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ABSTRACT

Pansan mine employs protective mining method. The #11-2 coal seam in the mine, which lies about 70 m
below the gassy and outburst-prone #13-1 seam, is mined prior to the extraction of the #13-1 seam. An
investigation has been undertaken in the mine to understand the mechanism of the protection zone
expansion in the #13-1 seam with the extraction of the #11-2 seam. The evolution of the stress, seam
permeability and deformation in the protected coal seam was investigated with field tests and numerical
modelling. The investigation results show that there exist five zones in the protected coal seam during the
protective seam mining: unaffected zone, stress rising zone, minor-reducing stress zone, major-reducing
stress zone,and compression zone. The results also show that the permeability increased 30 times in the
minor-reducing stress zone due to stress reduction and swelling deformation. With the existence of the
minor-reducing stress zone, in combination of intensive borehole drilling, the protection zone in the
protected seam could be expanded.
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l. INTRODUCTION

Protective coal seam mining is one of the most effective methods used in managing the risk of the
outbursts of coal and gas. Shi and Tu ™ studied the stress relief range, swelling deformation, stress distribution
and permeability change in the process of lower protective coal seam mining with both numerical and physical
simulations. Yang et al. ™' studied the mechanism of de-stressed gas flow in the process of protective coal seam
mining by applying coupled damage-permeability evolution equation. Cheng et al. [, Yu et al. I}, Yuan &3
Hul™® Xuel™ | Tian™ | Lul% HU? andLi ®studied the safe and highly efficient integrated coal mining and
long-distance stress relief gas extraction, the movement characteristics of upper long-distance de-stressed strata
and related gas extraction technology, the de-stressed gas extraction technology and gas emission laws in the
protected coal seam, the integrated coal mining and de-stressed gas extraction in highly gassy and super thick
coal seam, and the gas extraction theory and technology in soft and low-permeability multiple seams.

However, there is little information available in the open literature about the systematical study on the
protected zone expansion in the protected coal seam, and mechanical mechanism of the protected coal seam in
the process of long-distance protective coal seam mining in nearly horizontal coal seams. This paper describes
the investigation undertaken in Pansan mine to understand the evolution of the stress, seam permeability and
deformation in the protected coal seam with field tests and numerical modelling, and presents the results of this
investigation in terms of the mechanism of the protection zone expansion with the advance of protective seam
mining.

Il. STRESS-DAMAGE-FLOW COUPLING MODEL IN GASSY ROCK/COAL
Gas seepage field equation is as follows:

a, V(4 -P)zg @

1P0.75

Where, P is the square of seepage field pressure in MPa with P= p% a, =41A , Where, A is the gas
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content coefficient in m*/(m*MPa’%); A is the permeability coefficient in m?/(MPa-d).
Constitutive equation:

A6, & +2G¢; +(a p5ij)’j +f=0 (2
Where, f, is the body force component in MPa; & is the pore pressure coefficient with 0< ¢ <1; p isthe gas
pressure in MPa; &; is the Kronecker function; & ; is the strain component; A,G are the shear modulus and

Lame constant, respectively.
Geometrical equation is:
1
& :E(/ui,j_'_/uj,i) 3)

Where, U is the deformation displacement.

Elastic modulus of the damaged unit can be calculated as:
E=(@1-D)E, 4)

Where, D is the damage variant; E, Eqare the elastic modulus of damaged and undamaged units, respectively.
Unit failure criterion is:

. 0 e<e
1+S|n¢> c0

- - Cl
1-sing 1-— e<eg,
E.e

When o, — o,

Where, @ is the interior fraction angle; f_ is the uniaxial compression strength; f., is the residual uniaxial

compression strength; &, is the maximum compression strain.
Then the permeability coefficient is:

1 Aoe*ﬁ'(arap) D=0

gﬂoe*ﬂ(ffrap) D>0
Where, A, is the initial gas permeability; & is the increase ratio of gas permeability; & is the pore pressure
coefficient; £ is the coupling coefficient.

0 E> &
; ; iofi ; ftr
When unit tensile strength satisfies the equation: o, < —f,, D =<1— e &, SE<E,
£
0
1 £< g,

ﬂoe—ﬁ(as-a P D=0
Then the permeability coefficient is A =< £, 7(*“P 0<D <1 (6)

5'%e-ﬂ(03—ap) D=1

Where, ftr is the residual uniaxial tensile strength; f is the increase coefficient of gas permeability (when the

element is totally damaged).

The damage equation of mesoscopic unit of coal body under uniaxial compression and uniaxial tension is
illustrated in Figure 1. The solid-gas damage coupled model is composed of Eq. (1), Eq. (2), Eq (5) and Eq. (6),
and the calculating process is shown in Figure 2.
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Fig. 1. Uniaxial compression and tension model
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Fig. 2. Flow chart of the model

1. FIELD TESTS AND NUMERICAL MODELLING

3.1 Field test plan

The field test was conducted in Pansan coal mine, Huainan Mining Group Co. Ltd. The #11-2 seam is
the protective seam and its overlying #13-1 seam is the protected seam. The 13-1 seam is about 72 m above the
#11-2 seam. The test site was in longwall panel 17171(1) of 1200 m long and 190 m wide. The overburden
depth of the panel was between -722m and -752m and the #11-2 seam is 2 m thick and dips about5° . The #13-
1 seam has the original gas content of between 12 m%/t and 22 m*/t, the gas pressure of 3.5 MPa the dip angle of
6° and the original permeability of 2x10™* m*MPa®.d. The measuring points of the field test is shown in Figure
3. The gas pressure, extraction radius and swelling deformation in the #13-1 seam were measured in the region
of the #13-1 seam vertically above the start-up, haulage and rail roadways of the 17171(1) panel.
_______________________________________________________________________________________________________________________________________|]
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Fig. 3. The layout of the measurement points in the #13

3.2 Numerical model

The numerical model is constructed according to the gas and geological information of Pansan coal
mine, as shown in Figure 4. The rock/coal mechanical parameters used in the model are listed in Table 1. The
horizontal length and vertical width of the model was 300 m and 120 m, respectively, and it was divided into
120%300 units. The 10MPa pressure loaded on the model top surface was to simulate the gravity of the upper
strata. The left, right and low boundaries of the model were all displacement restraint boundaries. The
stratigraphic column of Pansam coal mine was pre-built in the model. The 11-2 seam was extracted with the
single pass and full-height longwall mining method with an advance rate of 5 m per day.

The stress, subsidence and permeability coefficient of the model was measured in the intermediate
cross-section of the #13-1 seam (profile A-A in Figure 4). The deformation of the #13-1 seam was the difference
between its roof deformation and its floor deformation. Because the strata above the protective seam can be
viewed as combined strata in the f protective seam mining, the trend of stress distribution along the strike and
inclination of the panel was similar, therefore the numerical simulation was proceeded only along the strike.
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Fig. 4. Numerical model
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Table 1: Mechanical parameters of coal seams and rock strata

No. Lithology Elastic Modulus (MPa) Sfrgnmgri;\e?i/ll%g) (102?\?_?:%,3) Thickness (m)
1 siltstone 57.22 63.0 2.6 26
2 sandy mudstone 37.47 37.3 24 6
3 coal seam #13-1 10 15.0 1.4 6
4 sandy mudstone 26 33.3 24 3
5 siltstone 57.23 50.3 2.6 3
6 mudstone 20 25.0 2.4 3
7 siltstone 57.23 50.3 2.6 3
8 mudstone 20 25.0 24 6
9 sandstone 64.55 76.3 2.6 12

10 sandy mudstone 37.47 37.3 2.4 15

11 mudstone 20 25.0 24 3

12 fine sandstone 47.23 50.3 2.6 8

13 sandstone 64.49 61.6 2.6 4

14 sandy mudstone 37.47 37.3 24 6

15 coal seam #11-2 10 20.0 1.4 2

16 sandy mudstone 37.47 37.3 2.4 14

3.3 Stress distribution characteristics

Figure 5 and Figure 7 show the numerical modelling results. It can be seen from the results that with
the advance of the 1717(1) panel the upper strata of the # 11-2 seam continuously collapsed and formed a caving
zone, a fracture zone and bending subsidence zone in the vertical direction. Meanwhile, five zones were formed
horizontally in the protected coal seam along the panel length. These zones include the unaffected zone, stress
rising zone, minor-reducing stress zone, major-reducing stress zone, and compression zone. When the #11-2 was
mined 100 m, the vertical height of the caving zone and fracture zone was about 15 m and 35 m respectively,
which were consistent with the field test results. Meanwhile in the protected coal seam, the length of the stress
rising zone was about 80 m, the minor-reducing stress zone about 20 m, the major-reducing stress zone about 15
m, and the compression zone about 30 m. It is shown in Figure 6 that the maximum principal stress and shear
stress in the #13-1 seam began to decrease and the de-stressed area started to increase with the panel advance.
When the panel face was advanced to 75 m, the maximum principal stress and shear stress in the central part of
the #13-1 seam (right above the goaf of the #11-2 seam) began to rebound; when the face was at 100 m, the
central part began to compress, indicating that the stress relief began to decreases. Within the minor- reducing
stress zone (initial swelling), major- reducing zone (swelling increasing) and compression zone of the protected
seam, the maximum principal stress and shear stress were distributed in “W’ shape.

120m[
100m —— —— R Rs— aae —-—e - Po—
60m
40m
20m —
50m 100m 150m 200m 250m 300m
@ protective seam mining to 25m
120m
100m e —— I —— aane _— - o
60m
50m 100m 150m 200m 250m 300m
(b) protective seam mining to 50m
120m
o ————————
60m
50m 100m 150m 200m 250m 300‘m
(c) protective seam mining to 75m
120m[~ =t W o
e S ——————
60m 2 - S
ZZ: : — -_‘M_
sdm 1(;0m 15;0m 2(‘)Dm ZE‘,Om SOO‘m
(d) (d) protective seam mining to 100m

Fig. 5. The process of numerically simulated strata caving
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Fig. 7. Different zones in the #13-1 seam based on stress and permeability

Gas pressure measuring boreholes No.28, No0.29, No.4, No.14 and No.15 are shown in Figure 3.
Borehole No.4 intersected between the theoretical protective line recommended in the Chinese Regulation and
coal seam 13-1. The gas pressure in boreholes No.28 and No.29 continuously decreased but the degree of the
reduction was smaller than that in borehole No.4 (shown in Figure 8(a) and Figure 8(b)), indicating that the
stress in the major-reducing stress zone decreased more than that in the minor- reducing zone. The gas pressure
in boreholes No.14 and No.15 continuously decreased in the process of protective seam mining, indicating that
borehole No.14 and No.15 was within the stress reducing zone. This is consistent with numerical simulation.

The gas pressure measuring boreholes No.1 and No.2 are shown in Figure 3. The pressure in these
_______________________________________________________________________________________________________________________________________|]
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boreholes continuously increased in the process of protective seam mining, indicating that there existed a stress
rising zone outside the rail roadway. This again was consistent with the numerical simulation results.
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Fig. 8. The measured value of gas pressure in coal seam 13-linduced by mining

34 Permeability and deformation distribution characteristics

The permeability and its distribution of the protected coal seam were greatly changed during the
protective coal seam mining (shown in Figure 9). When the protective seam was mined to 100 m, the
permeability was enhanced by 600 times assuming the coupling coefficient £ of 1.0 and the maximum

permeability coefficient of 0.12 m?/MPa’.d. The high-permeability section was in the major-reducing stress zone.
In the compression zone the permeability coefficient was slightly smaller to some extent but still maintained at a
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relative high level. This high-permeability section was about 60 m wide, and this is consistent with the ‘O’-
shape ring theory.. The permeability in the minor-reducing stress zone increased to about 30 times of the
original permeability.

The swelling deformation in the protected seam increased with the advance of the protective seam
mining. When the protective seam was mined to 100 m, the maximum deformation of coal seam 13-1 was about
225 mm (Figure 10). In the compression zone, the swelling deformation decreased slightly but still maintained
at a relative high level due to the drop of the maximum principle stress, which was on par with the distribution
of permeability coefficient.

Figs 9 and 10 indicate that permeability coefficient and swelling deformation of the protected seam
were distributed in ‘M’ shape, similar to the “W’ shape in the minor-reducing stress zone, the major-reducing
stress zone and compression zone.
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Fig. 9. Gas permeability changes induced by mining
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The boreholes No.4 and No.8 were shown in Figure 3 and a gas extraction borehole was arranged in
the middle of these two boreholes. It is shown in Figure 11 that the effect of gas extraction within 7 m outward
from the extraction radius was less than that 13 m inward from the extraction radius, indicating that permeability
coefficient increased from outside to inside(shown in figure 6).

The deformation measuring borehole is shown in Figure 12. The results indicate that near the position
of coal seam 13-1 vertically upper the open-off cut of coal seam 11-2, the swelling deformation was 135 mm
when the protective seam was mined 100 m, which was approximately coincident to 120 mm deformation in
numerical simulation.
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3.5 Expansion of the protected zone

In the process of protective seam mining in DONG’SI district of PANSAN coal mine, there exists two
kinds of expanding protected zone in the strata upper the open-off cut, rail entry and haulage entry(figure 13).
One can be expanded to the junction between minor pressure reducing zone and major pressure reducing zone
through expanding the protected zone set by Regulation; the other can be expanded to the same length and same
width as the protective seam through expanding the protected zone set by Regulation. Within the range of
vertically projecting the protective seam to the protected one, because of the existence of major pressure
reducing zone and minor pressure reducing zone, the effect of pressure relief in the protected seam can satisfy
the requirement of gas extraction. That is to say, the angle of pressure relief can be expanded from acute angle to
right angle in nearly horizontal coal seam and gentle inclined coal seam. When the technique of intensive
boreholes is applied in the expanding protected zone, the density of boreholes in steady expanding protected
zone should be less than that in the measures-taken expanding protected zone.
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IV.  CONCLUSIONS

In the process of protective coal seam mining, there exist five zones: unaffected zone (original stress
zone), stress rising zone, minor-reducing stress zone, major-reducing stress zone, and compression zone. The
permeability coefficient and swelling deformation of the protected seam were of an ‘M’ shape distribution,
which is consistent with the ‘W’ shape distribution of stress in the-minor reducing stress zone, major-reducing
stress zone, and compression zone. The pure existence of the minor-reducing stress zone makes the stress relief
effect in the expanding protected zone of the protected seam satisfy the requirement of gas extraction. As long
as the number of gas extraction boreholes is drilled and sufficient drainage time is allowed, the risk of coal and
gas outburst in the expanded protected zone canl be eliminated.
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