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Abstract

One task facing by the geotechnical engineers is to protect the workspace in an underground construction/excavation site from
various forms of geological disasters, such as the water inrush, rock burst, and collapse of the surrounding rock/soil. In this paper,
a combined controlling measure was proposed based on underground mining and water environment: the method of strip mining
has been initially proposed as an effective measure against underground workspace floor failure when mining above confined
aquifer in the Bucun coal mine, China, and however, its ability to avoid floor water inrush has yet to be demonstrated; in the next
step, field trials using caving zone backfill technology to prevent underground workspace floor failure and excavate retained strip
coal pillars were implemented based on the theoretical calculation and numerical simulation results. Engineering practice showed
that the failure depth of the underlying strata of the workspace had no growth without the possibility of water inrush, and the
safety of the underground space was achieved. Thus, this study represents a successful attempt to develop the combined strip
mining and caving zone backfilling technique to ensure the safety of the underground workspace and control surface subsidence
when excavating the retained strip coal pillars above confined aquifer. The proposed combined technique can also be used in
other underground excavation activities with similar problems.

Keywords Underground workspace safety - Floor water inrush - Strata failure depth - Combined technique - Strip mining - Caving
zone backfilling

Notationa list DI (m) Depth of each drilling
Bul (Pa) Bulk modulus of strata borehole
CP (m) Failure depth of seam floor D2 (m) Distance between coal
after strip mining seam and each aquifer
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d (m) Depth of strata (kg/m3 )
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Shea (Pa)  Shear modulus of strata

t (m) Thickness of strata in geologic
column

T (m) Thickness of aquifer

5 (-) Water inrush coefficient

Ten (Pa) Tension of strata

Thic (m) Thickness of strata in
numerical model

W1 (m*h) Water yield of aquifer

W2 (m) Water level of aquifer

We (m) Width of excavated coal pillar

Wp (m) Width of retained coal pillar

v(N/m?)  Average bulk density of
overlying strata

om (MPa) In situ strength of coal pillar

op (MPa)  Bulk unit weight of
strip coal pillar

Introduction

The surroundings of underground coal mining are complex and
the lower and upper strata close to the coal seams might have
rich water, so there is a potential risk of floor water inrush when
mining coal resources above confined aquifer especially when
there is an obvious failure depth of seam floor (Guo et al. 2018;
Ma et al. 2013, 2015; Malkowski et al. 2014, 2017; Wu and
Wang 2006). For instance, a maximum water inrush flow rate
of 34.22 m*/s occurred in the Fangezhuang coal mine of
Kailuan, China, causing an economic loss of up to 500 million
yuan (Meng et al. 2012; Meng et al. 2018). In Zhaogezhuang
coal mine as well, groundwater burst along the fault zone
around tram rail and ventilating way, indicating that the fault
zone played an important role in inducing the groundwater
bursting (Wu et al. 2004). Statistically, 285 coal mines suffer
from mine water hazards, taking up 47.5% of the country’s over
600 state-owned key coal mines in China (Wu et al. 2004).
Over 25 billion tons of coal resources are at potential risk of
floor water inrush (Xu and Wang 1991; Zhang and Shen 2004).

The threat of floor water inrush affects the production and
safety of coal mines, which is a common issue that mining
engineers try to address (Zhang et al. 2017a, b). How to predict
whether the floor water inrush would happen or not and how to
prevent it have gradually caused more studies. Since the 1940s,
the study on mechanism of water inrush has attracted attention
of international researchers, and the problem of water inrush
has gained more attentions in China since the 1960s (Li and
Zhang 1995; Qian et al. 1995). The theoretically derived calcu-
lation formula of floor water inrush coefficient, in overall con-
sideration of the aquiclude thickness, hydraulic pressure of
aquifer, and failure depth of seam floor, is usually applied to
calculate and statistically analyze the possibility of water inrush
(Liu 2009; Sawsc 2009). Based on this, Li et al. (2018)
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established an improved vulnerability assessment model, taking
high water pressure and lower water yield into consideration to
further be successfully applied in the practice of Huaibei mining
area, China. In addition, more assessment methods, such as
vulnerability index method (Wu and Zhou 2008), analytic hier-
archy process (Wu et al. 2013), geographic information system
(GIS)-based analytic hierarchy process (Wu et al. 2011), GIS-
based Bayesian network (Dong et al. 2012), micro-level aquifer
mapping and management (Chatterjee et al. 2018), and maxi-
mizing deviation in a GIS environment (Yang et al. 2018a), are
used worldwide to predict the possibility of floor water inrush.

Generally, the prevention of floor water inrush can be
processed from two stages. Prior to the exploitation of coal
seams, the design of reasonable mining scheme can be con-
ducted based on the abovementioned theories. For example,
when there is a potential of fracture, breakage, and further
water inrush for seam floor, the method of strip mining as an
effective means, since causing small water flowing fracture
zone, is usually applied to exploit coal resources under
buildings and above or under confined aquifer to achieve
water protection mining (Gao and Ge 2016; Mark and
Agioutantis 2019; Yin et al. 2009; Zhang et al. 2011;
Zingano and Weiss 2019). But the anticipated prediction
and designed mining scheme cannot 100% sure to avoid
the occurrence of water inrush accident and a mass of coal
pillars are retained as well, especially when employing the
method of strip mining. Then how to treat the loss of coal
resource and repair the generated seam floor failure be-
comes the next question. Accordingly, during or after coal
mining, there are some primary remedial engineering mea-
sures used to prevent water inrush from confined aquifers
underlying coal seams (Cai et al. 2019; Junthong et al. 2019;
Meng et al. 2018; Niedbalski et al. 2018; Palarski et al.
2011, 2014; Strozik 2017). One measure is draining the
aquifer to lower the pressure on the aquiclude, but the aqui-
fer is usually so thick that the aquifer is usually overdrained
over long period without knowing how much water should
be drained, which leads to many environmental problems
(Meng et al. 2018). The other measure is grouting to block
fractures in the aquifer, which also strengthens the water-
resisting ability of the aquiclude, while the method of exca-
vating strip coal pillars using caving zone backfill technol-
ogy is evolving based on this aforesaid thought (Meng et al.
2018; Zhu et al. 2018b). As for the caving zone backfill
technology, the slurry is grouted into goaf rather than aqui-
fer or aquiclude to limit the damage of seam floor from its
upward side. The formed backfilling body cannot only sup-
port the weight of overlying strata to further control surface
subsidence, but also provide a safe zone for exploiting the
coal pillars retained in earlier stage due to the consideration
of security issue. These related studies have been represent-
ed in authors’ previous work (Zhu et al. 2018b); then,
whether the caving zone backfill technology can prevent
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the further failure of seam floor and repair the generated
failure to prevent water inrush is still unknown.

In this study, the coal seam No. 9-1, whose coal quality is
so pretty that should be completely mined, is located above a
confined aquifer with a lot of buildings constructed on the
ground, so the rule of safe mining is required in view of not
only protecting surface buildings but also preventing from
floor water inrush. Previously, excavating strip coal pillars

Fig. 1 Schematic illustration
combined technique. a Strip
mining. b Backfilled original

using caving zone backfill technology has been implemented
in Bucun coal mine to analyze the issues about retained strip
coal pillars and surface subsidence (Zhu et al. 2018b), but no
research works have been able to study sufficient control over
seam floor’s failure and effective prevention about floor water
inrush. This study tested these unsolved issues by proposing a
controlling measure combined by strip mining method and
caving zone backfill technology, as shown in Fig. 1, providing
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guidance and acting as reference for similar trials investigating
the seam floor’s failure and preventing floor water inrush
when coal mining above confined aquifer.

Materials and methods
Theoretical background

Based on the engineering practice adopting strip mining
method (Fig. 1a), the need for excavating retained strip coal
pillars, controlling surface subsidence, and preventing floor
water inrush had arose further consideration and then the
caving zone backfill technology was proposed, since the
generated floor failure zone can be backfilled (Fig. 1b) so
that the retained coal pillars could be excavated (Fig. 1c) as
well as prevent floor failure (Fig. 1d). That is the controlling
measure combined by strip mining and caving zone backfill
technology to prevent the potential risk of water inrush from
seam floor.

In view of the mining area shown in Fig. 1a, the processes
of'this combined controlling measure are presented as follows.
First, the coal seam is exploited using strip mining method,
with certain coal pillars, which are supposed to control surface
subsidence, retained in the working face (Fig. 1a); then, the
caving zone, meaning the white block in Fig. 1a, is grouting
injected with high-water content material until the gap in the
gangue is fully filled (Fig. 1b), creating a combined backfill
body of caved gangue and high-water content material, as
shown in the green block in Fig. 1b; after the combined back-
fill body solidifies and achieves a certain strength, original
strip mining face can be set up to excavate the retained strip
pillar (Fig. 1¢c); Fig. 1d shows the final state of this controlling
measure, which means the original caving zones in Fig. la
must be backfilled, and the new caving zone after high-
water content material backfilled once are optional to be
backfilled.

Site description
Location of the study site

The Bucun coal mine is located in Zhangqiu, Shandong
Province, China. It is operated by the Zibo Mining Group
Co., Ltd. and commenced operation in 1958. The occur-
rence status of coal seam No. 3 is comparatively regular so
it was once the main mineable seam in this mining area.
However, although the occurrence status of coal seam No.
9-1 is the same regular, the potential of floor water inrush for
this coal seam is particularly serious since its floor is close to
confined aquifers, so the unexploited coal seam No. 9-1 is
currently regarded as the main research subject. Some
buildings are located on the ground right above the studied
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mining district, such as Shanhouzai village, town govern-
ment, township hospital, post and telecommunications of-
fice, geracomium, residential buildings, and the national
highway, as shown in Fig. 2. On the basis of constructing
times of these buildings, only a few are simultaneously af-
fected when mining coal seams Nos. 3 and 9-1, and the
overwhelming majority are only affected by the late produc-
tion of coal seam No. 9-1.

Geology and mining conditions

The burial depth of this study mining area termed as 911, as
the initial district, is 390 m and coal seam No. 9-1 is mainly
deployed. The length along the strike is 260—1430 m and the
width along the dip is 400-780 m. The average thickness of
the coal seam is 1.3 m and the average dip angle is 9.5°, with
its cover depth ranging from 345 to 480 m. The texture of coal
seam is simply with stable occurrence. Table 1 shows the
geologic borehole column of mining area 911.

According to data of nine underground boreholes in
working face 9111 and nearby, as shown in Table 2, it
can be analyzed that aquifer No. 1 is developed in mining
area 911 with the average distance from coal seam No. 9—
1 at 58.25 m and its depth is 3.49-27.84 m with an average
of 13.88 m. The water yield in a single hole is 2.8-246 m*/
h and the water level is ranging from —231.4-46.7 m. In
view of hydrogeological exploration, geophysical
prospecting, and boreholes data, the water yield property
of aquifer No. 1 is great as well as the water conservancy
contact, and the water in this aquifer is supplied by vertical
cross flow from underlying aquifer No. 2 so the water
quality and water level of these two aquifers are similar.
Aquifer No. 2 is located in the basement of coal measure
strata which is the main aquifer in this mining area. From
the data of borehole 911-ox1 in aquifer No. 2, it can be
indicated that this aquifer is 84.29 m away from coal seam
No. 9-1. From the abovementioned data, the geological
profile map can be concluded as shown in Fig. 3. The
detailed hydrogeological conditions will be presented in
the following subsection.

The coal seam No. 3, right above this mining area 911,
was exploited from 1997 to 2001 by using the method of
strip mining along the dip. The actual average mining height
was 1.2 m, and the width of the excavated strip was 40-55 m
and that of the retained strip was 20—40 m. It is statistically
analyzed that the recovery ratio was only 44%. Since there
is an average distance of 124 m between coal seam Nos. 3
and 9-1, the method of strip mining was initially proposed
for the exploitation of coal resources in mining area 911
from 2005 to 2009, in order to control surface subsidence
and prevent floor water inrush from aquifer Nos. 1 and 2,
which is also the first process of the studied controlling
measure.
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Fig. 2 Map of the Bucun coal mine. a Location and layout of the Bucun coal mine. b Township hospital. ¢ Post office. d Residential buildings

Hydrogeological conditions

After the excavation of coal seam No. 9-2 which had a se-
rious potential of floor water inrush from confined aquifer
with high pressure in Bucun coal mine during the 1970s,
there were gradually some early insights into water inrush
problem of seam floor in this coal mine. What should be
carefully noticed is that the thickness of aquifer and
aquiclude is the basic factor restricting water inrush.
According to previous cases of water inrush, when the water
inrush coefficient of aquifer No. 1 was up to 0.08 MPa/m in
the excavation of coal seam No. 10-1 under normal geolog-
ical conditions, the water inrush accident occurred, while it
did not occur when excavating coal seam No. 9-2 in the
same region. This is mainly because the thickness of
aquiclude in the latter is increased by about 17 m compared
with that of the former. Therefore, this is also the main ev-
idence that the failure depth without growth can be used to
determine no floor water inrush in this study, which can be
further applied to prove that no water inrush is primarily due
to the newly proposed method. At the same time, other
hydrogeological conditions of this coal mine will be intro-
duced below in order to better illustrate this problem.

(¢)

(d)

As is known to all, the development of geological struc-
tures is a significant factor affecting water inrush from seam
floor (Wu et al. 2004; Zhang 2005; Zhang and Shen 2004).
Faults and fracture zones destroy the integrity of aquiclude
and impact its water isolated capacity, and hence the small
fault dense zone with small drop is also an important element
inducing water inrush. For example, there were two strike
faults and two inclined faults in the working face 9091 with
the burial depth at 290.3 m; when this working face was ad-
vanced to 85 m, the floor water inrush accident occurred at the
intersection of small faults. While as for working face 9090
with a burial depth at 354.0 m, there was no water inrush
accident occurred due to fault nondevelopment here. Mining
arca 911 mentioned in this study, close to the working face
9090, has a cover depth at 390 m and there is no major fault in
this mining area. Therefore, it is reasonable to exclude the
factor of geological structures in the analysis of floor water
inrush.

Based on the disciplines of floor water inrush which oc-
curred when excavating coal seam Nos. 9 and 10, the main
factors affecting water inrush include not only the hydraulic
head pressure, the thickness of aquiclude, and the fault frac-
ture zone, but also the mine pressures, such as first weighting
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Table 1 Geologic column section
of the mining area 911 No. 7 (m) d (m) Lithology No. t (m) d (m) Lithology
1 29.50 29.50 Topsoil 35 10.20 257.60 Medium sandstone
2 0.31 29.81 Chaos 36 11.40 269.00 Clay shale
3 6.89 36.70 Sandshale 37 6.60 275.60 Packsand
4 9.03 45.73 Medium sandstone 38 6.90 282.50 Sandshale
5 11.47 57.20 Sandshale 39 12.20 294.70 Packsand
6 5.80 63.00 Medium sandstone 40 15.00 309.70 Sandshale
7 2.78 65.78 Sandstone 41 11.80 321.50 Medium sandstone
8 22.81 88.59 Medium sandstone 42 0.20 321.70 Soft rock
9 1.65 90.24 Packsand 43 3.24 324.94 Sandshale
10 2.55 92.79 Medium sandstone 44 0.17 325.11 Soft rock
11 2.74 95.53 Sandshale 45 9.29 334.40 Sandshale
12 2.00 97.53 Medium sandstone 46 2.30 336.70 Packsand
13 9.57 107.10 Packsand 47 1.21 33791 Sandshale
14 4.44 111.54 Varied shale 48 0.20 338.11 Soft rock
15 3.00 114.54 Packsand 49 0.89 339.00 Clay shale
16 5.30 119.84 Varied shale 50 7.00 346.00 Sandshale
17 2.00 121.84 Packsand 51 6.70 352.70 Sandshale
18 17.84 139.68 Varied shale 52 0.27 352.97 Cokeite
19 2.82 142.50 Packsand 53 3.63 356.60 Magmatite
20 36.16 178.66 Varied shale 54 3.20 359.80 Sandshale
21 1.05 179.71 Packsand 55 6.60 366.40 Mudstone
22 5.66 185.37 Varied shale 56 5.20 371.60 Packsand
23 431 189.68 Sandshale 57 13.28 384.88 Sandshale
24 4.62 194.30 Packsand 58 1.35 386.23 Seam 9-1
25 2.70 197.00 Fault zone 59 2.19 388.42 Packsand
26 434 201.34 None 60 4.30 392.72 Sandshale
27 5.66 207.00 Packsand 61 3.80 396.52 Packsand
28 9.20 216.20 Varied shale 62 7.11 403.63 Sandshale
29 4.80 221.00 Sandshale 63 1.45 405.08 Seam 10-1
30 8.00 229.00 Packsand 64 4.64 409.72 Clay shale
31 6.00 235.00 Sandstone 65 1.50 411.22 Medium sandstone
32 2.20 237.20 Sandshale 66 2.00 413.22 Mudstone
33 4.80 242.00 Sandstone 67 4.50 417.72 Medium sandstone
34 5.40 247.40 Sandshale 68 1.29 419.01 Sandshale
Table 2 Situations of aquifers
detected by drilling boreholes Borehole DIl (m) D2 (m) Aquifer no. 1 Aquifer no. 2
no.
No.1 No.2 T@m) WIm’ W2 Tm WIlmY’ W2
h) (m) h) (m)
1 —-352.8 6501 - 13.39 240 34.8 - - -
2 —3456 6146 - 1044 120 42 - - -
3 -3622 5812 - 4.53 90 35.6 - - -
4 —381.7 5822 - 3.49 246 46.7 - - -
S1 -371.1 4734 - 12.13 60 —243 - - -
S2 -3505 554 - 1253 35 45.18 - - -
Lxgl2 -3814 6256 — 1193 12 -1978 - - -
911-0x1 —3844 6523 8429 888 2.8 -2314 3122 - -
S3 98.9 5522 - 2784 - - - - -
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Fig. 3 Geological profile map of
the Bucun coal mine
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and periodic weighting. According to the observation data of
mine pressure in the west wing of Bucun coal mine, the first
roof weighting interval is 32 m, which is also the main reason
of water inrush in the later working face 9110 (see the “Floor
water inrush accident” section). However, when there is a
potential of floor water inrush and the mining induced under-
ground pressure is excluded from the caused reasons, which
means that the potential threat point of water inrush is not
within the range of first weighting and periodic weighting,
there are reasons to believe that the thickness of aquifer and
aquiclude could be the basic factor restricting water inrush.

Proposed strip mining method

The great advantage of strip mining method is the low cost for
mining per ton coal under the premise of unchanged mining
technique. It has the simple technology with the uncomplicat-
ed production management, and surface subsidence can be
dramatically reduced with the lowered failure depth of seam
floor (Gao and Ge 2016; Zhang et al. 2011; Yin et al. 2009).
Existing field practice and theoretical study show that strip
mining method is always an effective means of safely exca-
vating the coal resource under buildings and above confined
aquifer, which is also the primary cause for initially proposing
this step to exploit coal resources in consideration of the geo-
logical conditions of Bucun coal mine.

Floor water inrush accident

Working face 9110, as the first mining face, was arranged in
mining area 911. It was being mined on July 15, 2004 using
the strip mining method with the width of the excavated strip
at 40 m. When this working face was advanced about 33 m at
13 o’clock on July 31, the roof caved after first weighting,
leading to floor water inrush at the back of working face.
The initial water yield was 150 m>/h and the maximum, as
the steady yield, was 334.8 m*/h. Water inrush occurred as
soon as the roof caving and first weighting in working face,

which indicated that mining-induced underground pressure is
the key factor for water inrush.

After this accident, the grouting plugging was timely im-
plemented, and this working face was put back on production
on August 2005. After the success of water plugging, it is
studied that the stopping technology needed to be altered to
strip mining along the dip, with preliminary adjustments for
the widths of excavated and retained strips as well as the
recovery method, to prevent floor water inrush and protect
surface buildings with effect. Therefore, the limitation of strip
mining method in this study site still be worthy of discussion,
i.e., whether this strip mining scheme can meet the needs of
safe mining above confined aquifer needs to be further
analyzed.

In order to facilitate the following analysis of strip mining
parameters, the mining situations of adjacent working faces
were listed in Table 3, and the involved working faces place-
ment can be seen as shown in Fig. 4. After the accident of floor
water inrush in working face 9110, the stopping technology
here altered to strip mining along the dip with the width of
excavated strip at 15 m and that of retained strip at 20 m. By
referring to the safe stopping experience in working face 9110,
the method of strip mining along the dip was adopted in work-
ing faces 9112, 9114, and 9116 with the same widths of ex-
cavated and retained strips as working face 9110 but besides
the working face 9118 adopting the width of excavated strip at
20 m since it was located in the shallowest level.

Parameter determination

Engineering practice showed that all the abovementioned
working faces achieved safe and high-efficiency mining.
Therefore, in order to prevent floor water inrush and protect
surface buildings with effect, it is planned that working faces
at the west wing of mining area 911 initially adopted the
method of strip mining along the dip with the widths of exca-
vated strip at 15 m and retained strip at 20 m but besides some
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Table 3 Mining situations of
working faces at the east wing of Mining sequence Working face no. Width of Width of Remarks
mining area 911 excavated strip (m) retained strip (m)
1 9110 15 20 Deepest
2 9112 15 20 /
3 9114 15 20 /
4 9116 15 20 /
5 9118 20 20 Shallowest
shallow levels with the width of excavated strip at 20 m, for .
instance working face 9115. op = om <0.64 +0.36 @) (3)
Generally, the stability of strip coal pillar needs to be ana- h

lyzed after determining its parameters. To verify whether the
proposed parameters of strip mining can be used in current
mining conditions, the strength of strip coal pillar was initially
checked by introducing the ultimate strength theory here
(Bieniawski 1981; Zhu et al. 2017, 2018a). In order to guar-
antee the long-term stability of coal pillar, the safety factor
should be normally from 1.2 to 2.0.

F=2r
Pp

=1.2~2.0 (1)
where F is the safety factor of coal pillar, 1;0p is the strength
of strip coal pillar, MPa; and Pp is the load on strip coal pillar,
MPa. The calculation formula for the load on strip pillar can
be expressed as:

We

Pp—fyH<1 +> (2)

Wp
where  is the bulk unit weight of overlying strata, N/m>; H is
the cover depth of coal seam, m; We is the width of excavated
coal pillar, m; and Wp is the width of retained coal pillar, m.
The calculation formula for the strength of strip coal pillar is
given as:

8 .\x\
N\ >3 " 0_50 100m
e, X Working face 9118 I
Working face 91154 ¢
X A
X \\\ Working face 9116
\ . \\\
Working face 911 5dows \

Working face 9114
\
Working face 9113up \

Working face 9112
Working face 9113down

Working face 9111 Working face 9110

\
S
\

Fig. 4 Working face locations in mining area 911
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where om is the in situ strength of the coal pillar, MPa; / is the
mining height of working face, m; and » is a constant that
depends on the ratio of width to height of the retained coal
pillar: when, Wp/h>5, n=1.4, and when Wp/h<5,n=1.
The maximum burial depth at which the backfilling body
was located in mining area 911 was 480 m, and the mining
height was 1.3 m. The uniaxial compressive strength (UCS) of
9-1 coal samples was 8.67 MPa and the calculated in situ
strength of the coal mass was 2.04 MPa (Zhu et al. 2018b).
The strip mining working face was mined with the widths of
excavated strips at 15 m and retained strips at 20 m. Substituting
these parameters into the abovementioned formulas is used to
calculate the safety factor, 1.4, which was larger than its setting
value. It can be seen that the proposed strip mining method in
mining area 911 can ensure the long-term stability of coal pillar.

Floor failure depth prediction

In order to check whether the proposed strip mining scheme
can avoid the floor water inrush accident or not, FLAC soft-
ware, as the finite difference simulation software, was
employed to simulate the mining-induced failure depth of
No. 9-1 seam floor. Two dimensions were considered while
ignoring the factor of coal seam strike. It is reasonable that the
mining process is not considered, since the working face is
narrow and then the numerical model can be regarded as a
plane-strain model along the mining direction. In view of this
9.5° average dip angle of seam belonging to flat seam
(Bondarenko et al. 2010), which can be regarded as simplified
horizontal layer in the model, the influence of the dip angle of
coal seam was ignored but the possible effect on the predicted
failure result will be discussed later. In fact, the detecting
boreholes are not sufficiently enough to perfectly reveal the
conditions of aquifers, and as a consequence, the precise dis-
tance between coal seam and aquifers and the specific hydrau-
lic pressures of aquifers are unknown. However, as for the
related setting in numerical model, it is well-known that as a
type of stress applied on the bottom of the seam floor, water



Development of a combined mining technique to protect the underground workspace above confined aquifer from... 3657
Fig. 5 Schematic diagram of
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pressure makes the floor strata much easier to expand into the
exposed space of the mined area, causing a bigger seam floor
failure depth (Zhang 2005). Since rock permeability is known
to strongly correlate with the rock characteristics (e.g., fracture
properties and lithology), in order to analyze the influence of
the hydraulic pressure on the deformation and failure of the
coal seam floor (Huang et al. 2016; Huang et al. 2019; Ma
et al. 2019; Yang et al. 2011), the effect of water pressure on
rock fracture was considered in the model. Importantly, it
should be mentioned that this simplified numerical simulation
was only a preliminary prediction on the coal seam failure
depth by considering the effects of extracting retained coal
pillars and implementing backfilling activities prior to engi-
neering practice. Overall, this is an engineering experience
orientated study, and the measured engineering data men-
tioned later can provide strong evidence that the proposed
method is effective.

Based on the geological data of mining area 911 in Bucun
coal mine listed in the “Geology and mining conditions” sub-
section, the corresponding 2D numerical model was set up to
verify the reasonability of setting mining parameters, as
shown in Fig. 5, with Table 4 listing the strata characteristics
and mechanical parameters. The designed model with 400 m
length and 200 m height includes the depth of seam floor at
50 m and the distance from floor to the top of model at 150 m.
The upper model means the overlying strata of coal seam and
the lower model means the floor beneath coal seam. The

&

43

Immediate roof

Immediate floor

Lateral movement restricted

i

Main floor

fF ettt ¢ ¢ T Tt

Lateral and vertical movements restricted

model domain was divided into 80 lines and 80 column quad-
rangles, so the mesh grid contains 6561 nodes and 6400 quad-
rangle elements in total. In order to better manifest the failure
status of seam floor, uniformly-spaced mesh generation was
not employed vertically while partial refinement was adopted.
The mesh size varies from 0.52-3.60 m vertically with certain
horizontal length at 5 m, and the related layer information can
be seen in Table 4.

As described before, the two-dimensional finite element
model was adopted in this simulation. The left and right
boundaries and the bottom boundary are the displacement
boundary conditions, and the top boundary is the stress
boundary conditions. The boundary condition of the left side
is the same as that of the right side with the lateral movement
restricted, and that of the bottom side is both lateral and ver-
tical movement restricted. Mohr-Coulomb yielding criteria are
used in this model calculation. It is because of this that the
scope of plastic failure zone can represent the failure degree of
floor under different mining schemes. In addition, the main
purpose of this model is to simulate failure depth of seam floor
and since the controlling measure combined by strip mining
and caving zone backfill technology is applied, the movement
and deformation of rock strata have been effectively con-
trolled, so it is feasible that the characteristics of overlying
strata are simplified, which means the rest of rock strata are
simulated by loading mode. In other words, there is a uniform-
ly distributed load of 6.5 MPa on the top of the model.

Table 4 Mechanics parameters of

each stratum in the numerical Stratum Thic Bul Shea Den (kg/ Fric Coh Tens Gro
simulation lithology (m) (Pa) (Pa) m’) (deg) (Pa) (Pa) )
Rock strata 144 8¢e9 8e9 2400 25 6.0e6 2.0e6 41-80
Immediate roof 4.7 6e9 6e9 2200 22 6.0e6 2.0e6 32-40
Coal seam 1.3 5¢9 4e9 1350 22 1.5¢6 8.0e5 31
Immediate 20 1€9 1e9 2500 20 3.3e6 1.5¢6 11-30
floor
Main floor 30 1e9 1e9 2500 20 3.3e6 1.5¢6 1-10
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There were mainly three steps for the numerical simulation
process. The first step was balance computation of primary rock
stress, then excavating coal seam No. 9-1 using strip mining
with the widths of excavated strip at 15 m and retained strip at
20 m. The last step, i.e., the final process of proposed control-
ling measure for floor water inrush, was stated in the “Influence
on floor failure depth” subsection. The specific excavation
scheme of this numerical model during strip mining period
can be seen as follows: the layer No. 31 in the model as the
coal seam group was excavated from the block No. 21, keeping
four blocks for every three blocks mined until reaching the
block No. 58. Figure 6a shows the stress contour of surrounding
rock after strip mining, Fig. 6b shows the scope of plastic failure
zone of floor after strip mining, and Fig. 6¢ shows the distribu-
tions of the different failure values in each strip pillar respec-
tively. It can be manifested that failure scope of surrounding

YY-stress contours (Pa)
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Fig. 6 Numerical results after
strip mining. a Vertical stress
distribution contour. b Scope of
plastic failure zone of floor. ¢
Distribution of the different floor
failure values in each strip pillar
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rock was small and there was a plastic failure zone of 9 m in
floor meaning the failure depth of seam floor.
Results and discussion

Field investigation during strip mining
and comparison with numerical results

Field investigation

From 2005 to 2009, the method of strip mining along the dip
was adopted in mining area 911, and approximately 490,000 t
of coal was excavated while around 941,700 t of coal was
retained in the pillars and the recovery ratio was only 34.2%.
During this period, for the sake of monitoring the failure depth
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of floor in mining area 911 during strip mining, Anhui
Huizhou Institute of Subterranean Calamity was invited to
do the field measurement by means of parallel electrical sur-
vey system, angular displacement, and micro-seismic
monitoring.

Working face 9113 is located in the west wing of mining
area 911, adopting the method of strip mining along the dip
with the widths of excavated strip at 15 m and retained strip at
20 m. The monitoring system for the seam floor’s failure was
arranged from lateral, longitudinal, and vertical directions to
guarantee a holistic and all-round monitoring for floor.
Figure 7 shows the layout of these monitoring systems. The
lateral measuring line, measuring line 1, was set in the open-
off cur of working face and the longitudinal measuring line as
measuring line 2 was set in the upper exit, and the vertical
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measuring line was set in the borehole 1 which was specially
constructed. The probes of parallel electrical survey system,
angular displacement sensors, and sound emission micro-
phones were installed in each measuring line.

Figure 8 shows the profile map of the apparent resistivity in
measuring line 1. The result of this electrical survey on the
figure was selected based on profile map data of the apparent
resistivity in mine roadway, i.e., the longitudinal measuring
line as measuring line 2 of 141 m was set with the middle at
the ninth excavated coal pillars in order to make the effective
detection range up to the width of one excavated pillar and
two retained pillars. During the observation in mining-
induced period, it was found that the electrical resistivity in
the below of the goaf was higher than that in the below of coal
pillars with arc low resistivity zone formed there. That means
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Fig. 8 Profile map of the apparent resistivity in measuring line 1 on Jun 10, 2008
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the advance stress compression zone was formed in the below
of coal pillars and the high resistivity zone was formed in goaf.
When mining the ninth excavated coal pillars, there was an
obvious characteristic of low resistivity, which had a scope of
influence above —7 m boundary, around the bottom of fine
sandstone. In general, when there is the geologic body with
poor electrical conductivity, the electric current will keep
away from it due to current repulsion effect, which can be
seen as the unbroken seam floor in dry cycle, while the geo-
logic body with good electrical conductivity will have an at-
tractive effect on the electric current, which can be seen as
water inrush because of the plastic failure of floor strata in
wet cycle (Li et al. 2015; Yang et al. 2018b). In this analysis,
it was caused by the plastic failure of rock strata and then
water filling, indicating that the plastic failure zone developed
into a depth of 7 m.

Figure 9 shows the curve of angular displacement in bore-
hole 1. Measuring results manifested that the angular displace-
ment varied from different depths of rock strata. The closer the
distance between coal seam and rock strata, the greater the
angular displacement, meaning that the rock strata will be
easier to deform and break. According to the theoretical anal-
ysis and numerical results before exploitation, the plastic fail-
ure of rock strata would occur if the angular displacement of
floor sandstone is over 0.005 or 0.29°. Based on this
prospected result, the angular displacement is over 0.005 or
0.29° above — 5 m boundary, indicating that the plastic failure
depth of seam floor was 5 m. To sum up the above measuring
results, the failure depth of seam floor in working face 9113
after strip mining was 5-7 m.

After the safe mining of working face 9113, the method of
strip mining was also adopted to exploit working face 9115
but with the widths of excavated strip at 20 m and retained
strip at 20 m in order to gain the influence rule of increasing
width of excavated strip on seam floor’s failure. Three mea-
suring lines were also installed in working face 9115 to mon-
itor the failure depth of seam floor. Measuring results mani-
fested that it was feasible to properly increase the mining size
in working face 9115 which was located in shallow level.
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Fig. 9 Measuring curve of angular displacement in borehole 1
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These physical quantities, the electrical resistivity and the an-
gular displacement in seam floor of working face, had no
abrupt change after increasing the width of excavated strip.
It can be concluded from the data of parallel electrical survey
system and angular displacement monitoring that the failure
depth of seam floor in working face 9115 after strip mining
was 5-7 m as well. However, micro-seismic monitoring re-
sults indicated that the deformation and failure of seam floor
had superposition due to successive mining of working faces,
making the failure depth of seam floor increase to 10 m.

Comparison with numerical results

From the numerical simulation on floor failure depth predic-
tion, there was a plastic failure zone of 9 m in floor meaning
the failure depth of seam floor. The comparison between nu-
merical results and field measurements revealed that the sim-
ulation results are smaller than measured results. As men-
tioned in the simulation settings, the reason for the failure
depth difference may be the neglect of coal seam dip angle
(Li et al. 2018; Wu et al. 2004; Zhang 2005; Zhang and Shen
2004). In spite of this, the simulation results still had good
consistency with the field measurement results, generally
proving the reliability of numerical simulation. Meanwhile,
as for this coal seam, according to the geological conditions
and previous analysis, it showed that the main reason for the
coal seam floor failure was its exploitation, while the model
has fully considered the influence of such main factors, such
as the excavation of coal seam and the backfilling of caving
zone, on the failure depth of seam floor.

The comparison between measured data and numerical
simulation results indicated the reasonability and feasibility
of numerical model, meaning that the last simulation step
stated in the “Influence on floor failure depth” subsection
can be successfully applied to analyze the final process of
proposed controlling measure for floor water inrush.

After the strip mining technology was employed in the
study mining area to exploit coal resources, a mass of coal
pillars were retained in order to control surface subsidence,
but causing a lot of resources wasted. And can the failure
depth of seam floor developed at this moment ensure the non-
occurrence of floor water inrush is still unknown.

Water inrush prevention using caving zone backfill
technology

The need for excavating retained strip coal pillars, controlling
surface subsidence, and preventing floor water inrush had
arose further consideration. Based on previous engineering
practice adopting strip mining method, the caving zone back-
fill technology was proposed, since the generated floor failure
zone can be backfilled so that the retained coal pillars could be
excavated as well as preventing floor failure. That is, the
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controlling measure is combined by strip mining and caving
zone backfill technology to prevent the potential risk of water
inrush from seam floor. Accordingly, the research of caving
zone backfill technology is worthy of further attention to re-
cover retained coal pillars in working faces. The reasonability
of caving zone backfill technology and its effect on control-
ling surface subsidence had been stated by Zhu et al. (2018b),
and the analysis in this section is mainly from the view of
preventing floor water inrush to exploit coal resources above
confined aquifer.

Parameter verification

To verify whether the caving zone backfill technology can be
used in current mining conditions, the strength of backfilling
body was initially checked by introducing the ultimate
strength theory proposed in “Parameter determination” sub-
section. In order to guarantee the long-term stability of
backfilling body, the safety factor should normally be from
1.2 to 2.0.

The corresponding meanings of some letters in Egs. (1)—(3)
have changed as follows. F'is the safety factor of backfilling
body, 1; op is the strength of strip backfilling body, MPa; Pp is
the load on strip backfilling body, MPa; H is the depth at
which the backfilling body is located, m; We is the width of
caving zone, m; Wp is the width of backfilling body, m;om is
the in situ strength of the backfilling body, MPa; and 7 is a
constant that depends on the ratio of width to height of the
backfilling body: when, Wp/h>5, n=1.4, and when Wp/h <
5,n=1.

The maximum burial depth at which the backfilling body
was located in mining area 911 was 480 m, and the height of
backfilling body was 1.3 m. The UCS of the high-water con-
tent backfilling material after setting for 1 month was
2.67 MPa, and the calculated in situ strength of the backfilling
body was 2.12 MPa (Zhu et al. 2018b). The strip mining
working face with the widths of excavated strips at 15 m
and retained strips at 20 m was subsequently recovered using
caving zone backfill technology and after that the width of
backfilling body was 50 m and the width of caving zone
was 20 m, with a better backfilling rate of the caving zone
(detailed backfilling process can be found in Zhu et al.
(2018b)). Substituting these parameters into the
abovementioned formulas is used to calculate the safety fac-
tor, 5.3, which was much larger than its setting range. It can be
seen that the recovery scheme of excavating strip coal pillars
using caving zone backfill technology in mining area 911 can
ensure the long-term stability of backfilling body.

Influence on floor failure depth

On the basis of excavated numerical model in the “Floor failure
depth prediction” subsection, the simulation study on exploiting

retained strips using caving zone backfill technology was con-
ducted: backfilling the caving zone after strip mining whose
excavated width was 15 m and excavating retained strip coal
pillars, and then backfilling the new caving zone. The replace-
ment mining scheme with the widths of excavated strips at
20 m and retained backfilling body at 50 m was conducted to
study the influence of caving zone backfill technology on fail-
ure depth of seam floor. During the backfilling period, the prop-
erties of the exploited blocks in the previous model were mod-
ified to the corresponding parameters of backfill body, which is
reasonable for a high filling rate 98.7% (refer to Zhu et al.
(2018Db)), and then excavating the unexploited blocks between
block No. 21 and No. 58 and optionally backfilling the new
exploited blocks. Figure 10a shows the stress contour of sur-
rounding rock, Fig. 10b shows the scope of plastic failure zone
of floor after caving zone backfill technology, and Fig. 10c
shows the distributions of the different failure values in each
strip pillar respectively.

Based on the simulation results in Fig. 10, it can be shown
that the plastic failure depth of seam floor had no growth
(0.2 m difference probably means the effect of high-water
content backfilling material, see the following) after replace-
ment mining although the horizontal scope of plastic failure
zone got larger to some extent compared with that after strip
mining, and the thickness of aquiclude in seam floor had no
decline when the mining scope increasing. Since the fluidity
of high-water content backfilling material was perfect,
mining-induced fractures in certain extent of seam floor had
got backfilled after backfilling early caving zone, and then the
integrity of floor had got improved as well. To sum up, the
numerical results manifested that the replacement mining
scheme using caving zone backfill technology in mining area
911 can prevent floor water inrush and achieve safe recovery.

Evaluation of water inrush

In terms of the prediction of floor water inrush, water inrush
coefficient theory, which is based on statistical analysis of
long-term inrush data and stipulated in Regulation for Coal
Mine Water Prevention and Control, China (Li et al. 2018; Liu
2009; Sawsc 2009), is generally used in most of China’s min-
ing areas. The water inrush coefficient is expressed as an em-
pirical formula:

p
= —cp @
where 75 is the water inrush coefficient, 1; p is the water
pressure sustained by the coal seam floor, MPa; M is the
thickness of aquiclude, m; and CP is the failure depth of seam
floor after strip mining, m.

‘When the calculated water inrush coefficient is less than the
critical range, the safety mining can be ensured; otherwise, floor
water inrush occurs. After strip mining in mining area 911, the
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Fig. 10 Numerical results after
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failure depth of seam floor was 10 m. Therefore, the water
inrush coefficient of aquifer No. 1 was 751 =4.73/(47.34 —
10)=0.127 Mpa/m and that of aquifer No. 2 was 752 =5.22/
(84.29-10)=10.070 Mpa/m. According to the parameters in
adjacent mines, the critical range of water inrush coefficient is
from 0.06 to 0.10. It can be concluded that the theoretically
calculated water inrush coefficients of aquifer Nos. 1 and 2
were slightly larger than the critical range after strip mining.
In view of the high-water content backfilling material used
in early goaf of mining area 911, the integrity of seam floor had
obtained significant improvements. The backfilling slurry
flowed into failure zone of seam floor to play a reinforcing
function. After the caving zone backfill technology carried
out to exploit retained pillars, the width of backfilling body
increased and then the bearing load on floor gained homoge-
nized, making the failure depth of seam floor decrease under the
same width of excavated strip and also decrecase when

@ Springer

successively mining working faces. The strength test for high-
water content backfilling material indicated the UCS was
2.67 MPa after setting for 1 month, having an inhibiting effect
on floor heave and the failure depth increase of seam floor.
Besides, the strip mining practice in working face 9115 with
the widths of excavated strips at 20 m and retained strips at
20 m also can demonstrate that the mining scheme with the
widths of excavated strips at 20 m and retained strips at 50 m
can ensure the safe recovery of working face.

Field test

The replacement mining scheme above confined aquifer using
caving zone backfill technology was successively conducted
in working faces 9111 and 9113, and the backfilling system,
backfilling technology, and the situation of excavating the
strip pillar using caving zone backfill method had been stated
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Table 5 Displacement changes of

each measuring point in the floor Point no. DSI1 DS2 DS3 DS4 DS5 DS6
Disp/mm
Absolute displacement 10.94 5.68 1.71 1.09 0.55 0
Relative displacement between two DSs 5.26 3.97 0.62 0.54 0.55 -

were installed in the floor of mining face 9111 to monitor
changes of stress and displacement before and after mining
coal seam No. 9-1. The layout of the displacement sensors and
stress sensors can be seen in Fig. 11.

Six displacement monitoring points were arranged with the
vertical depths being 6 m, 8 m, 10 m, 12 m, 14 m, and 16 m
respectively. Fifty-three measurements were made during a
period of 10 months, and the displacements of the sensors
are illustrated in Fig. 12a. Five stress monitoring points were
arranged with the vertical depths being 7 m, 9 m, 11 m, 13 m,
and 15 m respectively. Measurements of the strains at the
monitoring points are illustrated in Fig. 12b.

From absolute displacements of each monitoring point
monitored by displacement sensors, relative displacements
between two displacement sensors can be calculated as
shown in Table 5. Thus, it can be seen that both the absolute
and relative displacements of sensors 1 and 2 were large,
while that of sensors 3 to 6 were small, which indicated that
significant displacement occurred at 6 m and 8 m into the
floor. It was also shown that the relative displacement was
only 0.54—0.62 mm from 10 to 16 m into the floor. Hence, it
can be concluded that the mining induced maximum depth
of displacement variation in the floor was 10 m. From stress
monitoring results, it can be known that the maximum micro
strain occurred at the monitoring point with the vertical
depth being 9 m, which indicated that the maximum failure
depth was 9 m into the floor. In situ measurements of the
displacement and strain indicated that when the retained
pillars were excavated using caving zone backfill method,
the failure depth of seam floor was still 10 m without in-
crease. Therefore, the replacement mining practice above
confined aquifer using caving zone backfill technology con-
ducted in mining area 911 cannot only effectively prevent
floor water inrush, but also achieve safe mining and recover
a mass of retained coal pillars.

Further discussion

In the process of designing strip mining scheme aiming at the
prevention of seam floor failure, the simulation study was only
conducted on a single working face to further analyze the
influence of the width of working face on floor failure, and
then the maximum width of excavated strip coal pillar was
obtained in overall consideration of the aquiclude thickness
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of floor, hydraulic pressure of aquifer No. 1, and actual situa-
tion of strip mining. Undoubtedly, this research idea needs
improvement since results are mainly produced based on en-
gineering practice and empirical evidence. The selection of
strip mining scheme also had some limitations for the reason
that the final determined scheme in this paper was based on
the actual mining situation of several working face, which has
certain dependence on practical engineering. The subsequent
relevant research work can turn to the mining process or min-
ing procedure of strip mining and on this basis, the numerical
simulation study can be conducted to design the mining
scheme.

As for the prediction of floor water inrush, the theoretically
calculated water inrush coefficient after strip mining was
slightly larger than the critical range, which indicated that
there would be a great risk of floor water inrush in the study
mining area if the mining scheme was not improved. The
implement of caving zone backfill technology using high-
water content backfill material played a recovery effect on
seam floor’s failure by the flow of slurry. After backfilling,
although the theoretically calculated water inrush coefficient
is not changed, the increased width of backfilling body made
the bearing load on floor gain homogenized and the failure
depth of seam floor decreases under the same width of exca-
vated strip especially when successively mining working
faces due to the compression effect of backfilling body on
seam floor.

Conclusions

The core content of this paper is to decide how to exploit coal
resources when there are buildings on the ground and water is
abundant under the coal seam. Previous strip mining scheme
can effectively control surface subsidence and achieve safe
mining under buildings, but the possibility of floor water in-
rush was a big hidden danger and a mass of coal resources
were retained in the pillars, which cannot meet the require-
ment of production development. However, the caving zone
technology has a certain recovery effect on previous seam
floor failure, and the generated backfilling body can effective-
ly control surface subsidence and prevent water inrush from
seam floor in the rest production to excavate retained coal
resources. In other words, these two technologies can be
linked together and bring out the best in each other. The
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proposed controlling measure, combined by strip mining
method and caving zone backfill technology, has highlighted
both advantages to prevent water inrush from seam floor and
achieved safe mining above confined aquifer and under build-
ings to the maximum extent.

In the process of designing strip mining method, by refer-
ring to adjacent working faces which achieved safe and high-
efficiency mining, the scheme of strip mining along the dip
with the widths of excavated strip at 15 m and retained strip at
20 m was decided, which was also verified by numerical sim-
ulation with the failure depth of 9 m in seam floor formed.
During the field trial of strip mining in the west wing of min-
ing area 911, in situ measurements manifested that the failure
depth of seam floor in working faces 9113and 9115 was 5—
7 m, and micro-seismic monitoring results indicated that the
failure depth of seam floor increased to 10 m due to superpo-
sition effect generated when successively advancing working
faces, agreeing well with the numerical simulation result.

In the second process, a certain amount of failure depth of
seam floor and the demand of exploiting retained resources in
coal pillars aroused more discussion about caving zone back-
fill technology. The safety factor of backfilling body calculat-
ed by the ultimate strength theory indicated the long-term
stability of backfilling body, and although the water inrush
coefficient theory showed a potential of floor water inrush
after strip mining, the caving zone backfill technology using
high-water content backfilling material can make the integrity
of seam floor obtain significant improvements to prevent the
failure depth increasing. The simulation study on exploiting
retained strips using caving zone backfill technology based on
strip mining model revealed that the plastic failure depth of
seam floor had no growth. Engineering practice and in situ
measurements demonstrated that after excavating retained pil-
lars by caving zone backfill technology, the failure depth of
seam floor was still 10 m with no increase, which cannot only
effectively prevent floor water inrush, but also achieve safe
mining and recover a mass of retained coal pillars. Therefore,
it can be concluded that the controlling measure, combined by
strip mining method and caving zone backfill technology, is
capable of bringing significant economic and environmental
benefits when mining above confined aquifer and under
buildings.
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