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Fig. 3 Average deformation rate of the Sichuan—Tibet Transportation Corridor
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I, AR mm 5RO R AR mm LT A [ mm
it h.%‘*’\.ﬁ”}[.@ — 30 1000 ————2 h.%:*".ﬁ”}[.@ — 30 1000 ———2 h.%ﬁ’\.%}[. — 30
I 1H20 . 800 - 1B 20 . 300 1H20
10 = 10 = 10
- 1, 7 e0or 1, o 600r B
e an
- 110 3 400r 110 5 400p 110
L {120 200 F 1 20 200 | {1 20
.. 30 .- 30 .. 30
) @Q g b&QQ / ‘_19% Q (\'QQ b\QQ (QQB | @Q P b&QQ / ’\/QB Q '\9% D\QQ (QQQ ) @Q ; b\QQ / '196 Q (\9% D\QQ (QQB
Azimuth X/m Azimuth X/m Azimuth X/m
A E [ 208 [ mm /l/I:{ L AN mm = R ﬁ/ I~ [& mm
- lzl?gﬁ.ﬁ/gj.{ — 30 1000 —— 15{1?*.%)%@ — 30 1000 —— 181.’?*.% ?‘ — 30
- 102 soof 1H2° . soof 1%
L E :)0 % 600 F 1 :]0 E 600 | E (1)0
on on 2
3 1g-10 5 400¢ : 14 <10 5 400 + e 18 -10
L {1 20 200 F 1 20 200 + {1 20
S E S e s S e S s s I
O S NS S D NS SN D NN
Azimuth X/m Azimuth X/m Azimuth X/m
1 AR [R mm LR RAR K mm AR AR K mm
— A hRPUREE o 1000 24 NEBPRE 1, 1000 2T RRBUPRRE o,
I 1M 20 - 300k 1B 20 _ 800t 1820
10 £ -8 10 = v 10
3 B > 600 1Mo > 600 1Mo
) z 0 o >
- 110 g 400¢ e 110 g 400f o 18 -10
L 1 20 200 F 1B 20 200 F . 18 20
1 1 1 1 1 1 1 ,30 1 1 1 L 1 1 1 730 1 1 1 i 1 1 i ,30
y @Q i D&QQ / ’\,QQ Q f\,QQ @Q ‘OQQ /‘OQQ 5 D‘QQ /%QQ Q q,QQ D‘QQ @Q y @Q 3 @Q / %QQ Q r\,QQ @Q ‘oQQ
Azimuth X/m Azimuth X/m Azimuth X/m
1A & mm AR K mm 7R AR [& mm
: 301.’;%’."?”3.@ — 30 1000 —— 2 h%’ﬁﬁglﬁl — 30 1000 —— 36 h?iﬁ;}{lﬁl — 30
| 1820 . 300 - 1B 20 - 200 | 1H20
10 £ 10 £ 10
3 B > 600 1Mo > 600 B
i 110 & 400 e 110 & 400} - 1l -10
- 1§ 20 200+ ; 1§20 200+ : B
1 1 1 Ll 1 1 1 730 1 1 1 i 1 1 1 _30 1 1 1 il 1 1 1 _30
) @Q ; »‘QQ . ’\9% Q %QQ b(QQ (QQQ ,bQQ / D‘QQ /Q,QQ Q ’»QQ D‘QQ @Q ) @Q ; b(QQ . ’\9Q Q '\9% b(QQ (OQQ
Azimuth X/m Azimuth X/m Azimuth X/m

FI18  HbEE InSAR el 43k B SR HIE AR &
Fig. 18 Ground-based InSAR cumulative deformation maps for different periods



T 45 PR TR S5 Hb AL InSAR P91 55 38 38 AR 25 4 il 1 1041

i 1% TR KA IE R B M 3 InSAR =56
TE 75 Wi 0] 58 SR o R T L, T M I A A7 A B A
o Xk & B 3 AN AR X, HL 3% T 2 M 7 [
B 52 e R 22 B o, ELA AN T 19 TR . Hidp X 1
7 FREIE O o p iR e, X2 5 X3 6T
BEIE R )5 bk, ML InSAR Wi &5 52 ml DL X J 1
53 A R H B A IEAR , X 2 B4
RIBAE

N T

119 BPMZE 5 BERII 7 R IE S W 45 2R
Fig. 19 Monitoring results after time—series atmospheric

correction using the BP neural network model

120 27 3AMEAR XSk i ST TP IEAR, 4553
T, AR X1 E 8 H 29 HITHAIAIE] 8 H 30 H
20:30 BB, WA AR fr oK i 40 mm,
H 8 H 31 HIFh, JafRIpEAS B, Wbk
ARG . B AR X 2 TR AR S S mT 0L, A 8 H
20 HIF 4R W3 8 A 31 HIEAS Kk i, A 4b
TRaERE . A 20224F8 A 31 HJF EIEE A #

P TEIRAR X 3 5 X3k 2 (T AR a3 R A AR
PUEES A 31 H g 2k, Him KRt
JEAZ #3100 mm,

BEAM A5 30 e BT 25 8] 7 ' o & 1) DX 3 T
JEs AT, b InSAR W B4R AE A5 1 X 5
ML InSAR W A4 X3 14 T E X, HARAE A1
FE 2835 R K 2 8 b il A T AR B[R] 0 3 14 38 1) B
75 5 b InSAR W I (49 9% A8 5 1) [R] S VR 33 ) B AR
AT 58 A1 SRR AE A 1 XIIBE <7 J2 48 SAR 5 i it
SAR JF & T %8 BB AR Wil 550 b . &1 21 J@ 7R
TR BB A AT IS 5, 7E 20224 8 /]
26 H2 2022429 H 7 H W S BBy, P
GEREMBEZES . BREAEFH BRE BT
AR 290 2 mm, 17 [F) 59 A9 b InSAR Wil 45
SRR AL IR 2 120 mm. S0 HTIA R, K
X — B R 25 0 E B R R Z e B e & R T
FEE R ZUASTE , FOE AR 86 BE B8 T A 41 InSAR (1)
e AT I B . 3 i B 7 T I 30 3 o e A
By Be i SOCTE IX L, AU EE AL 48 InSAR ) &) 18 i
ARG BB TR A SR A . X2 B TR A
InSAR A9 5 Bl 7 WAL BT 5 1l B InSAR 19 = A UK il
XL AR 25 5 (R Pk

(A5 —HE A2, M JE InSAR W I 245 SR 75 My 1
N5 R 7 55 1 XUR B TR X, RBLT InSAR
R AR A 0 %) 225 () 3 BRI A, A O 25 2R B i A8
TARERTT, A TR R AR AL T oGk
2%,

;mﬂ " B0
/LE 80 F /‘/Mi\!. .............. J ‘ \E
oy v 240 g
S\ o 2
+= 40} pw e T = L e
% f |t - [
ol , 1 . . B of 1
2022-08-29 2022-08-30 2022-08-31 2022-09-01 2022-08-29 2022-08-30 2022-08-31 2022-09-01
(a) X3 1 (b) X2
(a) Area 1 (b) Area 2
120

E 1 e g

£80r T

§§ f’y

e ‘

B e

) i i | |
2022-08-29 2022-08-30 2022-08-31 2022-09-01
(¢) X1 3
(c) Area 3

K120 JEASK W45 R

Fig. 20 Time series monitoring results of the deformation areas



1042 National Remote Sensing Bulletin i & 54k 2026, 30(4)
25 I 1 T /! : 1 T T T i
120 ¢ N
2 /-./ [
80 F f L R
20 F ’ 'J .
40t 4
Tl e
g Pl L 2022-09-12
15k 0 : . ] 00—
& | 2022-08-19 2022-08-29  2022-08-30  2022-08-31  2022-09-01 o/
2 /O\OM2-09-07
2022-08-26 | l
10F : . |
* i E
sk | L 4 i
1 1 1 i i 1 1 1 1
2022-08-17 2022-08-20 2022-08-23 2022-08-26 2022-08-29 2022-09-01 2022-09-04 2022-09-07 2022-09-10 2022-09-13
I} i)
@ ST @ GRS —O- FRZAMATLEFS
El21 g3 TR S5 HEE InSAR BEA W I 25 1
Fig. 21  Joint spaceborne and ground—based InSAR monitoring results of the tunnel slope
s oo 85 B B 20 25 B BLERA -, T O
/l:l b I 5 — ™. D N
InSAR RGBS HEIN , #7173 Kb I3 = kit 4%
s TR R — W s T W S L MR 3% H OGS AE O
BT R ZET], ASCHCA TR S IE InSAR H T FAEVE e TR M AL B T RO S

SR BASZRG I T %, LA R AN E TR
AT X6t Hb e T AR K Hb e s ) W D i) 22 e Ak f B AR
BT oK o R HR 1 BT AC 3 JER 3 PN 11 318 1|2 % Al 7
KRR I TR IR K IRE o S s S 5, A
FH Z 0 T B 7 InSAR T ik it 4 T 2 28 4% JAG 3
KB, TS0 2 RUBE H 3R W A8 i) W I A e i
Yo T IRAREEON, HARZERT .

(1) JARIE RUBET 5 InSAR M7 [ 8 HE £ & 90,
TELR PR A7 AE S (20224 1 H 2202445 H
WIA]) AIARTERIIR 264 40, LTI T 2R 6 1Y 10
e AT 234k

(2) X 9 i Hiu 7% B S 30 S FHEAST ik DX T 2 X
BRUBE InSAR B W 55 ¢ 3 440RS 40 £ 3% 1R
IR M 31 AR IF AT . R TR =4 AR
JSYH 114 7 5 R AT 4 VD VB Bk DX T U Y v XU 3
Yo (R Wy EpiiE ) 0 =408 B Rk,
R T B E MR ARG o A A2 s AL
RO S A (4 A 1 S ARRAE

(3) T R 3 1 3% %) B 4805 Bl 3 InSAR
DI 1) R B W v, e T B S AR
A TCAE R 2R 2 i I S0 B 22 BT 3 ) TR AR
GHAR AR, A5 IE 110 3 8 R 3 )

AL WA TR SR, TR 5 HE
InSAR S H] T30/ IME AR 4 530 B A I —23 ROZ A
RS T AME PR EOR T BRI R il
B BAT R BB ST R ORI TSR o AR S HE BY
TR T7 LR S5 A n] o R OR A2 38 Jeg 3 e 7
P L DX ) S it il J ] e S B KBRS 2%

222 ik (References)

Berardino P, Fornaro G, Lanari R and Sansosti E. 2002. A new algo-
rithm for surface deformation monitoring based on small baseline
differential SAR interferograms. IEEE Transactions on Geosci-
ence and Remote Sensing, 40(11): 2375-2383 [DOI: 10.1109/TGRS.
2002.803792]

Dai K R, Xu Q, Li Z H, Tomas R, Fan X M, Dong X J, Li W L, Zhou
Z W, Gou J S and Ran P L. 2019. Post-disaster assessment of 2017
Catastrophic Xinmo Landslide (China) by spaceborne SAR inter-
ferometry. Landslides, 16(6): 1189-1199 [DOI: 10.1007/s10346-
019-01152-4]

Fan H D. 2010. Study on Several Key Algorithms of InSAR Technique
and Its Application in Land Subsidence Monitoring. Xuzhou: Chi-
na University of Mining and Technology (F£7t4¢ . 2010. InSAR
AT OGRS KO M A TR e o Ry LSS AR M-
R

Ferretti A, Prati C and Rocca F. 2000. Nonlinear subsidence rate esti-



gk B 45 PR TR 5 Hb L InSAR 1Y) 1 B2 0 AR 45 A

W R 1043

mation using permanent scatterers in differential SAR interferom-
etry. IEEE Transactions on Geoscience and Remote Sensing, 38(5):
2202-2212 [DOI: 10.1109/36.868878]

Ferretti A, Fumagalli A, Novali F, Prati C, Rocca F and Rucci A. 2011.
A new algorithm for processing interferometric data-stacks:
SqueeSAR. IEEE Transactions on Geoscience and Remote Sens-
ing, 49(9): 3460-3470 [DOI: 10.1109/TGRS.2011.2124465]

Li H L, Huang H, Li Y L, Zhang J J, Wang L and Li B X. 2022a. Geo-
hazard effect of plate suture zone along Sichuan-Tibet traffic cor-
ridor. Earth Science, 47(12): 4523-4545 (4=t 2, i, 220 R,
SREEME, R, ZEF5E . 2022a. 1 GHCSC T8 JRRIE T2k AR 48 5717 Hb
JRIFERN . W ERBLAE, 47(12): 4523-4545) [DOI: 10.3799/dgkx.
2022.263]

Li X E, Zhou L, Su F Z and Wu W Z. 2021. Application of InSAR
technology in landslide hazard: progress and prospects. National
Remote Sensing Bulletin, 25(2): 614-629 (2=, Ji =, 3R,
S L 2021, InSARSARTERI I H P AR TR RS . 1k
2542, 25(2): 614-629) [DOI: 10.11834/jrs.20209297]

LiY X, Zhang Y, Su X J, Zhao F M, Liang Y W, Meng X M and Jia J.
2021. Early identification and characteristics of potential land-
slides in the Bailong River Basin using InSAR technique. Nation-
al Remote Sensing Bulletin, 25(2): 677-690 (=& P4, SR B, ThIE
R, REEC B . 2021, 1 e YL B0 A P
InSAR H 5 Eﬂiﬁ*ﬁﬁﬂﬂﬁ B RCEIR, 25(2): 677-690) [DOL:
10.11834/jr5.20210094]

Li Z H, Han B Q, Liu Z J, Zhang M M, Yu C, Chen B, Liu H H, Du J,
Zhang S C, Zhu W, Zhang Q and Peng J B. 2022b. Source param-
eters and slip distributions of the 2016 and 2022 Menyuan, Qing-
hai earthquakes constrained by InSAR observations. Geomatics
and Information Science of Wuhan University, 47(6): 887-897 (%=

PRUL, FEANAL, XIIRVL, 5K B, AT, BRI, XU, FLiT, 5K 3L
B, AR, K, 5240 5T L 2022b. InSAR B 295K T 2016 48
2022 4EFF il T IR MR R IR S B H A B A . RDUR 2244
(15 B PRIEAR), 47(6): 887-897) [DOI: 10.13203/j.whugis20220037]

Liao M S, Dong J, Li M H, Ao M, Zhang L and Shi X G. 2021. Radar
remote sensing for potential landslides detection and deformation
monitoring. National Remote Sensing Bulletin, 25(1): 332-341 (3
WA, S, 2R, B, SKBE, (L4 . 2021, KRR
FOR S AR Wi . & AF R, 25(1): 332-341) [DOL: 10.11834/
jrs.20210162]

Lv J C, Zhang R, Bao X, Wu R Z, Hong R K, He X and Liu G X.
2025a. Time-series InSAR landslide three-dimensional deforma-
tion prediction method considering meteorological time-delay ef-
fects. Engineering Geology, 350: 107986 [DOI: 10.1016/j.enggeo.
2025.107986]

Lv J C, Zhang R, He X, Hong R K, Sha M A G and Liu G X. 2025.
Multi-branch network assessment and dynamic change analysis of
wide-area landslide susceptibility. Acta Geodaetica et Cartographi-
ca Sinica, 54(1): 104-122 (F 4k, k3, W, 3 EL, v ke
2, XU ERE . 2025, ]k 5y K R 20 53 SR 2634k B 3 25784k
M N2z, 54(1): 104-122) [DOI: 10.11947/j.AGCS.2025.
20240014]

Lv J C, Zhang R, Shama A, Hong R K, He X, Wu R Z, Bao X and Liu
G X. 2024. Exploring the spatial patterns of landslide susceptibili-
ty assessment using interpretable shapley method: mechanisms of
landslide formation in the Sichuan-Tibet region. Journal of Envi-
ronmental Management, 366: 121921 [DOI: 10.1016/j. jenvman.
2024.121921]

Lv J C, Zhang R, Wu R Z, Bao X and Liu G X. 2025b. Landslide de-
tection based on pixel-level contrastive learning for semi-super-
vised semantic segmentation in wide areas. Landslides, 22(4):
1087-1105 [DOI: 10.1007/510346-024-02425-3]

Noferini L, Pieraccini M, Mecatti D, Macaluso G, Atzeni C, Mantovani
M, Marcato G, Pasuto A, Silvano S and Tagliavini F. 2007. Using
GB-SAR technique to monitor slow moving landslide. Engineer-
ing Geology, 95(3/4): 88-98 [DOI: 10.1016/j.enggeo.2007.09.002]

Noferini L, Takayama T, Pieraccini M, Mecatti D, Macaluso G, Luzi G
and Atzeni C. 2008. Analysis of ground-based SAR data with di-
verse temporal baselines. IEEE Transactions on Geoscience and
Remote Sensing, 46(6): 1614-1623 [DOI: 10.1109/TGRS. 2008.
916216]

Peng J B, Cui P and Zhuang J Q. 2020. Challenges to engineering geol-
ogy of Sichuan-Tibet railway. Chinese Journal of Rock Mechan-
ics and Engineering, 39(12): 2377-2389 (i & fe, HEY, i By .
2020. JIHCER 0 AR M BT PO BR AR . A 0o 5 TR,
39(12): 2377-2389) [DOL: 10.13722/j.cnki.jrme.2020.0446]

Qin X F, Zhang H C, Zhang H, Wang Y and Liu H Y. 2018. A high pre-
cision DEM generation method based on ascending and descend-
ing pass TerraSAR-X/TanDEM-X BiSAR data. Journal of Radars,
7(4): 487-497 (Z&/NJ5, IRARAR, Tk, £F°, XIAEAT . 2018, Ter-
raSAR-X/TanDEM-X T} i il XA T 35 88 =X 3 Ht DEM J5 i
7% . FikZEHR, 7(4): 487-497) [DOL: 10.12000/JR18022]

Sharov A I, Gutjahr K and Pellikka P E. 2004. Phase gradient approach
to the evaluation and mapping of glacier rheology from multi-
pass SAR interferograms// Proceedings of the Second Internation-
al Workshop on the Multitemp 2003. Analysis of Multi-Temporal
Remote Sensing Images. Ispra: Joint Research Centre: 154-165
[DOI: 10.1142/9789812702630_0017]

Su X J, Zhang Y, Meng X M, Mohib Ur R, Zainab K, Zhao F M, Yue
D X, Guo FY and Zhou Z Q. 2024. Potential landslides identifica-
tion and development characteristics analysis in Hunza valley,
along China-Pakistan Economic Corridor based on SBAS-InSAR.
National Remote Sensing Bulletin, 28(4): 885-899 (7 I %=,

%, #24E, Mohib Ur R, Zainab K, #4 & 1, & AR &, & IR, }—‘F]
FI5% . 2024, L2 @’.‘iﬂi‘/ %L&(“f{ﬁiﬁ SBAS-InSAR 1§

U B & B RRAE A AT 2240, 28(4): 885-899) [DOI: 10.
11834/jrs.20221536]

XuB,ZhuY,LiZ W, Yi HW, Hu M W, Chen Q, Han K and Du X.
2024. Analysis of InSAR time-series deformation monitoring ac-
curacy of domestic satellite. Acta Geodaetica et Cartographica Si-
nica, 53(10): 1930-1941 (5=, A #%, 226, ) M, #1103,
WREE, B0, AL 2024, [ 7= TR AT InSAR 78 Wi 13 43
M. 22440, 53(10): 1930-1941) [DOIL: 10.11947/j.AGCS.2024.
20230572]



1044 National Remote Sensing Bulletin i & 53R 2026, 30(4)

Yang Y J, Zhang R, Jiang H, Zhang B, Song Y F and Liu G X. 2025. Zhang D X, Zhang L, Dong J, Wang Y A, Yang C S and Liao M S.
Landslide susceptibility assessment of the Luding 9.5 earthquake 2024a. Improved phase gradient stacking for landslide detection.
area by fusing LT-1 ascending and descending ground deforma- Landslides, 21(8): 1829-1847 [DOI: 10.1007/s10346-024-02263-3]
tion observations. National Remote Sensing Bulletin, 29(11): Zhang R, Lv J C, Yang Y J, Wang T Y and Liu G X. 2024b. Analysis
3079-3094 (B = A, alHls, VLA, K HL AR, XIEFE . 2025. fl of the impact of terrain factors and data fusion methods on uncer-
G LT-1 FHEHU I AR UL (4 37 2 9-5 M AR U Ja T b 5 1k 0 tainty in intelligent landslide detection. Landslides, 21(8): 1849-
B . FEIESE], 29(11): 3079-3094) [DOL: 10.11834/jrs.20254324] 1864 [DOT: 10.1007/510346-024-02260-6]

Zeng T, Deng Y K, Hu C and Tian W M. 2019. Development state and ZhuJ J, Li Z W and Hu J. 2017. Research progress and methods of In-
application examples of ground-based differential interferometric SAR for deformation monitoring. Acta Geodaetica et Cartographi-
radar. Journal of Radars, 8(1): 154-170 (% ¥, X5 = I, S, M T ca Sinica, 46(10): 1717-1733 CR#E# %, 22 & A, $1142 . 2017. In-
W1, 2019. s FE 25 53 19 05 A e LR BNt HISE 1) . A ik 4, SAR B WG M J7 vk SO HE g . 22741, 46(10): 1717-1733)
8(1): 154-170) [DOI: 10.12000/JR18115] [DOLI: 10.11947/j.AGCS.2017.20170350]

Comprehensive Monitoring of the Sichuan - Tibet Transportation
Corridor by Collaborative Satellite and Ground—-Based InSAR

ZHANG Rui,JIANG Hang,YAN Chao,LV Jichao,LIU Guoxiang

Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University, Chengdu 610031, China

Abstract: The Sichuan-Tibet Transportation Corridor has a complex geological environment and widespread slope hazards, posing
significant safety risks to the construction and operation of highways and railways.

In response to the multitiered and differentiated demands for survey, construction, and maintenance in transportation engineering, this
study proposes an integrated space-ground Interferometric Synthetic Aperture Radar (InSAR)-based monitoring scheme designed to provide
stereoscopic and dynamic observation capabilities. This approach aims to address the diverse information needs of various stakeholders
across three spatial scales—corridor zones, critical engineering sections, and key hazard sites—and temporal scales ranging from annual
surveys and quarterly inspections to continuous monitoring. Specifically, a 3D deformation calculation framework that combines multitrack
time-series InSAR data and a precise slope deformation extraction model based on the unscented Kalman filter were constructed. These
models aim to combine the wide-area coverage of satellites with the high precision and high sampling rate of ground-based radar, thereby
enhancing information support and technical assurance for early identification and risk prevention of engineering hazards in complex
mountainous areas.

To validate the scheme’s feasibility, we applied multiplatform satellite time-series InSAR methods along the G318 Highway and under-
construction railway routes within the corridor to conduct large-area deformation monitoring and identify potential slope hazards. Particular
attention was given to the Luding earthquake (M,, 6.6) epicentral area for interpretation and time-series monitoring of secondary landslides.
For disaster mitigation at key bridge and tunnel engineering sites, we extracted 3D time-series deformation patterns for high-risk slopes near
the Jinsha River bridge site and jointly employed ground-based InSAR to conduct multiscale monitoring applications and verification
analysis on slope creep in critical tunnel portal areas.

Results demonstrate that satellite and ground-based InSAR exhibit complementary advantages in spatiotemporal coverage and
perspective for monitoring subtle deformations. The proposed comprehensive observation scheme and the multiscale application results in
the Sichuan-Tibet Transportation Corridor provide a reference for basic geological surveys and disaster prevention and reduction research in
the rugged mountainous regions of Western China.

Key words: satellite-based InSAR, ground-based InSAR, Sichuan-Tibet Transportation Corridor, comprehensive monitoring scheme,
geological hazard, three-dimensional deformation, Kalman Filter
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