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ABSTRACT Closed mining areas are an important potential resource, and rational use of them are
critical to implementing sustainable development strategies. To guide the more reasonable development
and utilization of the closed mining areas, we proposed a method of surface deformation monitoring and
subsidence risk assessment of the closed mining areas with SBAS-InSAR technology. Based on the analysis
of deformation, a risk assessment model integrating subsidence hazard and subsidence vulnerability was
proposed. Subsidence hazard include accumulate deformation and the subsidence rate of the last year. The
tunnels and the land use types are used to assess the subsidence vulnerability. This method can achieve
deformation monitoring and risk assessment of the closed mining areas, and the proposed method is validated
by taking the Nanzhuang mining areas as an example. The results showed that the main subsidence areas in
the closed mining areas are located in the tunnel in the southwest and the gangue pile area in the northeast of
the mining areas, while the deformation in the vegetation-rich forested area is low. The area of low, medium
and high subsidence risk zones is 65.5%, 27.8% and 6.7% respectively.

INDEX TERMS Closed mining area, SBAS-InSAR, subsidence risk assessment, deformation monitoring.

I. INTRODUCTION

As the earth’s resources are strained, the need for sustainable
development is growing [1]. Among them, coal resources are
continuously mined as an important energy source for indus-
trial development, and the number of closed mines is grad-
ually increasing [2], [3]. With the increase in the number of
closed mines, the demand for research on resource utilization
of closed mines has gradually increased, and the subsidence
of closed mines will have an impact on the resource devel-
opment and utilization of closed mines. The research usually
focuses on the subsidence changes of coal mines in mining
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and ignore the subsidence changes in the closed mining areas.
Due to the long-term and hidden nature of the ground defor-
mation evolution in the mining areas, the closed mining area
can also cause a series of hazards, such as ground cracks or
cave-ins [4], posing great threaten to people’s productivity
and life. According to the China Coal Industry Association
annual report, China has closed 5500 coal mines by the
end of 2020. [5]. The continuous deformation monitoring of
closed mining areas and the assessment of subsidence risk can
provide important basis for the management and sustainable
development and utilization of closed mining areas [6].

The monitoring methods for ground subsidence in closed
mining areas are still mainly based on traditional meth-
ods such as level surveying and global positioning system
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(GPS) [7], [8]. Although the traditional geodetic method
can accurately measure the deformation at point scale, the
method have obvious limitation, such as small monitoring
coverage and high cost of human and material resources
[9]. Interferometric Synthetic Aperture Radar (InSAR) is a
remote sensing method capable of dynamic ground defor-
mation monitoring with the advantage of large scale, high
resolution, and high accuracy [10], [11]. With the devel-
opment of Muli-Temporal InSAR (MT-InSAR) technology
[12], [13], [14], [15], [16], shortcomings (temporal decorre-
lation and atmospheric delay) of traditional InSAR methods
have been overcome [17], [18], [19], [20], [21]. The two
polular MT-InSAR methods are persistent scatterer InSAR
(PS-InSAR) and small subset InSAR (SBAS-InSAR). PS-
InSAR is more suitable for areas with more permanent scat-
terer distribution such as urban areas, and SBAS-InSAR is
more suitable for areas with more distributed targets such as
mining areas [22].

The SBAS method was utilized to monitor the ground
motion in the South Wales coalfield, UK, and to analyze the
correlation between ground uplift changes and groundwater
before and after mine closure in 2014 [23]. Li et al. used a
time-series InSAR approach to monitor the deformation of
the northwest suburban coalfield in Xuzhou from 2015 to
2020 and discovered that the coal mine closure time influ-
enced the surface deformation by analyzing three modes:
mine subsidence, subsidence-uplift, and subsidence-uplift-
subsidence [24]. Chen et al. used the SBAS-InSAR technique
to obtain the surface deformation of the mine closure after
5 years. The results showed that the maximum subsidence
rate in the study area was —43 mm/yr in five years, and
the accumulated maximum subsidence was 310 mm, which
exceeded the safety threshold range of buildings and required
continuous monitoring [25].

The SBAS-InSAR technique has been widely used for
monitoring deformation in mine closure areas, and scholars
have analyzed the deformation results accordingly. However,
the research usually focuses on the relationship between
subsidence and subsurface elements (groundwater, etc.), and
there is a lack of research on the relationship between subsi-
dence and surface land use types, as well as the assessment of
subsidence risk in closed mining areas [26], [27], [28]. The
subsidence monitoring analysis and risk assessment of the
closed mining areas can help the comprehensive utilization
of the closed mine resources and promote sustainable devel-
opment.

Therefore, the objective of this paper is to monitor and
assess of ground deformation in closed mining area using
SBAS-InSAR. Based on the ground deformation, we have
assessed the subsidence risk of the closed mining area. The
closed Nanzhuang mine in Yangquan, Shanxi Province was
taken as the study area. 104 Sentinel-1A images acquired
from January 8, 2018, to June 21, 2021, were selected for
time-series deformation monitoring of the mining areas. Fur-
thermore, the spatial and temporal subsidence feature before
and after the closure of the Nanzhuang mining areas have
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FIGURE 1. Flow chart of subsidence risk assessment of the closed mining
areas.

been explored. The relationship between internal mine tun-
nels, surface land use types and ground subsidence have been
analyzed.

Il. METHODS

The method of this paper is mainly divided into three parts:
deformation estimation of the closed mining areas, sub-
sidence analysis of closed mining areas, and subsidence
risk assessment of closed mining areas. In this paper, the
SBAS-InSAR method is used to estimate the subsidence
results of the closed mining areas, and the subsidence charac-
teristic are analyzed from the perspectives of tunnel closure
time, surface feature type of the closed mining areas, etc. The
subsidence risk assessment system is proposed separately
according to the characteristics of the closed mining areas.
Figure 1. shows the main steps of the method.

A. DEFORMATION ESTIMATION

The SBAS method was proposed in 2002 [29], [30]. In this
study, we obtained the deformations by the SBAS-InSAR.
The specific steps to obtain the deformation of the closed
mine site are as follows.

The Sentinel-1A image on January 22, 2020 is selected
as the super master image, whereas the others are secondary
images. The selection of interferograms is constrained by a
maximum spatial baseline of 150m and a maximum temporal
baseline of 50 days. The signal-to-noise ratio is improved by
performing multi-looking factors of 4 x 1 in the range and
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azimuth directions, along with the Goldstein filtering method.
The minimum cost flow (MCF) network is used for phase
unwrapping [31]. We set the coherence threshold of 0.2 to
improve the accuracy [32]. Then, the interferometric pairs
with poor unwrapping (The interferogram contains obvious
atmospheric phase or there are many areas with low coher-
ence coefficients) and low coherence are eliminated.

After phase unwrapping, 20 Ground Control Points (GCPs)
are selected to correct the unwrapped phase. A polynomial
model was used to mitigate the phase components caused
by residual orbital errors and long-wave atmospheric delay.
Preliminary displacements are estimated by a robust and
commonly used linear model [33]. Meanwhile, the residual
topography is also removed. Then, the atmospheric phase was
removed by atmospheric filtering. Subsequently, geocoding
in the line of sight (LOS) direction is used to calculate defor-
mation. Finally, the subsidence rate and time-series subsi-
dence are obtained and mapped across the study area.

B. DEFORMATION ANALYSIS
Whether the mine environment is stable and safe is directly
attributable to the sustainable development and utilization
of the closed mining areas. This paper analyzes the rela-
tionship between SBAS-InSAR deformation results of the
closed mining areas and surface land use types, tunnel closure
time, etc. On this basis, further risk assessment of the closed
mining areas is carried out to better guide the development
and utilization of the closed mining areas.

1)Deformation and different ground features: Explore the
relationship between surface subsidence and surface land use
types (Land use type sources were manually interpreted and
field surveyed) in closed mining areas, for example, make a
comparative analysis of surface subsidence in gangue piles,
mining area and other areas, and study whether there are some
rules in the subsidence of different land use types.

2)Deformation and mining tunnels: Combined with the
mining tunnel data, the temporal and spatial analysis of min-
ing subsidence is carried out to explore the deformation evo-
lution characteristic after the closure of the tunnel. Explore
the influence of different closing time of tunnel on surface
subsidence. Meanwhile, the influence of adjacent mining area
on the subsidence of closed mining area is analyzed.

C. SUBSIDENCE RISK ASSESSMENT
According to the expression proposed by the United Nations
Humanitarian Affairs: Riskiness = Hazardousness * Vulner-
ability (ISDR 2002). That is, the risk of a specific region at
a specific time is composed of the degree of danger in the
region at this time and the ability of the region to resist the risk
(the degree of suffering dangerous losses). This paper deter-
mines the relevant risk assessment system by combining the
available information with the mine closure and referencing
the urban risk assessment system 2020 [34].

Comprehensive hazard and vulnerability to obtain risk
assessment, and then divided into three levels of risk: high
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TABLE 1. The weight and scores of hazard indexes.

Hazard indexes Weight Levels Scores
Criteria
Accumulat =30 L
Slfl:;d:niees(mm) 0.5 20~200 2
>200 3
Subsidence Rate <10 1
of The Last| 0.5 10~30 2
Y ear(mm/yr) >30 3
TABLE 2. The weight and scores of vulnerability indexes.
Vulnerability | Levels Criteria Scores
indexes
Land-use Nature Land (woodland, | 1
Types Grassland, etc.)
Agricultural Land 2
Industrial Land 2
Residential-Office Land 3
Tunnels Closed tunnels 2

risk area, medium risk area and low risk area. The risk calcu-
lation formula is as follows:

n
R=> wixHxV

i=1
where R is the subsidence risk, i is the hazard indicator, w;
is the weight corresponding to hazard indicator i, H; is the
score corresponding to hazard indicator i, and V is the score
indicating the vulnerability of the corresponding study area.
To visually describe the risk of the closed mining area,
this paper uses hierarchical analysis to score and weight
the hazard of subsidence and vulnerability to subsidence.
The classification is divided into 3 levels, with scores of 1,

2 and 3 [35]. The specific indicators are shown in Table 1 and
Table 2.

Ill. STUDY AREA AND DATASETS

A. STUDY AREA

The study area is the Nanzhuang mining area in Yangquan
City, while the mine closure time is around December 2020.
The location of the study area is shown in the red box
in Figure 2(a). The Nanzhuang mine site is located about
3 km south of Yangquan City, in the area of Nanzhuang
village, Yijing town, Yangquan suburb, to Lianghu village,
Yexi town, Pingding county, and the location of the mining
area in Yangquan is shown in Figure 2(a). The geographical
coordinates are 37°47 40-37°50" 40N, 113°30' 50-113°35’
20”E.

The mining area is located on the western side of the central
Taihang Mountains, in the hilly mountainous region in the
eastern part of the Shanxi Plateau. Sedimentary stratigraphy
within the mining area includes Ordovician, Carboniferous,
Permian and Quaternary. The Lower Diodian Shanxi Forma-
tion and the Upper Carboniferous Taiyuan Formation are the

22937



IEEE Access

Z. Li et al.: Monitoring and Assessment of SBAS-InSAR Deformation

=z
Z
Z o
2 @ =
St
= of €
3 Dayangquan
_ mining.area
Z
g uz
s 0.50 100 200 il
o - — k. 58

110°00'E 115°00'E

% [ | Mining tunnel

r— 58 113.557435
¥: 37.810629
[ Closed mining area [F7578
L7} Active mining area |-E¥i: Erpe] S
: ARHFEEBULEN
1 2022-01-0316:36:06
B 257.3
fiimg: -0.2

113°34'E

FIGURE 2. (a)The location of Yangquan Nanzhuang Mine; (b) The distribution of the closed mining area, active mining and mining tunnel. The
background map is the optical image; (c) The main inclined shaft in Yijing town on the outskirts of Yangquan city (Longitude:113.567201°,
Latitude:37.833346°, Precision: +3.79, name: main slant shaft); (d) Yangquan City Pingding County Guanshan town collapse (Longitude:113.557435°,
Latitude:37.810629°, Precision: +3.79, name: Collapse, Azimuth: 257.3°, Pitch angle: —0.2°).
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FIGURE 3. Temporal-spatial baselines of sentinel-1 images
interferometric pairs.

main coal-bearing strata. The optical images of the location
of the mining area are shown in Figure 2(b).

B. SAR DATASETS
The experiment selected 104 views of ascending orbit
Sentinel-1A satellite SAR images covering the Nanzhuang
mining area from January 8, 2018, to June 21, 2021. The
images’ temporal-spatial baselines are shown in Figuer3.
The Sentinel-1 satellite is an Earth observation satellite in
the European Space Agency’s Copernicus program (GMES),
comprising two satellites carrying a C-band synthetic aper-
ture radar that can overcome various weather conditions and
provide continuous images.

The data type is Interferometric Wide swath (IW) and
Single Look Complex (SLC) at C-band with a wavelength
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of 5.6 cm, a spatial resolution of 5 m x 20 m, and a polariza-
tion mode of VV polarization. The IW mode is the primary
acquisition mode over land and fulfills most of the operational
requirements. It acquires 250 km of data in the range direc-
tion. The IW mode captures three sub-regions using progres-
sive scan SAR (TOPSAR) topographic observations. In TOP-
SAR technology, the beam can be electronically controlled
from backward to forward in the azimuthal direction of each
burst in addition to controlling the range of the beam such
as a scanning radar, thus avoiding scalloping and resulting in
uniform image quality over the entire area.

To remove the topographic phase from the original inter-
ferograms, the Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM) data with 30 m resolution
were collected.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. DIFFERENTIAL INTERFEROGRAMS
When the surface deformation occurs, two or more interfero-
metric measurements are made by the SAR system for various
periods in the same area to obtain the surface deformation,
and this technique is called the D-InSAR technology [36].
The problems of temporal decoherence, DEM error, orbital
error, atmospheric delay, and deconvolution error faced by
D-InSAR results limit its further application. Figure 4 shows
that the interferometric phase of different secondary images
differs greatly, while the interferometric phase information is
clearer and more accurate for short time bases. The red area
is the area of the significant subsidence.

To overcome these problems, this paper adopts the SBAS-
InSAR technique for mine deformation monitoring.
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B. DEFORMATION RESULTS

The average deformation rate results (Figure 5) and accu-
mulative time-series deformation results (Figure 6) were
finally obtained from January 8, 2018, to June 21, 2021,
from the closed mining area in Nanzhuang, Yangquan, Shanxi
Province, by the SBAS-InSAR method.

From Figure 5, most areas’ subsidence rate is between
—10 mm/yr and 10 mm/yr within the mining area, because
the coal mine has been closed. However, the external min-
ing area of Dayangquan has a greater impact on the north-
ern area of Lianghu village in the southwest corner of the
Nanzhuang mine, while the overall maximum subsidence
rate at the Dayangquan mining area is over —171mm/yr.
The internal area of the Nanzhuang mine is affected by
the Dayangquan mine, while the maximum subsidence rate
can reach —63 mm/yr. Inside the closed mining areas of
Nanzhuang, the gangue pile located in the east of Shenyu
village and the mining area have a larger average annual
deformation rate, while the maximum deformation rate can
reach —50mm/yr or more.

Figure 6 shows that most of the regions have small defor-
mation between —10 mm and 10 mm during the observation
time, while the maximum subsidence in the local area is over
—375 mm. Subsidence in the inner area of the Nanzhuang
mine is primarily concentrated in the southwest tunnel area
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and in the northeast gangue pile and mining area of the
mine. In the south-west area of the closed mining areas
of Nanzhuang, the maximum cumulative subsidence to the
closed tunnels in recent years can reach over —150 mm,
the previously closed tunnel had lifted, with the maximum
cumulative lift not exceeding 30mm. In the north-eastern
zone of closed mining areas, the maximum accumulated sub-
sidence of the gangue pile can reach more than —200mm. As
Figures 5 and 6 can be seen, the subsidence larger areas still
need to be continuously monitored.

C. SUBSIDENCE RISK ASSESSMENT

From Figure 7, Figure8, the gangue pile area within the
Nanzhuang mine and the area near the mining areas of the
Dayangquan mine have a higher hazard of subsidence, and
the total area of the closed mining is 11.86km?, with 9.8%
of the high-hazard area, 41.8% of the medium-hazard area
and 48.4% of the low-risk area, so it is necessary to carry
out continuous deformation monitoring for the closed mining.
The high-risk areas are mainly concentrated in the vicinity of
the gangue pile in the northeast area within the mine and in
the area bordering the closed mining and the northern mining
Central Dayangquan mine, which still need continuous mon-
itoring in the future. The area of high-risk area accounts for
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FIGURE 5. The LOS deformation rate map of Nanzhuang mine. (The star indicates the village, the black solid line
indicates the closed mining area, and the black dotted line indicates the mining area under mining.

6.7%, the area of medium-risk area accounts for 27.8%, and
the area of low-risk area accounts for 65.5%.

Note that the part of the Nanzhuang mining area has large
gradient deformation under the influence of the mined area,
the immediately adjacent Dayangquan mine, which is beyond
the SBAS-InSAR monitoring capability. The deformation
rate and cumulative deformation are not available for this part
of the area, which is defined as a high-risk area in this paper.

D. VALIDATION AND LIMITATION
From Figures 5 and 6, the estimated deformation is mainly
located inside the Dayangquan mine and the Nanzhuang mine
where nearby the Dayangquan mine. This is consistent with
the fact that the Dayangquan mining area is a mining area and
the deformation should be large, while the Nanzhuang mining
area is a closed mining area and the deformation should be
small. Meanwhile, we obtained the photos from Nanzhuang
village near the mine boundary (Figure 2(c) and Figure2(d)).
There is a potential collapse area in the upper right corner of
the Nanzhuang collapse area in Figure 5, which is consistent
with the monitoring results.

There are some limitations in this study:1). The subsidence
center of Nanzhuang mine is missing, which is due to its prox-
imity to the mining area, Dayangquan mine. The deformation
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of the subsidence center is so large that beyond the monitoring
capacity of SBAS-InSAR, which can be further inverted by
combing GPS, offset-tracking, etc. 2). From Figure 11, Fig-
urel2, tunnel 13 has a short closing time, large subsidence,
and errors in unwrapping. Therefore, the tunnel 13 time series
deformation fluctuates more.

V. DISCUSSION

Subsidence in the closed mining areas is an important factor
in subsidence risk assessment, so it is necessary to explore
the subsidence characteristic in the closed mining areas. This
paper investigated the characteristic of subsidence with the
tunnel and the surface land use types in the closed mining
area. The closed tunnel area of Nanzhuang mine and the area
with rich land use types in the northeastern part of Nanzhuang
mine were selected to determine the subsidence of each area
according to the subsidence feature points, and the causes of
subsidence were analyzed with the help of remote sensing
images. And the spatial and temporal deformation trend of
the tunnel area were analyzed.

A. DEFORMATION AND DIFFERENT GROUND FEATURES
This section focuses on the relationship between surface
subsidence and land use types within the closed mining area.

VOLUME 11, 2023
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The northeastern area within the Nanzhuang mine near the analysis of different land use types, respectively, where K1
subsidence is rich in land use types, as Figure 8(b) shown. and K2 were distributed on gangue pile, K3 and K4 were
Eight points, named K1 to K8, were selected for temporal selected on mining area, K5 and K6 were selected on other
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woodlands, and K7 and K8 were selected on grasslands.
Figure 8(a) shows the deformation rate of the northeast area of
the Nanzhuang mine, while several obvious subsidence fun-
nels can be found. Figure 9 shows the time-series deformation
for each specific point.

It can be seen from Figure 9 that the deformation of points
K1, K2 located in the gangue pile is larger, the cumulative
subsidence amount reached —128 mm and — 197 mm, respec-
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tively. The large deformation of the gangue pile is caused by
mining activities artificial for the transport of the pestle. The
other four points are woodland and grassland areas, which are
more stable and have no obvious subsidence.

For the four land use types mentioned above, the defor-
mation rate box line diagrams are shown in Figure 10. The
deformation is more concentrated in the gangue pile and min-
ing area, while the deformation of woodland and grassland
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are smaller. The deformation rate of the gangue pile from
—54.5 mm/yr to 2.4 mm/yr, the deformation rate of mining
area from —28.3 mm/yr to 3.7 mm/yr, the deformation rate
of woodland areas from —21.3 mm/yr to 15.4 mm/yr, and the
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deformation rate of grassland ranges from —12.3 mm/yr to
13.0 mm/yr.

Because the larger deformation area is concentrated in the
gangue pile and mining areas, the gangue pile and mining
areas still need to be monitored continuously.

B. DEFORMATION AND MINING TUNNELS
The tunnel area is located in the southwest corner of the
Nanzhuang mine and south of the Dayangquan mine. A total
of 13 tunnels were closed after 2003, and the individual
tunnels have sequential closing times, while the closing piece
times of the individual tunnels are marked in Figure 11. The
tunnels are named in order from west to east as tunnel 1 to 13.
The closure times of tunnels 6 and 13 are December 2018 and
June 2019, respectively. In this paper, we focus on the chrono-
logical analysis of these two closure tunnels (tunnels 6 and
13) and the comparative analysis of other tunnel selections.
Figure 12 shows the regional deformation rate map of the
mine tunnels, and the closure tunnels subsidence will still be
partially affected by the Dayangquan mine. For the tunnel 6,
which was closed in December 2018, and the tunnel 13, which
was closed in June 2019, three characteristic points P1, P2,
P3 and Q1, Q2, Q3 were selected for analysis. Their time-
series deformation diagrams are shown in Figure 13(a) and
13(b). The other nine tunnels were selected from three points
that were less affected by the northern mining areas, while
the average value was taken for the time-series deformation
analysis, and the results are shown in Figures 13(c) and 13(d).
The Figurel3(a) shows that the active mining period for
tunnel 6, which was closed in December 2018, began on
April 2, 2018 and continued until December 25, 2018. The
mining decline period runs from December 25, 2018, to the
present. All three points P1, P2, and P3 show an inflection
point on December 25, 2018. Consequently, all are clearly
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in a flat state. The final cumulative deformation variables of
the three points reach —180 mm, —162 mm, and —141 mm,
respectively. While the time of the inflection point of the
deformation of tunnel 6 corresponds to its closure time, which
proves that the tunnel has a significant trend of slowing down
after the closure and the mining area enters the decline period.
For tunnel 13, which was closed in June 2019, its active
mining period was from May 9, 2018 to September 8, 2019,
and the recession period was from September 8, 2019 to the
present. Three points of Q1, Q2, and Q3 had delayed subsi-
dence for more than two months from the closure of the tunnel
in June 2019 and started to have a significant slowing trend on
September 8, 2019. The cumulative deformation of the three
points reached: —133 mm, —135 mm, and —152 mm.
Figures 13(c) and (d) show that from January 2018 to June
2021, the deformation is relatively stable for the remaining
nine tunnels other than this one that was closed much earlier.
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The five tunnels on the west side of tunnel 6 all experienced
subsidence, with the maximum subsidence not exceeding
60 mm, while the four tunnels on the east side of tunnel 6 have
some minor uplift, with the maximum uplift not exceeding
20 mm. These nine tunnels are relatively stable as they were
closed earlier and are far away from the Dayangquan mine.
To study the spatial variation of the deformation of the min-
ing areas, the spatial variation of the deformation of the min-
ing areas was obtained along profiles A-A’, and B-B’, and the
results are shown in Figure 14. From A-A’, the surface defor-
mation rate of the mining area increases, and then decreases.
From the profile B-B’, the further away from the mining area
Dayangquan mine, the smaller the deformation rate. It can
be presumed that the mining area Dayangquan mine has an
impact on the surface subsidence for the closed mining areas,
and the closer to the Dayangquan mine, the greater the impact
and the greater the subsidence rate. The central tunnel is
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severer affected by the Dayangquan mine than the tunnels
on either side, suggesting that the Dayangquan mine may be
mined along the P1, P2, and P3 directions.

To investigate the relationship between closure time and
deformation, four of the 13 tunnels were selected for analysis.
Using the closing tunnel deformation as the vertical coordi-
nate and the closing tunnel time as the horizontal coordinate,
the scatter diagram of each of the four working faces is drawn,
as shown in Figure 15. The Figure 15 shows that tunnel 6 and
tunnel 13 have the shortest closing time, and the larger the
subsidence rate, tunnel 2 has the longest closing time and the
lowest subsidence rate. From tunnel 13 to tunnel 2, the slope
of the corresponding curve gradually decreases, indicating
that the longer the working face is closed, the smaller the
surface deformation is, and the more the surface tends to be
stable.

After time series deformation analysis, tunnels 6 and
13 have a significant tendency to slow subsidence after
closure time, but overall accumulated subsidence is still
significant. In addition, all tunnels are influenced by the
Dayangquan mine in the north, and continued monitoring is
always necessary for the tunnel area.

VI. CONCLUSION

In this paper, this method was used to monitor the defor-
mation of the closed mining area, Nanzhuang mining areas,
analyze the subsidence characteristic with the closure of the
tunnel and the ground land use types, and assess the risk of
subsidence in the closed mining areas. The conclusions are as
follows:

(1) From January 8, 2018, to June 21, 2021, the overall
deformation rate of the closed mining area in Yangquan
Nanzhuang is —171 mm/yr to 28 mm/yr, and the cumulative
deformation is —375 mm to 50 mm. The areas with larger
deformation are mostly concentrated in the northeast area of
the mine near the gangue pile, and the area adjacent to the
Dayangquan mine in the closed mining areas.

(2) There are various types of features in the northeast
direction within the closed mining areas of Nanzhuang, and
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the subsidence is mainly concentrated in the gangue pile area
and mining areas. Areas with high vegetation cover, such
as woodland and grassland are stable areas with almost no
deformation. Therefore, continued monitoring is still needed
for gangue piles and mining areas where subsidence is high.

(3) Tunnel 6, which closed in December 2018, and tunnel
13, which closed in June 2019, continue to experience subsi-
dence. Tunnel 6 has a significant slowing trend of subsidence
after closure, tunnel 13 has a significant slowing trend of
subsidence more than two months after closure, and the rest
of the tunnels are at a stable stage at present. The rest of the
tunnels are at a relatively stable stage.

(4) The high-risk areas of subsidence in the closed mining
areas are concentrated in the vicinity of the gangue pile in the
northeast area within the mine, and in the area bordering the
closed mining areas and the northern part of the Dayangquan
mine. This part of the area will affect the sustainable use
of closed mining areas and require subsequent deformation
monitoring.
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