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Abstract: This paper presents an extraction method for large gradient three-dimensional (3-D) dis-
placements of mining areas using single-track interferometric synthetic aperture radar (InSAR),
Boltzmann function, and subsidence characteristics. This is mainly aimed at overcoming the limi-
tations of surface deformation monitoring in mining areas by using single-track InNSAR technology.
One is that the rapid and large gradient deformation of the mine surface usually leads to image
decoherence, which makes it difficult to obtain correct deformation information. Second, the surface
deformation monitored by InSAR is only one-dimensional line of sight (LOS) displacement, and
thus it is difficult to reflect the real 3-D displacements of the surface. Firstly, the Boltzmann function
prediction model (BPM) is introduced to assist INSAR phase unwrapping; thus the missing large
gradient deformation phase of InNSAR is recovered. Then, the subsidence characteristics in mining
horizontal (or near-horizontal) coal seams are used as prior knowledge for theoretical derivation, and
a 3-D displacement extraction model of coal seam mining with single-track InSAR is constructed.
The feasibility of the method is verified by simulating LOS displacements with random noise and
underestimation phenomenon caused by the large gradient deformation as INSAR observations. The
results show that the root mean square error (RMSE) of 3-D displacements on the observation line
calculated by the proposed method is 21.5 mm, 19.0 mm, and 32.9 mm, respectively. Based on the
single-track Sentinel-1 images, the method in this paper was applied to the extraction of surface 3-D
displacements in the Huaibei coal mine, and the experimental results show that the extracted 3-D dis-
placements are in good agreement with that of measurement by the surface observation station. The
proposed method can adapt to limited INSAR acquisitions and complex monitoring environments.

Keywords: three-dimensional displacements; large gradient deformation; InNSAR; mining area;
Boltzmann function; subsidence characteristics

1. Introduction

As an important energy resource base, coal is strong support for industrial moderniza-
tion and social development in China. However, with the increasing energy demand, while
coal mining has created huge value for the domestic economy, the disasters caused by it
cannot be ignored: the subsidence and collapse caused by large-scale continuous mining
damage the ground infrastructure, induce various geological disasters, and pose a huge
threat to the safety of people and property in mining areas [1,2]. Therefore, monitoring
and predicting the three-dimensional (3-D) displacements of the mine surface plays a vital
role in assessing potential geological disasters, ensuring safe production, and analyzing the
settlement mechanism of the mining area [3]. Traditional leveling and GPS measurement
technologies are most widely used in surface deformation monitoring in mining areas.
Although such methods have high monitoring accuracy, they have disadvantages such as
small range, heavy workload, high cost, low efficiency, and easily damaged measuring
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points. In addition, the spatial-temporal resolution of “linear” deformation observation is
low, and it is difficult to completely reflect the spatial-temporal evolution of the surface 3-D
deformations of the entire mining area; thus hindering the comprehensive monitoring of
mining subsidence and the development of related theoretical research.

Interferometric synthetic aperture radar (InSAR) is a new type of active surface defor-
mation monitoring technology, which has the advantages of all-weather, all-time, low cost,
large coverage, and high spatial resolution. InNSAR technology provides a new method for
monitoring and predicting displacement in mining areas [4-6]. However, InNSAR technology
has inherent limitations in monitoring surface displacements in mining areas. First, when
the surface deformation gradient caused by mining exceeds the detection capability of syn-
thetic aperture radar (SAR) satellites, the SAR images at the target will be decoherent, which
will easily lead to the failure of interferometric phase unwrapping or the underestimation
of unwrapping results. Second, due to the characteristics of SAR sensor squint imaging, the
surface deformations monitored by InNSAR are only one-dimensional displacement, while
the mining-induced surface deformations are actually 3-D displacements along the vertical
and horizontal directions. How to adapt to the INSAR monitoring characteristics to extract
the 3-D displacements of the whole basin is a difficult point that plagues the application of
this technology to monitoring displacement in mining areas.

At present, to overcome the above difficulties, the following methods have been devel-
oped by scholars: Method (I) multi-track InNSAR [7-10], InSAR + Offset Tracking/MAI [11-14],
and InSAR + GPS [15-17]; Method (II) Prior model + InSAR [18-20]; Method (IIT) InNSAR
+ probability integral method (PIM) [21-24]. Method (I) can theoretically obtain one-
dimensional or two-dimensional observations in multiple directions, thereby the number of
additional observation equations is increased and the 3-D deformations observation infor-
mation is supplemented. Furthermore, the mining-induced large gradient deformation can
be captured by Offset Tracking to a certain extent. However, in practical application, this
type of method is limited by the lack of observation data, the low resolution of the image,
and the accumulation of water in the subsidence area. Based on Method (II), additional
constraints are constructed through the prior relationship of 3-D displacements, and then
the extraction of surface 3-D displacements based on InNSAR observations is realized. Com-
pared with Method (I), Method (1) is less affected by the observation data, and the accuracy
of estimated displacement in the north—south direction is improved. The disadvantage is
that it is greatly affected by the reliability of the prior model, and the extraction of large
gradient 3-D deformations of the mining coal seam cannot be applied. For Method (III),
given the difficulty of obtaining the rapid and large gradient deformation in the center
of the subsidence basin with InNSAR technology, the main idea of this method is first to
establish a relationship model between the surface displacement along the line of sight
(LOS) direction and the surface 3-D displacements, and inversion of deformation prediction
parameters based on nonlinear theory is implemented. Thus, 3-D displacements of the
whole basin can be obtained through the prediction of the model. The decoherence problem
of monitoring large gradient deformation by InSAR technology in mining areas (defects
of Methods (I) and (II)) is circumvented by Method (III) to a certain extent. However, the
solved deformation of the PIM with faster boundary convergence is quite different from
the measured value, and in consequence, the model parameters inverted by the PIM are
not consistent with the reality (especially as the subsidence coefficient is smaller than the
real value), which leads to a smaller value of the predicted large gradient deformation of
the subsidence basin.

Aiming at the above problems, an extraction method for large gradient three-dimensional
displacements of mining areas using single-track INSAR, Boltzmann function, and subsi-
dence characteristics is proposed in this paper. With the Boltzmann function prediction
model (BPM) as an auxiliary condition, the phase of the predicted displacement is used
to assist interferometric phase unwrapping in mining areas; hence, the large gradient
deformation of the surface along the LOS direction is recovered. In addition, according
to the subsidence symmetry characteristics of the horizontal or gently inclined working
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face of mining coal, combined with the geometric projection relationship between the
LOS displacement monitored by InSAR and the real 3-D displacements of the surface, the
extraction model for the surface 3-D displacements of mining coal is constructed.

The rest of this paper is structured as follows. Section 2 describes the methodology
for extracting large gradient 3-D deformation. The validations of the proposed method by
simulated and real data experiments are carried out in Sections 3 and 4, followed by the
discussion in Section 5. Section 6 presents the conclusion.

2. Methodology

To overcome the difficulty of unwrapping a large gradient deformation phase mon-
itored by InSAR, the BPM (compared with the traditional PIM, the model has a better
fit at the boundary of the deformation basin [25,26]) is introduced to assist the phase
unwrapping of InNSAR. Furthermore, according to surface subsidence characteristics of
the mining rectangular working face, the extraction model for 3-D displacements with
InSAR technology is constructed by combining with the geometric projection relationship.
Finally, the extraction method for large gradient 3-D displacements of mining areas based
on single-track InSAR is constructed by summarizing the above two processes.

2.1. BPM-Assisted Phase Unwrapping Model for InSAR
2.1.1. Boltzmann Function Prediction Model

The Maxwell distribution was promoted by Boltzmann to the Maxwell-Boltzmann
distribution, and this research result has been widely used [27-29]. The equation of the
Boltzmann mathematical model is y = % + Ap; thus, it is easy to find that the curve
shape of this function is S-shaped, which is similar to the subsidence curve shape of the
main section of the surface deformation basin during semi-infinite mining. The subsidence

prediction of the PIM model is shown as:

W(x) = % {erf(fx) + 1] (1)

In Equation (1), Wy = m-g-cosa represents maximum subsidence, as shown in Figure 1,
where m, q, and « are the mining height, the subsidence coefficient, and the inclined angle of
the working face, respectively. r = H/tanp represents the main influence radius, where H is
the mining depth and f is the angle of major influence. x is the position of the point on the
main section. erf(x) = % fox exp (—u?)du is the probability density function. Combining
the form of the Boltzmann function and Equation (1), the subsidence prediction of the
main section of the surface deformation basin during semi-infinite mining based on the
Boltzmann function is determined as:

Wo

Wix) = 1+ e */R

)
where R =r/4.13 denotes a new main influence radius. By differentiating the formula, the
unit influence function of the BPM can be obtained:

exp (%)
R(1+exp(F))”

According to the basic assumption of stochastic medium theory, it is considered that
the following two conditions are satisfied after the mining of infinitely small coal seam
units: (1) the overall volume of the overlying strata remains unchanged; (2) the movement
and deformation of the overlying strata are distributed continuously. Hence, when deriving
the horizontal displacement of the surface caused by the mining of infinitely small coal

we(x) =dW(x) =

®)
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seam units, the derivation experience of the PIM and elastic mechanics knowledge is used
for reference, and the unit horizontal displacement form is determined:

dwe(x)

Ue(x) =B I

(4)

where B is a constant, which can be integrated to obtain the horizontal displacement U(x)
of any ground point along the x direction, as follows:

u(x) — W exp(% — bIWO exp(%) (5)

where b’ = B/R =4.13-b and b is the horizontal movement coefficient.
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Figure 1. Principle for predicting the deformation of surface point A(x,y) caused by underground

coal mining.

The calculation formulas for the surface displacements along the vertical and horizon-
tal direction by the finite mining of the strike main section can be derived as:
Wo(x) =W(x) —W(x—1) ©)

Ue(x) =U(x) —U(x—1)

Then, the calculation formulas for the surface displacements along the vertical and
horizontal direction by the finite mining of the inclination main section is:

{ We(y) = W(y) —W(y—L) @)
Ue(y) = U(y) — U(y — L) + W°(y)cot6

In Equations (6) and (7), | = D3 — S3 — S4 and L = D1 — 51 — Sy is the calculation
length of the working face along the strike and inclination direction. Furthermore, S1, S5,
S3, and S4 denote the offsets of the inflection points in the lower ribside, the upper ribside,
the start production line, and the stop production line.
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Based on the Boltzmann function model, the surface displacements along the vertical
and horizontal direction of any point A(x,y) caused by underground mining are, respectively:
U(x,y,7) = 75 [U° (x) WO (y)cosy + U° (y) WP (x)sin]

where 7 is the anticlockwise angle between the prediction direction and the positive
direction of the x-axis.

In summary, the model parameters of the BPM can be divided into two types of
parameter systems, namely, the geological mining parameter systems G = [m, «, ¢, H,
D3, D1], where ¢ is the azimuth of working face along the strike direction, which directly
participates in the conversion of the coordinate system, and the prediction parameter
systems P = [g, tanfB, b, 0, S1, S», S3, S4]. The geological mining parameter systems G can
be obtained from the collected geological mining data of the mining area. In addition, the
prediction parameter systems P is consistent with the model parameters of the PIM, and
the empirical values of the prediction parameters in the mining area or adjacent mining
areas can be used.

2.1.2. InSAR Phase Unwrapping Model

Phase unwrapping is the process of recovering the real phase from the phase wrapped
between (—m, 7t]; therefore, the accuracy of the result will directly affect the quality of
the final deformation product [30-32]. Phase gradient estimation is an important factor
affecting the accuracy of unwrapping results. However, the accuracy of phase gradient
estimation is not ideal in the mining area with high noise and rapid and large gradient
changes, which leads to underestimation of unwrapping results and even unwrapping
failure [20,33]. Aiming at the above problems, the BPM-assisted INSAR phase unwrapping
model is constructed based on Section 2.1.1.

The 3-D geometric decomposition principle of the LOS displacement monitored by
InSAR is shown in Figure 2, where ¢ represents the flight azimuth of the satellite, which is
the angle between the flight direction of the satellite and true north, and ¢ is the incident
angle of the radar signal. PL represents the projection line of the DLOS on the target position
on the horizontal plane; Ug, Uy, and W are the displacements along the east direction,
north direction, and vertical direction, respectively, and represent real 3-D displacements
of the target position on the ground; U, p;, represents the projection of Ug on PL; Uy, pr.
represents the projection of Uy on PL; Upy, represents the vector sum of Ug, pr. and Uy, pr, on
the PL line; Upy, 105 represents the projection of Upy, on the LOS direction; Wy og represents
the projection of W on the LOS direction; that is, DLOS is the vector sum of Upr, 105, and
Wios. The cumulative LOS displacement of the pixel j where the surface point A(x, y) is
located in the mining working face is:

DLOS! = W/ cos & — U{E sing cosé + U{\T sin¢ sind )

According to the principle of InNSAR interferometric, the relationship between the
monitored LOS displacement and the monitored phase of pixel j can be expressed as:

. A7 .
Gbinon = *TDLosinon (10)

Based on the relationship between the wrapped phase and the unwrapped phase, we
can obtain:

‘Plnon = Gojmon + k]mon X 27T (11)
In Equations (10) and (11), A is the wavelength of the SAR signal; (p{non is the wrapped

phase of InSAR interferometric; k},,o,; is the integer cycle ambiguity of the InNSAR phase. In
general, due to the complex monitoring conditions of the mining area, the closer to the



Remote Sens. 2023, 15, 2946

6 of 26

center of the subsidence basin, the smaller the monitored value of K)on is than the real
integer cycle ambiguity k]r .q1- Lherefore, it is necessary to adopt a certain method to restore
the real integer cycle ambiguity.

Figure 2. Geometric projection relationship between the LOS displacement (DLOS) monitored by
InSAR and the real 3-D displacements of the surface.

Furthermore, using the geological mining parameters and the prediction parameters,

the 3-D displacements (W/, U]]E, and U{\I) at the corresponding pixel of the target area is
predicted based on the BPM. Then, combined with the geometric parameters of the satellite,

the synthesis of predicted LOS displacement DLOS;W in the target area is carried out by
using Equation (9). Thus, the predicted unwrapped phase gb;ﬂe of displacements can be
derived from predicted LOS displacement as shown in Equation (12), and the relationship

between the predicted unwrapped phase 47;,76 and the predicted wrapped phase (p;m, is
shown in Equation (13):

Phre = —TDLOS;W (12)
‘Pézre = (P;yre =+ k]pre X 27 (13)

where k]p,e is the integer cycle ambiguity of the predicted phase.

Next, the residual phase of the monitored phase is obtained by removing the predicted
phase from the monitored phase, as shown in Equation (14). The method of unwrapping
the residual phase is adopted to reduce the difficulty of monitoring phase unwrapping, as
shown in Equation (15):

¢£es = Qbinon - Qb;re = (qojr‘non - q)];.ﬂre) + (k{ﬂon - k];‘Jre) X 27 (14)

‘M‘es = (P]res + (kgnon - k]pre + mj) X 27 (15)
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where <p£es is the residual phase; (p],'es = mod {((p{non — (p];',,e) + 7'[,271} — 7 denotes the

wrapped phase of 47535, and (k{mm — ké,re +ml ) is the integer cycle ambiguity of the residual
phase.
After the above operation, assuming that the solved residual phase after unwrapping

is ¢i es,s01» according to Equation (14), the solved displacement phase can be expressed as:

(Péol = (Pé”e + (Pies,sol (16)

Finally, according to the principle of INSAR technology, it can be known that the solved
displacement phase of surface point A(x, y) corresponding to pixel j can be converted into
the LOS displacement by using Equation (10).

It needs to be further explained that the decoherence in some areas (water body, high
noise, and large gradient deformation on the ground cause the failure of unwrapping
some pixels) monitored by INSAR leads to the loss of LOS displacement information of the
corresponding pixels; hence, before carrying out the above operations, the missing pixels
need to be interpolated. In addition, the lack of a large number of pixels in the center of the
deformation basin is likely to cause the LOS displacement after interpolation to be much
smaller than the real value, and we will discuss the extraction of surface 3-D displacements
under this condition in simulated experiments.

2.2. 3-D Displacements Extraction Model Based on Symmetrical Characteristics of
Mining Subsidence

2.2.1. Surface Subsidence Symmetrical Characteristics of Coal Seam Mining

After the underground coal seam is mined, the movement and deformation of the
surface and its spatial distribution have certain regularity [34,35]. For the longwall mining
method with full mechanization, after the surface deformation caused by mining horizontal
or near-horizontal rectangular working face is stabilized, since the inclined angle of the
coal seam is close to zero, the geometric characteristics and physical properties of overlying
strata and surface are all isotropic, and the displacement of overlying rocks and surface
caused by mining present a symmetrical distribution. Further analysis shows that the
axis of symmetry is the strike main section and inclination main section passing through
the center of the goaf and parallel (or perpendicular) to the advancing direction of the
working face, that is, the approximately symmetrical axis of the surface subsidence and
horizontal movement along the strike direction are the inclination main section. Similarly,
the approximately symmetrical axis of the surface subsidence and horizontal movement
along the inclination direction is the strike main section. Using these relationships as prior
knowledge for deriving theoretical models, an extraction model for 3-D displacements
based on the symmetrical characteristics of mining subsidence is constructed.

As shown in Figure 3, P1 (x1, y1), P2 (x2, y2), P3 (x3, 43), and P4 (x4, y4) are the
points in each quadrant where the ground surface above the working face is symmetrical
about the strike and inclination main section. Based on prior knowledge of symmetrical
characteristics of mining subsidence, the vertical displacement of P1, P2, P3, and P4 are
equal in magnitude and the same direction. The strike displacement of P1 and P2 are equal
in magnitude and the same direction, and the inclination displacement of P1 and P2 is
equal in magnitude and the opposite direction. The strike displacement of P1 and P3 are
equal in magnitude and the opposite direction, and the inclination displacement of P1 and
P3 is equal in magnitude and the opposite direction. The strike displacement of P1 and P4
are equal in magnitude and the opposite direction, and the inclination displacement of P1
and P4 is equal in magnitude and the same direction.
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Figure 3. Vector relationship of the horizontal displacements of the symmetrical point on the ground.

2.2.2. 3-D Displacements Extraction Model of Coal Seam Mining with Single-Track InNSAR

The north and east displacements of point P1 can be obtained by projecting the strike

and inclination displacements of point P1 in the north and east directions, respectively,
as follows:

{LINl = —Uy cos ¢ — U,y sin @

) 17
Upp = —Uyg sing + Uy cos ¢ (17)

where ¢ is the azimuth of the working face along the strike direction, and its value range
is 0-27; Uy and Uy are the displacement components of point P1 along the strike and
inclination direction, respectively, and the representation of the displacement components
of point P2, P3, and P4 along the strike and inclination direction is the same as that of
point P1.

Similarly, the displacement components of points P2, P3, and P4 in the second,
third, and fourth quadrants, respectively, along the north direction and east direction can
be obtained:

Unz = —Uyp cos ¢ + uyz sin ¢
Upz = —Uyp sin @ — Uyp cos ¢
Uns = Uxz cos ¢ + Uyz sin ¢

Ugz = Uyz sin ¢ — Uyz cos ¢ (18)
Ung = Uygcos ¢ — Uygsin g
Ugg = Uy sin g + Uy cos ¢
Substituting Equations (17) and (18) into Equation (9) can get:
i — — —
PM1 X |Wy |4+ PM2 x |Uy | — PM3 x |Uy,|
DLOS, — — —
DLOS,|  |PM1x |Wa | 4+ PM2 x |Ux,| + PM3 x |Uyp| 1)
DLOS3 | — W T T
PM1 x |W3| — PM2 x |Uyz| 4+ PM3 x |Uy3]|
DLOS, . N _
PM1 X |Wy| — PM2 X |Uys| — PM3 x | Uy
ith:
wit PM1 = cos¢
PM?2 = sin ¢ cos 6 sin ¢ — sin ¢ sin d cos ¢ (20)

PM3 = sin{ cosd cos ¢ + sin¢ sind sin ¢
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where DLOS;, DLOS;, DLOS3, and DLOS, represent the LOS displacement monitored by
InSAR at P1, P2, P3, and P4.

According to the symmetrical characteristics of surface subsidence in the mining of hor-
izontal or near-horizontal rectangular working face, the relationship between symmetrical
points in each quadrant is constructed, as follows:

— — — —
Uy = |Uy1| = |Ux2| = |Uys| = |Uqa

— — — — 1)
Uy = ‘uyl‘ = |uy2| = ‘uy3‘ = |uy4’

— — — —
W= W] = W] = W3 = [ Wi

Substituting Equation (21) into Equation (19) can get:

DLOS; PM1  PM2  —PM3] .,
DLOS,| _ |PM1 PM2  PM3 u] )
DLOS; PM1 —PM2 PM3 | | *
DLOS, PM1 —-PM2 —PM3| L™

Using the principle of least squares, W, Uy, and U, can be calculated, and the Ur and
Uy can also be calculated through the projection relationship (Equations (17) and (18)).
Based on the above process, 3-D displacements of any point on the surface can be extracted.

Compared with the Method (II) described in the introduction, the 3-D displacements
extraction model with single-track INSAR constructed in this section does not need to collect
prior model parameters b, H, and tanf in advance, and the influence of model parameter
errors on the calculation of the 3-D displacement fields is avoided.

2.3. Construction Process of Method

The specific process of the extraction method for large gradient 3-D deformation of
mining areas based on single-track InNSAR is shown in Figure 4.

(1) InSAR process: The multiple single-track SAR images covering the mining area is
collected, and then the INSAR interferometric processing is performed for the whole mining
period; hence, the cumulative LOS displacement phase of InNSAR is solved. The measured
interferometric wrapped phase and the integer cycle ambiguity of the whole mining period
are obtained through the phase reverse wrapping.

(2) Prediction process: First, geological mining materials and the experience value of
prediction parameters in the mining area or adjacent mining area are obtained. Then, based
on the BPM, the vertical displacement, the north displacement, and the east displacement
are predicted, respectively, and the predicted LOS displacement is synthesized by using
Equation (9). Finally, the operations of displacement into phase and phase reverse wrapping
are executed, thus, the predicted wrapped phase and the integer cycle ambiguity of the
whole mining period are calculated.

(3) Calculation of LOS displacement: By taking the difference between the measure-
ment phase and prediction phase in the first two steps, the wrapped phase of the residual
phase in the differential interference diagram is solved. Moreover, the unwrapped residual
phase is calculated by the unwrapping of the residual phase. Based on superimposing the
unwrapped residual phase and predicted phase of LOS displacement, the final solution
phase of LOS displacement is obtained. Finally, the LOS displacement can be solved by
using Equation (12).

(4) Extraction of 3-D displacements: Based on the solved LOS displacement field, the
coordinates and LOS displacement values in the first quadrant of the coordinate system are
read pixel by pixel. Furthermore, the coordinates and LOS displacement values of corre-
sponding pixels in other quadrants can be found according to the symmetrical relationship.
Thus, based on Equation (22), the vertical displacement, the north displacement, and the
east displacement can be solved by using the least squares method. Until all the pixels in
the quadrant are calculated, the surface 3-D displacement field is output.
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Figure 4. Technology roadmap of the construction method.

3. Simulated Experiments
3.1. Overview of Simulated Geological Mining Conditions and Satellite Data

Taking the coal measure strata conditions in the Huaibei mining area as the back-
ground, the geological mining conditions of the simulated working face are as follows: the
lithology of the overlying strata is moderately hard; a mining size of the working face is
D3 x D1 =600 x 300 m; an average mining height of the coal seam is m = 3 m; an inclined
angle is a = 0°; a mining depth is H = 400 m; an azimuth angle of strike direction is ¢ = 45°.
The roof management method is the longwall caving method. The simulated working face
is advanced along the strike, with mining the full length along the inclination at one time.
Engineering practice shows that the relationship between underground mining and surface
response in the Huaibei mining area conforms to the BPM, and simulated model prediction
parameters are g = 0.8, tanf =2.0,b=0.3,0 =87°, 51 = Sy = S3 = 54 = 0 m. Simulated satellite
data refers to the shooting parameters of the Sentinel-1 satellite in the Huaibei area, with a
simulated azimuth angle of flight direction ¢ = 347.2° and a LOS incident angle ¢ = 37.5°.

During simulation of the LOS displacement by INSAR monitoring, first, the grid on the
ground above the working face is divided along the east-west direction and north—south
direction, and satellite image pixels are simulated by using the grid. Then, according to the
BPM and the simulated prediction parameters, the cumulative 3-D displacements on the
ground caused by underground mining (that is, vertical displacement, north displacement,
and east displacement, respectively, as shown in Figure 5a—c) are predicted. In addition,
based on Equation (9), the LOS displacement value of any target pixel is synthesized, as
shown in Figure 5d. In addition, when monitoring the deformation of coal mining, we will
analyze the phase noise and anomalies that may be introduced by InSAR images from two
aspects. First, due to SAR images usually containing random noise and atmospheric delay,
simulated additive noise is added to the LOS deformation, and the simulated additive noise
in this experiment is Gaussian noise with a mean of 10 and a standard deviation of 50 [18,36].
The simulated noise is shown in Figure 5e. Second, because the surface deformation caused
by mining usually has a large gradient and rapid characteristics, which brings serious noise
and dense interference fringes to INSAR monitoring, the surface deformation information
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obtained by the unwrapping process of the traditional INSAR is often missing or seriously
underestimated. Hence, the above situations lead to the monitored LOS displacement
being much smaller than the real value. To explore the influence of these conditions on
the extraction of surface 3-D displacements, we assume that the INSAR method cannot
obtain all the surface deformation information caused by the mining of the working face.
By analyzing the SAR satellite monitoring capability, time and space resolution, and the
advancing speed of the working face, the maximum cumulative deformation of InSAR
monitoring is set at 800 mm [21,37]. To sum up, by introducing simulated Gaussian noise
and setting the maximum monitoring value, the simulated LOS deformation with noise
and limited maximum observation is shown in Figure 5f.

3.2. Analysis of Phase Unwrapping

Based on the BPM, the LOS displacement field in the study area during the same period
is predicted by using the BPM, and the involved BPM prediction parameters are consistent
with the simulated parameters (the influence experiment of the prediction parameter errors
will be carried out in the Discussion). Accordingly, the phase anti-wrapping of prediction
displacement is carried out, and thus the wrapped phase and the integer cycle ambiguity
of prediction displacement are calculated. Then, the wrapped phase of the residual phase
is obtained by Equations (14) and (15), as shown in Figure 6a. It can be seen that the
interference fringes of the wrapped phase of the residual phase are clearer and less dense,
which reduces the difficulty of phase unwrapping. Based on this, the wrapped phase
of the residual phase is unwrapped, and the result is shown in Figure 6b. The result
shows that when using LOS displacement with the random noise and underestimation
phenomenon, the unwrapped phase of the residual phase calculated by the proposed model
is between —16.8 rad and 29.2 rad. Since the model and parameters of the BPM remains
error-free, the unwrapped phase of the residual phase is the LOS phase error. Finally, the
unwrapped phase of the residual phase is superimposed on the LOS prediction phase,
and the LOS displacement can be solved by performing a transformation between phase
and deformation.

3.3. Extracted Displacement Results and Precision Analysis

Based on the calculated LOS displacement, 3-D displacements are extracted using the
proposed model, and the results are shown in Figure 7. It can be seen that the vertical
displacement, strike displacement, and inclination displacement solved by the construction
method are in good agreement with the real value. Since the simulated LOS displacement
contains high observation noise, the smoothness of the solved 3-D displacements is poor
compared with the simulated displacement fields. Following the layout method of surface
deformation observation stations for coal seam mining, the observation lines are laid out
above the working face along the strike and inclination main section. Furthermore, by
comparing the real and calculated values of vertical displacement on the observation line
L1-L2, strike displacement on the observation line L3-L4, and inclination displacement
on the observation line L5-L6 (as Figure 7a,c,e), the accuracy of the solved results with
the construction method is evaluated. As shown in Figure 7b,d.f, the absolute error of the
vertical displacement extracted from the observation line L1-L2 is between —37.1 mm and
45.6 mm, and the root mean square error (RMSE) is 21.5 mm; the absolute error of the
strike displacement extracted from the observation line L3-L4 is between —47.9 mm and
35.7 mm, with 19.0 mm of the RMSE; the absolute error of the inclination displacement
extracted from the observation line L5-L6 is between —69.4 mm and 96.1 mm, with 32.9
mm of the RMSE.
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Figure 5. Simulated displacement fields in the mining area: (a) Vertical displacement field; (b) North
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Figure 6. (a) Wrapped phase of the residual phase; (b) Unwrapped phase of the residual phase.
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Figure 7. Extraction of 3-D displacement fields and accuracy evaluation by the construction method:
(a,b) Extraction of the vertical displacement field, and its absolute error on the observation line L1-L2;
(c,d) Extraction of the strike displacement field, and its absolute error on the observation line L3-L4;
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The experimental results show that even though the LOS displacement monitored by
InSAR contains large random errors, and the LOS displacement is seriously underestimated
(the simulated maximum LOS observation value accounts for 46% of the real data), The
solution results of the method in this paper can still have a highly consistent magnitude,
distribution range, and symmetry characteristics with the simulated data. The construction
method can extract the 3-D displacement field of the surface with high precision.

4. Real Data Experiments
4.1. Study Area and InSAR Data

The Huaibei mining area (marked by the red circle in the lower left panel of Figure 8)
located in the northern part of Anhui Province, China, is chosen to test the proposed
method. The total area of the mining area is about 9600 km?, and it is an important coal
production base in China. The coal mined is of good quality and belongs to “green and
environment-friendly” coal. In addition to coal resources, the mining area is also rich in
coalbed methane, high-quality kaolin, natural coke, and other associated mineral resources.
The working face of this study is located in Shuanglong Mining of the Huaibei mining area
(inside the black rectangle frame in the right panel of Figure 8), and the actual layout of the
working face is shown in Figure 9. The working face started coal mining on 15 March 2021,
and advanced to the stop production line (stop mining) on 15 November 2021. Geological
mining conditions are as follows: the strike length is 330 m; the inclination length is 220
m; the elevation of the working face is from —179 m to —282 m; the maximum elevation
difference is 103 m; the strike of the mining coal seam is near the north-south direction,
near the east-west direction of the inclination; the inclined angle of the coal seam is from
6° to 18°, with an average of about 10° (near horizontal coal seam mining); the average
mining height of the coal seam is about 3.3 m; the structure of the coal seam is relatively
complex, including one or two layers of gangue with a thickness of 0.1-0.2 m.
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Figure 8. Geographic location of the Huaibei mining area (marked by the red circle in the lower
left panel). The blue rectangle denotes the footprints of the collected Sentinel-1A images. The black
rectangle denotes the area of Shuanglong Mining.
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Figure 9. Cumulative differential interferometric phase during the period from 12 March 2021 to 10
August 2022, and layout of working face and surface observation points. The black rectangle is the
mining working face. The dots are the surface displacement observation station arranged above the
working face.

The radar images of the study area use Sentinel-1A data with a resolution of 5 x 20 m,
and the radar frame covers the entire study area. This study uses 43 SAR images from 12
March 2021 to 10 August 2022, as the experimental data and the radar satellite monitoring
period adopted is from the start of production coverage to 9 months after the stop produc-
tion of the working face (parameters of the Sentinel-1A images are shown in Table 1); thus,
it can be considered that the surface subsidence is basically stable. In addition, the law of
rock movement and the characteristics of surface deformation in this area conform to the
BPM principle. The Sentinel-1A radar satellite has a wavelength of 56 mm.

Table 1. Parameters of the Sentinel-1A images over the Huaibei mining area.

Acquisition Date  Number of Scenes Path Frame Incidence Angle Heading Angle
12 March 2021 to o o
10 August 2022 43 142 106 37.96 347.09

4.2. Displacement Phase Unwrapping in the Study Area

According to geological mining conditions, empirical formulas, and the references [38,39]
related to the study area, the BPM prediction parameters of the mining area are given as
q=0.89,tanf=1.76,b=0.34,0=86.5°,5, =5,=53=54=0m.

On the one hand, based on the selected prediction parameters and the existing geologi-
cal mining conditions, the 3-D displacement field is respectively predicted by using the BPM.
Then, according to the theory of Section 2.1.2, the predicted phase of LOS displacement is
solved; furthermore, the predicted wrapped phase is obtained by the phase wrapping. On
the other hand, based on the obtained SAR images, the cumulative interferometric phase
of the mining area during the period from 12 March 2021 to 10 August 2022, is processed
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by using differential interferometric synthetic aperture radar (D-InSAR) technology. As
shown in Figure 9, the closer to the center of the working face, the denser the interference
fringes, and the differential interferometric phase on the side of the start production line
shows regular interference fringes, while the differential interferometric phase on the side
of the stop production line is chaotic and appears decoherent. The interferometric phase of
the entanglement increases the difficulty of the unwrapping process. The minimum cost
flow method and InSAR phase unwrapping model of the method in this paper is used for
phase unwrapping, respectively. The unwrapping results of the wrapped phase are shown
in Figure 10.
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Figure 10. Unwrapping results of the interferometric phase in the study area: (a) Unwrapping results
by using the minimum cost flow method; (b) Unwrapping results by using the proposed method.

The results show that due to the interference of surface vegetation, sedimentation
ponding, and decoherent caused by large gradient deformation, the phase unwrapping
results of the minimum cost flow method are relatively disordered, and the magnitude
and distribution of the unwrapping phase are seriously inconsistent with the surface
deformation law of mining subsidence. Moreover, the solved maximum displacement
phase is only 50.14 rad. Correspondingly, the maximum deformation phase obtained by
using the proposed model in this paper is 475.47 rad, and the displacement phase conforms
to the law of mining subsidence. Based on the conversion principle (Equation (10)), the
phase obtained by the proposed method is converted into the actual displacement, and the
result is as follows in Figure 11a.

4.3. Extraction of Surface 3-D Displacements and Accuracy Evaluation

To solve the 3-D displacements of the surface caused by mining subsidence, on the
basis of the LOS displacement of the surface obtained in Section 4.2, the 3-D displacements
extraction model of coal seam mining with single-track InNSAR tries to be adopted in this
section, as shown in Figure 11. The calculated maximum subsidence is about 2800 mm,
located near the center of the goaf. The northward displacement and eastward displacement
are respectively symmetrical to the inclination main section and the strike main section.
The maximum northward displacement is about 1300 mm, and the maximum eastward
displacement is about 1500 mm.
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Figure 11. 3-D displacements extracted by the proposed method in this paper: (a) Solved LOS dis-
placement in Section 4.2; (b) Extracted vertical displacement; (c) Extracted northward displacement;
(d) Extracted eastward displacement. The black rectangle is the mining working face.

To verify the accuracy of the construction method, several surface displacement ob-
servation stations were set up on the surface above the working face during the mining
process of the underground coal seam, and the monitoring period is roughly the same as
that of satellite photography. A complete observation line and a half observation line are
respectively laid out along the inclination main section of the working face, which mainly
observe the horizontal movement along the inclination direction (that is, northward move-
ment) and vertical displacement, and a complete observation line is laid out along the strike
main section of the working face, which mainly observe the horizontal movement along
the strike direction (that is, eastward movement) and vertical displacement. Hence, the
3-D displacements extracted by the method in this paper are compared with the measured
values of the surface observation station, and the results are shown in Figures 12 and 13.
The curves of extracted vertical displacement and horizontal displacement are in good
agreement with that of measurement, and the shape of the basin is basically the same. The
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fitting error of the vertical displacement is between —518.4 and 875.4 mm, with 288.2 mm
of RMSE, and the fitting error of horizontal displacement is between —246.4 and 239.1 mm,
with 129.5 mm of RMSE. Compared with the simulation experiment, the accuracy of the
real data experiments in the mining area to solve the 3-D displacements is lower, which is
caused by the following two situations through analysis: (1) The small mining depth of the
working face may easily lead to discontinuity deformation such as cracks and subsidence
pits on the surface; hence, the surface deformation suddenly changes in space, as shown in
the dashed box in Figures 12 and 13; (2) The working face is close to the old goaf. The min-
ing of the working face causes the activation of the old goaf; thus, the surface deformation
above the working face is caused by multiple factors together.
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Figure 12. Comparison between the vertical displacement solved using the proposed method and
the result of surface observation points.
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Figure 13. Comparison between the horizontal displacement solved using the proposed method and
the result of surface observation points.
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Even if the solution accuracy is slightly reduced, the RMSE of the vertical displacement
accounts for only 9.4% of the maximum vertical displacement value, and the RMSE of hori-
zontal displacement accounts for only 9.3% of the maximum horizontal displacement value.
The experimental results show that the proposed method in this paper can approximate
the 3-D displacements of the whole basin caused by mining subsidence, and this research
method has a certain engineering application value.

5. Discussion
5.1. Influence of Various Errors on the Extraction of 3-D Displacements

In this paper, we first use the BPM to assist INSAR phase unwrapping, and the
LOS displacement containing large gradient deformation is obtained. Then, based on
the symmetrical characteristics of mining subsidence in a rectangular working face, the
vertical displacement, strike displacement, and inclination displacement of the working
face are calculated. Theoretically, the accuracy of the surface 3-D displacements extracted
by using the proposed method depends on the following aspects: (1) Errors introduced by
observed LOS displacement of INSAR; (2) Accuracy of the geological mining parameters
G =[m, a, ¢, H, D3, D1]; (3) Accuracy of the BPM prediction parameters P = [g, tanf, b, 6,
S1, S2, 53, S4]. For the error in aspect (1), we simulated the random error of observation
and the underestimation error of observation caused by large gradient deformation in the
simulation experiment, and the results show that the method in this paper can extract the
3-D displacements of the surface with better accuracy. In aspect (2), the geological mining
parameters involved in the method of this paper are obtained through a precise level and
traverse measurement; thus, the errors introduced are so small that they can be ignored.
As far as aspect (3) is concerned, for the impact of the accuracy of the BPM prediction
parameters, the following related studies are carried out based on simulated experiments.

In the simulation experiment, we added Gaussian noise to the error-free LOS simula-
tion value and limited the maximum LOS simulation value, so as to simulate the random
noise of the LOS observation and the underestimation phenomenon caused by the large
gradient deformation of the mining subsidence. To test the influence of the obtained BPM
prediction parameter errors on the extraction of 3-D displacements, prediction parameters
with different levels of error are simulated based on the above-mentioned LOS observation
error; hence, four schemes of parameter errors are set. Parameters g, tanf3, and b are respec-
tively added with random errors that occupy within £10%, +20%, £30%, and £40% of
themselves. Moreover, +1°, +2°, +3°, and +4° of random errors are respectively added
to the parameter 6, and +2 m, +4 m, 6 m, and =8 m of random errors are respectively
added to the parameter S. Parameters containing errors of various levels are combined into
various schemes, and the parameter range of each scheme is shown in Table 2. Based on
the method in this paper, the extraction experiments of 3-D displacements are carried out
by using the model parameters of each scheme. To quantify the accuracy of the extraction
results, the extracted values and real values on the main sections of vertical displacement,
strike displacement, and inclination displacement are compared, and the RMSE on the
main sections of 3-D displacements is calculated. The experimental results are shown in
Figure 14.

Table 2. Setting scheme of the BPM prediction parameters containing different levels of error.

Parameters Scheme One Scheme Two Scheme Three Scheme Four
q 0.72~0.88 0.64~0.96 0.56~1.04 0.48~1.12
tan B 1.8~2.2 1.6~2.4 1.4~2.6 1.2~2.8
b 0.27~0.33 0.24~0.36 0.21~0.39 0.18~0.42
0 (°) 86~88 85~89 84~90 83~91
S (m) —2~2 —4~4 —6~6 —8~8
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Figure 14. RMSE of the 3-D deformation calculated by each scheme of 100 experiments. The colored
dots represent the RMSE calculated by the corresponding scheme, and the dotted line represents
the average value of the RMSE with 100 experiments: (a) RMSE of resolved vertical displacement;
(b) RMSE of resolved strike displacement; (c¢) RMSE of resolved inclination displacement.

Figure 14 shows that the fluctuation ranges of the RMSE of the extracted vertical
displacement, strike displacement, and inclination displacement expand with the increase
of the added random errors. When the parameters of Scheme One are adopted, the
fluctuation ranges of the RMSE of the extracted vertical displacement, strike displacement,
and inclination displacement are from 13 mm to 181 mm, from 17 mm to 118 mm, and
from 20 mm to 107 mm, respectively, and the average values of the RMSE are 76 mm,
39 mm, and 47 mm, respectively. In Scheme Two, the fluctuation ranges of the RMSE of the
extracted vertical displacement, strike displacement, and inclination displacement are from
19 mm to 367 mm, from 18 mm to 123 mm, and from 23 mm to 176 mm, respectively, and
the average values of the RMSE are 147 mm, 61 mm, and 74 mm, respectively. In Scheme
Three, the fluctuation ranges of the RMSE of the extracted vertical displacement, strike
displacement, and inclination displacement are from 9 mm to 535 mm, from 18 mm to
191 mm, and from 21 mm to 232 mm, respectively, and the average values of the RMSE
are 240 mm, 82 mm, and 97 mm, respectively. As far as Scheme Four is concerned, the
fluctuation ranges of the RMSE of the extracted vertical displacement, strike displacement,
and inclination displacement are from 23 mm to 669 mm, from 29 mm to 290 mm, and from
39 mm to 328 mm, respectively, and the average values of the RMSE are 336 mm, 103 mm,
and 121 mm, respectively.

Further analysis shows that the ratio of the average RMSE of the 3-D displacements
calculated by Scheme One and Scheme Two to the corresponding maximum displacement
can be kept within 10% (W, Uy, and Uy are 6.7%, 8.9%, and 9.9% respectively). Therefore,
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in the case of considering the LOS displacement error, using the construction method in
this paper, when the errors of selected model parameters g, tanf, and b are kept within
£20%, the error of the parameter 6 is kept within £2°, and the error of the parameter S is
kept within +4 m, the 3-D deformation of the whole basin in the mining subsidence can
be effectively monitored. It should be noted that the parameter errors in Schemes Three
and Four are difficult to appear in real situations. For example, the value of parameter
q generally does not exceed 1, and the value of parameter 6 generally does not exceed
90°. Even if the error of selected parameters is so large, the average RMSE of the 3-D
displacement extracted by this method to the corresponding maximum deformation can
still be kept within 20% (W, Uy, and U, are 15.3%, 15.1, and 16.2%, respectively).

5.2. Fusion of InSAR and Multi-Source Heterogeneous Data

The fusion of InNSAR data and multi-source heterogeneous data (such as LiDAR,
3-D laser scanner, GNSS, leveling, etc.) can realize the complementary advantages of
multi-source data. Theoretically, by reasonably determining the weight of multi-source
observation data and designing a feasible fusion methodology, the multi-level and high-
precision 3-D displacement monitoring of the mine surface can be effectively realized.
Therefore, the applicability of fusing INSAR with multi-source heterogeneous data was
explored based on the proposed model in this paper.

We deduced the 3-D displacements extraction model with single-track InSAR in
Section 2.2.2; following this, multi-source heterogeneous data monitored in space as one-
dimensional, two-dimensional, or three-dimensional are combined. Thus, Equation (22) can
be improved to Equation (23). Equation (23) takes the monitoring displacement data of 3-D
laser and leveling as an example, and it needs to be further explained that the positive and
negative signs of the coefficients in the matrix of Equation (23) are determined according to
the quadrant where the 3-D laser point is located, while Equation (23) only characterizes
the situation where the point is in the first quadrant:

[DLOS, ] [PM1 PM2 —PM3]
DLOS, PM1 PM2 PM3
DLOS; PM1 —PM2 PM3
DLOS, PM1 —PM2 —PM3|rw

Lasery | — 1 0 0 U, (23)
Lasery 0 —cosp  —sing u,

Laserg 0 —sing  cos@

Levely 1 0 0

In addition, according to the least squares criterion, VTP,V = Ryin, where V is the
fitted residual matrix of each observation, Py, is the weight matrix of observations, and
Rmin is the minimum value under the criterion. When only single-track INSAR is used to
solve 3-D displacements, Py, is taken as the identity matrix, since it is an equal-precision
observation. When combining multi-source heterogeneous data, the Py, is assigned differ-
ent weights due to the different precision of multi-source observation technology, so as to
improve the calculation accuracy of 3-D displacement results. In this paper, the method of
determining the weight is referred to in the literature [40].

To test the feasibility of the fusion method, the simulation observation data of the
3-D laser and leveling were added based on simulated experiments in Section 3, and
30 simulation observation points were selected in the study area (the positions of the
simulated observation points relative to the working face are shown in Figure 15a); 3-D
laser and leveling data at observation points remain error-free. Then the monitoring
3-D deformation of the 3-D laser and the monitoring vertical deformation of leveling are
respectively interpolated to the same resolution of InNSAR. Finally, the 3-D deformation
extraction experiments fusing INSAR and leveling data, and fusing InSAR, leveling, and
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3-D laser data were carried out, respectively. The calculation results of the observation line
L1-L2 in Figure 15a are analyzed, and the experimental results are shown in Figure 15b—d.
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Figure 15. (a) Black rectangle represents the working face, and the yellow dots represent the simulated
positions of leveling and 3-D laser; (b—d) Absolute error of calculated vertical displacement, strike
displacement, and inclination displacement on line L1-L2.

The calculation of the experimental results shows that the average values of the
absolute errors of the vertical displacement by the single-track INSAR method, the fusion
of InNSAR and leveling method, and the fusion of InNSAR, leveling, and 3-D laser method are
17.8 mm, 11.1 mm, and 8.6 mm, respectively. The average values of the absolute errors of
the strike displacement by utilizing the three methods are 15.5 mm, 15.2 mm, and 7.8 mm,
respectively. The average values of the absolute errors of the inclination displacement by
utilizing the three methods are 23.6 mm, 23.5 mm, and 11.3 mm, respectively. Combined
with Figure 15, it can be seen that the accuracy of extracting 3-D displacement results by
the fusion of InSAR, leveling, and 3-D laser method is the best. The accuracy of vertical
displacement extracted by the fusion of INSAR and leveling method is better than that of
the single-track INSAR method, and inferior to the fusion of InNSAR, leveling, and 3-D laser
method. The accuracy of the fusion of INSAR and leveling method, and the single-track
InSAR method to extract the strike displacement and inclination displacement is very close.
Therefore, the fusion of INSAR and multi-source heterogeneous data can better improve
the accuracy of calculated 3-D displacements in mining areas, and the relevant theories,
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methods, and practical applications of fusing multi-source heterogeneous data should
receive more attention.

5.3. Extraction Model Applicable to the Mining of Inclined Coal Seam

As mentioned above, the construction method in this paper can be better applied to
the extraction of 3-D displacements in mining horizontal (or near-horizontal) coal seams.
To expand the scope of application of this method, the extraction model applicable to the
mining of inclined coal seam is discussed in this section. When the underground working
face is inclined, as shown in Figure 3, the 3-D displacements of the symmetry points P1
and P4, P2 and P3 along the strike direction still maintain the symmetrical characteristics
in magnitude and the direction; however, the maximum subsidence point is on the lower
ribside in the inclination direction, and the 3-D displacements of the symmetrical points P1
and P2, P3 and P4 along the inclination direction lose their symmetrical characteristics in
magnitude (that is, the values are not equal). Equation (22) is reduced from the original
four known equations to two known equations; as a result, the three unknowns describing
the spatial displacement cannot be solved to obtain a unique value. Therefore, whether
to find the connection between the symmetry points in the inclination direction is the key
issue for the wide adaptability of the model:
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In Section 2.1.1, the BPM for predicting surface deformation in mining areas is intro-
duced, and we intend to use this model to establish the relationship between symmetry
points in the inclination direction. Taking the symmetrical points P1 and P2 in Figure 3 as
an example for analysis, the division operations on the prediction formulas of the BPM for
vertical displacement, strike displacement, and inclination displacement at P1 and P2 are
performed, respectively. As shown in Equations (24)—(26), the ratio relationship of the 3-D
displacements between the symmetrical points is obtained. Substituting Equations (24)—-(26)
into Equations (21) and (22), the four known equations based on subsidence characteristics
are finally restored, as Equation (27). Similarly, the 3-D displacements of space can be
solved by using the least squares method. The prediction parameters of the BPM involved
in the extraction model include R, V’, and 6, thus the accuracy of extracting surface 3-D
displacements of inclined coal seam mining largely depends on the precision of collected
prediction parameters.

6. Conclusions

In this paper, the BPM was used to assist INSAR phase unwrapping; thus, the missing
phase gradient of InNSAR caused by the special monitoring environment of the mining area
was restored, and higher precision LOS displacement can be calculated. In addition, the
symmetric characteristics of surface subsidence in mining horizontal (or near-horizontal)
coal seams were used as prior knowledge for theoretical derivation, and an extraction
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method for large gradient 3-D displacements of mining areas based on single-track InNSAR
was constructed.

In the simulated experiments, we simulated the LOS displacement with the random
noise and underestimation phenomenon caused by the large gradient deformation (the
maximum value of the set LOS displacement only accounts for 46% of the actual maximum
LOS displacement) as INSAR observations. The calculated results of the method in this
paper can still have a highly consistent magnitude, distribution range, and symmetry
characteristics with the actual data. Compared with the actual data, the RMSE of the
calculated 3-D displacements on the observation line is 21.5 mm, 19.0 mm, and 32.9 mm
(vertical displacement, strike displacement, and inclination displacement, respectively).
Using 43 single-track Sentinel-1 images as observation data, the method in this paper was
applied to the extraction of surface 3-D displacements in the Huaibei coal mine. The results
show that the maximum value of vertical displacement, northward displacement, and
eastward displacement is calculated as 2800 mm, 1300 mm, and 1500 mm, respectively.
Comparing the calculated value with the measurement data of the surface observation
station, the RMSE of vertical displacement and horizontal displacement is 288.2 mm (9.4% of
the maximum vertical displacement value) and 129.5 mm (9.3% of the maximum horizontal
displacement value), respectively. Moreover, it is believed that the reason for the low
accuracy (compared with the simulated experiments) of the calculation is the discontinuous
deformation of the ground caused by the small mining depth or the activation of the
old goaf. The experimental results show that the proposed method in this paper can
approximately extract the 3-D displacements of the whole basin in mining subsidence, and
this research method has a certain value of engineering application.

In the discussion, the following studies were carried out: the influence of BPM param-
eter errors on the extraction of 3-D displacements was analyzed; the fusion model of INSAR
and multi-source heterogeneous data was constructed, and the feasibility of the model
was verified by experiments, and a feasible scheme for the extraction model applicable to
the mining of inclined coal seam was explored. The following conclusions were obtained:
(1) When the errors of selected model parameters g, tanf, and b are kept within +20%,
the error of the parameter 6 is kept within +2°, and the error of the parameter S is kept
within 4 m, the 3-D displacements of the whole basin in the mining subsidence can be
effectively monitored; (2) The fusion of INSAR and multi-source heterogeneous data can
better improve the accuracy of calculated 3-D displacements; (3) The BPM can establish the
connection between the symmetric points along the inclination direction, and the extraction
equations for 3-D displacements can be reconstructed, but the error of the model parameters
will be substituted into it.

Author Contributions: Conceptualization, K.J. and K.Y.; methodology, K.J. and K.Y.; software, K.J.;
validation, K.J., K.Y. and Y.Z.; formal analysis, K.Y, K.J. and Y.L.; investigation, T.L.; resources, K.J.
and K.Y.; data curation, K.Y., Y.L, T.L. and X.Z.; writing—original draft preparation, K.J. and K.Y.;
writing—review and editing, K.J. and K.Y; visualization, K.J.; supervision, K.Y., Y.Z., T.L., X.Z. and
Y.L.; project administration, K.Y.; funding acquisition, K.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (41971401),
the Fundamental Research Funds for the Central Universities (2022YJSDC22, 2022JCCXDC01), and
the Entrusted Project of Huaibei Mining Co., Ltd. (2023-129).

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the ESA /Copernicus for providing the Sentinel-
1A SAR images. The authors would also like to thank the anonymous reviewers for their constructive
comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.



Remote Sens. 2023, 15, 2946 25 of 26

References

1. Bell, EG,; Stacey, T.R.; Genske, D.D. Mining Subsidence and Its Effect on the Environment: Some Differing Examples. Environ.
Geol. 2000, 40, 135-152. [CrossRef]

2. He, G; Yang, L.; Ling, G. Mining Subsidence Engineering; Press of China University of Mining and Technology: Xuzhou,
China, 1991.

3.  Whittaker, B.N.; Reddish, D.]. Subsidence: Occurrence, Prediction and Control; Elsevier: Amsterdam, The Netherlands, 1989.

4. Carnec, C.; Delacourt, C. Three Years of Mining Subsidence Monitored by SAR Interferometry, near Gardanne, France. J. Appl.
Geophys. 2000, 43, 43-54. [CrossRef]

5. Caro Cuenca, M.; Hooper, A.J.; Hanssen, R.F. Surface Deformation Induced by Water Influx in the Abandoned Coal Mines in
Limburg, The Netherlands Observed by Satellite Radar Interferometry. J. Appl. Geophys. 2013, 88, 1-11. [CrossRef]

6. Carnec, C.; Massonnet, D.; King, C. Two Examples of the Use of SAR Interferometry on Displacement Fields of Small Spatial
Extent. Geophys. Res. Lett. 1996, 23, 3579-3582. [CrossRef]

7. Zhu, C.G,; Deng, K.Z.; Zhang, ]J.X. Three-Dimensional Deformation Field Detection Based on Multi-Source SAR Imagery in
Mining Area. J. China Coal Soc. 2014, 39, 673—-678. [CrossRef]

8.  Zheng, M.; Deng, K.; Fan, H.; Huang, J. Monitoring and Analysis of Mining 3D Deformation by Multi-Platform SAR Images with
the Probability Integral Method. Front. Earth Sci. 2019, 13, 169-179. [CrossRef]

9.  Zhang, B.; Wu, S,; Ding, X.; Wang, C.; Zhu, J.; Li, Q. Use of Multiplatform SAR Imagery in Mining Deformation Monitoring with
Dense Vegetation Coverage: A Case Study in the Fengfeng Mining Area, China. Remote Sens. 2021, 13, 3091. [CrossRef]

10. Yang, Z.; Zhu, ]; Xie, J.; Li, Z.; Wu, L.; Ma, Z. Resolving 3-D Mining Displacements From Multi-Track InNSAR by Incorporating
With a Prior Model: The Dynamic Changes and Adaptive Estimation of the Model Parameters. IEEE Trans. Geosci. Remote Sens.
2022, 60, 1-10. [CrossRef]

11. He, L.; Wu, L; Liu, S.; Wang, Z.; Su, C.; Liu, S.-N. Mapping Two-Dimensional Deformation Field Time-Series of Large Slope by
Coupling DINSAR-SBAS with MAI-SBAS. Remote Sens. 2015, 7, 12440-12458. [CrossRef]

12. Yang, Z,; Li, Z,; Zhu, J.; Preusse, A.; Hu, J.; Feng, G.; Yi, H.; Papst, M. An Alternative Method for Estimating 3-D Large
Displacements of Mining Areas from a Single SAR Amplitude Pair Using Offset Tracking. IEEE Trans. Geosci. Remote Sens. 2018,
56, 3645-3656. [CrossRef]

13. Ou, D.; Tan, K,; Du, Q.; Chen, Y; Ding, J. Decision Fusion of D-InSAR and Pixel Offset Tracking for Coal Mining Deformation
Monitoring. Remote Sens. 2018, 10, 1055. [CrossRef]

14. Ma,].; Yang, J.; Zhu, Z.; Cao, H; Li, S.; Du, X. Decision-Making Fusion of INSAR Technology and Offset Tracking to Study the
Deformation of Large Gradients in Mining Areas-Xuemiaotan Mine as an Example. Front. Earth Sci. 2022, 10, 962362. [CrossRef]

15. Gudmundsson, S.; Sigmundsson, F; Carstensen, ].M. Three-Dimensional Surface Motion Maps Estimated from Combined
Interferometric Synthetic Aperture Radar and GPS Data. J. Geophys. Res. 2002, 107, ETG 13-1-ETG 13-14. [CrossRef]

16. Hu, J,; Li, ZW,; Ding, X.L.; Zhu, ].J.; Sun, Q. Derivation of 3-D Coseismic Surface Displacement Fields for the 2011 Mw 9.0
Tohoku-Oki Earthquake from InSAR and GPS Measurements. Geophys. J. Int. 2013, 192, 573-585. [CrossRef]

17.  Li, Y.,; Zuo, X,; Xiong, P; You, H.; Zhang, H.; Yang, F; Zhao, Y.; Yang, Y.; Liu, Y. Deformation Monitoring and Analysis of Kunyang
Phosphate Mine Fusion with InNSAR and GPS Measurements. Adv. Space Res. 2022, 69, 2637-2658. [CrossRef]

18. Li, ZW.,; Yang, Z.F,; Zhu, ].].; Hu, J.; Wang, Y.J.; Li, PX.; Chen, G.L. Retrieving Three-Dimensional Displacement Fields of Mining
Areas from a Single INSAR Pair. |. Geod. 2015, 89, 17-32. [CrossRef]

19. Yang, Z.;Li, Z.; Zhu, ].; Feng, G.; Wang, Q.; Hu, J.; Wang, C. Deriving Time-Series Three-Dimensional Displacements of Mining
Areas from a Single-Geometry InSAR Dataset. |. Geod. 2018, 92, 529-544. [CrossRef]

20. Jiang, C.; Wang, L.; Yu, X,; Chi, S.; Wei, T.; Wang, X. DPIM-Based InSAR Phase Unwrapping Model and a 3D Mining-Induced
Surface Deformation Extracting Method: A Case of Huainan Mining Area. KSCE |. Civ. Eng. 2021, 25, 654-668. [CrossRef]

21. Fan, H.D.; Cheng, D.; Deng, K.Z.; Chen, B.Q.; Zhu, C.G. Subsidence Monitoring Using D-InSAR and Probability Integral
Prediction Modelling in Deep Mining Areas. Surv. Rev. 2015, 47, 438—445. [CrossRef]

22. Yang, Z.F;Li, ZW.,; Zhu, ].J.; Hu, J.; Wang, Y.J.; Chen, G.L. InSAR-Based Model Parameter Estimation of Probability Integral
Method and Its Application for Predicting Mining-Induced Horizontal and Vertical Displacements. IEEE Trans. Geosci. Remote
Sens. 2016, 54, 4818-4832. [CrossRef]

23. Wang, R.; Wu, K.; He, Q.; He, Y.; Gu, Y.; Wu, S. A Novel Method of Monitoring Surface Subsidence Law Based on Probability
Integral Model Combined with Active and Passive Remote Sensing Data. Remote Sens. 2022, 14, 299. [CrossRef]

24. Wang,]; Yan, L.; Yang, K; Tang, W.; Xie, H.; Yao, S.; Xu, Z.; Yang, ]. Deriving Mining-Induced 3-D Deformations at Any Moment
and Assessing Building Damage by Integrating Single InSAR Interferogram and Gompertz Probability Integral Model (SII-GPIM).
IEEE Trans. Geosci. Remote Sens. 2022, 60, 1-17. [CrossRef]

25. Jiang, K.; Wang, L.; Teng, C. A Dynamic Monitoring Method of Surface 3D Deformation of Coal Mine Based on Fusion of Single
Sight D-InSAR and BK Model. Geomat. Inf. Sci. Wuhan Univ. 2023, 48, 620-630. [CrossRef]

26. Jiang, C.; Wang, L.; Yu, X. Retrieving 3D Large Gradient Deformation Induced to Mining Subsidence Based on Fusion of
Boltzmann Prediction Model and Single-Track InNSAR Earth Observation Technology. IEEE Access 2021, 9, 87156-87172. [CrossRef]

27. Zou, Q.; Liu, H.; Cheng, Z.; Zhang, T.; Lin, B. Effect of Slot Inclination Angle and Borehole-Slot Ratio on Mechanical Property of

Pre-Cracked Coal: Implications for ECBM Recovery Using Hydraulic Slotting. Nat. Resour. Res. 2020, 29, 1705-1729. [CrossRef]


https://doi.org/10.1007/s002540000140
https://doi.org/10.1016/S0926-9851(99)00032-4
https://doi.org/10.1016/j.jappgeo.2012.10.003
https://doi.org/10.1029/96GL03042
https://doi.org/10.13225/j.cnki.jccs.2013.0424
https://doi.org/10.1007/s11707-018-0703-2
https://doi.org/10.3390/rs13163091
https://doi.org/10.1109/TGRS.2021.3093058
https://doi.org/10.3390/rs70912440
https://doi.org/10.1109/TGRS.2018.2803285
https://doi.org/10.3390/rs10071055
https://doi.org/10.3389/feart.2022.962362
https://doi.org/10.1029/2001JB000283
https://doi.org/10.1093/gji/ggs033
https://doi.org/10.1016/j.asr.2021.12.051
https://doi.org/10.1007/s00190-014-0757-1
https://doi.org/10.1007/s00190-017-1079-x
https://doi.org/10.1007/s12205-020-5288-0
https://doi.org/10.1179/1752270614Y.0000000153
https://doi.org/10.1109/TGRS.2016.2551779
https://doi.org/10.3390/rs14020299
https://doi.org/10.1109/TGRS.2022.3226216
https://doi.org/10.13203/j.whugis20200580
https://doi.org/10.1109/ACCESS.2021.3089160
https://doi.org/10.1007/s11053-019-09544-y

Remote Sens. 2023, 15, 2946 26 of 26

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li, J.; Wang, L. Mining Subsidence Monitoring Model Based on BPM-EKTF and TLS and Its Application in Building Mining
Damage Assessment. Environ. Earth Sci. 2021, 80, 396. [CrossRef]

Wang, N.; Wu, K,; Liu, J.; An, S.K. Model for Mining Subsidence Prediction Based on Boltzmann Function. J. China Coal Soc. 2013,
38, 1352-1356. [CrossRef]

Hooper, A.; Zebker, H.; Segall, P.; Kampes, B. A New Method for Measuring Deformation on Volcanoes and Other Natural
Terrains Using InSAR Persistent Scatterers. Geophys. Res. Lett. 2004, 31, L23611. [CrossRef]

Ferretti, A.; Fumagalli, A.; Novali, F; Prati, C.; Rocca, F; Rucci, A. A New Algorithm for Processing Interferometric Data-Stacks:
SqueeSAR. IEEE Trans. Geosci. Remote Sens. 2011, 49, 3460-3470. [CrossRef]

Zhou, L.; Yu, H,; Lan, Y.; Xing, M. Artificial Intelligence In Interferometric Synthetic Aperture Radar Phase Unwrapping: A
Review. IEEE Geosci. Remote Sens. Mag. 2021, 9, 10-28. [CrossRef]

Diao, X.; Wu, K.; Xu, Y.; Zhou, D.; Chen, R. Prediction-Based Phase Unwrapping for Differential Interferograms of Coal Mining
Areas Using a Stochastic Medium Model. Remote Sens. Lett. 2018, 9, 477-486. [CrossRef]

Fan, H.; Wang, L.; Wen, B.; Du, S. A New Model for Three-Dimensional Deformation Extraction with Single-Track INSAR Based
on Mining Subsidence Characteristics. Int. |. Appl. Earth Obs. Geoinf. 2021, 94, 102223. [CrossRef]

Tang, F.Q.; Dong, L.K.; Wang, Z.L.; Huang, ].C. A 3-D Inversion Model for InNSAR Detected Displacements Based on Ground
Subsidence Symmetry Induced by Horizontal Coal Mining. J. China Coal Soc. 2019, 44, 210-220. [CrossRef]

Wang, L.; Jiang, K.; Wei, T.; Jiang, C.; Zha, J.; Chi, S. Estimation of Parameters of Probability Integral Method Model Based on
Improved Fireworks Algorithm. Surv. Rev. 2021, 53, 366-382. [CrossRef]

Chen, Y,; Yu, S; Tao, Q.; Liu, G.; Wang, L.; Wang, F. Accuracy Verification and Correction of D-InNSAR and SBAS-InSAR in
Monitoring Mining Surface Subsidence. Remote Sens. 2021, 13, 4365. [CrossRef]

Fan, H.; Gu, W.; Qin, Y; Xue, J.; Chen, B. A Model for Extracting Large Deformation Mining Subsidence Using D-InSAR Technique
and Probability Integral Method. Trans. Nonferrous Met. Soc. China 2014, 24, 1242-1247. [CrossRef]

Hou, Z.; Yang, K,; Li, Y.; Gao, W.; Wang, S.; Ding, X.; Li, Y. Dynamic Prediction Model of Mining Subsidence Combined with
D-InSAR Technical Parameter Inversion. Environ. Earth Sci. 2022, 81, 307. [CrossRef]

Hu, J.; Li, Z.-W,; Sun, Q.; Zhu, ].-].; Ding, X.-L. Three-Dimensional Surface Displacements From InSAR and GPS Measurements
With Variance Component Estimation. IEEE Geosci. Remote Sens. Lett. 2012, 9, 754-758. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12665-021-09704-5
https://doi.org/10.13225/j.cnki.jccs.2013.08.018
https://doi.org/10.1029/2004GL021737
https://doi.org/10.1109/TGRS.2011.2124465
https://doi.org/10.1109/MGRS.2021.3065811
https://doi.org/10.1080/2150704X.2018.1441561
https://doi.org/10.1016/j.jag.2020.102223
https://doi.org/10.13225/j.cnki.jccs.2018.0698
https://doi.org/10.1080/00396265.2020.1755799
https://doi.org/10.3390/rs13214365
https://doi.org/10.1016/S1003-6326(14)63185-X
https://doi.org/10.1007/s12665-022-10423-8
https://doi.org/10.1109/LGRS.2011.2181154

	Introduction 
	Methodology 
	BPM-Assisted Phase Unwrapping Model for InSAR 
	Boltzmann Function Prediction Model 
	InSAR Phase Unwrapping Model 

	3-D Displacements Extraction Model Based on Symmetrical Characteristics of Mining Subsidence 
	Surface Subsidence Symmetrical Characteristics of Coal Seam Mining 
	3-D Displacements Extraction Model of Coal Seam Mining with Single-Track InSAR 

	Construction Process of Method 

	Simulated Experiments 
	Overview of Simulated Geological Mining Conditions and Satellite Data 
	Analysis of Phase Unwrapping 
	Extracted Displacement Results and Precision Analysis 

	Real Data Experiments 
	Study Area and InSAR Data 
	Displacement Phase Unwrapping in the Study Area 
	Extraction of Surface 3-D Displacements and Accuracy Evaluation 

	Discussion 
	Influence of Various Errors on the Extraction of 3-D Displacements 
	Fusion of InSAR and Multi-Source Heterogeneous Data 
	Extraction Model Applicable to the Mining of Inclined Coal Seam 

	Conclusions 
	References

