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Gangue is the main backfiling material in solid backfiling mining, and its compaction
characteristics determine the overburden control effect and surface subsidence. Under the
action of compaction force and overburden pressure, the gangue will be broken, rotated
and occluded, resulting in different compaction characteristics of gangue in the field and
laboratory. To this end, a laboratory gangue compaction test system was established to
test the compaction characteristics of gangue in the laboratory, such as stress-strain,
stress bulk density and stress deformation modulus. Based on actual geological
conditions of backfiling mining in the Tangshan coal mine, the characteristics of stress
deformation modulus of gangue under different inclination angles and mining heights were
tested on-site. Through the Beidou satellite CORS system, the surface subsidence of
working face F5001was monitored. The research results show that the stress deformation
modulus of gangue measured in the field is slightly less than that measured in the
laboratory, and it is maintained at about 27 MPa under the overburden pressure in the
on-site measurement. Backfilling technology with an initial compaction force of 2.5MPa
can be used to effectively control the surface subsidence, and the maximum subsidence
value is only 61 mm.

Keywords: backfilling mining, compaction characteristics of gangue, deformation modulus, compaction force,
surface subsidence

INTRODUCTION

As the main energy source in China, coal still plays an irreplaceable role in economic and
social development in the short term. However, the ecological environment damage caused by
coal mining and ground collapse cannot be ignored (Xie et al., 2012; Xie et al., 2015a; Xie et al.,
2015b). The Chinese government attaches great importance to the problems caused by coal
mining subsidence and has issued a series of documents on the treatment of subsidence
areas caused by coal mining. The control of strata movement and surface collapse in
backfilling mining and the implementation of backfilling mining technology in combination
with field work is key work of researchers (Zhang and Wang, 2007; Fall et al., 2008; Shukla et al.,
2009).

Solid backfilling mining is a relatively mature backfilling technology and has been widely used in
mining areas in Northeast, North and West China. Up to now, solid backfilling mining technology
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has gone through three stages: gangue dumping backfilling,
mechanized solid non-dense backfilling and mechanized solid
full-section dense backfilling. In the solid backfilling mining,
gangue is used as backfilling material to fill goaf and support
overburden (Ma et al.,, 2021Db). In recent years, research on the
mechanical properties of solid backfilling materials and the
mechanism of controlling strata movement have been widely
performed. Through macroscopic mechanical tests, Malusis
et al. (Malusis et al, 2009) studied the compression
properties of continuously graded gangue, discontinuously
graded gangue and single-grain graded gangue under the
three-dimensional loading. Based on the compression test of
broken gangue, Li et al. (2018) reconstructed the gangue
particles through 3D scanning and established the meso
numerical model of gangue particle flow. Besides, the effects
of particle gradation and loading rate on the compaction
characteristics and lateral pressure coefficient of gangue were
mainly studied. Fall et al. (2010) carried out the confined
compression experiment of gangue, and analyzed the
deformation and crushing characteristics of gangue particles
at different immersion heights. Chong et al. (2020) tested the
compaction characteristics of gangue granular backfilling
materials with different particle sizes, and explored the
influence of initial particle size of backfilling materials on the
control effect of strata. Zhang et al. (2015) investigated the
mesostructure, stress-strain relationship, energy dissipation and
roof control effect of five common solid backfilling materials
(Ma et al., 2021a).

It can be seen that the mechanical properties of gangue,
especially the compaction characteristics, are the focus of
backfill mining. The compaction characteristics of gangue
affect the overburden control effect and surface collapse (Niu
et al., 2014; Meng et al., 2016; Wei et al., 2021). In the above
studies, all the mechanical properties of gangue were tested in the
laboratory. However, the mechanical properties of gangue are
dynamic in the stope, and the pressure situation of gangue in the
goaf is more complex than that in the laboratory. In the advance
of the working face, the gangue filling body will be rotated,
slipped, occluded and broken under loads (Ercikdi et al., 2009;
Cao et al, 2018; Zhu et al, 2020). Therefore, it is of great
significance to study the actual compaction characteristics of
gangue in stope.

Based on the geological conditions and gangue in
Tangshan Coal Mine in Hebei Province, China, the
confined compression test of gangue was carried out by the
self-designed bearing-compression device; the compaction
characteristics such as bulk density and deformation
modulus of the backfilling body were obtained.
Subsequently, the optimal axial pressure was obtained from
the test, and applied to the working face F5001. The on-site
compaction characteristics monitoring scheme was designed
to explore the compaction characteristics under different
inclination angles and different mining heights in the
process of advancing. Through the developed Beidou
satellite CORS monitoring system, the surface subsidence
was monitored in this study. This study promotes the
development of backfilling mining technology in China.

On-Site Measurement Surface Subsidence

PROJECT OVERVIEW AND BACKFILLING
TECHNOLOGY

Project Overview

Tangshan coal mine is located in Lunan District, Tangshan City,
Hebei Province, with a minefield of 37.28 km? and a mining area
of 55 km? With convenient transportation, it is the sole state-
owned super-large coal mine located in the central area of the
city in China. Tangshan Mine adopts the progressive
development mode of vertically inclined shaft mining in
stages. At present, it has seven vertical shafts and 10 mining
production areas, and no major fault. The main coal seams are
coal seams 5, 8, 9, and 12, with an average thickness of 2.4, 3.7,
3.5, and 6.4 m, respectively.

Recently, the mining area F has been mined in the Tangshan
mine; the working face F5001 was the first mining face, and the
mining time was from 2016.10.5-2019.9.16. The average
thickness of coal seams was 2.2m, and the average
inclination angle of coal seams was 11°, and the buried depth
was about 600 m. The main roof was gray fine sandstone with a
thickness of 17.5 m; The immediate roof was grey strip medium
and fine sandstone, with a thickness of 3.7-6.0m. The
immediate floor was dark gray mudstone with a thickness of
0.4-1.4 m, and the main floor was gray strip fine sandstone with
a thickness of 5.2 m. The strike length of the working face was
639.5 m and the inclined length was 66 m. Figure 1 shows the
location of the Tangshan Mine and the layout of the working
face F5001.

Backfilling Method and Technology
Backfilling Mining Method in Tangshan Mine

The full cross-section solid mechanized backfilling mining was
adopted in the Tangshan Mine (Livaoglu et al., 2011; Mitchell
et al.,, 2011; Dai et al., 2018). The backfilling system included the
ground conveying system, vertical feeding system, underground
separation system, underground conveying system and
backfilling system (Hawkes and Fellers, 1969; Wijewickreme
and Vaid, 1993; Yuan and Sun, 2012). The ground conveying
system was mainly used to crush and transport gangue backfilling
materials on the ground. The vertical feeding system was used to
transport the backfilling materials from the ground to the
underground (Li and Sheng, 1995; Louréno et al, 1997;
Benzaazoua et al., 1999). The underground separation system
was used to separate the gangue contained in the underground
coal flow. The underground conveying system was used to
transport the gangue from various sources to the backfill
working face. The function of the backfilling system was used
to fill gangue into goaf. Figure 2 shows the backfilling system of
the Tangshan mine (Zhang et al., 2015).

Backfilling Technology in the Working Face F5001

In the process of mining, the inclination angle and mining height
of the working face F5001 are constantly changing, and the
backfilling technology is relatively complex. The inclined
mining is not conducive to the backfilling of working face. To
improve the backfilling quality in the inclined mining, the
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FIGURE 1 | Location of the Tangshan mine and the layout of working face F5001.
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FIGURE 2 | Backfiling system of Tangshan Mine (Zhang et al., 2015).

following points should be ensured: 1) the compaction force
should be appropriately increased (Ye et al., 2010; Yanli et al,,
2011; Zhou et al., 2016), and the compaction force should no less
than 2.5 MPa; 2) a small amount of backfilling materials should
be discharged at sections, and the number of compaction and
single-hole discharge should be increased to ensure the backfilling
body can fully connect with the roof (Chen et al., 2002; Komine,
2004; Latha and Krishna, 2008). It can be seen that compaction
force is the key point of backfilling technology research.

VERIFICATION OF LABORATORY GANGUE
COMPACTION TEST RESULTS

Materials and Test Systems

The gangue samples were taken from washing gangue and
excavated gangue in the mining area F of Tangshan mine. The
main lithology of gangue samples was sandy mudstone. Before
the test, the gangue samples were crushed. The crusher was used
to break the gangue to obtain gangue samples with a particle size
of less than 30 mm (Cihangir et al., 2012; Grgic et al., 2013; Han
et al., 2016), and then the grading screen was used to grade the
original gangue. The grading of particle size was 0-5mm,
5-10 mm, 10-15mm, 15-20 mm, 20-25mm and 25-30 mm,
respectively.

The uniaxial loading test system of gangue backfilling
material (Komine, 2010; Brzesowsky et al., 2014; Miao et al,,
2016) was developed, which was mainly composed of the axial
loading system, steel cylinder, data monitoring and acquisition
system. The compaction test was carried out on the electro-
hydraulic servo universal testing system, which includes the
WAW-1000D microcomputer controlled electro-hydraulic
servo universal testing machine and the self-made
compaction steel cylinder. The maximum loading force
provided by the testing machine was 1000 KN. The self-
made compaction steel cylinder was composed of the steel
cylinder, base, dowel bar and loading plate. The inner diameter
of the steel cylinder was 250 mm, the outer diameter was
274 mm, the height was 305 mm, and the wall thickness was
12 mm. The steel cylinder and the base were connected by the
flange. The radius of the loading plate was 124 mm and the
height was 40 mm, which can realize the uniform stress of the
sample in the loading process. Figure 3 shows gangue samples
and the test system.

Test Principle and Scheme

Test Principle

The axial loading force was used to simulate the compaction force
in the field (Helwany et al., 1999; Ahmadabadi and Ghanbari,
2009; Yan et al., 2021). After the initial loading stress was applied,
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a final loading force of 735 kN (15MPa) was applied, and the final
compaction deformation of gangue backfilling materials was
recorded. The test principle is as follows:

The strain of the sample is:

_Ah
~ h
where ¢ is the strain, Ah is the compression deformation and # is

the initial loading height before compaction.
The relationship between stress and bulk density is as follows

1)

&

Po
p(o) = 1-¢(0) (2)
where p, is the initial density of gangue, 2.4 t/m?>.

There is no fixed parameter to express the stress-strain
relationship of gangue, and the deformation modulus of gangue
is defined as E = o/, and the elastic foundation coefficient of the
backfilling body is k; = E/h. During the compaction, the relationship
between stress and elastic foundation coefficient is as follows:

o
9 ¢h

k 3)

Test Scheme

According to the grading of gangue, six graded particle sizes are
0-5, 5-10, 10-15, 15-20, 20-25, and 25-30 mm, which are named
as g1, g2, g3, g4, g5 and g6, respectively. The gangue with different
particle size was proportioned evenly, i.e, gl: g2: g3: g4: g5: g6 = 1:1:
1:1:1:1:1:1. The compaction deformation characteristics of six
kinds of particle size gangue and uniform graded gangue were
tested, and then the compaction and deformation characteristics of
seven groups of samples were studied.

Test Results

Stress-Strain Relationship

The stress-strain curve of gangue during compaction is obtained,
as shown in Figure 4. The comparison of gangue strain in each
stage is shown in Table 1.

05 -

04

03

w
02 — ¢l
g3 —gd
0.1 — g5 —g6
g7
0 . . ,
0 5 10 15 20
o(MPa)

FIGURE 4 | Stress-strain curves of gangue samples.

As shown in Figure 4 and Table 1, the stress-strain curve of
the gangue sample generally shows a logarithmic distribution
trend. In the initial compaction stage (0-2.5 MPa), the strain
increases by 16.6-25.8%, and the gangue sample has a rapid
deformation rate. With the gradual increase of axial loading, the
gangue sample is compacted gradually, and the strain growth
decreases gradually.

Relationship Between Stress and Bulk Density

The stress bulk density curve of gangue samples in the
compaction process is obtained, as shown in Figure 5. The
variation of gangue bulk density in different stages is shown in
Table 2.

As illustrated in Figure 5 and Table 2, with the increase of the
compaction force, the bulk density of the backfilling material
increases. The bulk density of the backfilling material is
222-17.6 kNm™> under the compaction force of 0-2.5MPa.
With the increase of compaction force, the deformation of
gangue samples increases gradually. The bulk density increases
slowly in the later compaction stage, which is represented by the
gentle curve in the later compaction stage.
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TABLE 1 | Strain variable of gangue samples at different stages.

On-Site Measurement Surface Subsidence

Uniform proportioning (%) 0-50 mm (%) 5-50 mm (%) 10-50 mm (%) 15-50 mm (%) 20-50 mm (%) 25-50 mm (%)
2.5 MPa 16.6 19.7 20.4 20.8 21.3 23.0 25.8
15 MPa 30.6 31.0 34.7 39.0 40.3 41.6 42.4
2.5-15MPa 14.0 1.3 14.3 18.2 19.0 18.6 16.6
TABLE 2 | Variation of bulk density of gangue samples in different stages.
Uniform proportioning 0-50mm 5-50 mm 10-50 mm  15-560 mm  20-50 mm  25-50 mm
Original bulk density/(kN m™=) 18.5 16.2 156.3 14.7 13.7 13.4 13.0
Bulk density at the 2.5MPa\kN m™2 222 20.3 19.1 17.9 16.9 16.7 17.6
Mass ratio of mining and backfiling after compaction 1.49 1.36 1.28 1.20 1.14 1.12 1.18
28
24
~ =
o =5
g 20 S
% — g7 -
E — —
16 = g3
— g4 g5
6
g 0 : : : :
12 1 1 )
) 0 5 10 15 20
0 5 10 15 20 a( MPa )

g( MPa)

FIGURE 5 | Stress-bulk density curve of gangue samples.

Relationship Between Stress and Deformation
Modulus

The stress deformation modulus curve of gangue during comp-
action is shown in Figure 6, and the variation of deformation
modulus of gangue at different stages is shown in Table 3.

As shown in Figure 6 and Table 3, with the increase of
pressure o, the deformation modulus E of gangue samples with
different particle sizes increases, and the changing range of E is
0-60 MPa. Compared with the elastic modulus of intact gangue,
the order of magnitude of the granular material composed of
broken gangue particles is quite different. When the compressive
strength reaches 15MPa, the deformation modulus is about
28-50 MPa.

FIELD TEST ON LONG-TERM
COMPACTION CHARACTERISTICS OF
GANGUE SAMPLES

According to test results in the laboratory, 2.5 MPa is the
optimal compaction force. In the actual backfilling operation
of working face F5001, the compaction force of 2.5 MPa was
adopted, and the backfilling materials were discharged and
backfilled at sections.

FIGURE 6 | Stress deformation modulus curve of gangue.

Principle and Scheme of Compaction
Characteristics in the On-Site Measurement

The mass ratio of mining and backfilling refers to the mass ratio
of coal and gangue. Through monitoring the mass ratio of mining
and backfilling, the compaction characteristics of gangue are
further converted in the Tangshan mine. According to the
formula of the mass ratio of mining and backfilling, it is
obtained as follows:

Lome _vepe M p_ 1 p )
¢ mg Vg-p, ho—Ahp, 1-ep,
E=2 )
€

TABLE 3 | Variation of deformation modulus of gangue in different stages.

No Particle size grade E- ¢ equation

1 Uniform proportioning E =2.79580 + 6.7557
2 0-50 mm E =2.83110 + 4.7453
3 5-50 mm E =2.51590 + 5.4693
4 10-50 mm E =2.10140 + 6.3100
5 15-60 mm E =2.03660 + 5.9730
6 20-50 mm E =2.0098¢ + 5.1370
7 25-50 mm E =1.95780 + 4.0882

Frontiers in Earth Science | www.frontiersin.org

October 2021 | Volume 9 | Article 724476


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

On-Site Measurement Surface Subsidence

20

FIGURE 7 | Distribution of mass ratio of mining and backfiling in coal mining.
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TABLE 4 | Mass ratio of mining and backfilling and deformation modulus data in coal mining.

Date 2016/10 2016/11 2016/12 2017/1
Cumulative advancing distance 24 96 103 138
Mass ratio of mining and backfiling 1.86 1.21 1.2 1.31
Deformation modulus 21.88 29.038 29.26 27.10

where ¢ is the mass ratio of mining to backfilling; ¢ is the test
strain; p. is the density of coal, kgm™; p, is the density of
gangue, kg-m~>, gy is the vertical stress and E is the deformation
modulus.

Due to the change in the inclination angle and mining
height during the actual mining process, the angles of —5°, 0°,
10° 15°, and 20° were used, and the mining heights of 2.2, 2.4,
2.6, 2.8, and 3.0 m were selected. In this way, the mass ratio
of mining and backfilling under different advancing
distances, inclination angles and mining heights were
explored.

On-Site Measurement Results of

Compaction Characteristics

On-Site Measurement of Compaction Characteristics
of Gangue During Advancing

With the advance in the working face from October 2016 to
September 2017, the distribution of mass ratios of the mining and
backfilling is shown in Figure 7. The deformation modulus data
converted from the mass ratio of mining and backfilling is shown
in Table 4. During this period, 211,439 t gangue was filled and
164,127 t coal was mined.

As shown in Figure 7 and Table 4, during the initial
mining in the working face, the roof condition of the goaf
is good and more gangue can be filled in the goaf. With
the continuous advancement of the working face, the mass
ratio of mining and backfilling is stable at about 1.30.

2017/2  2017/3

2017/4 2017/5 2017/6 2017/7 2017/8 2017/9

138 138 213 313 403 495 585 640
0 0 1.29 1.28 1.30 1.30 1.30 1.31
0 0 27.49 27.62 27.26 27.26 27.21 27.10

The deformation modulus of the final gangue backfilling
body remains at about 27 MPa under the compaction state,
which is slightly smaller than the data measured in the
laboratory.

Experimental Study on Compaction Characteristics of
Gangue Under Different Inclination Angles and Mining
Heights

With the change of inclination angles, the distribution of the
mass ratio of mining and backfilling is obtained, as shown in
Figure 8. It can be seen that with the increase of inclination
angle, the mining in the working face gradually changes from
downward mining to upward mining, and the mass ratio of
mining and backfilling gradually increases, which is conducive
to backfilling in goaf. However, the deformation modulus of the
backfilling body decreases gradually, and the deformation
resistance of the backfilling body weakens. Thus, the larger
inclination angle in the upward mining is not beneficial to the
backfilling.

With the change of mining heights, the distribution of mass
ratios of mining and backfilling is shown in Figure 9, and the
deformation modulus data converted from these mass ratios
are obtained. As shown in Figure 9, with the increase of
mining height, the mass ratio of mining and backfilling first
increases and then decreases, indicating that the mining height
of 2.6 m is more conducive to backfilling. The deformation
modulus of gangue backfilling body is the smallest at the
mining height of 2.6 m. It can be concluded that the smaller
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FIGURE 9 | Distribution of mass ratios of mining and backfiling with the change of mining heights.

the deformation resistance of gangue, the more gangue can be

filled.

SURFACE SUBSIDENCE MONITORING
AND CONTROL EFFECT

Surface Subsidence Monitoring System

The surface subsidence monitoring system includes Beidou
satellite navigation system, Beidou satellite reference station
and CORS monitoring system (Rollins and Sparks, 2002; Liu
et al., 2009; Hla et al., 2021).This system can automatically and
accurately monitor the surface subsidence above the working face
all day. CORS monitoring system includes data center, reference
station, data communication subsystem and user application

subsystem, which greatly improves the accuracy of surface
subsidence measurement. The monitoring system is shown in
Figure 10.

Surface Subsidence Monitoring Scheme
The ground position of working face F5001 crossed Jianshe South
Road and Daxue Road, and was adjacent to the mining area
railway in the east. A surface observation line F was set on the
surface of working face F5001, and a total of 22 measuring points
were set along the line to observe the influence of mining on the
surface subsidence of working face F5001.

Surface Subsidence Monitoring Results
The surface subsidence test results of the working face F5001 are
shown in Figure 11.
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measuring points

From December 2016 to May 2017, the surface subsidence
increased slowly, and the subsidence value was less than 20 mm.
From May 2017 to July 2017, the surface subsidence increased
significantly, but the total subsidence was still in a small range,
and the maximum subsidence was 45 mm at the measuring point
of F16. In November 2017, the working face was fully mined; in
April 2018, the maximum subsidence increased to 61 mm at the
measuring point of F12, which was a small increase in 3 months.
Therefore, it can be considered that working face F5001 was fully
affected by the mining activities in January 2018.

According to the surface subsidence value in the measuring line
F of the working face F5001 in April 2018, the surface tilt
deformation, curvature deformation, horizontal displacement
and horizontal deformation at different measuring points were
calculated. The maximum surface tilt deformation value was
1.65 mm/m, which appeared at the measuring point of F12. The
maximum curvature deformation value was 0.094 mm/m?2, which
occurred at the measuring point of F17; the maximum deformation
value in the horizontal displacement was 16.1 mm, and the
maximum horizontal deformation value was 1.25 mm/m, which
also occurred at the measuring point of F17.

The maximum surface subsidence value was 61 mm, and the
value met the fortification standard of “Regulations for coal pillar
setting of buildings, water bodies, railways and main shafts and
coal pressed mining” (Ma et al., 2019; Ma et al., 2021a) in 2017.
With the advance of the working face, the surface of the ground
sank slowly. When the advancing speed of the working face
increased, the surface subsidence rate increased, and the curve in
Figure 11 was steeper. In other words, the greater the advancing
speed, the greater the sinking speed. After the mining, the surface
subsidence rate decreased obviously, even tended to be constant.
It indicated that the strata moved slowly and tended to be stable
after backfilling mining, which is helpful to the protection of
surface buildings.

CONCLUSION

In this study, the uniaxial loading test system of gangue backfilling
material was developed, and the basic compaction characteristics of
gangue were obtained, such as stress-strain relationship,
relationship between stress and bulk density, and relationship
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between stress and deformation modulus. The test results show
that the initial loading stress of 2.5 MPa can ensure the large
deformation characteristics of gangue.

Based on the on-site measurement of the compaction
characteristics of the gangue backfilling body in the Tangshan
mine, the deformation modulus of the working face with different
inclination angles and mining heights was studied. The results
show that the field measurement data are consistent with the
laboratory test data, and the deformation modulus of the gangue
after compaction is close to 27 MPa.

After the backfilling in the working face F5001, the Beidou
satellite CORS monitoring system has been used to monitor
the surface subsidence for 2years. The monitoring results
show that the surface deformation is effectively controlled,
and the maximum surface subsidence is limited to 61 mm.
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