is:
2
Oy — Oy
Tmax = T)ch +% (4)

The damage criterion for M(x, y) is:

<wtanq)+0)/\/tanq)2+1§‘cmax (5)
where o, is the vertical stress, o, is the horizontal stress, 1., is the shear stress, ¢ is the
internal friction angle and c is the cohesion, based on the mining geological conditions and
the key parameters of PSNWR tested in Sect. 3. Finally, we obtain that when the mining
thickness is 0.5, 1.0, 1.5, 2.0 or 2.5 m, the maximum damage depth for PSNWR is 5.5, 6.1,
7.8, 14 and 17.5 m, respectively.
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4.2 Numerical modeling and simulation scheme

FLAC? (Itasca Consulting Group Inc., 2006), developed by Itasca Consulting Group, Inc.,
is widely used in mining engineering, and the Mohr—-Coulomb model is the conventional
model used to represent the problems of coal and rock damage. The gas pressure and
seepage laws can be studied using the FLAC?" stress and seepage coupling simulation
(Yang et al. 2014; Hou et al. 2012; Ma et al. 2016; Wei et al. 2016), which is beneficial to
guiding the mining scheme for PSNWR. The Mohr—Coulomb model was used in our
model, and the mechanical and seepage parameters applied in this simulation were mainly
determined according to experiments in the Pingdingshan Coal Mine, and these are shown
in Table 4. The numerical model assumes a length of 200 m in the dip direction, a width of
300 m in the strike direction and a height of 80 m, as shown in Fig. 5. The horizontal
displacements of the four vertical planes of the model are restricted in the normal direction,
and the vertical displacement at the base of the model is set to zero. At the top of the
model, a vertical load (p = 2.5 MPa) is applied. At the bottom of the model, the gas pore
pressure in the Jij5 coal seam is defined as 1.78 MPa.

4.3 Analysis results
According to the simulation scheme for PSNWR in Sect. 4.2, when the mining height of
the PSNWR is 0.5, 1.0, 1.5, 2.0 and 2.5 m (i.e., the mining height of the rock is 0, 0.5, 1.0,

1.5 and 2.0 m), and the mining advance is 120 m in the strike direction, then the maximum

Table 4 Mechanical and seepage parameters of the rock strata

Strata Thickness  Bulk Cohesion  Tensile Internal Permeability ~ Porosity
(m) modulus  (MPa) strength friction angle  coefficient (%)
(GPa) (MPa) (degrees) 107 ms™h

Limestone 0.6 1.6 1.8 2.5 38 0.064 0.5

Mudstone 7.6 0.5 0.8 1.7 32 0.045 10.25

Medium 9.6 1.63 2.5 1.1 32 0.264 12.3
sandstone

Fine 6.0 1.33 2.5 2.1 30 0.005 1.3
sandstone

Siltstone 2.4 0.6 0.6 2.5 35 0.004 3.8

Jiyy coal 0.5 1.2 0.5 0.7 28 0.014 1.53

Sandy 2.8 0.6 0.6 2.5 35 0.007 2.6
mudstone

Fine 1.0 1.33 2.5 3.1 30 0.005 1.3
sandstone

Mudstone 2.0 0.5 0.8 1.7 32 0.045 10.25

Fine 1.2 1.33 2.5 1.1 30 0.005 1.3
sandstone

Mudstone 6.0 0.5 0.8 1.7 32 0.045 5.25

Jiys coal 32 0.8 0.3 0.5 26 0.1 2.73

Mudstone 0.5 0.5 0.8 1.7 32 0.045 10.25

Fine 4.7 3.63 2.5 2.1 32 0.005 1.3
sandstone

Limestone 4.2 1.6 1.8 25 38 0.064 0.5
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deformation of the Ji s coal seam is 4.52, 6.73, 8.65, 12.18 and 16.48 mm, respectively.
The deformation of the Ji;s coal seam is shown in Fig. 6.

According to the coal mine safety rules, the critical value for the gas pressure is 0.74 MPa,
the critical value for the gas content is 8 m*/t and the critical value for the relative expansion
deformation is 3 %o (State Administration of Work Safety of China 2010), so the mining
height of the PSNWR should be >1.5 m. Through the stress and seepage coupling simulation,
when the mining height of PSNWR is 0.5, 1.0, 1.5, 2.0 and 2.5, and the mining advance is
120 m in the strike direction, then the gas pressure and release rate are as shown in Fig. 7.

As shown in Fig. 7, when the mining height of PSNWR is 0.5, 1.0, 1.5, 2.0 and 2.5 (i.e.,
the mining height of the rock is 0, 0.5, 1.0, 1.5 and 2.0 m), and the mining advance is
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120 m in the strike direction, then the gas pressure is 1.05, 0.80, 0.52, 0.26 and 0.12 MPa,
and the gas pressure release rate is about 41, 55, 71, 85 and 93 %, respectively. Here, the
depth of floor failure is 5.8, 6.4, 8.3, 14.5 and 16.5 m, respectively, as shown in Fig. 8.

As the layer spacing of the Ji5 coal seam and the Ji 4 coal seam is 13.0 m, so the depth
of floor failure should be close to or greater than 13.0 m, which is beneficial to gas
diffusion and drainage. Through the above analysis, to reduce the danger of coal and gas
outbursts effectively and improve gas drainage and utilization, the final mining height of
the PSNWR is determined to be 2.0 m, namely mining the Ji;4 coal seam with a 1.5-m rock
layer as a protective seam.

5 Engineering application
5.1 The PSNWR mining process

Combining the mining design from the PSNWR analysis with the characteristics of the
distribution and occurrence of the PSNWR and its Protodyakonov coefficient (f ~ 7-9),
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the mining process for PSNWR is as follows. When the height of the Ji;4 coal seam is
>1.4 m, the MG500/1130-WD shearer with ZY6800-12/25D hydraulic supports will be
used to mine the PSNWR directly. When the height of the Ji;4 coal seam is 1.2-1.4 m, a
single row of blasting holes will be used in the advance. The distance between two
boreholes is 0.5-0.7 m along the middle of the rock layer and the angle of elevation is 10°.
When the height of the Ji;4 coal seam is <1.2 m, a double row of blasting holes will be
used in the advance. The distance between two boreholes is 0.5-0.7 m, the upper angle of
elevation is 15° and the lower angle of depression is 15°-20°, as shown in Fig. 9. After
blasting, the MG500/1130-WD shearer with ZY6800-12/25D hydraulic supports will be
used to mine.

After mining the PSNWR, the raw coal of the Ji;4 coalface will be transported to the
coal-gangue separation system underground in the mine using a belt conveyor. The sep-
arated gangue will be stored in a gangue bunker. When the Ji;5 coal seam is extracted, the
separated gangue will be backfilled in the goaf, thus dealing with the gangue (Sun et al.
2015; Gao et al. 2016).

5.2 Gas extraction in PSNWR

During the mining of the PSNWR in the Ji;4-31010 coal face, a gob-side entry retaining
will be carried out in the lower entry as a return airway. Then by drilling a borehole down
and up the PSNWR, buried pipes in the Ji;4-31010 gob will be used for gas extraction
(Yuan 2015; Lin and Shen 2015). The gas extraction scheme for the PSNWR is shown in
Fig. 10.

5.3 Results and discussion

To understand the controlling effect of PSNWR mining on pressure-relief gas drainage, the
gas pressure in the Ji;5-31010 coal seam and the extracted content of gas were measured
during the mining of the PSNWR (from February 20 to March 20, 2013). The results for
the gas pressure in the Ji;5-31010 coal seam are shown in Fig. 11. The results for the gas
content in the Ji;5s-31010 entries are shown in Fig. 12.

According to Fig. 11, the gas pressure curve can be divided into four stages during the
mining advance of 216 m from February 20 to June 20, 2013. In the early stage of PSNWR
mining, the influence of mining is slight, the gas pressure is about 1.8 MPa and there is no
obvious change compared with the initial state. When the PSNWR coal face is close to the
gas pressure monitoring station, the gas pressure increases to 2.08 MPa. Then, the coal
seam fractures close, the gas permeability coefficient is low and the gas extraction effect is
poorer. As the PSNWR coalface advances, the gas pressure is relieved, the gas drainage
rates increase and the residual gas pressure is about 0.22—0.37 MPa, which has dropped by
79.2-87.6 % compared with the initial gas pressure of 1.78 MPa.
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According to Fig. 12, in the early stage of PSNWR mining, the gas content of the

drained gas is lower in the Ji;s-31010 entries, and in the later stage the gas content of the
drained gas has obviously increased. The rate of gas drainage can reach about 78 % in the
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Ji15-31010 head entry, and the borehole residual gas content is 1.91-4.35 m*/t. The rate of
gas drainage can reach about 80 % in the Ji;5-31010 tail entry, and the borehole residual
gas content is 2.26-4.37 m*/t. The results show that mining the PSNWR can effectively
eliminate the danger of coal and gas outbursts.

5.4 Gas drainage and utilization

From 2013 to now, the total coal production of PSNWR has been 0.18 million t, and the
monthly PSNWR face advance can reach 120 m. During mining of the Ji;5-31010 coal-
face, the separated gangue of PSNWR backfilled in the goaf is about 0.32 million t, and
120 million m® of gas drainage has been realized. The rate of gas drainage can reach more
than 82 %. The Pingdingshan No. 12 Coal Mine has four gas drainage pumping stations
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and two gas-fired power stations. The generated energy in 2015 was 16.41 million t
degrees, saving 10.67 million CNY from the cost of power consumption. In addition, the
drained gas can be used as household fuel, for household heating and hot water, as shown
in Fig. 13.

6 Conclusions

PSNWR mining as a new technology can effectively eliminate the danger of coal and gas
outbursts. It has been successfully applied in Pingdingshan No. 12 Coal Mine, solving the
problems of the simultaneous extraction of coal and gas, and there are significant social
and economic benefits. The technology has broad potential applicability. The technology
and results can be summarized as follows:

1. The distribution and occurrence of the Jij4 coal seam is rather changeable in
Pingdingshan No. 12 Coal Mine. The average thickness is 0.5 m, and in most areas
there is no coal seam. Mining such a rock—coal seam produces a large amount of waste
rock (>80 %). The key parameters of the PSNWR were obtained by experimental
tests.

2. A theoretical mechanical model and a three-dimensional numerical model were
established to study the controlling effect of PSNWR mining on pressure-relief gas
drainage. The mining height of the PSNWR was determined to be 2.0 m, namely
mining the Ji;4 coal seam with a 1.5-m rock layer as a protective seam.

3. Together with the field application, the mining process and gas drainage design for
PSNWR are introduced. The results for Pingdingshan No. 12 Coal Mine show that
mining a PSNWR of 2.0 m thickness can effectively reduce the danger of coal and gas
outbursts and improve gas drainage and utilization. The gas drainage rates are >80 %,
which significantly increases the social, economic and environmental benefits of
Pingdingshan No. 12 Coal Mine.

4. There is no appropriate protective coal seam for many coal seams in danger of coal
and gas outbursts in China. PSNWR mining is a new technology that can effectively
eliminate the danger of coal and gas outbursts, and it has broad potential applicability.
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