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Abstract: The rock strata movement deformation generated by the mining process of the mine will inevitably
lead to surface subsidence and a series of environmental hazards, so it is particularly important to monitor the
rock strata movement deformation and surface subsidence in the goaf area. With the development of surface
subsidence monitoring technology, InNSAR technology has been widely used in the research of surface
subsidence in mining areas with the advantages of high precision and wide monitoring. In this paper, by
obtaining the image data of 59 Sentinel-1A scenes in the mining area, the obtained PS points were analyzed
and processed by ArcGIS difference analysis by PS-InSAR technology, and the surface deformation cloud map
and settlement curve of the mining area in various periods were obtained, and the rock strata movement
deformation and surface subsidence law of the goaf before treatment and after different treatment methods
were studied by influencing factors such as stope layout and mining depth. The results show that the rock
strata movement deformation and surface subsidence degree of the goaf under different treatment methods
are different due to different influencing factors, and their positions also change dynamically with time.
Applying InSAR technology to study rock strata movement deformation and surface subsidence can provide
an important basis for mine safety mining, goaf treatment, rock strata movement deformation and surface
subsidence monitoring.

Keywords: PS-InNSAR; Goaf management; Surface subsidence; rock strata movement deformation

1. Introduction

According to statistics, the land damaged by mining activities in China has exceeded 4 million
hm?, of which more than 1.4 million hm? and the area of surface collapse is more than 35.2hm? caused
by mining activities[1], The main cause of ground damage and collapse is due to the formation of a
mining area as a result of ore extraction, which breaks the original rock stress balance and causes rock
movement deformation in the rock stress redistribution[2]. Generally, the movement deformation of
underground mining rock mass are divided into two stages, and the surface will produce four
settlement areas[3], In the initial stage of mining, the horizontal in-situ stress is not completely
released, the geological structure has less influence on the surface subsidence[4], and when the
exposed area of the goaf reaches a certain value, there is a sudden process of rock strata movement
deformation, resulting in surface subsidence[5,6], and the rock strata movement deformation and
surface subsidence law under different working conditions are different[7—11]; Therefore, in order to
ensure safe and efficient mining of mines, it is indispensable to study the movement deformation and
surface subsidence monitoring of mine rock masses.

With the development of science and technology, surface deformation characterization is
increasing, and InSAR monitoring technology has the advantages of low cost, high precision and
wide monitoring compared with traditional monitoring. It is widely used in surface subsidence,
landslide and other monitoring[12-16]. Given the surface subsidence in the mining area, Yao J. et al.
concluded that surface settlement is a lagged representation of the effects of deep rock deformation
and rupture to the surface by InS AR observations and ground fracture dynamics[17]. Du D et al.
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used the PS-InSAR technique to monitor ground subsidence in an area, [and] the integrated
hydrogeological situation was analyzed and described, providing a new idea for surface subsidence
monitoring [18]; Yang, W et al. used InSAR to obtain surface subsidence information and analyzed
the surface subsidence mechanism regarding the human-machine relationship, geological faults, and
lithological structures. The results indicate that the human-machine relationship is the main cause of
surface deformation, and faults and lithological formations are the controlling factors of surface
subsidence[19].

Therefore, the goaf filling treatment is one of the effective means to ensure mining safety, control
the movement deformation of rock mass, and avoid surface collapse[20]. However, most of the rock
strata movement deformation and surface subsidence of mine filling and mining are studied by
theoretical formulas, similar materials, and numerical simulation combined with traditional
monitoring methods[7,21-23]. However, the rock strata movement, deformation, and surface
subsidence are affected by various factors, resulting in different degrees and locations of influence in
each period. In addition, due to the limitations of traditional monitoring methods, it cannot reflect
the complete process of rock strata movement deformation and surface subsidence before and after
goaf treatment. Therefore, this study takes the goaf area of the west wing of Taibao in Guiping City,
Guangxi Province, as an example, uses PS-INSAR technology to obtain surface subsidence
information from 2015 to 2021, clarifies the temporal and spatial distribution characteristics of surface
subsidence in mining areas, compares and verifies by using the level monitoring data in the same
period, and takes the state and governance mode of the goaf as the influencing factors to explore the
evolution process of rock strata movement and settlement under different treatment modes in the
goaf area and the changing trend of surface subsidence under different treatment periods.

2. Materials and Methods

2.1. The Study Region

The Taibao tin-based pit mining area is next to Daxu Town in Guigang City and Shilong Town
in Guiping City. The topography is gentle, with a ground elevation ranging from 39.8 to 42.5m. The
overall terrain is slightly lower in the northeast and higher in the southwest, with the surface covered
by a Quaternary soil layer. The surrounding area of the mining area consists mainly of farmland and
some scattered residential areas. Nine ore bodies are distributed in the west and east wings of the
mining area, with deposit heights ranging from +40m to -100m and an inclination of approximately
20°. The mine uses a combination of open pit and underground mining methods to extract the ore
body. The open pit mines the ore body between +20m and +40m elevation. In comparison, the
underground employs a trackless ramp road comprehensive mining method to extract the ore body
between -80m and Om.

Recently, the mine has mainly mined the ore body in the west wing. The goaf in

the west wing mainly exists within lines 11 to 23 at 0-25m elevations. In January
2018, the goaf in the west wing was treated. The treatment plan is shown in
(b-g): reinforcement of unstable ore pillars in goafs 1 and 5; closure and isolation treatment of

goafs 2 and 4; overall waste rock mortar filling of goaf 3; closure and isolation and partial filling
reinforcement of goaf 6. The treatment was completed in March 2019.

2.2. Data

The area studied is the goaf on the west wing of the mine, and the distribution is

shown in
a. In order to monitor the surface deformation of the mine goaf before and after treatment, the
Sentinel-1A image of Decending VV polarization was selected as the data source, and the image data
of the mining area was selected before, during, one year and the second year after the goaf treatment,
the image acquisition time was as follows:
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21 images from June 2015 to January 2018 before the Goaf treatment;

15 images from January 2018 to March 2019 during the Goaf governance period;

13 images from March 2019 to March 2020 in the year after Goaf remediation;

13 images from March 2020 to March 2021 in the second year after Goaf remediation.

LN

At the same time, the precision orbit information of the same period was selected to correct it,
and the DEM data with a resolution of 30m STRM1_V3 NASA was selected to remove the terrain
residuals. The image acquisition time and related information for each period are shown in Appendix

Error! Reference source not found..

Figure 1. Goaf distribution and treatment plan map. (a) The scope of the mining area and the surface
optical image of the mine area; (b) The distribution and management of the roof and pillar of the No.
1 mining area; (c) The distribution and management of the roof and pillar of No. 2 mining area; (d)
The distribution and management of the roof and pillar of No. 3 mining area; (e) The distribution and
management of the roof and pillar of No. 4 mining area; (f) The distribution and management of the
roof and pillar of No. 5 mining area; (g) The distribution and management of the roof and Pillar No.
6 mining area.

2.3. Principle of PS-InSAR technology

The basic principle of PS-InSAR technology is to track ground objects through the interaction
between electromagnetic waves emitted by the space station's radar and targets, which need to be
targeted with stable scattering characteristics in time and space, such as buildings, bare rock, Etc.
These targets with stable scattering characteristics and high coherence greatly reduce the influence
of noise and coherence on monitoring in phase space due to their small influence by space and time.
PS-InSAR technology solves the problems of the long monitoring cycle of traditional technology,
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slow engineering speed, great influence by natural weather conditions, and large limitation of
monitoring scope.
N interferograms are obtained by processing N+1 image data of the study area, and the

corresponding differential interferograms are obtained after differential DEM processing. Then the

phase of the Nth interferogram element is Agp = 4r R , The differential phase can be expressed
ﬂ’ n

as[24]:

4r "4 47[~cos€h+¢n rE 1)

=—B
o AR sing " A !

where R is the oblique distance from the sensor to the ground target; € is the radar angle of
incidence; A is the radar wavelength; B’ | is the effective spatial baseline; 5}1 is the elevation

correction value; h is the amount of surface settlement; Q’i is the atmospheric phase; &" is the noise

phase.

In order to attenuate the effect of the atmospheric phase, the interferometric phase of adjacent
PS points can be differenced again from the spatial scale, then the phases of PS points i, j, respectively,
as:

n —res

{ ¢, =d'B" 5, +bt"v+¢!
(Dn, = aiBnJ_é‘IZ( + b.itnv + wr{fres (2)

Differentiating the two equations again gives the PS point phase difference equation as:

Aq[)ﬂ = aB"LAé‘H + b]tnv + A¢n—res (3)

If the difference in settlement velocity Av and the elevation correction AJ,, between two
adjacent PS points can be correctly estimated, and ¢, . << 7 the complete phase difference Ag,
between the two points can be found and the gradient of A¢, can be regarded as the gradient of

@, . If the complete value of the gradient is known, @, v can be solved and the deformation value

of the surface can be found in turn.

2.4. Data processing processes

The PS-InSAR data processing steps consist of the following five main parts[25]: selection of the
common master image, differential interference processing, selection of PS candidate points, removal
of atmospheric phases and finally, the deformation results.

1. A large number of SAR images are compared and interfered with in order of data, taking into
account temporal and spatial baseline thresholds, as well as time nodes, meteorological
conditions and Doppler mass frequencies, Etc., to select the super master image.

2. Differential interference processing of the super master image using DEM data.

3. The PS points with high signal-to-noise ratio and high coherence characteristics are selected, the
interferometric phase of these target points is processed, and the Delonet network function
model is used to analyse and remove the delay fluctuations caused by the signal propagation
process.

4. Finally, the function model Disp =K +V *(t—t,) is used to estimate the atmospheric

residuals, the linear phase residuals of the flat-earth phase and the deconvolution process, Etc.,
and then two atmospheric filters with different fluxes of high pass and low pass are used for
atmospheric correction using the time window of 365 days and the spatial window of 1.2Km
respectively. the result is the final deformation result of the PS-inSAR technique.


https://doi.org/10.20944/preprints202306.2212.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2023 doi:10.20944/preprints202306.2212.v1

5. The resulting vector file of deformation results is flexibly time-series superimposed on the
satellite image to visualise the point information, and interpolation is used to generate a
subsidence cloud map to visualise the subsidence results.

3. Results and Analysis

3.1. PS-InSAR monitoring result

The radar images of each period were processed by the above process to obtain 3,395 PS points
in the first period finally, 47,13 PS points in the second period, 5,789 PS points in the third period,
and 4,377 PS points in the fourth period.The distribution of PS points for each period is shown in
Error! Reference source not found., where red represents sinking points and green represents rising p
oints.

Rising point

F z T = = - - 109° 51°0°E

(a) Time: 2015 - 2018 (b) Time: 2018 - 2019 (c) Time: 2019 - 2020 (d) Time: 2020 - 2021

Figure 2. Distribution of PS points by time period. (a) PS point distribution map before the treatment
of the mining area; (b) PS point distribution map during the treatment of the mining area; (c) PS point
distribution map for one year after the treatment of the mining area; (d) PS point distribution map for
the second year after the treatment of the mining area.

3.2. PS point accuracy verification

In order to ensure the accuracy and reliability of the monitoring results, the proximity method
is used to compare the level point measurement data with the mean value of the adjacent PS point to
verify the monitoring accuracy[26]. According to the acquisition time of radar data images, combined
with the level measurement data of the mine, the PS-INSAR deformation data from March 2019 to
March 2020 was finally tested by the level point data of the mine area, and the error value after
comparison is shown in Error! Reference source not found.. The deformation rates and errors for e
ach monitoring point are shown in Appendix Error! Reference source not found..
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Figure 3. Monitoring accuracy verification.

From the Error! Reference source not found., it can be concluded that the error value of point 3
J1 is more prominent than other error values, because this point is at the three-way intersection. The
mine car passing through produces dust and falling debris causing slight lifting of the road surface,
resulting in a positive PS deformation value, while the level point is less affected by the mine car at
the roadside, except for point 3J1, the absolute minimum error of the level point and PS point is
8.5mm, the minimum absolute error is 0.046mm. The mean square difference is 2.4mm, so it can be
proved that PS-InSAR is feasible to monitor the surface deformation in the mine area.

3.3. Surface Subsidence Analysis

The resulting PS points were processed by ArcGIS differential analysis to obtain a cloud map of
the mine deformation distribution, as shown in Error! Reference source not found..

Figure 4. Surface subsidence map of the extraction area by period. (a) surface subsidence map before
the treatment of the mining area; (b) surface subsidence map during the treatment of the mining area;
(c) surface subsidence map for one year after the treatment of the mining area; (d) surface subsidence
map for the second year after the treatment of the mining area.

The movement deformation of rock formations caused by mining is a process that has a
comprehensive influence of many factors, which is affected by the hydrogeological conditions,
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geological engineering conditions, mining depth, stope layout, and different governance methods of
the goaf in the mining area[27-30]. According to the actual situation of the mine, the rock strata
movement and surface subsidence laws of three different treatment methods: goaf No. 3 (full filling),
goaf No. 6 (partial filling) and goaf No. 2 (closed goaf), were studied according to the actual situation
of the mine.

3.3.1. Surface subsidence law before goaf is not filled.

In the mining process, the layout of the stope, such as the mining height, the size of
the ore column, and the layout position, directly affect the stability of the goaf.

From

above, it can be seen that before the treatment of some goaves, due to the unreasonable layout
parameters in the mining process, the stress concentration of the ore column and the roof plate was
caused, resulting in an unstable roof and unstable part of the ore pillar in the No. 3 goaf area, unstable
ore pillars and roof in the northern, central and southern parts of the No. 6 goaf area, and only one
more column in the No. 2 goaf area was unstable. Therefore, it can be seen in Error! Reference source n
ot found.(a) that the No. 3 goaf area is as a whole, the northern, central and southern areas of the No.
6 goaf area can be seen in Error! Reference source not found.(b), and the settlement amount at the
unstable ore pillar area of the No. 2 goaf area is large in Error! Reference source not found.(c), so the
rock strata movement deformation in these areas are strong.
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Figure 5. Surface subsidence curve before the treatment of the mining area. (a) Surface subsidence
curve before the treatment of No. 3 mining area; (b) Surface subsidence curve before the treatment of
No. 6 mining area; (c) Surface subsidence curve before the treatment of No. 2 mining area.

The mining depth of the ore body determines the size of the top plate bearing the load of the
overlying rock layer, which is the key factor affecting the sinkage of the top plate in the mining area,
combined with the analysis of the profile of each mining area, Error! Reference source not found.. it c
an be seen that the smaller the overlying load, the smoother the settlement curve; the sinkage of the
top plate rock layer increases with the increase of the mining depth, and the maximum value of the
settlement is approximately the same as the maximum position of the mining depth, but not the same,
part of the settlement value at the unstable top plate is also larger due to the unreasonable placement
of the ore column causing the top plate to bear a larger overlying load, which is generally consistent
with the actual.
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Figure 6. Section view of mining area.

3.3.2. Surface subsidence law during the filling of the mining area

Filling management of the mining area controls the movement deformation of the rock mass and
prevents the surface from caving in. The effect of different filling materials and filling rates to control
rock movement deformation is also different[31].

Because the roof plate and ore column of the No. 3 goaf area are unstable, it is necessary to carry
out all filling treatments of the goaf, with the increase of filling rate during the filling process.
However, the filling body has a supporting effect on the unstable ore column and surrounding rock;
to a certain extent, the movement deformation of the rock mass are controlled. However, the surface
subsidence at this stage is not much different from before treatment; on the one hand, it is determined
by the mechanical characteristics of the filling body; the stronger the compression resistance of the
filling body, the stronger the support force for the ore column, and the slower the movement
deformation speed of the rock mass; On the other hand, the filling rate determines it, the higher the
filling rate, the smaller the empty ceiling, and the smaller the surface subsidence after filling[32-35].
Therefore, it can be seen from Error! Reference source not found.(a) that the surface subsidence of g
oaf No. 3 during the full-filling treatment period has been slightly slowed, but the degree of
mitigation is small due to the unstable roof and ore pillars in the goaf. On the one hand, because the
filling material is related to the strength of the filling body, on the other hand, there is a certain empty
roof height after all filling. The empty area's roof plate and ore column still provide the main source
of supporting pressure, so the control of the unstable rock strata movement deformation of the roof
plate and ore column in the goaf is limited, so it still maintains a large settlement value. In addition,
it can be seen from the figure that the centre of the settlement area moves to the depth of the No. 3
goaf. The settlement at the maximum mining depth is 150.9mm, which is significantly greater than
the settlement amount in other areas because, due to the influence of the mining depth, the larger the
mining depth, the greater the load of the overlying rock layer, and the greater the compression of the
filler, resulting in a large settlement in the mining depth is greater than that in the shallow part.
Therefore, during the full-filling treatment, the rock mass in the shallow part of the mining depth has
a large degree of movement deformation.
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Figure 7. Surface subsidence curve during the treatment of the mining area. (a) Surface subsidence
curve during the treatment of No. 3 mining area; (b) Surface subsidence curve during the treatment
of No. 6 mining area; (c) Surface subsidence curve during the treatment of No. 2 mining area.

Due to the unstable local roof and ore column of the No. 6 goaf, the unstable area of the local
filling goaf was used for treatment. Building a closed wall in filling and treatment is equivalent to
providing a fulcrum for the roof rock layer, reducing the compressive stress and roof tension failure
supported by the ore column, and protecting the ore column. However, in the form of a cantilever
beam in the unfilled area, the rock strata movement deformation is "inverted trapezoidal” sinking
[ref], so the vertical displacement of the roof plate in the filling area of the working face gradually
slows down, and the vertical displacement of the roof in the unfilled area increases with the
inclination direction of the rock layer[36,37]. Therefore, it can be seen from Error! Reference source n
ot found.(b) that the surface subsidence of the No. 6 goaf gradually attenuated during the local filling
treatment, but the settlement in the untreated area increased to varying degrees. The settlement value
at the northern end increased by 58.12mm compared with before treatment, and the settlement value
at the southern end increased by 31.5mm compared with before treatment. It can be concluded that
the degree of rock strata movement deformation in the untreated area during the local filling
treatment period is greater than that in the treated area.

By comparing and analyzing the variation characteristics of vertical displacement of closed goaf
and local filling roofs, the vertical displacement trend of the two roofs is similar, and the vertical
displacement of the direct roof is not much different in the unfilled area. Therefore, Error! Reference s
ource not found.(c) shows that the surface of the No. 2 goaf is still sinking greatly during the closed
goaf, the rock strata movement deformation are still in the unstable area, and the settlement funnel
is concentrated at the unstable ore column. The maximum settlement in the figure is 118.9mm,
indicating that the time required for the rock mass stress redistribution to equilibrium is longer under
the closed treatment of the goaf area, resulting in a longer duration of rock mass movement, so the
rock strata movement and is still in the area where the unstable ore column is located.

3.3.3. Surface subsidence law in the first year after the treatment of the mining area

From Error! Reference source not found.(a), it can be concluded that the No. 3 Goaf in the first y
ear after full filling treatment with the compression of the filling body, the height of the empty roof
gradually decreases; at this time, the load of the overlying rock layer is mainly borne by the filling
body, roof plate and ore column, which restricts the movement of the rock mass to a certain
extent[33,35], so the settlement area is significantly reduced. The surface subsidence slows down
significantly, but the settlement amount at the large mining depth is still greater than the shallow
part, so the settlement at the maximum mining depth in the figure is 38.3mm, greater than the
settlement in other areas.

It can be seen from Error! Reference source not found.(b) that the surface subsidence of the No. 6

goaf area in the first year after local filling treatment gradually decays to stop. At the same time,
there is still a small settlement in the unfilled area, but the impact on the surface is not large; the
maximum settlement value at the southern end is 19.8mm, and the maximum settlement at the
northern end is 30.9mm; the settlement area is still mainly located in the unfilled place, but the
settlement centre is located at the edge of the empty area, which can be concluded that the rock strata
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movement and at this time moves from the untreated area to the side of the goaf and gradually
attenuates.

From Error! Reference source not found.(c), it can be concluded that the surface subsidence of t
he No. 2 goaf area in the first year after closure and treatment has been greatly slowed down, and
there is still a slight settlement at the roof of the unstable ore column, indicating that the stress
redistribution of the rock mass has gradually reached equilibrium and the rock strata movement and
has gradually weakened. In addition, there is still a large settlement in the northern part of the No. 2
empty area, and the maximum settlement value of the goaf is 34.2mm because the ore body in the
northern part of the mining area in the 19-20 mining season leads to the activation of the upper
overlying rock layer under the influence of mining.
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Figure 8. Surface sedimentation curve in the first year of completion of mining area treatment. (a)
surface subsidence curve of the No. 3 mining area after one year of treatment; (b) surface subsidence
curve of the No. 6 mining area after one year of treatment; (c) surface subsidence curve of the No. 2
mining area after one year of treatment.

3.3.4. Surface subsidence law in the second year after the treatment of the mining area

From Error! Reference source not found., it can be concluded that in the second year after the t
reatment of goaf No. 3, No. 6 goaf and No. 2 goaf area, the rock strata movement tends to stop, the
surface subsidence stops, and most areas cause the surface to rise due to the influence of engineering
activities. Only the northern part of goaf No. 2 is still sinking due to the influence of mining, and the
maximum settlement value of point D3 is 13.4mm, but overall the surface subsidence shows a trend
of attenuation to stop.
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Figure 9. Surface sedimentation curve in the second year after the completion of mining area
treatment. (a) Surface subsidence curve of the second year after the completion of the treatment of
No. 3 mining area; (b) Surface subsidence curve of the second year after the completion of the
treatment of No. 6 mining area; (c) Surface subsidence curve of the second year after the completion
of the treatment of No. 2 mining area.

4. Discussion

The rock mass law obtained by analyzing the surface subsidence cloud map and the settlement
curve of each goaf by three different management methods of goaf is as follows: rock strata
movement deformation and surface subsidence law of all filled goaf area[34,35,37,38]: the rock strata
movement and in the goaf area before the treatment is distributed in the unstable area, and the rock
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strata movement and in the goaf as a whole is severe, and the surface subsidence caused by it is large,
and the surface subsidence gradually increases with the increase of the overlying load. During the
full filling treatment of the goaf area, due to the influence of the strength of the filling body, the
amount of empty roof and the depth of mining, the degree of movement deformation of the rock
strata is large, and the moving deformation of the deep rock strata are greater than that in the shallow
part. The surface subsidence is slowed down, and the degree of slowdown is greater in the shallow
mining depth than in the large mining depth. In the first year after treatment, rock strata movement
deformation intensity was greatly reduced and gradually stabilized. However, the rock strata
movement deformation in the deep part was still larger than that in the shallow part, and the surface
subsidence gradually slowed down, but the surface subsidence was still greater at the large mining
depth than in the shallow mining depth. In the second year after the completion of treatment, rock
strata movement deformation tended to stop, and surface subsidence stopped.

Rock strata movement deformation law of local filling treatment goaf area[39-41]: The rock
strata movement deformation is distributed in unstable areas when the goaf area is not treated, and
the rock strata movement deformation in the northern, central and southern areas of the goaf area is
violently deformed, resulting in large surface subsidence, and the surface subsidence gradually
increases with the increase of mining depth. When the goaf is gradually weakened, and the surface
subsidence is gradually slowed down due to the establishment of a closed wall in the local filling
treatment period, the rock strata movement deformation and surface subsidence in the untreated area
increase. In the first year after treatment, rock strata movement deformation intensity was greatly
reduced and gradually stabilized, and surface subsidence was controlled. However, the rock strata
movement, deformation, and surface subsidence in the untreated area were larger than in the treated
area. In the second year after the completion of treatment, overburden movement stops, and surface
subsidence stops.

Rock strata movement deformation law in closed goaf area[6,9,42]: When the goaf is not closed
for treatment, the rock strata movement deformation is distributed in the position of an unstable ore
column, and the rock mass moves violently and causes large surface subsidence. When the goaf takes
a long time to redistribute the rock mass stress to equilibrium during the closed treatment period, the
rock strata movement deformation are still in the area where the unstable ore column is located. The
surface maintains a large settlement, and the intensity of rock strata movement deformation is greatly
slowed down and gradually stabilized in the first year after the completion of closed treatment, and
the surface subsidence is controlled, but it is still in the area where the unstable ore column is located.
In the second year after closed treatment was completed, overburden movement stopped, and surface
subsidence stopped.

5. Conclusions

In this paper, a PS-InSAR technology is proposed to monitor the surface subsidence cloud map
and surface subsidence curve of the mining area at each stage of goaf treatment and study the law of
rock strata movement deformation and surface subsidence from underground mining to treatment,
which provides a basis for safe mining, goaf treatment, rock movement and surface subsidence, and
the main results are as follows:

1. According to the actual mining time of the mine, satellite images of different periods of the
mining area are obtained, the PS point deformation information of the mine area is obtained by
ENVI+Scrape software processing, and the surface deformation cloud map and surface
subsidence curve of the mine area obtained by kriging difference processing have a small error
value compared with the level measurement results of the mining area, which is consistent with
the actual project, and can accurately characterize the surface deformation.

2. The surface subsidence curve obtained was analyzed, which was consistent with the on-site
measurement and relevant reference results, indicating that the monitoring results were good,
in line with the movement deformation of the mine rock strata and the influence of different
factors such as mining parameters and mining depth was considered in the result analysis. It
was concluded that the unreasonable layout of the stope in the goaf before treatment led to the
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instability of the roof, and the ore column was the main factor of surface subsidence, and the
surface subsidence during the treatment period was mainly affected by the mining depth and
filling materials. Therefore, this technique can reflect the rock strata movement deformation and
surface subsidence characteristics of the mining area.

3. In addition, compared with the theoretical model and numerical model, the use of PS-InNSAR
monitoring can accurately reflect the process of rock strata movement deformation and surface
subsidence in each stage from the goaf untreated, the treatment is completed, and the location
of rock strata movement deformation and surface subsidence under different treatment methods
in the goaf area, from the comparison of the surface subsidence curve and the actual situation of
the surface of the mining area, the obtained rock strata movement deformation and surface
subsidence position are in line with the actual situation of underground mining engineering.

4. The author only studied the movement deformation and surface subsidence law of the gently
inclined shallow ore body, and other mining geological conditions need to be further studied.
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Appendix
Table 1. Characteristics of the satellite data used in the study.
Study period ID Date of Acquisition Time baseline(d) Normal baseline(m)
(DD-MM-YYYY)
25-06-2015 -444 -84.883
12-08-2015 -396 13.1727
29-09-2015 -348 33.8539
23-10-2015 -324 32.6516
03-01-2016 -252 -19.4715
26-05-2016 -120 15.6077
2015-2018
06-08-2016 -108 -34.0751
23-09-2016 -60 -66.3668
10-11-2016 -48 -20.1385
28-12-2016 0 0
09-01-2017 12 49.7188

14-02-2017 48 21.0417
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15-04-2017 108 -66.7169
09-05-2017 132 -67.5277
14-06-2017 168 10.0376
08-07-2017 192 62.4211
13-08-2017 228 -54.623
18-09-2017 252 -12.1731
12-10-2017 276 -73.6862
17-11-2017 312 449114
11-12-2017 336 42.8753
04-01-2018 360 829572
04-01-2018 -216 -39.9495
09-02-2018 -180 -48.6742
05-03-2018 -156 108.632
10-04-2018 -120 -15.5787
04-05-2018 -96 -14.5066
09-06-2018 -60 -26.4119
03-07-2018 -36 33.5122
2018-2019 08-08-2018 0 0
13-09-2018 36 9.61013
07-10-2018 60 51.9931
12-11-2018 96 -37.9488
06-12-2018 120 19.531
11-01-2019 156 -11.1439
04-02-2019 180 -15.9356
12-03-2019 216 -32.5269
12-03-2019 -264 -18.1204
2019-2020 05-04-2019 -240 -30.4496
11-05-2019 -204 12.9326
16-06-2019 -168 79.8935
10-07-2019 -144 38.3496
03-08-2019 -120 56.122
08-09-2019 -84 -47.3905
02-10-2019 -60 -91.0679
20192020 07-11-2019 -24 -28.1256
01-12-2019 0 0
06-01-2020 36 60.6799
23-02-2020 84 34.1044
06-03-2020 96 8.25188
06-03-2020 -180 -30.3446
2020-2021

11-04-2020 -144 -4634055
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14
05-05-2020 -120 9.97058
10-06-2020 -84 2.89.32
04-07-2020 -60 66.266
09-08-2020 -24 -66.2685
02-09-2020 0 0
08-10-2020 36 -133.119
25-11-2020 84 76.453
19-12-2020 118 -68.5192
12-01-2021 132 46.562
17-02-2021 168 22.8765
13-03-2021 192 2.02861
Table 2. Rate of deformation and error values at each point.

Point Level point deformation rate PS point Deformation rate  The absolute value of the
ID (mm/y) (mm/y) error (mm)
1J1 -5.3 -7.753 2.453
1]2 3.7 3.746 0.046
1J3 -2.7 -4.729 2.029
2J1 -5.7 -5.866 0.166
2]2 -13.6 -11.947 1.653
2]3 -3.9 -5.854 1.954
2]4 12.4 18.02 5.62
3J1 -1.6 16.11 17.71
3]2 -2.4 6.106 8.506
3]3 2.1 -1.127 3.227
3J4 -3.3 -2.021 1.279
SJ1 -49.2 -43.005 6.195
SJ2 -28.6 -26.585 2.015
SJ3 -7.5 -5.806 1.694
SJ4 -9.6 -9.667 0.067
SJ5 -28 -25.374 2.626
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