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Abstract Only one-dimensional (1D) deformation along
the radar line of sight (LOS) can be obtained using
differential interferometry synthetic aperture radar (D-
InSAR), and D-InSAR observation is insensitive to
deformation in the north direction. This study inferred
three-dimensional (3D) deformation of a mining sub-
sidence basin by combining the north-south deformation
predicted by a probability integral method with the LOS
deformation obtained by D-InSAR. The 15235 working
face in Fengfeng mining area (Hebei Province, China) was
used as the object of study. The north-south horizontal
movement was predicted by the probability integral
method according to the site’s geological and mining
conditions. Then, the vertical and east-west deformation
fields were solved by merging ascend-orbit RadarSAT-2,
descend-orbit TerraSAR, and predicted north-south defor-
mation based on a least squares method. Comparing with
the leveling data, the results show that the vertical
deformation accuracy of the experimental method is better
than the inversed vertical deformation neglecting the
horizontal deformation. Finally, the impact of the relation-
ship between the azimuth of the working face and the SAR
imaging geometry on the monitoring of the mining
subsidence basin was analyzed. The results can be utilized
in monitoring mining subsidence basins by single SAR
image sources.
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1 Introduction

Coal production is 3.75 billion tonnes in China within
2015, and production is growing at an annual rate of 0.8%.
As aresult of mining activities, the amount of land affected
by subsidence will increase by 65,600 hectares by the year
2020. After underground coal seam exploitation, the
overlying strata and the surface will move and be deformed
(Deng et al., 2014). This movement and deformation has a
range of different effects on the buildings and structures
located on the surface within the deformation zone.
Therefore, accurate monitoring of the surface subsidence,
horizontal movement, and vertical deformation at different
locations are important to determine the scale of the surface
subsidence, to evaluate the degree of structural damages,
and to study the damage assessment standards of different
buildings in mining areas (Fan, 2010; Liu et al., 2014; Fan
et al., 2015).

Differential interferometry synthetic aperture radar (D-
InSAR) technology has the advantages of all-day, all-
weather, and high spatial coverage. It has been widely used
in the monitoring of volcanoes (Massonnet et al., 1995;
Henderson and Pritchard, 2013), earthquakes (Zebker
et al., 1994; Fialko et al., 2001), landslides (Refice et al.,
2000; Liu et al., 2013; Motagh et al., 2013), mining
subsidence (Carnec and Delacourt, 2000; Fan et al., 2017),
and other geophysical phenomena. To overcome the
temporal and spatial decorrelation effects, some advanced
D-InSAR techniques were proposed, such as Persistent
Scatterer InNSAR (Ferretti et al., 2000a, b), Small Baseline
Subset InSAR (Berardino et al., 2003), and Temporarily
Coherent Point InSAR (Zhang et al., 2011, 2012). These
technologies have been successfully used to monitor a
wide range of surface deformation caused by urban
groundwater exploitation (Dai et al., 2015), to evaluate
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the active layer of soils and the permafrost beneath (Chen
etal., 2013), and to diagnose threats to heritage sites (Chen
et al., 2017).

The D-InSAR and advanced D-InSAR techniques can
only obtain a one-dimensional (1D) deformation of target
along the radar line of sight (LOS), and the LOS
deformation is usually converted directly to vertical
deformation without considering the horizontal movement.
However, surface deformation caused by coal mining not
only results in large vertical deformation but is often
accompanied by large horizontal movement over a small
range. When ignoring the effects of horizontal movement,
it is difficult to guarantee the reliability of the results when
the LOS deformation is transformed to the vertical
deformation, and the shape of the acquired surface
subsidence basin may also be distorted. Therefore, there
is aneed to utilize SAR data sources with different imaging
geometries or by means of external GPS data, as well as
new technologies such as Multiple Aperture InNSAR (MAI)
(Bechor and Zebker, 2006; Yan et al., 2016) and offset-
tracking (Strozzi et al., 2002) to accurately obtain the
three-dimensional (3D) deformation of the surface sub-
sidence basin. Liu et al. (2012) used a multi-satellite
platform to establish a model of a 3D deformation field due
to excessive pumping of ground water in Tianjin. Zhu et al.
(2014a, b) analyzed the geometric relationship between the
vertical, north, and east deformations and the radar LOS
deformation using SAR data with three different imaging
geometries. Then the vertical and east-west deformations
of the mining area were solved using the least squares
method. However, the use of multi-source SAR data does
not guarantee the accurate extraction of 3D deformation.
Due to the polar orbit of the satellite, the D-InSAR
technique is not sensitive to the north-south deformation,
and the monitoring result of the north-south horizontal
movement is unreliable (Wright et al., 2004). Moreover,
many mines are located in remote mountainous areas and
sufficient data sources cannot be guaranteed. Chen et al.
(2012), Hu et al. (2013), and Wang et al. (2016) obtained
3D deformation fields of the study area using fusion GPS
data and D-InSAR results. However, the characteristics of
the non-linear horizontal movement of the mine are not
known, therefore it is difficult to guarantee the precision of
either the north-south deformation or east-west deforma-
tion obtained by GPS data interpolation. MAI (Jung et al.,
2009) and offset-tracking (Fialko et al., 2005) techniques
have been widely used to determine the 3D deformation
caused by earthquakes and volcanoes. However, their
accuracy is affected by the scattering characteristics of
ground features, so these techniques cannot achieve better
results in the complex environment of the mining area.

The probability integral method takes the normal
distribution function as the influence function and uses
the integral form to express the surface subsidence basin.
The basis of this method is the stochastic medium theory.
The stochastic medium theory was first used to study the

movement of strata by the Polish scholar J. Litwiniszyn in
1957 (Litwiniszyn, 1957). Chinese scholars Liu and Liao
(1965) had further developed this technique to create the
probability integral method. After decades of mining
subsidence research in China, it has become the most
mature and widely used prediction method in China (Deng
et al., 2014; Fan et al.,, 2014). Moreover, the fusion
probability integral method and the results of D-InSAR
have been well applied in monitoring mining 3D
deformation (Li et al., 2015; Diao et al., 2016), predicting
the mining deformation (Yang et al., 2016, 2017), and
large-gradient subsidence (Fan et al.,, 2014). However,
these methods only use a single SAR image source.

In this study, we first considered the characteristics of
mining deformation according to the known geological
and mining conditions. The surface movement parameters
were obtained and the north-south deformation was
predicted based on the probability integral method. Then,
the vertical and the east-west deformations were acquired
by combining the north-south deformation with the LOS
deformation obtained from SAR data of ascend-descend
orbits based on the least squares principle. The reliability
of the vertical deformation was evaluated by a comparison
with ground leveling data. Finally, the influence of the
relationship between the azimuth of the working face and
the imaging geometry of the SAR system on the
monitoring of surface subsidence basin was analyzed.

2 Study area, data and methods
2.1 Study area and data

The study area is the 15235 working face in the Fengfeng
mining area (Hebei Province, China), which is surrounded
by a large number of villages, industrial plants, and
farmland. There is a circular railway passing through the
top of the well field, which provides passenger and freight
transport. The strike length and dip width of the working
face are 935 m and 142 m, respectively. The average
thickness of the coal seam is 5.9 m. The average depth is
740 m. The inclination of the coal seam is 13°. The actual
mining thickness of the mine is 4.5 m. In the southwest
there are three goafs. An overview of the study area is
shown in Fig. 1, in which the arrow is the mining direction
and the purple rectangle is the mining range of the working
face during the study period. Ground leveling data were
observed on December 19, 2015 and January 16, 2016,
respectively.

The data source in this experiment are three descending
TerraSAR images, collected from 30 December 2015 to 21
January 2016, and two ascending RadarSAT-2 images,
collected from 24 December 2015 to 17 January 2016. The
coverage of the two types of images are shown in Fig. 1.
The parameters related to the two types of images are
shown in Table 1. The temporal and perpendicular
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Fig. 1 Study area overview. This image shows the coverage of RadarSAT-2 and TerraSAR images in the study area (left), detailed study
area information (right) including the location of the working face (black box), the mining area (purple box), the goafs (red boxes), and the
observation station (yellow point). 1-39 are the corresponding point numbers.

Table 1 SAR imaging geometry parameters

Item Incidence/(° ) Heading/(° ) Orbit mode Wavelength/m
TerraSAR 41.076 189.697 Descend 0.031
RadarSAT-2 35.507 349.137 Ascend 0.056

baselines of the interferometric pairs of the two types of
images are shown in Table 2. The temporal and
perpendicular baselines of the interferometric pairs are
short, which enhance the interference coherence and
mitigate residual topographic errors.

2.2 D-InSAR monitoring of 3D deformation

The D-InSAR observations only reflect the magnitude of
the actual deformation in the LOS direction. If a ground
object k has shifted during two imaging periods, then the
interferometric phase can be expressed as:

(M

where w represents the wrapped algorithm; ¢, represents
the LOS deformation phase; ¢, represents the atmo-
spheric phase; g, and ¢y, represents the flat ground and
topography phases, respectively; and ¢, represents the

Gine = w{(plos + Qatm + Pfac + Ptopo + (ﬂn},

noise phase.

Through the use of the two-track difference method,
Propo Can be removed by simulating the topography phase
from the external digital elevation model (DEM). ¢y, can
be removed by baseline estimation. ¢, can be suppressed
by adaptive filtering (Chen et al., 2014). Finally, through
the use of the minimum cost flow (MCF) unwrapping
algorithm, the LOS deformation phase ¢, is acquired
from the interferometric phase ¢;,;. The LOS deformation
@105 can be obtained by Eq. (2):

A
- 4n(/)los .

dlos (2)

In order to obtain the 3D deformation field, it is
necessary to use the SAR imaging geometry to determine
the relationship between the north, east, up direction
deformation and the LOS direction deformation. d,, d.,

and d, are supposed to be the deformation decomposition

Table 2 Interferometric pairs parameters

Item Master image Slave image Temporal baseline/d Perpendicular baseline/m
TerraSAR 20151230 20160110 11 228
TerraSAR 20160110 20160121 11 93
RadarSAT-2 20151224 20160117 24 -43
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of the ground target £ in the direction of the coordinate axis
of the horizontal coordinate system, the north, east, and up
direction deformation is positive, and the d,, point to the
satellite direction is positive. The imaging geometry of Fig.
2 can be used to acquire Eq. (3):

dios = d,sinasinf —d.cosasind + d,cosf, 3)

where 6 is the radar incidence angle at the center of the
study region, and o is the clockwise angle between the
north direction and the satellite flight direction.

Theoretically, if three types of SAR data sources with
different imaging geometries are known, the 3D deforma-
tion components d,, d., and d, can be solved according to
Eq. (3). However, due to the polar orbit of SAR satellites,
the deformation sensitivity of the north-south direction is
low (usually 0.06-0.13) (Liu et al., 2012). For some mines
it is impossible to obtain sufficient SAR data sources; in
the meanwhile, the north-south horizontal movement of
the mining area cannot be ignored. Therefore, combined
with the characteristics of mining deformation, the vertical
and east-west deformations can be calculated accurately by
combining the probability integral method (to predict the
north-south horizontal deformation) with the LOS direc-
tion deformation obtained from SAR data of ascend-
descend orbits.

2.3 Probability integral method

To simplify the derivation process, a horizontal rectangular
working face is taken as an example. We use / and L to
represent the length and width of the working face. The
lower left corner of the working face is used as the origin of
coordinates. The strike direction is the x-axis and the dip
direction is the y-axis (as shown in Fig. 2) (Diao et al,,
2016). The surface deformation at any point on the surface
is predicted as:

{W(xsy)k = WO(X)WO()/)/WmaX

Uy = (U U° (v)cosp + U° (3) W0 (x)sing) / Winax
4

where W, = gmcosa; is the maximum subsidence value
when mining is fully mined; a; is the dip angle of the coal
seam; m is the coal thickness; ¢ is the subsidence factor.
W (x,y) is the subsidence of point £ with coordinates (x, y);
U(x,p,0); is the horizontal movement of point & with
coordinates (x, y) along the ¢ direction; ¢ is the horizontal
angle that is rotated counterclockwise from the x axis
positive direction to the surface movement direction.
Terms W°(x) and U°(x) are the subsidence and
horizontal movement of those points on the strike main
section whose abscissa is x when the coal seam is fully
mined in the dip direction, and #°(y) and U°(y) are the
same but for those points on the dip main section whose
ordinate is y when the coal seam is fully mined in the strike
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direction:
WO (x) = W(x)-W(x-1)
Woy) = WO’)—W(V—L)’ )
U'(x) = U(x)-U(x—1)
U'(y) =U(y)-U(y-L)

where, W (x) and U(x) are the predicted subsidence and
horizontal movement, respectively, of the strike main
section when the coal seam is fully mined in the dip
direction, and semi-infinite mined in the strike direction:

W(x) = @[erf (?x) 4 1}

U(x) = meax87 >

(6)

wjm

where erf <ﬁx) is a probability integral function; » =
r

W is the main influence radius; H is the depth of mining;
an,

is the tangent of the influence angle; b is the horizontal
movement coefficient.

2.4 Solution strategy

The experimental data are obtained from TerraSAR and
RadarSAT-2 sensor, and their imaging geometric para-
meters are shown in Table 1. The parameters given in Table
1 are incorporated into Eq. (3) to obtain Eq. (7). Due to the
lack of available data sources for Eq. (7) the normal
equation displays rank-deficiency, which shows that the
north-south horizontal movement cannot be ignored when
combined with the previous analysis. Therefore, the north-
south deformation d,ppy obtained by the probability
integral method referred to in Section 2.3 was taken as a
known quantity into Eq. (7) to obtain Eq. (8). Then the
d,piv and the LOS direction deformation are combined to
solve the vertical deformation and east-west deformation.

dips r = —0.109d,, + 0.57d, + 0.814d,

_ ’ 7
dios 1 = —0.111d,,—0.648d, + 0.7544, 2

where dyos r and dj,s 1 are the LOS deformation obtained

by RadarSAT-2 and TerraSAR data, respectively.

{ dios r + 0.109d,ppy = 0.57d, + 0.814d,

. 8
dios 7+ 0.111dyppy = —0.648d,, + 0.7544, ®

Converting Eq. (8) to the form of the error equation:

V=AX-L, )
057 081] . .
where A4 = ; X=1[d, d,]'; L=
—-0.648 0.754
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Fig. 2 The geometric relationship between underground coal mining, surface target movement, and satellite imaging geometry.

[dios R +0.109dpiyg  diog 7+ 0.111dpry |5 V' is the
residual vector of the observed values. The least squares
can be solved for X:
X=[4"4"'4"L. (10)
According to linear algebra, the condition number of the
matrix shows the sensitivity of the matrix operation to the
error, the closer the condition number is to 1, the better the
numerical stability. The condition number of the 2-norm of
the coefficient matrix 4 is 1.28, which is close to 1.
Therefore, a stable solution can be obtained.

3 Results and discussion
3.1 Experimental results and analysis

Through the use of the two-track D-InSAR technique,
combined with the one arc-seconds Digital Elevation
Model (DEM) obtained from the Shuttle Radar Topogra-
phy Mission (SRTM), the LOS direction displacement of
the three interferometric pairs, referred to in Table 2, are
obtained. Because of the time span of the two different
types of SAR, images are not uniform. Considering the
short time span, the deformation velocity changed only a
little, then the two sets of SAR data were normalized to the
same time interval (20151224-20160117) according to the
average rate in the time period. To compare with the

experimental vertical deformation at the same time, the
vertical deformation of the two image sources was
obtained using Eq. (3) when the horizontal movement is
neglected. The results are shown in Figs. 3(a) and 3(b).
After the LOS deformation was converted to the vertical
deformation, the difference of the vertical deformation
between C-band RadarSAT-2 and X-band TerraSAR data
was compared. Figure 3(c) shows a map of the difference,
while Fig. 3(d) shows the corresponding histogram.

Figures 3(a) and 3(b) show that the shape of the surface
subsidence basin and the maximum subsidence value
obtained from RadarSAT-2 and TerraSAR data are very
different when ignoring the horizontal movement. Because
of the short wavelength and high resolution, TerraSAR
data at the edge of the surface subsidence basin is better
than the RadarSAT-2 data. Figure 3(c) shows that the two
vertical deformations are quite different when ignoring the
impact of horizontal movement.

Based on the geological and mining conditions of the
working face, using the software of the mining subsidence
prediction system (Wu and Zhou, 1999), the dynamic
parameters of the working face could be obtained. The
subsidence coefficient ¢ = 0.4; the horizontal movement
coefficient b= 0.25; the main effect angle tangent tanf=
1.79; and the maximum subsidence coefficient angle = 85°.
The surface movement corresponding to the image
acquisition time period is predicted by the dynamic
prediction parameters based the probability integral
method referred in Section 2.3, the results are shown in
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RadarSAT-2 images are created by multi-look operations
with a pixel spacing of 5.82 m in azimuth and 4.58 m in
ground range. TerraSAR images are single-look complex
images with a pixel spacing of 1.89 m in azimuth and
2.07 m in ground range. The resolution of the result
obtained by the probability integration method depends on
the pixel space of SAR images. In order to unify the
resolution of the three data sources, the grid size is set to
6 mx6 m, and a Kriging interpolation of the semivario-
gram is used to ensure that the resolution of the results are
consistent. Then, the vertical and east-west deformations
are solved according to the solution strategy described in
Section 2.4. Finally, the results are processed by low-pass
filtering for noise reduction. The results are shown in
Fig. 5.

As can be seen from the vertical deformation in Fig. 5
(a), during the observation period the surface subsidence is

between 0—35 mm, and the center of the surface subsidence
basin is located directly above the goaf but not directly
above the area that is being mined. This is because of the
hysteresis of surface subsidence caused by mining under-
ground working face. A regular elliptical shape did not
appear because of the influence by the surrounding goaf,
instead, the surface subsidence basin expanded toward the
southwest. A small subsidence funnel appeared in the
southeast of the surface subsidence basin. This may have
been caused by movement of the overlying strata of due to
the coal mining. Moreover, the activation range of
overlying strata is larger than the size of the goaf.
Therefore, when the adjacent working face is being
mined, the overlying strata become more active and result
in the faster subsidence velocity of the southeastern area.
Comparing Figs. 3(a) and 3(b), it can be seen that the shape
and edge of the surface subsidence basin are in accordance
with the law of mining subsidence.
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Fig. 5 (a) and (b) are the vertical deformation and east-west horizontal movement obtained through experimental method.

The east-west horizontal movement is between —15 and
13 mm, as shown in Fig. 5(b). With regard to the horizontal
movement, the west side of the surface subsidence basin
moves towards the east, the east side of the surface
subsidence basin moves towards the west, and the
horizontal movement value in the center of the surface
subsidence basin is close to zero. The magnitude of the
horizontal movement from the center to both sides first
increases and then decreases, which is in line with the
general law of mining subsidence. By comparison with
Fig. 4(b), the east-west horizontal movement predicted by
the probability integration method is between —18—18 mm.
The two results agree well with the magnitude, and the
position of the maximum horizontal movement is similar.

Therefore, the results of both kinds of monitoring can be
proven to be correct. In contrast to Fig. 3(c), it can be seen
that the difference in the results of the vertical deformation
calculated by the two single image sources are consistent
with the trend distribution of the east-west horizontal
movement result. It is apparent that neglecting the
horizontal movement has a large influence on the vertical
deformation.

To validate the accuracy of the vertical deformation
obtained by the experimental method, ground leveling data
of 39 observation stations in the study area are used for
analysis. The specific locations of these observation
stations are shown in Fig. 1. Because the observation
time is not consistent with the D-InSAR monitoring time,
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the time interval is normalized by interpolation according
to the subsidence velocity of each leveling point. The
results of the comparison are shown in Fig. 6. It can be
seen from Fig. 6 that the experimental results are consistent
with the subsidence trend and magnitude of the ground
leveling data, and the position of the maximum subsidence
is consistent with the leveling data, which shows that the
vertical deformation obtained by the experimental method
is reliable.

To further illustrate the effect of horizontal movement on
vertical subsidence, the results are compared with the
vertical subsidence obtained by the single image source
without considering horizontal movement. The results are
shown in Fig. 6, where it can be seen that TerraSAR and
RadarSAT-2 data are slightly worse than the experimental
results. In addition, the surface subsidence basin obtained
by TerraSAR data shifts to the northeast, and the surface
subsidence basin obtained by RadarSAT-2 data shifts to the
southwest. This can be observed from the locations of the
ground observation stations given in Fig. 1. The reason is
that the incidence direction of the two images is reversed,
the results are shifted in the opposite direction when the
horizontal deformation is ignored. However, the offset of
RadarSAT-2 monitoring results is smaller than the
TerraSAR results. This is because the incidence angle of
the TerraSAR satellite is larger than that of the RadarSAT-
2. This can be confirmed by the comparison of Figs. 3(a)
and 3(b) with Fig. 5(a).

The accuracy of the three methods is quantified through
the maximum deviation (MD), root mean square error
(RMSE), and standard deviation (STD) with the results
presented in Table 3.

From Table 3, the results of the quantitative analysis
show that the accuracy of the experimental method is
superior to the monitoring accuracy of the single image.

10 T 1 ] T T T T I
+ Level data
* Experiment
X ® TerraSAR
(U S X RADARSAT-2
=)
£
§ -10f .
=
-
3
=1
2 201 .
2
]
7]
730 = H -
-40 > ;

0 5 10 15 20 25 30 35 40
Numbering of observation station

Fig. 6 Verification of results.

Table 3 Accuracy comparison

Item Incidence/(°)  MD/mm RMSE/mm STD/mm
TerraSAR 41.076 9.1 4.3 4.3
RadarSAT-2 35.507 7.2 35 2.7
Experiment - 43 2.2 1.5

Moreover, because of the small size and the flat terrain of
the study area in conjunction with the short baselines of
interferograms, the errors from residual topographical
heights and atmospheric disturbances can be ignored.
Therefore, the accuracy of the experimental method can
reach the millimeter level. As can be seen from Eq. (3),
when the effect of horizontal movement is ignored and the
LOS direction deformation is a constant value, the vertical
deformation increases with the increase of incidence angle.
Therefore, the deviation between monitoring data and the
actual subsidence should be greater, which is demonstrated
by the accuracy of the quantitative analysis.

3.2 The relationship between the azimuth of the working
face and SAR imaging geometry and its impact on monitor
the surface subsidence basin

When studying the law of surface subsidence caused by
mining, the 3D space problem of surface movement is
usually divided into two plane problems: the main section
along the strike and the main section along the dip.
Therefore, in order to analyze the surface subsidence basin
monitored by a single SAR image source, the main
sections of the strike and dip are taken as the research
objective. The influence of the relationship between the
azimuth of the working face and the SAR imaging
geometry on monitoring results is investigated and
explained by taking the experimental data as an example.

The direction of horizontal movement of the main
section is toward the goaf center and the horizontal
movement of the goaf center is zero. Therefore, the goaf
center O is taken as the demarcation point, and the strike
and dip main sections are divided into four parts L, R, U,
and D, as shown in Fig. 7. According to the azimuth of the
working face f, the horizontal movement of the main
section could be decomposed into the north and east
directions, and Eq. (11) could be obtained by further
developing Eq. (3). Directions to the north, east, and up are
positive.

dios 1= — Uy0 sinfsinasing — Uyo cosficosasing + d,, 1 cos

dios R = Uyo sinfsinasing + UyocosﬂcosasinH +d, rcost
2

dios U= — U cospsinasing + Ulsinfcosasing + d, ycost

dios p = ULcospsinasind — Ulsinfcosasing + d, pcosd

(11)
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Fig. 7 Schematic diagram of the geometric relationship between
the working face and a SAR image.

{ Ul =U(x)-U(x-1) 12

U = U(y)-U(y—L) + Wocotd,

2
X)\2 .
U(x) = bVVmaxeﬂI(7> »U(y) = meaXe <r1)

U(y-L) = meaXe"<y’2L>z, (13)

- o) (0]

where U?, Uy0 is the horizontal movement of the strike and
dip main section, respectively; [ and L are the strike length
and dip width of the working face, respectively; b is the
horizontal movement coefficient; 6, is the propagation
angle of extraction. r, r1, r, are the influence radii of the
strike direction, the downhill direction and the uphill
direction, respectively; W« = mgcosa; is the maximum
subsidence value, a; is the coal seam dip, when the
o <15°, Wyocotﬁl can be ignored; dios 1, dios Rs dios U>
dios p are the LOS direction deformations of the left, right,
top, and bottom of the working face respectively; d, |,
d, r, dy u, d, p are the vertical deformations of the left,
right, top, and bottom of the working face respectively.

When the horizontal movement is neglected, the vertical
deformation of the left d; |, right d g, top d y, and
bottom d|; , of the working face on the main section is
shown as:

dios L = dy; 1 cost

dlos_R = dlifRCOSH

(15)

dios u = dy; ycost
dios p = dy pcost

The vertical deformation error can be obtained from Eq.
(11) and Eq. (15) when horizontal movement is neglected,
Ad, = d,—d):

_ 0 . . . 0 .
Ad, 1 cosf = Uy 'sinfisinasing + U, cosfcosasing

_ 0. . . 0 .
Ad, rcost) = — Uy sinfsinasing — U,/ cosficosasing
Ad, ycosh = ULcospsinasind — Usinfcosasing

Ad, pcost) = — Ulcospsinasing + Usinfcosasing
(16)

For the mining areas with known geological conditions,
the horizontal movement on the main section can be
predicted by the probability integral method; the vertical
deformation on the main section monitored by a single
source can be corrected, according to Eq. (16). For the
mining areas whose azimuth of the working face is known
but the geological conditions are unknown, the monitoring
results can be qualitatively analyzed according to Eq. (16).

Taking the 15235 working face as an example, we can
know from the geological conditions that the dip angle of
the coal seam is 13° (west high), so the surface subsidence
basin is an asymmetric ellipsoid biased towards the
downhill direction (east direction), and the magnitude of
horizontal movement in the downhill direction is large,
which can be confirmed from the results of the prediction
and monitoring in Fig. 4(b) and Fig. 5(b). Bringing the
azimuth angle of the working face (50.9°), the incidence
angle, and the heading angle of TerraSAR data into Eq.
(16) yields results:

Ad, | = 0.427U)
Ad, g = —0.427U)
Ady y = ~0.759U2
Ad, p =0.759U;

(17

As can be seen from Eq. (17), when the effect of
horizontal movement is neglected, in the left half of the dip
main section, the results of TerraSAR monitoring become
smaller and the results of the right half become larger. In
the up half of the strike main section, the results of
TerraSAR monitoring become larger and the results in the
down half become smaller. This difference becomes more
obvious when the incidence angle increases. Because the
observation station and the strike main section of the
working face are approximately parallel, as shown in
Fig. 1, the leveling data could be used to verify the results
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of the analysis. As can be seen from Fig. 6, the results of
TerraSAR monitoring are larger than the leveling data in
the up half of the strike main section, and the monitoring
results are smaller than the leveling data in the down half,
which is consistent with the results of the analysis using
Eq. (17).

Therefore, when monitoring the surface subsidence
basin with a single kind of images and the vertical
deformation is calculated without considering the hori-
zontal movement of the ground surface, the reliability of
the monitoring results can be analyzed qualitatively using
the relationship between the azimuth of the working face
and the imaging geometry of the SAR system. The
monitoring results of the main section can be corrected
using Eq. (16) with the known geological and mining
conditions.

4 Conclusions

Through the method proposed in this paper, mining 3D
deformation can be accurately obtained. By comparing
experimental results with ground leveling data and
monitoring the results from a single SAR data source,
the reliability of the vertical deformation and the east-west
horizontal movement is proven. The RMSE and STD of
the experimental method are 2.2 mm and 1.5 mm,
respectively, in this test case. This provides a feasible
method for monitoring mining 3D deformation when
lacking a SAR data source.

The influence of the relationship between the azimuth of
the working face and the imaging geometry of the SAR
system on the monitoring of mining subsidence basins is
analyzed. The results of the analysis are consistent with the
experimental and ground leveling data and can be used as a
guide when analyzing the results of monitoring mining
subsidence basin by a single SAR image source.

When monitoring mining deformation without consider-
ing the horizontal movement, the effect of the incidence
angle on the monitoring results is very significant. The
larger the incidence angle, the more obvious the distortions
of the monitored surface subsidence basin. Therefore, the
SAR data source should be carefully selected to monitor
the mining subsidence basin.
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