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Abstract Intrusive igneous rock is usually found in the overlying strata above mining
stopes, and its occurrence, lithology, and distribution play important roles in coal mining
safety. Of the numerous coal mine disasters in China, a large number have been caused by
magma intrusion. Magmatic activity is intense and widely distributed in the Haizi Coal
Mine which has suffered eleven coal and gas outburst accidents and one water inrush
accident under a thick-hard igneous rock with 120-m-thick. Based on theoretical analysis,
laboratory testing and field observations, we found that under the effect of thermal
evolution and entrapment of the igneous rock, the coal pore structure developed, the gas
adsorption capacity was enhanced, and the risk of gas outburst increased. The igneous
rock, as the main key stratum, will not subside or break for a long time after mining. The
closing time of fractures and separations is also prolonged and provides good conditions
for gas drainage. The distant penetration borehole for draining pressure relief gas is pro-
posed which can ensure effective gas drainage and reduce the number of rock laneways.
However, with the continuous mining of a large area, the igneous rock could suddenly
break, instantly releasing a tremendous amount of elastic strain energy, which will easily
induce the occurrence of complex dynamic disasters, such as rock bursts, water inrush, gas
outbursts, and surface subsidence. Based on the cause analysis of dynamic disasters, a
reasonable goaf filling height is proposed for fully eliminating mine disasters under the
special geological condition.
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1 Introduction

Coals influenced by magma intrusions are relatively common and occur in many localities
worldwide (Jiang et al. 2011). The magma intrusion provides a high-temperature and high-
pressure environment for coal seams, which promotes the thermal evolution of the coal seam,
speeds up the formation of gas and brings enormous changes in coal metamorphism, pore
structure, adsorption—desorption characteristics, and coal structure (Fredericks et al. 1985;
Yuan 2000; Stewart et al. 2005; Wang and Zhang 2006; Liu et al. 2007; Dai and Ren 2007;
Saghafi et al. 2008; Rimmer et al. 2009; Jiang et al. 2011; Yao et al. 2011). Along with the
enhanced degree of coal metamorphism caused by magma intrusions, gas content and gas
diffusion rate generally would correspondingly increase, and generated gas would be stored
in coal seams and trapped by the igneous rock (Gurba and Weber 2001; Saghafi et al. 2008),
which often caused safety problems on gas control in coal mines (Golab 2004). Five gas
outbursts associated with dikes and sills occurred in the coal mines of South Africa in the early
1990s (Anderson 1995; Saghafi et al. 2008; Jiang et al. 2011). Several CO, outbursts were
caused by the interaction of tectonics and volcanism (Beamish and Crosdale 1998; Faiz et al.
2007; Li et al. 2011). Coal and gas outbursts are a major problem for safe and efficient coal
exploitation in the magmatic intruded Donets Basin (Sachsenhofer et al. 2011; Jiang et al.
2011). Of the numerous coal and gas outburst disasters in China, a large number have been
caused by magma intrusion. Some typical gas outbursts were mainly in the vicinity of sill
intrusions in the Huaibei coal field in China, in which eleven outbursts occurred in the Haizi
Mine, two outbursts occurred in the Shitai Mine, and three outbursts occurred in the Wol-
onghu Mine.

The occurrence, size, distribution, and lithology of the intrusive igneous rock play
important roles in coal mining safety. When a thick-hard igneous rock bed is present in
overlying strata, the physical characteristics of the underlying coal seams and the laws
regarding collapse and failure take on new meanings, and dynamic disasters could be easily
induced, such as rock bursts, water inrush, gas outbursts, and surface subsidence. For the
existence of thick-hard rocks, some experts have performed research on coal production
and accident investigation to analyze the effect of extremely thick igneous rock (Zhang and
Chen 2005; Li 2006; Tan et al. 2007). Other studies have dealt with failures of overlying
strata and surface subsidence in coal mining under extremely thick, but weak layers mainly
composed of mud and sandstone (Li et al. 2002; Song et al. 2003; Tu and Yu 2004). None
of the above papers have systematically discussed the causes and comprehensive control
methods of the hybrid disasters in the outburst coal seams under the thick-hard igneous
rock.

The magmatic activity is more intense and more widely distributed in the Haizi Coal
Mine, in which 120-m-thick igneous rock exists as a hard bedrock-like body in the
overlying strata. Eleven coal and gas outburst accidents and one roof separation of water
inrush accident have occurred under the thick-hard igneous rock. In this paper, we ana-
lyzed the coal seam outburst risk, overlying strata separation evolution law, and gas storage
and transportation law of pressure relief gas under the thick-hard igneous rock in the Haizi
Coal Mine. A new method of using distant penetration boreholes for draining pressure
relief gas was proposed, and the mechanisms of dynamic disasters were discussed. The
research results could provide useful references for safe and high-efficiency mining under
similar geological conditions.
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Fig. 1 The location and geologic structure of the Haizi Coal Mine

2 Geological setting

The Haizi Coal Mine is located in Suixi county, Anhui province, China. The mine belongs
to the Huaibei coal field in the Linhaitong mining area. The Nos. 7, 8, 9, and 10 coal seams
in the Haizi Coal Mine are primary mineable coal seams and are all outburst seams. In the
early Yanshanian, deep crustal magma gushed along the Su-Bei Fault and intruded into the
Haizi coal field along the Daliujia Fault (Han 1990; Yang and Tang 2000), as shown in
Fig. 1. The magmatic rock (i.e., the extremely thick igneous rock) is distributed as a rock
bed that intrudes along the No. 5 coal seam in the middle and western parts of the mine.
The strike is 6.5 km long, and the length of the trend is approximately 140 km. This
extremely thick igneous rock is found in a stable condition in the [1102 mining area above
the No. 7 coal roof and is usually more than 120 m thick. The distance in height between
the Nos. 10 and 9 coal seams is 84 m on average. The No. 7 coal seam is 115 m above the
No. 10 coal seam, which in turn, is 55 m above a 120-m-thick igneous rock. The coal and
rock profile are shown in Fig. 2.

3 The gas outburst risk of coal seams under the thick-hard igneous rock
3.1 Mechanical parameters test results of the igneous rock

Samples of the igneous rock were collected by drilling cores from the surface well.
Photographs of the cores are shown in Fig. 3. The rock is mainly diorite and diorite
porphyrite and appears as light gray or green—gray with a plaque-like structure, which is
clearly shown as whole block structure characteristics. The local sections of the cores were
broken, and developed fissures were filled with calcite veins.

By testing the mechanical parameters of the cores, we determined that the average
compression strength of the rock is 144.21 MPa, with an average tensile strength of
10.91 MPa and an average RQD (Rock Quality Designation) of more than 90 %. There are
few primary structural planes in the rock, the lithology is singular, and the effect of
groundwater is not obvious. The initial caving interval of the igneous rock is more than
200 m, which is clearly greater than that of general rocks (Wang 2009; Wang et al. 2011).
Given these conditions, the rock’s thickness and mechanical characteristics are close to a
key stratum and are considered as the main key stratum of the coal mine (Qian et al. 2003).
The test results are shown in Table 1.
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Fig. 2 Comprehensive columnar section of coal seams in the II102 mining area
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Fig. 3 Cores of the igneous rock

Table 1 Mechanical parameters of the igneous rock

Boreholes a. (MPa) E/GPa I C/MPa o (°) a, (MPa)
R455 102.30 16.94 0.19 8.91 40.25 16.94
R456 157.29 33.34 0.16 15.81 48.29 10.71
R457 161.91 39.57 0.16 17.46 43.63 10.27
R458 142.72 26.54 0.16 12.49 46.75 6.78
R459 156.82 26.81 0.17 8.47 37.73 9.84
Average 144.21 28.64 0.17 12.63 43.33 10.91

0. uniaxial compressive strength; £ modulus of elasticity; u Poisson ratio; i angle of internal friction;
o, tensile strength

3.2 Physical parameters determination of outburst coal seams under the thick-hard
igneous rock

The samples were collected from the No. 86 and 11102 mining areas, covered by the
igneous rock, and the 11101 mining area without igneous covering in the Haizi Coal Mine.
The physical parameters of the samples, such as coal micromacerals, vitrinite reflectance,
electron microscope scanning, and porosity, were determined. The test results are shown in
Table 2.

As shown in Table 2, the coal micromacerals of the Nos. 7, 8, 9, and 10 coal seams are
similar. The vitrinite is above 85 %, which is the main component of coal, and exinite
fades in the coal-forming process. Generally, the maximum vitrinite reflectance R,max

Table 2 Physical parameters of the Nos. 7, 8, 9, and 10 coal seams

Coal Location Depth Distance Organic maceral Inorganic Maximum Porosity Specific
seam (m) away (%) mineral vitrinite (%) surface
from sill ——————  group reflectance m*g™h
(m) Vitrinite  Inertinite  (g) Romax (%)
7 No. 86 555 55 86.3 11.4 2.3 2.74 8.643 10.865
No. 86 579 79 87.5 10.2 2.3 2.65 7.011 16.898
No. 86 585 83 85.7 11.9 2.4 2.62 5.843 16.031
10 11102 658 170 86.4 104 32 2.29 4.896 13.896
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increases with depth, whereas the R, .« of the Nos. 7, 8, 9, and 10 coal seams is different
and becomes smaller with increasing distance from the igneous rock, mainly due to
thermal metamorphism of the coal.

The electron microscope scanning results are shown in Fig. 4. The superimposed
hydrocarbon generation of coal seams occurred under the influence of the Yanshanian
magmatism. The pyrolysis holes formed at the same time during the action of thermal
evolution (Yang and Tang 2000). A sample of the No. 7 coal seam contains a large number
of pyrolysis holes, and the maximum diameter of the holes is approximately 30 pm. The
holes in the No. 9 coal seam are fewer than those in the No. 7 coal seam, and the maximum
diameter is approximately 20 pm. A few holes appear in the samples of the No. 10 coal
seam collected from the 11102 mining area, and the maximum diameter is approximately
4 pm. However, a sample from the 11101 mining area uncovered by the igneous rock is
unaffected by the thermal evolution effect, and few stomas appear.

The test results of the porosity, specific surface and adsorption constant of the Nos. 7, 8,
9, and 10 coal seams are shown in Fig. 5. With nearness to the thick-hard igneous rock, the
porosity and specific surface of the coal seam increase gradually, the coal seam pore
structure develops, and the gas adsorption capacity is enhanced.

Fig. 4 Scanning microscope photographs of the Nos. 7, 9, and 10 coal seams in the Haizi Coal Mine.
a No. 7 coal sample, x500. b No. 9 coal sample, x500. ¢ No. 10 coal sample collected from the 11102
mining area, x2,000. d No. 10 coal sample collected from the 11101 mining area, x 1,200
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Fig. 5 Pore characteristic variations of the coal seams with distance from the igneous rock

3.3 Determination and analysis of gas outburst indexes of the coal seams

With the existence of thick-hard igneous rocks in the Haizi Coal Mine, all the underlying
coal seams’ gas adsorption capacities increase, the gas content and gas pressure increase,
and the outburst risk increases significantly. There were eleven gas outburst accidents from
1984 to 2009, of which there were five in the No. 7 coal seam, four in the No. 8 coal seam,
and one in the Nos. 9 and 10 coal seams. All the outburst sites are located under the
thick-hard igneous rocks. The gas content and pressure variation curves with depth (Wang
et al. 2012) are shown in Fig. 6, and the maximum values of each coal seam are shown in
Fig. 7. Gas content and gas pressure have exceeded the critical values (gas pressure
0.74 MPa and gas content 8 m>/t) in all coal seams below a certain mining depth, and the
degree of outburst risk in the Nos. 7, 8, and 9 coal seams is far greater than that in the No.
10 coal seam. According to the principle of protective seams mining, the No. 10 coal seam
is selected to be the lower protective seam for the middle coal group (Nos. 7, 8, and 9 coal
seams).

Coal seam adsorption constants and outburst determination indexes variations with
distance from the igneous rock are shown in Fig. 8. With closeness to the rock mass, the
coal volatility decreases, the degree of metamorphism increases, and the values of the
outburst determination indexes 4p and fincrease gradually. The critical values of the initial
rate of gas emission AP and the coal consistency coefficient f are 10 mmHg and 0.5,
respectively (Cao et al. 2001; Wang et al. 2013). All the results were caused by high-
temperature baking, which made the coal seam outburst risk higher. We found that the
initial gas release rate (4p) obeyed the same variation law with the adsorption constant (a).
Generally, coal seams with a large adsorption capacity always had a high initial release
rate.
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indexes of the samples taken from the Haizi Coal Mine

4 The storage and transportation characteristics and drainage method of pressure
relief gas under the thick-hard igneous rock

4.1 The separation and fracture development laws under the thick-hard igneous rock

When the thick-hard igneous rock is in the bending zone, the direct roof supports the load
of the overlying strata as a plate formed at the initial mining period, and the strata stress
reached a balance in the roof. With the continuous mining, the form of the plate will
disappear, and separations will appear after roof collapse. The upper hard rock establishes
a stress arch balance after exposure as the plate forms (Su 2001; Qian et al. 2003). As the
workface continues advancing, the balance arch continues to expand and move upward,
separations develop within the balance arch, and the coal-rock masses keep the overall
movement outside the arch. When the top of the balance arch develops to the thick-hard
igneous rock, it stops developing and reaches a limit. Because of the large compressive
strength and thickness, the balance arch is unable to reach the ultimate collapse distance of
the igneous rock in a short time or in small mining area. The thick-hard igneous rock
blocks the developing trend of separations, and the arch balance shifts to an arch slab
shape. The distribution shape of the separations and fractures form a “cap,” which is
shown in Fig. 9 (Wang 2009; Wang et al. 2010; Wang et al. 2011).

Based on the similar material simulation test, we studied the laws of movement and
deformation in the overlying strata under the thick-hard igneous rock. Our simulation test
used a plane strain model of 2.0 x 2.0 x 0.3 m laid along the strike, and we selected
1/150 as the geometric similarity constant. The model was excavated along a 1.4-m stretch
with 0.3-m-coal pillars left on both sides. The ultimate form of the strata collapse after
mining the No. 10 coal seam in the Haizi Coal Mine is shown in Fig. 10. From a
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macroscopic point of view, the igneous rock did not bend, but the separations below it were
well developed. Bending and subsidence were most evident in the middle-group coal
seams. A few vertical fractures and large quantities of separations were not completely
closed at the roof and floor of the protected seams.

After coal seam mining, we divide the entire overlying strata into “three zones,”
namely the caving, fractured, and bending zones, according to the movement of the rock
bed and its damage degree (Qian and Liu 1991). These areas of bed separations are called
“arc separation zones.” The caving zone is formed by destroyed and collapsed rocks of the
overlying strata in the goaf. In this zone, the rocks start to form an irregular accumulation
and acquire a large coefficient of looseness. The fractured zone is formed by rock bed
fractures and fissures that retain their former layered distribution and by fissures consisting
of parallel layers formed by bed separations and vertical cross fissures formed by rock
fractures. The bending zone consists largely of parallel layered fissures and a few vertical
cross fissures (Cheng et al. 2004). In the presence of thick-hard igneous rock, a new zone,
namely the separation zone, is formed with large quantities of separations that will not
close for a long time.

4.2 The pressure relief gas storage and transportation characteristics under the thick-hard
igneous rock

After protective seam was mined, the protected coal seams expand and deform, gas
pressure is released, fractures are formed among the seams, and the gas is activated. As the
main key stratum of the coal mine, the thick-hard igneous rock controls the entire over-
lying strata movement, and it will not subside nor break for a long time after mining. The
pressure relief effect is generally better than normal under the special geological condi-
tions, the coal-rock mass permeability greatly increases, and the stroke resistance of the gas
flow largely decreases. The fractures and bed separations will not close and will become
good channels for gas migration. Gas then continuously flows into the separations along
several vertical fissures with the driving force of the concentration difference. The sepa-
ration zone in the bending zone is the region of gas enrichment, where pressure relief gas is
accumulated from the protected coal seams, as shown in Fig. 11. All these data provide a
theoretical basis for pressure relief gas drainage. Furthermore, after a relatively hermetic
separation is formed, if there is an aquifer developed around the separation space that can
continuously supply water, abscission water formation conditions are met.

4.3 Pressure relief gas drainage technology under thick-hard igneous rock

When an extremely thick key stratum exists above the roof of the protected seam, the
support of the stratum and the time for subsidence of the overlying strata are prolonged,
which in turn prolong the closing time of the fractures and bed separations, providing good
conditions for gas drainage (Wang et al. 2008). With the existence of the gas enrichment
region under the special geological conditions in the Haizi Coal Mine, a surface well for
draining pressure relief gas can be established after protective seam mining (Chen et al.
2012). Besides, a new gas drainage method is proposed, namely distant penetration
boreholes, which is shown in Fig. 12.

In Fig. 12, distant penetration boreholes drilled through the rock, and coal seams could
be located at a high-elevation roadway or drilling fields of the air return roadway which
could reduce the number of rock laneways under the protected seam for drilling boreholes
to drain pressure relief gas. We drilled a few boreholes in the drilling fields directly from
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Fig. 12 Penetration boreholes for draining pressure relief gas under the thick-hard igneous rock.
a Penetration boreholes drilled from a high-elevation roadway, b penetration boreholes drilled from drilling
fields of the air return roadway

the floor of the No. 10 coal seam, drilling through the Nos. 7, 8, and 9 coal seams in the
Haizi Coal Mine. Figure 13 shows the variation in the amount of gas drainage versus time
from the No. 1 borehole drilled in the 5th drilling field of the Haizi Coal Mine. We can see
that the amount of gas drainage increased during the first 47 days. The overlying strata
were not stable at first, and the amount and concentration of gas drainage increased
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irregularly. On day 47, the amount reached 4.2 m*/min, and the concentration was 92 %.
During the period from days 47-118, the amount of gas drainage was stable. The amount
stayed at approximately 4.6 m>/min, and the concentration remained at 90 %. The decline
period started on day 118. The amount of gas drainage slowly reduced from 4 m*/min at
first. As the working-face pushed forward, the drilling field collapsed and gas drainage
stopped, which resulted in a few data marked as decline in Fig. 13. However, the other
boreholes took effect, which led to the total amount of gas drainage tending to increase.
Records show that the drilling boreholes drained 4.86 Mm® gas from March 2006 to March
2007. The rate of gas drainage reached 73 % in the middle coal group, where the gas
drainage radius was over 100 m.

The residual gas pressure variation of the No. 7 coal seam within the pressure relief area
in the 111021 workface is shown in Fig. 14, which indicates that the gas pressure of the
No. 7 coal seam decreased from 1.6 to 1.0 MPa in less than 2 months of drainage. As time
went on, the gas drainage radius continued expanding and the gas pressure slowly began to
decline. Five months later, the gas pressure decreased to 0.4 MPa, which was less than the
critical value of 0.74 MPa. At this point, the goal of eliminating the outburst risk of the
middle coal group was achieved.

5 The influence of the thick-hard igneous rock on coal mine dynamic disasters
5.1 The influence of the thick-hard igneous rock on rock burst

When the igneous rock ruptures for the first time, both ends of the rock plate are supported
by the coal wall and pillar, and the igneous rock is considered as a clamped beam structure.
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Fig. 14 Variation of residual gas pressure versus time of the No. 7 coal seam within the pressure relief area
in the 111021 workface

When the cycle rupture takes place later, one end of rock plate above the goaf is in a free
state, and the igneous rock is considered as a cantilever structure. Based on the attenuation
relationship between the energy propagation and the corresponding distance (Gao et al.
2007), Table 3 shows the amount of remaining energy in each coal seam produced after the
rupture of the igneous rock. The results show that the remaining energy grade of the initial
rupture propagating to the Nos. 7, 8, 9, and 10 coal seams is 10*J/m® and the remaining
energy grade of the cycle rupture is 10°J/m>, which shows that it has the ability to produce
and induce dynamic disasters.

The rock burst tendency measured in the laboratory ranges from medium to strong in
Table 4. Along with the workface in the protective seam being pushed forward, the
hanging arch area increased in size. When this area reached the limit of the caving interval
of the rock bed, the igneous rock became unstable, and a large amount of elastic strain
energy was instantly released, resulting in a large rock burst.

5.2 The influence of the thick-hard igneous rock on water inrush

Water permeability testing of the cores showed that the average permeability coefficient is
1.15 x 107> cm/s (shown in Table 5), so the rock is considered as an impermeable rock
bed (Yan 2006; Miao et al. 2007; Qiao et al. 2011). Along with the working-face being
pushed forward, a large separation space will appear and enlarge between the igneous rock
and its underlying series of coal strata. This space will often be filled with water under a
certain pressure. When the strength of the igneous rock is suddenly unleashed, a large
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Table 3 Elastic energy attenuation propagation computation after igneous rock breaking

Breaking Elastic energy Coal Distance from Remaining
form Eo/(J m™3) seam the igneous rock r (m) energy E,, (J m™3)

Initial rupture 225 x 108 7 55 7.79 x 10*

79 4.67 x 10*

9 83 4.36 x 10*

10 170 1.58 x 10*

Cycle rupture 1.58 x 107 7 55 5.47 x 10°

79 3.28 x 10°

83 3.06 x 10°

10 170 111 x 10°

Table 4 Bump proneness testing of the igneous rock

Boreholes Bump proneness
Dt Wer Ki Evaluation of bump proneness
RAS5 Medium Strong Strong Strong
R456 Medium Medium to strong Strong Medium to strong
RA457 Medium Medium to strong Strong Medium to strong
R459 Medium Strong Strong Strong
Average Medium Strong Strong Strong

Dt dynamic failure time; Wgr elastic energy index; Kg, impact energy coefficient

Table 5 Water permeability testing of the igneous rock

Boreholes RASS RAS6 RAS8 R459 Average
Permeability coefficient Koo 12x107° 32 x 107* 44 x 107* 33 x107* 1.15 x 107°
(cm s™h

amount of elastic strain energy will instantly be released, leading to a strong impact on this
stored water, forming, and exerting considerable pressure on the water. This high-pressure
water will cause instant ruptures along the weak zones of the series of coal strata at the top
of the working-face, forming water inrush channels, quickly resulting in water inrush, as
shown in Fig. 15. A large sandstone roof water inrush accident occurred during the mining
of the No. 745 workface in the Haizi Coal Mine on May 21, 2005, as recorded and
described by Li (2006). The maximum instantaneous water quantity was 3,887 m>/h. This
accident resulted in five deaths. The investigation concluded that the water from the
separation was the most important direct cause of the water inrush.

5.3 The influence of the thick-hard igneous rock on gas disaster
The high baking temperature and pressure increased the metamorphic grade of the coal
seams under the thick-hard igneous rock and generated large amounts of gas. The number

of micro-pores increased, and the gas absorption of the coal seam was enhanced, which
increased the capacity for gas storage. Given the extreme thickness and low permeability

@ Springer



1236 Nat Hazards (2013) 66:1221-1241

¥+ F T —F  F T+ + + + o+
" Thick igneous rock
+ + + + + + |+ + + + + + + 1+ + 4

Fig. 16 Gas outburst accident at the No. 10 coal seam in the Haizi Coal Mine

of the igneous rock in the Haizi Coal Mine, the igneous rock halted the gas dissipation and
trapped the gas. The igneous rock became the natural barrier for gas migration and pro-
vided excellent conditions for gas storage. All the coal seams present outburst risk with
high gas pressure and content. At the same time, the stress distribution at two ends of the
workface goaf changed under the thick-hard igneous rock, and the stress concentration
range increased, which led to an increased gas outburst risk range. On April 25, 2009, a
large gas outburst disaster occurred in the No. 10 coal seam of the Haizi Coal Mine, and
the coal and gas outburst volumes were as high as 656 t and 13,210 m?, respectively,
resulting in one death (Wang et al. 2011), as shown in Fig. 16.

5.4 The influence of the thick-hard igneous rock on surface subsidence

With the continuous mining of the coal seam, the overlying strata were destroyed, resulting
in movement and deformation. Rock movements would finally develop to the surface and
cause surface subsidence. Given the high rigidity, strength, and thickness, the flexivity of
the igneous rock was small, and the existence of the igneous rock weakened the influence
on the overlying strata after mining of the protective seam. Based on measured surface
subsidence data from the Huaibei and Huainan mining areas, the subsidence coefficient is
generally 0.8—1 (Li 2006). The subsidence coefficient was usually smaller than 0.2 after
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mining the No. 10 coal seam, which verified that this thick-hard igneous rock controlled
the surface subsidence. However, the continuous mining and its large area will cause
sudden rupture of the igneous rock, resulting in sudden and large surface subsidence,
threatening persons and equipments on the ground.

6 Control measures for dynamic disasters under the thick-hard igneous rock

Given its high rigidity, strength and thickness, the igneous rock is considered the main key
stratum, and a large number of separations would appear and not close during mining. The
separations are the gas enrichment areas, and when the surface well and distant penetration
boreholes are used for draining pressure relief gas, the effect is obvious (Wang et al. 2008;
Wang 2009). Otherwise, the thermal evolution and the metamorphism effect of magma
intrusions could change the coal pore structure and adsorption—desorption characteristics
and could control the process of gas generation, storage, and entrapment, eventually
leading to multi-layer outburst coal seams. At the same time, along with the continuous
mining and its large area, the thick-hard igneous rock could suddenly break, instantly
releasing a large amount of elastic strain energy, which easily induces the occurrence of
complex dynamic disasters. Based on these aspects, basic ideas are proposed for the
prevention and control of dynamic disasters under the thick-hard igneous rock, as shown in
Fig. 17. If we adopt injecting grouts in the separated strata, large quantities of gas will be
forced to migrate back into the outburst coal seams, which will compromise the effec-
tiveness of the protective seam and may cause gas disasters under the high pressure of the
injecting grouts. Increasing the filling height of the goaf could prevent dynamic disasters
such as surface subsidence, rock burst, and water inrush. The supporting effect of the filling
body could control the movement and deformation of the overlying strata, thereby
affecting the pressure relief effect of the protective seam. Therefore, a reasonable filling
height of the goaf is proposed for efficient coexistence of the protective seam and goaf
filling under the special geological conditions to fully eliminate mine disasters.

To research the effect of the waste rock filling height after exploiting the protective
seam, the concept of equivalent mining height (EMH) needs to be cited (Miao et al. 1997).
The EMH is the actual mining height minus the waste rock filling height after compaction.
The formula for computing the EMH is as follows:

Thermal metamarphism Changing coal
Thermal evelution Hacieritics

L

Ousburst coal seam

[Coumermeasures| Protective seam mining and
Thick igneous rock — pressure relief gas drainage

Complex outburst |
accident =
Reasonable filling

= Height

Rock burst Injecting grouts into L

Main key stratum Coumermessares = separated strata
| Mining with filling

Energy release afier breakin,
" . Water inrush Goaf filling

Surface subsidence

Fig. 17 Idea of dynamic disasters prevention under the thick-hard igneous rock
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k/
h—H—zh(,, (1)
where & is the EMH; H is the actual mining height of 2.67 m in the Hazi coal mine; /. is
the waste rock filling height after compaction; k is the rock expansion coefficient; and X’ is
the remnant rock expansion coefficient.

Miao et al. (1997) and Miao et al. (2010) tested the mechanical properties of waste rock
taken from coal mines using a self-developed experimental device. They found the rock
expansion coefficient (k) to be 1.30-1.40 and the remnant rock expansion coefficient (k') to
be 1.1-1.15. Considering the geological conditions in the Haizi Coal Mine, the rock
expansion coefficient (k) is taken as 1.4, and the remnant rock expansion coefficient (k') is
1.15.

The EMH formula of the No. 10 coal seam of the Haizi Coal Mine is as follows:

!

k
h=H—" he=267— 082, (2)

During exploitation with the filling goaf, along with the advance of the workface, the
flexural deformation of the overlying strata increased gradually. If the flexivity of the
thick-hard igneous rock is less than the maximum in the initial rupture when the overlying
strata contacts the filling waste rock, due to the support of the filling waste rock, the
extremely thick igneous rock generates little deformation and subsidence, which can help
avoid dynamic disasters (Chang 2009). In other words, the waste rock filling height
determines the fracture of the thick-hard igneous rock. The minimum waste rock filling
height after exploiting the protective seam under the thick-hard igneous rock is as follows:

h(:gpq—f—mh—UE:ﬂ, (3)

where f is the maximum initial rupture flexivity of the thick-hard igneous rock, and 3 & is
the roof collapse height, which is 10 m.

When calculating the maximum initial rupture flexivity of the thick-hard igneous rock,
the model can be simplified as the clamped beam model with a continuous and uniform
load at the top of the strata (Qian et al. 2003, 2010; Wang 2009), where the maximum
flexivity is as follows:

qL*
384E]’

f= (4)
where ¢ is the equivalent continuous load at the top of the strata; L is the limit caving
interval; E is the elasticity modulus; and / is the moment of inertia.

After formula (4) is incorporated into in formula (3), the minimum waste rock filling
height is as follows:

k gl* ,
c=—|H———=—(k -1
h kK 384E1 (k ) Z h} )

Here, ¢ = 10 MPa, E = 28.6 GPa, L = 235 m and the thickness of the thick-hard igneous
rock is 120 m. When these values are incorporated into formula (5), we obtain that
h. = 1.33 m. In other words, if the waste rock filling height is more than 1.33 m, the thick-
hard igneous rock cannot be fractured, and the EMH is 1.58 m at the moment. We can then
test the effect of protective seam mining by numerical simulation.
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7 Conclusions

1. The Nos. 7, 8, 9, and 10 coal seams underlying the thick-hard igneous rock are all
outburst coal seams in the Haizi Coal Mine. Under the effect of thermal evolution and
entrapment of the igneous rock, metamorphic hydrocarbon phenomena emerged in the
coal seam, which generated a large amount of gas. The number of micro-pores
increased, the gas adsorption capacity was enhanced, and the risk of coal and gas
outburst increased. The test results showed that with increasing distance from the
igneous rock, the maximum vitrinite reflectance, porosity, and specific surface area for
each seam area gradually decreased. The coal seams had more pyrolysis holes with
larger diameters near the thick igneous rock, which indicated an increase in the
adsorption capacity.

2. The thick-hard igneous rock in the Haizi Coal Mine is a “whole block structure.” As
the main key stratum of the coal mine, the igneous rock will not subside or break for a
long time after mining. The igneous rock also blocks the upward development of the
overlying strata. Large quantities of separations are developed as gas—water
enrichment areas in the bending zone. The closing time of the fractures and bed
separations is also prolonged which provides good conditions for gas drainage. The
use of distant penetration boreholes for draining pressure relief gas is proposed, which
can ensure the effect of gas drainage and reduce the number of rock laneways.

3. We calculated the remaining energy propagating to the Nos. 7, 8, 9, and 10 coal seams
after rupture of the igneous rock using the clamped beam structure model, which
showed that it has the ability to produce and induce dynamic disasters. When the
sudden rupture of the igneous rock occurs, rock burst and water inrush accidents will
more easily occur, which could bring sudden and large surface subsidence and threaten
persons and equipments on the ground.

4. Based on the cause analysis of dynamic disasters in the outburst coal seams under the
thick-hard igneous rock, a reasonable filling height of the goaf is proposed for the
efficient coexistence of the protective seam mining and goaf filling under special
geological conditions to fully eliminate mine disasters.
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