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ABSTRACT The ground surface deformation caused by mining damages the ecological environment and
severely hinder economic development in the mining area. The acquisition of three-dimensional ground
surface deformation in amining area helps to improve understanding of the process andmechanism of ground
surface deformation caused by mining and helps to prevent and control this type of disaster. In this paper,
eleven TerraSAR-X images and five Radarsat-2 images covering the 52304 working face in the Daliuta
mining area were used to obtain the time-series line-of-sight (LOS) direction deformation and azimuth
direction deformation based on different SAR platforms by application of the small baseline subset (SBAS)
pixel offset tracking method. According to the three-dimensional solution principle of multiplatform SAR
images and 72 GPS points, the accuracy of deformation in the east–west direction is 0.22 m, while the
accuracy in the north–south direction is 0.21 m, with an accuracy of subsidence of 0.34 m.

INDEX TERMS SAR, pixel offset tracking, mining subsidence, three-dimensional deformation.

I. INTRODUCTION
The rapid development of China’s economy is inseparable
from the support of energy. Coal consumption will occupy
a crucial dominant position in China’s energy structure for a
long time. China is both the world’s largest coal consumer
and the world’s largest coal producer. China’s statistics show
that, in 2018, the raw coal production accounted for 46% of
the world’s total, and coal consumption accounted for 59% of
China’s domestic energy consumption. Over 96% of China’s
coal output comes from underground coal mining [1]. The
large-scale extraction of underground coal will cause severe
ground subsidence and horizontal displacements, severely
disturbing the ground surface ecology and affecting the safety
of infrastructure and public utilities [2]. Ground deformation
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in coalfields has already become one of the most prominent
ecological and environmental problems in China.

After the underground coal seam was mined, the internal
stress balance of the surrounding rock mass was destroyed.
In order to achieve a new balance, under the action of the
gravity of the overlying strata in the mining area, the main
movement and deformation of the rock mass occur with
collapse, fracture, separation, and bending settlement. When
the mining area reaches a specific range, movement and
destruction will spread to the ground surface. We call the
phenomenon and process of rock movement and surface
deformation caused by underground coal mines mining as
mining subsidence.

Mining-induced ground deformation has been studied
using numerous ground-based methods, including level-
ing [3], total station surveys [4], and GPS field surveys [5].
Thesemethods are not only primarily based on point-by-point
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measurements but are also time-consuming, labor-intensive,
and costly. To make matters worse, the workers need to enter
the deformation zone to complete the survey, which signifi-
cantly increases the danger. With the rapid progress in Earth
observation techniques over the past several decades, the dif-
ferential interferometric synthetic radar aperture (D-InSAR)
and time-series InSAR methods such as PS-InSAR [6],
SBAS-InSAR [2], TCP-InSAR [7] and IPTA-InSAR [8] have
proven to be active within an accuracy of millimeters to
centimeters along the radar line of sight (LOS) direction
for mapping ground deformation induced by various natural
and anthropogenic activities [9]. However, methods that are
based on phase unwrapping cannot overcome the limita-
tions of the deformation gradient and will, therefore, fail for
large deformation gradients. In China, the long-wall com-
prehensive mechanized coal mining technique is a standard
and advanced method resulting in efficient coal production
and severe horizontal displacements and vertical deforma-
tion [10]. Although the time-series InSAR techniques that are
based on phase unwrappingmethods obtain LOS deformation
with high accuracy, such techniques are usually unable to
monitor the ground deformation during coal mining effec-
tively. This is mainly due to the large ground deformation
gradient caused by coal mining, which exceeds the threshold
of phase unwrapping methods. In order to overcome the limi-
tation of the surface deformation gradient and retrieve the full
displacement field, long-wavelength SAR images (such as
ALOS-1 and ALOS-2) are usually recommended for mining
area deformation monitoring; however, the ALOS-1 satellite
was discontinued in 2011, and the commercial application
cost of the ALOS-2 satellite is very high [11]. The fusion
of D-InSAR and sub-band InSAR [12], [13], integration of
measurements from D-InSAR and TomoSAR [14] and GPS-
assisted D-InSAR method [15] have been demonstrated as
useful methods for monitoring ground subsidence caused
by mining, but these methods are difficult to popularize.
For mining monitoring accurately, applying a combination
of D-InSAR and mining subsidence theory to the problem
of obtaining the three-dimensional deformation of a mining
area [16], [17] still faces the problem of phase unwrapping
failure, restricting its use in the monitoring of large gradient
deformation. Time series InSAR technology based on phase
unwrapping can play a perfect role in deformationmonitoring
of old mined-out areas. For scenes that cause severe sur-
face deformation during mining, time series InSAR methods
based on phase unwrapping are challenging to obtain correct
monitoring results due to considerable deformation gradient
constraints. With improvements to the resolution of SAR
images, the pixel offset tracking method based on SAR inten-
sity information using normalized cross-correlation (NCC)
has been documented as being both reliable and straightfor-
ward for measuring large-gradient surface displacements in
mining areas [18]–[21]. This method can not only monitor
the LOS-direction deformation but can also monitor along-
track-direction displacements. For three-dimensional moni-
toring deformation of natural disasters, such as earthquakes,

volcanic activity, and glacier motion, which are character-
ized by severe damage and a wide range of spatial extents,
the pixel offset tracking method has obtained satisfactory
results, with the advantages of having excellent resistance
to decorrelation. High-resolution three-dimensional displace-
ments of mining areas are crucial to assessing mining-related
geohazards and understanding the mining deformation mech-
anism [22]–[25].

The monitoring accuracy of the pixel offset tracking
method mainly depends on the pixel size of the SAR image.
The local surface deformation caused by coal mining has
a large deformation gradient and a small influence range.
To accurately obtain the 3D deformation of the mining area,
high-resolution SAR images are essential.

In recent years, the pixel offset tracking method has made
significant progress in monitoring the three-dimensional
deformation of mining areas. In summary, there are two
types of methods: 1. Multi-platform SAR image fusion
monitoring; 2. SAR image pixel offset tracking + mining
subsidence model. The multi-platform SAR image fusion
monitoring method can theoretically accurately monitor the
three-dimensional deformation of the mining area. However,
due to the limited number and resolution of satellites in orbit,
the research area has difficulty meeting the requirements.
Researchers found that SAR pixel offset tracking + min-
ing subsidence model methods can achieve ideal monitoring
results. For example, Yang et al. [26]–[30] proposed amethod
for retrieving 3D deformation from a single SAR amplitude
pair (SAP) with the assistance of a prior mining deforma-
tion model and Chen [31] revealed 3D varying large surface
displacements in Daliuta Mining Area through the integra-
tion of the SAR pixel offset tracking and mining subsidence
model. However, these methods rely on the choice of mining
subsidence model and parameters and are not suitable for
mountainous areas or highly inclined coal seams.

In this paper, a novel time-series pixel offset tracking
method based on the integration of TerraSAR-X SAR images
in descending orbit and Radarsat-2 SAR images in ascending
orbit are used to reveal the large-gradient three-dimensional
ground surface deformation caused by mining in the Dal-
iuta Mining Area. According to the validation of 72 GPS
monitoring points along the strike direction and dip direction
above the working face in the mine, this method is useful for
monitoring large-gradient three-dimensional ground surface
deformation.

II. METHODOLOGY
A. TIME SERIES SBAS PIXEL OFFSET TRACKING METHOD
The pixel offset tracking method based on SAR intensity
information uses the NCC of the input SAR intensity images
to estimate the slant- and along-track-direction deformations.
The most significant advantage of the pixel offset tracking
method based on SAR intensity information is influenced
very little by temporal and spatial coherence and deforma-
tion gradients. However, if the temporal baseline and spatial
baseline are both substantial, this will reduce monitoring
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accuracy and possibly even failure. The capability of the
SBAS-DInSAR technique which relies on an appropriate
selection of the SAR image pairs characterized by a small
spatial and temporal separation (baseline) between the acqui-
sition orbits, thereby reducing some of the more problem-
atic noise sources in interferometry to accurately measure
displacements has already been well documented in case
studies [32]. In this paper, an extension of the pixel off-
set tracking SBAS techniques has been proposed to move
from the investigation of large-gradient mining deformations
toward temporally varying phenomena. Generally, the pixel
offset tracking method obtains the surface deformation
with an accuracy of 1/10-1/20 pixel size. Therefore, high-
resolution SAR images guarantee the ability to obtain stable
monitoring results. This approach follows the same ratio-
nale as the conventional SBAS-DInSAR technique and is
expressed as follows:

Bϕ = Dlos (1)

where B is anM×N coefficients matrix withM representing
the selected pixel tracking pairs and N representing the num-
ber of SAR images; ϕ is the unknown vector representing
the deformations between time-adjacent SAR acquisitions
(unknown terms); and Dlos represents the monitoring defor-
mation vector obtained by the pixel offset tracking (known
terms). For the SBAS pixel offset tracking approach, the con-
straints of the temporal and spatial baselines are less strin-
gent than those of the conventional SBAS-DInSAR technique
based on phase unwrapping. In general,B is anN -rankmatrix
and its solution can be obtained according to the least squares
principle as:

ϕ̂ = B#Dlos (2)

with B# = (BTB)−1BT .
Unfortunately, if B exhibits a rank deficiency, then singular

value decomposition (SVD) is required to obtain the optimal
solution.

B. 3D DEFORMATION FROM SBAS PIXEL OFFSET
TRACKING METHOD
In recent decades, considerable effort has been made to
resolve the full three-dimensional displacements from the
multiple D-InSAR measurements. Generally, by exploiting
the multiple D-InSAR measurements acquired from at least
three imaging geometries, the three-dimensional displace-
ment can be acquired with the following equations: dude

dn

 = 0 ·

 dlos,1dlos,2
dlos,3

 (3)

with

0 =

 a1 b1 c1
a2 b2 c2
a3 b3 c3

−1 ; ai = cos θinc,i, i = 1, 2, 3;

bi = − sin θinc,i sin
(
αaz,i − 3π

/
2
)
, i = 1, 2, 3;

ci = − sin θinc,i cos
(
αaz,i − 3π

/
2
)
, i = 1, 2, 3

where du, de, and dn are the deformation in three direc-
tions; and dlos,1, dlos,2, and dlos,3 are the three InSAR
LOS measurements. θinc,i and αaz,i are the radar inci-
dence angle and the orbit azimuth angle (positive clock-
wise from north), respectively, for the ith InSAR LOS
measurement.

For the pixel offset tracking method, not only can the
deformations in the LOS direction be monitored, but
along-track-direction deformations can also be acquired.
According to the pixel offset tracking method, only two
SAR imaging geometries are sufficient to resolve com-
plete three-dimensional displacement with the following
equations:

dlos,1 = du cos θinc,1 − sin θinc,1 cosαaz,1de

+ sin θinc,1 sinαaz,1dn

dlos,2 = du cos θinc,2 − sin θinc,2 cosαaz,2de

+ sin θinc,2 sinαaz,2dn

(4)

And

daz = −de cos(α −
3π
2
)+ dn sin(α −

3π
2
)[

du
de

]
= A−1 · B, dn =

daz − de sinα
cosα

(5)

With

A

=

[
cos θinc,1 − sin θinc,1(cosαaz,1 + tanαaz,1 · sinαaz,1)
cos θinc,2 − sin θinc,2(cosαaz,2 + tanαaz,2 · sinαaz,2)

]
,

B

=

[
dlos,1 − sin θinc,1 tanαaz,1daz,1
dlos,2 − sin θinc,2 tanαaz,2daz,2

]
where dlos,1 and dlos,2 are the measured deformations in the
LOS direction from different SAR images using the SBAS
pixel offset tracking method; daz,1 and daz,2 are the measured
deformations in the along-track direction from two different
SAR images obtained by the SBAS pixel offset tracking
method; θinc,1 and θinc,2 are the radar incidence angles accord-
ing to different SAR image geometries; andαaz,1 and αaz,2 are
the different orbit azimuth angles.

III. STUDY AREA AND DATA PROCESSING
A. STUDY AREA AND DATA
The study area is located in Shenmu county, north of Yulin
city, in Shaanxi province. The Daliuta coal mine is one of
the largest coal mines in China. It is located in the Mu
Us Desert foothills region at high elevations ranging from
901 meters to 1331 meters. The climate is characterized by
dry, long winters with frequent sandstorms, and little snow
or rain, and by short summers. Due to the long-term coal
mining, the ecological environment in this area is fragile.
There are two working faces in this study area, 52304 and
22307, as shown in Figure 1.
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FIGURE 1. Study area location. The red frame represents the coverage of TerraSAR-X (TSX); the yellow frame represents the coverage of Radarsat-2; the
white frame represents the 52304 working face; the white arrow represents the mining direction; and the green points represent GPS
points.

TABLE 1. TerraSAR-X and Radarsat-2SAR image parameters.

The working face 22307 was entirely exhausted by the
room-and-pillar method in 2005, and the residual ground sub-
sidence was very small. Considering the individual mining
processes of working face 22307, it made little contribution
to the ground subsidence that the five Radarsat-2 SAR images
captured in ascending orbit and eleven TerraSAR-X SAR
images in descending orbit. The Radarsat-2 SAR images,
with a pixel spacing of 2.66 m in the slant range and 2.88 m
in azimuth, and TerraSAR-X spotlight images, with a pixel
spacing of 0.86 m in the slant range and 0.98 m in azimuth,
are used tomonitor mining deformations by the application of
the time-series SBAS pixel offset tracking method. The SAR
image information is shown in detail in Table 1. Because the
fully mechanized caving technique was used on working face
52304, the subsidence rate and spatial extent of this working
face were both large. The mining conditions of working face
52304 were as follows: the elevation of the ground surface
was from 1154.8 meters to 1269.9 meters, the mining depth
was 235 m, and the average thickness of the coal seam was
6.94 m. A total of 45 GPS survey points in the strike direction
and 27 in the dip direction, monitored on Nov 21th, 2012,

and Apr 1st, 2013, were used to test the accuracy of the time-
series SBAS pixel offset trackingmethod inmonitoring three-
dimensional deformations caused by mining.

B. DATA PROCESSING
When the pixel sizes of the SAR images of the two plat-
forms are close, the above method (shown in part II.B) can
restore the three-dimensional deformation. When the pixel
sizes of the SAR images of the two platforms are quite
different, the above method will reduce the accuracy of the
three-dimensional calculation, and even lead to the failure
of the recovery of the deformation field. For the pixel offset
tracking method, a larger pixel size means lower monitor-
ing accuracy. In the study area of this paper, the azimuthal
deformation is significantly smaller than the sinking. The
Radarsat-2 images with pixel sizes of 2.66∗2.88 m can effec-
tively capture the line of sight sinking information, and it
is not easy to obtain the azimuth deformation correctly.
Since the Radarsat-2 image’s pixel size is almost three times
that of the TerraSAR-X image, we use the high-resolution
TerraSAR-X images to resolve the north-south deformation
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FIGURE 2. The process flow of the time-series SBAS pixel offset tracking method.

FIGURE 3. The relationship between temporal baseline and the spatial baseline. (a) for Radarsat-2; (b) for TerraSAR-X.

approximation instead of the north-south deformation of
the Radarsat-2 images at the same time. The formula is as
follows:

dlos,TX − daz,TX sin θinc,TX tanαaz,TX = du cos θinc,TX
− sin θinc,TX (cosαaz,TX + tanαaz,TX sinαaz,TX )de

dlos,R2 − daz,TX
sin θinc,R2 sinαaz,R2

cosαaz,TX
= du cos θinc,R2

− sin θinc,R2(cosαaz,R2 + tanαaz,TX sinαaz,R2)de

(6)

where dlos,TX , dlos,R2 are the LOS measurements of
TerraSAR-X and Radarsat-2, θinc,TX , θinc,R2 and αaz,TX ,
αaz,R2 are the radar incidence angle and the orbit azimuth
angle of TerraSAR-X and Radarsat-2, daz,TX is the measured
deformations in the along-track direction of TerraSAR-X.

Typically, different SAR platforms correspond to different
SAR image pixel sizes. In order to combine themulti-platform
SAR images by the SBAS pixel offset tracking method
for three-dimensional deformations, the multi-platform SAR
image pixel sizes must be unified. A geocoding method
is used to unify the pixel sizes and to ensure the suc-
cessful recovery of three-dimensional deformations caused

by mining. The process flow of the whole algorithm is shown
in Figure 2.

IV. RESULTS AND DISCUSSION
A. RESULTS OF TIME-SERIES SBAS PIXEL OFFSET
TRACKING
The pixel offset tracking method has less constraint on the
time baseline and the spatial baseline than the phase unwrap-
ping method. A temporal baseline constraint of 150 days and
a spatial baseline constraint of 400 meters are appropriate,
and 55 pixel-tracking pairs for eleven TerraSAR-X images
and 10 pixel-tracking pairs for five Radarsat-2 images are
generated, respectively, in order to reveal the time series
deformations caused bymining. The relationship between the
time baseline and the spatial baseline for TerraSAR-X and
Radarsat-2 is shown in Figure 3.

As shown in Figure 4, ten time-series deformation images
in the TerraSAR-X LOS direction from Nov. 10th, 2012,
to Apr. 2nd, 2013, display the ground surface deformation
processes arising from coal mining. With the forward motion
of the development of the mining working face, the scope and
magnitude of surface subsidence gradually expanded, and the
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FIGURE 4. Time-series deformation images in the TerraSAR-X LOS direction. The black frame represents the 52304 working face; the black arrow
represents the mining direction in TerraSAR-X geometry. The positive values represent movement along the LOS direction.

FIGURE 5. Time-series deformation images in the TerraSAR-X azimuth direction. The black frame represents the 52304 working face; the black
arrow represents the mining direction in TerraSAR-X geometry. The positive values represent movement along the TerraSAR-X azimuth direction.

center of the subsidence basin gradually expanded along the
mining direction.

Figure 5 shows the process of 52304 working face defor-
mation along the azimuth of TerraSAR-X image during
mining. With the excavation of the mining, the azimuthal
deformation from the TerraSAR-X images shows two dis-
tinct features in the time series. The first is that with the
development of the mining, the azimuth deformation moves
toward the center line of the 52304 working face; the sec-
ond is that the influence range of the azimuth deformation
gradually expands, with the excavation of the mining, when

approaching the end of the 52304 working face, the azimuthal
deformation is significantly reduced.

Figure 6 shows four time-series deformation images in the
Radarsat-2 LOS direction fromNov. 27th, 2012, toMar. 27th,
2013. The shape of the subsidence basin shown in Figure 6 is
significantly different from that in Figure 4. This is mainly
caused by two factors. One factor is that, due to the differ-
ent observation periods, the ground surface shows different
subsidence characteristics. A second factor is that two types
of SAR images from different satellite platforms were used:
one type was TerraSAR-X images in descending orbit, with
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FIGURE 6. Time-series deformation images in the Radarsat-2 LOS direction. The black frame represents the 52304 working face; the black arrow
represents the mining direction in Radarsat-2 geometry. The positive values represent movement along the LOS direction.

FIGURE 7. Three-dimensional deformation. (a) East–west direction deformation; (b) North–south direction deformation; (c) Subsidence of the mining
area. The black frame represents the 52304 working face; the black arrow represents the mining direction; the black points represent GPS monitoring
points with 45 in the strike direction and 27 in the dip direction. The positive values represent uplift, eastward movement, and northward movement,
respectively.

a pixel spacing of 0.86 m in the slant range and 0.98 m in
azimuth, and the other was Radarsat-2 images in ascending
orbit, with a pixel spacing of 2.66 m in the slant range and
2.88 m in azimuth. Although the ground surface subsidence
exhibits different shapes in the two different SAR geometries,
both types of SAR images are able to accurately capture
the appearance of the ground surface subsidence caused by
mining.

B. RESULTS OF 3D DEFORMATION
Coal mining-induced ground surface deformation, in the case
of full mining (not only subsidence), is associated with a hori-
zontal movement in the east–west and north–south directions.
In this paper, eleven TerraSAR-X images and five Radarsat-
2 images are used to obtain the deformation in different
LOS directions by the time-series SBAS pixel offset tracking
technique, and the 3D deformation of the mining area is
obtained by the method described in Section III. B. Addi-
tionally, 45 GPS points in the strike direction and 27 GPS
points in the dip direction, monitored on Nov. 21th, 2012,
and Apr. 1st, 2013, was used to test the accuracy of the 3D
deformation.

Figure 7(a) shows the east–west-direction deformation; it
was found that the east–west-direction deformation occurred
in most of the mining area and to the west. According to the
validation provided by 45 GPS points in the strike direction
(shown in Figure 8(a)), it was found that in the areas of
Q1 and Q2 the error between the 3D solution results and
the GPS results is large. This is mainly because the different
platforms’ SAR images monitoring times are not uniform.
In Q1, the absolute values of 3D solution results are more
significant than theGPS results; this is due to the TerraSAR-X
images being acquired from Nov. 10th, 2012, to Apr. 2nd,
2013, whereas the GPS points were monitored on Nov. 21th,
2012. From Nov. 10th to Nov. 21th, the deformation was cap-
tured by TerraSAR-X images, but the GPS results were not
captured. In Q2 areas, the east–west-direction deformation
from the 3D solution is obviously different from the GPS
points. This is due to the fact that the Radarsat-2 images were
acquired from Nov. 27th, 2012, to Mar. 27th, 2013. From
Mar. 27th, 2013, to Apr. 2nd, 2013, the deformation was only
captured by TerraSAR-X images, and, during this period,
severe deformation of the ground surface was continuing,
resulting in errors in the 3D solution. Without considering
Q1 and Q2, the mean absolute difference value (MADV)
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FIGURE 8. Comparison between GPS and the three-dimensional solution
in the strike direction. (a) East–west direction deformation;
(b) Subsidence. (c) North–south direction deformation.Two black dashed
boxes labeled Q1 and Q2 represent areas with large MADV.

between the east–west-direction deformation from the 3D
solution and the GPS results in the strike direction is 0.24 m,
and the RootMean Square Error (RMSE) is 0.29m.As shown
in Fig. 9 (a), 27 GPS monitoring points in the dip direction
are used to verify the accuracy of the deformation in the east-
west direction, and the monitoring results are better than that
in the strike direction. Along the dip line, theMADV between
the east–west direction deformation from the 3D solution and
the GPS results is 0.19m, and RMSE is 0.23m. This is mainly
because the GPS monitoring stations along the dip line are
located in the middle of the 52304 working face. When the
deformation occurs, it is easy to be captured by TerraSAR-
X and Radarsat-2 images at the same time, which has good
consistency of observation time. Using the monitoring data
of the GPS monitoring stations of the strike direction and dip
direction to evaluate the accuracy in the east-west direction
as a whole, the MADV is 0.26m, and the RMSE is 0.22m.

FIGURE 9. Comparison between the GPS and three-dimensional solutions
in the dip direction. (a) East–west direction deformation; (b) Subsidence.
(c) North–south direction deformation.

Figure 7(b) shows the north–south direction deformation.
The deformation in the north–south direction shows a ten-
dency to move toward the center, with the strike direction
observation line of the working face as the boundary. The
north–south direction deformation from pixel offset tracking
coincided well with the 27 GPS observations in the dip direc-
tion (shown in Figure 9(c)), with a MADV of 0.22 m and an
RMSE of 0.25m.According to themonitoring data of 45GPS
monitoring stations in the strike direction, the deforma-
tion in the direction of ‘‘North- South ’’ also occurred.
Figure 8 (c) shows a comparison between GPS and the three-
dimensional solution in the ‘‘South-North’’ direction of the
45 GPS monitoring stations along the strike direction. In the
Q1 and Q2 regions, the consistency between the two is poor,
which is still caused by the inconsistency at the observa-
tion time. Without considering the monitoring stations in the
Q1 and Q2 areas, theMADV between the North–South direc-
tion deformation from the 3D solution and the GPS results
in the strike direction is 0.12m, and the RMSE is 0.16m.
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FIGURE 10. Time series three-dimensional deformation. (a), (b), (c) East–west-direction deformation in time series; (d), (e), (f) North–south-direction
deformation in time series; (g), (h), (i) Subsidence of the mining area in time series. The positive values represent uplift, eastward movement, and
northward movement, respectively.

The deformation monitoring accuracy of the ‘‘ North- South
’’ direction (without Q1 and Q2) along the strike direction
is better than that of the dip direction. This is mainly due to
the small deformation in the ‘‘south-north’’ direction along
the strike direction. Accuracy evaluation is carried out using
GPS monitoring stations along the strike direction (without
Q1 and Q2), and the dip direction, the MADV between the
north–south direction deformation from the 3D solution and
the GPS results is 0.17m, and the RMSE is 0.21m.

Figure 7(c) shows the subsidence in the mining area.
Figure 8(b) and Figure 9(b) illustrate the comparison between
the subsidence of the 3D solution and the GPS results in strike
and dip directions, respectively. In the dip direction, the sub-
sidence of the 3D solution coincided well with the 27 GPS
observations. However, in the strike direction, the subsidence

of the 3D solution coincided poorly with GPS observations
in Q1 (where the subsidence of the 3D solution is larger
than that of GPS data) and in Q2 (where the subsidence
of the 3D solution is smaller than that of GPS data). This
is mainly due to the monitoring times of TerraSAR-X and
Radarsat-2 and GPS not being uniform. Without consider-
ing Q1 and Q2, the MADV between the subsidence of the
3D solution and GPS results is 0.26 m, with an RMSE
of 0.34 m.

To reveal the dynamic change process of surface defor-
mation caused by coal mining, TerraSAR-X images and
Radarsat-2 images captured at similar times were selected
and processed by the time-series SBAS pixel offset tracking
method, and the results are shown in Figure 10. With the
advance of the mining working face, the influence range and

VOLUME 8, 2020 118795



J. Huang et al.: Time-Series SBAS Pixel Offset Tracking Method for Monitoring Three-Dimensional Deformation

magnitude of east-west deformation gradually increase, and
visible deformation appears above the collapse position of
coal seam roof (shown in Figure 10(a), 10(b), 10(c)). The
north-south deformation caused by coal mining is associated
with relative movement in the working face toward the Cen-
tral Line (shown in Figure 10(d), 10(e), 10(f)). As theworking
face advances, the sinking center moves along the strike
direction (shown in Figure 10(g), 10(h), 10(i)). Time series
monitoring results show that the deformation near the starting
line of the mining face is significantly larger than that near the
stop-mining line. This is because, during the image coverage
period, underground mining-out activities were taking place,
and the surface deformation caused by mining was active and
had not stabilized. The severe surface deformation caused
by coal mining is a serious disaster. In order to ensure the
safety of the monitors, no ground GPS survey was carried out
during the mining process. Therefore, accuracy verification
of the monitoring results during the mining process cannot
be carried out.

For the 52304 working face in Daliuta mining area, some
researchers have obtained better results by using the method
of pixel offset tracking combined mining subsidence model.
For example, Yang used the single amplitude pair of SAR
using the offset tracking combined mining subsidence model
method to obtain the three-dimensional surface deformation
of the study area [26]. In the time series, Yang acquired the
three-dimensional surface deformation in two periods from
November 21, 2012 to February 6, 2013 and November 21,
2012 to April 2, 2013. Compared with the results of this paper
from November 21, 2012 to February 7, 2013, in the sinking
and north-south directions, the deformation trends of the two
agree well in time series. In the east-west direction, the trend
of deformation between the two is basically the same, but in
quantitative analysis, it is difficult to evaluate which result is
more objective, because of the lack of in-site GPS verification
data during this period. Comparing the three-dimensional
deformation between November 21, 2012 and April 2, 2013,
it also shows that the two have a high consistency of the
deformation trend in the sinking and north-south directions,
and a weak consistency in the deformation trend in the east-
west direction. Fortunately, there are in-site GPS measure-
ment data that can be used for objective accuracy evaluation
during this period. In Yang’s research, only 26 GPS observa-
tion stations along the dip direction in 52304 working face
were used to assess accuracy from two aspects: sinking and
horizontal movement. In order to ensure the objectivity of the
comparison, this paper also adopts the same GPS monitoring
stations to evaluate the accuracy from sinking and horizon-
tal movement. According to Yang’s research, the RMSE is
0.227m in the sinking direction and 0.415m in the horizontal
direction. The RMSE using themethod proposed in this paper
is 0.29m in the sinking direction and 0.25m in the horizontal
direction. Subsequently, Yang proposed an improved method
to monitor this area and verified it with 26 GPS data. The
sinking accuracy was 0.17 m, and the horizontal movement
accuracy was 0.14 m [30].

Chen used the integration of SAR pixel offset tracking and
mining subsidence model combined support vector regres-
sion algorithm to restore the three-dimensional deformation
of this area, and verified the data from a total of 71 GPS
observation stations. The RMSE yielded better monitoring
results. The movements in the vertical, east-west, and north-
south directions were 12.4 cm, 13.1 cm, and 14.4 cm, respec-
tively [31]. For the time-series deformation of the 52304 dur-
ing mining, the time period shown in this paper is different
from the time period shown in Chen’s research. However,
the consistency of the deformation trend of the two in sinking
and north-south directions is very well, and the consistency
of the deformation trend in the east-west direction is weak.

By comparing the three-dimensional time series deforma-
tion monitoring results of Yang’s and Chen’s, it is also shown
that the consistency of the deformation trend in the sinking
and north-south directions is excellent, and the consistency of
the deformation trend in the east-west direction is little weak.
The weak consistency of the east-west deformation trend
may be due to the close relationship between the east-west
deformation and the removal of hydraulic support during coal
mining. For the working face that meets the full mining con-
ditions, with the mining excavation, the center position of the
working face usually reciprocates in the east-west direction.
Therefore, at different observation times, the deformation in
the east-west direction may be significantly different.

The monitoring accuracy of the method proposed in this
paper is close to that of Yang’s, but it is worse than that
of Chen’s. This is mainly because the pixel size of the
Radarsat-2 image in the method used in this paper is almost
three times that of the TerraSAR-X image (although they
are all high-resolution images), which causes the monitoring
accuracy of the Radarsat-2 image is low. Therefore, when the
joint solution is performed, the overall monitoring accuracy is
reduced. On the other hand, the inconsistency of the satellite
observation time brings some errors to the solution of the
three-dimensional monitoring results.

The method of pixel offset tracking + mining subsidence
model can achieve ideal monitoring results in this area mainly
due to two aspects: 1. The use of high-resolution TerraSAR-X
images can obtain monitoring results using the ideal pixel
offset tracking method, 2. The coal seam inclination angle of
the mining working face 52304 is almost horizontal, and the
geological conditions in this area are simple. The coal seam
is shallow, which is very suitable for the application of the
mining subsidence model.

After underground coal is mined, the original stress equi-
librium state of the overlying rock above the coal seam to
the surface is disturbed. In the process of reaching the new
stress equilibrium state, the surface will sink and move hori-
zontally (in the east-west and north-south directions). Using
new observation methods (such as TS-InSAR and time-series
pixel offset tracking) to carry out time-series surface 3D
deformation monitoring of the mining area is of great sig-
nificance for better understanding and development of the
mining subsidence mechanism, helping the mining area to
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carry out ecological restoration and allowing the mining area
to produce safely.

The advantage of the method proposed in this paper to
monitor the time-series three-dimensional deformation of the
mining area is that this method is not restricted by mining
subsidence models and parameters, and is suitable for surface
deformation monitoring in various scenarios (such as steeply
inclined coal seams and mountain areas). At present, there
are mainly two factors restricting this method. One is that the
large pixel size of the SAR image leads to a low monitoring
accuracy of the pixel-tracking method. The other is that, due
to the small number of SAR satellites in orbit, it is difficult
to ensure the consistency of the same target observation time.
As more and more advanced SAR satellites are launched in
the future, these problems should be significantly improved.

V. CONCLUSION
In this paper, a method of time-series SBAS pixel offset
tracking based on multi-platform SAR images is proposed
to determine the 3D deformation in a mining area. Eleven
TerraSAR-X images and five Radarsat-2 images are used to
reveal the temporal and spatial process of ground surface
deformation caused by mining in the LOS direction and
azimuth direction. According to the 3D solution and 72 GPS
results, the MADV is 0.26 m with an RMSE of 0.22 m in
the east–west direction, while the MADV is 0.17 m with an
RMSE of 0.21 m in the north–south direction. The MADV
and RMSE of the subsidence are 0.26 m and 0.34 m, respec-
tively. Although the monitoring accuracy of this method is
not as high as traditional measurements, the acquisition of
the time series three-dimensional deformation of the mining
area helps to improve the understanding of the mechanism
and process of ground surface deformation caused by mining.
By comparing the research of Yang’s and Chen’s, it can be
seen that the pixel offset tracking method based on high-
resolution SAR images combined with themining subsidence
model can obtain more accurate 3D deformation information.
However, it is usually necessary to satisfy the working face’s
geological conditions better to meet the assumptions of the
mining subsidence theoretical model. Due to the significant
difference in the pixel size of SAR images on different plat-
forms, the monitoring accuracy of the method adopted in
this paper is low. Therefore, in the future research work,
we should focus on how to improve the monitoring accuracy
of the 3D solution of time-series SBAS pixel offset tracking
and how to evaluate the overall accuracy.
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