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Abstract: The backfill mining method transports treated tailings to the mined-out area, which not only
improves the surrounding environment of the mine but also enables the mined-out area to continue
mining and production under the support of the filling body. However, with the growth in the depth
and scale of mining, ground subsidence, and backfill deformation are becoming increasingly serious
problems. As an example, in the Jinchuan mine, a typical multi-stage filling mining mine in China,
the deformation law of surface rock mass and backfill are studied through a method combining
field monitoring and numerical simulation. The major findings are as follows: (a) A settlement
funnel is formed on the ground, and its radius gradually expands with continuous mining and filling.
The location of the settlement center moves toward the surface above the footwall of the ore body,
and the maximum subsidence reaches 739 mm in 14.5 years. (b) Three-section mining significantly
affects the surface deformation, and the single subsidence center on the upper wall develops into
the double subsidence center with the mining and filling. When the three-section mining is finished,
the maximum value of the surface subsidence reaches about 1.35 m and the mining area is still in a
relatively stable state. (c) The whole filling body presents obvious subsidence, with the development
of the multi-stage mining and filling. Bed separation phenomena are found between the filling layers,
and the closer to the interior, the more obvious it becomes. The backfill’s subsidence characteristics
are similar to the surface’s; that is, both the subsidence amount and speed are higher on the hanging
wall than on the footwall. (d) The backfill mainly shrinks inward in the horizontal direction, and
the deformation is mainly manifested as an internal uplift and an external subsidence in the vertical
direction. The mass instability of the backfill is difficult because of the insufficient deformation
space, and the influence of large-scale deformation on the mining and overlying strata needs to be
considered, as well as the local deformation near the rock contact zone surrounding the backfill. The
results provide technical support for filling mining in the Jinchuan mine and provide a reference for
other projects with similar engineering conditions.

Keywords: backfill mining method; multi-stage mining; Jinchuan mine; surface movement; filling
body stability

1. Introduction

With the continuous development of the economy, the demand for resources is grad-
ually increasing. As shallow resources are exhausted around the world, mining must
advance deeper into the earth [1,2]. As a green mining method, the backfill method has
been increasingly used [3,4]. The filling body supports the goaf together with the sur-
rounding rock and controls the surface subsidence as a substitute for the ore body after
cementing with the surrounding rock [5]. However, due to the continuous deterioration
of the mining environment and the influence of multi-stage mining disturbances, serious
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surface subsidence and collapse accidents still occur in mines using the backfill method [6].
Therefore, it is very important for mine safety to master the law of surface subsidence and
backfill deformation in multi-stage mining.

The ground subsidence caused by underground mineral resources mining is not only
a regional engineering geological disaster but also a complex rock-mechanics problem [7,8].
In terms of the risk assessment of mine-surface subsidence, some researchers analyze
the risks according to historical deformation data, ground cracks, surface morphology,
or surface building deformation [9,10]. Some researchers have adopted the statistical
method, the grey correlation analysis method, the probability integration method, the fuzzy
comprehensive evaluation method, the Geographic Information System (GIS), and other
methods [11,12]. As for the mechanism of surface subsidence in metal mines, previous
research results have shown that the extraction of underground minerals makes room for
surrounding rock deformation, and the deformations are continuously transferred to the
surface, which causes ground subsidence [13-17]. In terms of backfill stability, scholars
have carried out a large number of studies on the material ratio, deformation characteristics,
the failure law of the backfill through on-site monitoring, and laboratory tests [18-20]. It
was found that the filling body absorbs and transfers the ground pressure and creates a
supporting force at the same time after it is filled into the goaf, which is very helpful for
stope stability [21-27]. Moreover, increasing mining times can greatly promote the balance
of the backfill and surrounding rock, which can improve mine safety [28-30].

In sum, researchers have recognized that surface subsidence and backfill deformation
are crucial to the overall stability of the mine and have carried out many studies on these
issues, but there are still few studies performed in the multi-stage mining environment.
Therefore, taking Jinchuan mine, a typical multi-stage filling mining mine, as an example,
based on detailed field investigation, the deformation law of the surface rock mass and
backfill are studied using a method combining field monitoring and numerical simulation.
The results provide technical support for filling mining in the Jinchuan mine and provide a
reference for other projects with similar engineering conditions.

2. The Study Area

Jinchuan mine, located in Gansu Province, China, is the third-largest copper-nickel
deposit in the world and has high economic benefits and strategic significance [31]. Because
it is located at the junction of tectonic units, this area has special engineering geological
conditions such as intense tectonic movement, high in situ stress, developed rock fissures,
and poor overall stability. The terrain is generally high in elevation in the north and low in
the east, with a slope of 8-12°, and the average elevation is 1750 m [32].

As shown in Figure 1, the Jinchuan mine can be divided into four mining areas from
west to east. As the object of this study, the orebody in mining area No. 3 is inclined to the
southwest, with a dip angle of 25-65° and a total length of 1300 m. The maximum thickness
of the orebody is about 120 m, and the top pinch-out end of the orebody is about 200 m
from the surface [33].

Downward filling mining has been adopted in mining area No. 3 for several decades,
resulting in the formation of a filling body with a huge volume in the goaf. In order to
further improve the mining efficiency, several working faces have been set up, and the
typical cutaway schematic drawing and mining sequence are shown in Figure 2. The
height of a single section is 20 m, and each section is divided into five sublevels with
heights of 4 m [34]. Single sub-level mining was used in stages 1, 2, and 4, while double
sub-level mining was used in stage 2 and triple sub-level mining was used in stage 5.
Under the influence of multi-stage mining disturbance, surface deformation and filling
body destruction have been found in the study area. As a complex regional system, the
stability of the ground rock mass and backfill under multi-stage mining is an important
problem that the mine confronts.
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Figure 1. Engineering geologic map of Jinchuan Mine.
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Figure 2. Cutaway schematic drawing and mining sequence.

3. Field Monitoring
3.1. Monitoring Method
Surface deformation data can objectively reflect the overall deformation characteristics

of the mine. Historical subsidence records provide essential data to study subsidence evo-
lution. A Global Navigation Satellite System (GNSS) monitoring technique has both high
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precision and efficiency, making it suitable for the large-scale and real-time synchronous
measurement of vertical and horizontal displacements in mining areas.

A GNSS monitoring system was set up in the study area in 2005, and the monitoring
frequency was 6 months. Both a reference net and a deformation net are defined on the
ground surface at the mine, and 229 monitoring points were set up along the dipping
direction of the ore body. The reference net comprises seven benchmarks, which are all
located on the firm bedrock, far away from the mining area.

Z-12-type receivers and antennas (Ashtech Inc., Sunnyvale, CA, USA) were used for
subsidence monitoring. The nominal accuracy of the measurements of horizontal and verti-
cal displacement was 3 mm =+ 0.5 ppm and 5 mm =+ 1 ppm, respectively. For each segment,
the survey time lasted 1-2 h, while the data collection interval was 10 s. Horizontal and
vertical displacements of each monitoring point were calculated for each measuring cycle
using baseline processing, constraint network adjustments, and coordinate conversion.

3.2. Analysis of Surface Subsidence

Taking the monitoring results of the first phase as the base data, surface subsidence
contour maps from 2005 to 2010 and 2005 to 2019 were drawn, as shown in Figure 3.
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Figure 3. Contour map of surface subsidence (unit: mm). (a) Surface subsidence contour map from
May 2005 to November 2010; (b) Surface subsidence contour map from May 2005 to November 2019.

It can be seen from the figure that most monitoring points gradually sink during the
monitoring period, and a few points show an upward trend. With the mining advance, the
accumulated settlement increases continuously, and the subsidence range of the mining
area expands outward. The whole surface appears as a settlement funnel shape centered
on the measuring point 42-12. The settlement of the measuring points near the orebody
is obviously larger than that far away from the orebody, and the maximum subsidence
reaches 739 mm in 14.5 years.

Comparing Figure 3a,b shows that the location of the settlement center had an apparent
movement toward the surface above the footwall of the ore body. Meanwhile, a second
settlement center was formed between monitoring points 42-15 and 42-16. With continuous
excavation, the two settlement centers may melt into a large settlement center in the future.
This may be related to the steeply dipping ore body: the settlement is first developed on
the surface above the mining site.
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3.3. Analysis of Backfill Deformation

In order to master the deformation of the large filling body, three groups of displace-
ment gauges were installed on the +1200 m working plane, corresponding to lines 42, 44,
and 46, which have serious surface subsidence. Considering that the backfill is cemented
with a thickness of 5 m, there will also be differences in deformation between layers. Thus,
three measuring points were designed in each group, with burial depths of 6 m, 10 m, and
14 m, as shown in Figure 4a. The equipment installed in each borehole is a JMDL3205
single-point displacement meter with an aperture of 30 mm. Through on-site data collection
and indoor data processing, the deformation curves are shown in Figure 4b-d.
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Figure 4. In situ deformation monitoring of the backfill. (a) Distribution of the displacement sensors;
(b) Monitoring results of line 42; (c) Monitoring results of line 44; (d) Monitoring results of line 46.

As shown in the figures, for the backfill in line 42, the deformations of each layer
are basically the same at the initial stage of monitoring, which all show compression
deformation; that is to say, the backfill is uplifted as a whole. In the first 200 days of
monitoring, the deformation was large, the deformation speed gradually decreased, and
the backfill tended to be stable after 200 days. The largest deformation, which was about
13 cm, developed in the lower layer backfill.

The deformation law of the backfill body in line 44 is obviously different from that in
line 42. From the beginning of monitoring, the changes in displacement of each measuring
point were not synchronous. The lower filling layer shifted downward, while the upper
filling layer moved upward, which resulted in a prominent bed-separation phenomenon.
During the monitoring period of more than 300 days, the lower backfill continued to sink,
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and the speed gradually slowed down. The maximum deformation value was about 17 cm
when it finally reached stability. After rising for about 225 days, the filling body in the
middle layer showed a slight decline. The upper filling body was uplifted continuously
in the first 125 days, with a maximum uplift of about 9 cm, and then decreased until it
achieved stability. Finally, the filling body presented a three-layer separation state.

The deformation trend of the filling body in line 46 was similar to that in line 44.
Overall, the upper and middle filling layers were uplifted, while the lower filling layer
sank. The difference is that the upper filling body of line 46 continued to be uplifted until
it was stable, without a subsidence trend. During the monitoring time, the uplifts of the
upper and middle backfill layers were each about 11 cm, and the maximum subsidence of
the lower backfill layer was about 6 cm.

4. Numerical Simulation

The numerical simulation method is one of the most important research methods in mine
engineering. Compared with field monitoring, numerical simulation is effective, adjustable,
repeatable, and visible, which can also provide support for on-site monitoring [35,36].

4.1. Model Building

Based on the engineering geological conditions of the study area, a large three-
dimensional numerical model was established using a multi-software modeling method. In
model building, the convenient plane graph-editing function of CAD, the rich 3D-modeling
function of Rhino, the powerful mesh splitting function of ANSYS, and the excellent cal-
culation function of FLAC3P were fully used to ensure the rationality and reliability of
the results.

The model has a size of 3000 m x 3000 m x 800 m, with elevations of 1750 m at the
top and 950 m at the bottom, as shown in Figure 5a. It can be seen from Figure 5b—d
that the numerical model simulates the mine structure and geological conditions well.
There are 137,511 nodes and 807,657 grids in the model. The Z direction in the model is
upright, the X direction is the ore-body strike, and the Y direction is the ore-body dipping
direction. The model contains four kinds of rock—the surrounding rock, rich ore, poor ore,
and backfill—and their physical and mechanical parameters are presented in Table 1. The
horizontal displacement on the left and right sides and the vertical displacement on the
bottom are limited. The gradient in situ stresses are applied in the model, and the ground
stress in the study area is calculated as follows:

oy = 1.083 + 0.034Hg O
oy = 0.028H — 2.131

where oy is the horizontal geostress (MPa), oy is the vertical geostress (MPa), and H is the
burial depth (m).

Table 1. Rock and backfill mechanical parameters in mining area No. 3.

Tensile Compressive Internal

Type (Diriitz?; Strength Strength C?;;ﬁf’;;m Friction ElaSt(léIl:/; ;’duh Poliist‘i): s
8 (MPa) (MPa) Angle (°)

Surrounding rock 2.6 12.2 152 13.5 35 64 0.28
Rich ore 3.05 0.5 16.4 4.6 41.7 8.6 0.31
Poor ore 3.02 0.5 17.2 5.2 42.2 8.8 0.22
Backfill 2 0.800 9.900 0.95 38 7.28 0.32
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Figure 5. Numerical model. (a) Overall division of the model; (b) horizontal section of +1200 m;
(c) horizontal section of +1275 m; (d) typical longitudinal section.

4.2. Numerical Simulation Results of Surface Subsidence

The model is excavated and filled according to the mining steps shown in Figure 2.
For conveniently observing the displacement locations, the main lines and faults in the
mining area are marked on the figures, as shown in Figure 6a. Surface settlement after each
step of excavation is shown in Figure 6b—f.

After the first two steps of excavation, a settlement center is generated on line 54,
with a maximum settlement of about 2 cm. According to the simulation results, the rock
mass movement caused by underground mining forms an approximately circular area of
movement after being transferred to the surface. The obvious settlement is located directly
above the ore body, and there is a slight uplift around the model boundaries. The overall
deformation in the mining area is not large.

In the third step, a large range of ore bodies on the east of the fault is mined. The
surface settlement center moves toward the hanging wall of the ore body and gradually
approaches line 42. The uplifted areas in the model all change to subsidence, indicating that
the influence of mining on the surrounding environment is increasing, and the maximum
subsidence is about 26 cm.

After the fourth step of excavation and filling, the settlement center moves to line 42,
which is the same as the field monitoring result, and the maximum settlement is about
31 cm. Meanwhile, a large settlement area is developed on the footwall, and the mining
area shows a tendency of a double settlement center.
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Figure 6. Numerical simulation results of surface subsidence. (a) Landmark location description;
(b) surface deformation after the first mining step; (c) surface deformation after the second mining
step; (d) surface deformation after the third mining step; (e) surface deformation after the fourth
mining step; (f) surface deformation after the fifth mining step.

In the fifth step, the method consisting of the simultaneous mining of three sections
is adopted. The distribution law of the surface settlement is similar to that in the fourth
step, but the surface uplift occurs again just above the orebody. The surface subsidence
increases greatly after this mining step. The main subsidence center on the hanging wall is
located near line 44, and the subsidence is about 75 cm. The secondary subsidence on the
footwall exceeds 50 cm, indicating that the multi-stage filling mining creates a significant
disturbance in the rock mass in the mining area.

4.3. Numerical Simulation Results of Backfill Deformation

Figure 7 shows the simulation results of the filling body’s deformation. To highlight
the influence of the triple sub-level mining adopted in the fifth step, the filling body
deformation results of the first four steps and the fifth step are compared. The fifth step of
mining is carried out five times, and the ore body with a thickness of 10 m is mined each
time. As can be seen from the figure, along the orebody strike direction, two wings of the
backfill sink and the middle part of the backfill are uplifted. With continuous excavation
and filling, the vertical displacement increases gradually, and the maximum deformation
reaches about 61 cm. By comparing the sectional drawings of the filling body in the two
stages, the internal deformation is larger than the external deformation, due to which the
external filling body is restricted by the surrounding rock. In addition, because the strength
of the filling body is low and easy to compress, the largest uplift point moves along the
direction of the orebody to the thickest backfill layer. Meanwhile, in the vertical direction,
the largest uplift point moves from the lower layer up to the middle layer. This indicates
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that when the filling body is thin, its deformation will not be too large under the control of
the surrounding rock. When the filling body is thick, the deformation caused by external
stress will also be gradually absorbed by itself. A large uplift deformation is most likely
developed in the backfill with moderate thickness under a thin overlying surrounding rock.
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Figure 7. Numerical simulation results of backfill deformation. (a) Schematic diagram of filling body
in each layer; (b) backfill deformation after the fourth mining step; (c) backfill deformation after the
fifth mining step.

4.4. Numerical Simulation Analysis of a Typical Section

To reproduce the filling mining process in detail, a typical section was selected, and
the meshes were refined as much as the computational efficiency allowed. The model has a
size of 650 x 300 m, with elevations of +1750 m at the top and +1100 m at the bottom, and
is divided into square grids with a side length of 5 m. The height of the mining approach is
5 m, and the backfill deformation process under the condition of the third middle section
mining in step 5 is shown in Figure 8.
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It can be seen from the figure that the main deformation of the surrounding rock is
subsidence. Uplift deformation only occurs under the goaf of each layer, which is caused
by the floor-heaving of the backfill under the action of horizontal tectonic stress. This
phenomenon is very common in deep mines. With the development of mining, the roof of
the uppermost backfill body undergoes obvious subsidence, and the subsidence decreases
with the extension to the surface. Furthermore, the subsidence on the hanging wall and
footwall of the ore body differs. The surface deformation lags behind the filling body’s roof
deformation, and the settlement of the hanging wall is larger than that of the footwall. The
shallow filling body mainly sinks under the action of gravity, while the deep filling body
rises under the influence of horizontal tectonic stress, and the filling body shrinks inward
as a whole. In addition, due to the different strengths of the backfill and the surrounding
rock, the uneven deformation will lead to failure near the contact zone of the two materials.

5. Discussion
5.1. Comparison of the Results of On-Site Monitoring and Numerical Simulation

By comparing the surface subsidence results of numerical simulation and field moni-
toring, the surface deformation distribution law from the two methods has a good similarity,
but there is also a certain difference in settlement amount, as shown in Table 2. The differ-
ence in magnitude may be affected by the following two reasons: Firstly, in the process
of mining, both excavation and filling need a certain amount of time. The deformation of
surrounding rock and the movement of the ground surface change with the construction
time. However, numerical simulation can hardly reflect the time effect completely. Secondly,
the causes of surrounding rock and surface deformation in the mining area are complicated,
among which mining and filling constitute only one of the important factors. In addition,
filling technology, blasting disturbance, groundwater, roadway support, etc. will all have
an impact on it. It is difficult to consider all factors in numerical simulation, so a certain
gap between the simulated data and the measured data is formed.
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Table 2. Comparison of on-site monitoring results and simulation calculation results after each stage.

Mining Field Numerical

Step Year Monitoring (m) Simulation (m) Difference (m)
1 2002 - 0.016 -
2 2005 0.026 0.020 0.006
3 2012 0.415 0.256 0.159
4 2017 0.613 0.307 0.306
2019 0.739 0.381 0.358
> 2029 - 0.750 -

In order to accurately predict the ground subsidence induced by multi-stage filling
mining based on the numerical model, a one-time function is obtained by fitting the
difference between the measured value and the simulated value, as shown in Figure 9. The
linear function is y = 0.02533x — 50.79652, and the fitting degree exceeds 0.99. According
to the fitting curve, it can be calculated that the difference value is 0.598 m when the
third middle section mining is completed in 2029, so the settlement value of the surface
subsidence center is about 1.35 m. Overall, the range of surface deformation will further
expand, and the settlement value of the subsidence center will increase steadily. The law
of surface rock movement has not changed significantly and the settlement center has
not shifted seriously, so it can be considered that the mining area is still in a relatively
stable state.

0.404
—— Fitted line

0.35- m  Difference value

0.30+

0.254
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s = =©
a— —_ [}
Ty T

0.05+
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Figure 9. Fitting curve for the difference between the measured value and the simulated value.

5.2. Deformation Mechanism of the Backfill

After the filling body is filled into the goaf, it provides support for the surrounding
rock deformation after a period of consolidation. In other words, the resistance provided by
backfill is caused by the compression deformation of itself, which is a type of passive sup-
port. Figure 10 shows a simplified schematic diagram of backfill stress deformation, which
consists of two parts: self-deformation and disturbance deformation. Self-deformation
includes volume shrinkage, compression deformation, and roof-connected and bed sep-
aration. The bed separation is caused by the horizontal tectonic stress perpendicular to
the ore body in the mining area squeezing the filling body, resulting in a certain bending
deformation in the banded filling body. Disturbance deformation is mainly caused by the
mutual dislocation of the filling body and the surrounding rock. In the horizontal direction,



Remote Sens. 2022, 14, 4555

12 of 14

the backfill body mainly shrinks inward, and the external deformation on the contact zone
with the surrounding rock is larger than the internal deformation. In the vertical direction,
the deformation is mainly manifested as the internal uplift and external subsidence, and
the external deformation is smaller due to the restriction of the surrounding rock. The
deformation of the surrounding rock has a certain lag compared with that of the backfill,
and the internal deformation of the filling body is larger than that of the surrounding rock.
Therefore, damage can easily develop around the backfill-surrounding rock contact zone
due to uneven deformation.

— Before the deformation - After the deformation —> Displacement vector

Figure 10. Deformation characteristic of a large volume of backfill.

6. Conclusions

The main conclusions of the research are as follows.

Through the use of GNSS monitoring for many years, the mechanisms of the surface
deformation in the Jinchuan No.3 mining area are analyzed. Surface deformation
is mainly affected by underground mining, and a settlement funnel is formed on
the ground. With continuous mining and filling, the radius of the funnel gradually
expands. The settlement near the orebody is obviously larger than that far away from
the orebody, and the maximum subsidence reaches 739 mm in 14.5 years. The location
of the settlement center exhibits an obvious movement toward the surface above the
footwall of the ore body.

The influence of mining in the third section of the surface deformation is very signif-
icant, which is far greater than that of mining in the double section and the single
section. In addition, the trend of surface movement is predicted. The single subsi-
dence center on the upper wall develops into a double subsidence center, and the
maximum value of the surface subsidence reaches about 1.35 m. Overall, the range of
surface deformation will further expand, and the settlement value of the subsidence
center will increase steadily. The law of surface rock movement has not changed
significantly, and the settlement center has not shifted seriously, so the mining area
can be considered to still be in a relatively stable state.

Based on the displacement monitoring data of the underground backfill, the defor-
mation characteristics of the filling body are summarized. The whole filling body
presents obvious subsidence, which is the main cause of ground settlement. With the
development of multi-stage mining and filling, bed separation phenomena are found
between the filling layers, and the closer to the interior, the more obvious it becomes.
The subsidence characteristics of the backfill are similar to those at the surface; that is,
both the subsidence amount and speed are higher on the hanging wall than that on the
footwall. Additionally, the backfill subsidence is slow and gradual, without sudden
instability. In terms of the allowable space for deformation, the mass instability of
the backfill is difficult. What needs to be considered is the influence of large-scale
deformation on the mining and overlying strata, as well as the local deformation near
the rock contact zone surrounding the backfill.
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