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Abstract: In coal seam mining operations, the presence of overlying water bodies presents
persistent challenges, particularly during multi-seam extraction, where water accumulation
in upper seam goafs requires careful management. This study examined the Lingzhida
Coal Mine, focusing on the geological conditions of the 3# seam (upper) and the 15# seam
(lower), as well as the distribution of water accumulation in the corresponding goafs. The
mechanism of water inrush from the upper goaf was studied, and the role of the water-
resisting belt (WRB) is suggested. By utilizing empirical equations and field measurements,
a method for calculating the floor fracture depth of the 3# seam and the roof fracture
height of the 15# seam was derived through multi-linear regression analysis. Based on
the relationship between the thickness of the WRB (Hy,) and the protective layer (Hp), a
classification criterion for the water-inrush risk (the likelihood of water entering the lower
seam from the upper goaf) is proposed. The mining area was divided into four risk zones:
high-risk (Hy < 0), medium-risk (0 < Hy, < 0.5H)), low-risk (0.5H, < Hy < Hy), and safe
(Hw > Hp). Then, an adaptive zoning approach for water-preserved mining was introduced,
considering the spatial distribution of goaf water. This approach incorporates water-
preserved mining technologies, including the staggered layout of working faces, reduction
in mining height, and the transfer—storage of water resources. These research findings
provide crucial insights for ensuring the safe and efficient extraction of the multi-seam.

Keywords: multi-seam; goaf water; water-inrush risk; water-preserved mining

1. Introduction

The goaf of an upper coal seam group is highly susceptible to the accumulation of
substantial amounts of water, which presents a significant threat to the safe mining of the
underlying coal seams [1,2]. According to statistics, over 70% of permeability accidents
in mines are attributed to water accumulation in the goaf areas [3,4]. A notable example
occurred on 29 November 2020, at the Yuanjiangshan Coal Mine (Yuanjiangshan Coal
Industry Co., Ltd.; Hengyang, China), where a major water-inrush accident resulted in
13 fatalities. The cause was traced to the accumulation of water in the upper section of the
—350 m goaf during mining of the 61 coal seam at the —500 m level [5]. Similarly, on 10 April
2021, a major water leakage accident at the Fengyuan Coal Mine (Xinjiang Agricultural Sixth
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Division Coal and Electricity Co., Ltd.; Changji, China) led to 21 deaths. The incident was
triggered by the excavation of the BAW01 return airway, which unintentionally connected
with the old goaf water from the adjacent Baiyangshu Coal Mine [6]. On 1 June 2024,
a water-related accident occurred at the Huafeng coal mine (Shandong Energy Xinwen
Mining Group Co., Ltd.; Taian, China), resulting in three deaths. The cause was the
accumulation of water in the 11,105 goaf during mining operations at the 11,106 working
face [7]. These incidents highlight the critical need for research focused on the safe mining
of coal seams in conditions where water accumulation in the goaf poses a risk.

Numerous studies have been conducted on the mechanism of roof water inrush,
yielding significant results [8]. However, the interlayer rock formations in coal seam groups,
which are subjected to repeated mining disturbances from both the upper and lower coal
seams, present a more complex situation compared to traditional single-seam mining [9].
Research on the roof water-inrush mechanism during coal seam mining typically focuses
on three key aspects, as follows. (1) The first is utilization of the “upper and lower three
zones” theory to calculate the depth of the floor fracture in the upper coal seam post-mining
and the height of the roof fracture in the lower coal seam post-mining and determination
of whether these fractures would connect [10,11]. (2) Based on the “key stratum” theory,
it is essential to determine the existence of a water barrier [12,13] or key layer [14,15]
between the upper and lower coal seams and to establish an appropriate mechanical model
to assess whether this barrier or key layer is compromised following the extraction of
the lower coal seam. (3) Based on the theory of fuzzy mathematics and considering the
influence of factors such as the mining height, interlayer spacing, and lithology, a predictive
model for overlying water inrush is established. Various methods have been proposed,
including the fuzzy comprehensive evaluation method [16], gray theory method [17], neural
network method [18], expert system method [19], multi-information fitting method [20],
and the three-graph-double prediction method [21]. The proposed water-inrush index is
used to assess the likelihood of water inrush based on its numerical range, enabling the
determination of whether water inrush will occur.

The research on the prevention and control technology of roof water inrush can be
divided into two categories: (1) changing the mining process to reduce the disturbance to
the overlying water body, such as reducing the mining height [22], shortening the length of
the working face [23], and backfilling mining [24]; and (2) adopting relevant technologies
to reduce the impact of roof water inrush on the mining of the lower coal seam working
face, such as drilling drainage [25] and grouting sealing [26].

Based on a comprehensive analysis of the existing literature, two main issues have
been identified. (1) The relationship between the mining of the lower coal seam and water
accumulation in the goaf of the upper coal seam is typically determined qualitatively, often
based on whether the interlayer rock fractures are conductive. However, there is a lack
of zoning, grading, and quantitative evaluation of the entire mining area, which limits a
more precise understanding of the water flow dynamics across different regions. (2) The
treatment of water accumulation in the goaf generally relies on drilling drainage technology.
However, this method is often not supported by a pre-designed system-wide perspective
that takes into account the entire mining layout. Additionally, there is a lack of active
control over the water resistance performance of mining rock layers, which can lead to
suboptimal drainage and risk management. This article uses Lingzhida Coal Mine as a
case study to analyze the relative relationship between the floor fracture depth of the 3#
seam, the roof fracture height of the 15# seam, and the thickness of the protective layer. A
standard for evaluating the inrush degree of goaf water is formulated, which divides the
15# seam into four risk zones: high-risk, medium-risk, low-risk, and safe. Based on the
distribution of accumulated water in the goaf, adaptive zoning for water-preserved mining
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is proposed, categorizing areas into pre-drained, water-preserved, and normal mining
zones. Additionally, auxiliary technologies for water-preserved mining are suggested to
ensure the safe mining of the 15# seam.

2. Geological Conditions of the Study Area
2.1. Coal Seam Conditions

The main coal seams in Lingzhida Coal Mine are 3# and 15#, with the 3# seam having
a thickness of 0-5.5 m and an average of 3.1 m, which is the upper coal seam studied in this
work. The 15# seam has a thickness of 0.7-7.2 m with an average of 4.0 m, and is currently
being mined [23]. The mine is divided into east and west parts by the Zhuangtou fault,
with the [, II, and V mining districts being the main mining areas, as shown in Figure 1.
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Figure 1. Geographical location of Lingzhida Coal Mine.

2.2. Goaf Water Distribution in the Upper Coal Seam

According to preliminary exploration, there are currently 19 goaf water areas in the 3#
coal seam, with an estimated area of about 64 x 10* m?, as depicted in Figure 2 [23].

— + No.1 | Arca(m?) | Volume(m®)
+ JS3-1 11,947 17,749
1832 | 7068 9082

+ 1833 | 4012 5038
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T 1$3-19| 284279 | 285363

Figure 2. Goaf water distribution in the Lingzhida Coal Mine.
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2.3. Geological Conditions of the Interlayer Rock Strata

The distance between the 3# coal seam and 15# coal seam is 92.1-138.7 m, with an
average of about 106 m (Figure 3). The interlayer strata are mainly limestone, mudstone,
and sandstone, in which limestone and sandstone are aquifers, and mudstone is aquiclude.

ZK2-1
Lithology [Thickness/m|
Mudstone 5.0
Limestone 3.0
Mudstone 2.0
Sandstone 5.0
Limestone 2.0
Mudstone 5.0
Limestone 6.0
Sandstone 3.0
Mudstone 5.0
Sandstone 6.0
Mudstone 10.0
Limestone 5.0
Sandstone 6.0
Mudstone 10.0
\ Limestone 8.0
- —\ Sandstone 6.0
124m 116m 108m 100m x Mudstone 8.0
BT 1T 7] Limestone | 6.0
+ +
Mudstone 5.0

Figure 3. Geological column of the interlayer strata between the 3# and 15# coal seams.

3. Water-Inrush Mechanism of the Overlying Goaf

The water-conducting fracture formed by the mining of the 15# seam may lead to the
goaf in the 3# seam in some sections such that the water in the goaf of the 3# seam could
pour into the 15# seam face.

3.1. Water-Inrush Analysis during Lower Coal Seam Mining

According to the fracture connectivity of the interlayer strata after upper and coal seam
mining, the multi-seam can be classified into three types: primary connectivity, secondary
connectivity, and unconnected.

e  Primary connectivity type

Here, the sum of the initial depth of the floor fracture zone after mining the upper coal
seam and the roof fracture zone after mining the lower coal seam is greater than or equal to
the thickness of the interlayer strata. At this point, the fractures are fully connected. Water
from the upper coal seam goaf will flow directly into the lower coal seam working face,
causing the interlayer rock layer to lose its water resistance completely (Figure 4).

Hf"’Hr ZHC (1)

Here, H, represents the thickness of the interlayer strata between the upper and lower coal
seams, m; Hy represents the depth of the floor fracture zone after the upper seam is mined,
m; and H; represents the height of the roof fracture zone after the lower seam is mined, m.

e  Secondary connectivity type

Here, the sum of the initial depth of the floor fracture zone and the roof fracture zone
is less than the thickness of the interlayer strata. However, mining the lower coal seam
induces secondary fracture development in the floor of the upper coal seam, increasing
the depth of the floor fracture zone. As a result, the combined depth of the secondary
developed floor fracture zone and the roof fracture zone becomes greater than or equal to
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the thickness of the interlayer strata (Figure 5). This situation also leads to water from the
upper coal seam goaf flowing into the lower seam.

Here, Hy_; represents the secondarily developed depth of the floor fracture zone, m.
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Figure 4. Multi-seam primary connectivity.
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Figure 5. Multi-seam secondary connectivity.

e  Unconnected type

Here, if the combined secondary development depth of the floor and roof fracture
zones is less than the thickness of the interlayer strata, the interlayer still retains a certain
thickness of intact strata (Figure 6). However, the question of whether the accumulated
water in the goaf of the upper coal seam could flow into the working face of the lower coal
seam must be determined based on the thickness of the retained intact strata.

Hf_,+ H, < H, 3)

3.2. Depth of the Floor Fracture after Upper Seam Mining

According to the technical specifications, the calculation equation of the floor fracture
depth can be expressed as [27]:

H} = 0.0085H,, 4 0.16650 + 0.1079L — 4.3579
Hj% = 0.1079L + 0.7007 4)

HJ? = 0.303L08
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where Hfl, Hfz, and Hfs all represent the depth of the floor fracture according to different
engineering conditions, m; H;, represents the buried depth of the coal seam, m; 6 represents

the dip angle of the coal seam, °; and L represents the inclined length of the coal seam, m.
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Figure 6. Unconnected multi-seam.

According to Equation (4), the depth of the floor fracture is mainly related to factors

such as the coal seam burial depth, the working face inclination length, and the coal seam

dip angle.

o  The observed data of mining areas with similar geological conditions

Due to the lack of consideration of mining height factors when calculating the depth

of the floor fracture zone in Equation (4), we collected data on the depth of floor failure in

coal mines under similar geological conditions as data samples (Table 1) and added the

mining height factors to fit the formula for calculating the depth of the floor fracture in
Lingzhida Coal Mine.

Table 1. Observed data of mining areas with similar geological conditions.

. . . o . . Inclined Depth of Floor
Location Buried Depth/m Dip Angle/ Mining Height/m Length/m Fracture/m
Fenxihe Coal Mine 379.0 3.0 3.6 180.0 17.3
1.# borehole of 4602 face 2790 70 1.2 187.0 10.1
in Yangcun Coal Mine
2.# borehole of 4602 f.ace 279.0 7.0 1.2 187.0 11.3
in Yangcun Coal Mine

11,014 face in Caocun 200.0 10.0 1.6 100.0 8.5
Coal Mine

11,050 face in Zhaogu 690.0 3.0 5.8 180.0 34.8
Coal Mine

11,014 face in Caocun 200.0 10.0 1.6 100.0 8.5
Coal Mine

7406 face in Bfnzhuang 295.0 14.0 1.9 130.0 9.8
Coal Mine

1100 face in Magouxu 230.0 10.0 23 120.0 13.0
Coal Mine

7802 face in .Xmgtal 259.0 4.0 3.0 160.0 16.4
Coal Mine

1208 face in Sl}uanggou 2870 10.0 1.0 130.0 9.5
Coal Mine

1204 face in Shuanggou 308.0 10.0 1.0 160.0 10.5

Coal Mine
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Table 1. Cont.
. . . o . . Inclined Depth of Floor
Location Buried Depth/m Dip Angle/ Mining Height/m Length/m Fracture/m

3305 face in .Wucun 327.0 12.0 24 120.0 11.7
Coal Mine

32,031 face in Wucun 3750 14.0 2.4 100.0 12.9
Coal Mine

11,111 face in Zhaogu 570.0 2.0 35 176.0 23.5
Coal Mine

3212 face in Q.lanyngl 650.0 9.0 35 150.0 24.3
Coal Mine

22,510 face in Cheng 300.0. 8.0 1.8 100.0 10.0
Coal Mine

4303 face in 3100 26.0 1.8 128.0 16.8

Xinzhuangzi Coal Mine

e  Multiple linear regression of floor fracture depth

The influencing factors of the floor fracture depth in the original empirical Equation (4)

were increased from three to four, with mining height considered. The linear equation was
established as follows:

Hf =ag +H1Hm + a0 + H3M+H4L

)

where Hy represents the depth of the floor fracture, m; H,, represents the buried depth of
the coal seam, m; 6 represents the dip angle of the coal seam, °; M represents the mining
height, m; and L represents the inclined length of the working face, m.

The observed data of the floor fracture depth, shown in Table 1, were imported into

Origin software, and linear regression analysis between the floor fracture depth and the
mining height was conducted. The fitting curve is shown in Figure 7.
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Figure 7. The relationship between the influent factors and the depth of the floor fracture. (a) Buried
depth. (b) Dip angle. (c) Mining height. (d) Inclined length.
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Figure 7 indicates there was a high degree of fitting between the buried depth, mining
height, dip angle, inclined length, and the depth of the floor fracture. The specific results
of various parameter indicators in the linear regression equation are shown in Table 2.
Considering the depth of the floor fracture after mining, the linear regression equation is:

Hy = 0.0187H,, + 0.22786 + 3.4858M + 0.0435L — 8.2539 (6)

Table 2. Results of linear regression calculation.

Regression Coefficient Statistical Coefficient

ao

—8.2539 0.0187

ap as as F R R2 S

p
0.2278 3.4858 0.0435 74.3630 0.9800 0.9610 1.6110 0.0001

According to Table 2, the correlation coefficient R? = 0.9610 and the multiple correlation
coefficient R = 0.9800 were close to 1, indicating a high degree of correlation between the
depth of the floor fracture and the variables in Equation (6). The ratio of the regression
mean square to the residual mean square F = 74.3630 and the probability value p = 0.0001 in
the statistical coefficients meet the requirements, and the regression effect was significant.

Through the contour map of the 3# coal seam thickness and the mining plane map,
the relevant parameters such as the mining height, mining depth, and working face length
corresponding to each point were calculated. Equation (6) was used to calculate the floor
fracture depth, and the results are shown in Table 3.

Table 3. The calculated results of the maximum floor fracture depth of 3# coal seam.

.. L Maximum Mining Maximum Buried Maximum Maximum Floor
Coal Seam Mining District . Interlayer
Height/m Depth/m . Fracture Depth/m
Thickness/m
I 5.00 300.00 132.00 22.22
3# I 5.20 360.00 123.13 2147
\% 4.35 300.00 109.21 20.83

According to Table 3, the maximum floor fracture depth caused by the mining of the 3#
coal seam in the I, II, and V mining districts was 22.22 m, 21.47 m, and 20.83 m, respectively.

3.3. Height of the Roof Fracture after Lower Seam Mining

The roof fracture height formed after mining a coal seam is a crucial factor for the
successful implementation of roof water hazard prevention and control [28,29]. This section
is based on the observed data of the roof fracture height in Lingzhida Coal Mine, as well
as similar geological conditions. The calculation equation for the roof fracture height
applicable to this mine was derived and then compared and analyzed with the empirical
calculation equation provided in the technical specifications.

e  Observed data of mining areas with similar geological conditions

The observed data of the roof fracture height in Lingzhida Coal Mine and similar
geological conditions mines were collected as reference materials for this study area, as
shown in Tables 4 and 5, respectively.

e  Multiple linear regression of the roof fracture height

Based on the traditional empirical equation between the mining thickness and the
roof fracture height, a multiple linear regression method was used to fit the functional
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relationship applicable to Lingzhida Coal Mine. A commonly used equation for calculating

the roof fracture height is [28]:
100M
H=—— 7
T a-M+b @
where H, represents the height of the roof fracture, m; M represents the mining height, m;

and a and b represent the coefficient related to the mine’s geological conditions.

Table 4. Observed data of the roof fracture height in Lingzhida Coal Mine.

Roof Fracture Ratio of Roof Fracture

Location Drill Hole Number Mining Height/m Height/m Height ar.ld Mining
Height

ZK1303 3.80 68.48 18.02

ZK1-4 4.70 75.04 15.96

S-1 4.05 70.37 17.37

Lingzhida Coal Mine S-2 4.09 70.67 17.28
ZK2-2 3.68 67.55 18.36

ZK2-1 3.69 67.63 18.33

ZK2-5 2.84 60.56 21.32

Table 5. Observed data of the roof fracture height in mines with similar geological conditions.

Roof Fracture Ratio of Roof Fracture

Location Drill Hole Number Mining Height/m Height/m Height at}d Mining
Height

1# 10.93 129.65 10.93

Xiadian Coal Mine 2# 11.89 128.20 10.78
3# 11.87 125.36 10.56

Changpin Coal Mine 3# 5.65 45.20 8.00
Tianchi Coal Mine 201# 4.50 57.98 12.88
Chengdi Coal Mine 4.50 58.50 13.00
44 0.77 12.70 16.49

Tunlan Coal Mine 8# 2.90 50.12 17.28
o# 1.34 21.50 16.04

Silaogou Coal Mine 2# 2.40 40.30 16.80
Guandi Coal Mine 22,611 face 2.99 44.58 14.91
Malan Coal Mine 2# 3.08 55.68 18.08
Yechuan Coal Mine 3101 face 5.94 107.00 18.01
15,101 6.00 130.00 21.67

. . 4302 5.93 81.90 13.81
Xinshun Coal Mine 4303 2.20 38.49 17.49
4401 2.60 39.11 15.04

4402 4.80 70.55 14.69

4502 3.50 56.42 16.12

Zhaozhuang 2# Coal 4601 4.01 64.28 16.02
Mine 4602 490 71.58 14.61

4704 3.90 60.89 15.61

Pingsuo 1# Coal Mine 54101 7.69 60.15 7.82
. 3202 5.80 104.92 18.09

Wangpo Coal Mine 6206(1) 5.90 114.67 19.44
Wangzhuang Coal 6206(2) 5.20 102.27 19.67
Mine 6206(3) 5.70 114.87 20.15
Wuyang Coal Mine 7808 6.00 120.00 20.00
Wang]Jialing Coal Mine 20,105 6.20 121.40 19.58
Yangsuo 2# Coal Mine 81,201 S1 7.24 117.50 16.23

52 7.24 137.32 18.97
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Table 5. Cont.

Roof Fracture Ratio of Roof Fracture

Location Drill Hole Number Mining Height/m Height/m Height ar.1d Mining
Height

Y23 6.20 59.76 9.64

Y24 6.20 60.64 9.78

Y41 6.20 58.87 9.49

Tangan Coal Mine 721 6.20 59.32 9.57
719 6.20 58.74 9.47

747 6.20 62.00 10.00

714 6.20 60.40 9.74
Xiaochang Coal Mine 30,215 6.85 122.86 17.94
. . D1 4.75 67.10 14.13
Yitian Coal Mine D2 5.10 70.08 13.74
Lo . 2.50 40.21 16.08
Xiadian Coal Mine 5.30 44.00 834
2.60 43.43 16.70

. 3.80 62.50 16.45
Wuyang Coal Mine 7.00 72.97 10.42
2.70 42.81 15.86
2.60 38.41 14.77
Cilinshan Coal Mine 2.94 54.50 18.54
7.50 75.50 10.07

. . 2.60 39.14 15.05
Shigejie Coal Mine 3.00 42.99 1433
2.80 44.34 15.84

. . 2.10 44.54 21.21
Licun Coal Mine 294 57.00 19.39
4.60 53.90 11.72

. . 2.60 40.50 15.58
Tunliu Coal Mine 3.80 54.60 14.37

. . 2.80 40.35 14.41
Sima Coal Mine 4.80 54.79 11.41

. 5.00 67.7 13.54

Gucheng Coal Mine 260 4602 17.78
Wangzhuang Coal 6.10 64.60 10.59
Mine 5.70 51.40 9.02

Yuwu Coal Mine 7.40 64.25 8.68
Shangzhuang Coal 7.53 61.90 8.22

Mine

Luning Coal Mine 7.50 53.70 7.16
Wenzhuang Coal Mine 7.52 61.77 8.21
Changcun Coal Mine 2.80 50.34 17.98

Based on the observed data of the roof fracture height in Lingzhida Coal Mine and
adjacent mines with similar geological conditions, this study conducted regression analysis
on parameters a and b in Equation (7), as follows:

1 a-M+b a b 1

H = 100M 100 T100M ®

In Equation (8), there is a linear relationship between 1/H; and 1/M. The fitting of the
relationship is shown in Figure 8.
According to Figure 8, Equation (8) can be expressed as:

100M

Hr = Ge7mM 141

©)

The empirical calculation equations of the roof fracture height are listed in Table 6.
The average thickness of the 15# coal seam in Lingzhida Coal Mine is 4.2 m, and the roof
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belongs to the hard rock strata. The height of the roof fracture in Lingzhida Coal Mine
calculated by the empirical equations and the linear regression Equation (9) is shown in

Table 7.
0.040
0035+ @ FOi]:tSiiZZi;\i,ita //
0030 1 o o precicion bt S
0.025 - :ug“ 1
“:: 0.020 - :° ) -1 )

—
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0.010 | S a0
@ 9@ 1/H,=0.0411x1/M+0.0067
0.005 - R2=0.8511
0000 L 1 1 1 1
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/M

Figure 8. The relationship between 1/H, and 1/M.

Table 6. Empirical equations of the roof fracture height [28].

Lithology Empirical Equation-1/m Empirical Equation-2/m
Hard H, = 121%0% +£89 H, =30/ M+10
Medium hard Hy = 5y itiss £ 56 H, =20/ M +10
Soft H, = 311%0% +4.0 H, =10/ M +5
Extremely soft H, = 5(}%0% +30

Table 7. Calculated results of empirical and linear regression equations.

. .. . Roof Fracture Ratio of Roof Fracture
Equation Coal Seam Mining Height/m Height/m Height and Mining Height
50.84 12.05
Empirical equation 68.64 16.26
15# 4.20 71.63 16.97
Linear regression 60.75 14.46

equation

According to Table 7, the roof fracture height calculated by the linear regression
equation was smaller than that obtained by the empirical equation. The main reason was
that the observed data were measured several months or even years after coal mining, when
the movement of the overlying strata tends to be stable. Therefore, the observed values in
Table 7 were generally smaller. Considering the safety of coal mining, the envelope method
was used to revise the linear regression equation, and the modified results are shown in
Figure 9.

According to Figure 9, the revised equation for calculating the roof fracture height is

as follows:
100M

H=— "
" —0.09M + 591

(10)
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Figure 9. The relationship between 1/H, and 1/M after modification.

The calculated result of the roof fracture height using the modified linear regression
formula was 75.92 m, which was larger than the calculated result of the empirical equation.
In Figure 9, the blue dot is the observed value in similar geological conditions, and the
yellow dot is the measured value of boreholes in the previously observed data in Lingzhida
Coal Mine. The dots above the envelope line are much larger than those below the envelope
line, indicating that the height data obtained by the modified linear regression equation
by the envelope method were larger than most of the observed values. From a safety
perspective, the modified linear regression equation was relatively reasonable.

The geological data of the 15# coal seam in Lingzhida Coal Mine were substituted
into Equation (10) to calculate the maximum roof fracture height in the I, I, and V mining
districts, as shown in Table 8.

Table 8. Calculated results of the maximum roof fracture height of 15# coal seam.

.. N Maximum Mining Maximum Roof
Coal Seam Mining District Height/m Fracture Height/m
I 4.50 63.65
15# I 7.20 87.57
\ 6.50 81.92

According to Table 8, the maximum height of the roof fracture generated during the
15# coal seam mining in the I, II, and V mining districts was 63.65 m, 87.57 m, and 81.92 m,
respectively.

4. Zoning Characteristics of Water-Inrush Risk and Water-Preserved Mining

4.1. Zoning Criteria

Whether the roof fracture of the 15# seam mining would connect to the overlying 3#
goaf mainly depends on the thickness of the WRB between the upper and lower coal seams
after mining. A simplified model of the interlayer strata is shown in Figure 10.

Here, Hy, represents the residual intact strata (WRB) after the upper and lower seam mining,
m; H, represents the thickness of the interlayer strata between the upper and lower coal
seams, m; Hy represents the depth of the floor fracture after the upper seam mining, m; and
H, represents the height of the roof fracture after the lower seam mining, m.
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Figure 10. Simplified model of the interlayer strata after upper and lower seam mining.

o  If the thickness of the WRB Hy, < 0, the fracture would penetrate the interlayer strata
between the upper and lower seams; that is, the water in the of the overlying 3# seam
goaf would flow into the working face in the 15# seam.

e  If the thickness of the WRB H;, > 0, the thickness of the protective layer H, should
also be considered. If the thickness of the WRB H,, is greater than the thickness of
the protective layer H, (Hy > Hp), the fracture will not penetrate the interlayer strata
and the WRB has sufficient water-resisting capacity, which can block the water inflow
of the overlying goaf. If the thickness of the WRB Hj, is less than the thickness of
the protective layer H, (Hy < Hp), the fracture will not penetrate the interlayer strata
during the mining process, but the residual water-resisting capacity of the interlayer
rock layer is insufficient, which may lead to the downward leakage of water in the goaf.
Therefore, whether water inrush occurs in coal mining under water accumulation in
the goaf mainly depends on the protective layer thickness H,,.

The thickness of the protective layer should be determined according to the geolog-
ical and mining conditions of the mining area and the water resistance of the protective
layer [27]. The thickness of the protective layer can be selected according to the technical
specifications, as illustrated in Table 9.

Table 9. Thickness of the protective layer resisting water.

Lithology hclay/Z YM hclay <M hloose <YM hclay =0
m /m /m /m
Hard 4A 5A 6A 7A
Medium hard 3A 4A 5A 6A
Soft 2A 3A 4A 5A
Extremely soft 2A 2A 3A 4A

Notes: 1. hjgose is the thickness of the the loose layer above the coal seam; 2. hclay is the thickness of the clay layer
at the bottom of the loose layer; 3. A = Y M/n, }M is the total thickness of coal seams, and # is the number of coal
seams (this standard is applicable to the coal seams of inclined angle of 0°-54°).

In Lingzhida Coal Mine, the strata exhibit varying water resistance capabilities, so a
generalized approach is not applicable. Based on the technical specifications and previous
observational data, roof leakage was detected in the haulage roadway of the 15,102 working
face. Therefore, it is more reasonable to consider 7A as the thickness of the protective layer.

Due to the secondary disturbance caused by the mining of the 15# coal seam, secondary
fracturing is likely to occur in the previously mined 3# coal seam. Therefore, it is essential
to assess the impact of goaf water on the mining of the lower coal seam based on the actual
conditions and the required thickness of the protective layer. By using the actual interlayer
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thickness as the standard, the influence of lower coal seam mining on goaf water was
divided into zones across the mining area. The zoning criteria are outlined in Table 10.

Table 10. Zoning criteria of water inrush.

High-Risk Zone

Medium-Risk Zone Low-Risk Zone Safe Zone

HcfofHd<0

0<Hc—Hf—Hy<05H,  05H, <Hc— Hy— H,<H, H. — Hy — Hy > Hj

4.2. Zoning Characteristics of Water Inrush
e  The distribution characteristics of WRB

Based on the calculated results of the floor fracture depth of the 3# coal seam and the
roof fracture height of the 15# coal seam, combined with the interlayer strata thickness data,
Surfer 20.1.195 software was used to draw the contour map of the WRB thickness after the
upper and lower coal seams were mined, as shown in Figure 11.

Figure 11. The WRB thickness contour after the upper and lower coal seams were mined.

Figure 11 indicates that the thickness of the WRB ranges from 5 to 65 m, and the
adjacent color legends are separated by 5 m. The lighter the color, the thinner the WRB.

e  Risk zoning characteristics of 15# seam mining

According to the distribution of the WRB thickness in Figure 11 combined with the
zoning criteria for the risk of water inrush in Table 2, a zoning map of the risk distribution
of the 15# coal seam mining can be drawn, as shown in Figure 12.

With the mining of the 15# coal seam, the high-risk zone of water inrush was mainly
distributed in the northeast of the II and V mining districts. The WRB thickness in the
3616 goaf, 3618 goaf, and the small coal mine goaf indicates that the degree and scope
of rock damage caused by mining in this area were significant, and the interlayer strata
were relatively thin. Following the development of mining fractures, the residual water
resistance of the interlayer strata weakened, leading to a higher risk of water inrush in the
lower coal seam working face.

4.3. Zoning Characteristics of Water-Preserved Mining

Section 3.2 only analyzed the distribution characteristics of the WRB under repeated
mining disturbance between the 3# and 15# coal seams, focusing on mining fractures
without considering the water-bearing areas. Figure 12 illustrates the zoning characteristics
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of water inrush based on the residual water resistance of the WRB. However, the deter-
mination of residual water resistance under repeated mining disturbance of the WRB is
only practically relevant in areas where water bodies exist above. Based on the distribution
characteristics of goaf water shown in Figure 2, this section describes the evaluation of the
safe mining conditions of the 15# coal seam, as depicted in Figure 13.

1I/IV mining district

1I mining district

|
|
|
[
|

T mining district

'V mining district

Iigh-risk Medium-risk Low-risk  Safe zone
zone zone zone

Figure 12. The risk distribution of water inrush during 15# coal seam mining (note: the white part
lacks effective drilling data, so it remains undetermined).

HI/IV mining district

S 1l mining district
. V mining district

Pre-drained zone  Water-preserved zone  Normal zone

Figure 13. The distribution of water-preserved mining.

In the pre-drained zone, the interlayer strata lack sufficient thickness of protective
layers due to the combined effects of mining disturbances from both the upper and lower
coal seams. The WRB’s capacity is insufficient, which may lead to fracture penetration and
result in water inrush at the working face of the lower coal seam. Therefore, this area must
strictly adhere to the relevant coal mine water prevention regulations, and advanced water

exploration and drainage must be carried out.
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In the water-preserved zone, the interlayer strata still retain 0 to 0.5 times the thickness
of the protective layer after removing the fractured zone. The WRB in this area offers a
certain degree of water resistance, but slight leakage from overlying water bodies may
occur under mining disturbance. Therefore, appropriate water-preserved mining methods,
such as the staggered layout of working faces or localized treatment techniques, should
be adopted based on the extent of water leakage observed during mining operations in
this area.

In the normal zone, the interlayer strata retain an intact protective layer thickness after
removing the fractured zone. The WRB in this area provides sufficient water resistance,
effectively preventing the downward leakage of overlying water during mining. Since
there are no overlying water bodies in other areas, both zones can be mined normally.

5. Water-Preserved Mining Technologies
5.1. Mining Face Layout

The mining layout of the upper and lower coal seam working faces can be divided
into two methods: internal and external staggered layouts for the lower coal seam [22,30].
According to the theory of surface subsidence basins, the overlying rock layers of coal
seams can be regarded as “subsidence basins,” consisting of a flat undeformed area in the
center of the basin and areas of stretching or compression deformation on both sides. The
line connecting the moving boundary of the subsidence basin to the coal seam mining
boundary is referred to as the moving boundary line. The line connecting the boundary of
the flat undeformed area in the center of the basin to the coal seam mining boundary is
called the fully mining line [31].

e Internal staggered layout

The maximum depth of the floor fracture is located at the boundary of both sides of
the goaf, and the mining of the lower coal seam would cause the secondary development
of the fracture [32]. However, as long as the moving boundary of the “WRB subsidence
basins” is within the original range after the lower coal seam mining, secondary migration
and damage would not occur at the boundary of the WRB.

The internal staggered layout of the lower coal seam is shown in Figure 14, and the
critical internal staggered layout distance can be expressed as:

Lyc > Ly + (H. — Hy — Hz) cota (12)

where L, represents the critical internal staggered layout distance, m; L, represents the
distance between the maximum depth point of the floor fracture and the coal wall (positive
when measured inside the coal wall, negative when measured outside the coal wall), m;
and « represents the moving angle of WRB, °.

e  External staggered layout

When the lower coal seam was arranged externally, as long as the damage area of the
WRB was ensured to be in the non-deformation area in the middle of the subsidence basin
after the mining of the lower coal seam, the fracture would not develop secondarily.

The external staggered layout of the lower coal seam is shown in Figure 15, and the
critical external staggered layout distance can be expressed as:

Lyc > (He — hy — hz) cot B+ L, (13)

where Ly, represents the critical external staggered layout distance, m; L, represents the
distance between the maximum outside point of the floor fracture and the coal wall, m; and
B represents the fully mining angle of WRB, °.
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5.2. Mining Height

The mining height of the lower coal seam directly affects the disturbance degree
to the interlayer strata, and reducing the mining height could significantly reduce the
development height of the roof fracture caused by lower coal seam mining [33,34]. The
reduced mining height of the lower coal seam is shown in Figure 16.

Upper coal seam

Hyx B subsidence curve after upper seam minjing

H: WRB

WRB subsidence curve after lower seam mining

He

M, cri

Lower coal seam

Figure 16. Diagram of reducing the mining height.

Based on Equation (11) in Section 4.1, the calculation equation for the critical height of
the roof fracture in the safe zone during lower coal seam mining can be obtained:

decri = H.—Hy—H, (14)

According to Equation (14), the critical mining height can be deduced:

4H; i

Mgy =
i 700 — 0.67Hy_ori

(15)

Reducing the mining height can be used in conjunction with the internal and external
staggered layout of the coal seam working face.

5.3. Water Transfer and Storage Technology

Currently, water-preserved mining is primarily categorized into two approaches. The
first focuses on preventing water leakage through measures such as internal/external
staggered layouts, reduced mining height, and backfilling mining techniques. The second
approach involves directly discharging water from the aquifer to the goaf, using technolo-
gies such as underground goaf reservoirs. A new water-preserved mining technology
based on groundwater transfer storage and goaf water storage has been proposed [35].

5.3.1. Location of Water Storage

e  Water storage location in the upper seam

As a water storage space, the upper coal seam goaf needs to meet the following two
conditions. First, the current water accumulation in the goaf should be relatively small, and
there should be sufficient water storage space; second, the integrity of the rock layers in
the goaf should be relatively good, thereby preventing water resource leakage. Reasonable
location of water storage space is shown in Figure 17.

e  Water storage location in the lower seam

The location of the lower coal goaf, as an underground water storage space, should
not only meet the criteria for the upper coal goaf but also ensure the safety of the upper
coal reservoir. Additionally, the location should be chosen in a low-lying area to allow mine
water to be discharged to this area using potential energy from the height difference when
mining the higher-lying coal. When constructing the reservoir in the lower coal seam, it is
essential to ensure that the mining stress field and fracture field do not extend to the upper
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coal seam or the same-layer reservoir, preventing leakage from the underground reservoir
in the upper coal seam. Based on these site selection criteria, the safe horizontal distance
between the lower coal seam reservoir and the upper coal seam reservoir was determined.
The selection results for the lower coal seam are shown in Figure 18.

High-risk Medium-risk Low-risk  Safe zone
zone zone zone

I:I Water storage location

Figure 17. Water storage location in the upper seam.
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Figure 18. Water storage location in the lower seam.

5.3.2. Technical Scheme of Water Resources Transfer and Storage
e  Transfer and storage of water resources in the same layer

To address the mine water issues caused by the mining of the 15# seam, a thorough and
accurate investigation of the surrounding water resource distribution should be conducted,
followed by the development of a reasonable mining plan based on local conditions. The
existing drainage system should be renovated, applying the principle of “connectors.”
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Utilizing geographical features, such as terrain differences, accumulated water in the goaf
can be directed to underground reservoirs in low-lying areas with less accumulated water.
This process should be facilitated through manual intervention and the installation of
specific drainage pipelines. A three-dimensional schematic diagram of water regulation in
the same-level underground reservoir is shown in Figure 19.

Upper coal seam:

Lower coal sear

Water transfer system
in the same layer

Water

Coal seam

Rock strata

Figure 19. Water transfer system in the same layer.

e  Transfer and storage of water resources in a different layer

Due to the limited water storage capacity in the 15# coal seam goaf, water resources
from the 15# coal seam can be pumped to an underground reservoir created in the 3#
coal seam goaf using the skip layer water storage method, all while ensuring safe mining
conditions. A technical plan for this approach, along with the three-dimensional schematic
diagram for the storage of mine water in the skip layer, is shown in Figure 20.

Upper coal scam” |

Lower coal seam

Water I Goal resiervoir in lower scam

Coal scam

Rock strata

Figure 20. Water transfer system in different layers.
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6. Discussion
6.1. Comparisons with Existing Research

e  Comparison with the key stratum theory

The key stratum was identified by comparing the bearing load of the adjacent rock
layers, which is effective for analyzing fractures in the coal seam roof. However, when
dealing with the interlayer strata in multi-seam systems, the development of fractures in
the floor of the upper coal seam should also be taken into account. This theory is not well
suited for analyzing fracture development in the floor.

e  Comparison with the calculation method of the mechanical model

The mechanical model is often simplified into structural models, such as beams or
plates, which is useful for qualitatively assessing whether the rock stratum fractures.
However, the calculation of these mechanical models requires determining numerous
parameters, many of which are typically assigned based on subjective judgment. The
range of these parameter values directly influences the discrepancy between the cal-
culated and measured results. In this research, an empirical formula was employed,
which when combined with the measured data from a nearby mining area, offers a more
practical approach.

e  Comparison with the fuzzy mathematics theory

Many of the indices in fuzzy mathematics theory lack clear meaning and do not
directly correspond to actual geological and mining factors. However, the theory does
account for the influence of various factors, providing valuable insight for selecting linear
formula parameters and for the classification of water inrush risk zones in this research.

6.2. Innovation and Universal Value of This Study

e  An adaptive partitioning method of water inrush from overlying goaf

The study derived a multi-linear regression method for calculating the roof/floor
fracture height/depth, and we propose a classification criterion for the water-inrush risk
considering the relationship between the thickness of the WRB and the protective layer.

e Application value of the calculation formula

The empirical formula has been widely used in numerous engineering applications.
When combined with measured data from the Lingzhida and other mines with similar
geological conditions, it proves to be applicable to most geological settings. Moreover, the
formula involves fewer parameters and is more closely aligned with the geological and
mining conditions, making it easier for field engineers to apply.

e  Application value of water-inrush risk zoning

After risk zoning of the mining area, a solid foundation is established for on-site
production, allowing for the application of different mining methods in various zones.
This approach not only prevents water-inrush accidents that could arise from mining the
lower coal seam but also minimizes resource waste by avoiding the excessive retention of
waterproof coal pillars, thereby improving the resource recovery rate.

In conclusion, each method for calculating the development of roof and floor fractures
has its own advantages and limitations, requiring the selection of the appropriate method
based on the specific research object. This research aimed to analyze the risk of roof water
inrush during the mining of the lower coal seam across the entire Lingzhida Coal Mine,
with the goal of optimizing the layout of future mining areas and working faces, as well as
the related mining technologies. Therefore, by utilizing the empirical formula and fitting
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it to the existing measured data from the mining area and similar regions, the results can
offer valuable guidance for field engineering practices.

7. Conclusions

This article focused on the safe mining of coal seams beneath accumulated water in
goaf areas, and the main conclusions are as follows.

e According to the distribution of interlayer strata fractures after upper and lower
coal seam mining, the multi-seam was divided into three categories: primary con-
nectivity type, secondary connectivity type, and unconnected type. Based on the
classical empirical formula, combined with the field measured data, the development
height/depth calculation method of roof/floor strata was obtained by multiple linear
regression fitting.

e  The role of the WRB is proposed with consideration of the relationship between the
thickness of the interlayer strata and the roof/floor fractures height/depth. Based on
the relationship between the thickness of the WRB (Hy,) and the protective layer (Hp),
a classification criterion for water-inrush risk was established, dividing the mining
area into four risk zones: high-risk (Hy < 0), medium-risk (0 < Hy, < 0.5H)), low-risk
(0.5H, < Hy < Hp), and safe (Hy > Hp).

e  Based on the distribution characteristics of water accumulation in the goaf of the 3# coal
seam, zones for water-preserved coal mining were delineated, including pre-drained,
water-preserved, and normal zones. Targeted water-preserved mining technologies
are proposed, such as the staggered layout of internal/external lower seam faces,
reduced mining heights, and the transfer of water storage from goaf reservoirs.
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Nomenclature

The following symbols are used in this paper:

H. thickness of the interlayer strata between the upper and lower coal seams
Hy depth of the floor fracture zone after the upper seam is mined

H, secondarily developed depth of the floor fracture zone

Hfl, Hfz, and Hf3 depth of the floor fracture according to different engineering conditions
H, height of the roof fracture zone after the lower seam is mined

H,, buried depth of the coal seam

0 dip angle of the coal seam
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L inclined length of the coal seam

M mining height

aandb coefficient related to the mine’s geological conditions

Hy residual intact strata (WRB) after upper and lower seam mining

Moose thickness of the loose layer above the coal seam

helay thickness of the clay layer at the bottom of the loose layer

A=YM/n YM total thickness of coal seams; n is the number of coal seams

Lyc critical internal staggered layout distance

Ly distance between the maximum depth point of the floor fracture
and the coal wall

o moving angle of WRB

Luwe critical external staggered layout distance

L, distance between the maximum outside point of the floor fracture
and the coal wall

B full mining angle of WRB

Hy i critical height of the roof fracture in the safe zone during lower

coal seam mining
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