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Abstract

Mine water damage is one of the main disasters threatening mine safety during production. The key to mine water hazard
prevention and control is determining the main aquifer characteristics that threaten the mine and the hydraulic connections
between aquifers and water diversion channels and proposing appropriate preventive measures. This paper focuses on the
16104 working face of the lower coal group in the Luxi coal mine of Shandong Province. The main water-filled aquifer
that threatens the no. 16 coal mine is the Carboniferous no. 14 limestone thin-karst aquifer. Before adopting hydrophobic
pressure-lowering measures, it is necessary to determine the water yield characteristics of the no. 14 limestone aquifer, the
strength of recharging, and the hydraulic connection with the Ordovician limestone aquifer and to analyze and evaluate the
feasibility of dredging. First, various geophysical exploration methods were utilized to comprehensively identify the anoma-
lous water yield areas of the aquifer, which were verified by drilling methods. By combining these results with drilling and
geophysical results, appropriate drainage and observation holes were selected. Second, a special water discharge stage and
sequence were designed to carry out water discharge testing. By analyzing the change of water discharge and water pressure
in dewatering test and the change of conventional ion concentration in water samples, the hydrogeological parameters were
obtained, the hydrogeological situation was ascertained and the hydraulic connection with the Ordovician limestone aquifer
was determined. The drainage time required for the aquifer to attain a safe water pressure and the amount of hydrophobicity
were calculated. Through combination with the obtained hydrogeological parameters, the feasibility of depressurization was
analyzed. The results show that the water yield property of the no. 14 limestone aquifer is not high, but the connectivity is
good. There is a hydraulic connection between the no. 14 and the Ordovician limestone aquifers, but the connection is weak.
The no. 14 limestone aquifer of the entire working surface was drained at a rate of 240 m>/h, indicating that the aquifer has
good depressurization properties.

Keywords Water discharge test - Feasibility of depressurization - Carboniferous no. 14 limestone aquifer - Water quality
analysis

Introduction

Mine water disasters are major disasters affecting the safe
production of mines (Guo 2016; Shi et al. 2019). A mine
water disaster not only affects the normal production of
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a mine but may also inundate the mining area and cause
numerous casualties and heavy property losses (Yang and
Li 2015; Wei et al. 2017; Liu et al. 2017; Wu et al. 2018;
Yin et al. 2019). China ranks first in the world in both coal
production and consumption and is one of the countries most
threatened by water damage (Wu 2014; Xu et al. 2015; Yin
et al. 2018). Therefore, coal mine water damage prevention
and control measures have become top priorities in safe coal
mine production. In the past decade, coal resources in central
and eastern China have gradually turned to deep mining,
and the threat of mining disasters has become increasingly
serious (LaMoreaux et al. 2014; Chen et al. 2016a, b; Guo
et al. 2016; Qiu et al. 2016; Yang et al. 2016; Zhao et al.
2016; Yu et al. 2017; Li et al. 2018a, b, c; Shi et al. 2019).
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Among these ventures, the deep mining of the North China
coalfield is generally threatened by the Carboniferous thin-
layered limestone aquifer and the Ordovician karst aquifer
in the coal seam floor (Sun et al. 2016; Jiang 2017). In the
North China region, the Ordovician limestone has relatively
high water pressure, a high water yield property, and karst
development. Most thin-layered limestone aquifers and
Ordovician limestone aquifers are hydraulically pressurized
through fault collapse columns or fractured zones (Sun et al.
2015). Therefore, the mine production process is affected to
varying degrees by the Ordovician limestone karst-confined
water, and most severe water inrush accidents in coal mines
are closely linked to Ordovician limestone water. The water
inrush prevention and control measures in North China coal-
fields focus on the prevention and control of water inrushing
from coal floors (Chen et al. 2016a, b; Yin et al. 2017).

In the study of the water inrush mechanism of coal seam
floors, several investigators have made great progress since
the 1940s after years of exploration (Motyka and Pulido-
Bosch 1985; Sammarco and Eng 1986; Kuscer 1991;
Mironenko and Strelsky 1993). China’s research on the
water inrush mechanism of coal seam floors started late,
and it has made great progress since the 1960s. At present,
the water inrush mechanisms of floors are primarily divided
into the mechanisms of water inrushing from a floor with
structural defects and from an intact floor (Li et al. 2018a,
b, ¢). For water inrushing from floors with structural defects,
Song Zhengqi, Sun Jian, Bu Wankui, Chen Zhonghui, Zhang
Junfeng, Shi Longqing, etc. (Shi and Singh 2001; Zhang
et al. 2009; Bu and Xu 2011; Chen et al. 2011; Song et al.
2013; Sun and Wang 2013) studied water inrushing from
faults and collapse columns by means of the limit equilib-
rium theory and thin plate theory, combined with numerical
simulations and similarity simulations. The mechanism of
intact floor water inrushing mainly includes the theories of
the down three zone and down four zone (Liu 1995; Li 1999;
Shi and Han 2015), the theory of the key stratum (Qian et al.
1995; Xu and Qian 2004), and the theories of in situ fis-
sures and original destruction (Wang 1992). Because the
groundwater storage rule of karst water aquifers is quite dif-
ferent from the rule of sandstone aquifers, the water yield
property of limestone is more complex than that of sand-
stone (Li et al. 2018a, b, ¢). The karst water hazards are
also complex. To control the water hazards in the limestone
coal seam floor, there are two main types of prevention
and control technologies. One technology type is the use
of grouting transformation technology for coal seam floor
aquifers to rebuild the area with a high possibility of water
inrushing from the coal seam floor. In this area, Zhang and
Song (2013) used curtain grouting and hydrophobic pressure
reduction measures to control the limestone aquifer in the
Pingdingshan mining area and achieved good results. Xu
et al. (2014, 2017) summarized the importance of grouting
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reinforcement technologies for the floor and mining face in
mitigating water inrush accidents in a large water mining
area in China and introduced new developments in the tech-
nology used in theoretical analysis and engineering practice.
The other technology type involves the use of drainage and
pressure-decreasing technologies for coal seam floor aqui-
fers to reduce hazardous areas (An 2018; Li et al. 2018a, b,
c¢). Water discharge tests have also been carried out in many
mines in China, but most of these tests were conducted to
obtain hydrogeologic parameters (Wang et al. 2010; Pan and
Wang 2011; Han et al. 2013; Zhai et al. 2014), and there
was no designing of special discharge stages to analyze the
feasibility of aquifer depressurization. In this paper, a spe-
cial drainage feasibility test stage is designed. An innovative
strategy is to judge the drainage feasibility of an aquifer by
observing whether the water level in the whole area can be
drained to below the safe water level, combined with deter-
mining whether the water inrush coefficient is suitable for
mining requirements.

This paper selects the 16104 working face of the Luxi
coal mine in Shandong Province as the research object. The
no. 16 coal seam was first mined under the 16104 work-
ing face, which was mainly threatened by the thin-layered
Carboniferous no. 14 limestone aquifer and the Ordovician
karst aquifer. Finding out the ability of drainage and depres-
surization of the no. 14 limestone aquifer groundwater and
whether there is a hydraulic connection between the no. 14
limestone aquifer and the Ordovician limestone aquifer is
key to ensuring the safe mining of the no. 16 coal mine.
Based on this, in this paper, the abnormal water yield area of
the no. 14 limestone aquifer is determined using a combina-
tion of geophysical exploration and drilling, and the no. 14
limestone aquifer group hole water discharge test is designed
to measure the strength of the water supply recharging in
the no. 14 limestone aquifer, the relation to the hydraulic
characteristics of the Ordovician karst aquifer and the fea-
sibility of depressurization. This paper provides a reference
for the prevention and control of water damage in the floor
of the 16104 working face to ensure the safe mining of the
no. 16 coal mine.

Study area

The Luxi coal mine is located 15.0 km north of Jining City,
Shandong Province, with an area of 54.418 km?. The site
lies between 116°32'30"E and 116°38' 00"E longitude and
between 35°30'00”"N and 35°37'00"N latitude (Fig. 1). The
mine has adopted the vertical shaft-underground inclined
shaft development mode. At present, no. 16 coal seams of
Taiyuan Formation in no. 1 and no. 2 mining areas are being
mined, the production level elevation is —405 m (Fig. 2).
The 16104 working face is located to the west of the western
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Fig.2 Stratigraphic profile of study area

no. 1 and no. 2 mining areas, adjacent to fault 3X107 in the
west, south of the —405 level tunnel wind stone gate, and
adjacent to the protection pillar of the factory in the east,
with a trend length of 1095 m, a tendency of 137 m and an
area of 150,015 m>.

The direct discharge aquifer of the lower coal group
(mainly the no. 16 and no. 17 coals) in the Luxi coal mine
is the no. 10 limestone aquifer in the no. 16 coal roof. The
aquifer has weak overall water yield properties, which are
only locally strong. The threat of water inrushing during

coal mining can be eliminated by releasing the water in this
aquifer. The indirect water discharge aquifers affecting the
no. 16 coal seam mining are the Carboniferous no. 14 lime-
stone karst aquifer and the Ordovician limestone karst fissure
aquifer.

The two aquifers are relatively close, and the total thick-
ness is larger than 800 m. Both of the aquifers have devel-
oped karst fissures, the aquifer strength ranges from weak to
strong and the head pressure is high. When the no. 16 coal
seam is mined, the Ordovician limestone aquifer water may
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be connected to the no. 14 limestone aquifer, and the floor
may experience water bursting.

Hydrogeological exploration and water discharge tests of
the no. 14 limestone aquifer were carried out at the 16104
working face. The purpose of this exploration was to deter-
mine the abnormal water yield areas, permeability, velocity
difference of the runoff in each direction, influence range,
hydraulic connection with the Ordovician limestone and
location of the hydraulic channel connected to the Ordovi-
cian no. 14 limestone aquifer in the no. 16 coal floor, as well
as to analyze the hydrogeological characteristics of the no.
14 limestone aquifer and the feasibility of depressurization
under the permissible maximum capacity of depressuriza-
tion; that is, whether the water inrush coefficient can be
reduced under the permissible maximum drainage capacity
of the mine.

Advanced exploration of the 16104 working
face hydrogeology

The geophysical exploration method is the first step of water
yield exploration. Several methods can be used to enhance
the accuracy of detection (Ji et al. 2018). At the 16104 work-
ing face, the abnormal water yield or water-bearing structure
area that is 150 m below the No. 16 coal floor is detected
by transient electromagnetic exploration method to deline-
ate the range of water content anomalies. Mine audio-fre-
quency electrical penetration approach is used via up and
down crossheading to detect the position, range and relative
strength of the water yield zone in the 0—80 m interval of the
coal seam under the coal seam floor in the working face, and
radio-wave tunnel perspective method is used to explore the
blinded structures in the working face. Combined with the
location and scope of the abnormal water yield area, drilling
exploration holes are scientifically arranged. A total of 55
no. 14 limestone aquifer exploratory holes and 4 Ordovician

limestone aquifer exploratory holes are arranged in 16104
working face (Fig. 3). Drilling results show that there are 20
exploration holes with water inflow between 100-200 m>/h,
3 exploration holes for the water inflow above 200 m>/h, and
the rest are below 100 m>/h in no. 14 limestone aquifer, and
the water inflow from the exploration hole of the Ordovi-
cian limestone aquifer is relatively small, which is all below
60 m>/h, as shown in Table 1.

By combining the locations and distribution of the abnor-
mal areas, drilling holes are reasonably arranged; that is,
the abnormal areas are delineated, and the normal water
yield areas are appropriately reduced to obtain the data
of the water inflow in a single hole of the whole working
face. Fifty-five no. 14 limestone aquifer detection holes and
four Ordovician limestone aquifer exploration holes were
arranged in the 16104 working face. Among the no. 14
limestone aquifer detection holes, there are 20 holes with a
specific well discharge rate between 100 and 200 m>/h and
3 holes with a specific well discharge rate of 200 m*h or
higher, and the discharge rates of the remaining holes are
below 100 m*h. The specific well discharge rates of the
four Ordovician limestone aquifer exploration holes are not
higher than 60 m?/h.

Design of the water discharge tests
for the no. 14 limestone aquifer group holes
in the 16104 working face

The purpose of the water discharge test is to ascertain the
water yield property, permeability, recharge strength, loca-
tion of the hydraulic connection channel and strength of the
Ordovician no. 14 limestone aquifer in the no. 16 coal floor
of the 16104 working face. At the same time, the hydro-
geological characteristics of the no. 14 limestone aquifer
and the feasibility of depressurization and pressure lower-
ing under the permissible maximum drainage capacity of
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Table 1 Drilling results in the abnormal water yield area of the study area

Hole number Initial flow rate Hole number

Initial flow rate Hole number

Initial flow rate Hole number Initial flow

(m’/h) (m’/h) (m*/h) rate (m>/h)

1# 15 16# 200 31# 100 46# 100
2# 3 174 20 324 150 47# 80
3# 5 18# 120 33# 120 48# 20
4# 15 194 150 34# 80 40# 100
S# 13 20# 120 35# 20 50# 95
o6# 120 21# 40 36# 120 S51# 20
T# 110 22# 120 37# 150 52# 200
8# 100 23# 100 38# 130 53# 150
o# 80 24# 200 39# 20 S54# 150
10# 50 25# 80 40# 70 55# 100
11# 100 26# 40 41# 130 Al# 20
12# 100 27# 30 42# 100 A6# 40
13# 100 284# 120 43# 65 A3# 60
14# 3 29# 30 44# 80 A2# 35
15# 50 30# 65 45# 60
the mine are analyzed. To obtain the depressurization effect
of the whole aquifer at the maximum discharge rate, pre- G Legend
vent excessive concentration of the drainage area and avoid
heterogepous dredging of the working face, the aquifer in
the working face cannot be reduced to below the safe water Ordovidian fmestone
level. In the north, south and middle parts of the working . i
face, the drainage holes are also arranged, and no. 14 lime- Br1
stone aquifgr holes with specific well discharge rates higher No. 14 Imestone water
Lhan 100 m“/h are. s.elect.ed as dramag.e holes and observation

oles. All Ordovician limestone aquifer holes are also used DrainFore
as observation holes. Considering the results of geophysical 5.383
prospecting, the data of single-hole water inflow, the loca- Ro%lay
tions of the boreholes, the drainage capacity of the mine and %
the purpose of the drainage test, 16#, 24#, 37# and 52# are Coal roadway
selected as drainage holes and 7#, 46#, 16104-1 and 16104-2
are selected as backup drainage holes of the no. 14 limestone a4 500m
aquifer. The layout of the project is shown in Fig. 4. @2 Scale

To achieve a better drainage effect, a special drainage
sequence and discharge adjustment method are designed. For
this, in the first three stages, to obtain the hydrogeological
parameters of the aquifer, four drainage holes (16#, 24#, 37#
and 52#) are opened in the north of the working face to dis-
charge water, and three stages of discharge occur from small
to large. When the drainage in the three stages is stable, the
standby drainage holes in the middle and south of the study
area are opened at the maximum discharge level, and the
drainage effect is analyzed to determine the feasibility of
aquifer drainage.

During each stage of the discharge test, the water quan-
tity and water level of a discharge hole are observed at all
times, and the water quality is analyzed before and after the
discharge test.

Fig.4 Engineering layout of the drainage test

Drainage test process and analysis

The water drainage test started at 22:00 on August 2,
2018, and ended at 17:00 on September 19. The test lasted
48 days and 19 h. The whole drainage process met the design
requirements. The drainage volume of each landing is shown
in Table 2.

The discharge process curves of the discharge holes
were plotted according to the observation data of the dis-
charge holes (Fig. 5). At the beginning of water discharge, 4
drainage holes (16#, 24#, 37# and 52#) were adopted. The
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Table 2 List of the water flow Hole number

Water flow rate (m>/h)

rates
1 11 111 v
Start: 08.02 Start: 08.14 16:30 Start: 08.22 16:30 Start: 09.03 10:30
22:00 End: 08.22 16:30 End: 09.03 10:30 End: 09.17 07:30
End: 08.14
16:30
16# 105 29 0 (Close) 0 (Close)
244# 69 50 52 58
37# 93 61 48 (Adjust) 87
52# 73 0 (Close) 0 (Close) 0 (Close)
T# - - - 74
46# - - - 42
16104-1 - - - 25
16104-2 - - - 70
Total 340 140 100 356
Fig.5 Curves of the flow rates 400
for all holes in the drainage 350
process 1 i m v
~ 300
S
g 250
8 200
&
S 150
2
I 100
s -v&;____%_‘
0 L L L L L L L L L
8-222:30  8-722:30  8-1222:30 8-1722:30 8-2222:30 8-2722:30  9-122:30  9-622:30  9-1122:30  9-1622:30
Date
—16# —24# —37# —52# —Totalflow —16104-1 -—161042 —7 a6#

water inflow rates at single holes during drilling construc-
tion were 200 m’/h (16#), 200 m’/h (24#), 150 m’/h (37#)
and 200 m%/h (52#). However, the initial flow rates of the
4 drainage holes did not reach the water inflow rates of the
holes due to mutual interference after the test began, which
reflects the aquifer’s low water yield property. In addition,
the first stage of the drainage test was in an unstable state,
and as time passed, the discharge gradually decreased from a
maximum to a basically stable level. The 16# flow decreased
from 105 m3/h to 39 m3/h, which was a reduction of 63%:
the 24# flow decreased from 69 to 50 m>/h, which was a
reduction of 28%; and the flow of 37# decreased from 93
to 61 m>/h, which was a reduction of 34%. The flow rate of
52# decreased from 73 to 29 m>/h, which was a decrease
of 60%. The flow rates of all 4 wells were greatly reduced,
reflecting the inadequate recharging of the no. 14 limestone
aquifer. The flow rates of 16# and 52# were reduced by more
than 60%, while the flow rates of 24# and 37# decreased by
approximately 30%. The water yield property and recharging
of the No. 14 limestone aquifer are different, and the supply
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directions of 16# and 52# are limited. The flow rate of each
hole fluctuated greatly in the first stage, which is mainly
attributable to the fact that the sediment gangue was blocked
in the process of water discharge and gradually stabilized
after several discharges through the discharge hole. In the
second and third stages, the flow rate of each hole was basi-
cally in a stable state.

The purpose of the fourth stage was to analyze and study
the feasibility of drainage of the no. 14 limestone aquifer.
Because local drainage cannot drain the whole working face
and based on the maximum discharge rates of 24# and 37#
in the north, 7# and 46# in the middle and 16104-1 and
16104-2 in the south were opened at the same time to facili-
tate the drainage of the whole area of the 16104 working
face. The first and fourth stages were conducted at the max-
imum-capacity drainage level. The total drainage rate in the
middle stage of the first stage was approximately 210 m>/h,
and that in the later stage was approximately 180 m*/h. The
total drainage rate in the fourth stage was approximately
240 m*/h. The maximum sustainable drainage rate in the
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face was 240 m?/h, and this discharge design can be used to
control the aquifer during the mining period of the working
face.

Analysis of the water levels of the no. 14
and Ordovician limestone aquifers

The water level data of each observation hole were recorded
in the process of the water drainage test, and the duration
curve of the No. 14 limestone water level (Fig. 6) and the
duration curve of the Ordovician limestone water level
(Fig. 7) were plotted. As shown in Fig. 6, the water level
changes show typical characteristics, and the curves of
each stage consist of three parts, namely, the Instantaneous
change stage, the rapid transition stage, and the long stable
stage.

The Instantaneous change stage

From the observation hole water level change curve, it can
be concluded that the first and fourth stages of the water
level followed instantaneous decline curves, and the second
and third stages had instantaneous rise stages. The second
and third landing stages were intermediate test stages, and
the variation in the discharge flow rate was small. The flow
differences between the first and second stages and between
the second and the third stages are basically 40 m*/h. There-
fore, the recovery and transition in the second and third
stages are not apparent.

The instantaneous drop or rise in the water level reflects
the overall good connectivity of the no. 14 limestone aqui-
fer. Among the holes, 21# and 38# are the closest to the
discharge center, so the drop was the largest. The distances
from 28#, 32# and 55# to the water discharge center are
234, 180 and 200 m, respectively. Thus, the distances were
compressed, and the water level dropped by approximately
the same amount. The water level basically dropped out-
ward in concentric circles from the water discharge center
in different directions. From the above evidence, it can be
inferred that the anisotropic permeability difference of the
no. 14 limestone aquifer under the 16104 working face is
slight. The water levels of 16104-1, 16104-2 and L14x-3,
which are far from the center, decreased by 2.2, 2.61 and
1.7 m, respectively, after 10 min of the water test, and water
level decline responses were observed in the three observa-
tion holes within 1 min; hence, it can be inferred that the
permeability or connectivity of the no. 14 limestone aquifer
is good.

The rapid transition section

In the first and fourth stages of the water level curve of an
observation hole, there is a fast transitional curve, with the
largest curvature occurring after the instantaneous descent
section. The main reason behind this result is that the water
level of the observation hole was rapidly recharged by the
nearby water volume after the instantaneous descent, which
further reflects the good connectivity of the no. 14 limestone
aquifer in the 16104 working face.

Fig.6 The water level duration
curve of the L14,-3 hole
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Fig.7 The water level duration
curve of the B;-1 hole 229
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The long stable stage

When nearly all of the water has been consumed, there is
not enough water to replenish the continuous decline in the
observation holes, which depends only on the remote water
supply. If the water yield property of the no. 14 limestone
aquifer is large, the aquifer can rapidly be replenished to
reach stability. Although the water levels of the observation
holes were nearly stable in the first half of the month, the
water level had not yet reached complete stability, and most
of the holes were still declining at 2.5 m/day. The decline in
the water level indicates that the recharge condition of the
no. 14 limestone aquifer is poor.

From Fig. 7, the water level of the Ordovician limestone
decreased slowly in the first half of the year of the drainage
test. Based on the data and records of the water level of
the Ordovician limestone in previous years, the water level
in the Luxi coal mine changed seasonally. The water level
declined slowly before the end of July and the beginning of
August, and then the water level rose slowly. The discharge
time occurred in the turnaround period of the water level
changing from falling to rising.

During the first stage, the decline rate of the water level
of the Ordovician limestone was accelerated, and the time
at which the water level began to rise was delayed by nearly
20 days compared with that in the preceding years. At the
same time, the water level increase rate was slightly higher
than that in previous years. After the drainage test, the recov-
ery rate returned to normal. It can be seen that the discharge
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of the no. 14 limestone aquifer has a precise impact on the
water level of the Ordovician aquifer, but the water level of
the Ordovician aquifer dropped approximately 1-2 m dur-
ing the whole discharge process. Generally, the hydraulic
connection between the Ordovician and no. 14 limestone
aquifers is weak.

The water level of the A2 observation hole in the Ordo-
vician aquifer is abnormal and has a strong hydraulic con-
nection with the no. 14 limestone. The water level duration
curve of the A2 hole (Fig. 8) shows that the A2 hole is very
sensitive to the water discharge of the no. 14 limestone. The
water level variation curve is basically consistent with the
curves of the no. 14 limestone observation holes. The maxi-
mum drawdown depth of the water level in the first stage
was 7.9 m, and the maximum drawdown depth of the water
discharge in the fourth stage was 2.4 m. There is a notable
difference between the A2 hole and other Ordovician lime-
stone observation hole water level data. There are two pos-
sible causes of this phenomenon.

First, the hydraulic connection between the A2 hole and
no. 14 limestone is attributed to cracking or poor grouting
behind the well. There is a step change in the curve of the
first stage of water discharge. At the beginning of water
discharge, the hydraulic connection between the A2 hole
and no. 14 limestone was relatively weak. After 2 days of
water discharge, the hydraulic connection became stronger
due to water flow erosion or an increase in pipe cracks. The
decrease rate increased suddenly, which is essentially con-
sistent with the change in the of no. 14 limestone. The reason
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Fig.8 The water level duration 27
curve of the A2 hole
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for this conjecture is that there was a case of water inrushing
caused by casing breakage in the no. 28 and no. 50 boreholes
after the dewatering test. In addition, the A2, no. 28 and no.
50 boreholes were drilled by the same construction team,
so it is inferred that there is the possibility of breakage in
hole A2.

Second, there are hidden connection channels between
the no. 14 and the Ordovician limestone aquifers near the
A2 hole. At present, according to the exposed situation of
the working face, there are no very large faults near the A2
hole, and the possibility of a collapse column is very small;
therefore, further channel exploration is needed.

It can be concluded that there must be a channel connect-
ing the Ordovician limestone and the no. 14 limestone near
the A2 hole. According to the characteristics of the water
level change of Ordovician limestone during the dewater-
ing test and the situation of the casing breakage and water
inrushing during the same period, the first cause is the most
likely.

Water quality analysis

To analyze the hydraulic relationship between the no. 14 and
Ordovician limestone aquifers during the dewatering test,
the groundwater of no. 14 and Ordovician limestone aqui-
fers were sampled and tested before and at various stages of
the test. In strict accordance with the sampling process, a
total of 37 water samples were taken with 2.5 L plastic bar-
rel, including 6 Ordovician limestone aquifer water samples
and 31 no. 14 limestone water samples, which were sent to
Shandong Lunan Geological Engineering Survey Institute
for water quality analysis. The content of each conventional
ion in the water quality sample is shown in Table 3. The
sample numbers Al, A2, A3, and A6 are Ordovician lime-
stone water samples and the other are all no. 14 limestone
water samples. According to the water quality before the
water drainage test and by comparing the ion contents of the

00:CI T1-8 4
00:CI L1-8 4
00:CI TT-8 4
00:CI LT84
00:CT 1-6
00:C1 976
00:CT 116
00:C1 91-6
00:CI 12-6
00:C1 92-6 -

no. 14 and Ordovician limestone aquifer waters, the follow-
ing conclusions were drawn.

The water quality of the Ordovician aquifer is associated
with the HCO,™-S0,?~-Ca’*-Mg”* contents. The TDS from
459.82 to 643.93 mg/L, with an average of approximately
571.43 mg/L. Ca** is the main cation, accounting for 27.59
to 50.69% of the cations, with an average of 44.93%, and
is followed by Mg?*, accounting for 26.74-38.98% of the
cations, with an average of 30.51%, and Na*, which accounts
for 18.12-24.52% of the cations, with an average of 22.97%.
HCO3™ is the major anion, accounting for 42.98-57.38%
of the anions, with an average of 51.51%. SO4%~ accounts
for 31.26-37.81% of the anions, with an average of 34.6%.
C1™ accounts for 10.78-18.63% of the anions, with an aver-
age of 13.36%. The water quality data of the Ordovician
limestone aquifer show typical characteristics of limestone
water, and the mineralization degree of the Ordovician lime-
stone aquifer is comparatively low.

The water quality of the no. 14 limestone aquifer is
related with the HCO,™-SO,*~-Ca’*-Mg** values. The TDS
from 716.81 to 788.87 mg/L, with an average of approxi-
mately 742.08 mg/L. Ca®* is the main cation, accounting
for 45.27-52.01% of the cations, with an average of 50.02%.
Mg?" is another cation, accounting for 24.63—-27.28% of
the cations, with an average of 26.12%. Na* accounts for
19.5-28.86% of the cations, with an average of 22.71%.
S04?%" is the main anion, accounting for 40.75-54.78% of
the anions, with an average of 45.50%, followed by HCO3™,
which accounts for 32.21-46.27% of the anions, with an
average of 41.24%. C1~ accounts for 12.16-12.97% of the
anions, with an average of 12.65%. It can be seen from the
test results of the water quality samples of the no. 14 and
Ordovician limestone aquifer groundwater before the dewa-
tering test that the two aquifers groundwater in the study area
have the same water chemistry type, the conventional ion
concentrations in each water chemistry are similar, and the
water chemistry characteristics are also the same.
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Table 3 Conventional ion

Sampling date
content of water samples

Sample number

Water chemistry conventional ion concentration (mg/L)

TDS K* Na* Ca** Mg CI”  SO,> HCO,”
16104-2 2017.10.31 74208 481 6224 13142 4123 57.05 26232 33533
A3#5.9 2018.5.9 57251 448 5197 9691 3569 4037 15678 342.46
A2#5.18 2018.5.18 54427 658 5425 78.89 3831 5192 16646 281.82
S24#8.1 2018.8.1 72796 494 6264 13008 40.02 56.69 2589  321.06
S37#8.1 2018.8.1 71681 462 5847 12695 40.84 546 24237 349.59
S52#8.1 2018.8.1 73469 491 673 127.82 3929 53.68 26299 328.19
S16#8.1 2018.8.1 788.87 476  60.56 140.81 4478 6323 28501 34246
A6#8.1 2018.8.1 64393 415 4757 11597 4193 5338 20243 328.19
Al#8.1 2018.8.1 62871 518 50.63 11258 37.9 4993 18501 349.59
A2#8.1 2018.8.1 459.82 797 57.86 452 3872 539 14791 214.04
A3#8.1 2018.8.1 57939 4.64 5098 99.15 3562 4032 15421 356.73
S24#8.4 2018.8.4 691.52 456  69.56 1132 3899 519 25394 29252
S52#8.4 2018.8.4 73794 478  76.61 12427 3877 5194 268.14 321.06
S37#8.4 2018.8.4 78477 518  78.65 12539 4347 5833 317.05 28538
S16#8.4 2018.8.4 850.72 507 6562 138.68 51.97 61.81 37844 271.11
A3#8.4 2018.8.4 565.63 431 5296 9466 3575 4041 15935 328.19
S16#8.7 2018.8.7 78522 428 6247 136.62 43.19 6325 287.17 34531
S52#8.7 2018.8.7 7873  4.87 8218 12223 3893 5533 30144 336.75
S24#8.7 2018.8.7 696.87 4.13  68.64 114.11 3588 50.58 24225 3339
S37#8.7 2018.8.7 81424 5.05 812 12415 412 591 32856 32248
S52#8.12 2018.8.12 817.44 506 86.03 129.98 40.66 57.19 31553 336.75
S37#8.12 2018.8.12 833.16 521  81.92 13425 4291 59.83 32503 339.61
S24#8.12 2018.8.12 711.09 422 717 11509 3698 5233 24749 336.75
S16#8.12 2018.8.12 7925 431 6244 13895 4448 64.13 290.69 342.46
S52#8.17 2018.8.17 799.95 531 8501 13081 44.03 5871 29377 335.32
S37#8.17 2018.8.17 827.86 549 82.84 138.04 4532 5938 31875 328.19
S24#8.17 2018.8.17 7333 456 7491 125.17 39.27 5334 259.42 325.34
S16#8.17 2018.8.17 803.97 473 6849 143.04 47.67 64.13 2958  328.19
S37#8.22 2018.8.22 792.82 49 7293 12378 4191 6221 32279 299.65
S24#8.22 2018.8.22 724.13 426 6643 11644 3801 58.12 268.85 311.07
BI35#9.10 2018.9.10 48824 2.07 179.12  7.62 431 3037 72.61 353.87
S7#9.19 2018.9.19 824.6 446 6629 13463 4336 67.56 34345 299.65
S37#9.19 2018.9.19 753.93 3.92 5939 1259 4075 65.02 296.63 293.94
S46#9.19 2018.9.19 922.76 5.61  86.69 144.19 44.68 68.49 41696 285.38
S24#9.19 2018.9.19 719.51 4.06 6828 11402 3584 58.16 275.65 299.65
S1#9.19 2018.9.19 865.59 5.06 73.85 13932 427 66.64 380.77 285.38
S249.19 2018.9.19 8846 5 66.75 146.12 4519 7492 378.19 292.52

According to the water quality sample data of the no. 14
limestone aquifer discharge holes, the water chemistry type
in the working face did not change and the concentration
change of various anions and cations did not exceed 10%
during the dewatering test. The water quality of the no. 14
limestone aquifer did not change significantly during the test,
as showed in Fig. 9. It shows that the water quality of the
no. 14 limestone aquifer in the study area has not changed
significantly at all stages of the dewatering test.

A piper diagram of all water samples (Fig. 10) was drawn
according to the water quality test results. It can be seen

@ Springer

from the figure that the positions of the no. 14 limestone
aquifer water samples in the rhomboid region were almost
unchanged in all stages of the water discharge test, indi-
cating that the no. 14 limestone aquifer water experienced
no notable mixing with water of another quality through-
out the whole water test stage. Moreover, most of the 37
water samples were concentrated in the same rhomboid
region, indicating that the groundwater of Ordovician and
no. 14 limestone aquifer had no significant difference before
and after the test. In addition, during the dewatering test,
the concentrations of the conventional ions in the no. 14
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limestone aquifer groundwater did not change significantly.
Therefore, in this area, for Ordovician and no. 14 limestone
aquifer groundwater which belong to limestone water, the
conventional hydrochemical analysis cannot be used to dis-
tinguish and distinguish the hydraulic relationship between
them.

Feasibility analysis of depressurizing the no. 14
limestone aquifer

The first three stages of the drainage test were mainly con-
centrated in the northern area of the working face. The fea-
sibility of depressurizing the no. 14 limestone aquifer in the
16104 working face was analyzed, and the effects of local
and regional water drainage on the dredging effect were
compared. In the fourth stage of the drainage test, 24# and
37# in the north were opened at the maximum flow rate,
while 7# and 46# in the middle and 16104-1 and 16104-2
in the south were opened. The total flow rate was stable
at 240 m>/h, so that the whole area of the 16104 working
face could be drained. By combining these results with
those of the dewatering test, the risk of water inrush and the
feasibility analysis of depressurizing the no. 14 limestone
aquifer were evaluated using the theory of the water inrush
coefficient.

The concept of the water inrush coefficient is put forward
on the basis of the study of floor water inrushing in the 1960s
and through the comprehensive analysis and research of the
experience of floor water inrushing in coal mines in China. It
is used as the standard for water inrush prediction. In 2018, the
“detailed rules for prevention and control of water disasters in
coal mines” issued by the State Coal Mine Safety Supervision

Bureau clearly require coal mining enterprises in China to use

the water inrush coefficient method as the standard in water

inrush prediction. Therefore, this formula is also used to cal-

culate the no. 14 limestone aquifer water inrush coefficient

of the floor of the 16104 working face in the Luxi coal mine.
The calculation formula is as follows:

T=P/M (1)

T is the water inrush coefficient (MPa/m), P is the water
pressure of the floor of aquiclude (MPa). M is the thickness
of aquiclude (m).

Formula 1 is applicable to the coal working face. Accord-
ing to the actual data in China, the water inrush coefficient
of the section with structural damage to the floor is gener-
ally not more than 0.06 MPa/m, and that of the section with
complete aquiclude and no fracturing structural damage is
not more than 0.1 MPa/m. The concept of the water inrush
coefficient is clear, and its formula is simple and practical.
Although there are only two simple factors—the water pres-
sure P and the thickness of aquiclude M—in the expression,
they reflect the comprehensive effect of water inrush factors.
It has played a positive role in coal mine production, so it has
been used thus far.

According to the water level observation data from different
time periods during the fourth landing, the water inrush coef-
ficient of the no. 14 limestone aquifer (Table 4) was calculated,
and the contour map of the water inrush coefficient was drawn
(Fig. 11).

According to the “detailed rules for prevention and control
of water disasters in coal mines”, the theoretical evaluation
criteria for the water inrush coefficient are as follows:

Table 4 Water inrush coefficient
table of the 16104 working face

Hole number

Water inrush coef-
ficient on August 14

Water inrush coef-
ficient on September

Water inrush coeffi-
cient on September 3

Water inrush coeffi-
cient on September 3

17

6# 0.058 0.050 0.045 0.038
o# 0.067 0.062 0.055 0.047
21# 0.064 0.063 0.056 0.048
28# 0.068 0.067 0.059 0.049
32# 0.075 0.076 0.067 0.058
38# 0.058 0.056 0.051 0.044
44# 0.065 0.060 0.054 0.047
47# 0.068 0.053 0.047 0.041
49# 0.078 0.069 0.062 0.055
S55# 0.082 0.078 0.069 0.060
L14x-3 0.068 0.060 0.055 0.049
16104-1 0.056 / / /
16104-2 0.054 / / /

5'-3 0.122 0.122 0.130 0.13
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Fig. 11 Water inrush coefficient of the 16104 working face in the dewatering test

Block section with floor
damaged by structure: 7 < 0.06 MPa/m Safe area
T > 0.06 MPa/m Dangerous area

Block section with intact floor: 7 < 0.1 MPa/m  Safe area
T > 0.1 MPa/m Dangerous area.

Considering the safe mining in 16104 working face, the
drainage of no. 14 limestone aquifer is assessed by the mini-
mum critical value of water inrush coefficient (0.06 MPa/m)
of block section with floor damaged by structure. As can
be noted from Fig. 11a, in the first stage, the maximum
discharge rate of water occurs at the same time in the four
boreholes of 16#, 24#, 37#, and 52#. In the stable stage, only
the local water inrush coefficients near the boreholes of 6#,
38#, 16104-1 and 16104-2 are below 0.06 MPa/m, while
the other regional water inrush coefficients are still above
0.06 MPa/m. Therefore, it is very difficult for the local dis-
charge in the northern part of the working face to fall below
the safe water level.

At the end of the third stage, the water level in the work-
ing face is in a state of recovery due to the reduced discharge

(Fig. 11b). Four days after the fourth stage began, the water
inrush coefficient of the southern half of the 16104 face basi-
cally dropped below 0.06 MPa/m (Fig. 11c). After 6 days of
drainage, the water inrush coefficient of the southern part
of the working face basically dropped below 0.06 MPa/m,
except that of hole 55# (Fig. 11d). After 14 days of drainage,
the water inrush coefficients of the whole 16104 face and the
surrounding area had dropped below 0.06 MPa/m (Fig. 11e).

It can be seen that the no. 14 limestone aquifer in the whole
working face can be dredged at 240 m*/h. After approximately
half a month, the water level can be lowered below the safe
water level. The dredging effect is apparent. These results
demonstrate that the no. 14 limestone aquifer has a good
dredging ability. To ensure the safety of mining, the method
of edge dredging and edge mining can be adopted on the basis
of floor grouting in the subsequent mining period.

Discussion
During the dewatering test, the flow rate of the water dis-

charge hole in the first stage dropped significantly, and the
total water discharge gradually decreased from the maximum
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of about 340 to 179 m*/h. Affected by the water discharge of
the group of holes in the working face, the actual flow rate
of each water discharge hole has different degrees of attenu-
ation than that during drilling verification, which shows that
the no. 14 limestone aquifer in the study area is generally
weak in water yield. At the same time, no. 14 limestone aqui-
fer water level in each stage of the dewatering test showed
the same change trend, and all experienced three stages: the
initial instantaneous change stage, the rapid transition stage,
and the long and stable stage. The instantaneous change of
the water level reflects the good connectivity of the no. 14
limestone aquifer in the study area, and the long stable sec-
tion indicates poor recharge. In short, the no. 14 limestone
aquifer in the study area is generally characterized by weak
water yield, good connectivity and poor supply conditions.
The threat to mining No.16 coal seam can be relieved by
drainage and pressure reduction.

This paper examines the observation data during the
dewatering test. The water level change of the A2 observa-
tion hole is inconsistent with other Ordovician limestone
aquifer observation holes. During the test, the water level
of A2 hole dropped by 7.9 m and the characteristics of the
water level curve were similar to those of no. 14 limestone
aquifer water levels. Therefore, it is inferred that there is a
connection channel between Ordovician and no. 14 lime-
stone aquifers, which strengthen the hydraulic connection
between the two aquifers in the area.

Conclusions

This paper presents a case study on the prevention and treat-
ment of the thin limestone aquifers in the floor of the Luxi
coal mine in Jining City, Shandong Province, China. Through
hydrogeological exploration and drainage tests on the 16104
working face, the abnormal water yield area in the working
face was proven, and the hydrogeological situation of the no.
14 limestone aquifer was determined through a drainage test.
In the study area, the hydrogeology of the aquifer in the coal
seam floor was ascertained, and the feasibility of drainage and
depressurization of the aquifer in the coal seam floor was stud-
ied. This method can be theoretically more accurately verify
the hydrogeological conditions of the aquifer in the coal floor
and grasp the hydraulic connection of each aquifer.

Three geophysical exploration methods were carried out
in the study area. The results show that there is abnormal
water yield areas in the floor of the northern, central and
southern parts of the working face. Then drilling verifica-
tion is carried out for those areas detected by geophysical
exploration, and the accuracy of geophysical exploration
results is verified by the water inflow data of a single bore-
hole. According to the results of geophysical exploration and
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drilling, the stage of water release test is designed, the loca-
tion of water release hole and observation hole is arranged
in the test process, and the hydrogeological characteristics
of the no. 14 limestone aquifer and its hydraulic connection
with the Ordovician limestone aquifer are ascertained.

The water level observation data and water quality test
data during the dewatering test were used to analyze the
hydraulic connection between the no. 14 and Ordovician
limestone aquifers in the working face. Observation data of
the water level show that during the experiment, the change
of the water level of the Ordovician limestone aquifer has
a certain correlation with the discharge of the no. 14 lime-
stone aquifer, indicating that there is a hydraulic connection
between the two aquifers, but most of the observation holes
of the Ordovician limestone aquifer have a small decrease in
water level. It shows that the hydraulic connection between
the two aquifers is weak. Hydrochemistry type of Ordovi-
cian limestone aquifer water is the same as that of the no. 14
limestone water, and the two aquifers have similar content of
conventional ions. In addition, during the test, there was no
significant change in the ion content of the no. 14 limestone
aquifer groundwater before the test, so it was difficult to ana-
lyze the hydraulic connection between the Ordovician and
no. 14 limestone aquifer in the working face by conventional
hydrochemical methods.

In this paper, the feasibility of discharging in mining is
studied. The results demonstrate that the no. 14 limestone
aquifer can be dredged and lowered to below the safe water
level within 15 days after a total depressurization rate of
240 m>/h is implemented in the north, middle and south
of the working face. The effect of drainage to a low water
level is apparent and shows that the no. 14 limestone aquifer
has a good ability to drain and depressurize. To ensure the
safety of mining, on the basis of floor grouting, the method
of sparse mining can be adopted during mining.
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