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Abstract: Longwall pier-column backfilling is a partial backfilling technique initially designed in
thin coal seam mines. With the increase of mining intensity, the mining height and width of the
backfilling working face will also increase. It is necessary to analyze how changes in working face
dimensions influence the control effect of overburden subsidence in pier-column backfilling. In this
study, a mining model with a combination of 25 conditions (five different mining heights (1~3 m)
x five different mining widths (80~240 m)) was designed using a FLAC3D (Vision 5.0) numerical
simulation. The simulation was used to analyze the control effect of overburden subsidence with
varying mining heights and widths. In addition, according to the field working face conditions, two
physical similarity models were performed to explore the overburden subsidence law in pier-column
backfilling with different mining heights and widths. It was observed from the above study that
mining heights and widths will have a different influence on the overburden subsidence in longwall
pier-column backfilling. The result of this study provides strong theoretical support for evaluating
the control effect of overburden subsidence in longwall pier-column backfilling.

Keywords: mining height; mining width; longwall mining; pier-column backfilling; overburden sub-
sidence

1. Introduction

In recent years, backfilling mining techniques have developed rapidly in China. Back-
filling mining works well to control strata movement and is capable of reducing overburden
subsidence, increasing the extraction rate of coal resources, and alleviating the environ-
mental disruption caused by mining. Focusing on issues such as environmental protection
and coal mining under buildings, railways, and water bodies, scientific researchers both in
China and other countries have conducted numerous experimental studies on backfilling
mining and made a series of progress [1-4]. Coarse-grained wastes (from both mining
and processing) are used as backfilling material in Poland [5]. The need for backfilling
is a major issue in Australia, where 10 million cubic meters of underground voids are
generated annually as a result of mining [6]. Mukhopadhyay and Sinha attempt to provide
a mathematical model while ensuring maximization of backfilled land area at minimum
direct and economic costs in India [7]. A method is described that allows for a prospective
evaluation of these backfilling materials [8]. A novel short-wall caving zone backfilling
technique for controlling mining subsidence has been proposed [9]. At present, there are
paste backfilling [10,11], solid backfilling [12,13], high water material backfilling [14,15],
slurry backfilling [16,17], and many other backfilling mining techniques.

However, backfilling technology in a goaf also presents a series of problems, such as
large consumption of backfilling material, slow advance speed, low production efficiency,
and high comprehensive backfilling cost. A suitable partial backfilling method to achieve
lower backfilling cost and higher backfilling efficiency is urgently needed. On the basis
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of the longwall strip filling method and spaced strip filling mining method proposed by
Xu et al. [18,19], a longwall pier-column backfilling method has been creatively developed
by the Wangzhuang coal mine in Zibo, China. The schematic diagram is shown in Figure 1.
In the goaf, the piers are filled at certain intervals, and each independent pier supports the
overlying strata to control the overburden subsidence. In this method, the single hydraulic
props are firstly used to support the roof of the goaf after mining (Figure 2a), and then
the slurry material is used to fill the pier-column bags. The single hydraulic props are
withdrawn when the pier-columns reach a certain solidification strength (Figure 2b), and
then the backfilling process is carried out in turn.
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Figure 1. Schematic diagram of longwall pier-column backfilling.
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Figure 2. Pier-column backfilling in the goaf: (a) before backfilling solidification; (b) after backfilling solidification.

With the passage of time, the Wangzhuang coal mine is about to shift to a new mining
area. The mining height and width of the backfilling working face in the new mining
area are both larger than those of the previous backfilling working faces. For this reason,
it is necessary to analyze how changes in the geometric dimensions of the working face
influence the control effect of overburden subsidence in pier-column backfilling, laying a
scientific foundation for evaluating the backfilling effect in the future.

2. Numerical Simulation

According to the field working face conditions [20], the coal seam in the mining area
of the Wangzhuang coal mine had a very small dip angle of less than 5 degrees; hence, the
coal seam, as well as the overburden, were set as horizontal in the numerical model. In this
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FLAC3D model, the plane of the pier-column was a square with a side length of 6 m. The
interval of the pier-columns was equal in row and column directions, both of which were
4m.

Parameter settings of the numerical simulation: geometric similarity ratio: 1:1; model
length: 800 m; model width: 440 m; model height: 263 m; coal seam floor elevation: z =0
(Figure 3). The model was composed of about 915,560 block elements and 1,083,742 grid nodes.
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Figure 3. Schematic diagram of numerical model: (a) global model; (b) pier-column arrangement.

This model was primarily used to study the reduction effect of overburden subsidence
in longwall pier-column backfilling, simplify the overlying strata and floor where necessary,
and assigning rock mechanics parameters according to corresponding strata. Table 1 shows
the mechanical parameters of the numerical model.

Table 1. Mechanical parameters and layers in the numerical model.

Volume Shear
. Density Cohesive Frictional Tensile
Lithology Layer No. (kg /m?) Modulus Modulus Force (Pa) Angle (°) Strength (Pa)
(Pa) (Pa)
Topsoil 11 1800 2.0 x 107 1.4 x 107 5 x 10* 18 2 x 10*
Primary key stratum 10 2500 4.0 x 10° 2.4 x 10° 5.0 x 10° 40 4.5 x 106
Soft rock 9 2000 2.5 x 107 1.3 x 10° 3.0 x 10° 28 2.2 x 10°
Key stratum 3 8 2500 4.0 x 10° 2.4 x 10° 5.0 x 10° 40 4.5 x 10°
Soft rock 7 2000 2.5 x 10° 1.3 x 10° 3.0 x 100 28 2.2 x 10°
Key stratum 2 6 2500 4.0 x 10° 2.4 x 10° 5.0 x 10° 40 4.5 x 10°
Soft rock 5 2000 2.5 x 10° 1.3 x 10° 3.0 x 100 28 2.2 x 100
Key stratum 1 4 2500 4.0 x 10° 2.4 x 10° 5.0 x 10° 40 4.5 x 106
Soft rock 3 2000 2.5 x 107 1.3 x 10° 3.0 x 10° 28 2.2 x 10°
Coal seam 2 1400 2.0 x 10° 2.4 x 10° 2.0 x 100 25 2.0 x 10°
Floor 1 2500 4.0 x 10° 2.4 x 10° 5.0 x 10° 40 45 x 10°

The control variable method was used to qualitatively investigate the influence of
mining height and width on the control effect of overburden subsidence. We performed
simulations using 25 condition combinations (five different mining heights (1 m, 1.5 m, 2 m,
2.5m, and 3 m) x five different mining widths (80 m, 120 m, 160 m, 200 m, and 240 m)).
See the numerical simulation schemes in Table 2.

According to the numerical simulation of strata movement, we explored the qualita-
tive relationships of overburden subsidence with different mining heights and widths in
longwall pier-column backfilling.
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Table 2. Numerical simulation schemes.

Pier-Column Pier-Column Mining Width Mining Height
Model Number Space (m) Width (m) (rgn \ (%n) 8
1 4 6 80 1
2 4 6 80 1.5
3 4 6 80 2
4 4 6 80 2.5
5 4 6 80 3
6 4 6 120 1
7 4 6 120 1.5
8 4 6 120 2
9 4 6 120 25
10 4 6 120 3
11 4 6 160 1
12 4 6 160 1.5
13 4 6 160 2
14 4 6 160 2.5
15 4 6 160 3
16 4 6 200 1
17 4 6 200 1.5
18 4 6 200 2
19 4 6 200 2.5
20 4 6 200 3
21 4 6 240 1
22 4 6 240 1.5
23 4 6 240 2
24 4 6 240 25
25 4 6 240 3

In Figure 4, the first number in the legend denotes the mining width of the working
face, and the second number in the legend denotes its mining height. Taking a mining
width of 80 m as an example, when mining height changed from 1 m to 1.5 m, the maximum
overburden subsidence increased by a factor of 1.9 times from 65.61 mm to 121.63 mm;
when mining height changed from 1.5 m to 2 m, the maximum overburden subsidence
increased by a factor of 1.1 times to 130.38 mm; when mining height changed from 2 m
to 2.5 m, the maximum overburden subsidence increased by a factor of 1.02 times to
133.07 mm; when mining height changed from 2.5 m to 3 m, the maximum overburden
subsidence increased by a factor of 1.02 times to 135.28 mm.

As can be observed from the above discussion, given the mining width of the work-
ing face, a mining height less than 1.5 m had a significant influence on the overburden
subsidence. Each time the mining height increased, the overburden subsidence increased
markedly. When the mining height exceeded 1.5 m, the overburden subsidence increased
only slightly with increasing mining height. This suggests that, at a mining height of above
1.5 m, the influence of mining height on overburden subsidence tends to be stable.
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Figure 4. Overburden subsidence curves for the same mining width and different mining heights: (a) mining width is 80 m;
(b) mining width is 120 m; (¢) mining width is 160 m; (d) mining width is 200 m; (e) mining width is 240 m.

In Figure 5, the first number in the legend denotes the mining width of the working
face, and the second number in the legend denotes its mining height. Taking a mining
height of 2 m as an example, when mining width changed from 80 m to 120 m, the
maximum overburden subsidence increased by a factor of 2.3 times from 130.28 mm to
298.48 mm; when mining width changed from 120 m to 160 m, the maximum overburden
subsidence increased by a factor of 1.8 times to 539.31 mm; when mining width changed
from 160 m to 200 m, the maximum overburden subsidence increased by a factor of
1.5 times to 832.88 mm; when mining width changed from 200 m to 240 m, the maximum
overburden subsidence increased by a factor of 1.4 times to 1191.56 mm.

According to the above discussion, given the mining height of the working face, each
time the mining width of the working face increased, the overburden subsidence increased
significantly. This reveals that mining width has a significant negative influence on the
overburden subsidence.
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Figure 5. Overburden subsidence curves for the same mining height and different mining widths: (a) mining height is 1 m;
(b) mining height is 1.5 m; (¢) mining height is 2 m; (d) mining height is 2.5 m; (e) mining height is 3 m.

3. Physical Simulation

To further study and demonstrate the influence of the working face mining dimensions
on the reduction effect of overburden subsidence, according to the rock structure of 8-15
borehole histogram in No.7 mining area of Wangzhuang coal mine [20], we used a plane
stress model 2500 x 200 x 2000 mm (length x width X height) in size to make a physical
similarity simulation, in order to simulate the process of pier-column backfilling after
mining and monitor the overburden subsidence rules for pier-column backfilling.

The similarity ratios of the physical model were referred to by Xie et al., 2016 [20]. The
simulation model was only paved to the position of the primary key stratum (PKS). There
is a key stratum when it breaks all of the strata above will subside simultaneously, and then
it will be defined as primary key stratum (PKS) [21]. The unpaved overlying strata above
PKS was replaced by external hydraulic cylinder loading. The load required to apply can
be calculated from Equation (1):

esh pw, )

F= .
CL'C‘Y

where
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F is the hydraulic cylinder pressure, KN;

p is the density of rock strata, generally set as 2500 kg/m3;
H is the height of unpaved rock strata, m;

L is the length of the model, m;

W is the width of the model, m.

After setting the model parameters (L =2.5m, W = 0.2 m, h = 188.63 m), the load
required to apply hydraulic cylinder loading was calculated to be F = 30.23 KN. To ensure
model stability during pressurization, two steel channels were mounted before and after
the model for protection.

Two physical experiment schemes with the same working face conditions (except
mining height) were developed. In Figure 6a, the coal seam had a mining height of 2 cm as
similar in-site size 1 m; in Figure 6b, it had a mining height of 4 cm as similar in-site size
2m.

g
250 om ﬁ 250 e |

de |

(a) (b)

Figure 6. Different mining height physical model: (a) 2 cm mining height model; (b) 4 cm mining height model.

Boundary pillar

215 em

The schematic diagram of pier-columns backfilling in the physical model is shown
in Figure 7. A 21.5 cm coal pillar was reserved on both sides of the model to ensure the
similarity of boundary conditions. The size of the backfilling pier-columns was 7.5 x 7.5 cm
(length x width), different heights were 2 and 4 cm, respectively, and a row of backfilling
pier-columns was arranged in the advancing direction. The row and column spaces were
both set as 12 cm. See the mining and backfilling process in the physical simulation in
Figure 8.

Advancing direction Backﬁlhing pler
_
[] 500 (a1 O O 01 O Coal scam
[ ~ 12 cm

A

T35 cm
250 cm

Figure 7. Schematic diagram of backfilling in the physical model.

To study the control effect of overburden subsidence in pier-column backfilling, it is
necessary to observe strata movement. In this experiment, a DigiMetric 3D photogrammet-
ric system (with a precision of less than 0.1 mm /4 m) was adopted to measure the strata
movement in the model. Measuring points were horizontally laid out in the middle of four
key strata (KS) (from the bottom up are KS1, KS2, KS3, and PKS) with a horizontal spacing
of 5 cm, creating four measuring lines from down to up (namely L1 to L4, each line with
49 points). See the measuring points layout in Figure 9.
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Figure 9. Measuring points layout for observation of strata movement.

As can be seen from the overburden subsidence curves, in the excavation and back-
filling of the coal seam, the subsidence of key strata gradually decreased from the bottom
up, and the maximum subsidence point moved forward along with mining. The majority
of subsidence was caused by the initial space between the backfilling body and the roof.
To observe the overburden subsidence control effect after stabilization, strata movement
was measured once on the day after the model was finished, and the subsidence curves are
shown in Figures 10 and 11.

It can be seen from Figure 10 that in the 2 cm mining height model, the curves of strata
movement at the mining widths of 102 cm and 204 cm (the similar in-site size are 51 m and
102 m) were compared. As can be known from Figure 10b that when the mining width of
the working face was 102 cm, KS1, KS2, KS3, and PKS subsided by 1.8, 1.1, 0.8, and 0.7 mm,
respectively. According to Figure 10d, when the mining width of the working face reached
204 cm, KS1, KS2, KS3, and PKS subsided by 4, 3.4, 3, and 2.3 mm, respectively. In the
2 cm mining height model, due to an increase of the mining width, the subsidence of each
stratum increased to some extent, but various overlying stratum had good integrity and
uniformly showed slight bending subsidence.

The subsidence trend of overlying strata in the 4 cm mining height model was the
same as that of the model with 2 cm mining height. The subsidence curves are in Figure 11.

Similarly, in the 4 cm mining height model, the curves of strata movement with mining
widths of 102 cm and 204 cm were compared. As can be known from Figure 11c, when
the mining width of the working face was 102 cm, KS1, KS2, KS3, and PKS subsided by
2.7,1.7,1.3, and 1.1 mm, respectively. According to Figure 11d, when the mining width of
the working face reached 204 cm, KS1, KS2, KS3, and PKS subsided by 6.3, 4.6, 4.3, and
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3.8 mm, respectively. In the 4 cm mining height model, due to an increase in the mining
width, the subsidence of each overlying stratum increased to some extent. It is thus clear
that mining width has an obvious influence on overburden subsidence control in longwall
pier-column backfilling.
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Figure 10. Overburden subsidence curves of 2 cm mining height physical model: (a) 102 cm mining width; (b) 204 cm
mining width; (c) subsidence curves of 102 cm mining width; (d) subsidence curves of 204 cm mining width.
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Figure 11. Overburden subsidence curves of 4 cm mining height physical model: (a) 102 cm mining width; (b) 204 cm
mining width; (c) subsidence curves of 102 cm mining width; (d) subsidence curves of 204 cm mining width.
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As can be known from a comparison of Figures 10 and 11 that when strata movement
stabilized, the subsidence values of various key strata in the 4 cm mining height model were
uniformly greater than those in the 2 cm mining height model. To be specific, the maximum
subsidence values of KS1, KS2, and KS3 increased by 2.3, 1.2, and 1.3 mm, respectively. The
maximum subsidence value of PKS increased by 1.5 mm. Furthermore, in the 4 cm mining
height model, when strata movement stabilized, KS1 contained a vertical crack (Figure 12);
in contrast, in the 2 cm mining height model, various strata had good integrity. It can be
concluded that mining height has a significant influence on the overburden subsidence
control effect in longwall pier-column backfilling and that the larger the mining height, the
weaker the control effect of overburden subsidence.

Figure 12. Vertical crack in KS1 in 4 cm mining height physical model.

4. Conclusions

(1) As can be discovered from numerical simulation and physical experiments, given
the mining width of the working face and the parameters of pier-columns in longwall
pier-column backfilling, a mining height within a certain range has a significant influence
on and is negatively correlated with the control effect of overburden subsidence. After
mining height exceeds a certain value, its influence on overburden subsidence declines.
In comparison, mining width has a significant influence, and each time mining width
increases, the overburden subsidence increase markedly.

(2) When the mining height is 1 m and the mining width is 80 m, the size of the
pier-column is 6 x 6 m and the spacing is 4 m, it will have a good reduction effect of
overburden subsidence in pier-column backfilling.

(3) When the mining dimensions of the backfilling working face change, it is necessary
to design more reasonable parameters for pier-column backfilling so as to ensure that
pier-columns can achieve a better reduction effect of overburden subsidence. This part of
the work needs to be further studied.

Author Contributions: Writing—original draft preparation, X.W. and J.X. (Jianlin Xie); writing—
review and editing, X.W. and ].X. (Jialin Xu); simulation experiment, X.W. and L.W.,; validation, X.W.
and W.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Independent Research Project of State Key Laboratory of
Coal Resources and Safe Mining, CUMT (SKLCRSM16X04), National Natural Science Foundation of
China (52074265).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Appl. Sci. 2021, 11, 3105 110of 11

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We extend our sincere thanks to the related staff of the State Key Laboratory of
Coal Resources and Safe Mining for the simulation experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bagde, M.N.; Mitri, H.S. Numerical Analysis of Backfill Face Stability. Procedia Earth Planet. Sci. 2015, 11, 173-179. [CrossRef]

2. Guo, WJ.,; Wang, H.L.; Chen, S.J. Coal pillar safety and surface deformation characteristics of wide strip pillar mining in deep
mine. Arab. ]. Geosci. 2016, 9, 1-9. [CrossRef]

3.  Krupnik, L.A.; Bitimbaev, M.Z.; Shaposhnik, S.N.; Shaposhnik, Y.N.; Demin, V.F. Validation of rational backfill technology for
Sekisovskoe deposit. J. Min. Sci. 2016, 51, 522-528. [CrossRef]

4. Mohammadali, S.; Derek, B.; Robert, A. Prediction of mining-induced surface subsidence and ground movements at a Canadian
diamond mine using an elastoplastic finite element model. Int. J. Rock Mec. Min. 2017, 100, 73-82.

5. Galos, K;; Szlugaj, ]. Management of hard coal mining and processing wastes in Poland. Gospod. Surowcami Min. 2014, 30, 51-63.
[CrossRef]

6.  Sivakugan, N.; Rankine, R.M.; Rankine, K.J.; Rankine, K.S. Geotechnical considerations in mine backfilling in Australia. J. Clean.
Prod. 2006, 14, 1168-1175. [CrossRef]

7.  Mukhopadhyay, M.K,; Sinha, IN. A techno-economic model for optimum regeneration of surface mined land. Environ. Geol.
2006, 50, 669-676. [CrossRef]

8.  Koob, M.; Dahmann, D. The evaluation of backfilling materials in underground mining for the purpose of health protection of
miners—A critical summary. Gefahrst. Reinhalt. Luft 2015, 75, 443—449.

9.  Liu, W.B,; Xu, J.M,; Zhu, W.B.; Wang, S.H. A novel short-wall caving zone backfilling technique for controlling mining subsidence.
Energy Sci. Eng. 2019, 7, 2124-2137. [CrossRef]

10.  Zhou, H.Q.; Hou, CJ.; Sun, X.K,; Qu, Q.D.; Chen, D.J. Solid waste paste filling for none-village-relocation coal mining. J. China
Univ. Min. Technol. 2004, 2, 30-34. (In Chinese)

11. Chang, Q.L.; Chen, ].H.; Zhou, H.Q.; Bai, ].B. Implementation of paste backfill mining technology in Chinese coal mines. Sci.
World J. 2014, 82, 1025. [CrossRef] [PubMed]

12.  Miao, X.X.; Zhang, ].X.; Guo, G.L. Study on waste-filling method and technology in fully-mechanized coal mining. J. Chin. Coal
Soc. 2010, 35, 1-6. (In Chinese)

13. Liu, J.G.; Zhao, Q.B. Comprehensive mechanized filling coal mining. J. Chin. Coal Soc. 2010, 35, 1413-1418. (In Chinese)

14.  Feng, G.M,; Sun, C.D.; Wang, C.Z.; Zhou, Z. Research on goaf filling methods with super high-water material. ]. Chin. Coal Soc.
2010, 35, 1963-1968. (In Chinese)

15.  Sun, X.K.; Wang, W. Theoretical research on high water material replacement mining the stripcoal pillar above confined aquifer. J.
Chin. Coal Soc. 2011, 36, 909-913. (In Chinese)

16. Zhu, W.B,; Xu, J.L,; Lai, W.Q.; Wang, Z.G. Research of isolated section-grouting technology for overburden bed separation space
to reduce subsidence. J. Chin. Coal Soc. 2007, 32, 458-462. (In Chinese)

17.  Xuan, D.Y.; Xu, J.L.; Wang, B.L.; Teng, H. Borehole investigation of the effectiveness of grout injection technology on coal mine
subsidence control. Rock Mech. Rock Eng. 2015, 48, 2435-2445. [CrossRef]

18.  Xu,]J.L.; Zhu, W.B,; Li, X.S.; Lai, W.Q. Study of the technology of partial-filling to control coal mining subsidence. J. Min. Saf. Eng.
2006, 23, 6-11. (In Chinese)

19. Xu,].L; You, Q.; Zhu, W.B,; Li, X.S.; Lai, W.Q. Theorectical study of strip-filling to control mining subsidence. J. Chin. Coal Soc.
2007, 32, 119-122. (In Chinese)

20. Xie,J.; Zhu, W,; Xu, J.; Wen, J.; Liu, C. A study on the bearing effect of pier-column backfilling in the goaf of a thin coal seam.
Geosci. ]. 2016, 20, 361-369. [CrossRef]

21. Qian, M.G.; Miao, X.X.; Xu, J.L. Theoretical study of key stratum in ground control. J. Chin. Coal Soc. 1996, 21, 225-230.


http://doi.org/10.1016/j.proeps.2015.06.021
http://doi.org/10.1007/s12517-015-2233-5
http://doi.org/10.1134/S1062739115030138
http://doi.org/10.2478/gospo-2014-0039
http://doi.org/10.1016/j.jclepro.2004.06.007
http://doi.org/10.1007/s00254-006-0240-2
http://doi.org/10.1002/ese3.418
http://doi.org/10.1155/2014/821025
http://www.ncbi.nlm.nih.gov/pubmed/25258737
http://doi.org/10.1007/s00603-015-0710-5
http://doi.org/10.1007/s12303-015-0047-9

	Introduction 
	Numerical Simulation 
	Physical Simulation 
	Conclusions 
	References

