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Observation of Ground Subsidence under Complex Surface Scattering
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Abstract: The groundwater extraction area in western Suzhou is located at the urban-rural fringe of
the region, where the complex and variable scattering intensity of surface features affects the coher-
ence of surface pixels, making traditional single time-series INSAR techniques inadequate. This study
systematically discussed the advantages and limitations of PS-InSAR and SBAS-InSAR technologies
and proposed a ground subsidence monitoring method that integrated PS-InSAR and SBAS-InSAR to
address complex surface scattering conditions. Furthermore, focusing on the correlation between geo-
logical data and subsidence data, a data mining method for identifying key strata controlling ground
subsidence was proposed, based on the Apriori spatial association rules and the geodetector algorithm.
The western Suzhou water source area was taken as an example, and the integration of SBAS-InSAR
and PS-InSAR methods increased the density of PS points by 128.8%. The monitoring point density
increased by 262.3%. The Quaternary Middle Pleistocene Q, clay layer was identified as the key stra-

*» YFm B HE:2025-06-29;1& 6 H # : 2025-12-24
EEUR EHE A RP A0 H (41372295) % 1)
TEEB A RN (1976—) 5 #U% 1S 1. EENF I TF B9 . E-mail:zhangpeng-mail@njtech.edu.cn

951



tum influencing ground subsidence in the study area, with an impact value (geodetector q value) of

0.178 3. The proposed method enhances the accuracy of ground subsidence monitoring under complex

surface scattering conditions and identifies key strata and geological parameters controlling ground sub-

sidence.

Keywords: ground subsidence; surface scattering; PS-InSAR; SBAS-InSAR; Apriori association

rules; geodetector algorithm
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Table 2 Physical and mechanical indicators of samples from one of 323 boreholes
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G G /m Gk R BEEe/ TEEe, WHE LB WR R MR Wtk
W/% ®#®G, (grem ) (grem™®)  S/% e W.J/% W.J/% I, B,
D9S11G43-1  4.1~4.3  33.2 2.72 1.80 1.35 89.2 0913 349 21.8 13.1 0.87
DI9S11GA18-1 3.1~3.3  29.8 2.72 1.85 1.43 89.2  0.908 31.3 19.2 12.1 0.88
DI9S11GA19-1 4.1~4.3  32.5 2.73 1.80 1.36 87.9 0.810  34.6 20.2 14.4 0.85
D9S117Z10-1  4.0~4.5 349 2.72 1.80 1.33 91.4  0.838 357 22.4 13.3 0.94
D9S117210-2  5.5~6.0  34.9 2.73 1.82 1.35 93.1 0.723  35.7 21.4 14.3 0.94
D9S11710-3  7.0~7.5  33.9 2.72 1.84 1.37 94.1 0.795  35.0 21.1 13.9 0.92
D9S11710-4  8.5~9.0  33.5 2.73 1.85 1.39 94.3  0.870  35.3 20.5 14.8 0.88
®3 IERZKIESH
Table 3 Main parameters of satellite system
TRAE 7B} HY5 A /d 224 P /em AGF/C) Sy PEA/m
Sentinel-1A yNEIGES 12 C 5.6 38.9 5X 20
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Table 4 Main parameters of satellite systems
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Table 5 Time series of Sentinel-1A satellite image data for

western Suzhou water source area (2017-2020)
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Table 7 Partial borehole indicator data after discretization

it 1 2 3 4
W A/m [2,8] [8,14] [14,20] [20,26]
Wt B/m [3,11] [11,19] [19,27] [27,36]
M A+ C/m [2,15] [15,28] [28,41] [41,54]
KitD/m [2,14] [14,26] [26,38] [38,50]
BRI E/m [0,2] [2,4] [4,6] (6,8]
PR F/m [0,2] (2,4] [4,6] [6,8]
401 G/m [0,1] [1-2] [2-3] [3-4]
EKEH [21,24] [24,27] [27,30] [31,38]
LB I [0.63,0.72] [0.72,0.81] [0.81,0.90]
JE45 2807/ (MPa ') [0.15,0.21] [0.21,0.27] [0.27,0.33]
JE 4 it K/MPa [5.5,8] [8,10.5] [10.5,13]
L/ (grcm ) [1.88,1.92] [1.92,1.96] [1.96,2.00] [2.00,2.04]
T B M/ (g em ) [1.34,1.45] [1.45,1.56] [1.56,1.67] [1.67,1.78]
HLFITE N/ % [60,70] [70,80] [80,90] [90,100]
TR E O [2.67,2.69] [2.69,2.71] [2.71,2.73] [2.73,2.75]
TR P/ % [22,29] [29,36] [36,43] [43,50]
IR Q/% [16,19] [19,22] [22,25] [25,28]
Ui #EE R/ (mm-y ') [10,11.5] [11.5,13] [13,14.5] (14.5,16]
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MPa X} I (4 F 46 #5550 [ 25 [0.15,0.21] MPa ',
FEU 4 Ry X2 K 1) B LB LG Y B AE [0.72,
0.81], UL k% W Bl e[ 10, 11.5 I mm/a 1) &l FL X 17
B AR B K [23-27 1% N 7 50 2 S50 5 1) G Ik
R, 95 O [1.92,1.96]g/em?®, YR A [11.5,13]
mm/a, ¥ A [19,27 ] m A% FLT I B9 FLER Ee
L [0.72,0.81], B A FL Y Lift (42 7+ FE ) ¥R
T 1, R S HCZ 18] 8] B A TR 2 8 AR 1Y, A 9 oGk
B . Leverage CEME) RF 0, RIHSHXLRED],
FE BER R A5 T A5 o SRIEFLIN 57, 4 JM VG i 1y
SR TR I S8 S - A PN o S ) i o= i ) i

TR I LB R AR R R A
*8 TEIXEHMM

Table 8 Spatial association rules

e SRIEHLI ’IVE  CFEE WEE
1 K3=>J1 1.71 0.11 10.37
2 H1=>]1 1.71 0.06 5.39
3 R4=>>J4 1.71 0.05 4.98
4 I3,R1=">H2 1.77 0.05 4.8
5 n,RA=>>L3 1.81 0.04 4.02
6 K3,R1=>J1 1.71 0.04 3.73
7 L2,R2,B3=>>12 184 0.04 4.12
8 L2,D2=">H2 1.7 0.05 2.97

FRAE Apriori G IR AL I £ 4 7 4 25 R R B, M i
TR B R B2 70 m Y0 Bl M 2 7 51, o 2 28 A A
HIRLFE(Q)HEMFR EEHL(Q,), &R b
EHG(Q) . KN MZLB IR LR FL2E.
i B e I 5 e S = S AN O R A = e ST
JE LB R R B R R R ) . B 323
Bl FLECHE 122 I8 54 D98 b5 B HL, XA 2 AR 1
(MR P B IBCRH 07 ) A A IXC 1]

FEAR AR B 45 R a3 9 v, A B — R R Y
INASTE AR S0 A AR AT 2 B B Ty, an sl 11

®9 EHRRUER

Table 9 Indicator detection results

EiskN q Eisky q Ei=Ry q
QM A TR 0.008 9 Q.7+ 0.006 8 QM 5 B 0.001 8
QB R 4 kR 0.008 2 QF L &HKR 0.020 4 QM HAKE 0.004 4
QM R Zh 0.0151 Q.+ % 0.011 4 QM % 0.017 3
QM BT A - ALBR I 0.003 0 QF L ALBAE 0.007 5 Q. LB L 0.029 9
Q.M B+ R 4 R 4L 0.0210 Q3 L E48 75 0.004 7 QM £ R 45 R 5 0.000 2
QM3 B B R i 0.0106 QB 4 R i b 0.004 8 QM - 4 B A 0.001 4
$2 1) 7 Al 0.066 8 0.055 6 0.054 9
QM & = 0.037 4 Q.F +JE 0.0257 Q.M+ B 0.0158
QM BT £ &k & 0.0118 QB+ &k 0.020 9 QM+ E k% 0.004 4
QM B % 0.018 1 Q.+ 0.0128 QM % 0.017 3
QM L& L ALB L 0.003 0 Q.+ AR 0.000 4 Q.M HFLR L 0.029 9
Q. M1 BT B+ e 4 R AL 0.0213 Q. Fh 1 48 R AL 0.020 2 Q.+ 46 R 5 0.000 5
Q. #8544 A 1 0.0185 Q. Fh 4 R 4 A it 0.0159 Qb+ R 4 B i 0.0017
R 71 A 0.110 2 0.096 0 0.069 5
Q.M B Zh LR 0.003 3 Q7 TR 0.009 4 Q# L2 0.040 4
QM T %+ &k % 0.028 6 Q.F + Fr k% 0.022 3 QM £ BKR 0.014 3
QM R Zh 0.005 8 QR % & 0.029 0 QM % 0.040 1
QM L - ALB L 0.0257 QF LBt 0.014 1 QM LB I 0.008 1
QB B £ R 45 R 5K 0.0120 Q.7+ 46 R4 0.042 3 Q.M+ FE 45 R4 0.013 6
QB A 1 R 4R it 0.050 0 Q.7 & 4 B i 0.061 2 QM+ 4 B i 0.017 7
S0 3 A0 0.1255 0.178 3 0.134 3
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Fig.11 Influence of soil layer indicators

PR o QA IR H G4 )2 ) I 5 i At
T X i T R B9 0% B 4 B, RS R R/ Z A

0.275
0.220
0.165
0.110

0.055

0.000

0.178 3. BRI Ge 45 1 200 19 B2 ) ek .
Az 2 RN o R BN 8 bR 25 S 3 PR A AT (B
BI/NT 0.05, NRWIW# 2 [0 o b 2% 22 5k . &+
%‘ﬁ%ﬁi%ﬂ%izrﬁlﬁﬂﬁfﬁ%'r@éﬁ,i;ﬂgi'%ﬁﬁ
TS S B A X A N VT Y TR R AT — o B R
A& HAE R W 25 S 3 2 3 1 5 5 Ak ek
B 5, 6 AR P B 54 S48 B[R] A AR B4R A G i
P RAE XS W58 H AR DTk R A 74 A (E112) .
T b 200, B 21 TR 3R B A2 A B i, AN ] 958 B
Z 22 HAE ] g HE KR T8 — 719 g ff , X 3t
A b 22 TR 19 255 (0] 43 S 0 22 TH - SR R) A FH i 45
AR ER A G QR LR Q& L%
HA(0.275) , I F Z [ EB A7 A6 3¢ BAE AT, ToAH B 40
SEMAE bR . HARZE B AR KNI 12 B R .

0.2750
QF LN

0134  QE+EGIE 0.2216

QR+ FEA R 0.1682

0105 0.184 QF LB 01148

0.148 . QR THE
i 0.0614

04 0177 QE+AKE

0.0080
SRS
&“ﬁ* &
’ﬁ‘ ﬁ»

K12 ZZHAER#II K

Fig.12 Interaction indicator heatmap

JRUIS: #0245 5 fn 6 10 fr o, Hevp 2 55 DU &R 40
45 Q%6 & K RAE 31%~38% B & L X IV Y M T
TURE S R —14.133 mm/a, 55 U & | EH S
Q. i B - 455 BB E 3~9 MPa X I3 B Ml 18 770
AR N —14.49 mm/a, 50U R P EHS Q.5 +
JE B A 20~30 m X 1 A4 i 1T T A S R A A K, N
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QF + Hasm &kat mALB L, FLBR 454 h
R AR K 7R T URE R] S AR T, — ELK g ok | 45
RS R4 . BB R B R/ AKHE AR F 22
)8 THAI E 2R+ 2. mEgEE(Co)
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Table 10 Corresponding indicator types and ranges for

areas with severe ground subsidence

S SCRTTRVTA S s SN ATTRITA L 372 S
X ok X6} 37 31 ¥
Q.7 Tk 31%~38% —14.133 mm/a
QM 7+ R4 AT i 3~9 MPa —14.49 mm/a
QR LR 20~30 m —15.22 mm/a
6 & it

AR SCARFE i M PG K IR X 323 A HiL IR 4l L kL,
P T A £ B InSAR I I 7 AR, 5T Apriori
23 6] B ML 5 Geodetector 5925 , 3R 15 1 448 il [X 1§
b TG ITC B () O i b 22 A S8, RSB NT
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(1) InSAR Flt 4 J7 12 1T LA S Bk 55 H 4 15 X358
W DUORS FE % 0 PS A1 8k 9E JF R SDFPT 2 %
SUECHR L PS AR % B TR Ok 19 375 A /km’ 2 5
% 8584~ /km”, HE R 128.8% ; FE AR EL A X, Wi I 5 %%
JE H R 9 348 4 /km” $2 7 2= 1 261 A /km”, 2 5
262.3%.
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