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Abstract

The working face is seriously threatened by limestone aquifer with high-water pressure in coal seam floor when Permo-
Carboniferous coal is mined in North China Coalfield. Mine water control has become one of the major technical problems
in coal mine production. Grouting transformation for limestone aquifer is an effective means to guarantee mining safety. A
case of the 16,104 working face of the Luxi coal mine was studied in this paper. The results by the method of water-inrush
coefficient (WIC) showed that there was a great risk of water inrush in 16,104 working face. There were differences between
water-rich areas of floor aquifer obtained by geophysical methods and the areas with large water inflow by drilling exploration.
The geophysical methods were performed again in the water-rich areas using traditional grouting method, results showed that
the water-rich areas changed places, indicating that the effect of traditional grouting was not obvious. Grouting of areas of
high-water inflow has reduced the water inflow. However, the grouting also has changed the water flow paths. What’s more,
the drill holes sealed poorly will also lead to the change of the position of the water-rich areas. To enhance overall grouting
efficiency and cut down the repeated grouting times, a secondary grouting-reinforcement method was proposed to ensure
amount grout injected into aquifer. The results showed that the grouting reinforcement was successful, which can provide
reference for the treatment of floor confined water of North China Coalfield.

Keywords North China Coalfield - Floor water inrush - Geophysical methods - Grouting transformation - Drilling
verification

Introduction North China is the main coal-producing area in China,
and the coal fields is vast, stretching from the Qinlin moun-

As a large coal-production country, the total output of raw  tains-Huai River in the south to Yinshan mountain in the

coal for China was 3.85 billion tons in 2019, up 4% from
the 2018. Although the proportion of coal in total energy
consumption was 1.5% lower than 2018, still by more than
57 percent. The demand for coal will remain stable in the
short term (Qian et al. 2018; Ma et al. 2021b).
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north, and from the Yellow Sea in the east to the Helan
mountain in the west (see Fig. 1), and the main coal seam
is the Permo-Carboniferous coal (Hu et al. 2019a). Due to
the influence of geological structure and other factors, many
coal mines are endangered by water hazards from the Ordo-
vician limestone (OL) aquifer (Dong et al. 2020; Guo et al.
2018; Wu et al. 2019; Shi et al. 2019a; Ma and Bai 2015;
Ma et al. 2016; Hu et al. 2019b). To avoid water-inrush acci-
dents in the floor of the working face, the grouting reinforce-
ment of the floor aquifer is preferred to ensure mining safety
above the confined aquifer (Sun et al. 2016; Yin et al. 2020;
Dong et al. 2019; Cao et al. 2009).

The strength and elastic modulus of rock mass can be
improved by grouting (Li et al. 2018a). To understand the
grouting mechanism and effect of fractured rock mass,
various scholars have carried out considerable research.
For example, the formula for calculating the thickness of
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Fig. 1 Location of the study
area

reinforced aquifers by grouting was deduced by Gao et al.
(2020), and the ‘three-stage casing’ drilling with small
angle was designed for fully grouting in the water-inrush
danger zone determined by water-inrush coefficient (WIC)
of working face floor, the 3D DC mine resistivity method
was also used to check the effect of grouting. Using the
fluid structure interaction (FSI) method in Flac®P, Hu et al.
(2019a, b, c, d) studied the pathway of water inrush around
fault, under the coupled pressures of confined water and
those induced by mining and the geophysical results indi-
cated that the grouting was effective. Hu et al. (2019b)
studied the slurry diffusion in the fractured aquifer grouted
through horizontal injection holes, and established a theo-
retical model of slurry diffusion in the inclined tubular
fractures, as well as the relationship between the distance
of slurry diffusion and the grouting time. Li et al. (2017a)
proposed a new water-inrush mechanism driven by grout-
ing, and put forward an improved grouting solution based
on statistical law of holes deviation for the prevention of
water inrush from floor in coal mines with complicated
geological conditions. These studies provide guidance
to improve the grouting reinforcement the seam floor
aquifers.

Since the concept of WIC and the evaluation index of
water risk of the seam floor aquifers have been put forward,
the study on grouting methods for controlling water inrush
from the floor began in the 1950s (Li et al. 2018b). In Jiao-
zuo, Feicheng and other typical mining areas of China,
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Shandong Province

Luxi Coal Mine

16104 Working Face

grouting in the underground tunnels was used to transform
the floor aquifer and strengthen the crack structure.

However, the grouting effect of floor aquifer is not good
because of the complex distribution of fracture networks (Ma
et al. 2019, 2020a), unclear geological surveys, concealed
grouting flow in rock mass fractures and improper engineering
operations (Han et al. 2020). The secondary grouting not only
causes the waste of materials, but also affects the construction
period. Therefore, improving the overall efficiency of grout-
ing and reducing the number of repeated times in the grouting
process are the key technologies to ensure the safety of coal
mining in the high-pressure aquifer.

Luxi coal mine is located in the southern area of Ningwen
coalfield in Jining city, Shandong province, China. The #16
coal seam, which belongs to the Carboniferous system of the
Taiyuan formation, is a planned coal seam. According to the
standard of WIC, coal mining face will be threatened by aqui-
fer water inrush during mining. Referring to relevant literature,
water control measures of hydrophobic depressurization and
grouting reinforcement have been widely proposed in previ-
ous studies. However, when aquifer has strong groundwater
recharge source, hydrophobic depressurisation is difficult to
achieve. Thus, the measures of hydrophobic depressurization
are not suitable for OL aquifer under the coal mining with the
large thickness, high-water pressure and water content, while
the grouting reinforcement for floor aquifer can be used to
guarantee of safe mining of #16 coal seam.
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Geology and hydrology of the study area
Overview of the 16,104 working face

The Luxi coal mine is located in the southern Ningyang-Wen-
shang coal mining area, mainly located in Jining and Taian
City, Shandong Province, China, a typical North China Coal-
field, whose lower series coal is generally threatened by the
thick OL aquifer. The Luxi coal mine is a modern mine with
a production capacity of 870,000 metric tons per year. There
are mainly three minable coal seams in the mine, including
#3,#16 and #17 coal seam. The #3 coal seam will be replaced
by #16 coal seam after the completion of mining. Now, the
16,104 working face, the first working face of #16 coal seam
in the Ningyang-Wenshang coal mining area, has been formed.
The 16,104 working face is about 900 m long along the strike
and 100 m wide along the dip. The average thickness, average
dip angle and buried depth of the 16,104 working face are
1.27 m, 1.35°, and 450 m, respectively. The intelligent mining-
controlled system is used in 16,104 working face to ensure the
safety and efficiency in the mining process.

Roof and floor structure of #16 coal seam

According to boreholes data of Luxi coal mine, there are three
main limestone aquifers in the #16 coal seam roof and floor,
i.e. the L, limestone (L,,) aquifer, L,, limestone (L,,) aqui-
fer of Carboniferous system Taiyuan formation and OL aqui-
fer (Fig. 2). The other floor strata are mainly silty sandstone
layers, fine sandstone layers and mudstone layers. The main
roof, immediate roof, immediate and main floor are limestone,
silty sandstone, mudstone and silty sandstone, respectively
(Table 1).

The L, aquifer

According to the previous geological data, the L, aquifer is
the direct water-filled aquifer, strong water abundance in indi-
vidual regions. Its unit discharge is 0.0034-0.814 L/(s m) with
an average of 0.382 L/(s m), and its permeability coefficient
is 0.071-5.0899 m/d with an average of 1.09724 m/d. Under-
ground water penetration accident will be happen by small
probability, because the spray water is the main way of the
L, aquifer, which can be use as the necessary water for min-
ing operation. Thus, the threat of water inrush of L, aquifer
to 16,104 working face can be relieved by release measures.

The L,, aquifer
The results showed that the L, aquifer is an indirect water-

filled aquifer through analyzed the formation structure of
the roof and floor of 16,104 working face, which thick is
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Fig.2 Composite column of the 16,104 working face roof and floor

Table 1 Thickness of roof/floor

Roof/floor Type Thickness (m)  Average (m)
Main roof Limestone 2.7-4.86 4.12
Immediate roof  Silty sandstone ~ 2.3-6.22 4.66
Immediate floor ~ Mudstone 0.8-2.4 1.3

Main floor Silty sandstone ~ 1.0-2.5 1.5

2.3-10.7 m (5.47 m on average). It has weak water abun-
dance according to the drill data, its unit discharge and
permeability coefficient are 0.0002—0.03892 L/(s.m) and
0.003814-1.1275 m/d, respectively. However, according to
the data in 2018 and 2019, the local water inflow of the aqui-
fer is 100200 m>/h, and the water pressure is 3.3-3.8 MPa.
A certain hydraulic connection between L, and OL aquifer
based on the scouring experiment.

The OL aquifer

The OL confined aquifer is more than 800 m thick according
to the data of the adjacent mine, with a maximum thickness
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ranging up to 102.89 m in this hydrogeological area on the
basis of exploratory data from drilling data, and karst frac-
tures are more developed. Its unit discharge and permeability
coefficient are 0.049-0.132 L/(s.m) and 0.094-0.1169 m/d,
respectively, according to the pump test of surface boreholes.
The relatively steady water level is + 15 to+20 m (National
Height Datum 1985), according to the scour experiment of
underground boreholes. The OL aquifer, which has a range
from low to high-water abundance according to 9 boreholes,
is characterized by its uneven water abundance. Its water
inflow is from 10 to 60 m*/h. The coal mining may be threat-
ened greatly by the high-water pressure ranging from 4.1 to
4.2 MPa.

Physical and mechanical properties of floor rocks

Rocks of the lower part of Taiyuan and the upper part of
Benxi formations in 16 coal seam floor is an ideal aquifuge,
for the property of alternatively distributed soft and hard
rock layers, stable sedimentary environment and weak water
yield. On the whole, the interbedded structure of soft and
hard rocks has high strength, it is more favorable for high
impedance confined limestone water, considering the com-
plex space structure of aquifuge. Then take into account the
restraining factor of water inrush of the top of OL aquifer,
which is undeveloped karst section, this interval can signifi-
cantly improve the ability of coal seam floor to resist high-
pressure water (Miao and Bai 2011).

Assessment of floor water inrush
The depth of floor failure

In the process of coal mining, the original rock stress state
of surrounding rock is changed (Liu et al. 2020; Shi et al.
2019a, b; Ma et al. 2019, 2020b, 2021a). Cracks genera-
tion of the coal seam floor owing to water pressure of aqui-
fer and support pressure, the increasing part of tangential
stress owing to mining activity, may cause ground water
bursting through the cracks (Li et al. 2019, 2017b; Ma et al.
2020a; Hu et al. 2019c¢). Therefore, it is of great significance
to study the floor failure depth for prediction of the water
inrush. At present, the floor failure depth is investigated with
empirical formula, plastic mechanics and numerical simula-
tion method (Liu et al. 2020). Next, the three methods were
analyzed to calculate the failure depth of the floor.

Empirical formula method
For the floor failure depth of mining face, normally there

are three common empirical formulas (State Bureau of Coal
Industry 2000):
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hy = 0.0085H + 0.1665a + 0.1079L — 4.3579 (1
h, = 0.7007 + 0.1079L )
hy = 0.303L°8 3)

where h,, h,, hy are the floor failure depth, respectively, H is
the buried depth of the coal seam, « is the angle of the coal
seam, L is the length of the working face. Taking 450 m for
H, 1.35° for @, 100 m for L, thus the floor failure depth is esti-
mated as: #; =10.48 m, h,=11.49 m, h;=12.06 m. To ensure
safety, the maximum value of &;, , and h; is 12.06 m as the
floor failure depth.

Plastic mechanics method

The area of floor failure caused by support pressure is shown
in the Fig. 3, h, and L are the maximum floor failure depth and
plastic zone width, respectively. According to the plasticity
theory, the numeric symbols, 1, 2 and 3, stand for active stress
zone, transition zone and passive stress zone, respectively.

The following calculation formula can be obtained (Qian
et al. 2010):

LI AN
h, = ;e@ﬂ)mwcosqﬁ @
2cos<§ + %)

where ¢ is the average internal friction angle of floor rock
mass. According to the yield length of coal seam proposed
by A. H. Wilson, the length of L can be calculated:

L= %ln(IOyH) )

ha

Fig. 3 Area of floor failure zone due to support pressure
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Mohr—Coulomb criterion satisfied when coal seam
reaches limit equilibrium conditions (Zhang and Zhang
1997),

_ I+sing,
" 1—sing, 7

By substituting Egs. (6), (7) into (5), it was concluded
that:

m1In (10yH)(1 + sin )
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By substituting Eqgs. (8) into (4), it was concluded that:
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where m is the average mining height, y is the rock mass
density, ¢, is the internal friction angle of coal. According
to Fig. 2 and Table 2, taking ¢ as 40°, m as 1.27 m, y as
24 kKN/m?>, @, as 28°. The plastic zone width and the maxi-
mum floor failure depth can be obtained by Egs. (8) and (9):
L=1292m, h;=12.82 m.

Numerical simulation

According to the geological and technical mining conditions
in the region where the 16,104 working face is located, we
constructed a FLAC?P numerical calculation model to study
the influence of mining on floor failure depth of 16,104
working face (see Fig. 4). The stratification of the model
is the same as the strata in Fig. 2. Physical and mechani-
cal parameters of the rock used for modeling come from
the measured parameters in the mining area, as shown in
Tables 1 and 2. The calculation adopted the Moh-Coulomb
criterion. Model dimensions were 460 mx 160 mx 110 m
(length X height X high). The x- and y-axes represented the
strike and dip directions, respectively; the z-axis was in the
vertical direction. Cover depth was 45 m; extraction thick-
ness (#16 coal seam) was 1.27 m. The thickness of the floor

1—sin ¢, 1-sin ¢,
was 60 m.
)
Table 2 Rock mechanics index of the 16,104 working face floor
Lithology Uniaxial compres- Tensile Bulk modu-  Shear modu- Internal fric- Cohesion (MPa) Gravity (kg/m®)
sive strength (MPa)  strength lus (GPa) lus (GPa) tion angle (°)
(MPa)

Coal 25 0.31 5 28 2.03 2400
Mudstone 20 0.59 5 41 2.30 2450
Limestone 90 1.60 12 10 38 6.70 2660
Fine sandstone 50 2.28 6 39 5.91 2640
Siltstone 40 1.20 6 37 4.20 2540

Fig.4 Numerical simulation
model of 16,104 working face

#16 coal seam
—_—

L4 limestone aquifer
—  »

Ps=10.25 MPa

Siltstone
Limestone
Coal seam
Mudstone

. Fine sandstone
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Because this numerical simulation model was only about
110 m high, while the depth of cover was 455 m, an initial
vertical principal stress (Ps) was applied to the top of model
to simulate the weight of 410 m of overlying rock. Ps was
calculated from

P, =yH (10)

where y is the bulk density of rock (average 25 kN/m? in
China), and H is overburden thickness (m).

Equation (10) gives P, ~ 10.25 MPa for these values.
Since an elastic, isotropic model was assumed, the horizon-
tal stress components were calculated by introducing Pois-
son's ratio. The base and lateral boundaries of the model
were on rollers to simulate the initial stress field. Fixed base
and lateral boundary conditions were used in subsequent
excavation simulations.

The mining scheme modeled was as follows: longwall
face 100 m in the y-direction; total face advance 400 m in
the x-direction. The mining excavation space was located at
the center of the model. Coal pillars 30 m wide were inten-
tionally left to minimize boundary effects in both the x- and
y-directions.

It can be seen from the Fig. 5a that the floor failure depth
is 6 m when working face progressed at 20 m. Then, the
floor failure depth increases with advance distance. The
maximum floor failure depth of the 16,104 working face is
16 m when advanced distance is 40 to 100 m (Fig. 5b—d).

None

shear-n shear-p
shear-n shear-p tension-p
shear-p

shear-p tension-p
tension-n tension-p
tension-p

(a) 20m

None

shear-n shear-p

shear-n shear-p tension-p
shear-n tension-n shear-p tension-p
shea

shear-p tension-p

tension-n shear-p tension-p|
tension-n tension-p
tension-p

(c) 60m

Based on the analysis of the above three calculation meth-
ods, the values obtained by empirical formula, plastic theory
and numerical simulation method are 12.06 m, 12.82 m and
16.0 m, respectively (see Table 3). Therefore, taken 16.0 m
as the value of floor failure depth in the 16,104 working face.
According to the Fig. 2, the floor failure zone may extends
to the #17 coal seam.

Possibility of water inrush based on the WIC

The probability of water inrush can be evaluated by the WIC
when confined aquifer exists in the floor, according to mine
water prevention relevant provisions, China (Li et al. 2018b;
Ma et al. 2016, 2020a). The water-inrush risk existed of
the floor if the WIC is more than the critical WIC (7). The
formula of the WIC is as follows:

P

=+ an

Table 3 Estimated results of the floor failure depth

Calculation Empirical Plasticity Numerical
formula mechanics simulation
Depth of failure 12.06 12.82 16.0

zone (m)

None

shear-n shear-p

shear-n shear-p tension-p
shear-n tension-n shear-p tension-p
shear-p

shear-p tension-p

tension-n shear-p tension-p|
tension-n tension-p
tension-p

None

shear-n shear-p

shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
shear-

shear-p tension-p
tension-n shear-p tension-pj
tension-n tension-p
tension-p

(d) 100m

Fig.5 The floor failure depth with different advance distance of the 16,104 working face
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Table 4 T values of the L,, and OL aquifer

Aquifer P(MPa) M (@m) H(@m) T (using T (using
Eq. 11) Eq. 12)
(MPa/m) (MPa/m)

| 3.8 33 16 0.115 0.224

OL 4.2 46.5 16 0.09 0.138

where T is the WIC, P is the water pressure of the confined
aquifer, M is the aquifuge thickness (State Bureau of Coal
Industry 2000).

The research data of the national mine reveal that the T’
shall not be more than 0.06 MPa/m and 0.1 MPa/m where
the floor is damaged by the structure or not in general,
respectively.

Obviously, the above analysis has not considered the
influence factors of mining. The effective thickness of aqui-
clude is reduced due to the floor failure depth under the
influence of mining. The T considering the floor failure
depth is as follows:

P

T=——1o
M—h

(12)
where £ is the floor failure depth.

The floor is considered to be stable if the calculated
result of the T is less than 0.1 MPa/m and 0.15 MPa/m in
floor structural failure zone and without fracture structure,
respectively. The T values of the L, aquifer, OL aquifer are
estimated using Eqgs. (11) and (12).

It can be seen from the Table 4 that the T of L, aqui-
fer when Eqgs. (11) or Eq. (12) is adopted are much higher
than 0.1 and 0.15 MPa/m, respectively, which means that
there is a high-water inrush possibility from the L, aqui-
fer. Although the T of OL aquifer is slightly less than 0.1

and 0.15 MPa/m, respectively, the average distance between
the OL aquifer and the working face is 46.5 m (actual dis-
tance ranges from 38.9 to 52 m). The T of OL aquifer is
also greater than the critical WIC if the minimum value is
38.9 m, thus the risk of water inrush also exists in the OL
aquifer.

Geophysical and drilling results

According to the relevant provisions of coal mine water pre-
vention in China, when the coal seam has the high-pressure
karst aquifer and good water abundance in floor, geophysical
and drilling exploration methods shall be used simultane-
ously. In this study, the Transient Electromagnetic Method
(TEM) was used to detect the floor of the 16,104 working
face within 0—150 m in December 2016. The results showed
that there were two low-resistivity areas (areas a and b), as
shown in Fig. 6. Area b was closer to #16 coal seam, which
may have a greater impact on safety mining. The Radio
Wave Penetration Method (RWPM) was employed to detect
the floor in June 2017, and the water-rich areas (areas a,
b, ¢, d and e) were obtained, as shown in Fig. 7. Then the
Audio Frequency Perspective Method (AFPM) was used to
determine the water-rich areas of water-bearing property of
the floor, and four water-rich areas (areas a, b, ¢ and d) were
obtained. As presented in Fig. 8, area ¢ was located in the
middle of the 16,104 working face, and area d was close to
the open-off cut.

Based on the results of the three geophysical prospect-
ings, it was found that water-rich areas existed in the floor
of the middle of the 16,104 working face and open-off cut
position. To reduce the risk of water inrush caused by the
water-rich areas during the mining process, the gateway
of the 16,104 working face was redesigned, which was

Fig.6 The water-rich areas of
the 16,104 working face in floor
detected by TEM

Fig.7 The water-rich areas of
the 16,104 working face in floor
detected by RWPM
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Fig.8 The water-rich areas of
the 16,104 working face in floor =
detected by AFPM
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shortened from 140 to 100 m in dip and 1400-900 m in
strike (see Fig. 11). As a result, some water-rich areas of
limestone aquifer were avoided, the floor failure depth of
was reduced, and the risk of water inrush from the floor
aquifer was reduced.

To verify the water-rich areas obtained by the geophysi-
cal prospecting method, 56 boreholes were drilled in the L,
aquifer in Year 2018 and the water inflow was analyzed (see
Table 5). Figure 9 shows the 55 grouting holes arrangement
of the 16,104 working face in 2018. As shown in Fig. 10,

these boreholes were grouped by the water inflow, and the
amount of water inflow above 10 m*h and exceed 100 m*h
were 94.64% and 50%, respectively.

Figure 11 shows the contour map of water inflow based
on the 56 boreholes of L,, aquifer. It can be seen that two
areas (areas a and b) with a large amount of water inflow
are located in the middle of the upper gateway and the
intersection of the lower gateway and the open-off cut,
respectively. However, areas a is not shown in Fig. 8.
The reasons are as follows: (a) The occurrence state of

Table 5 Detection data of test

. Holeno  Vertical Water Water pres- Holeno  Vertical Water Water pres-
holes (in year 2018) depth (m) inflow sure (MPa) depth (m) inflow sure (MPa)
(m*/h) (m’/h)
1# 314 13 32 29# 30.7 25 3.7
2# 35.2 3.45 30# 28.2 65 33
3# 39.3 5 32 31# 27.6 100 32
4# 29.7 15 3.45 32# 24.1 150 3.25
S# 25.2 13 34 33# 33.1 120 33
6# 34.4 120 34 34# 27.6 80 33
T# 35.9 110 34 35# 355 20 3.8
8# 34.1 100 34 36# 35.8 120 3.65
o# 27.8 80 32 37# 30.7 150 3.68
10# 36.6 50 3.25 38# 354 130 3.7
11# 27.8 100 34 39# 39.2 20 3.6
12# 31.9 100 34 40# 33 70 3.65
13# 32.3 100 33 41# 27.8 130 3.7
14# 28.1 2 33 424 29.1 100 3.7
15# 26.5 50 34 43# 32.1 65 3.65
16# 27.8 200 3.25 444 30.4 80 3.7
17# 34.5 20 33 45# 33.6 60 3.7
18# 36.5 120 32 46# 30.9 100 3.7
19# 30.6 150 33 47# 31.5 80 3.75
20# 36.8 120 3.25 48# 30 20 3.75
21# 28.9 40 32 494 29.8 100 3.7
22# 26.5 120 3.25 50# 28.6 95 3.6
23# 36.1 100 3.25 S1# 24.5 20 37
24# 45.1 200 32 52# 32.1 200 37
25# 322 80 3.25 53# 33.6 150 3.6
26# 322 40 32 S54# 29.5 150 3.6
27# 39.4 30 3.25 55# 23.8 150 3.8
28# 254 120 3.25 S56# 29.7 10 3.5

@ Springer



Environmental Earth Sciences (2022) 81:28

Page90of17 28

Fig.9 Layout of 55 grouting
holes of the 16,104 working
face in Year 2018

207 19
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Number of boreholes
o

T T T T
0-10 10-50 50-100 100-150 150-200

Water inflow (m®h)

Fig. 10 Number of boreholes with different water inflow

groundwater changes with time. The geophysical explo-
ration was completed in Years 2016 and 2017, while the
drilling was in Year 2018. (b) The drilling can also affect
the occurrence state of groundwater. The original non-
water-conducting fractures were gradually connected by
boreholes, and the water content in the areas increased
significantly.

The risk of water-inrush risk in the 16,104 working
face is analyzed using Eqs. (11) and (12). As shown in
Fig. 12a-b, the T of all boreholes exceed 0.06 MPa/m,
and 64.29% of them are greater than 0.1 MPa/m. If the
floor failure depth was considered, the T of all boreholes

exceed 0.06 MPa/m, and the proportion of that exceeding
0.15 MPa/m is even higher at 96.43%.

In 2018, 55 boreholes were grouted and reinforced in the
16,104 working face, and only 1 borehole was reserved as
observation hole to observe water pressure of the L, aqui-
fer. A total of 745 tons of cement were injected, with an
average of 13.55 tons per borehole. The grouting effect was
detected by the Network Parallel Electrical Method (NPEM)
in May 2019. Through the NPEM method, four water-rich
areas were found in the range of 0 to 45 m from the floor
of the working face. The water-rich areas were projected
on the plan of the 16,104 working face, that is, areas a, b,
c and d in Fig. 13a. The wider area a is distributed in the
lower gateway with a range of 630-860 m (starting from
the open-off cut), and an extension of about 50-90 m along
with the profile. Since the apparent conductivity was obvi-
ously higher than the critical threshold (10.4S/m) in area q,
it was verified that rock fractures were well-developed and
the groundwater was abundant in area a. Area b was located
at 400-550 m in the upper gateway and 380-460 m in the
lower gateway, extending to about 50 m and 40 m of the
16,104 working face, respectively. Area b was characterized
by the smaller range and low electrical resistivity, and it was
believed that the L,, aquifer was rich in water. As shown in
Fig. 13b, the other two areas have low electrical resistivity,
i.e., area ¢ (300-330 m in the upper gateway) and area d
(0-100 m in the upper gateway and 50-137 m in the open-off
cut). According to water inflow data in 2018, it is determined
that there were micro-fractures in areas a and b.

The results revealed that there were also four areas of
low electrical resistivity in the range of 45—90 m under the
floor, i.e., areas a, b, c and d in Fig. 13b. Among them, area

Fig. 11 Contour map of water
inflow in L, aquifer
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a was located in the upper gateway (710-760 m) and the
lower gateway (690—860 m), running through the working
face along the inclined direction. Area a in Fig. 13b had a
significantly larger distribution range than area a in Fig. 13a.
Areas b and c in Fig. 13b were roughly divided into two
areas. Compared with the two areas in Fig. 13a, the range of
areas b and ¢ were obviously expanded, and the water-rich
areas increased. It indicated that the water abundance within

@ Springer

(b) in the range of 45-90 m

the range of 45-90 m was enhanced. The spatial distribution
of area d was similar to that in Fig. 13a, while the shape of
area d was slightly changed.

Based on water-rich areas delineated by the NPEM, 39
drilling holes were designed for grouting reinforcement
of the L, aquifer in Year 2019. Table 6 shows the water
inflow and pressure of 39 drilling holes. Figure 14 shows
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the arrangement of 39 grouting holes in the 16,104 working
face in Year 2019.

Figure 15 shows the contour map of water inflow based
on the data of 39 boreholes (the contour map is not fully
show the whole working face due to the limited number
of boreholes). The water-rich areas a and b in Fig. 11 have
disappeared, but a new area was generated in the middle of
the gateway.

Compared with the water inflow in Fig. 10, the propor-
tion of water inflow above 10m>/h and 100m*/h decreased in

Fig. 16. After grouting, water inflow and WIC of the 16,104
working face are analyzed by Eqs. (11) and Eq. (12), as
shown in Fig. 17a-b. The WIC of all the boreholes is greater
than 0.06 MPa/m through the calculation of Egs. (11) and
Eq. (12). According to Eq. (10), the WIC of 21 boreholes is
over 0.1 MPa/m, accounting for 53.8% of the total. Accord-
ing to Eq. (12), the WIC of 36 boreholes is greater than
0.15 MPa/m, accounting for 92.3%. The results showed that
55 boreholes have little effect on water inflow compared to
the water flow before grouting for the floor reconstruction.

Table 6 Detection data of test

. Hole no Vertical Water inflow ~ Water pressure  Hole no Water inflow  Water pres-
holes (in 2019) depth(m)  (m¥/h) (MPa) (m’/h) sure (MPa)

4-1 30.3 60 34 7-1 20 35
4-2 26.9 80 35 7-8 120 3.5
4-3 394 150 3.7 8-1 3 35
4-4 45.1 0.3 33 8-2 10 35
4-5 28.1 80 3.6 8-3 180 35
5-1 28.7 30 35 84 60 3.6
5-2 34 120 35 9-1 20 3.55
5-6 42 20 37 9-2 20 35
6-1 329 33 9-4 50 3.6
6-2 355 35 10-1 40 3.7
64 36.8 3.8 10-2 0.5 3.7
6-5 329 7 33 10-3 90 3.7
6-6 349 10 35 104 60 35
6-7 35.4 20 35 10-5 50 33
6-8 34.4 180 33 10-6 200 3.6
7-1 32.7 190 3.6 10-7 2 35
7-3 424 60 35 11-1 50 35
74 25.4 80 3.6 11-2 50 35
7-5 29 40 35 11-3 3 35
7-6 28.1 10 35

Fig. 14 Layout of 39 grouting
holes of the 16,104 working
face in Year 2019

Fig. 15 Number of boreholes
with different water inflow
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Fig. 16 Number of boreholes with a different water inflow

As shown in Fig. 18, the proportion of boreholes with
water inflow greater than 100 m>/h decreases significantly,
but the proportion of boreholes with water inflow between
10 and 50 m*/h increases. The T (using Eq. 11) of 21 bore-
holes and the T (using Eq. 12) of 36 boreholes are greater
than 0.1 and 0.15 MPa/m, respectively. Thus, the grouting
effect has not met the requirements.

14
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1 1
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(a) Using Eq. 1

Grouting reinforcement techniques of floor
aquifer

Grouting diffusion in rock fractures

It can be seen from the above analysis that water inflow
restrained by grouting is not effective, and the main reasons
are as follows: rock fractures in the coal measures aquifer are
not isolated, and a group of rock fractures is usually formed
according to a certain occurrence; in the grouting process,
adjacent fractures interfere with each other, and the control
effect of grouting is weakened. The larger fracture is further
opened compared with a single fracture, and the influence of
interaction between parallel fractures has a great influence
on the smaller fracture. With the increase of grouting time,
the small fracture tends to be closed under the high pressure
and squeezing action of the larger fracture (see Fig. 19).

For the large fractures in the actual project, a longer dif-
fusion distance of the grouting is caused due to the further
increase of the fracture width. While spreading distance in
the small fracture is limited or cannot be injected owing to
narrowing fracture width, then small fractures are unable to
be sealed. After the grouting pressure decreases, the larger
cracks are closed again under the action of ground stress,
and the closure degree of fractures depends on the property
of the grouting.

If the grout has been solidified after grouting, the consoli-
dating body will occupy part of the fracture, and effectively
block the water passageway (Zheng et al. 2015). If the grout
has good fluidity, it may migrate deeply in space under the
compression of rock masses; then the closed smaller fracture
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(b) Using Eq. 2

Fig. 17 Number of boreholes with different water-bursting coefficient (T) of the L, limestone
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Fig. 18 Comparison of the percentage of the water inflow of the L,
of the 16,104 working face in floor before and after grouting

under the compression of larger fracture will be reopened,
forming the water flow channel. Thus, sealing efficiency
cannot be improved only increase grouting pressure. To
completely seal the water flow channels, secondary or sup-
plementary grouting is needed (Fig. 20).

Secondary grouting-reinforcement method

To enhance overall grouting efficiency and reduce the
repeat numbers of grouting in the floor aquifer, a second-
ary grouting-reinforcement method is proposed to ensure
the effective injection of massive grout into the aquifer.
The goal of secondary reinforcement is realized by the
method of secondary grouting reinforcement. The method
can be performed as follows: (1) borehole scouring and
flushing; (2) the injection of slurry, concentrate, slurry

and water; (3) fresh water perfusion; (4) borehole sealing
and sweeping. First, after the drilling reaches the design
length, the borehole can be plugged by grouting if the
water inflow is less than 5 m>/h; otherwise, the borehole
shall be continuously drained until the water inflow is sta-
ble. It is noteworthy that the boreholes should be flushed
with clear water to ensure that rock powder and rock block
are washed out of the boreholes. The following step is
extremely important in the secondary grouting-reinforce-
ment method. The slurry is adjusted to a concentration
of 1.1-1.3 g/cm?® and the injection pressure is adjusted to
above 7.0 MPa; the concentration of the slurry is increased
to 1.3-1.5 g/cm® and pressure reaches 8.0 MPa; after that,
the concentration is reduced to 1.1-1.3 g/cm® and pres-
sure increases to 9.0 MPa. Fresh water test is carried out,
the pressure reaches 9.0 MPa after the grouting pressure
and then keeps stable. The concentrate is used to seal the
borehole and setting time should no less than 24 h. Finally,
the borehole grouted is examined, that is, borehole sweep-
ing, which can play a positive effect on the test of grouting
effect. The expected grouting effect can be achieved if the
water inflow of the tested borehole is less than 5 m3/h,
with enough plugging; otherwise, the borehole needs to be
flushed and grouted again (the grouting method is the same
as the first grouting). It is worth noting that the second-
ary grouting, i.e., borehole flushing and grout injection, is
carried out after the first grouting process is completed. It
means that the secondary drilling and secondary grouting
are required at the location of the first grouting.

Table 7 shows that the results of seven grouting bore-
holes by secondary grouting-reinforcement method. As
mentioned above, the sealing quality was considered safe
if water flow of a single test hole was lower than 5m*/h.
The results of the water inrush from the boreholes rein-
forced by the secondary grouting-reinforcement method
show that this method is effective for controlling water.
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ifg<5m’h

Fig.20 Grouting process

Table 7 The results by secondary grouting-reinforcement method

ifg> 5m’h

ifg>5m’h

Discussions

Grouting has been widely applied to the floor in a coal mine
for the prevention and control of water inrush (Hu et al.
2020; Liu et al. 2020). Due to the imperfection of grout-
ing technologies, some grouting boreholes fail to achieve
the expected effect after the full-floor grouting project in a
coal mine. As a result, these failed grouting boreholes have
become a hidden danger in mining.

For example, in the Yian coal mine (a new mine in Luoy-
ang city, Henan province, China), the fully sealed sealing
method has been used for the borehole sealing method of
floor grouting reinforcement, that is one-time grouting com-
pletion method, and the defect rate was as high as 53-57%.
The grouting effect has not been achieved because of a large
amount of water outflow from the boreholes.

The risk of water inrush caused by grouting boreholes
in mining mainly depends on whether the boreholes have
been blocked effectively or not. The boreholes will have
higher hydraulic conductivity if the grouting effect is poor
or the diffusion distance is shorter. When such boreholes are
approached or exposed by mining, the water flow channel
of ‘Confined aquifer-Conducted water borehole-Primary or
secondary fractures-Working face’ will be formed under the
connection of primary or secondary fractures (see Fig. 21a).
The working face will be affected if the water in the confined
aquifer discharges into the working face along the boreholes.
In the process of water inrush, the water diversion channel
is constituted by the basic elements, confined aquifer, con-
ducted water boreholes, primary or secondary fractures and
the working face.

Most of the engineers believe that grouting is an effec-
tive way to control coal mine water in China. However,
they are not aware that the unreasonable grouting tech-
nology will increase water inflow, and may cause serious
water inrush due to the connectivity of grouting boreholes
(Kang et al. 2014; Wang et al. 2015). In the engineering
practice, grouting materials and the diffusion radius are

Hole no  First drilling Sweeping (secondary drilling) Sweeping (thirdly drilling)  Meet the
- - . 3 requirements

Water Water pres- Grout.mg Water Water pres- Grout.mg Water inflow (m’/h) (<5 m*/h)

inflow sure (MPa)  quantity inflow sure (MPa)  quantity

(m*/h) (Ton) (m’/h) (Ton)
X4-4z 60 3 10.1 45 3 57 2 Yes
X4-6z 60 3.7 10.25 40 3.7 127 0.6 Yes
X5-1Z 165 35 12.75 70 35 67 1 Yes
X5-5Z 100 35 12.6 40 35 17.3 1 Yes
X5-6Z 110 35 12.75 50 35 40.45 2 Yes
X7-1Z 191 34 18.6 40 34 46.5 0.5 Yes
X7-2Z 97 34 59 30 34 19.6 0.02 Yes
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(b) Ly4 is transformed into aquifuge by secondary grouting method

mainly concentrated, which can partially prevent the floor
water inrush under the low water pressure aquifer (Li et al.
2017a). The opened fractures to the main seepage path
should be filled firstly, and the unopened fractures can be
are neglected or partly filled after solidification under grout
pressure. Nevertheless, when grouting is performed in an
aquifer with high-water pressure, grout with a high concen-
tration will lose water due to the high grouting pressure,
and the cement particles will be consolidated quickly, thus
impeding the flow of grout. As a result, the gradual increase
of grouting pressure gives an illusion that the effect has been
achieved (such as the 16,104 working face, Luxi coal mine in
this paper). In this study, the number of regrouting boreholes

and cost can be reduced by the investigation and analysis
of secondary grouting technology. Besides, the quality and
speed of grouting at the working face can be ensured by the
secondary grouting technology, and the grouting practice in
this study offers a reference for grouting engineering (see
Fig. 21b).

Conclusions
(1) Inthe 16,104 working face, the water-rich areas of seam

floor aquifer obtained by geophysical methods and the
areas with large water inflow by drilling holes have dif-
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ferences. When water-rich areas obtained by geophysi-
cal methods are taken as the key grouting areas, the
grouting effect is not satisfactory. As an indirect pros-
pecting method, the geophysical method is affected by
many factors. Therefore, the results of geophysical and
drilling methods should be simultaneously evaluated
when the grouting reconstruction technique is applied
to the floor aquifer.

(2) Excessive grouting boreholes may have a serious
impact on the position of water-rich areas of seam
floor aquifer. Grouting boreholes can connect the water-
conducting fractures of several disjoint areas. Then the
water content of connected fractures increases, that is,
water-bearing capacity of the weak aquifer is enhanced.
The water-inrush accidents are more likely to occurs if
the expected effect is not achieved.

(3) A secondary grouting method for floor aquifer of coal
seams is proposed to ensure the injection amount of
grout into the confined aquifer. In the proposed method,
the grouting flow is increased, verification holes are
reduced, the goal of preventing water inrush from floor
aquifer in mining progress can be realized.

(4) A reinforcement method of floor grouting in the high-
water pressure working face of coal mines is proposed
to ensure amount of grout injected into the confined
aquifer. The method plays a role in check the grouting
effect, increase the grouting flow and reduce verifica-
tion holes, thus to achieve the goal of preventing water
inrush from floor aquifer in mining progress.
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