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Abstract: Deformation prediction for a salt solution mining area is essential to mining environmental
protection. The combination of Synthetic Aperture Radar Interferometry (INSAR) technique with
Probability Integral Method (PIM) has proven to be powerful in predicting mining-induced subsi-
dence. However, traditional mathematical empirical models (such as linear model or linear model
combined with periodical function) are mostly used in InNSAR approaches, ignoring the underground
mining mechanisms, which may limit the accuracy of the retrieved deformations. Inaccurate INSAR
deformations will transmit an unavoidable error to the estimated PIM parameters and the forward
predicted subsidence, which may induce more significant errors. Besides, theoretical contradictory
and non-consistency between INSAR deformation model and future prediction model is another
limitation. This paper introduces the Coordinate-Time (CT) function into InNSAR deformation model-
ing. A novel time-series INSAR model (namely, CT-PIM) is proposed as a substitute for traditional
InSAR mathematical empirical models and directly applied for future dynamic prediction. The
unknown CT-PIM parameters can be estimated directly via INSAR phase observations, which can
avoid the error propagation from the InSAR-generated deformations. The new approach has been
tested by both simulated and real data experiments over a salt mine in China. The root mean square
error (RMSE) is determined as £10.9 mm, with an improvement of 37.2% compared to traditional
static PIM prediction method. The new approach provides a more robust tool for the forecasting
of mining-induced hazards in salt solution mining areas, as well as a reference for ensuring the

environment protection and safety management.

Keywords: INSAR; mine; land subsidence; time series deformation; model

1. Introduction

By the end of 2018, the reserves of mirabilite deposits in China had reached up to
117.297 billion tons [1]. For mirabilite production in the salt mining deposits, water-
soluble exploitation, with comprehensively multi-propulsion through groups of drilling
wells, is the primary mining mode in salt solution mining area. Attributing to the multi-
direction of water-soluble mining activities, the upper layer of the rock salt cavern is
prone to overburden, or even serious collapse [2]. As long as the roof of the cavern
uplifts to the ground surface, a large pit, which may cause potential damage to the nearby
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infrastructures, will be formed [3]. In addition, accumulated water-soluble mining activities
may cause significant lithological changes of the underground rock, even inducing a serious
pumping of brine and water salinization. Therefore, long-term spatio-temporal deformation
prediction of salt solution mines are of considerable importance to the environmental
protection and safety management. The multi-temporal interferometric synthetic aperture
radar (MT-InSAR) is an advanced space-to-earth observation technology developed in
recent years. Compared with traditional INSAR technology, MT-InSAR technology has been
reported to be more effective and applicable for deriving ground deformations (i.e., mining
area or infrastructures) [4-13]. However, the single MT-InSAR has a limitation in that it can
only obtain the deformation sequences during SAR acquisition dates; the subsequent future
displacement beyond the span of the SAR observations cannot be acquired. To compensate
for the limitation, researchers have incorporated INSAR deformation observations into the
Probability Integral Method (PIM), which has successfully solved the problems, such as
surface deformation space calculation and overlying strata movement prediction [14-22].
The basic idea for those studies is firstly using the traditional MT-InNSAR technique to
generate the line-of-sight (LOS) deformation results as input dataset to estimate the PIM
parameters; then, the corresponding subsidence sequences for the future period can be
predicted based on the PIM prediction model. Those researchers have successfully retrieved
the spatio-temporal deformation characteristics and achieved the forward prediction of
mining-induced deformations, which proves that the combination with PIM theory is an
efficient and feasible complementation to single MT-InSAR technique.

However, there still exist limitations: Firstly, according to previous studies, pure em-
pirical mathematical models (i.e., linear model or linear model combined with periodical
function) are mostly utilized to generate the INSAR observations, and the underground
mining subsidence mechanism is not considered in the INSAR modeling procedure. In
MT-InSAR data processing, the deformation modeling procedure determines the temporal
functional relationship between the interferometric phase observations and the parameters.
The evolution of mining-induced surface displacement is a complex physical non-linear
process, varying with time. Apparently, modeling a physical process with a single em-
pirical mathematical function cannot accurately describe the underground deformation
mechanisms and, thus, may have a great impact on the accuracy of the generated InNSAR
deformation observations. Secondly, inaccurate INSAR deformation results will transmit
an unavoidable error to the estimated PIM parameters, then, secondly, propagating to the
future subsidence prediction, leading even larger errors in the predicted displacements.
Finally, the traditional mathematical models (i.e., linear model or linear model combined
with periodical function) used in the deformation monitoring is not consistent with the
PIM used in the future deformation prediction, which is based on random medium theory.
Using InSAR deformation observations generated via a simple linear model to estimate
parameters for a complex non-linear model may not be reasonable. Consequently, contra-
diction and inconsistency between the INSAR deformation model and the future prediction
model is the third limitation.

Based on the above analysis, in order to improve the accuracy of deformation predic-
tion, we propose a novel INSAR deformation model, which can better describe the dynamic
evolution disciplines of the underground mining subsidence in the MT-InSAR deformation
modeling procedure, as well as be directly used to the forward deformation prediction. The
novel model is based on the Coordinate-Time (CT) function (namely CT-PIM) and used as a
substitute for traditional INSAR models. CT-PIM improves the static PIM via integrating the
temporal parameter to achieve the description of the temporal dynamical characteristics of
the mining-induced subsidence. Considering the physical subsurface mechanism, CT-PIM
can describe the temporal dynamical characteristics of the mining-induced subsidence
more realistically. The PIM parameters are introduced into InNSAR time-series phase func-
tions and can be estimated via the phase observations, which can avoid the secondary
error propagation from the inaccurate INSAR deformations to the subsequent deformation
prediction. Subsidence can be predicted directly based on CT-PIM, which implements in
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opposition to the deficiency of inconsistency and lack of reasonability between the INSAR
model and the forward prediction model. Consequently, the new method is expected not
only to enrich the time series INSAR modeling theory but also provide a more robust tool
for forecasting mining-induced hazards in mining areas.

2. Materials and Methods

The CT-PIM, including the Coordinate-Time function, and the PIM parameters are
introduced in Section 2.1. The InNSAR modeling based on CT-PIM is derived in Section 2.2,
together with the final functional relationship between the time series phase observations
and the PIM parameters.

2.1. Dynamic Coordinate-Time Probability Integration Model

The Coordinate-Time (CT) function was proposed in Reference [23], which improved
the traditional static PIM with introducing the temporal parameter t, thus being referred
as CT-PIM hereinafter. It has proven to be effective and reliable in the application for
the dynamic ground deformation prediction caused by mining activities. The surface
subsidence described in CT-PIM function is as follows [23]:

W (v, ) = W (3, OW (5, 1), M

where (x, y) denotes the coordinate of the surface point, and W (x, y, t) is the surface
vertical subsidence related to mining activities at time ¢; wy is the maximum settlement,
which can be written as wy = mgq-cosa, where m is the thickness of the mine, g is the
subsidence factor, and « is the dip angle of the layer. W (x, t) and W (y, t) can be expressed
as follows:

(1) When the dip direction of the working face is under critical extraction, whereas the
strike is under subcritical extraction. This happens in the practical condition that
the advancing distance is longer than the depth along the dip direction. The ground
subsidence can be written as (the schematic diagram is shown as Figure 1b) [23]:
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where w(x) can be calculated based on the principles of static PIM following
the equation: w(x) = %2 [erf(\/m%)+1]; erf is a probability integral function:
RS
erf (@ x) = % L e~ du (where u is the integral parameter, r is the main in-
fluence radius, r :% ; H is the mining depth and tanf is the tangent of the main
influence angle); nH is the starting distance, describing the advancing distance of the
working face when the ground point starts to move; n is the starting factor; w is the
static leading influence angle (in degrees); vy, is the mining advancing speed; and the
coefficients a and b can be expressed as a =12 =“1H and p =49 respectively.
(2) When the strike direction of working face is under critical extraction, whereas the dip
is under subcritical extraction. This happens in the most practical condition of the
coal mining activities, since the strike direction is better to contain a longer advancing
distance (even up to several kilometers, much deeper than the depth along the strike),
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which can easily satisfy the critical extraction condition. The surface subsidence can
be written as (the schematic diagram is shown as Figure 1c) [16]:

Wy =2 [erf(ﬁjfl) —erf(ﬁy ;L)] ©)

where y denotes the vertical coordinate of the ground point in the mining area; ry and
1o represent the main influence radius along the down—dip, and up-dip directions,
respectively, which can be expressed as rq = mnﬁ and r, = mﬁfﬁ H; and H; are
the mining depths along the down—dip, and up-dip directions, respectively. Here,
H; = 2 sino and Hy = H + lsmtx L is the estimated length of strike working
face, which can be expressed as L = (D; —s1 —s )%, D; is the inclined length
of working face; s; and s, are the offsets of inflection point along down-dip and
up-dip directions of the working panel; 6 is the mining influence angle, which can be
calculated following 6y = 90° — ka.

@) w, (b) 0 Ground surface

> X
R =

w
S=vmt |
>

(Cavern in rock salt mine

Figure 1. Schematic diagrams for the coordinate system: (a) 3D view of the coordinate system;
(b) profile along strike direction; (c) profile along dip direction.

It is worth noting that, when the strike of the working face is under subcritical extrac-
tion, the final deformation should be estimated via multiplying a coefficient: Cy;, = W’”" <1,
where Wy = mg-cosf. Wy, is the maximum value of W (x, t), which can be Calculated
according to the first equation in Equation (2), under the assumption that the tendency
has reached an extreme exploitation [16]. Similarly, when the dip of the working face is

under subcritical extraction, then a dip mining degree coefficient, Cy;, = V\y,'" < 1, should
be multiplied with it, where Wy, denotes the maximum value of W (y, t) in Equation (3).

2.2. InSAR Modeling Based on CT-PIM (InSAR-CTPIM)

For each high coherence pixel in the i-th interferogram [24-26], its corresponding
interferometric phase can be expressed as:

89" = 00l3.r + 0@hopo + @iy + 0Pty + 0Plipise + APhon @
~ 4 4B

~ TﬂAdZ + ARZm AH' + Aq)I’ES/
where A is the radar wavelength; Ad is the LOS accumulated deformation spanning the
time period of the i-th interferogram, referred as the low-pass (LP) component hereinafter;
A(piopo represents the residual topographic phase component; Aq)iopo = ﬁgfn’e AH', where
B; defines the perpendicular baseline, ¢ the incident angle, R the sensor-target distance,
and AH the residual elevation, which is an unknown parameter; A¢j,; denotes the final
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residual phase, which includes the phase noise, atmospheric delay, and the high-pass (HP)
deformation component [27].

During the extraction of the brine from the wellhead, the deformation of the surface
caused by the change of the top pressure in the cavern is dominantly along the vertical
direction. Besides, the upper dissolution rate of the drilling solution mining process is
approximately twice of the side dissolution rate [28]. Therefore, compared with the vertical
subsidence, the horizontal displacement caused by water-soluble mining is relatively minor,
and omitted hereinafter. Then, the functional relationship between the LOS deformation
and the ground subsidence can be expressed as:

Ad' =djos (tig) —dLos <t’A> =[W(x, y, tg) =W (x, y, ta)]-coso, ®)

where W (x, y, tg) and W (x, y, t,) are the corresponding dynamic subsidence at tg and
t 4, respectively. Substituting Equation (5) into (4), the functional relationship between the
InSAR phases and PIM parameters can be written as:
_dn

1

47tB;
69" = ZEIW (x, , ts) = W (x, y, t4))-cost + o

ARsinf

AH'+ Ay, ©)

where the geological parameter GP = [m, a, H, D;, w] of the rock salt mine can be deter-
mined according to the in-situ investigation of the study area or the materials provided
by the mining company, which can be regarded as known parameters. The unknown
parameters to be solved here are UP = [g,tanp, s1, sz, k, n]. Among them, g is within the
range of [0.01, 1], tanp, tanB, and tanB, are all distributed within the range of [1, 3.8], and
both s1 and s; are within the range of [0.05H, 0.3H]. The propagation influence angle of
mining is p= 90° — kot. Here, k ranges from 0.5 to 0.8, and the starting distance coefficient
n ranges from 1/7 to 1/2 [14,16,23]. Equation (6) describes the temporal functional relation-
ship between the INSAR time series phases and the PIM parameters, which is referred as
InSAR-CTPIM, and will be applied for the time series deformation generation.

2.3. CT-PIM Parameters Estimation Based on InSAR Phases

If N + 1 scenes covering the whole study area are acquired at dates (fg, t1, ..., tn),
then M differential interferometric pairs are generated accordingly. For each pixel (x, y)
on the differential interferograms, M InSAR functions (in Equation (6)) based on the
phase observations can be established. If M is higher than six, the unknown parameters
UP = [gq,tanp, s1, sp, k, n] can be estimated. The ill-conditioned nature of the phase
functions (introduced as Equation (6)) has also been tested to ensure the robustness. For
each pixel (x, y) on the differential interferograms, M InSAR functions based on the phase
observations can be established. The condition number Conde(A) = ||A||,||A7Y],, is
estimated as 18 here, where A defined the coefficient matrix of the phase functions. The
value of Conde (A) implies that no ill-conditioned phenomenon exists in the functions.

The solving of Equation (6) is obviously a non-linear parameter estimation problem.
The Genetic Algorithm (GA), combined with the Simplex Method (SM), is introduced
here to estimate UP. GA processes the advantages of global optimization searching ability
and unrestricting to different model forms [29], and it has been proven to be feasible in
solving the problems of non-linear parameter estimation [30]. It generates the optimized
estimations in form of population individuals following the principle of fitness function
minimization [31]. However, the disadvantages of slow convergence speed and low
accuracy are also prominent for GA. SM has proven to be an efficient tool in solving
the non-linear estimation problems when combined with GA, which can refine the GA
generated results effectively [32]. Consequently, the combination of GA and SM, namely
GASM, is adopted here to effectively estimate the unknown parameters.

As for Equation (6), each individual gene is UP = [q, tanp, si1, sa, k, n], and the fitness
function here is:

f= HAq)ﬁes = min, ?)
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where Agoies denotes the residual phase in Equation (6). After the iteration of population
selection, crossing over, and evolution for each individual gene until the minimum fitness
function value condition is satisfied, the final obtained individual genes, which are treated
as the initial GA-solutions for PIM parameters, will be taken as the input initial values
of SM. Then, SM is utilized to improve the accuracy of GA estimations after the global
searching, and the corresponding SM-output results are determined as the final solutions
for PIM parameters [33].

2.4. Flow Chart and Processing Steps

Figure 2 displays the processing flow of deformation prediction using the CT-PIM
function. The steps are as follows:

1.  Differential Interferometry according to the N 41 SAR images covering the study area.

2. High-coherent candidates extraction considering both the average coherence and the
amplitude dispersion index.

3. InSAR modeling following the CT-PIM function, which establishes the functional
relationship between InNSAR phases and unknown PIM parameters.

4.  PIM parameter estimation based on Genetic Algorithm and Simplex Method
(GASM) [32,33], which includes GA global searching to generate the initial values of
PIM parameters and SM to optimize the GA solutions.

5. Forward dynamic subsidence prediction beyond the spans of SAR acquisitions based
on CT-PIM function introduced as Equation (1).

A \
Stepl N+1 SAR images )
/S
Step2 Spatial-temporal
£ baselines combination l
- N - O\
Coherence maps ) Interferometric \\“
Intensity maps / pairs Y
High coherence points
identification based on Phase unwrapping
double thresholds algorithm
High coherence points l Unwrapped phases
Step3 InSAR modelling based
on CT-PIM function
GA population Initial parameter
selection, crossing «— estimation based on
over and evolution GA
N Step5
Iteration Bstiiated bamimaters: Deformation prediction
termination N 111(1 5 P] r“r’niers. > based on CT-PIM
condition GGt beyond SAR acquisitions
Step4 v
v y 3
B t 4
atameict Total deformation time
optimization based :
on SM series Y/

Figure 2. Flow chart of deformation prediction based on CT-PIM function.
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3. Results
3.1. Simulated Experiment

A simulated experiment was designed and executed to evaluate the feasibility and
accuracy of the proposed method. Satellite parameters used in the simulated experiment
were set according to Sentinel-1 A spaceborne parameters, which was to keep consistent
with the real data experiment. The geological parameters m, o, H, D1, w of the strata
overlying the saline layer were set as 0.66 m, 4.5°, 600 m, 300 m, 80° according to real data
collected by the company in charge of the mining activity in the area. The advancing speed
vy, at the simulated experiment was set as 0.24 m/d, which was also according to the real
data (will be discussed in Section 3.2.1). The simulated true values of UP were set primarily
as 0.504, 1.560, 30.310 m, 16.080 m, 0.524, 0.167.

After setting those parameters, the time series settlement field could be generated
according to Equation (1), which would be used as the real settlement field compared with
the subsidence generated based on the INSAR-CTPIM processing. The selected images
of the simulated real settlement field are shown in Figure 3. InSAR phase functions can
be simulated according to Equation (6), and the residual elevation AH was simulated
via Gaussian random simulator with its magnitude within [-20, 20] m. The random
noise with a variance from 0 rad to 0.65 rad was added in the simulation. The random
noise we added here can be expressed as Noi = sqrt (0.65) * randn (60, 60), where Noi
represents the noise; sqrt (0.65) represents the variance of 0.65 rad; randn is the random
noise function in MATLAB; and (60, 60) is total simulated size of the phase function. Totally,
600 indexes of pixels were randomly extracted for the subsequent quantitative comparison
with the CT-PIM generated deformation. In order to evaluate the impacts of different
numbers of interferometric pairs on the corresponding generated deformation results, the
simulation experiments with a multi-master connection were designed [34]. Six subgroups
of simulation were carried out, with the number of interferometric pairs as 10, 15, 20, 25, 30,
and 35, respectively, which also represented the number of INSAR phase functions. The
corresponding GASM procedure was performed to obtain the CT-PIM parameters based
on the simulated INSAR phase observations, and the final estimated subsidence could be
obtained via Equation (1). The parameters, such as the spatio-temporal baselines, used in
the simulation were set according to the real data experiment (in Section 3.2.2).

120d 288 d
Unit:mm
0
-20

—40
—60
—80
+ —100
- —120

—140
—160

Figure 3. Selected images of simulated settlement field (at 24 d, 120 d, 288 d, 468 d, 528 d,
and 576 d, respectively).

To estimate the unknown parameters of CT-PIM, the maximum iteration number, the
population size, the crossover probability, and the mutation probability in GASM algorithm



Remote Sens. 2022, 14, 842

8 of 24

were set as 400, 60, 0.5, and 0.2, empirically. After the SM secondary optimization, the
final optimal estimations of the CT-PIM parameters could be generated for each subgroup
of simulation. Substituting the obtained parameters into Equation (1), the time series
settlement field could be generated.

Figure 4 illustrates the relative errors for each parameter between the CT-PIM gen-
erated values and the simulated real ones under a different number of interferometric
pairs. The lower the relative error is, the higher is accuracy suggested for the CT-PIM
estimated parameter. As can be seen from the figure, generally, the relative errors decrease
with the increase of interferometric numbers. Under a multi-master connection, a stack of
20 interferograms is acceptable in our cases. It can also be noted from Figure 4 that, among
the six parameters, g and tanp were more sensitive with higher curvature slopes than the
remaining four parameters.

— 14 T '

< —&—( tanfi—e—s|

:_,5 12 —— 52 k —*—n ]

L

=) . ]

% 10 ~_

- 8

2

e 6 1

2

S 4

o

g 2 |

E —

3} 0 . A nd * + -

2 —x
10 15 20 25 30 35

Different interferometric numbers
Figure 4. Relative errors with different interferometric numbers under multi-master connection.

We extracted the interferometric pairs of 10 and 35, respectively, to show a quantitively
comparison with the simulated real values (shown as Tables 1 and 2). The results show
that the use of 35 interferometric pairs under the multi-master connection to estimate the
unknown parameters is evidently more accurate (for instance, the relative error for g is only
4.8% under 35 pairs compared with that of 10.4%). Therefore, we finally determined to use
35 interferometric pairs (noise level with a variance of 0.65 rad) under the multi-master
connection in the real data experiment. It can also be noted that, among the six parameters,
the relative error of s; is relatively large, both in Tables 1 and 2, with 8.6 % and 6.2%,
respectively. This is consistent with the results of the sensitivity analysis in Section 3.3.3.

Table 1. Estimated CT-PIM parameters (under the 10 interferometric pairs).

Parameters Is{:e?lu\l/:;ii Gen«:jl':;zg\g’alue Error Relative Error
q 0.504 0.559 0.055 104
tanB 1.560 1.662 0.102 6.4
s1(m) 30.310 27.801 2.509 8.6
sp(m) 16.080 15.340 0.740 45
k 0.524 0.504 0.020 3.9

n 0.167 0.166 0.001 0.6
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Table 2. Estimated CT-PIM parameters (under the 35 interferometric pairs).

Parameters Is{:gl::lu\l;tlii GeneCrZ;l:clll\;Ilalue Error Relative Error
q 0.504 0.528 0.024 4.8
tanp 1.560 1.572 0.012 0.8
s1(m) 30.310 28.431 1.879 6.2
sp(m) 16.080 15.437 0.643 4.0
k 0.524 0.507 0.017 3.3
n 0.167 0.167 0 0

Figure 5 shows the comparison results between the selected time series settlement
generated by CT-PIM and the simulated settlement with 600 pixels (35 interferometric
pairs, multi-master connection, with a noise variance level of 0.65 rad), and the differences
are illustrated in Figure 5f in red polylines. It can be noted that the two groups of results
demonstrate good agreement even under a relatively high noise level of 0.65 rad, and
the max deviation increases with the time span. According to the quantitative statistics
for Figure 5a—f, the number of points with the deviations within [—5, 5] mm account for
100%, 100%, 97%, 90%, 87.6%, and 85.8% of the total number of points for spans of 24 days,
120 days, 288 days, 468 days, 528 days, and 576 days, respectively, and the corresponding
maximum deviation is 0.1 mm, 1.3 mm, 7.9 mm, 9.3 mm, 9.5 mm, and 9.6 mm, respectively.
Compared with the maximum subsidence for each period (i.e., 165 mm at 576 days), the
deviation was relatively minor (a 9.6 mm deviation occupy only 5.8% approximately).
To quantitatively evaluate the distribution of the deviations, statistical analysis for the
probability distribution was carried out. Figure 6 demonstrates the probability distribution
of the average deformation deviations with 600 pixels. As determined, the magnitudes of
errors are concentrated within a relatively low ranges, with 83.8% of points distributed
within [-2, 2] mm and all the pixels distributed within [—6, 6] mm, which implies that
the proposed method is of promising accuracy. The RMSE between the CT-PIM generated
value and the simulated real settlement is estimated as £4.5 mm.

20 20 20

2
_ Y g B ————— g
g -20 1 20 - el 20 fi iR
£ —40 1 —40 ~40
2 60 { —60 -60 (Il 1
= 80 1 80 -80 ]
= 100 1 -100 ~100 | |*
£ 120 1 ~120 ~120 [[4
g 140 {1 —140 ~140
£ -160 { —160 -160
E’ “180 1o Simulated real settlement ~180 -180
=200 @~ CT-PIM generated settlement 1 -200 —200
-220 —220 -220
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
20
= 0
g —20 #
E b
ER
S 80 !
g —100 [}
2 120 tRd M
g -140 [ {
8 —160 :
D -180 1 —180 1 —180 | Difference 20
2 200 1 —200 1 =200 Mkttt edip e 0
-220 -220 -220 -20
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Indexes of pixels Indexes of pixels Indexes of pixels

Figure 5. Comparison between the CT-PIM generated deformation sequences (six periods are selected)
and the simulated real settlement.
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Figure 6. Probability distribution for deformation deviations.

3.2. Real Data Experiment
3.2.1. Study Area and SAR dataset

A salt mine, located in China, was selected as the study area. Figure 7 displays the
location of our test area in Hunan Province and the corresponding coverage of SAR satellite
images. The red rectangle in Figure 7b represents the spatial coverage of Sentinel-1 A
image obtained by a satellite ascending geometry, and the purple rectangle represents
the area of interest. The mine is located in the central part of Liyang Plain, with the
characteristics of abundant natural water systems, numerous large and densely distributed
ponds, crisscrossing artificial channels, and extensive surface paddy fields. Long-term
drilling soluble mining activities have caused serious land salinization, which imposed
significant influences to the surrounding environment (see Figure 8a). The mining-induced
accumulated subsidence also led to cracks on the ground surface of roads, which imposed
potential damage to infrastructures built on the nearby residential area (see Figure 8b,c).
Gradually accumulated ground subsidence may also generate an obvious stagnant water
pit (shown as Figure 8d, with a settlement approximately of 1.5 m).
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Figure 7. Study area and SAR spatial coverage: (a) map of Hunan Province; (b) coverage of SAR
images; (c) mean amplitude image of the study area.
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Figure 8. Field pictures of the residential area near the study area: (a) area with land saliniza-
tion; (b) uneven displacement on the road; (c) cracks on the wall of a house; (d) a water pit in the

salinized area.

Figure 9 shows the local geological asset. The underground stratums mainly include
Lower Tertiary and Quaternary. The lithological components over this area mainly consist
of mudstone, dolomite, siltstone, gypsum, mirabilite, and glauberite. Anhydrous Glauber
salt (NapSOy, 62.76-78.8%) produced in this area exist in the salt-bearing section (Epx%)
of Neogene Formation. Argillaceous dolomitic mirabilite is the dominate lithological
component, which distributes over the up layer, bottom layer, and interlayer and belongs
to weak layered rock mass. The poor stability of the rocks in this area makes the ground

surface vulnerable to soften and collapse.
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Figure 9. Schematic diagram of the lithological distribution over the study area.

According to the above lithological characteristics of the upper layer on the working
surface and the collected geological materials of the mine, the aforementioned lithologic
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geological parameters GP (see Table 3) is set as GP = [3m, 5.7°, 240 m, 258 m, 80°] according
to the geological materials provided by the mining company. The advancing speed vy, is
practically calculated according to properties of the sedimentation funnel in the mining
area, which follows the equation v,, = % = 0.056 m/day, where S denotes the mean radius
for the sedimentation funnels, and ¢ denotes the time span of the mining activities.

Table 3. Geological parameters.

Geological . .
Parameters m (m) (%) H (m) D; (m) w () v (m/Day)
value 3 5.7 240 258 80 0.056

3.2.2. SAR Data Acquisition and Preprocessing

A total of 32 Sentinel-1A scenes with ascending geometry spanning the period from
15 June 2015 to 15 August 2017 were collected for the differential interferometric dataset
processing. The unwrapped interferometric pairs with small spatial-temporal baselines
were generated via SARScape 5.2 and ENVI 5.3. The SAR sensor parameters and spa-
tial -temporal baselines are shown in Table 4 and Figure 10, and the subsequent high
coherence points extraction, InNSAR deformation modeling, CT-PIM parameter estimation,
and deformation generation were all executed via MATLAB software. In the preprocess-
ing of differential interferometry, the multi-look ratio of SAR image was set as 5:1, with
the sampling resolutions as 9.022 m along azimuth, and 7.368 m along range direction,
respectively. Spatial-temporal interferometric baselines were set lower than 150 m and
420 days, respectively, with all the images registered and resampled to a super master
image (acquired at 3 July 2016). External 30 m resolution Shuttle Radar Topography Mis-
sion Digital Elevation Model (SRTM DEM) data was used to filter the terrain phase [35].
The procedure of phase unwrapping was executed with the Minimum Cost Flow (MCF)
method. After artificially eliminating the unsatisfied interferometric pairs with poor un-
wrapping effect, totally, 58 unwrapped differential interferograms were generated [36,37].
Thresholds for moderate to high coherent points were set as 0.45 for coherence, and 0.35 for
mean amplitude dispersion index. Finally, a total of 6027 candidates in the mining area
were extracted.
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Figure 10. Spatio-temporal baselines.
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Table 4. Interferometric pairs and sensor parameters (Ascending, Orbit No. 11).

Image No Acquisition Date Perpendicular Temporal
’ (yyyy/mm/dd) Baseline (m) Baseline (Days)

0 2015/06/15 10.32 —384
1 2015/07/09 94.46 —360
2 2015/08/02 8.65 —336
3 2015/08/26 —25.59 —312
4 2015/09/19 —27.87 —288
5 2015/10/13 42.76 —264
6 2015/12/24 125.03 —192
7 2016/01/17 19.96 —168
8 2016/02/10 99.87 —144
9 2016/03/05 —21.75 —120
10 2016/03/29 —48.25 —96
11 2016/04/22 37.12 -72
12 2016/05/16 —9.33 —48
13 2016/07/03 0 0

14 2016/08/20 15.15 48

15 2016/09/25 —54.32 84

16 2016/10/07 —27.33 96

17 2016/10/19 63.93 108
18 2016/10/31 57.18 120
19 2016/11/12 52.15 132
20 2016/11/24 26.62 144
21 2016/12/18 25.12 168
22 2016/12/30 20.94 180
23 2017/01/11 76.93 192
24 2017/02/16 48.78 228
25 2017/03/12 34.61 252
26 2017/04/05 —16.41 276
27 2017/04/29 34.59 300
28 2017/05/23 47.07 324
29 2017/06/28 16.92 360
30 2017/07/22 63.26 384
31 2017/08/15 —69.95 408

3.2.3. PIM Parameter Estimation Based on InNSAR-CTPIM

Before the novel INSAR-CTPIM processing being applied for the study area, the
traditional SBAS-InSAR with multi-linear velocity model was performed to capture the
spatial-temporal deformation characteristics over the rock salt mine. As shown in Figure 11,
it can also be determined that apparent multi subsidence bowls developed during the
observations from a spatial view. This phenomenon is related to drilling water-soluble
mining activities. As in situ investigated, the mining mode for the test rock salt mine is
multi-well groups connectivity, where more than two wells are connected for each well
group during the drilling soluble mining; thus, multi settlement funnels will be formed
around each well group. Since the CT-PIM model is based on a single subsidence funnel,
it is difficult to accurately cover the whole test area containing complex multi settlement
funnels with a single CT-PIM. Consequently, we divided the area into seven sub-settlement
funnels, which are shown as Figure 11b, with the subsidence image at 15 August 2017 as
the background.
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Figure 11. Schematic map of sub-settlement funnels distribution (with the settlement at 15 August
2017 generated via SBAS as the background): (a) the leveling points; (b) distribution of the seven
sub-settlement funnels; (c) the distribution of the traverse-longitudinal profiles of the funnels; (d) 3D
version of the mining coordinate system.

In InNSAR-CTPIM processing, 24 images from 15 June 2015 to 11 January 2017 were
extracted to estimate the CT-PIM parameters with GASM algorithm, which would be used
to generate the corresponding deformation sequences following the step 4 of the procedures
introduced in Section 2.4. Based on the obtained CT-PIM parameters, the remaining eight
images (from 16 February 2017 to 15 August 2017) were reserved to validate the forward
predicted deformation generated by CT-PIM following the step 5. During the GASM
procedure, seven sub-funnels were processed separately, with seven groups of parameters
generated, which is shown in Table 5.

Table 5. Estimated CT-PIM parameters.

Parameters Al A2 A3 A4 A5 A6 A7
q 0.832 0.882 0.919 0.741 0.957 0.750 0.974
tanpB 3.060 3.128 3.473 3.362 3.732 3.608 2.995
s (m) 39.170 40.694 44933 49.888 42.297 47.468 31.116
sp (m) 36.481 38.631 32.001 39.813 48.184 47.374 26.701
k 0.518 0.623 0.743 0.693 0.658 0.702 0.718
n 0.150 0.162 0.182 0.196 0.145 0.193 0.166

3.2.4. Deformation Prediction Based on CT-PIM

Based on the seven groups of obtained CT-PIM parameters in Table 5, the deformation
sequences covered by SAR data acquisition can be derived by INSAR-CTPIM. Figure 12
shows the time series deformation generated spanning from 15 June 2015 to 11 January
2017, which were treated as the deformation monitoring results. The deformation beyond
SAR data acquisition can be predicted according to CT-PIM (expressed as Equation (1)).
Figure 13 shows the eight 3D scenes (from 16 February 2017 to 15 August 2017) of the
predicted subsidence based on CT-PIM, which were treated as the deformation prediction
results. From 9 July 2015 to 10 February 2016, the overall deformation of the whole area
was relatively stable, with the maximum estimated subsidence as only 52 mm. Obvious
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subsidence began to occur at 5 March 2016 after an 8-month temporal lag, and the subsiding
velocities have increased rapidly since then. Since 20 August 2016, the boundary of the
seven sub-settlement bowls has become apparently more distinct, with the maximum
subsidence increasing from 110 mm to 205 mm on 11 January 2017. As of 15 August 2017,
the maximum subsidence had accumulated up to 294 mm.

Figure 12. Derived deformation sequences based on INSAR-CTPIM (reference date: 15 June 2015).

20170216 20170312 20170405 20170429

Deformation value [mm]

Deformation value [mm]

Figure 13. Three-dimensional scenes of the predicted subsidence based on CT-PIM (reference date:
15 June 2015).

3.3. Accuracy Analysis
3.3.1. Accuracy Evaluation for INSAR-CTPIM Monitored Subsidence

The historical leveling measurements from 2 August 2015 to 18 December 2016 for the
test mine were collected, which can be used to test the accuracy of the deformation results
during the SAR acquisitions obtained by INSAR-CTPIM. The locations of the leveling points
(CP1, CP2, ..., CP7) are marked in Figure 11a, with the reference point marked as R in
the north-east corner. The leveling measurements which covered consistent periods with
the SAR acquisition dates were extracted to conduct a more precise comparison with the
InSAR-CTPIM monitored subsidence.

Figure 14 shows the comparison between the results of INSAR-CTPIM, SBAS-InSAR,
and leveling measurements. The average RMSE of INSAR-CTPIM results was estimated
as 6.9 mm, whereas that of traditional SBAS-INSAR was 8.5 mm, with an increase
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of approximately 20.8%. It can be determined that the dynamic settlement obtained by
InSAR-CTPIM shows better consistency with the leveling measurements. According to our
experiment, almost all the leveling points in the mining area were under a considerable
subsiding period. The most serious settlement occurred at CP3, with a value of 156 mm.
The RMSE accounts for 4.4% of the maximum settlement, which implies the promising
accuracy of INSAR-CTPIM in deriving time series subsidence of the rock salt mine.

— CP1 CP2 1 CP3
g 0 0 0
£ 20 -20 -20
g —40 -40 —40
é ~60 ~60 60
£ -80 -80 -80
=
3100 -100 -100
= 120 P —-120 -120
2 140 - Leveling D 140} & Leveling ~140} - Leveling >
5 _1gp| —= MSAR-CTPIM _i60| = InSAR=CTPIM i6o| = InSAR-CTPIM
> Tla| o SBASInsAR 1o | o Smas-insAR lao| o SBAS-nsAR
g 2] [ a S s = g ] & a S s = = o = 2 g S =2
g 3= = A g g 3 g 3 = a g g a g 3 = a g R
ER 3 a s s g 2 = s g S = = g = s g S = g
Z = 8§ £ € & & £ = g £ 2 & & & - S =2 8 & &
> 1= > > = > > S =) 1= =) S S S S S =) =) = S =3
8 8 B & H S & & S & B & & & 8 S S & s &
20 20 20
—_ CP4 CP5 CP6
g 0¢ 0 0
£ 20 -20 -20
g 40 -40 40
g -60 v 60 -60 p
>
-80 80 -80
(=]
s
5 100 -100 ? 100
= -120 120 T -120
"-‘:-’ 140 —&— Leveling 140} —& Leveling 140} —+— Leveling
15} 160 —a— InSAR-CTPIM —e— InSAR-CTPIM -160 —e— InSAR-CTPIM
> —o— SBAS-TnSAR “160F o SBAS-InSAR —o— SBAS-InSAR
~180 -180 -180
g @ > a 3 S = g ) 5 a a s ) g = = & S g =
o =] -_— [sa) [ =3 [a] o© 4 — o = =3 (] *®° = - 4] [ = ol
=3 — =3 =3 =3 = = S — =3 (=3 =3 - - =3 = =3 < =3 e =
o = = ° o < o - = i 2 2 = = 2 =2 e o = O o
& S S & & & & & & & & & S & & 5 & & & & &
20
T 0 CP7
E 20
g 60
-80
e A
3 -100
= 120
9 9
2 140} - Leveling
5 gl —= SARCIPM
> 1&;0 —o— SBAS-InSAR

9

aQ
@

20150802
20151013
0160117
0160
20160703
20161007
20161218

3] a

Acquisition Date

Figure 14. Time series deformation at leveling points (reference date: 2 August 2015).

3.3.2. Accuracy Evaluation for CT-PIM Predicted Subsidence

As discussed above, the remaining eight images from 16 February 2017 to 15 August
2017 were reserved to evaluate the forward subsidence prediction results. To compensate
for the unavailability of simultaneous periods of leveling measurements, SBAS-derived
results were used to be compared with the predicted subsidence. The traditional static
PIM prediction method introduced in References [20,38], which inversed the PIM parame-
ters based on a single interferometric pair, was carried out preliminarily to be compared
with the CT-PIM predicted results. Four periods of predicted subsidence (spanning from
15 June 2015 to 26 February 2017, 5 April 2017, 28 June 2017, and 15 August 2017, respec-
tively) were extracted, which is shown as Figure 15. The maximum subsidence predicted
via static PIM were relatively lower than those of SBAS-INSAR. On 15 August 2017, the
maximum subsidence predicted by static PIM was estimated as 325 mm, with a 39-mm
difference with the SBAS-derived result, while the difference of CT-PIM is only 8§ mm.
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Figure 15. Subsidence comparison: (a) SBAS-InSAR results; (b) CT-PIM predicted; (c) static PIM
predicted (with reference to 15 June 2015).

For further quantitative analysis, the points located in the subsidence funnels were
extracted from Figure 15. The probability distribution was statistically analyzed, and the
distribution histograms are shown as Figures 16 and 17. As Figure 16 shows, the residual
errors for all the sampled points between CT-PIM predicted subsidence and those of the
SBAS results during the four temporal periods are mainly distributed within the range of
[—25, 25] mm. The RMSE is estimated as +12.8 mm, +12.7 mm, +12.9 mm, £13.2 mm,
respectively. In contrast, those residual errors for static PIM (shown as Figure 17) are
mainly distributed within a more disperse range of [—40, 40] mm, with its RMSE estimated
as £20.2 mm, +18.5 mm, £20.7 mm, +15.8 mm, respectively, which are much higher.
Apparently, the distribution of CT-PIM errors is better concentrated than those of static
PIM, which indicates a better consistency with the SBAS technique and a higher predictive
accuracy. The total STD of those errors for CT-PIM is estimated as +12.9 mm. It can be
inferred that the CT-PIM predicted results show better consistency with the traditional
SBAS-derived subsidence than that of static PIM predicted ones, with an increase of 37.2%
compared to that of static PIM.
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Figure 16. Differences of CT-PIM predicted subsidence with comparison of SBAS-InSAR results (with
reference to 15 June 2015).
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Figure 17. Differences of static PIM predicted subsidence with comparison of SBAS-InSAR results
(with reference to 15 June 2015).

3.3.3. Sensitivity Analysis on CT-PIM Parameters

Since CT-PIM is directly used to predict the forward dynamic deformation subsequent
to the SAR acquisitions, the accuracy of the predicted mining subsidence directly depends
on the accuracy of CT-PIM parameters. Consequently, it is necessary to analyze the sensi-
tivity of CT-PIM parameters. Sensitivity analysis can assist us in understanding how the
parameters influence the predicted deformation, i.e., which parameter impacts the most
and to what extent it impacts the results. The sensitivity analysis method based on Sobol
indices is introduced here to execute a simulated experiment [39].

Sobol indices describe the correlation between each parameter and its global sensitivity
on the objective function. The higher the sensitivity index, the higher the result error of
the parameter on the deformation. Firstly, the objective function is decomposed based on
variance analysis; then, the first-order indices (S, where « represents the certain parameter)
and total-effect indices (S°) of each parameter is calculated, and the sensitivity of the
interactive input parameters can also be generated. Here, S, represents the partial variance,
which describes the main contribution of a sample of the certain parameter for the output
variances, while SI! represents the total variance, which describes the percentage of a group
of samples for a certain parameter on the output variances. Finally, the disturbance analysis
is used to quantitatively analyze the influences of different parameters on the final predicted
deformation. The estimated two kinds of indices for each CT-PIM parameter are shown in
Figure 18, where X axis represents the input parameters (UP = [gq, tanp, s1, sz, k, n]), and
Y axis represents the Sobol indices for each parameter. The closer the magnitude of each
corresponding Sobol index to 1, the higher sensitivity the parameter possesses. Table 6 lists
the ranges of different importance extent. From it, we can determine that all the parameters
are beyond the range of “Not correlated”, which implies their impacts on the accuracy of
predicted deformation cannot be ignored. Among the six parameters, 4 and tanp are more
sensitive to the model, with the Sobol indices SI° of 0.95 and 0.90, respectively, which can
be treated as “Very important” parameters. Consequently, we should pay more attention to
the error control during the parameter estimation procedure for those two parameters. In
contrast, 51 and s show relatively lower sensitivity than the remaining four parameters,
with the Sobol indices SI° of 0.60 and 0.65, respectively. The two parameters can be treated
within the united range of “Unimportant” and “Important”.

Table 6. Correlation extent for different ranges of sensitivity indices [39].

Correlation Extent Ranges of Sensitivity Indices
Very important 0.8< S5, < SZ‘” <1
Important 05< S, < SZL‘” <0.8
Unimportant 03< Sy < St <05

Not correlated 0< Sy < S,f”t <03
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Figure 18. Estimated Sobol indices for CT-PIM parameter.

4. Discussion

Subsidence along the traverse and longitudinal lines marked in Figure 11c (EE’, FF’,
GG’, HH') were extracted for a profile analysis. The profile analysis results based on
the SBAS-InSAR derived time series subsidence are shown in Figure 19 (as shown the
dotted line), while the CT-PIM results are shown as Figure 19 (as shown the solid line).
From the figures, we can see similar spatial-temporal characteristics and approximate
same locations of pixels with separate subsidence bowls along EE’, FF’, GG’, and HH’, for
both the two groups of generated results. The discrepancy between the SBAS results and
CT-PIM predicted ones, in the case of Figure 19¢ (particularly in the black rectangle), was
suggested to be related to the following reasons: (1) The systematic uplifts in the black
rectangle in Figure 19¢ for the SBAS results were related to the residual atmospheric delay
and orbital errors. During CT-PIM processing, the mining area was divided into several
subsidence bowls artificially. (2) We treated the GG’ profile that only traversed a single
subsidence funnel, and only one group of CT-PIM parameters was used to predict the
subsidence. Some unrevealed deformation characteristics maybe hidden in the predicted
results, which can be revealed by the SBAS-INSAR monitored results. As we determined
for the INSAR-CTPIM derived results, the apparent three peak values were detected at
172 m, 322 m, and 414 m along EE’, with the subsidence of 232 mm, 249 mm, and 205 mm,
respectively, and peak values at 149 m along the FF’ section of 219 mm, whereas, at 172 m,
along GG’ of 218 mm and, at 80 m, along the HH’ of 247 mm. The multi peaks of the
subsidence along traverse and longitudinal directions were due to the water-soluble mining
activities with groups of drilling wells simultaneously.
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Figure 19. Profile analysis based on SBAS (dotted line) and CT-PIM (solid line) predicted subsidence:
(a) Profile EE’; (b) FF’; (¢) GG’; (d) HH".

Five feature points (F1-F5, marked in Figure 11c) are extracted for quantitative analysis,
and the results are shown in Figure 20. It can be seen from Figure 20 that, during the whole
period, the five feature points displayed similar temporal evolution trends: slow settlement
period from 15 June 2015 to 29 March 2016, and then a rapid settlement period from
29 March 2016 to 15 August 2017. Maximum subsidence was determined at F5 with its
accumulated settlement of 289 mm until 15 August 2017. In contrast, F1, which was far
away from the wellhead, was relatively stable, with its maximum deformation accumulated
to 98 mm until 15 August 2017. As introduced in Section 3.2.4, an 8-month temporal lag
of the subsidence can be found in Figure 20, which is suggested to be mainly related to
the dissolution processing of the mirabilite by the solvent, with a certain longer time from
injection to the surface displacement emerged. In addition, the depth of rock salt mine is
generally deeper than that of common coal mines, which also leads to the time delay from
the underground displacement cavity being accumulated on the ground surface.
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Figure 20. Time series settlement on feature points based on InNSAR-CTPIM.
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Another phenomenon of seasonal related variations was determined from our exper-
iments. For a warm season (29 March 2016 to 19 October 2016 in Stage B and 12 March
2017 to 15 August 2017 in stage C), a rapid subsiding trend occurred for all the five feature
pixels, with the cumulative maximum subsidence reaching up to 98 mm and 83mm, while,
for a cold season (13 October 2015 to 29 March 2016 of Stage A and 19 October 2016 to
12 March 2017 of Stage B), a relatively slow developing trend dominated those points,
with a maximum subsidence of 31 mm and 45 mm, respectively, for the two periods. The
potential reasons are suggested to be related to the air temperature, which influences the
dissolution rate of mirabilite. The higher temperature of warm periods can accelerate the
dissolution, and, accordingly, increased the subsiding velocities. Comparatively, lower
temperature in cold periods slowed down the dissolution processing, which induced a
stable trend of deformation. It should be noted that the dissolution rate of mirabilite in
water is directly affected by solvent temperature (as shown in Table 7); however, it is
indirectly affected by the air temperature. Hot water is used as solvent in drilling soluble
production, which is delivered from the processing plant to the injection well after being
measured and distributed at the control station. In the process of transportation, the solvent

temperature is easily affected by the outside air temperature, which supports the above
temperature-related interpretations.

Table 7. Seven groups of obtained INSAR-CTPIM parameters [28,40].

Temperature (°C)

Mineral 0 10 20 30 40 50 60 70 80 90 100

Thenardite - - - 504 488 467 453 441 437 429 425
Glauber’s Salt 5.0 9.0 194 40.8 - - - - - - -

Glauberite 0.18 0.19 0.20 021 021 - 021 0.20 0.20 - 0.16

It can also be determined, in Figure 20, that four minor jumps occurred for all the five
feature points (marked by black arrows). According to the precipitation and temperature
information of the Hunan Lixian Meteorological Bureau, the precipitation increased signif-
icantly on 13 October 2015, 16 May 2016, 31 October 2016, and 28 Jun 2017, as shown in
Figure 21 [41]. Besides the decrease of solvent solubility caused by the aforementioned low
temperature in winter, an increase of rainfall also contributed to the recoveries of subsidence.
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Figure 21. Air temperature and precipitation of the mining area (6 June 2016 to 31 January 2017) [42].
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5. Conclusions

A novel InNSAR deformation model, namely CT-PIM function, was proposed and
applied for predicting the dynamic deformation over a drilling solution rock salt mine. The
CT-PIM function was used as a substitute for traditional INSAR pure empirical models,
which can also provide as potential combined use with other high-productive inspection
methodologies, which has the following advantages: (1) with consideration of the physical
underground mechanism, CT-PIM can describe the temporal dynamical characteristics of
the mining-induced subsidence more realistically; (2) CT-PIM can be directly applied for
the forward deformation prediction, which implements to the deficiency of non-consistency
and unreasonableness between the traditional INSAR model (i.e., linear model or linear
model combined with periodical function) and the forward prediction model (i.e., PIM);
(3) it provides an alternative PIM parameters estimation method directly based on the
InSAR phase observations, which can avoid the secondary error propagation from the
InSAR inaccurate deformation to the subsequent deformation prediction; and, (4) as for
the computational burden, since the GASM are based on the input InNSAR unwrapped
phases (not the final generated deformation sequences), we saved the preprocessing time
for INSAR Geocoding compared to the static PIM.

The feasibility and improvement of our method was verified by both simulated and
real-data experiments. The simulated results showed that the RMSE between the defor-
mation results estimated by the new model and the simulated true value was +4.5 mm,
even under a high noise level of 0.65 rad. In the real data experiment, 32 Sentinel-1A SAR
images were used to carry out the experiment over a water-soluble rock salt mine. As
we determined, the maximum settlement was estimated as 294 mm. The experimental
results were compared with external leveling results, and the RMSE was determined as
£10.9 mm, which accounts for only 6.9% of the maximum settlement. During the deforma-
tion prediction procedures, CT-PIM showed a considerable improvement of 32.7% than
the traditional static PIM prediction approach, with an STD of +12.9 mm compared to
SBAS-generated results.

6. Patents

There are patents resulting from the work reported in this manuscript. Our research
content has applied for a Chinese patent (ZL202010122691.8) entitled “A deformation
monitoring method in mining area”.
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