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Abstract Barrier pillars are an effective and fundamental
measure to prevent water inrush when mining shallow coal
seams under an unconsolidated, confined aquifer. Based on
the complex geological and hydrogeological conditions in
the southern area of the Qidong coal mine, the no. 6; coal
seam there was selected for a research demonstration. A
fluid—solid coupled numerical simulation was carried out
using the universal distinct element code. The hydraulic
pressures and seepage rates in overlying strata were ana-
lyzed for two mining cases, near the aquifer and near the
fault. The results showed that the degree of interconnection
between the bed-separated and vertical fractures, and
increases in hydraulic pressures and seepage rates in
overlying strata were key factors in predicting potential
water inrush when mining shallow coal seams under an
unconsolidated, confined aquifer. Combining the numerical
simulation results with China’s coal mining requirements,
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the no. 6, coal seam can be mined up to 90 m beneath the
unconsolidated, confined aquifer, which limits mining to an
altitude of —509.36 m. The width of the barrier pillar
should be 30.7 m near the fault.

Keywords Unconsolidated and confined aquifer - Fluid—
solid coupled numerical simulation - Waterproof coal
pillar - Shallow coal seam

Introduction

Thousands of casualties have occurred in coal mine acci-
dents in China since 2000 (Sui et al. 2011). Water inrush is
the second leading cause of these casualties and is
responsible for the greatest economic loss (Yao et al. 2012;
Zhang et al. 2014). Nowadays, with more shallow coal
seams being mined, water-inrush events under unconsoli-
dated and confined aquifers are a serious mine safety issue
(Wu et al. 2014, 2015; Zhang and Peng 2005; Zhang et al.
2012), and pose a major threat in some mines, such as the
Panyi mine in the Huainan coalfield, the Baodian mine in
the Yanzhou coalfield, and the Qidong mine in the Huaibei
coalfield (Chen et al. 2014; LaMoreaux et al. 2014).
Barrier pillars are typically used to minimize the risks of
water-inrush hazards associated with water-conducting
fractures or faults. The height of the barrier pillar is defined
as the shortest vertical distance between the aquifer and the
working face (Miao et al. 2011; Zhang and Peng 2005), and
the width of the barrier is defined as the shortest horizontal
distance between the fault and the working face. In prac-
tice, there were no uniform rules on the amount of coal that
must be left for protection; these decisions were usually
based on mechanical analysis or field experience. Using the
English design formula (Liu et al. 2010), the Pennsylvanian
empirical formula (Koehler and Tadolini 1995; Rangasamy
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et al. 2001), or the Chinese regulation for mining under a
waterbody (SAWS and SACMC 2009; Wu 2009) produce
variably sized barrier pillars for the same geological and
hydrogeological conditions. If the pillars were too small,
water inrush can occur, with serious consequences, such as
mine inundation, endangering the lives of miners, and
surface collapse. If the pillars were too large, coal resour-
ces were lost.

A great amount of research has been conducted on this
issue with some rich theoretical results, such as the stress
analysis method (Gui 1997), the effective water-resisting
thickness method (Xu 2005), and the water-inrush risk
coefficient method (Meng et al. 2013). These methods have
contributed to more effective barrier pillars and greater
mine safety. However, existing theory and methods were
unable to fully accommodate many real-world scenarios, so
that the appropriate size of barrier pillars in shallow coal
seams under an unconsolidated and confined aquifer is still
a viable, multi-disciplinary, research topic.

Case Study

The Qidong coal mine is situated in the Huaibei coalfield,
where shallow coal seams are directly covered by an
unconsolidated, confined aquifer. Mining is complicated by
the strong water yield and high hydraulic pressure in the
aquifer, the special structure of overlying strata, and a
complex fault distribution. The Qidong mine is divided into
two areas by the Weimiao fault. In the northern mining
area, most of the working faces have been mined and at
least 18 water-inrush hazards have occurred (Wang et al.
2012b; Xu et al. 2011). Though coal production has just
begun in the southern mining area, it was anticipated that
the shallow coal seams in the southern area will face the
same danger of water inrush.

Mining of the no. 6; coal seam in the southern area of
the Qidong coal mine is regarded as a case study for the
formation of water-conducting channels and fractured
zones. In this study, a generalized fluid—solid coupled
numerical simulation was established along the dip direc-
tion of the no. 6, coal seam using the universal distinct
element code (UDEC; Itasca 2004). The results were
combined with the empirical formulae in China’s coal
mining regulations.

Geological Settings

The Huaibei coalfield (Fig. 1), one of China’s eastern
mining areas is located in northern Anhui province and is
bordered by the nearly EW Fengpei trend and Bengbu
uplift. The main tectonic structure is controlled by the EW
and NNE trend faults and the NNE or NE and NW trend
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folds (Tan et al. 2011). The EW trend faults mainly contain
the north Suzhou fault and the Bangiao fault, and the NNE
trend faults mainly contain the Fengguo fault and the
Guzhen-Changfeng fault. The NNE or NE trend folds
include the Huagou anticline, the Guoyang syncline, the
Nanping syncline, and the south Suzhou syncline, while the
NW trend folds include the Tongting anticline and the East
Suzhou syncline. Most mines in the Huaibei coalfield face
the risk of water inrush while mining shallow coal seams
under an unconsolidated, confined aquifer.

The Qidong coal mine (Fig. 1), at 35 km? in area, is one
of the largest mines in the Huaibei coalfield. The tectonic
structure of the mine is a monoclinal structure with an EW
trend and N10°-15° dip, following a series of secondary
folds and faults (Wu et al. 2010). The unconsolidated
formation, which is mainly made up of clay, sandy clay,
clayey sand, silt, fine sand, medium sand, and gravel, can
be divided into four aquifers and three aquifuges from top
to bottom (Fig. 2). The fourth aquifer, directly overlying
the shallow coal seams, is the main water-inrush aquifer to
the working faces in the Qidong coal mine. During mining
of the no. 3,22 working face, with a 63 m barrier pillar, and
the no. 7,14 working face, with a 71 m barrier pillar, in the
northern mining area of the Qidong mine, groundwater
rushed from the aquifer into the working faces, causing
serious hazards. The corresponding maximum values of
water yield were 1520 and 169 m’/h, respectively. Based
on the drainage tests and previous water-inrush data in the
northern mining area, it was clear that the aquifer presents
high pressure and strong seepage, which is typical for many
unconsolidated, confined aquifers. Although the no. 6,63
first working face has been safely mined in the southern
area, it was decided that additional verification was needed
to determine whether other working faces could be mined
safely under this aquifer. In addition, strata near a fault
have a much lower strength and are sometimes poorly
consolidated, and thus more likely to cause water-inrush
hazards during mining shallow coal seams near an
unconsolidated, confined aquifer. Therefore, the safe min-
ing of working faces near faults was also given attention in
this study.

Numerical Model

As a two-dimensional discrete element software, Universal
Distinct Element Code (UDEC) can be used to analyze the
static and dynamic problems of a discontinuous medium
during mining (Itasca 2004). Through fluid—solid coupled
simulation of fractured rocks around extensional faults
using UDEC, Zhang and Sanderson (1996) indicated that
the deformation of the fault zone caused significant varia-
tions in fracture dilation (porosity), stress distribution, fluid
pressure, and fluid flow. Combining UDEC with physical



Mine Water Environ (2017) 36:67-77

69

\ Fengpei fault -
~ .,——'—- (o

1000 km

—

Jiangsu

uaibei cloalﬁeld

province

Henan province
) S0 thruse Normal Anhui provinc¢
L I é‘v
9 Tao ugnmg 1 El
/ Syncline Coal mine
15
/ﬁ Magmatite Anticline
S M
Qidong Province
coal mine boundary
_ °
. esll ol
L » O
X
A S =
o o
paid=d
“ (B g
(]
[ > Z
s d ° o
~ =
I ‘g ¢ 83
(=) ~ §
[ (% / y
O o \/ n
g O |/ ~ .
R i /o Lo | 3 ] i
g ¢/ & /
o '\7 <Q 4 ! ,
i > / Q o il
Sy } N
H L ] ~
L v / i
W % . 7 9 (2930 . 'ik” .
!'123-9 / o~ '
- G0 Gy T~3» |
24-3 5 R — s =, e |
l!Z Py — ez14 o Fant ‘ T PETRAN | W \
'!- B EY s aulE 46_0 °7_7=10:32' - . y N Exploration line
R (B)j 235 24 S78-4 <——6168 Workingfgce 6-27-369 o Border line
] 24-10\\4 256-3 3 [
i | S23 5405653089 264 | 26372 N [8 ] Drilling hole
.. : I e South Minin Area < /‘/!5% =] Lacking area of the
Fy —l_ ( )(S $) 25 2 / fourth aquifer
24 2 4 25)(5 9) (2 )( )( ) (530) - IS Area of alluvial fan
(23)(23 24) e |1 e u')l '''''' (26 2'7) (S31) in taniguchi

Fig. 1 Diagram of regional geology in the Qidong coal mine of the Huaibei coalfield (Wang et al. 2013; Guo et al. 2014)

simulation, Chen et al. (2007) simulated the possibility of
water inrush during the mining of shallow coal seams
under a thick, unconsolidated formation and thin overlying

solid

strata and confirmed the optimal caving ratios for pre-
venting water inrush. Wang et al. (2012a) used the fluid-
coupled module of UDEC

to analyze the
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Fig. 2 Stratigraphic column and aquifer division

characteristics of stress and seepage in the floor of a coal
seam during mining above a confined aquifer. Due to its
flexibility and high efficiency, UDEC can be used to solve
many groundwater problems induced by mining in com-
plex geological conditions (Jaiswal and Shrivastva 2009;
Zhu and Wei 2011).

Generalized Numerical Model and its Parameters

The no. 6,63 first working face in the southern area of the
Qidong coal mine is about —527 to —610 m in elevation,
1100 m in the trend direction, and 180 m in the dip direc-
tion, where the dip angle and thickness of the no. 6, coal
seam average 17° and 2.0 m, respectively. The first working
face was passed through by three exploration lines along the
dip direction (Fig. 1), from which the S29 exploration line
was selected to establish the generalized mining model
(Fig. 3b). Figure 3a shows the original geological section of
the S29 exploration line along the dip direction.

The generalized numerical model (Fig. 4), which was
1156 m wide and 350 m high, consisted of the 60 m of
unconsolidated formation and 40 m of confined aquifer, the
250 m of coal measure strata, and the 35 m fault zone. The
constitutive model for rocks was the Mohr—Coulomb
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Clayey sand Fine sand

Silty sand ~ Medium sand Fractured zone

model and for joints was the Coulomb slipping model.
Horizontal displacement was restrained on the lateral
boundaries, and vertical displacement was fixed in the
base. A vertical stress of 5 MPa was applied on the top
boundary to simulate the additional load of the upper
unconsolidated formation. Based on mining experience in
the Huaibei coalfield and related research results by Chen
et al. (2007), the lateral pressure coefficient, which is the
ratio of the horizontal and the vertical rock natural stress,
was set to be 0.5. In addition, the hydraulic pressure on the
lateral boundaries of the unconsolidated, confined aquifer
was defined to be 4.4 MPa. The mechanical parameters of
the corresponding strata were listed in Table 1 and the
mechanical and hydraulic parameters of the joints were
shown in Table 2.

Mining Cases

According to the China’s regulations for mining coal
beneath water bodies (SAWS and SACMC 2009), the
vertical height of the barrier (Hy,) should be greater or
equal to the sum of the maximum height of the water-
conducting fracture zone (Hj) and the thickness of the
protective bedrock cover (Hp):
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Hgy, > Hj; + H) (1)

Based on the geological and hydrogeological conditions in
the southern area of the Qidong coal mine, the computa-
tional formula for the maximum height of the water-con-
ducting fracture zone (Hy) is:

100" M

Hy= —— o
T2 M+20

+£8.9 (2)
where M is the mining height of coal seam.

According to the regulations, when the mining height of
the coal seam doesn’t exceed 3 m, the thickness of the
protective bedrock cover should be eight times the mining
height. The mining height of the no. 6, coal seam in the
southern area of the Qidong mine was defined as the
average thickness of 2 m (see Supplemental Table 1), so
the required thickness of protective bedrock cover was
16 m. For the sake of safety, the plus sign was used in
Formula 2. Therefore, the maximum height of the water-
conducting fracture zone was calculated to be 54.35 m.

From Formula 1, the required vertical height of the barrier
was determined to be 70.35 m.

Two different mining cases were tested for the no. 6,63
first working face. In Case 1, the C working face was
established to be 180 m on the left side of the no. 6,63 first
working face. In Case 2, the A and B working faces were
established to be 120 m on the right side of the no. 6,63
first working face, near the fault. These working faces were
laid out at a separation of about 15 m, while the B working
face and the fault plane were set at a separation of about
20 m, as shown in Fig. 4.

Monitoring Lines and Points

Due to the distance of the first no. 6,63 working face from
the unconsolidated, confined aquifer, the water-conducting
fracture zone in the overlying strata didn’t contact the
aquifer, so no water inrush occurred, so there was no need
to set monitoring lines and points above the working face.
Therefore, in Case 1, eight monitoring lines (Fig. 4) were

@ Springer
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Fig. 4 Boundary conditions, working faces and monitoring lines in the generalized numerical model

Table 1 Mechanical parameters of strata

Strata and lithology

Density (kg/m®)

Bulk modulus (GPa)

Shear modulus (GPa) Cohesion (MPa) Friction angle (°)

Unconsolidated formation

Unconsolidated and confined aquifer

Clay

Silty sand
Coal
Medium sand
Fine sand
Limestone
Fault

1600
2000
2760
2720
1350
2550
2700
2300
2760

4.77
8.33
5.12
8.11
1.67
8.10
7.74
25.00
5.12

3.28 3.00 25
2.85 4.00 25
1.58 1.50 30
6.08 2.75 36
1.25 1.25 40
5.57 292 36
5.219 3.20 35
11.50 12.00 40
1.58 1.50 30

set above each mining section of the C working face. The
length between two adjacent monitoring lines among no.
1-6 was 30 m, while among no. 6-8 it was 15 m. For each
monitoring line, five monitoring points were evenly dis-
tributed between the no. 6, coal seam and the aquifer to
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monitor the hydraulic pressures and the seepage rates in
overlying strata. In Case 2, the no. F-2 and F-1 monitoring
lines (Fig. 4) were set on the roof of the no. 6; coal seam
and the fault plane, respectively. There were 16 monitoring
points in the no. F-2 monitoring line at a 10 m distance,
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Table 2 Mechanical and hydraulic parameters of the joints

Strata and lithology Normal Shear Cohesion  Friction Permeability factor ~ Zero stress Residual
stiffness stiffness (MPa) angle (°) Pa~'s™h aperture (mm) aperture (mm)
(GPa) (GPa)
Unconsolidated 4.00 4.00 0.020 15 8.30 0.10 0.01
formation
Unconsolidated and 4.00 3.00 0.020 10 300.00 5.00 1.00
confined aquifer
Clay 3.50 1.46 0.375 26 8.30 0.10 0.01
Silty sand 5.40 223 0.688 32 12.50 0.15 0.15
Coal 1.50 2.00 0.010 5 200.00 1.00 1.00
Medium sand 6.80 2.80 0.730 32 167.00 2.00 0.20
Fine sand 332 1.39 0.800 31 167.00 2.00 0.20
Limestone 12.00 12.00 0.100 15 5.00 0.01 0.01
Fault 3.50 1.46 0.375 26 8.30 0.10 0.01
JOBTITLE: (et+2)
UDEC (Version4.00)| .~ _''' N
LEGEND
cycle 177700
2.383E+02 <x< 4.401E+02 0200
-1.738E+02 <y< 3.804E+01
joints with FN or SN =0.0
1-0.600
|-1.000
| -1.400
Itasca Consulting Group, Inc.
Minneapolis, Minnesota USA — . . T I T T r T — (e+2)
2.400 2.800 3.200 3.600 4.000

Fig. 5 Fractures in overlying strata when the mining length is 165 m in the C working face in the no. 1 analysis area

and 10 monitoring points in the no. F-1 monitoring line ata  Results and Discussion

30 m distance, which were used to monitor the hydraulic

pressures and the seepage rates through the roof of the no. Case 1: Mining Near the Unconsolidated

6, coal seam and the fault plane. In addition, fracture = and Confined Aquifer

evolution in overlying strata during mining near the aquifer

and near the fault were clearly analyzed through the no. 1~ In Case 1, the cumulative mining lengths of the no. 6, coal
and no. 2 analysis areas, respectively (Fig. 4). seam were set at 30, 90, 120, 150, 165, and 180 m in the C
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working face. At mining lengths up to 165 m, the bed-
separated fractures (parallel with the strata direction) and
vertical fractures in the overlying strata were mutually
independent (no water-conducting channels formed
between the bed-separated and vertical fractures), and the
water-conducting fracture zone didn’t reach the aquifer. At
a length of 165 m, with at least 90 m between the working
face and the aquifer, the bed-separated fractures extended
to the aquifer (Fig. 5), but the vertical fractures were
undeveloped in clay, so no water-conducting channels
formed between the working face and the aquifer, and
again, the water-conducting fracture zone didn’t reach the
aquifer. At a mining length of 180 m (Fig. 6), vertical
fractures developed in the clay and connected with the bed-
separated fractures, forming water-conducting channels,
especially over the head and tail gates of the working face.
As a result, the water-conducting fracture zone was well
formed and reached the aquifer easily.

When the mining length of the C working face was
165 m (Supplemental Fig. 1 and 2), the fluid flow mainly
occurred along fractures in the overlying strata in the
region controlled by the no. 7-3, 7-5, 6-5, and 6-3 mon-
itoring points, where the hydraulic pressures and seepage
rates varied as the fractures repeatedly opened and closed,

and stabilized if the fractures closed again. The hydraulic
pressures and seepage rates at other monitoring points
approached 0 because no water-conducting channels were
formed between the working face and the aquifer.
According to fracture development in the overlying strata
and changes in the hydraulic pressures and seepage rates at
the monitoring points (Fig. 5 and Supplemental Fig. 1 and
2), it was concluded that a water-inrush event was very
unlikely when the mining length of the C working face was
165 m.

When the mining length of the C working face was
180 m, the hydraulic pressures of a few monitoring points
in the no. 8 monitoring line increased (Supplemental
Fig. 3a), while the seepage rate reached 10~* m%/s in the
no. 7 monitoring line (Supplemental Fig. 4b). Between the
no. 7 and 8 monitoring lines, the bed-separated fractures
and the vertical fractures connected and water-conducting
channels formed, resulting in a water-conducting fractured
zone beneath the aquifer. Based on fracture development in
the overlying strata and changes in the hydraulic pressures
and seepage rates of these monitoring points (Fig. 6 and
Supplemental Fig. 3 and 4), it was concluded that
groundwater from the aquifer had recharged the working
face circuitously via the water-conducting channels.

JOBTITLE: (et+2)
UDEC (Version 4.00) 0200
LEGEND
cycle 179440
-0.200
2.383E+02 <x< 4.401E+02 o
-1.738E+02 <y< 3.804E+01
joints with FN or SN=0.0
-0.600
-1.000
-1.400
Itasca Consulting Group, Inc.
Minneapolis, Minnesota USA I T T T T T T T T ~(e+2)
2.400 2.800 3.200 3.600 4.000

Fig. 6 Fractures in overlying strata when the mining length is 180 m in the C working face in the no. 1 analysis area
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Case 2: Mining Near the Fault

When mining the A working face near the fault, the frac-
tures in the overlying strata were far from the aquifer and
the fault, so the working face was unaffected. When mining
of the B working face was completed, only bed-separated
fractures had developed in the overlying strata with a
maximum height of 112 m (Fig. 7) and no water-con-
ducting channels had formed between the working face and
the aquifer. In addition, although the horizontal distance
between the B working face and the fault was only 20 m,
the bed-separated and vertical fractures were all undevel-
oped and mutually independent, so water inrush will not
occur along the fault (Fig. 7).

In this situation, based on the hydraulic pressures of the
10 monitoring points in the no. F-1 monitoring line, the
closer the aquifer, the greater the hydraulic pressure
(Supplemental Fig. 5a). The seepage rates at the monitor-
ing points were small and approached 0, with only the
point closest to the aquifer showing instability, with
downward seepage that eventually disappeared (Supple-
mental Fig. 5b). In addition, the hydraulic pressures and

even though the terminal mining line is 20 m from the fault
plane.

Retaining Barrier Pillars

Applying Formula 1 of the Chinese coal mining regulation
to Case 1, the minimum vertical height of the barrier pillar
of the no. 6, coal seam near the unconsolidated, confined
aquifer is 70.35 m. According to the fluid—solid coupled
simulation result by UDEC, the minimum vertical height is
90 m. For safety’s sake, the results of the numerical sim-
ulation was adopted. Based on geological information from
the drilling holes (Supplemental Table 1), the upper mining
limit near the aquifer is —509.36 m in the southern area of
the Qidong coal mine.

In Case 2, according to the UDEC fluid—solid coupled
simulation result, no water-inrush hazard will occur when
the horizontal distance between the terminal mining line
and the fault plane is at least 20 m. Applying the appro-
priate Chinese regulation for mining near a fault, the
empirical formula is:

seepage rates of the 16 monitoring points in the no. F-2 7 — 0.5kMm 3r (3)
monitoring line all approached 0. Therefore, no water-in- P
rush hazards will occur after the B working face is mined
JOBTITLE: (et+2)
UDEC (Version 4.00) |- =~ — .
LEGEND ST T " Y B K11}
JE I N I I
I R ] .
cycle 243671 ‘ '
- - - - - - )
6.944E+02 <x< 9.840E+02 - -- -y L /
-2.483E+02 <y4.133E+01 - - oo 1 /77 |-0.500
- o \ o/
joints with FN or SN =0.0 ' ' ' !
- / 7y L-1.000
=~
- = = e
‘ -
T - T T T .
C \ ‘L \ T T -1.500
A J R L
L o -2.000
N B working face
Itasca Consulting Group, Inc. i77177 7j ~ N 71 - . o
Minneapolis, Minnesota USA r . r . r ; r - r . — (e+2)
7.250 7.750 8.250 8.750 9.250 9.750

Fig. 7 Fractures in overlying strata when mining of the B working face is completed in the no. 2 analysis area
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where L is the width of waterproof coal pillar, m; K is the
safety coefficient, which is generally defined as from 2 to
5; M is the thickness or the mining height of coal seam, m;
P is the hydraulic pressure of the unconsolidated and
confined aquifer, MPa; and Kp is the tensile strength of coal
seam, MPa.

In the southern area of the Qidong mine, the mining
height of the no. 6; coal seam is 2 m, and the hydraulic
pressure of the unconsolidated and confined aquifer is
4.4 MPa. The safety coefficient is defined as 5, and the
tensile strength of coal is 0.35 MPa. Therefore, the mini-
mum barrier pillar width near the fault is 30.7 m by For-
mula 3. Based on the numerical simulation and China’s
mining regulations, the safe barrier pillar width near the
fault was set at 30.7 m.

Conclusions

A generalized numerical model of the no. 6; coal seam
in the southern area of the Qidong coal mine was
established based on the UDEC fluid-solid coupled
numerical simulation. Through two mining cases near
the aquifer and near the fault, fracture evolution,
hydraulic pressures, and seepage rates in overlying
strata were analyzed to distinguish the water-inrush
hazard. When mining near the unconsolidated, confined
aquifer, the main fractures in the overlying strata were
the bed-separated fractures, supplemented by vertical
fractures, which were primarily located over the head-
gate and tailgate of the working face. When the mini-
mum distance between the working face and aquifer was
90 m, a water-conducting fracture zone developed as the
bed-separated and vertical fractures connected and
reached the aquifer, water began flowing into the mine
at 107* m?/s.

When mining near the fault, with a maximum height
of 112 m, the fractures in the overlying strata were
mostly bed-separation fractures, and no fractures
developed near the fault. As a result, there was no
water-inrush hazard.

Considering both the fluid—solid coupled simulation and
the Chinese regulations, the appropriate vertical height of
the barrier pillar was 90 m with an upper mining limit at an
altitude of —509.36 m. The appropriate barrier width near
the fault was 30.7 m.
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