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The coal mining technology of fully mechanized solid filling is an efficient and green mining
method that integrates “sediment reduction” and “emission reduction.” However, the
discharge of wasted gangue and surface subsidence are controlled by the amount of
wasted gangue used in filling mining and the compaction rate of gangue filled into a goaf,
respectively. To increase the consumption of wasted gangue and reduce surface
subsidence, mixed gangue composed of equal-quality washed gangue and crushed
gangue is proposed as a raw material for solid filling on the basis of gradation theory. Next,
a screening experiment was performed to analyze the grain gradation of different
specimens, and a compression experiment was executed to compare and analyze the
compression characteristics. The results show that the nonuniformity coefficient of mixed
gangue is 55.2 and the curvature coefficient is 1.53, which significantly improve the grain
gradation of washed gangue. The degree of relative compaction of mixed gangue is 1.226,
which is significantly lower than that of washed gangue, which is 1.33. The deformation
modulus of mixed gangue is 23-135 MPa, which is better than that of washed gangue
(26-100 MPa), indicating that the compressive resistance of mixed gangue is significantly
improved. The case study of the Tangkou mine suggests that mixed gangue greatly
promotes the consumption of wasted gangue and can effectively control the surface
deformation.

Keywords: solid filling mining, grain gradation, compression characteristic, deformation modulus, surface
deformation, equivalent mining height

HIGHLIGHT:

e Mixed waste gangue is used as a filling material for solid backfilling mining.

e The gradation combination of filling gangue was significantly improved.

e More wasted gangue was consumed, and the compressive strength of the filling body was
enhanced.

e The compression of the filling body was reduced, and the surface settlement was
controlled.
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INTRODUCTION

Filling mining is a type of ecological protection mining
technology that has been developed in recent years. The usage
of this technology can process coal gangue and fly ash, two solid
forms of waste from coal mines, and solid waste around cities
while replacing coal resources under buildings (structures) such
as villages, railways (roads) and overlying aquifers, and on floor
pressurized water (referred to as “three under one on”). This is a
type of scientific coal mining technology that is in line with the
ecological mine development model of “lucid waters and lush
mountains are invaluable assets,” advocated by President Xi
Jinping, with great promotion and application prospects (Hu
and Guo, 2018; Qian et al., 2018; Wang et al., 2018; Dong et al.,
2019; Ma et al,, 2019; Wang et al., 2020a; Dong et al., 2020; Liu
et al., 2020; Ju et al,, 2021). To date, three kinds of filling mining
technology approaches have been developed in China: solid filling
technology (Miao et al., 2010), paste filling technology (Zhou
et al., 2010; Sun et al,, 2018; Wu et al., 2020a), and high-water
filling technology (Feng et al., 2010; Chang et al., 2018). Solid
filling technology mainly includes fully mechanized solid filling
technology, dumping gangue and filling technology, pneumatic
filling technology, and the technology of coal gangue separation
in underground coal flow and gangue powder pumping on-site.
Due to the relatively mature filling system and equipment (the
gangue feeding system, the storage system, and four-column and
six-column filling support with a tamping mechanism) and the
mining-filling process (single and double interlaced, and coal
mining tamping), fully mechanized solid filling technology has
become the main development direction of filling mining
technology (Hu, 2012; Zhang et al., 2020; Zhang et al., 2019a;
Guo etal,, 2019). In the implementation of fully mechanized solid
filling technology, the control effect of overlying strata and
surface subsidence is determined by the final compaction rate
of gangue in a goaf, which is equivalent to that of mining in thin
coal seams. Therefore, relevant scholars have proposed the
concept of “equivalent mining thickness” for surface
subsidence control of fully mechanized solid filling technology
(Zhang et al,, 2011; Huang et al,, 2012; Guo et al., 2014; Meng
et al,, 2020a). In summary, the study of how to reduce the final
compaction ratio of gangue filled into goafs has become the key to
popularizing applications and effectively predicting the control
effect of surface subsidence.

At present, various scholars have performed preliminary
experimental studies on compaction and deformation of
gangue. Zhang Jixiong conducted compaction deformation
tests on loose gangue and obtained the relationship among
deformation, hulking coefficient, and compactness of the
filling body and strain, as well as the characteristics related to
the compaction time in the process of compaction (Miao and
Zhang, 2007; Zhang, 2008). Through gangue compaction tests,
Ma et al. (2003) summarized the trends of the change in the axial
strain, transverse strain, Poisson’s ratio, and elastic modulus of
loose gangue in the process of compaction, and analyzed the
deformation mechanism of gangue during this process. Xu et al.
(2011) adopted an MTS815.02 electrohydraulic servo rock
mechanics test system and a self-designed compaction device
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to analyze the deformation characteristics of gangue-fly ash as a
filling material in the compaction process. Hu Bingnan et al.
adopted a large container, large particle size, and large load and
simulated coal mass to perform 23 simulated gangue compression
experiments, obtained the rule that the compression ratio is
proportional to the particle size and inversely proportional to
the lateral pressure, and analyzed the relationship among the
compression ratio, lateral pressure and coal mass strength,
particle size, and gangue gradation (Hu and Guo, 2009).
Several scholars have studied the compaction characteristics of
gangue with different gradations. Zhang Jinhong et al. conducted
compression tests on gangue with seven groups of gradation
schemes, showing that the content of gangue was maintained
with a particle size range of 40-70 mm, and an increased content
of gangue with a small particle size can minimize the compression
amount of gangue filling materials (Zhang et al., 2012). As the
main source of gangue in most domestic coal mines is washed
gangue (maximum particle size <50 mm), while driving gangue
(maximum particle size >100 mm) accounts for less gangue, the
general treatment method of coal mines is to raise the driving
gangue with the raw coal sulfur flow to the surface coal washery
and then dispose it off separately (Li and Guo, 2018). The
Zhuanlongwan coal mine was taken as an example, where the
volume of gangue produced in 2019 was 2.266 million tons, of
which the gangue produced by the coal washery accounted for
90% and the gangue produced by driving accounted for 10%.
Driving gangue is usually not treated underground but mixed into
raw coal sulfur and raised to the surface coal washery. The particle
size of the washed gangue processed by the coal washery is
basically the same, and the particle size is large. As the pores
between the particles cannot be filled completely by the small
particles, the bearing effect is limited to a certain extent (Meng
et al., 2020b).

Therefore, in order to compare and analyze the grain
gradation and compression characteristics of different gangue
fillings, this study carried out screening experiment and
compression experiment body based on the continuous
gradation theory. The grain gradation curve shows that mixed
gangue composed of washed gangue, and crushed gangue with
equal quality has a certain gap with the theoretical optimal grain
gradation, but considering the convenience of on-site
construction, mixed gangue with equal quality is the optimal
filling material. Simultaneously, the compression test indicates
that the compressive properties of gangue with equal mixing mass
are significantly increased. Adoption of mixed gangue with equal
quality as filling material can effectively reduce the “equivalent
mining height,” decrease the surface discharge of gangue, and
provide theoretical and reference significance to improve the on-
site filling rate of gangue materials.

THEORY OF THE CONTINUOUS
GRADATION OF A PARTICLE
DISTRIBUTION

The gradation of solid particles refers to a continuous gradation
that is made up of solid particles with various particle sizes. This
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represents the quantity of the particle size in the bulk materials
composed of different granularities, which is usually expressed as
a percentage of the total amount (Fang et al, 2019). The
cumulative curve of the particle size distribution obtained
from the results of the particle size distribution can clearly
reveal the thickness of solid materials, and the uniformity and
continuity of the particle size distribution, thus allowing the
quality of the material gradation to be determined (Chen
et al,, 2016; Wang et al., 2020b). The material uniformity or
gradation can be analyzed based on the slope of the cumulative
curve of the particle diameter. A steeper curve indicates that the
sizes of the particles are almost the same, the particles are more
uniform, and the gradation is poor, whereas a flat curve indicates
that the size of particles is very different, the particles are uneven,
and the grading is good (Cai et al., 2020; Wang et al., 2020¢; Yao
et al., 2020). According to the cumulative curve of the particle
size, two quantitative indexes of the particle size distribution, C,
(nonuniformity coefficient) and C, (curvature coefficient), can be
determined as follows (Li et al., 2014):

deo
C,=—, 1
0 (1)

3
e = . 2
do X dio @

In the equation, dg, d39, and dj are equivalent to the particle
size corresponding to the cumulative weight percentage of the
material that is less than a particle size of 60, 30, and 10%,
respectively, known as the limited particle size, the median
particle size, and the effective particle size.

For a solid material, the following relationship is observed:
dgo>ds0>d1o. The nonuniformity coefficient C, reflects the
distribution of different fractions, that is, the size or the degree
of uniformity of granularity. Generally, the larger C, is, the larger
the distribution range of granularity, the more uneven the
particles, and the better the gradation (Yang et al.,, 2019). The
curvature coefficient C. describes the overall shape of the
cumulative curve distribution and reflects the distribution of
the fraction contents between the constrained particle size dgo
and effective particle size djo. In engineering practice, materials
with C, <5 are generally regarded as homogeneous materials
with poor gradation, and those with C,>10 exhibit good
gradation. Generally, for materials with continuous gradation,
a satisfactory result can be achieved by using a single index C,,. At
this point, it is difficult to effectively judge the gradation of
materials using only a single index C,. It is more reasonable
to judge the gradation of solid materials by using the curvature
coefficient C, as the second index together with C, (Zhu et al.,
2015; Zhu et al., 2018).

For rockfills with a high volume of rock, the specification
(DL/T, 2007; DL/T, 2011) only requires that the particle content
less than 5 mm shall not exceed 30%, and the fine particle content
(Iess than 0.075mm) shall not exceed 5%, without clear
requirements on the overall composition of gradation; there is
also no gradation requirement for transition material and cushion
material. For gradation evaluation, currently, only gradation
indicators exist, which apply to the largest diameter within
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60 mm gradation index of coarse-grained soil; that is, when
the nonuniformity coefficient C, is less than 5, the gradation
is poor; if it is greater than 5, it is good. However, if C, is too large,
it may lack intermediate particle size and belongs to
discontinuous gradation. When the specified curvature
coefficient C is increased between 1 and 3, the gradation is
good (GB/T, 2007). If not, the soil is determined to be poorly
graded. Obviously, for soil samples with the same C,,, if C. is too
large or too small, it indicates that there is a lack of intermediate
fraction in the soil, the chain filling effect of pores between each
fraction decreases, and the gradation worsens (Zhu et al., 2017).
The particle size of washed gangue and crushed gangue in coal
mines is similar to that of gravel soil, so the evaluation standard
of gravel soil is adopted as that of a reasonable gradation of fully
mechanized solid filling gangue in this study. Currently, the
most commonly used continuous gradation theory is the theory
of the maximum density curve. The maximum density curve is
an ideal curve based on experiments. It is assumed that the
density of loose particles is the highest when particles are
composed according to the maximum density curve (Chu
et al,, 2020; Zuo et al., 2015). The calculation method of
continuous gradation was proposed by the American scholar,
Fuller, in the early 20th century on the basis of the theory of
maximum density, which demonstrated that when the gradation
curve was a parabola, as given by eq. 3, the loose deposit could
reach the maximum density state (FULLER and THOMPSON,

1907).
0.5
P, = <%> . (3)

In the equation for P, d is the pore diameter passing through
the sieve and D is the maximum particle size.

Fuller’s curve became the theoretical basis for the composition
forms of various gradation curves, such as the n-method
improved by Talbol. Talbol demonstrated that Fuller’s
equation was an ideal gradation curve; in reality, there was a
certain range of fluctuation required to achieve the maximum
density, so Fuller’s equation was modified into the following

expression:
d n

When n = 0.3-0.7, there is good compactness; when n = 0.5,
the maximum density curve is a parabola (Huang et al., 2019a;
Wu et al.,, 2020D).

TESTS ON GANGUE SCREENING

The main source of filling gangue was washed gangue (dp.x <
50 mm), which was used to fill gangue directly, and crushed
gangue (dp.x < 16 mm) was used as auxiliary filling gangue. The
experimental materials are sampled on site, washed gangue is
directly obtained by the coal washery, the maximum diameter of
washed gangue is 50 mm, and crushed gangue whose maximum
diameter is less than 16 mm is obtained after the secondary
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TABLE 1 | Gradation parameters of washed gangue.

Sieve pore diameter size Residential mass (g) Percent passing (%)

(mm)

50 0 100.00
40 620 99.30
31.5 5,600 92.94
25 10,420 81.12
20 23,620 54.32
16 25,640 25.22
10 20,900 1.51
The bottom of the screen 1,330 0.00

Waste Gangue as Filling Material

Graded retained percentage Cumulative retained percentage

(%) (%)
0.00 0.00
0.70 0.70
6.35 7.06
11.82 18.88
26.80 45.68
29.09 74.78
23.71 98.49
1.51 100.00

TABLE 2 | Gradation parameters of crushed gangue.

Sieve pore diameter size Residential mass (g)

(mm)

16 0 100.00
10 625 98.71

5 7,410 84.67

25 11,380 76.45

1.25 6,995 85.53
The bottom of the screen 21,915 54.65

Percent passing (%)0

Graded retained percentage Cumulative retained percentage

(%) (%)

0.00 0.00
1.29 1.29
15.33 16.63
2355 4018
14.47 54.64
45.35 100

100

90

80

%

70

FIGURE 1 | Fuller curve and grading curve of the gangue specimen.
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crushing of washed gangue. The gradation parameters of washed
gangue and crushed gangue were obtained by using a new
standard stone screen, as shown in Table 1 and Table 2,
respectively.

In light of Talbol’s method related to n, n is taken as 0.3,
0.5, and 0.7; the maximum particle size is 50 mm; and
the corresponding continuous gradation curve diagram and
screening gradation curve diagram are drawn in semilogarithmic
coordinates, as shown in Figure 1. In the semilogarithmic curve
diagram, the abscissa is expressed as the logarithm of the particle

size (log,d;), and the ordinate is expressed as the cumulative pass
rate, pi (%).

According to Tables 1 and 2, p;, of washed gangue is only
1.51%, and the gradation curve of crushed gangue is above the
continuous curve; that is, its fine content is far higher than that of
the continuous gradation, and p;, is as high as 98.71%. Therefore,
crushed gangue of equivalent mass can be mixed into washed
gangue to compensate for the serious gradation defect of p,.
Simultaneously, the content of coarse material larger than 28 mm
for washed gangue is adjusted indirectly under the condition that
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TABLE 3 | Gradation parameters for mixed-filing gangue.

Sieve pore diameter size Percent passing (%)

(mm)

50 100.00
40 99.66
31.5 96.99
25 90.99
20 78.21

16 64.33
10 52.34
5 43.60
25 31.28
1.25 23.71

The bottom of the screen 0

Graded retained percentage

Waste Gangue as Filing Material

Cumulative retained percentage

(%) (%)
0.00 0.00
0.34 0.34
3.03 3.37
5.64 9.01
12.78 21.79
13.88 35.66
11.99 47.65
8.74 56.39
12.32 68.71
7.57 78.28
23.72 100.00

TABLE 4 | Variabe index of gangue gradation.

Washed gangue Crushed gangue Mixed-filling gangue

deo 21.1 252 13.8
dao 16.7 1 23
dio 12.1 0.25 0.25
Cu 1.74 10.08 55.2
Ce 1.09 1.59 1.53

the whole quality of loose gangue is not changed. Table 3
gives the gradation parameter table of filling gangue after
equal-quality mixing, and its gradation curve is plotted in
Figure 1. In the gradation curve of mixed gangue, the
particle curve of P; < 20 mm is between the curve of n =
0.3 and n = 0.5, and only the particle content of P; > 20 mm is
more than that of the continuous gradation curve, indicating
that the gradation combination of mixed gangue is
significantly better than that of washed gangue and crushed
gangue.

The gradation of washed gangue, crushed gangue, and
mixed gangue was evaluated by using the evaluation
standard for a solid particle gradation. According to the
data in Figure 1 and Tables 1-3 obtained by interpolation,
the nonuniformity coefficient of washed gangue is 1.74, the
curvature coefficient is 1.09, the nonuniformity coefficient of
crushed gangue is 10.08, the curvature coefficient is 1.59, the
nonuniformity coefficient of mixed gangue is 55.2, and the
curvature coefficient is 1.53, as shown in Table 4. Obviously,
the nonuniformity coefficient of washed gangue is small, and it
is a poorly graded solid. The nonuniformity coefficients of
gangue after crushing and in mixed gangue are large, but the
nonuniformity coefficient of gangue after mixing is an
excellent graded solid with the largest nonuniformity
coefficient.

Because of the complexity of underground work, filling
material processing, and the necessity of filling cost control,
it is not possible to implement underground large-scale
gradation restructuring to obtain a better filling effect.
Thus, this study proposes a way to adjust the gradation of
gangue filling bodies by mixing equal qualities of washed
gangue and crushed waste.

FIGURE 2 | WAW-600B electronic universal testing machine.

TESTS ON THE COMPACTNESS OF
GANGUE

Experimental Equipment and Scheme
As shown in Figure 2, a WAW-600B microcomputer was used as
the compacting and loading equipment to control the
electrohydraulic servo universal testing machine. Hydraulic
power servo control technology, electrohydraulic servo control
technology, computer data acquisition and processing, high-
precision material testing equipment with closed-loop control,
and automatic detection utilized in this testing equipment can
realize the closed-loop control of constant-rate loading, constant-
rate deformation, constant-rate displacement, and constant-rate
strain to verify the performance of materials (Li et al., 2019).
As the physical drawing of the design shows in Figure 3, all the
instruments are made of 45# steel with a yield strength of no less
than 355 MPa. The filling gangue apparatus is designed as a steel
cylinder with an inner diameter of 125 mm, wall thickness of 10 mm,
outer diameter of 145 mm, and height of 300 mm. The experimental
charging height is 250 mm, the charging volume is 3.06 x 10> m’,
and the weight is approximately 4.3kg. The auxiliary force
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FIGURE 3 | Compaction apparatus.

transmission instrument is a steel cylinder with a diameter of
100 mm, height of 150 mm, and weight of approximately 9.3 kg.

The compaction experiment of filling coal gangue was
performed with the above experimental device, according to the
method of compaction testing of solid backfilling materials (Nb/T,
2014). In light of the conditions of the apparatuses and equipment,
the maximum permissible particle size of the gangue sample was
25mm, and the sample was prepared by a similar method of
gradation. Before the experiment, the mass of each fraction of
particle size was measured on the basis of the experimental design
scheme and then evenly mixed and loaded into the compacted steel
cylinder. The steel cylinder was used to impose the load on the
gangue specimen, and experimental data such as the load and
compression displacement of gangue were recorded during the
loading process. The laboratory gradation tables for washed gangue
and gangue with the continuous gradation of Taltol’s n-method (n
is 0.3, 0.5, and 0.7) are shown in Tables 5 and 6, respectively, and
the laboratory gradation tables of mixed gangue are shown in
Tables 7 and 8, respectively.

To reduce the friction between gangue and the steel cylinder
wall during the process of compression, a layer of grease was
smeared on the inner wall of the steel cylinder before each test, and
then the screened gangue was uniformly mixed and filled according
to the corresponding gradation table. The charge of each test was
controlled at 4,300 g, the initial filling height hO was measured, and
the initial bulk density y0 was calculated. Force control was
adopted in the compaction experiment, the maximum axial
compressive stress was set at 185kN, the loading speed was
1 kN/s, and the preloading speed was 1 mm/min. After loading,
the load was automatically unloaded. After the end of the
experiment, the height hl of the compacted specimen was
measured, and the final compacted bulk density y1 was calculated.

Analysis of Compactness

Relationship Between the Compactness and Bulk
Density of Gangue

The results of the final compression test on gangue specimens are
shown in Figure 4.

Waste Gangue as Filling Material

TABLE 5 | Laboratory gradation table of washed gangue.

Particle size/mm <5 5-10 10-16 16-20 20-25

Graded retained percentage (%) 1.51 52.8 38.33 6.66 0.7

The experimental data were sorted, and the initial bulk density
and compacted bulk density of gangue specimens in each group
were obtained, as shown in Table 9. According to changes in the
bulk density of coal gangue specimens, it is evident that the initial
bulk density of washed gangue is the smallest, close to 14 kN/m3,
indicating that the initial bulk volume of washed gangue is the
largest and the intergranular void of gangue is the largest. In
Taltol’s n-method, when n = 0.7, the bulk density of gangue
reaches a maximum of 15.78 kN/m’; that is, the volume of the
gangue filling body is the smallest and the intergranular void of
gangue is small, and the initial bulk density of mixed gangue is
close to the bulk density of the gradation group when n = 0.3. In
the final compaction volume of the sample, when n = 0.5, the
compaction density is the largest, and the relative compaction is
also the largest in the continuous gradation. The compaction
volume changes greatly, and the filling effect is poor. The
compacted bulk density is basically 19.5kN/m3, and the
relative compaction is the smallest, that is, its volume
compression is the smallest. The compaction effect of gangue
is greatly improved after mixing.

Stress-Strain Curve

To further understand the stress—strain properties of coal gangue,
the numerical analysis software Origin is used to express the
curve in the form of a mathematical model, as shown in
Figures 5-9.

Next, the fitting equation of the stress—strain is established,
and the fitting degree of the curve is analyzed. According to the
observed curve, Eq. 5 is used to fit the stress—strain relationship.
The stress—strain relationship of gangue specimens with different
particle sizes is shown in Table 10.

£x 100 =a—bln(s+c). (5)

In the above equation, a, b and ¢ are constants.

Table 10 shows that the form of this function can effectively
express the stress-strain relationship of gangue, and the
correlation coefficient (R-squared) is very close to 1, indicating
that the data have a high correlation degree and a small degree of
dispersion, and the fitting result is reliable. To compare and
analyze the compression performance of gangue at all levels of the
above gradation groups under different axial compact loads,
fitting equation curves of gangue at all levels are drawn, as
shown in Figure 10. To analyze and compare the compression
performance of the gangue filling body under the conditions of all
levels, the curve of the stress—strain relationship of the gangue
filling body is used to obtain the stress under different axial
compressive stresses, as shown in Table 11.

When the axial compressive stress reaches 25 MPa (the
mining depth is 1,000 m), the strain is regarded as the
maximum compression strain. Before the compressive stress
reaches 2 MPa, the deformation rate of compression is
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TABLE 6 | Laboratory gradation table of continuous graded filing gangue.

Waste Gangue as Filing Material

Particle size/mm <1.25 1.25-2.5 2.5-5 5-10 10-16 16-20 20-25
Continuous gradation, n = 0.3 40.71 9.41 11.58 14.26 11.5 6.06 6.48
Graded retained percentage (%)

Continuous gradation, n = 0.5 22.36 9.26 13.1 18.52 16.75 9.45 10.56
Graded retained percentage (%)

Continuous gradation, n = 0.7 12.28 7.67 12.46 20.24 20.51 12.38 14.46
Graded retained percentage (%)
TABLE 7 | Mixed gangue gradation table.
Particle <1.25 1.25-2.5 2.5-5 5-10 10-16 16-20 20-25 25-31.5 31.5-40 40-50
size/mm
Graded retained percentage (%) 23.72 7.57 12.32 8.74 11.99 13.88 12.78 5.64 3.03 0.34
TABLE 8 | Laboratory gradation table of mixed-filing gangue.
Particle size/mm <1.25 1.25-2.5 2.5-5 5-10 10-16 16-20 20-25
Graded retained percentage (%) 31.28 12.32 8.74 25.87 18.05 3.4 0.34

FIGURE 4 | Compaction effect of the specimen.

TABLE 9 | Variation table of the bulk density.

Specimen group

Washed gangue
Taltol's n-method n=0.3
n=05
n=0.7
Mixed gangue

Initial

bulk density (kN/m°)

14.32
156.60
15.64
16.78
16.60

Compacted bulk density

Degree of relative

(kN/m?) compactness
19.07 1.33
19.51 1.25
19.79 1.27
19.56 1.24
19.46 1.226
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FIGURE 5 | Measured and fitted stress—strain curves (washed gangue).
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FIGURE 8 | Measured and fitted stress—strain curves (n = 0.7).

FIGURE 6 | Measured and fitted stress—strain curves (n = 0.3).
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FIGURE 7 | Measured and fitted stress—strain curves (n = 0.5).

relatively fast. At this point, the maximum amount of
compression of gangue at all levels reaches 26, 47, 44, 37, and
42%. Compared with washed gangue, the final compression
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FIGURE 9 | Measured and fitted stress—strain curves (mixed-filing
gangue).

TABLE 10 | Stress—strain curve table.

Specimen group Fitting equation R?
Washed gangue £-100=-11.367 + 12.739In(c + 2.61)  0.99958
Taltol’'s n-method n =0.3 ¢-100 = 6.221 + 5.044 In (o + 0.383) 0.99914
n=05 £-100 = 5.068 + 5.858In (¢ + 0.580) 0.99957
n=07 &-100=-0.127 +6.982In(c + 1.362)  0.99888
Mixed gangue £-100 =3.690 +6.072In (0 + 0.728) 0.99916

deformation of gangue in the continuous gradation groups
decreases by 22.15-27.08%, and the compression amount of
mixed gangue decreases by 24.25%. Thus, it is evident that the
initial compaction ratio and the final compaction ratio are
improved to a great extent, and the initial compression rate
and the final compaction rate of mixed gangue are also
effectively controlled under the condition of continuous
gradation. When the axial compressive stress reaches 12.5 MPa
(the mining depth is 500 m), the strain is regarded as the
maximum compression strain. Before the compressive stress
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reaches 2 MPa, the compression of gangue at all levels reaches the
maximum compression sets of 35, 55, 53, 46, and 51%. At this
point, the maximum amount of compression of gangue at all
levels reaches 26, 47, 44, 37, and 42%; namely, with the decrease in
mining depth, the initial compaction rate of washed gangue
decreases, while the initial compaction rate of mixed gangue
and the initial compaction rate of gangue in the continuous
grading group are improved. Compared with washed gangue, the
final compression deformation of gangue in the continuous
gradation group is reduced by 13.32-21.51%, and the
compression amount of mixed gangue is reduced by 16.60%.
After gradation optimization, the compression performance of
gangue filling material is significantly improved. Mixed gangue is
not the optimal gradation group, but it can prevent large-scale
screening and restructuring of particle groups to optimize the
gradation of gangue. Compared with washed gangue, mixed
gangue still has great advantages in controlling the movement
and deformation of overlying strata.

Deformation Modulus of Gangue

According to the data acquisition results from the experimental
machine and the calculation method of the deformation modulus
of the loose material, the E-o curve of the graded specimens in the
process of compaction was calculated and drawn by the
numerical calculation analysis software Origin, as shown in
Figure 11.

Waste Gangue as Filling Material

According to the E-o curve, when the axial stress reaches
2 MPa in the lateral constrained compression experiment, the
deformation modulus E of coal gangue exhibits a basic linear
relationship with the axial compressive stress 0. To describe the
relationship between the two, the compressive stress of 2 MPa is
regarded as the initial compaction stress. Before the compressive
strength reaches 2 MPa, the deformation modulus increases
exponentially, and the growth rate of the deformation
modulus decreases gradually. After that, the deformation
modulus increases linearly, and the anti-compression
properties increase gently. Linear fitting was adopted for the
data after 2 MPa to obtain the fitting equation of E-o for the
gangue sample group, as shown in Table 12.

In light of the fitting equation, the deformation modulus E
increases with increasing compressive stress o, and the variation
range of E is 21-140 MPa in the compressive stress range of
2-30 MPa. The correlation coefficient (R-squared) of the fitting
equation is very close to 1, which indicates that the data
correlation is high, the degree of dispersion is not large, and
the fitting result is reliable.

CASE

Most of the ground surface within the 930 mining area of the
Tangkou Coal Mine is made up of buildings (structures) of Li
temple and Fengtai village. There are Phoenix palace ruins (the
third batch of key cultural relic protection units in Shandong
Province) and six seven-story residential buildings in the village,
as shown in Figure 12. Mining will have an impact on surface
buildings (structures). To ensure the normal life of villagers,
control surface deformation, and reduce the impact of surface
buildings (structures), solid filling mining technology is
adopted.

The mining area is approximately 0.3-0.9 km long from north
to south and 1.0-1.3 km wide from east to west. The mining area
is approximately 0.85 km?. The basic reserves of the mining area
are 3.602 million tons, and the recoverable reserves are
2.881 million tons. The western area of the mining area is
adjacent to the 130 mining area. Four working faces such as
1,301, 1,302, 1,304, and 1,305 were stopped in the 130 mining
area, and water was accumulated in the low-lying areas of the 130
goaf. The seeper area is far away from the mining area, which has
no impact on the production of the mining area. In the north, the
mining area is adjacent to the protective coal pillar of the
industrial square and is 1700 m away from the northern

TABLE 11 | Stress-strain table.

o/MPa, Washed gangue Taltol’'s n-method Mixed gangue
£100, specimen group n=03 n=05 n=07

2 8.10 10.60 10.62 8.34 9.78

7.5 18.11 16.64 17.31 15.11 16.49
12.5 23.22 19.11 20.13 18.23 19.37
17.5 26.87 20.77 22.03 20.38 21.32

25 30.90 22.53 24.06 22.72 23.41
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TABLE 12 | Modulus—stress curve table.
Specimen group Fitting equation R?
Washed gangue E=21.173+2.6190 0.99675
Taltol’s n-method n=03 E =12.574 + 4.235¢0 0.99809
n=05 E =13.165 + 3.9230 0.99782
n=0.7 E =18.808 + 3.992¢ 0.99685
Mixed gangue E =14.787 + 3.989¢ 0.99764

430 mining area. There are unmined coal areas in the east and
south, as shown in Figure 13.

The main mining area is the third upper coal seam, located in
the middle of the Shanxi unit, with a full thickness of 2.63-5.11 m.

Waste Gangue as Filing Material

Most of the coal seams in the mining area have a large angle of
inclination, generally 7-16°, and the coal seam depth is
1,082-1,222 m.

The filling mining scheme for gangue of the 9,302 working face
was optimized, and the gradation of the filling material was
improved. After washed gangue and crushed gangue were
mixed with equal quality, filling and mining were performed.
In actual production, washed gangue is first broken by a crusher
and then obtained after scavenging and screening by a screener;
crushed gangue is obtained from washed gangue after secondary
breakage by a crusher again.

After improving the filling scheme, the solid filling effect of the
9,302 working face is shown in Figures 14, 15. The practical
application proves once again that the amount of waste gangue
filled in a unit working face is greatly improved by using mixed
gangue, the porosity of the filling body is reduced, and the filling
ratio of the filling body is improved. According to engineering
experience, with the increase in the filling ratio and the roof-
contacted filling rate, the mining process can not only consume
more wasted gangue but also better control the ground settlement
of the mining area.

DISCUSSION

The stress-strain curves of gangue with different particle
gradations all show nonlinear characteristics. The compression
modulus increases as the compressive stress increases. With the
continuation of the compression process, the rate of change in the
compression modulus decreases and tends to stabilize (Zhang
et al, 2019b). In the compression test, the specimen contains a
large number of pores formed by internal particles. In the initial
stage of the compression experiment, as the compressive stress
increases, the restraining force of the specimen increases, and the
stress concentration between the inner edges of the particles
becomes more obvious. When the compressive stress increases to

FIGURE 12 | Distribution of surface buildings.

Frontiers in Materials | www.frontiersin.org

10

July 2021 | Volume 8 | Article 700118


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Dong et al.

iang Zheng
Jillage

FIGURE 13 | Distribution of the 930 mining area.

a certain extent, the large particles in the specimen are crushed,
and the internal pores are gradually filled (Meng et al., 2019). It is
generally believed that the particle diameter and bulk density after
compaction tend to be the same after extreme stress compression
in tests with different particle sizes (Huang et al., 2019b).

In the compression experiment, the compressed amount of
washed gangue is the largest, that of mixed gangue is greatly
reduced compared with that of washed gangue, and that of
continuous graded gangue is the smallest. The reason is that
the more prominent the edge of large particles is, the more prone
it is to stress concentration, which leads to the fragmentation of
large particles (Ali et al., 2018; Li et al., 2020a). In the washed
gangue specimen, large particles are dominant, and small
particles cannot completely fill the pores between the large
particles, resulting in an obvious stress concentration between

Waste Gangue as Filing Material

the large particles and maximum compression (Zhang et al,
2012). In the specimen of continuously graded gangue, the small
particles basically filled the pores between the large particles and
weakened the stress concentration between the large particles,
and the specimen compression was the smallest. The particle
gradation of mixed gangue is slightly worse than that of
continuous graded gangue and is much better than that of
washed gangue. The optimization degree of the internal
structure of the specimen is also somewhat lower than that of
continuous graded gangue and much higher than that of washed
gangue, so the specimen compression is in the same way: the
compression of washed gangue is the largest, that of continuous
gradated gangue is the smallest, and that of mixed gangue is
slightly less than that of continuous gradated gangue (Zhang
et al., 2018).

Solid filling technology is an economical and effective surface
subsidence control technology to solve the problem of “three
under” coal holding down. The probability integral model of
“equivalent mining height theory” can be used to calculate the
surface subsidence of solid filling mining (Li et al., 2020b). The
determination of “equivalent mining height” is mainly affected by
three aspects: the subsidence of the immediate roof of the working
face after mining and before gangue filling, the filling rate of the
filling body in the filling process, and the compression of the
filling body after filling (Wang et al., 2019).

In solid filling mining, on the premise of ensuring the roof-
contacted filling rate, the surface subsidence is mainly affected by
the filling rate of the filling body and the compression of the filling
body under the compressive stress of the overlying rock after
filling (Li et al., 2020c). The optimization of the particle size
gradation of the filling body can greatly improve the filling rate of
the filling body and enhance the compressive strength of the
filling body to reduce its amount of compression. Using gangue
with optimized particle size gradation for filling can further
curtail the “equivalent mining height” to achieve better control
of surface deformation and settlement. The filling body of mixed
gangue with equal mass proposed in this study has good grain

FIGURE 14 | Transportation of filing gangue.
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FIGURE 15 | Working face of filling gangue.

gradation, a high roof bonding rate, and a small compaction rate,
which can effectively reduce the “equivalent mining height” and
better reduce the surface deformation. In practical application,
filling body of mixed gangue with equal quality has simple flow
and convenient construction, which has played a guiding role in
the promotion and use of gangue filling mining.

CONCLUSION

Through the screening experiment of gangue filling materials, the
gradation characteristics of washed gangue are optimized to
obtain gradation groups of gangue conforming to engineering
applications. Laboratory specimens of washed gangue,
continuous gradation gangue, and mixed gangue were
prepared by a similar gradation method; their compression
performance was measured; and the following conclusions
were drawn:

1) The screening experiment shows that compared with the ideal
gradation, the content of large particle size of washed gangue
is too much and the content of small particle size is too little,
while the small particle size of crushed gangue is dominant,
but the large particle size content is too little. Combined with
the continuous gradation curve and the gradation of crushed
gangue, it is concluded that the gradation defects of filling
gangue can be promoted by mixing two types of gangue with
equal quality.

The list bulk density of gangue varies in the range of
14-20 kN/m3, and the degrees of relative compaction of
washed gangue, continuous graded gangue, and mixed
gangue are 1.33, 1.24-1.27, and 1.226, respectively. The
degree of relative compaction of the gangue filling body
decreases significantly after optimizing gangue gradation.
The stress-strain curve of gangue is nonlinear and can be
described by a three-factor logarithmic function model. With
the change in stress, the final compression rate of continuously

2)

3)

graded gangue is 70-80% and that of mixed gangue is 75-85%.
After optimizing gangue gradation, the compression of the
gangue filling body is significantly reduced.

According to the experimental results, when the compressive
stress reaches 2 MPa, the constitutive model of the filling body
is expressed by a nonlinear elastic model, and the relationship
between the deformation modulus and compressive stress is
described by linear fitting. With the change in compressive
stress, the deformation modulus of washed gangue is
26-100 MPa, the final deformation modulus of continuous
graded gangue is 21-140 MPa, and the deformation modulus
of mixed gangue is 23-135MPa. The anti-compression
properties of the gangue filling body are significantly
improved after optimizing the gradation of gangue.

The filling body of mixed gangue composed of washed gangue
and crushed gangue with equal quality significantly improves
its compressive strength and reduces its compression amount.
Although it is not the optimal grain gradation, it is considered
that mixed gangue is the optimal gangue filling material
considering the convenience of on-site construction.

4)

5)
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