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Abstract: Owing to alternate mining of the new and old mining areas on sites, the mining thickness
and width of the working face for pier-column backfilling varies. Thus, there is an urgent need
to determine the impact on the bearing performance of the backfilled pier-column after changing
the mined dimensions. This study consisted of three-dimensional numerical simulations, physical
experiments, and field testing. These methods were performed to study the impact on the stability of
the backfilled pier-column after changing the dimensions of the working face. The numerical and
physical simulation results revealed that the mining thickness has a greater impact on the stability of
the backfilled pier-columns than the width. Field testing results proved that the designed parameters
for the backfilled pier-column in situ satisfy the bearing requirements; thus, it can effectively support
the overlying strata of the goaf after mining. When increasing the mining thickness, the stress borne
by the pier-column increased, and its stability decreased. Upon increasing the mining width, the
variation in the stress exerted onto the pier-column was remarkably small, and the change of the

elastoplastic zone of the pier-column was also minimal.
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1. Introduction

The first planned use of the backfill mining technique was performed in 1915. The
backfill mining technique has been used for over one hundred years across the globe. In
Australia, waste rocks generated during the mining process have been used to fill the
mine chambers [1,2]. In Poland, backfill mining has been widely used [3,4]. Paste backfill
has been applied in metal mines for a long period in the USA [5]. The German mining
industry uses different residues for backfilling and stowing [6,7]. The use of environmental
desulphurization and cemented paste backfill technology in Canada has been reported [8].
Backfilling in goaf also plays an extremely important role in India [9,10]. An environ-
mentally friendly technique, involving backfilling the mined-out area with a hardening
mixture, has been used in Ukraine [11]. An analysis of the operational parameters of
partial backfilling in selective coal mining has been undertaken by Sotskov et al. [12]. An
adaptive neuro-fuzzy inference system has been used to model the uniaxial compressive
strength of cemented hydraulic backfill [13]. Iordanov et al. have studied the experimental
characteristics and deformation properties of backfill mass [14]. Rybak et al. have per-
formed the geomechanical substantiation of the parameters of technologies for mining salt
deposits with a backfill [15]. In China, paste filling has been used in underground coal
mines and other metal mines [16,17]. Solid filling can effectively reduce the deformation of
the key layer [18,19]. Grout injection into the overburden separation is a successful surface
subsidence control measure [20,21]. Some other filling technologies have also been devel-
oped [22,23]. Zhu et al. have performed experimental research on the strata movement
characteristics of backfill-strip mining using similar material modeling [24]. Wang et al.

Appl. Sci. 2021, 11, 9640. https:/ /doi.org/10.3390/app11209640

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7163-4658
https://orcid.org/0000-0001-8470-0108
https://doi.org/10.3390/app11209640
https://doi.org/10.3390/app11209640
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11209640
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11209640?type=check_update&version=1

Appl. Sci. 2021, 11, 9640

20f12

developed a rheometer for high-concentration coal gangue backfill slurry measurements
and analyzed the rheological properties of the backfill slurry [25].
Since 2011, the Zibo Wangzhuang Coal Mine Co., Ltd. has adopted the method of

“pier-column backfilling” [26]. In this method (as shown in Figure 1), relatively independent

backfilled pier-columns arranged at certain intervals in the goaf can support the overlying
strata, thus achieving the goal of controlling the surface subsidence [27,28].
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Figure 1. Schematic diagram of pier-column backfilling.

The ability of the backfilled pier-columns to maintain stability is the key to controlling
surface subsidence. Therefore, analyzing the factors that affect the stability of the pier-
column is critical for the design method. Considering the theoretical research and many
mining practices, it has been demonstrated that the geological mining conditions and
the parameters of the pier-column itself are the main factors that affect the stability of
the pier-column. In addition, the duration of the service time of the pier-column in the
goaf also affects its stability. In this study, numerical simulations, physical experiments,
and field testing were used to analyze the impact of the geological mining conditions. In
addition, our main focus was on the changing of the mining thickness and mining width in
regard to the stability of the backfilled pier-column.

2. Geological Conditions

The geological lithology histogram of the No. 8-15 borehole in Wangzhuang Coal
Mine is shown in Table 1. The thickness of the coal seam is nearly 1 m; it is a near horizontal
coal seam. The mining depth is about 240 m, and the mining width is about 80 m. There are
several strata that play control roles in the activity of rock masses, which were designated
as key strata (KS) [29]; the top key stratum is considered as primary key stratum (PKS).
The key stratum identification results for the borehole are also presented in Table 1.

Table 1. Lithology histogram and key stratum identification results of the No. 8-15 borehole.

Layer Number Thickness (m) Buried Depth (m) Lithology Key Stratum
28 127.6 127.6 Loose soil
27 3.99 131.59 Fine sandstone
26 2.29 133.88 Mudstone
25 4.8 138.68 Siltstone
24 3.35 142.06 Mudstone
23 9.74 151.77 Fine sandstone
22 8.25 160.02 Mudstone
21 2.17 162.19 Fine sandstone
20 4.28 166.47 Mudstone
19 3.18 169.65 Siltstone
18 8.47 178.12 Fine sandstone
17 3.67 181.79 Mudstone
16 4.07 185.86 Siltstone
15 2.77 188.63 Mudstone
14 15.82 204.45 Fine sandstone S{;Z:l‘i%f?s’)
13 3.77 208.22 Mudstone

12 0.8 209.02 Fine sandstone
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Table 1. Cont.
Layer Number  Thickness (m) Buried Depth (m) Lithology Key Stratum
11 297 211.99 Mudstone
10 8.06 220.05 Fine sandstone
9 6.8 226.85 Siltstone Key stratum 3 (KS3)
8 1.56 228.41 Mudstone
7 0.7 229.11 Siltstone
6 3.98 233.09 Fine sandstone  Key stratum 2 (KS2)
5 1.3 234.39 Mudstone
4 1.27 235.66 Siltstone
3 3.1 238.76 Mudstone
2 1.36 240.12 Fine sandstone  Key stratum 1 (KS1)
1 0.83 240.95 Coal seam

3. Numerical Simulation

Based on the lithology histogram and key stratum identification results as above, a
three-dimensional numerical model was established using FLAC3D. In this model, the
pier-column has a square-shaped plane, and a side length of 6 m. The height of the coal
seam was equal to the height of the pier-column. The spacing between the pier-columns,
in the goaf in the strike and dip directions, was also equal and set to 4 m.

The simulation’s model size was 800 m x 400 m x 240 m (length x width x height)
(as shown in Figure 2). This model was mainly used to study the plastic zone distribution
and stress variation of the pier-column. A numerical model was established by making
necessary simplifications to the overlying strata and floor; the mechanical parameters are
shown in Table 2.

FLAC3D 5.00
©2012 Itasca Consulting Group, Inc
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Figure 2. Numerical model.

Table 2. Mechanical parameters.

Lithology Density Tensile Strength  Bulk Modulus Shear Modulus Cohesive Force Angle of
(kg/m3) (MPa) (GPa) (GPa) (MPa) Friction (°)

Top soil 1800 0.02 0.02 0.014 0.05 18
Key stratum 2500 4.50 4.00 2.40 5.00 40
Soft rock 2000 2.20 2.50 1.30 3.00 28
Pier-columns 2500 3.00 3.00 2.10 4.00 30
Coal seam 1400 2.00 2.00 2.40 2.00 25
Floor 2500 4.50 4.00 2.40 5.00 40

In the simulation schemes, the mining widths were set to 80, 160, and 240 m, and five
mining thicknesses of 1, 1.5, 2, 2.5, and 3 m were selected for each mining width.
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We aimed to investigate the impact of the change in the mining thickness and width
on the stability of the backfilled pier-column, from the initial stage of backfilling to the
stage of a stable overburden movement. The changes in the stress and plastic zone of the
pier-column during the experiment were recorded. A monitoring point for the stress was
arranged in a pier-column to measure the changes in the stress and plastic zone of the
pier-column as the working face advanced.

It can be observed in the numerical simulation results that the measured stress profile

of the pier-column had a constant mining width and a variable mining thickness, as shown
in Figure 3.
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Figure 3. Stress profile of the backfilled pier-column with a constant mining width and variable
mining thickness: (a) 80 m width; (b) 160 m width; (c) 240 m width.

Figure 3 shows that when the distance between the monitoring point and the working
surface was within 40 m, the stress of the pier-column increased sharply. After 40 m, the
stress still increased, but the stress increased slowly until the maximum was reached, where
it became stabilized.

In Figure 4, given the condition that the mining width of the working face was 80 m
and when the mining thickness was 1 m, the maximum stress of the pier-column was
8.2 MPa. When the mining thickness was 1.5 m, the maximum stress of the pier-column
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was 11.3 MPa, which was 1.4 times greater compared with the mining thickness of 1 m.
When the mining thickness was 2 m, the maximum stress of the pier-column was 11.5 MPa,
similar to when a thickness of 1.5 m was modeled. When the mining thickness was 2.5 m,
the maximum stress of the pier-column was 13.8 MPa, which was 1.7 times greater in
comparison to when the mining thickness was 1 m. When the mining thickness was 3 m,
the maximum stress of the pier-column was 13.9 MPa, which was close to that when the
mining thickness was 2.5 m. When the mining width was 160 m or 240 m, it also displayed
the similar stress variation behavior. Therefore, it can be considered that the maximum
stress of the pier-column basically remained constant when the mining thicknesses were
2.5mand 3 m.

25 r

20 F

—_
n
T

—

Stress (MPa)
=

2T ~—e— 80 m mining width 160 m mining width 240 m mining width

1 12 14 1.6 1.8 2 22 24 2.6 2.8 3
Mining thickness (m)

Figure 4. Maximum value of the stress of the backfilled pier-column as a function of mining width
and mining thickness.

The proportion of the elastic zone of the pier-column was negatively correlated with
the mining thickness of the coal seam (Figure 5). For example, under the condition that
the mining width of the working face was 80 m, when the mining thickness was 1 m, the
proportion of the elastic zone in the cross-section of the pier-column was 44%, shown
as the red area in Figure 5b. When the mining thickness was 1.5 m, the proportion of
the elastic zone in the cross-section of the pier-column was 11%, shown as the red area
in Figure 5d. When the mining thickness increased to 2 m, the pier-column was entirely
in a state of plastic failure after undergoing shear and tensile failure. When the mining
thickness continued to increase, the pier-column was still in the completely plastic state, as
shown in Figure 5ej.

When the mining thickness of the working face for the backfilling increased, the plastic
zone at the edge of the backfilled pier-column developed inward. In addition, the location
of the peak vertical stress moved toward the center, until the peak value became greater
than the strength of the pier-column, resulting in instability and failure of the backfilled
pier-column. After the pier-column completely failed, the roof was supported by the
residual strength. The vertical stress peak was concentrated in the middle of the backfilled
pier-column, and there was no elastic core zone.

When the mining width of the working face remained unchanged, the mining thick-
ness had a greater impact on the stability of the backfilled pier-column. With each increase
in the mining thickness, the stability of the pier-column decreased sharply. This shows that
a significant negative correlation exists between the stability of the pier-column and the
mining thickness.

Given the condition that the mining thickness of the working face was 1 m and with
different mining widths, the measured stress profile of the pier-column had a constant
mining thickness and a variable mining width, as shown in Figure 6.
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Figure 5. Distribution of the vertical stress and elastic zone with a mining width of 80 m and a
variable mining thickness: (a) Vertical stress of 1 m thickness; (b) elastic zone of 1 m thickness;
(c) vertical stress of 1.5 m thickness; (d) elastic zone of 1.5 m thickness; (e) vertical stress of 2 m
thickness; (f) elastic zone of 2 m thickness; (g) vertical stress of 2.5 m thickness; (h) elastic zone of
2.5 m thickness; (i) vertical stress of 3 m thickness; (j) elastic zone of 3 m thickness.
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mining width: (a) vertical stress of 160 m width; (b) elastic zone of 160 m width; (c) vertical stress of
240 m width; (d) elastic zone of 240 m width.

Comparing the simulation results that are shown in Figures 5b and 6b,d, it can be
observed that the main factor that affects the stability of the pier-column is the mining
thickness. Meanwhile, the mining width has a relatively small impact on the stability of
the pier-column.

4. Physical Experiments

This investigation explored the impact of the mining dimensions on the stability
of the backfilled pier-columns. A plane stress model was used to conduct the physical
experiments. The length, height and width of the model were 250 cm, 200 cm and 20 cm
respectively. These experiments monitored the variation pattern of the vertical stress in the
backfilled pier-column.

In accordance with the overlying strata of borehole 8-15, the stratification of the strata
has been simplified in the model. Backfilled pier-columns, which had a length of 7.5 cm,
width of 7.5 cm, and height of 2 cm or 4 cm were arranged along the width with a row
spacing of 12 cm between them. The pier-columns are numbered 1 to 10 from left to right;
their exact positions are shown in Figure 7.

Boundary Advancing direction Backtilled pier-colqu
—
r's -
1 2 n 3 P> 4 5 6 7 8 9 10 Coal scam
|« 12 ¢m
7.5 cm
21.5¢em 250 cm »|

Figure 7. The positions of the pier-columns.

The pressure cell was embedded in the prefabricated pier-column. In addition, the
data logger was used to collect the stress data in the experiment. The process of the mining
and backfilling is illustrated in Figure 8a,b.
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Figure 8. Physical experiments: (a) stress cell in different thickness backfilled pier-columns;

(b) data logger.

In the process of mining the physical model with a mining thickness of 2 cm, no major
failure occurred in the pier-column, and the overlying strata were well supported and
controlled. The experimental results of the backfilled pier-column are shown in Figure 9a.
In the process of mining the physical model with a mining thickness of 4 cm, apparent
fractures were found in the pier-column. The residual strength that occurred after the
failure of the pier-column still provided strong support to the roof. Cracks appeared in
the immediate roof, whereas no cracks or fractures were found in the other strata. The
experimental results are shown in Figure 9.

Figure 9. View of the bearing performance of backfilled pier-column with a different mining thickness: (a) 2 cm; (b) 4 cm.

In the two physical models with different mining thicknesses, the stress of the pier-
column was monitored from the point of setting the first pier-column to the completion
of the experiment. In addition, the stress monitoring curves of No. 1, No. 3, and No. 5
pier-columns were compared and analyzed, as shown in Figure 10.

By comparing the stress of the pier-column under the different mining thickness
conditions, it can be observed that when the mining thickness of the working face increased,
the stress of the pier-column increased significantly. This shows that the mining thickness
has a greater impact on the stress of the pier-column. Based on these results, there is a
negative correlation between them. When the stress exceeds the strength of the pier-column,
the pier-column will undergo plastic failure.
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Figure 10. Curve of the stress of different pier-columns: (a) No. 1; (b) No. 3; (c) No. 5.

5. Field Testing

Field stress monitoring of the pier-column was carried out in working face 27404. The
thickness of the working face iwass nearly 1 m; it was a near-horizontal coal seam. The
mining depth and mining width were about 240 m and 80 m, respectively. Based on the
stress data that were obtained through monitoring, the changes in the load on the goaf were
understood, thus achieving the purpose of grasping the actual load-bearing performance
of the backfilled pier-column.

The width of working face (27404) was approximately 80 m, and the mining thickness
was nearly 1 m. When the working face advanced to a distance of 110 m from the cutting
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hole, two monitoring points were arranged in the goaf to monitor the stress of the backfilled
pier-columns. Stress-monitoring points #1 and #2 were arranged at around 40 m and 60 m

from the ventilation roadway, respectively, for on-site stress monitoring, as shown in
Figure 11a.

27402 working face

[ Transportation roadway
i P

!
l 27404 working face !

==,

Direction of mining

—

—sprsumny

—

Ventilation roadway

8 Stress monitoring point Monitoring pomt under the

Backfilled pier-column

back (illed pier-column

(b) (€)

Figure 11. Field testing: (a) the arrangement of the stress monitoring points in working face 27404;
(b) before pier-column backfilling; (c) after pier-column backfilling.

Before the backfilling bag was filled, the stress monitoring point was placed between
the backfilling bag and the floor, as shown in Figure 11b. After the backfilling bag was
filled, the stress-monitoring point was located between the backfilled pier-column and the
floor, as shown in Figure 11c.

Beginning on 8 October 2017, observations of the field stress of the pier-columns in
the goaf were conducted for nearly three consecutive months. On the third day after the
stress monitoring system was installed, the signal transmission cable of monitoring point

#2 was interrupted so only the data from monitoring point #1 were obtained. The final
stress profile is shown in Figure 12.

9.0
8.0

Pressure (MPa)

S ok ow ko o2
> o o o o o o o

0 10 20 30 40 50 60 70 80 90

Distance between the monitoring point #1 and the working face (m)

Figure 12. Stress profile of backfilled pier-column from monitoring point #1.
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It can be observed from Figure 12 that when the distance between monitoring point
#1 and the working face was within 3 m, the maximum stress was 0.2 MPa. The reason for
this is that after the slurry was poured into the backfilling bag, its strength was low during
the hardening stage and the roof could not be effectively supported. At this stage, the
main support was provided by the single hydraulic prop, and the backfilled pier-column
had not yet borne the load of the overlying strata. When the distance between monitoring
point #1 and the working face was 4 m, the stress of the backfilled pier-column increased
rapidly to 3.1 MPa. This is because the strength of the backfilled pier-column met the
design requirements. Meanwhile, the hydraulic prop was withdrawn, which caused a part
of the load from the overlying strata to be exerted onto the backfilled pier-column. As
the working face advanced, the distance between monitoring point #1 and the working
face gradually increased, and the area of the overlying roof that was supported by the
pier-column also increased. At this time, the load gradually increased. When the distance
between monitoring point #1 and the working face was within 40 m, the stress of the
backfilled pier-column increased overall. When the distance was 40 m, the stress was
7.8 MPa. When the distance exceeded 40 m, the stress was stable around 8 MPa. Thereafter,
the loading stress of the backfilled pier-column did not increase as the distance continued
to increase. This indicates that the pier-column had reached a stable and elastic state, and it
could thus effectively support the overlying strata.

6. Conclusions

1. Theresults of both the numerical simulations and physical experiments indicated that
the mining thickness has a relatively large impact on the stability of the backfilled pier-
column. Each time the mining thickness increased, the stress of the pier-column was
significantly enhanced, and the stability of the pier-column remarkably decreased.
On the other hand, the mining width has relatively little effect on the stability of
the pier-column.

2. After field testing, it was obtained that the distance at which the stress of the backfilled
pier-column reached stability was about 40 m, which was in close agreement with
the numerical simulation results. It demonstrated that when the working face has a
mining thickness of nearly 1 m and a mining width of 80 m, the backfilled pier-column
can maintain good stability under the designed parameters, and it also can support
the overlying strata of the goaf after mining.

3. If the mining thickness or mining width of the working face changes on-site in
the future, the parameters of the backfilled pier-column should be optimized and
improved to ensure the stability of the pier-column.
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