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FER B E S InSAR R ZE G H T4 OB A2 il
it (Yang%‘?, 2017a, 2018a, 2016; FanZ¥, 2018;
Xing %, 2021) . HEAEAUEF FH MT-InSAR #£
ARIRIAY AL S MR FR ) B AR PIM
(Probability Integral Method ) A& X (& LA 5z 6 HE 2R
RTS8, PR AR AR O P02 52 B X
BT, SR, XA R R o,
MT-InSAREAZHRLER T R R L G ol 2 50 50y
BB (i ZRMERIRL . A5 Py | 2R Y
S5 ORAUS T AR B I ) AL AR, A U T
SROTBABLE] , A RE 5L 52 HERR 1SR AT DX SR IE A8
FUAE, & OB 2 I E A ERG ;. Hk, A HER
(4 InSAR JEAZ WM (EL R A 1 PIM 28k, 5 2 2R
2 ZRME R BRIV AR &5, BN b
SRR ECA B 5 5 e 0 SR AR PIM 78 28
XEIA—E, AR T IR ARG B Wy 3
SR SBAS—InSAR FARAE R i X TE S i
Wy FE2EF-Be, R X sh A& R 22 1Y AL br—
AHE BRES CT (Coordinate Time) (2R)7%k 2%, 2011),
Y HE T InSAR 2273 T WAL SRR 282
[E] Bt R B (CT-PIM), LA BE a5 48 InSAR
AR, SHR R TR S8, I T
W IXIFRUCREALE], B HY R L X — R ]

A InSAR AR WL B 425K A E R AR T =
B, HulE3H T SAR AR 5 5 iR L2 it
W TIRZER) AR, IR R RS RE
AR DX A 7 2 A MR S PR AR P S A Sy

2 ik
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LR AR I [B] R A (CT-PIM) BEBSGNR

1
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b, W(a, y, o) R AR HELE 20 ¢ B X
ﬁ{f—ljj\(x, y)E@‘]ﬁF%io wo ML R AT 25
TR TR w, = mq - cosa; m FRIFRIERE,
q RN TIRE, aRmH ZMWAMA. W(x, ¢) M
W(y, )l FmRuT .

(1) 48 X 2R TAE ) 58 50 K shmf, &
6] AR 573 R B

w(zx)(erf(ﬁ) + erf(ﬁyml_rnH_r)), x < nH
bt H _H(a+bx)
W(x,t)= w(zx) erf(\/?) +erf J " a +rbx 3 , nH <x < 13r 2)
u;’(erf(«/r?)+erf(«/¥v”’t +H/t;fma) - Zx))’ x> 13r
K, TR AL — S AT SR AL AR w(x) _W7r—wnH | ©-90°
‘ y N ‘ T 03r+nH " T 13r+nH’
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By erf AR S R AL, ﬂ%%%%ilerf( rﬁ x)Z y-
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0, = 90" — ka N IF R WAL RE M kDT 1H
W

W BV RS, Y DXOIT SR AR I E ) oA ik
FgeorREhmt, WZALERX (2) KRB T DT
W(x, o), BEAGERRSHRREREC,,, AR

. w \ . 13 .
ﬁaf=ﬁ«1ﬁﬁ;ﬁ¢wg%@&mma%¢
0
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BRI KR W0 T 25 DTSR AR T AE ) R 2 21 78
R B, @ E AR (3) MR R KT
Wy, o)A, FeLL—A/NTF 1 R s

FHC,.. THRBR =" < LG Rohw,,

SRR E 1 C 2k B T R SR L (3) Kb
BIw (y, o)BERKIEW,, (YangE, 2016).

2.2 ETF CT-PIM AJF1 5 InSAR #1&

R BEFRELE] — KB N + 1 5 SAR 4%, A
MIEZMESTWE, MEmiE (1<m<M) %
TR AR (o, ) AR fR 987 1T Fem
b (Berardino %, 2002):
8¢' = 8¢y + 8¢, + 0@, + 0@, + O, + 0P,

4mBL . (4)
ARsin @ AH'+ Ag..
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LP (Low—Pass) JE7E /7y 4t ; Spl,, 378 HiJE A fif

) 1 ) .
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! AR sin @

A FE MK R RE M T Hir 558 AR
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FEALHE RS AE B AL, M AH A R 8 HP
(High—Pass) JEAZ43i . 24 Z W b K78 sh Bt
InSAR L B AL {E Al R N
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(6)
4mB L ; ;
ARsing M+ Ae.

A (6) NET CT-PIM B B} InSAR #H {37 1%
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Soo ko n ARS8, Horb g 19 IUIE 18 B Dy
0.01—1; tanB. tanB,. tanf, ) HU{E 7 ¥ K
1—3.8; s, s, FHUE LYK 0.05SH—0.3H; 6, =
90° - ka, Hra WU B, koY B E K
0.5—0.8; Ji3 2l 5 & 40 n (9 HUMH 1 [ 2 1/7—172
(Yang %, 2016),

X (6) TARIMSE R —DIELESHL
TR IRl % AR O M A 2250 T IR AR
—EAT R (e, y), PIEIH MA TR IR REGE
it 6 5 InSAR 243 T B, BRI AT SR i 1 R =
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ik SM (Simplex Method) AH&E & 54551 f
KASH (%0 FMIE B, 2008; Yang 5%,
2017b)
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Fig. 1 Flow chart of the InSAR deformation prediction based
on CT-PIM

3 SLEHEIT

3.1 LIS

K YGAEA SO R AT R SR, PR T
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200 m, 80", 0.24 m/d]. WHE RGBT SEA
il UP = [0.604,. 3.120, 30.310 m. 28.080 m,
0.524. 0.169], R A (1) A= A B S /UL P
G 20T WERER (6) BUUARL, F+oa51n
A 0—0.65 rad R FfAILIE 75 AH A7 o FI) AT IR J7 4k
B SHNE 1 PR, JERRT 34 IR
Gl HREUT AR RS R 500 4G 2 S HE 17 X
At (E12),

2 4 500 MG ZE 5AE 0.65 rad = M KSR
TE AR SR A 5 B 400 L ST UT R T FE IR . AR AR
R AR KM AR i TR, AR SO vk AR L T R
S5 5 B AR RS T B i — Bk . WS
WkRE, F2 (a)—(h) J, RESMHIE-3 mm,

3 mm ] 19 AH T A5 50 1 100% . 99.2% . 98.4% .
96% . 94% . 88%. 86% . 83%, IR KiR%E
812 mm, 25 mm. 3.2 mm. 3.9 mm. 4.6 mm.
82mm. 9.4 mm A 10.2 mm, &2 (h) tharadrsk
h 852 RIFiRZENEN, S KRIREAN S R LR
77%. F 8 T2 CT-PIM A5 7SR figt 250 (kG B
S A SR SR ER AR R ZE (1),
SRR 6 MRS EIIAXTHR ZE /N T 6.5%,
ARG 158 22 8 /0N, SR 2 B0 Bz 3 TR FL(E
CT-PIM A5 5 A b 1 T 728 i 55 AL T R a1 35 7 AR
"% N +4.6 mm,

£1 CT-PIMEESHKHE
Table 1 Estimated CT-PIM parameters

Wit2E HYME HEE R FAR IR 1%
q 0.604 0.626 0.022 3.6
tanB 3.120 3.158 0.038 1.2
s,(m) 30.310 32.320 2.010 6.4
5,(m) 28.080 27.437 0.643 2.3
k 0.524 0.505 0.019 3.6
n 0.169 0.175 0.006 3.4

3.2 EXLHIELE

3.2.1 MXEHE AR

LS ST 6 35 U <22 T VG MRV A R R 1 A Sk
eIk, B 3 MR X S ] B SAR DA A% A
B B s Y R B 35 W X 1Y Sentinel-1 A
(FHB) Bdm i s () 33w YU L, 58 (I AR Sk
AR By X3, WFE XA R0 e AR
AMUEES, T HE RS, RIS EREX

W IR Ja i b 3590 1A AH 78 & A BT, oA i
BT, DURREIN S, FRE00 IR T R K
THR A2 G5 B R As X B R A 5% S b o s
TERMBEIR; #UORE 3 X 2 3
KT, 1R R ek, X R S IR B R T
JEEMREIR . XS X T AR LA R
PERFAE 0 A A AR 20 () XL BT Rk R (R
B 4, 20205 22/ A, 2018), MBS IX S B
SYATEME R EL A . PR A I, A 5T —9°,
1 J2 T AR IR 24 600—800 m, 43 il 15 & I IX b 5
ZHGP = [75". 600 m. 5m, 41644 m, 80",
0.056 m/d] .
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Fig. 2 Comparison between the CT-PIM generated deformation sequences and the simulated real settlement
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LA Tk L BRBGE R 2, R B/ 2% i MCF
(Minimum Cost Flow ) J5iEdbirfignaba, Fk

56 MR fE 2T IR (LidsE, 2008), $2HUT
EEFH KW X 3269 4 5 AH T A5

R2 FTASAREEHEARSHR

Table 2 Basic parameters of the used SAR acquisitions

G FRECH 1] s 1] 32 /d 25 [ 34 /m i FRECH 1] Fisf ] 32k /d 25 [ 34 /m
0 2017-03-28 -360 -2.25 18 2018-06-27 96 8.92
1 2017-04-21 -336 -108.15 19 2018-07-21 120 -86.34
2 2017-05-15 =312 -97.49 20 2018-08-14 144 -13.71
3 2017-06-08 -288 -43.62 21 2018-09-07 168 -62.58
4 2017-07-02 -264 -42.06 22 2018-10-01 192 -68.64
5 2017-07-26 =240 -25.26 23 2018-10-25 216 53.06
6 2017-08-19 -216 -43.43 24 2018-11-18 240 -36.96
7 2017-09-12 -192 -97.56 25 2018-12-12 264 23.73
8 2017-10-06 -168 15.89 26 2019-01-05 288 75.43
9 2017-10-30 -144 -80.69 27 2019-02-10 324 -16.69
10 2017-11-23 -120 -64.14 28 2019-03-06 348 -53.46
11 2017-12-17 -96 70.59 29 2019-03-30 372 -91.37
12 2018-01-10 =72 -18.53 30 2019-04-23 396 -147.34
13 2018-02-27 24 -15.03 31 2019-05-17 420 -15.52
14 2018-03-23 0 0 32 2019-06-10 444 —-0.45
15 2018-04-16 24 -16.53 33 2019-07-04 468 12.01
16 2018-05-10 48 -114.97 34 2019-07-28 492 -72.68
17 2018-06-03 72 -19.87 18 2018-06-27 96 8.92
SRS AT
100 AT XHE AT X R FH—A~ CT-PIM B8, AR XEXT 1%
ol WFFE X A 52 2% AT R s - 32 P 250 100 A7 v A
EIL, K X 6 Ui =F (WE S (b)
5 of W) BRI TR A SO RS S
§5W b, FIATET 29 A (201743 28 H =
20194E3 H6 H) FFRE23 TTHEE (2)—(3)ME
A AR WS st R, AREUR) CT-PIM S50 0% 3, BB
e LR ILE 65 J5 6 7R (20194F3 J 30 H =
2017-01-01 2017-10-01 2018-07-01 2019-04-01 2020-01-01

BREXAT 18]
K4 s S

Fig. 4 Spatio—temporal baselines

322 SLIGEER

A S FH SBAS—-InSAR 1545 22 3 R A AT g
TEIKy, 1552017453 H 28 HE 2019457 H 28 H
ORI 34 FPUTRELE R, SR A B, #ER 20194
7H28 H, f KUK N 146 mm, HFEEH" X R A
P B 2 3 i 5l Oy 0Tk, AR RSB B LR 2
B TR T 5 22 e 3m AE L (NS (a) Fis ) .

201947 H 28 H) HTIFEAEE (4) 1SAR AR
B R WA BT, WEERILE 7,

MWE 6T LUIFEH, 201744 21 H & 20184F
3H 23 B, AKX i GR ke, Sk
BoE RS, ME20184E3 23 H, AU
Rk 62 mm. 7E20184F4 1 16 HE20194E3H 6 H
Wi, B X R A S — SR, A X
AW AL, 22019453 H6 H, FFhH
AR YV, B RAEIAE] 119 mm, HE 7]
A, HME20194E7 A28 H, BB XAYHFLLIT R
MWK, BiHR KBTI 152 mm,



R K A% il A AR BR—H ] PR A (CT-PIM) B9 X ¥ InSAR JE AL Tl — LA & 617 R 451 1621

/mm
20
0
=20
-40
-60
-80
-100
-120
(a) SBAS-InSAR FKHU1 2019 4F 7 A 28 H L4 5 (b) 6 LR 1 734 X Ik
(a) Settlement results obtained by SBAS-InSAR on July 28,2019 (b) Distribution of the six sub—settlement funnels
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Fig. 5 Schematic map of sub-settlement funnels distribution.
®3 CT-PIMEEfITSH
Table 3 Estimated CT-PIM parameters
5 TR 2
Al A2 A3 A4 AS A6
q 0.792 0.761 0.829 0.813 0.808 0.902
tanf 3.385 3.116 3.325 3.575 3.318 3.125
s/m 79.169 40.170 56.132 50.172 60.170 53.166
s,/m 46.481 56.480 48.233 56.479 46.398 66.312
k 0.568 0.517 0.677 0.667 0.619 0.576
n 0.160 0.166 0.233 0.215 0.213 0.251

2017-04-21 2017-05-15 2017-06-08 2017-07-02 2017-07-26 2017-08-19
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Fig. 6 Derived deformation sequences (Reference date: March 28, 2017)
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Fig. 7 Derived deformation prediction sequences based on CT-PIM (Reference date: March 28, 2017)
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Fig. 9 Comparison of time series deformation obtained by CT-PIM and SBAS-InSAR (Reference date: March 28, 2017)
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Incorporation of Coordinate-Time Function (CT-PIM) time—series
InSAR deformation prediction for salt mining areas: Case study of the
Huaian Salt Mine

ZHANG Tengfei, XING Xuemin,PENG Wei,ZHU Jun,LIU Xiangbin,
GE Jiawang, LEI Minchao

1. School of Traffic and Transportation Engineering, Changsha University of Science & Technology, Changsha 410114, China,
2. Institute of Radar Remote Sensing Applications for Traffic Surveying and Mapping, Changsha University of Science &
Technology, Changsha 410114, China

Abstract: Long-term monitoring and the subsequential prediction of deformation for salt mining areas is essential to the safety prevention
and environmental protection of mining areas. The combination of the interferometric synthetic aperture radar (InSAR) technique with the
Probability Integral Method (PIM) has proven to be powerful in predicting the deformation of mining areas. However, single multitemporal
InSAR (MT-InSAR) is limited because it can only obtain the deformation sequences during SAR acquisition dates, and the subsequent
future displacement beyond the span of the SAR observations cannot be acquired. In addition, traditional mathematical empirical models are
mostly used in the time-series modeling of mining areas, ignoring the underground mining mechanisms, which seriously affect the accuracy
of the observations. Inaccurate InNSAR deformation monitoring results transmit errors to forward predicted subsidence, which may induce
considerable errors.

In this study, the Coordinate-Time (CT) function is introduced into time-series InSAR deformation modeling, and a CT function
prediction model (CT-PIM), which can well describe the dynamic evolution disciplines of the underground mining subsidence in InSAR
deformation modeling, is constructed to replace the traditional mathematical empirical models. The unknown CT-PIM parameters can be
estimated directly via InSAR time-series phase observations, and the constructed CT-PIM is directly used in the deformation prediction of
the mining area, which can avoid the error propagation from the InSAR-generated deformations and improve deformation prediction
accuracy.

The new approach is tested by simulation and real data experiments. The simulation results show that the root mean square error
between the time-series deformation prediction of the model and the simulated true value is estimated to be £4.6 mm, which implies that the
proposed method is of promising accuracy. The real experiment was conducted using a total of 35 Sentinel-1A SAR images covering the salt
mining area in Huaian City, and the deformation prediction results of the study area from March 30, 2019 to July 28, 2019 were obtained.
Results show that the maximum settlement of deformation prediction in the study area is 152 mm. The modeling accuracy showed an
improvement of 38.2% compared with traditional SBAS-InSAR, and the deformation prediction accuracy exhibited an improvement of
39.1% compared with the traditional static PIM prediction method.

CT-PIM was used as a substitute for traditional MT-InSAR pure empirical models and was applied for predicting the dynamic
deformation over the salt mining area, which provides a more robust tool for the forecasting of mining-induced hazards. The above results
show that CT-PIM can describe the temporal dynamic characteristics of the mining-induced subsidence more realistically, which can avoid
the secondary error propagation, and can serve as a reference for safety management and ensuring environment protection.
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