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In the process of filling the goaf of Huashugou copper mine, the filling aggregate was the
mine’s self-produced copper flotation tailings. The physical and chemical property tests
showed that the tailings were relatively fine, and the cumulative contents of the 7.5, 15, 80,
and 90 um particles were 56.99, 79.46, 99.88, and 100%, respectively. PSA42.5 Portland
slag cement was selected as the cementing material for the tests. The amount of finely
ground blast furnace slag added to the cement was 20-50%. The filling test blocks of all
proportions were demolded within 24-36 h, and the integrity of the formed filling bodies
was satisfactory. Among them, the uniaxial compressive strength of the test block formed
by the filling slurry with a tailings-to-cement ratio of 3/1 and a concentration of 74% after 3,
7, 28, and 60days reached 0.833, 2.026, 4.520, and 6.560 MPa, respectively. The
strengths of the other filling blocks also met the engineering design requirements. Based
on the statistical regression analysis method, the influences of the slag cement content x-
and the tailings water content x2 on the filing body’s strength 6 were analyzed. The
regression calculation also considered the interaction between x1 and 2z, and the obtained
multiple nonlinear regression model successfully predicted 6. In production and
application, the large density of tailings would accelerate their settling, which could
easily cause blockage during the transportation of filing slurry through the pipeline.
Regarding a series of existing filing materials and technical conditions, the filling
process investigated in this study overcomes several unfavorable conditions. Using
advanced and reliable technology and an industrial filling pump with a delivery
pressure of 10 MPa, the prepared filing slurry concentration was 68-72% and the flow
rate was 56-79 m>/h. The tailings and PSA42.5 Portland slag cement combined quite well.
The filling body in the goaf demonstrated excellent homogeneity, and the various industrial
indicators met the technical requirements for mining deposits. The preparation of high-
quality filling materials with a smooth filing process has played a positive role in the
prevention and treatment of surface mountain cracks and collapse during underground
mining in high-altitude areas.

Keywords: high-altitude mine, portland slag cement, surface collapse and damage, blast furnace slag,
environmental protection
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INTRODUCTION

When using a mine’s own tailings for goaf filling, the supply of
tailings should be convenient and sufficient. In addition, the
physical and mechanical properties of the cemented filling
materials should satisfy the technical requirements and should
ultimately have a certain technological and economic
competitiveness (Behera et al., 2019; Zheng and Li, 2020). In
the search for technically feasible, safe, and reliable filling
materials, many recent studies have conducted relevant filling
material development and performance analysis, and they have
achieved some progress in developing economically viable filling
materials (Chen et al., 2020; Li et al., 2020). For example, in terms
of block stone cemented filling materials, several studies have
optimized the gradation of the waste rock produced during the
mining process, compared and verified the combination of
different tailings and stone contents, and obtained a filling
material with a better density (Wu et al.,, 2021). In the high-
grade iron ore mining process in the Ukrainian PJSC zaporizhzha
and Pivdenno-Bilozerske mines, cemented rock fill materials
were used for goaf filling, which provided stable surrounding
rock conditions for safe production, reduced industrial waste
emissions, and inhibited surface subsidence hazards (Oleg et al.,
2021). To obtain filling materials with stable mechanical
properties, several researchers have comprehensively studied
the interaction between cemented filling bodies and rock
interfaces, analyzed the factors influencing the fracture
toughness, and established a theoretical basis for the resource
utilization of mining solid waste (Fang and Mamadou, 2020). In
the treatment of ultra-fine particle tailing backfill materials, some
researchers have adopted the method of flocculation and
sedimentation of fine-particle tailings to accelerate the
concentration of the tailings. This enabled the fine particle
tailing mortar to reach the concentration required for the
process in a shorter period. Combining the filling mortar and
cementitious materials in a certain ratio can form a filling body
with a strength suitable for the mining approach, thereby creating
feasible conditions for the preparation of the filling slurry (Cui,
2018; Zhao et al., 2020).

When using tailings and cementitious materials to prepare a
filling slurry, due to the particularity of the physical and chemical
properties of the tailings, the mechanical properties of the filling
formed by the combination of fine particle tailings and
cementitious materials are less ideal, and the low strength of
the filling body will affect the subsequent mining process (Na
etal, 2021; chao et al.,, 2020). For example, the low strength of the
filling body can cause many safety problems in the roof of the
large section of roadway and in the chamber roof in the high
stress area. The filling body can collapse after being exposed
through mining of the adjacent pillar. This can affect the ore
extraction operation of the scraper and the subsequent ore grade,
which can in turn reduce the beneficiation efficiency and increase
the beneficiation costs. The filling slurry cannot become
consolidated and harden normally for a long time after
entering the goaf, which can cause the filling retaining wall to
exhibit excessive hydrostatic pressure and potentially crack. To
address these problems, several researchers have optimized and
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developed filling materials for the specific conditions of mine
filling projects (Ouattara et al., 2018; Zhang et al.,, 2020). In
studies focused on improving the strength of the filling body,
researchers have optimized the combination of different filling
aggregates. Based on theoretical analysis and experimental
verification, the densities and mechanical strengths of the
filling materials were improved, and the effect of the filling
bodies on maintaining the stability of the rock formation was
also improved (Wenbin et al., 2021; Zhang et al., 2021). In the
evaluation of the in-situ performance of cement paste, researchers
have developed a curing under applied pressure system (CUAPS)
to understand the consolidation behavior of in-situ cement paste
materials in field tests (Bruno et al., 2010). In split Hopkinson
pressure bar (SHPB) tests of the dynamic mechanical behavior of
cemented backfill materials, it has been shown that the failure
mode of cemented backfill materials is similar to that of low-
strength concrete. This finding can be used to guide the strength
design of deep mining backfill (Tan et al., 2019). For a similar
case, another study tested the geotechnical characteristics of peat-
based cover materials. The test items included the properties of
compaction, consolidation, and hydraulic and thermal
conductivities. These methods provide a reference for studies
of the performances of filling bodies (Khoshand and Fall, 2016).

The stability of the backfill is an important part of the backfill’s
stop design. A good backfill can effectively protect the pillar and
roof from being damaged. In view of the stability of the backfill,
some researchers have determined the aspect ratio H/B of the
stope workspace and have verified the calculations through field
implementation (Li and Aubertin, 2012). Based on a dynamic
model of blasting vibration monitoring of mine backfill and field
instruments, it is possible to use blasting vibration data to
understand the state of the backfill, which can be used to
effectively deal with the adverse consequences of backfill
damage (Emad et al, 2018). Regarding the influence of
blasting vibrations on filling damage, several researchers have
used dynamic numerical simulations to characterize the blasting
vibrations and have confirmed that they are the main reason for
the wedge-shaped damage to the filling body (Zaka and
MitriHani, 2014). In terms of blasting vibration damage of
cemented rock fill (CRF), related studies have utilized
monitoring blasting vibrations to evaluate the stability of CRF
and have provided a theoretical basis for related drilling and
blasting mining design (Emad et al., 2015). In terms of improving
the stability of the filling body, a previous study adopted several
feasible techniques to strengthen the filling body, which greatly
reduced the probability of the collapse of the filling body (Emad
et al, 2012). For example, in terms of shortening the
consolidation and hardening time of the cemented filling
slurry, the addition of fillers/additives and microscopic analysis
provided a basis for accelerating the consolidation and hardening
of the filling slurry (Belem et al., 2001; Benzaazoua et al., 2004; XU
et al., 2017). Regarding cemented backfill with a high sulfur
content, some researchers have analyzed multiple aspects
(involving physics, chemistry, and mineralogy) and proposed
feasible ideas for improving the performance of the backfill
(Benzaazoua et al, 1999). Regarding the influence of sulfate-
rich mine water on the mechanical behavior of cemented paste
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backfill (CPB), researchers have immersed CPB samples in sulfate
solutions of different concentrations (0, 0.1, 1, and 10 g/L). By
testing the strength of each curing time, the microstructure
changes of the CPB were observed. This study revealed the
significant influence of the sulfate concentration on the
formation and crystallization of hydration products and
provided several reasonable suggestions for the engineering
design of goaf filling (Belem et al., 2000).

To make full use of the limited mineral resources, properly
disposing of the solid waste generated in the production processes
in metal and non-metal mines can avoid subsequent
environmental pollution and achieve safe production of
mineral deposits. As an important means of preventing and
managing the potential risks of environmental pollution in
mines, the current filling mining technique has become one of
the main techniques used in various mines (Deng et al., 2014). In
the mining of deep mineral resources, in the face of more complex
rock mechanics conditions, underground mining can encounter
many unknown difficulties. Thus, it is essential to improve goaf
filling and its maintenance in order to create a safe working
environment for daily production (Cai and Brown, 2017). Among
various mining methods, the filling method combines the output
of coal gangue or tailings with the formation of the goaf, creating
a circular relationship between the supply and demand. The
feedback is to provide enterprises with a positive state of
environmental safety and efficient ore recovery (Lu and Fall,
2018). In view of the many advantages of backfill mining, the
related research has gradually received extensive attention (for
both metal and non-metal mines), and scientific research on the
properties of various materials and engineering conditions is
making positive progress (Sun and Ren, 2012). The
Huashugou copper mine in the Jingtieshan mining area of the
Jiuquan Iron and Steel Group in Gansu Province is a high
mountain area located in the western part of the North Qilian
Mountains, with an altitude of 2,700-3,200 m, a relative elevation
difference of about 500 m, and an average slope of 48°. To better
recover the copper resources, filling mining was implemented in
the Huashugou copper mine to mine the ore body in order to
achieve the purpose of timely backfilling of the goaf and reducing
the tailings discharge (Liang et al., 2013; Wang, 2013; Ran et al,
2014). From the perspective of environmental protection and
comprehensive utilization of minerals, the application of this
approach has played a positive role in the sustainable
development of mines.

MATERIALS AND METHODS

Tailings

The experiments used tailings as the aggregate of the filling
materials. The tailings were obtained from the copper
concentrator plant (with an annual copper ore processing
capacity of 300,000 t) of the Jingtieshan iron mine. In order to
easily obtain the typical tailing samples on site, the tailing mortar
was discharged into several 75 L plastic buckets with DN50 plastic
pipes at different time intervals during the normal operation of
the mine’s concentrator for 3-5days. After filling the plastic
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FIGURE 1 | The tailing was dried in the laboratory.

buckets with low concentrations of tailing mortar, the plastic
buckets were gradually tilted after a period of natural
sedimentation (until the tailing particles no longer moved and
settled) to allow the water in the upper part of the buckets to flow
out slowly. To make the sampled tailings more representative, the
operation of this process needs to be stable and orderly to avoid
the loss of fine particle tailings. The tailings in each plastic bucket
were collected and bagged in three layers of woven bags with
inner bile. After completing the sample collection, all of the
samples were transported by car to the laboratory in
Changsha. In preparation for the experiments, all of the
samples were oven-dried, sun-dried, and evenly mixed. Before
test, the tailing was naturally dried in the laboratory, as shown in
Figure 1.

To ensure that the test results were representative, the sun-
dried tailings used for the physical and chemical properties test
were sampled using the quartile method. The physical properties
of the tailings have a great impact on the performance of the
filling materials. After several multi-point sampling
measurements, representative data were obtained. The
measurement results for the commonly used physical
properties are presented in Table 1. The chemical composition
of tailings is shown in Figure 2. After even mixing, the particle
size distribution of the tailings was measured using a Malvern
2000 laser particle size analyzer. The particle size distribution is
presented in Figure3.

Combined with the on-site filling process, because the
concentration of tailing delivered from the copper
concentrator plant to the filling station is about 40%, so in
this paper the tailings were mixed with an appropriate amount
of water to prepare a tailing mortar with a concentration of 40%.
The natural sedimentation parameters of the tailing mortar were
measured. For more close to the actual production situation, the
changes in the final concentration and bulk density of the tailings
mortar after 24h of natural sedimentation are displayed in
Figure 4. As shown in Figure 4A, the sedimentation
concentration of tailings with initial concentration of 40%
increase with time. The concentration is linear with
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TABLE 1 | Test results of the physical properties of the tailings.

Density Loose bulk Compacted bulk
density (/m°) density (t/m°)
2.963 1.298 1.695
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FIGURE 2 | Chemical composition of tailings.
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FIGURE 3 | Particle size distribution of the tailings.

sedimentation time from 1 to 600 s. The settling velocity of the
tailing mortar is obviously accelerated, the trend of settling curve
becomes steeper, inflection point of rise appears, and the settling
concentration increases greatly from 600 to 1150 s. After 1,150 s,
the settlement velocity slows down and reaches the final
settlement state. The settlement concentration is close to
67.7% after 24 h. As can be seen from the curve in Figure 4B,
the settlement bulk density basically follows the same variation
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FIGURE 4 | Changes in the slurry concentration and bulk density.

trend as the settlement concentration. Similarly, after 24 h of
natural settlement, the settlement bulk density is 1.951 g/cm”.

Cement

In the proportioning test, we used cement as the filling and
cementing material. The cement named as Gobi P.S.A 42.5
Portland slag cement was produced by the Hongda Building
Materials Co., Ltd., JISCO Group. After sampling the standard
packaged cement, a series of laboratory tests was conducted to
determine the properties of the cement, (e.g., density, loose bulk
density, compacted bulk density, and angle of repose of natural
accumulation). Then, the maximum and minimum porosities
were calculated. The chemical composition of cement is shown in
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FIGURE 5 | The chemical composition of cement.

Figure 5. Through testing and data analysis, the basic physical
properties of the cement were obtained (Table 2).

Tailings Water

The water used to make the cemented filling test blocks was the
tailing water discharged from the Jingtieshan Copper Mine
Concentrator. After the basic performance index tests, the
density of the tailings water after beneficiation is basically 1 g/
cm?, the pH value is about 6.9. The water was neutral, and the
water temperature during the test was 18-22°C. The collection of
tailing water is shown in Figure 6.

LABORATORY FILLING SLURRY
PREPARATION AND FILLING BODY
PERFORMANCE TESTS

Filling Slurry

In the proportioning test of the filling materials conducted in the
laboratory, the tailings from the copper concentrator were used as
the filling aggregate. Gobi brand P.S.A42.5 Portland slag cement
was used as the filling and cementing material; and the water used
to make the test blocks was the tailings water from the
concentrator. Combined with the mining conditions of the
deposit, according to the main factors affecting the mechanical
properties of the filling materials and the slurry flow performance
during the transportation process, the tests included three groups
of filling slurry with concentrations of 70-74% at equal intervals,
and four tailings-to-cement ratios of 3:1, 4:1, 6:1, and 8:1. Since
the test materials were all fine-grained materials, the size of the
test blocks were cubes with a side length of 70.7 mm. After

FIGURE 6 | The cistern of tailing water.

loading all of the materials into the same container and
mixing evenly, the test blocks were poured in stages and
placed statically. Stage controlled backfilling method is
adopted and then the strength of filling body is not strict.
Therefore, in the process of laboratory test, the fabricated test
block was demolded within 24-36 h, which did not affect the
mining technology requirements. The text blocks were demolded
according to the consolidation and hardening conditions (more
than 24 h), and the temperature of the laboratory curing box was
adjusted to 18-22°C. After regular moisturizing and curing at the
corresponding times, we used an NYL-300 concrete compression
testing machine to test the uniaxial compressive strength of each
test block.

By combining the basic physical properties of the test
materials, the bulk density parameters of the filling slurry were
calculated. The material preparation and consumption of the test
materials are presented in Table 3. The materials were uniformly
mixed in the laboratory, and the filling slurry after fully mixing is
shown in Figure 7A. A filling test block made using the triple
concrete test mold is shown in Figure 7B.

Filling Performance Tests

After curing the cemented filling body test blocks in the curing
box for 3, 7, 28, and 60 days, the test blocks were taken out of the
curing box. The unconfined uniaxial compressive strengths of the
filling body test blocks corresponding to each curing time were
tested. The strength parameters of the different filling body test
blocks were obtained through experiments. After summarizing
and sorting, mathematical methods were used to perform
statistical analysis, and the variation in the strength of the
filling body under different conditions was analyzed. By
keeping the tailings-to-cement ratio of the filling material
constant, the variation in the strength of the test blocks of
each concentration and curing time is shown in Figure 8.

TABLE 2 | Measurement of the physical properties of the cement.

Density Loose bulk Compacted bulk
density (/m°%) density (t/m°)
3.132 1.298 1.785

Maximum porosity Minimum porosity Angle of
(%) (%) repose ()
58.55 43.01 39.7
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TABLE 3 | Preparation and consumption of the filling materials.

Filling Treatment of Surface Subsidence

No. Water/cement Cement/tailings Water/(cement + Bulk density Material consumption (kg/ma)
tailings) tm®) Water Tailings Cement

1 1.714 0.333 0.428 1.876 563 985 328
2 1.555 0.333 0.389 1.924 539 1,039 346
3 1.405 0.333 0.351 1.975 513 1,096 365
4 2.142 0.250 0.428 1.874 562 1,049 262
5 1.944 0.250 0.389 1.922 538 1,107 277
6 1.756 0.250 0.351 1.972 513 1,168 292
7 3.000 0.167 0.428 1.871 561 1,123 187
8 2.722 0.167 0.389 1.919 537 1,184 197
9 2.459 0.167 0.351 1.969 512 1,249 208
10 3.857 0.125 0.428 1.870 561 1,163 145
11 3.500 0.125 0.389 1.917 537 1,227 153
12 3.162 0.125 0.351 1.968 512 1,294 162

Fully-stirred filling slurry

FIGURE 7 | Filing slurry stirring and test block production.

Filling test block for pouring the test mold

When the concentration of the filling slurry is kept constant, the
change in the strength of the test block for each curing time with a
given tailings-to-cement ratio is presented in Figure 9. For the
filling test blocks with the same curing time, the variation in the
strength of the test blocks of each concentration with the tailings-
to-cement ratio is illustrated in Figure 10.

To understand the influences of the different factors on the
strength of the filling body, the cement-tailings ratio x1 and the
concentration of the filling slurry x, were taken as independent
variables, and the interaction between the cement-tailings ratio x
and the concentration of the filling slurry x, was also considered.
In addition, the day 3, day 7, day 28, and day 60 uniaxial
compressive strengths of the test blocks Oos, Oo7, Oz2s, and Oeo
were used as dependent variables. At the initial stage of the
original data induction and arrangement, the relevant data should
be listed in the spreadsheet. The strength of the backfill
corresponding to the specific cement-sand ratio and the
concentration of the backfill slurry should be listed. The
strength samples at the same curing age should be grouped
into a column to clarify the strict correspondence between the
data. Using data processing methods similar to those described in
previous studies, the statistical regression analysis of the test
parameters was performed using mathematical software, e.g.,
Excel or Matlab (Quan et al., 2007; Qiao et al., 2019; de Souza
et al.,, 2021; Freise et al., 2021). Regression statistical analysis is

shown in Table 4. The analytical relationships between the
uniaxial compressive strength and the influencing factors of
each group of filling test blocks were established. The obtained
multiple regression equation for the strength of the filling body is
presented in Table 5.

FIELD FILLING INDUSTRIAL TEST AND
RESULT ANALYSIS

Field Filling Industrial Test

In the industrial testing stage of the filling, when the tailings
entering process was completed, after a period of natural
sedimentation, the concentration of the tailing mortar was
increased after deposition. A certain amount of water was
secreted from the upper part, and the sidewalls of the tailings
silo were opened row by row from top to bottom. The stepped
drain valve gradually drained part of the clarified water from the
upper part of the tailings mortar, leaving some for the slurry
adjustment and concentration adjustment. Then, the air
compressor was turned on to compress the tailings mortar in
the horizontal sand silo. After about 40-50 min, the tailings
mortar throughout the entire horizontal sand silo exhibited a
uniform boiling state and became a porridge-like fluid, which
rolled up and down due to the agitation of the bubbles. At this
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time, the liquefaction of the tailings mortar was completely
uniform. Then, the sand discharge valve at the bottom of the
horizontal sand silo was opened to discharge the sand. The flow
chat of filling process is shown in Figure 11.

The uniform activation and stirring of the two-stage
mixer after the addition of the cement enabled the filling
slurry to flow into the suction tank of the filling industrial
pump. After being pressurized by the filling industrial pump,
it was transported to the distant goaf for cementation and
filling. The first phase filling slurry preparation station was
located in a huge mountain with an altitude of +2,880 m. The
equipment in the filling slurry preparation station was
located in a large rock chamber. The equipment in the
chamber is shown in Figure 12. The underground cement
silo fed the horizontal mixer through a screw conveyor and
an electronic scale. The cement silo and screw conveyor are
shown in Figure 13. The connecting roadway at the end of
the goaf was filled with a brick filling retaining wall. Three
DN150 pipelines were installed on the retaining wall as
observation tubes.

Filling Operation and Result Analysis
Throughout the period of filling operations and adjustments, the

downhole filling system underwent a smooth process and the
technical conditions were sufficient for long-term operation.
When the material supply was sufficient, the filling system
fully satisfied the filling capacity requirements of the goaf
generated by the mining and a separation capacity of
300,000 t/a of copper ore. The horizontal sand silo had a sand
concentration of 40-47%. After 8-12h of flocculation and
sedimentation, the sand concentration basically stabilized at
about 65-69% for a long time. The flow rate was controlled at
around 65-75 m’/h through the control valve, and the
concentration of the filling slurry was approximately 71%.
After adding PSA42.5 Portland slag cement, the hydration
reaction of the cement was sufficient, and the flow rate of the
filling slurry after the addition of the cement also increased.
When the filling slurry passed through the filling retaining wall, a
higher tailings-to-cement ratio of 3:1-4:1 was used (i.e., the
cement content of the dry material was 25-20%), and the
increase in the height of the filling slurry level was controlled
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FIGURE 9 | Change in the strength of the test blocks with the tailings-to-
cement ratio at different curing times for a given concentration.

at 1.85-2.25 m. In each stage of the filling operation, there was no
slurry leakage around the filling retaining wall, indicating that the
surface of the filling retaining wall and the surrounding rock wall

Filling Treatment of Surface Subsidence

were maintained by the M7.5 sprayed cement mortar. The cracks
were filled, and it was difficult for the water in the filling slurry to
flow out of the periphery. Thus, the filling retaining wall was
relatively stable.

After several episodes of operation and adjustment, the filling
system was able to operate stably for a long time. For the case of
two 8 h shifts per day, the working conditions of the equipment
were good and the filling efficiency was fully reflected. By
measuring the exposed filling body within a height of 1.5-8 m
from the bottom, the strength of the filling body test block was
determined to be 2.75-4.65 MPa. The integrity of the filling body
was intact, and its color was grayish brown and grayish white. The
filling body did not collapse when the self-standing height
exceeded 20 m. From the perspective of the fracture feel of the
unexposed part, the filling body was relatively hard and dense,
with a bulk density of about 1.87-2.15g/cm’. An accidental
shutdown was caused by a cement supply problem, and the
production had to be suspended. This means that when the
supply of various filling materials is sufficient, the filling
system can operate for a long time.

DISCUSSION

1) On the basis of uniform sampling and testing, the relevant
physical properties of the copper flotation tailings were
obtained. According to the results of the laser particle size
tests, the content of the 7.5 um particles in the tailings from
the Huashugou copper mine was relatively high, with
fractional and cumulative contents of 26.53 and 56.99%,
respectively. The fractional and cumulative contents of the
15um particles were 6.46 and 79.46%, respectively. The
fractional and cumulative contents of the 80 um particles
were 1.43 and 99.88%, respectively. When the particle size
was 90 um, the cumulative content of the particles reached
100%. Therefore, the tailings were extremely fine-grained
tailings (ie, less than 90um). In the pipeline
transportation process, very fine particle tailings typically
have a strong viscosity, so the tailings can easily adhere to
the pipe wall and reduce the cross-sectional area of the
transportation pipeline. At this time, the transportation
pipeline’s pressure will increase sharply. In the process of
selecting a filling slurry conveying pump, after considering
this problem, an industrial filling pump with an outlet
pressure of greater than 10 MPa was selected. Based on the
daily production situation, the prepared filling slurry delivery
conditions were normal. The conveying flow and pressure
were normal and stable. In the preliminary filling process, the
height difference of the filling pipeline is not large, and the
conveying distance is about 450-1,000 m. With the increase of
the mining depth, the conveying resistance of the filling slurry
will be further reduced. Therefore, the filling industrial pump
with the outlet pressure of 10 MPa can meet the technical
requirements of the filling process.

2) During the natural sedimentation of the tailings with an initial
concentration of 40%, as the settling time increased, due to the
combined actions of gravity and buoyancy of the tailings
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FIGURE 10 | Change in the strength of test blocks with different concentrations with tailings-to-cement ratios for a given curing time.

amount of slurry decreased with the continuous settlement of

TABLE 4 | Regression statistics. . .
the tailings. When the pores of the tailings were completely

Regression analysis Geo Gor Oz Oeo filled with water, the total amount of tailings mortar was
Muttiple R 0096502  0.095982 0986532  0.989930 constant. Throughou.t‘the entire sedlmenta'Flon process, the
R? 0993196 0991981 0973245  0.979961 trends of both the tailings slurry concentration and the bulk
Adjusted R? 0.986393 0983962  0.946489  0.959922 density of the slurry gradually reached their maximums. In the
Standard error 0027637 0073348 0276656 0355912 natural settlement procesof tailings, under the combined
Observed value 11 11 11 11

action of self-gravity and buoyancy of slurry paste, the
large particles precipitate in advance, and the small
particles settle gradually. With the increasing pressure

particles, the initial slurry buoyancy was small due to the low
concentration, so the tailings particles settled faster. As the
slurry concentration continued to increase, the buoyancy of
the slurry caused by the tailings particles during the
sedimentation process also increased and the settling speed
gradually decreased. Therefore, the net increment of water
initially increased and then decreased. The total amount of
water increased to the maximum and then stabilized. The

3)

between settling particles, the pore volume between the
tailings graduallydecrease, thus increasing the bulk density
of the tailings. In the production process, flocculant is always
added to speed up the settling speed of small particles tailings
to meet the daily production demand.

After evenly mixing the tailings and slag cement with the
tailings water, the filling slurries with different mixing ratios
were prepared and poured into 70.7 mm® cube test blocks to
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TABLE 5 | Multiple regression equation for the strength of the filling body at different curing times.

No. Regression models

1 0oz = 13.5672-27.984x1—35.916x2+13.6323x1x1+23.9709x2x2+36.9638x1x2
2 Oo7 = 0.55438—36.832)(1—1 6721 xz+29.2287)(1)(1+1 .64595X2X2+49.5529)(1X2
3 028 = 4.19585-84.865x1—10.510x2+62.3888X1x1+7.83846x2x2+112.936x1x2
4 Oe0 = 36.3514-117.77x1-98.950x2+124.100x1x1+70.757 7 x2x2+141.086x1x2
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FIGURE 11 | Flow chat of filing process.
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piston pump mined-out area

FIGURE 12 | Part of the filing equipment chamber.

test their mechanical properties. For each group of test blocks
with different curing times, the test results suggest that as the
slag cement content increases and the water content decreases,
the uniaxial compressive strength of the filling body increases.
The slag cement content plays the dominant role in the
strength of the filling body, while the addition of tailings
water has little effect on the strength of the filling body. In the
statistical analysis of the strength test results of the cemented
filling body, the slag cement content (cement-to-tailings ratio)

FIGURE 13 | Quantitative feeding of the underground cement silo.

4)

x1 and the tailings water content (filler slurry concentration)
X2 were taken as two independent variables, and the
interaction between the independent variables was taken
into account. Multivariate non-linear statistical regression
analysis was conducted to obtain the uniaxial compressive
strengths of the cemented filling bodies Oos, Go7, 028, and Oeo at
3, 7, 28, and 60 days, respectively.

Taken the variation characteristics and influencing factors of
backfill strength into account, the value of significance level a
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was set as 0.05. n-m-1 = 11-2-1 = 8, where n and m were the
number of samples tested and the dimension of unknown
quantity respectively. As can be seen from the “Correlation
coefficient Critical value Table”, Ry ¢5(8) is equal to 0.6319. For
the 3,7, 28 and 60 days strength of the backfill, Ry; = 0.996592,
Ry; = 0.995982, Ryg = 0.986532, Rgy = 0.989930, which are
greater than Ry ¢5(8). It indicates that the regression Equations
1 and 2, 3 and 4 are significant at the level of & = 0.05. That is
to say, the cemence-sand ratio and the filling slurry
concentration have a significant effect on the strength of
the backfill. Through the above correlation coefficient
analysis, it can be well explained that the multiple
regression model of uniaxial compressive strength at each
curing age is of good feasibility, which can provide relevant
theoretical basis for the future detection of filling quality.
In the daily operation of the filling system, the long-distance
pipeline transportation process of the tail mortar was
relatively stable, and there was basically no large-scale pipe
blockage accident. In the process of pumping and conveying
the filling slurry, due to the finer tailings and cement particles,
the prepared filling slurry adhered to the inner wall of the
pipeline, which reduced the friction of the filling particles with
the inner wall of the pipeline and protected the pipeline.
During the disassembly inspection of the seamless steel pipes
on site, it was found that the filling pipes were less worn.
Taking into account the field industrial conditions, the annual
ore processing capacity of the Huashugou copper mine is
300,000t of copper ore, and the annual discharge of the
tailings is 277,200 t. By adopting the filling method, about
103950 t of copper ore flotation tailings can be continuously
filled underground, which can greatly reduce the damage
caused to the ecological environment by the tailings
discharge, and a large amount of solid waste can be
properly treated. After goaf filling, the surrounding broken
rock strata can be supported and maintained by high-quality
fillings. The fillings can absorb a large amount of the high
stress transferred from the strata. Therefore, the movement of
the underground strata will decrease and gradually disappear.
The collapse and cracking of the surface mountains in the
mining area can also be effectively resolved.

The goaf filling is adopted to treat the surface collapse in
the underground mining in high altitude areas. Although
this kind of technology has a broad application prospect,
it faces many technical challenges. The climate in high
altitude areas is usually harsh, and the low temperature
environment in winter is extremely unfavorable to the
long-distance pipeline transportation of the filling slurry.
Meanwhile, the mineral composition, physical and
mechanical property of the filling materials have a
great influence on the transportation and mechanical
properties of filling materials, which makes the
application of filling materials limited. However, all
kinds of adverse factors may occur on site, so it is
necessary to consider the physical and chemical
properties of the filling material, the engineering
conditions when select the filling material. The filling

5)

6)
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material can finally obtain a more reliable promotion
value in terms of technology, economy and safety.

CONCLUSIONS

Limited to the field industrial and engineering conditions, the
Huashugou copper mine implemented an underground filling
system for goaf filling. Compared with the ground filling station,
its design and construction are extremely difficult. This project is
typical of similar engineering conditions. It is an underground full
tailings-cement cementing filling system, which is rare in China
and abroad. The project successfully filled the copper tailings in
an underground alpine cold region, and the harmless utilization
rate of the tailings filling was about 60%. The remaining 40% of
the tailings were filtered or dry piled, and all of the tailings were
treated to achieve harmlessness, thus playing an active role in
environmental protection and pollution prevention.

Another difference between the underground filling system
and the surface filling station is that because it is deeply buried in
a huge mountain, the daily production, construction, and
operation spaces are narrow and compact, and the light and
ventilation conditions are far poorer than those on the surface.
The sensory perspective of the operator is limited. Because these
various unfavorable factors will have a series of negative effects on
people, the system includes high-efficiency ventilation facilities
for pedestrians, lighting, and dust collectors, which improve the
quality of the underground working environment and the safety
of the operators. Therefore, the construction and completion of
the project is innovative.

For the downhole pumping cemented filling system, the safety
and reliability of the pump is the key to the smooth operation of
the entire system. The particle gradation of the total tailings-
cement mixture slurry of the Huashugou copper mine is relatively
reasonable, and the formed slurry does not have obvious
segregation, which is convenient for pipeline pumping and
conveying. After the filling slurry enters the goaf, it can
basically be consolidated and hardened within 24-36h, and
the resulting filling body has uniform and reliable mechanical
properties, which meet the double-layer technical requirements
of large-scale copper deposit mining and bulk mine industrial
solid waste disposal.
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