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Abstract: Gas disasters, such as coal and gas outburst and gas overflow, always occur during the
mining of the steep and extra-thick coal seam in the horizontal, fully mechanized, top coal slice caving
(HFMTCSC) method. To solve these issues and guarantee the safe and efficient mining in the Yaojie
No. 3 coal mine, 3DEC software was used in this work to investigate the overburden movement and
collapse law as well as the stress redistribution and coal-seam deformation characteristics below the
goaf. The results show that a pressure arch structure and a hinge structure are formed in succession
in the overburden rock, which induces stress redistribution in the coal below the goaf. During the
mining of the upper slice, more than 75% of the coal in the lower slice is located at the effective
pressure relief zone; therefore, the steep and extra-thick coal seam can then be protected slice by slice.
Meanwhile, with the increase of mining depth, the efficient pressure relief range expands. Based on
this pressure relief mechanism, crossing boreholes and bedding boreholes were reasonably designed
to efficiently extract the pressure relief gas during the mining of the steep and extra-thick coal seam
in the Yaojie No. 3 coal mine.

Keywords: gas extraction; overburden movement; expansion deformation; effective pressure
relief range

1. Introduction

As is known, the in situ stress decreases, and the coal permeability increases in the
protected layer during the mining of the protective layer, which is beneficial to its extrac-
tion [1-7]. Therefore, protective layer mining, an effective measure for outburst prevention,
has been widely adopted in China under different geological conditions, including different
interlayer distances [8-10], different dip angels [11,12], different mining thicknesses [13,14]
and so on. However, with the deepening of mining depth in China, it is always difficult to
find a coal seam to be mined first as the protective layer because almost all the deep coal
seams are at outburst risk [15-18].

In the past, traditional mining methods were always adopted during the mining of
the steep and extra-thick coal seam with a dip angle greater than 45° and a thickness over
decade meters. However, the mining efficiency was rather low due to the difficulty in the
installation of the shearer under this special coal seam condition. With the development
of mining technology, the horizontal, fully mechanized, top coal slice caving (HFMTCSC)
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method has been widely used in northwest China [19-22]. After adopting this new mining
method, the mining efficiency improved significantly. Unfortunately, the gas control is
rather difficult in steep and extra-thick coal seams because its gas resources are very rich. If
there is no suitable coal seam to be mined as the protective layer, a large number of gas
extraction boreholes should be constructed, and the gas extraction period will be very long.
Therefore, gas disasters, such as coal and gas outburst and gas overflow, always occur
during the mining process. Although various measures (such as symmetrical caving and
pre-splitting blasting) have been adopted by many researchers to prevent the accumulation
of the noxious gas caused by the large area dynamic collapse of the top coal [22-24],
pre-mining gas extraction is the basic measure to solve this issue [25].

The main minable seam, a steep and extra-thick one, is of great outburst risk in the
Yaojie No. 3 coal mine [26]. There is no suitable adjacent coal seam to be mined as the
protective layer; thus, its gas extraction is rather difficult, and several serious coal and
gas outburst accidents have been reported. The HFMTCSC method was first used in the
Yaojie No. 3 coal mine in 1986. During the mining process in this method, the stress on
the hydraulic support is rather low, and a large amount of gas originating from the coal
below the goaf can desorb and flow freely into the working face. These phenomena suggest
that pressure relief is maybe achieved in the coal below the goaf. To better understand this
pressure relief mechanism, the overburden movement and collapse law as well as the stress
and deformation characteristics of the coal seam below the goaf were analyzed by adopting
the 3DEC software [27] according to the engineering geological conditions in the Yaojie
No. 3 coal mine. Based on the pressure relief mechanism, crossing boreholes and bedding
boreholes were reasonably designed to extract the pressure relief gas.

2. Geological Setting and Mining Conditions

Steep and extra-thick coal seams are widely developed in northwest China, especially
in coal fields such as at Yaojie, Huating and Urumgqi. The location of the Yaojie coal field is
shown in Figure 1a. Yaojie No. 3 coal mine, a main recovery one, is sited at the north center
of the coal field. The mine produced more than 2 million tons of coal in 2014. The mine
generally shows a monoclonal structure with a northeast trend and a southwest dip, and
several faults are also developed, as shown in Figure 1b.

In the Yaojie No. 3 coal mine, the #2 coal seam is the only one with commercial value.
Its thickness is approximately 24.91 m, and its dip angle is approximately 55°, i.e., the
#2 coal seam is a typical steep and extra-thick one. Meanwhile, its average gas content
is approximately 10 m3/t. The schematic cross section of the #2 coal seam is shown in
Figure 1c. Moreover, several serious spontaneous combustions occurred in the shallow coal
near the earth surface, which destroyed the coal’s commercial value there.

The HEMTCSC method adopted in the mining of the #2 coal seam is shown in Figure 2a.
During the mining process, the coal seam was artificially divided into different horizontal
slices. In each slice, its total thickness was approximately 11.2 m, and the fully mechanized,
top coal caving mining method was adopted. The mining height was approximately
2.8 m, while the caving height was approximately 8.4 m. The mining condition in each
slice is shown in Figure 2b, and the coal roadway support condition is shown in Figure 2c.
Moreover, the generalized stratigraphic column of the Yaojie No. 3 coal mine is shown
in Figure 2d.
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Figure 1. The location and the geological setting of the Yaojie No.3 coal mine: (a) location of the
Yaojie coalfield; (b) geological setting of the Yaojie No.3 coal mine and (c) schematic cross section
along the line A-A’ in (b).
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Figure 2. Mining method and generalized stratigraphic column in the Yaojie No. 3 coal mine:
(a) schematic view of the HFMTCSC mining method; (b) mining condition; (c) coal roadway support
condition and (d) the stratigraphic column.

3. Research Method

Numerical simulations, which can overcome many complicated problems in the
analytical method, have been used widely in engineering and theoretical analysis in recent
years [27-30]. A software based on the discrete element method and developed by Itasca
Consulting Group Inc. (Minneapolis, MN, USA) [31], 3DEC, is one of the most important
numerical software tools in current rock mechanics calculations. Therefore, 3DEC software
was selected to analyze the overburden movement and collapse law as well as the stress
and deformation characteristics of the coal seam below the goaf during the mining of the
steep and extra-thick coal seam in the HFMTCSC method.

For the sake of simplification, a two-dimensional geometric model was built according
to the plane strain assumption, as shown in Figure 3. Considering that the overburden
strata will move towards the goaf sharply during the mining process of the steep and extra-
thick coal seam, from the shallow to the deep slice by slice, the length in the x-direction
was set as 700 m while the height was set as 550 m. Meanwhile, 16 slices with an average
thickness of 11 m for each were built in the geometric model. The 1st slice is located at
220 m below the top side. The 16th slice is located at 154 m above the bottom side. As
for the boundary conditions, the top side was set as the stress boundary with a vertical
stress of 0.6 MPa. At the same time, the horizontal displacement at the lateral and the
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vertical displacement at the base are constrained. The Mohr Coulomb block model and the
joint area contact Coulomb slip model were used during the simulation process [27]. The
parameters of the main rock stratum and coal seams employed in the model are shown in
Tables 1 and 2 and were tested in the laboratory.

0.6 MPa
500 m 500 m
400 m4 400 m
300 m; 300 m
200 m{ 200 m
100 m{ 100 m
0 my 4 Q’ 0m

] A A A\ A A\
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Figure 3. Geometric model.

Table 1. Physical and mechanics properties of the rocks and coal blocks.

Rock Strata

Density Bulk Modulus Shear Modulus Cohesion Friction Angle  Tensile Strength

(kg/m?) (GPa) (GPa) (MPa) ©) (MPa)

Sandstone 2600 8.7 8.3 6.0 35 9.0

Fine sandstone 2600 7.8 49 8.3 38 13.1

Oil shale 2100 3.3 34 2.3 39 3.5

Al mudstones 2500 3.0 3.0 1.6 27 4.5

Coal seam 1400 0.8 0.8 1.2 30 2.5

Carbonaceous 1250 26 13 23 42 3.2
mudstone

Sandy conglomerate 2750 10.5 6.3 7.1 40 9.4

Table 2. Physical and mechanics properties of the rocks and coal joints.

Rock Strata Normal Stiffness Shear Stiffness Cohesion Friction Angle Tensile Strength
(GPa) (GPa) (MPa) ©) (MPa)

Sandstone 20.0 19.0 12 18 12.3

Fine sandstone 29.0 27.0 1.8 21 8.5

Oil shale 16.0 16.0 1.0 15 4.5

Al mudstones 35.0 34.5 0.6 18 42

Coal seam 24.0 23.5 0.5 12 1.5

Carbonaceous 22.0 20.0 0.8 22 3.5
mudstone

Sandy conglomerate 19.0 18.0 15 20 10.2
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Result and D
4.1. Mining-Induced Overburden Movement and Collapse Law

4.

The numerical simulation method provides us an opportunity to observe the overbur-
den movement during the mining of the steep and extra-thick coal seam. The movements

of the overburden rock during the mining process are shown in Figure 4.

Figure 4. The motion states of the overburden rocks during the mining process: (a) the first slice;

(b) the 5th slice; (c) the 8th slice and (d) the 15th slice.
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During the mining of the first slice, the top coal and the immediate roof begin to
collapse and bend towards the goaf, as shown in Figure 4a. The caving characteristic of the
top coal is in good accordance with the simulation result in the Particle Flow Code programs
by [23]. With the continual mining of the coal seam, the roof hanging distance becomes
increasingly larger. During the mining of the 5th slice, the immediate roof collapses for
the first time, as shown in Figure 4b. Subsequently, the immediate roof collapses, dilates,
accumulates and fills the goaf endlessly. However, the caved rock cannot completely fill
in the goaf. During the mining of the 8th and the 15th slices, the main roof collapses once
and again, as shown in Figure 4c,d. Meanwhile, the goaf is gradually filled in with the
periodical collapse of the main roof. Afterwards, it is difficult for the overburden rock
to collapse under the support of the caved rocks filled in the goaf; thus, a new balance
structure (namely a hinge structure) is formed along the dip in the overburden rock.

In a word, a pressure arch structure with an arch foot located at the coal above the
goaf and the other at the coal below the goaf is formed in the overburden rock during
the mining process from the 1st slice to the 14th slice. Meanwhile, a hinge structure is
also formed in the overburden rock during the mining process from the 15th slice to the
16th slice.

4.2. The Pressure Relief Mechanism during the Mining of the Steep and Extra-Thick Coal Seam

As mentioned above, a pressure arch structure and a hinge structure are formed in
succession during the mining of the steep and extra-thick coal seam. In the pressure arch
structure, the vertical stress it bears could be transferred to the arch feet. Therefore, a vertical
stress-unloading effect could be achieved in the coal below the pressure arch structure.
However, in the coal around the arch feet, there is an obvious increasing tendency in the
stress, which results in a stress concentration zone. In a word, the coal below the goaf can
be divided into a pressure relief zone and a stress concentration zone, as shown in Figure 5a.
A similar stress redistribution could also be achieved when the hinge structure is formed
in the overburden rock (Figure 5b): the vertical stress the hinge structure bears could also
be transferred to the caved rock filled in the goaf and the coal roof; as a result, the coal
below the goaf could also be divided into a pressure relief zone and a stress concentration
zone. According to the above analysis, the pressure relief effect in the coal below the goaf
is mainly caused by the pressure relief structure and the hinge structure formed in the
overburden rock during the mining process of the steep and extra-thick coal seam.

Figure 5. The stress redistribution mechanism of the steep and extra-thick coal seam: (a) the pressure
arch structure stage and (b) the hinge structure stage. In both figures: (1) denotes the pressure relief
zone, and (2) denotes the stress concentration zone.

The stress redistribution could result in a coal-seam deformation. With the unloading
of the vertical stress, the mechanical energy stored in the coal could be released to a certain
degree. Therefore, the coal in the pressure relief zone could expand and deform towards
the goaf. At the same time, the horizontal stress may increase in the stress concentration
zone. Under the squeezing effect of the horizontal stress, the coal’s expansion deformation
could be further enhanced. In summary, the coal in the pressure relief zone will expand and
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deform into the goaf under the effects of vertical pressure relief and horizontal squeezing
during the mining process, as shown in Figure 6.

/y Floor

Vertical pressure relief effect
S Horizontal squeezing effect

Figure 6. The expansion deformation mechanism: (1) denotes the pressure relief zone, and (2) denotes
the stress concentration zone.

4.3. Stress Evolution Characteristics in the Coal Below the Goaf

To achieve a better understanding of the stress evolution characteristics in the coal
below the goaf, the vertical stress in the coal at different distances below the goaf was
monitored during the mining of the steep and extra-thick coal seam. Figure 7 illustrates the
stress monitoring results during the mining of the 5th slice.

As shown in Figure 7, the vertical stress decreases in the pressure relief zone, whereas
it increases in the concentration zone. Meanwhile, the pressure relief level decreases with
the distance below the goaf increasing. As shown in Figure 7a, the vertical stress in the coal
2 m below the goaf decreases to approximately 0.5 MPa during the mining of the 5th slice.
However, the vertical stress in the coal at 23 m below the goaf decreases to approximately
3 MPa, as shown in Figure 7h. At the same time, with the distance below the goaf increasing,
the area of the pressure relief zone decreases while the area of the stress concentration
zone increases. In China, the pressure relief angle has been widely adopted to describe the
pressure relief range. According to the vertical stress monitoring results, the pressure relief
angle could be obtained. As shown in Figure 8a, the pressure relief angle is approximately
72° during the mining of the 5th slice. During the mining process of the 10th and 15th slices,
the vertical stress evolutions were also monitored in the coal below the goaf. According to
the stress monitoring results, their pressure relief angles could also be obtained, as shown
in Figure 8b,c. From these figures, we can see that the pressure relief angle is approximately
70° during the mining process of the 10th and 15th slices. Therefore, the pressure relief
range almost remains the same during the mining process of the steep and extra-thick
coal seam.

Moreover, the vertical stress is almost decreased to the same level during the mining
of the different slices. The vertical stress at the same distance below the goaf was also
monitored during the mining of different slices. Taking the 5th slice, the 10th slice and
the 15th slice as examples, the vertical stress monitoring results at 5 m below the goaf are
shown in Figure 9. From this figure, we can see that the vertical stresses in the pressure
relief zones all decrease to approximately 0.5 MPa, although the initial vertical stress is
approximately 3.0 MPa, 3.5 MPa and 4.0 MPa, respectively. In contrast, the vertical stress in
the stress concentration zone increases to 4.0 MPa, 4.5 MPa and 6.5 MPa, respectively. In
other words, the stress concentration level increases with the mining depth.
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(f) 17 m below the goaf; (g) 20 m below the goaf and (h) 23 m below the goaf.
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Figure 8. Pressure relief range in the coal below the goaf: (a) the 5th slice, (b) the 10th slice and

(c) the 15th slice. In each figure, (1) denotes the pressure relief zone, and (2) denotes the stress
concentration zone.
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4.4. Expansion Deformation Characteristics in the Coal Below the Goaf

As we can find in Figure 6, the coal in the pressure relief zone will expand and deform
towards the goaf under the effects of vertical pressure relief and horizontal squeezing.
Figure 10 shows the expansion deformation cloud charts in the coal below the goaf during
the mining process of the 5th, 10th and 15th slices. From this figure, we can find that the
expansion deformation is increasingly large with the mining depth. The largest expansion
deformation in the coal below the goaf is just 120 mm during the mining of the 5th slice,
whereas those of the 10th and the 15th slices increase to 150 mm and 180 mm, respectively.
The reason for this is because the vertical pressure relief effect is increasingly better in the
deep coal.

3DEC_DP 5.00 : 3DEC DP 5.00

20
1L O0OBE-02

Figure 10. The expansion deformation cloud charts in the coal below the goaf: (a) the 5th slice;
(b) the 10th slice and (c) the 15th slice.

4.5. The Effective Pressure Relief Range

The relative expansion deformation is one of the most important evaluation indices
widely used to examine the pressure relief effect of the protective layer mining technol-
ogy [11,32]. In China, the critical relative expansion deformation is 3%. [17,18,33]. Once the
relative expansion deformation in the protected layer is greater than 3 %o, effective pressure
relief could be achieved.

To obtain the relative expansion deformation in the coal at different distances be-
low the goaf, we divide each slice into three sub-slices, namely, 0~3.7 m, 3.7~7.3 m and
7.3~11 m below the goaf. Hence, the relative expansion deformations of four sub-slices
(0~3.7m, 3.7~7.3 m, 7.3~11 m and 11~14.7 m below the goaf) were calculated during the
mining of each slice. The expansion deformation calculation results during the mining of
the 5th, 10th and 15th slices are shown in Figure 11.
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Figure 11. The relative expansion deformation calculation results: (a) the 5th slice, (b) the 10th slice
and (c) the 15th slice.

As shown in Figure 11, with the distance below the goaf increasing, the relative
expansion deformation in each sub-slice decreases gradually. For example, the relative
expansion deformations in the sub-slices 0~3.7 m, 3.7~7.3 m, 7.3~11 m and 11~14.7 m
below the goaf are approximately 10%o, 5%o, 3% and 1.5%., respectively, as shown in
Figure 11a. The same regulation is also found during the mining of the 10th and 15th
slices, as shown in Figure 11b,c. Moreover, with the mining depth increasing, the relative
expansion deformation tends to increase. Take the sub-slice 3.7~7.3 m below the goaf as
an example; its relative expansion deformation is approximately 5%. during the mining of
the 5th slice, whereas it increases to approximately 9%o. and 13%. during the mining of the
10th and 15th slices, respectively. This implies that the pressure relief effect increases with
the mining depth. The effective pressure relief ranges obtained by the relative expansion
deformation date are shown in Figure 12.

As we can see from Figure 12, the effective pressure relief range has an obvious
increasing tendency with the mining depth. During the mining process of the fifth slice, the
effective pressure relief angle is approximately 57°, and the effective pressure relief depth
is approximately 11.0 m. Meanwhile, 75.6% of the coal in the sixth slice is located at the
effective pressure relief zone. However, during the mining process of the 10th slice, the
effective pressure relief angle and the effective pressure relief depth increase to 61° and
14.8 m, respectively. Moreover, 76.7% of the coal in the 11th slice is located at the effective
pressure relief zone. During the mining process of the 15th slice, the effective pressure relief
angle increases to 64°, and the effective pressure relief depth remains at 14.8 m, resulting in
78.2% of the coal in the 16th slice being located at the effective pressure relief zone.
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(®)

13th slice

Figure 12. The effective pressure relief ranges in the coal below the goaf: (a) the 5th slice,
(b) the 10th slice and (c) the 15th slice. In each figure: (1) denotes the effective pressure relief
zone, and (2) denotes the stress concentration zone.

Therefore, over 75% of the coal in the lower slice can be protected effectively during
the mining of the upper slice in the steep and extra-thick coal seam. In other words, the
steep and extra-thick coal seam can be protected effectively slice by slice during the mining
process in the HFMTCSC method.

5. Gas Extraction Method and Field Application
5.1. The Gas Extraction Method

The #2 coal seam in the Yaojie No. 3 coal mine is of great outburst risk, and several
serious coal and gas outburst accidents have been reported in the past few decades. At
the same time, the gas originating from the coal below the goaf, the mining slice and the
remaining coal in the goaf all easily migrate towards the working face during the mining
process; thus, gas overflow also usually occurs in the working face. The gas emission
sources in the working face are shown in Figure 13. Therefore, pre-mining gas extraction
measures should be adopted in the steep and extra-thick coal seam to eliminate the outburst
hazard and decrease the gas emission in the working face.

In the Yaojie No. 3 coal mine, crossing boreholes and bedding boreholes were adopted
to extract the gas in the coal below the goaf. Crossing boreholes are constructed from
the rock roadway in the roof, as shown in Figure 14. Crossing boreholes are adopted
to extract the gas in 4~5 slices below the goaf. Considering that the coal permeability
values in the effective pressure relief zone and the stress concentration zone are rather
different, the borehole spacing should also be differently set in different zones. During
the actual application process, long boreholes used to extract the pressure relief gas are
constructed first with an angle of 5° in the dip until all they are drilled through the coal
floor. Next, enforced short boreholes are supplemented into the stress concentration zone.
After the crossing boreholes are finished, the borehole spacing in the effective pressure zone
is approximately 6~8 m, whereas that in the stress concentration zone is approximately
3~4 m. This arrangement of the crossing boreholes can satisfy the gas extraction demand
both in the effective pressure relief zone and the stress concentration zone. Figure 14b shows
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the arrangement of bedding boreholes, from which we can see that bedding boreholes with
a spacing of 3 m are constructed from the roadway of the working face in each slice.

Cutting
Height

Gas pre-drainage in the slices
below the goaf

(as pre-drainage in the stress
_ _ _ concentrationzone
Gas pre-drainage in the lower slices
before pressure relief

el by

N

-

o

Enhanced gas extraction in the lower
slice by the bedding boreholes
before mining

=

i : p
M' flow roadway Return ai ran',__

(b)

Figure 14. Schematic view of the gas extraction in the steep and extra-thick coal seam: (a) crossing
boreholes from the rock roadway in the roof; (b) bedding boreholes from the roadway of the working
face; and (c) the gas extraction flow chart.

During the mining process of each slice, crossing boreholes are set to extract the gas
in 4~5 slices below the goaf simultaneously. Moreover, due to the fact that the effective
pressure relief depth of each slice is just approximately 11 m to 14.8 m, the stress in the
3rd~5th slices below the goaf cannot be released during the mining process. During this
period, the crossing boreholes can also be adopted to extract the gas in these slices, although
the permeability is relatively low. Afterwards, when the upper coal seam is exploited, the
stress in these slices will be released, and the permeability will increase gradually. Then, the
crossing boreholes are used to extract the pressure relief gas in these slices. Therefore, the
crossing boreholes in each roof roadway are used twice during the gas extraction process,
with the first time during the pre-drainage before the pressure relief and the second time
during the extraction of the pressure relief gas.
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The outburst risk in one to two slices below the goaf will be eliminated by the gas
extraction in the crossing boreholes during the mining of each slice. Thus, the roadway
of the next slice below the goaf can be excavated, and the bedding boreholes can be
constructed. By the enhanced gas extraction in the bedding boreholes, the gas content in
the slice to be mined next will decrease furthermore, thereby guaranteeing the safe and
efficient mining in the steep and extra-thick coal seam. The flow chart of the gas extraction
in the steep and extra-thick coal seam is shown in Figure 14c.

5.2. Field Application

Since this gas extraction method was adopted in 1996, the gas extraction condition
in the Yaojie No. 3 coal seam has improved significantly. The gas extraction percentage
increased from 25% to 70%, and the daily coal production rose from 521 t to 3300 t, as
shown in Figure 15. The only coal and gas outburst accident occurred near a major fault
during the mining process in 2003 [34]. The occurrence of the fault destroyed the continuity
of the coal seam; thus, the stress in coal below the goaf cannot be released effectively during
the mining process. Therefore, more attention should be paid during the mining process
near faults.

4000
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Figure 15. The gas extraction percentage and daily coal production in recent years.

6. Conclusions

The following conclusions can be drawn in this work:

(1) During the mining of the steep and extra-thick coal seam, a pressure arch structure
and a hinge structure are formed in succession in the overburden rock, inducing stress
redistribution in the coal below the goaf. Therefore, the coal below the goaf can be divided
into a pressure relief zone and a stress concentration zone.

(2) The pressure relief range with a pressure relief angle of approximately 70° in the
coal below the goaf is almost the same, regardless of whether it is a pressure arch structure
or a hinge structure in the overburden rock. Moreover, the vertical stress at a same distance
below the goaf is decreased to the same level during the mining of different slices, whereas
the stress in the stress concentration zone increases gradually with the mining depth.

(3) As the mining depth increases, the pressure relief effect in the coal below the goaf
is increasingly notable and the effective pressure relief range increases gradually. When the
mining depth increases from the fifth slice, the effective pressure relief angel increases from
57° to 64°, and the effective pressure relief depth increases from 11.0 m to 14.7 m.

(4) The gas in the coal below the goaf both in the effective pressure relief zone and in
the stress concentration zone can be well extracted by the reasonably designed crossing
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boreholes and bedding boreholes. Since this gas extraction method was adopted in 1996,
the gas extraction condition in the Yaojie No. 3 coal seam has improved significantly. The
gas extraction percentage increased from 25% to 70%, and the daily coal production rose
from 521 t to 3300 t.
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