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Abstract: Objectives: Because of high frequency of extreme weather, railway subgrade disaster shows a
trend of increasing, great harmfulness and is hard to detect in advance. Even a small-size subgrade disaster
may cause railway paralysis, which prevents the development of transportation. Many incidents illustrate
that the earliest subgrade disaster always appeared in areas where no case ever reported before. It means
that traditional monitoring methods are hard to detect hidden danger area. Thus, a promising method is ur-
gent to be proposed for meeting the monitoring requirement for railway safety. Methods: First, the charac-
teristics of subgrade disaster are summarized under different disaster—pregnant environments, and the advan-
tages of various monitoring methods are discussed to find a collaborative applications method for early iden-

tification of subgrade disaster. The potential hazards that may cause damage to subgrade structure and the
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deterioration degree of subgrade are considered as the main monitoring object of subgrade service status, in-
cluding subgrade deformation monitoring, structural health monitoring, geological hazard monitoring along
the railway, track irregularity, and external environmental monitoring. Second, an investigative approach
based on the integration of space—air—train—ground muti—source techniques is proposed to detect the geohazards
and monitor the service status of railway subgrade. It means that collaborative application of different moni-
toring methods, cooperative analysis of different scales and resolutions data and collaboration of between
various railway departments are required. Two monitoring schemes for subgrade disasters and service sta-
tus of subgrade are proposed based on the integration of multi—source and multi-scale monitoring technique.
Finally, the development direction of subgrade service status monitoring is discussed. Results and Conclu-
sions: This monitoring system has been applied in the identification of subgrade service status in the Shang-
hai-Nanjing high speed railway, which can quickly investigate the location of the disasters and the deteriora-
tion degree of subgrade.

Key words: railway subgrade; geohazard; early detection; service status; space—air—train—ground investi-

gation techniques; multi—sensor collaborative detection; monitoring system
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Fig. 1 Monitoring Content of the Service Status of
Railway Subgrade
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Service Status of Subgrade
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Section of the Neiwan Railway Using GPR Technique

4 ZEHMENEERERNSRER

7S 5

4.1 R-ZT-F-#b— KL thE I R E

i B2 AR OF & DT B AR I O R E K
MR R AR, 48 T @R TR T AT
LR BIUR 4 I R b 1 O 5 A% SRR B W I Oy =
Ko LR A5 R o 2 3 SR InSAR H AR 52 3 %
LUy DX 24 7% s 35 0 2l 5 30 e LD AR &
T ¢ F BB A A KO B R K R SR X R
W DX A5 b DX A 1 TR Tl 2 #E X7, H T A
P T AT S W DUORS BN L A2 R



1400 BOBR 2 4 (fF B A D

2024 8 H

TR AW PUHAE T X AHE L) 15 Y X
SRR AT R Y R e 0, A A T R A T
BALE PR HEASOR . T BB LA | BE
T Y BLAE TO kG o R AT B T T A AT
AEAZ R AN I B B o AT A AL A LIDAR £
AR R IBAB T 00 A8 HCE AR A 7 2 e MR 4 I 1l
VRS T IR G 52, 0 531 I i R 3, 0 I A
Beilb A7 i A o K -25F 13 BE X b i A8 AR A3 B
2 Mo T 9 HEAT MR, (H 0 12 2 4 v A 10 K e A
PRAZ T Al BREAR A B 1 P S5 05 2 o I,
ST 5 0 B SR AT I, BE A% AR X
o M TR E 5 3 28 R T A A S B R UL B
TE T AN V- TG 07 5 S, S X e i B L0 T
I A M AL L A P AN SR
IR BN i Rl RE t HUE RS LT g,
it R AN AL Y B A T I Al IR 2 R AT
i A5 3 o LB W L GPR a2 B AR B K 9
BRFE DT XS e L BEAT 2 WT o AL, 3 n] i i
BTV 5 6 i 4 i S5 T AT TR AR A X i
ARG E | e AR S 0 4 M B R AT B RN
A .

S B A N e S R 2R R 1Al IN 9 i
A e HE i R I 3 AT A X TR T

R FE AR e D SR, T R TR B AR -2 -

Hi-ZE P R TAEB . H DL B8 25 1 6 L iR 152 IR
A5 W R -2 - A -l — A Ak DI ) 0 P e 4

DGR . e S s — W R —
B0 R R R O & (InSAR R 2 i
) 23 HOF & (JE AW AT LIDAR) (57 &
M F & (TLS .GB-InSAR . GPS #1 GPR %)
()R -25 -2 - Z 7 & ST R IR R o x4
RSG5 e T ¢ 1 T i Jk IR A% 1 52 i), AR A0 A
T R R T o S T R G T 5 R A%
V- R, HEAT B - U 5] 0 A LSS A, 50 B Ok
JIR A% 1 W X 2 DA R AR B R e . it
AW - B AT 58 X UE 5 RN g 48
25 7 6 00000 R B

2) ROEEPME] o DA IRORUBEE A X I8 R T 370
R A T AL 3 DU LA 4 Dy AR 3R Y BT O IR
N, R A% M0 DX 3, | 4 a3 T P £ . F DX
HKRUBE W IR B G B s Ay R ARG, A E A
F18 B ik ¢ Jm S RU B W EL AT i A [ Ay B R AR
S AR BRI () AR EEAR R AT 55 T R &2 . DA
b 1T SR B SR AR 2 A ORI R R SR R — v
R0 P S (5 = = N s 1S 1 B S

HR A W H Am B AT 5575 oK, 38 i 451 & 10 AR s
AN RN W JE S R X O A Lk
) 3K, B BB AT R RUBE I IX I 2 K A BE I K E
P A, CREHE A v R X I K E R X, B fiE
X /N RUBE (1 5 35 0 AR o R AR AT W, 2R A K
FHAL

NZHIR o AR S H WA [7] 9K FRAE
RS FURENET R BT =30 AN 5 AL D G i a1
WX G200 5 R T AN R X R 1 & A A
KB A8 0 B, R b 23 57 B 51 R 58 A9 B 3R, B
PE YR IR 1 I BOR T, G R
ANRAR T | 4 K i B RN L TE AT S kAT W
2 2 B8 IR ) 56 i P 5L O 1Y K B R L BE 8 ME Afl Tl
N 5 B ¢ T R A% M R A RGO L T
52 BRI E R A E R D BUEAE B LLRIE RS E 5 A
R4

4 ZEEITPMA . ST T 4 LSS E S
L B R U B R AL 45 R ) R
T KA R AE B sk AE B, % AT R R
b 52 Ak B R B A A TR M AR A R, X PR
T DX S R M T B e B R O R T4 O HLS
T X 2k [ % R AR B W o ML 4R 3R 55 D AN ]
W7 ¢ 2R, 7 1k 5% M U BUR M 9 AR B R
PRI B A5 B, 5L B0 Sk 48 /8 AL B A A o IRSE
AN B WE R AT A5 G AT Y SR, O AE R
Ji B B AR R i B
42 R-ZF-F-wh—EFUEhEENAR

98 K R 5 % A B R A AT RE S MR
FEMRAIRAS o MRl A I IR BT I 3 I E R AE AT
55 2R, il 22 VR U R BB S HE R Jr . AR
W 5 B M A3 3 AR 2 R A B 5 0 WEIIAT: 55 4 R
P2 A ZSH T Ll X4k g8 R D O AT RE S i)
% 35 i A% 1 B ) B S O WA, B A AR R M R
oft [ T 5 1 R Bk T 4 1 AR 2 L AR R R R B AR
MR B B 2N I 1) Fr B 2k % 2% AR R BUR AE
FH R I 2 9¢ 4358 T % ik i 3 Wl

A WS 7 B8 < R L DX B M RS - R TR R 75
K2 L E AR S SRR R IR B AR A
BY5EILKA S RE R UGN TSR (1)
1 K25 B 1) InSAR RN 27 38 8R4 AR FR B 5L 5]
Pl 1 7 i 1) 7 284 3 i B BB B A L TP AN AR
L9 E AL E H AR SN R SRR B R A
I s DX 3 25 A Bt A L iR DSML, B 22 i 35 A0S 1
FUARRR 2 24 4 (R 28 1% 0, 5858 Ak DL B3k
) 1o AL ST 1 L o T % i B 30 33 AR T B AR A



%49 5 8 Y

PR  F TR -2 = - M — A A Bk B B 9T AR R A PR 5 R A R 1401

BRI R R (2) A T 4 3t Y
I GPR 55 F- B[], H 1) B e A A 02 5 K A A
G50 A5 S A L, 2 7 5 e IR P .
(3) 38 o B4 I 7 5, st 52 I TR L EE L
Ao PGP 9 M, XoF 2 R B B AR i R AR AR
W R BER S HEATIEA]

B Wy ZE < A B B b XL R R kT K
PLARE 5 e DR 25 1 It R i B R . b ) e
D5 R (1) 38 5 K 28 HE X Hi i A ¥ 51 UL R 5] i
1) 35 B 1 A7 TR 0, AR B0 e o L AR U - X A
EZ R RN 5 ] G R AN VAR X PSS
S5 s 5 A IR A% 5 R o (2) B IR B 4 R Uk
G LR WU M (S B AT TR T L X R AR
Jit T, B 45 i A DX I B BT TUART P TP | B A 2k
% A X B B (3) At A T4 . GPR 4
ASCHIR ) X6} 7 A5 45 Ak X B ) B S AR T | P 45 A it
P FEAT BRI, % i ik 9 I J SIS A e LR g
PEAT PR o (4) S i 7K A0 35 Bt/ 5 i 32 7K I 2 il
5 1 P 358 728 A A 5 R TR 86 T o 0 A7 S
AR IR T R AN/ R A R Y KT
KB, Wi 5 ZEA8 AT (L8 AT B AR AT .

43 ZEMEBRUEERERERRERESSEN

A Rz F

1 4 55 3 P BRI 5 )3 R, A 6 AR Lt X 9
TR PR v Ak B 1 6 e A RS W D SR
T Z PR W 7 2 CAn il 7 R ) o i L X
PO I | B L R A A g A BB, BN
W B N e LS A 19 DX, PR e A 2 p8 il R i s
ANHLF-Beo AR« (1) 38 3 InSAR $ AR 3K
TP 7 % I U 2 M T TR AR R R B BK % K235
H1 K298~K300 Fff 3r 1 181 17T B /™ = , 7] BE & A i
BN A 5 (2) #E— B 455 L8 UK 4 TQIH E B
T AN S TR, 2 80 b T 30 A X 38 H K235
K299 T B iy TQI PR o5 Sy Wit %6, i — 20 4/ 1T
HEA X 385 (3) 3 3 xof e A8 T B 1 % L U B AT
W, % Bl K235+ 587 . K236+ 050 Fll K236+ 095
() U0 B 3 K, 43 o8 — 46 mm ., — 17.7 mm A0l
—16.8 mm, i2 Wi ik £ T 5000 3L 25 4 Ak . T
K299 %48 kit T, LR f /N (HIZ B TQIAR %
BRI T QUM R i & el i R B o, 35 Z ik — 20
WA 5 (4) 38 13 GPR 7 AR X} K235 Fil K299 Bk 4 (1
% L IR AR S HEA T2 W, & I K235+ 587 B it ik
S5k R 32 K AL 1 R e S 30N R A R 2 A .
K299+ 680 11 % 5 i T~ 55 B b A 4 i i 1518 %
BEYE AR I 1 9 i 3R, N GPR R mT LR %

B S A5 A 1 15 B

2 VA BN TR] AR o R IS 1 X g% Ak R kAT
M o a2 DXL A R R R R, e A M
S, I i 25 0K, 12 4t XA 2 [ FR R 80T 200 d (R
It A ) o A8 it T A0 A S Rt T T 2
T W L S A R Y 2N R M T R R AR TE it
T A A 0 T o e TE R B R TR Y R B K .
PRI 2o 2 - DK 2 B AR R 2 b Jo T s BE Rk
3 O Wiz B i) v 0 8 S O 330 B B ) AN A e A0
T B R R PR . 7E K38 K39 4% B 19 1 3 B
Bosah, FEONE RS RIRG WY IR EE R
PEA MR A B T o MR e AR I AR
T JRy ¥ S A v R A D % Il T A i B A
R B EUE R AL fE S i R 134k . &£
UL 28 Y 5 B 3 A R L e R 3l AR R O
T, ATV A7 A PN A B R R AR X N B
SR DAY 65 I 58 B K 9 A TR R A AT AR A i T A
BN HE TR A TR R R 1240 o AE v S I
SRR S i p KO R TS B R AR TR R
W 0 e i e 3t SO B AR D AT M I, B
SR BRI AR B R T 4
4.4 ZiRH[E M FE SRR BE E R F M A A A

RE

D) ARTE e IR AL RE T AL AL ] D 9 35 M 4
P MR R Y AR AR R Bk
& BT R A2 J7 TR AT 9K Ml o, 3 fi
PRI R 3 AR /T T AR O S0 Y AR R AR
i TR R A S, A B A S0 B e 2 T e K
KA SR R R I o SR, A i i 0 A8 A il 7
2R BRI R BEL W AR 7 A BLR 2 A
WA UNH AR o BB B i 3R K I 5T 32 24 %)
B — ¢ 1y 1 ML R P AR BLR L XT3 #VE TR
M 5 - T - B R £ XL - - R A A
9 A R A LT AT TR X Bk = T 4 R K
AR I RE A Sy 9 3 M I U (4 B AR

2) % A K R 5 IR AP AE W W 2 A
AR ORI A K o P o5 Bk B AT Al O T B K
A AT 55 SR B30, 7 2 [0 2 B i o 3 R AR AR R
AT A S A B AT sl G ke A A S R [
ACRCEE LATE A9 N T A0 R i i 4 T B © 22 4 LA
T I 52 2 2 BRI A B i 2 4 IR ASE M M oK
B TR bk S 2R s R E2 T B
ZF B HR BT 25 A 58 Rl A I R Ok K
7 1), REAE S B R O B 7 A+ H B 7 b [R] i
F PRAEBR 5 1B 5 4



140z R BK %A 8B D

2024 8 H

(HX I
REETRE
5 W

GYNREHIETE L\

TS R R
R \*'\\‘*\a::“ \m::\
S R

GPR i ik A 8 52 SR

FL7 2 U5 B[R] 8 B 5 9 B IR AR 28 1 00 ) 1o A
Fig. 7 Application of Multi—source Monitoring Techniques in the Subgrade Service Status of

the Shanghai-Nanjing Railway

3) 22 WA e Rl 9K e U REPUA S T =
R S IR AR M 0 R AR Bt B 2 U
5 RO 2 B S5 R A, S OO e 2 RO
IIHTRETI AN R o Bl U7 15 R G 42 i 2 BRI
PR I KCH BB 2 ) i AR ARG &,
SER BRI RR B3 o Gl I B g2 o T
GPR P A A HRdt SR i S 9/ 3 A5 . A
Py S A AR I | T AR RO, T S SR A B
A PUMAERY 3725408 5 5 R AR AL TR | W i i S8 1
A, IS B I K dls 1) £ B R R % 2R K
A A R KR HEAT A

5 & &

BT S 2R 2 TR S5 T B B I A I R TR
S IR ASE M T AR 2R S 5 5 A M R, AR SC R T T 4
KA 3z B B TT R % L 9 I S B R TR Y
RN, LT T [ 2 BRI B T R R R AIE B
SO PR, RS T 2 I R R T R g g
RFE W T RIS BB AR BR Ak
HEST TR -5 - -l 22 R [ O R O B R
P 5 IR AR 28 M DR 2R, o i i e A% 2 4
FEEBWT

1) EEE T AN 2 9B B8 T % ik K B AR R
fiE o DA RE (KW Oy 3 A5 A R A e L IR U b
DX, % R 9 T Ry e o BE B B M iR B T R
b 5T UL A Sy T SRR A T A O Y

WOH o PRI E AR AR D, O MR -
R I M R - R - S R LA B R
R S ME LI A 4 A DL KB R O B
V5 I R BAIG L o B 4 X, £ D5 B33 W 030 &
JE K W B B A B R KCE R 2 VT, MR
ek BN o T A B S R R SR R B TR UL A
B BT Y 320 R 0 34
2) LT T Bk S 5 e IR ORI P TR B
TIE o 4 S 2 JIR AR DR 285 M I S0 % it A R A
AL 8 T 32 5% e B9 (DA L T e A 33 it
WA 5 G AL R (ST HE I IIAE 247 480) 12
S ] BE -5 B0 % 25 AL 451 1 Il RE A Ok A iR
PR 5 M FE 8 R % % AR AR 52 AR BE A7
DB SE T 5 2 B R R ASEDR 2 M 0 P9 2, 2 ol D ik
TR W DN 2 A A R U o R M
AP TE L AR 28 00 A S R P
3) B T 22 U M I B R ] A A I b By
F LA S ABR A, $72 1A KR FE 7 £ InSAR
G 7 BB J oF X Sl 2k B 9 4 BT R K e AR AT
Ao FH A L7 I AHL LIDAR A £ AR X 5
BE | HE R M B R R X AT PR Al
7 25 UK 7 X A I ST WA AT 0 A W
FEPERE S LML T B IR A Tl A | i
5 B S DA T A/ M 0 T B, S B X g R R AR
LRABIR S AR o BT K- -4 - 2 PP
[F] g% 31k 90 7 B A8 R 30 U 5 IR AR 2 I A &



%49 5 8 Y

BEIR A BT R - 23— G - — PRI R B B R R

F BRI R 5 IR AR AR A M 1403

AT DA X - T B - DT B A R e P [ Y
PERL L T & U R EH S 80 H
Z2FB 1T UMD W0 P9 A, 2B B T I %

4) N JH 22 5 Wb ) 0 0 R 2R W O B
K s IR SRS B InSAR AR E T
R RS G o TR P A S T 7 7 Y s
T QI X £ B A S0 1 T B b A7 Wa I, e 17 i ik
IRAZPERE S AL S X" T Bt o SR FH K THEAS T [
TR EAT WM, JF L 15 mom 2 382k 5% % 25728 T2 A
AR, B E T K235+ 587 K236+ 050,
K236-+095 Fl K299 Hb Bt Ay [ Je 4 B8 45 10 1 T 45 .
FIH GPR 4 A S 5 J52 R AL R B (R A7 0 A, &
K235 b i Fk 2 iy I K A8 AR b F 8 42 B g 4%
(4 A FH 5 B0 3 o8 EORE AL, T K299 Ab i 3k 2
A TS AR BE A 4R 0 it T 5]k i S Ak B . UE
BT WS AR AR A R B R R E 2R R
2 4t BE RS HE U

5) VI8 T % 5 AR A bR S M I A R & 1k
i R A B/ D) TR TR LT A
0 B a7 2 T I ik i AR AR HL R TR A
Phla) A b3k % KRG IR AR 2 T
B 2V B H AR LA XA IR 2
HOHE Rl A B0 I B R R AR TR S O U7 i
2 R 0 o Wt ) S 6 S e BT A B B R T L
J A5, S B K ] T 5 S T A
BLRL A, o % 35 ¢ 5 [ 3 T AR AR W ) 0 2 45 ¢ R
1) 45 B A 2 1L 4S5 o

& % x #

[1] National Railway Administration of the People’ s Re-
public of China. 2016 Railway Safety Announcement
[R/OL]. National Railway Administration of the Peo-
ple’ s Republic of China, http://www. nra. gov. cn,
2016. (EkH S Il . 2016 4F £k % 22 21 LA 5 [R/
OL]. MZ 5, http://www. nra. gov. cn, 2016.)

[2] WuY, FuHR, Bian X C, et al. Impact of Extreme
Climate and Train Traffic Loads on the Performance
of High—-Speed Railway Geotechnical Infrastructures
[J1. Jowrnal of Zhejiang University: Science A,
2023, 24(3): 189-205.

[3] Yu Jinxue. Analysis and Treatment of Subgrade
Diseases in Parallel Sections of Newly—Built Passen-
ger Dedicated Lines and Existing Lines [J]. Rail-
way Engineering, 2009, 49(5): 87-88. (F it~ .
B %92 T LI BE A 2O 1T Hb B % B 3 1Y 43
SAFRLT]. BREAST, 2009, 49(5): 87-88.)

[4] Tan Jiahua. Instability Mechanism and Treatment

[5]

[6]

[7]

[8]

[11]

[12]

[13]

Measures of Deep Cutting Slope of Zhangjiajie-
Jishou—Huaihua High Speed Railway [J]. Railway
Engineering, 2023, 63(7): 138-143. (54 . 5K
TV R Bk B TR B B S B O RS L R ROV B
[J]. kiR, 2023, 63(7): 138-143.)

National Railway Administration of the People’ s Re-
public of China.
Traffic Accidents Caused by Derailment of 43031
Freight Trains on the “10.15” Lizhan Line [R/

Investigation on Major Railway

OL]. National Railway Administration of the Peo-
ple’ s Republic of China, http://www. nra. gov. cn,
2020. CEk R M3 . “10. 157 Bk £k 43031 R 1%

G 4 UK S Gl B R SRR A S BLIR/OL )L [
FE )=, http://www. nra. gov. cn, 2020. )

Liu C, Li N, Wu H B, et al. Detection of High-
Speed Railway Subsidence and Geometry Irregulari-
ty Using Terrestrial Laser Scanning [J]. Jowrnal of
Surveying Engineering, 2014, 140(3) :04014009.
She Xiaonian. Comprehensive Comments on the
Present Situation of Monitoring Collapse and Land-
slide [J]. Jowrnal of Railway Engineering Society,
2007, 24(5): 6-11. CGR/ME . i85 3 32 0 i
B W BUIR £ 4 [T]. K3 T/ 244, 2007, 24(5)
6-11.)

Wang Li. A Study on Key Technology of High Pre-
cision GPS Monitoring for Geological Hazard [D].
Xi’an: Chang’an University, 2014. (T F]. #bJ5f %K
F R GPS IR G RBIR (D). i K%
K2, 2014.)

Du Yuan, Wang Chun, Zhang Qin, et al. Real-
Time GNSS Filtering Algorithm Considering State
Characteristics of Loess Landslide Hazards[J]. Geo-
matics and Information Science of Wuhan Universi-
1y, 2023, 48(7): 1216-1222. (FLiF, T4, 5k %,
SR A B RS RRAE (9 SE I GNSS 8
FELT] BBUR 224 (fF R 24 A, 2023, 48
(7):1216-1222.)

Xing X M, Chang H C, Chen L. F, et al. Radar In-
terferometry Time Series to Investigate Deformation
of Soft Clay Subgrade Settlement: A Case Study of
Lungui Highway, China [J].
2019, 11(4): 429.
Dheenathayalan P, Small D, Schubert A, et al.

Remote Sensing,

High-Precision Positioning of Radar Scatterers [J].
Jowrnal of Geodesy, 2016, 90(5): 403-422.

SuoZ Y, Zhang ] Q, LiM, et al. Improved InSAR
Phase Noise Filter in Frequency Domain[J]. IEEE
Transactions on Geoscience and Remote Sensing,
2016, 54(2): 1185-1195.

Jung J, Kim D J, Lavalle M, et al. Coherent



1404

DR 2 R (R

ISR Y

2024 8 H

[14]

[16]

[17]

[18]

[21]

Change Detection Using InSAR Temporal Decorre-
lation Model: A Case Study for Volcanic Ash Detec-
tion[J].
mote Sensing, 2016, 54(10): 5765-5775.

Gao Zhiliang, Xie Mingli, Ju Nengpan, et al. Multi-

IEEE Transactions on Geoscience and Re-

source Remote Sensing Dynamic Deformation Moni-
toring of Accumulation Landslide [J]. Geomatics
and Information Science of Wuhan
2023, DOI: 10.13203/]. whugis20220149. ( & i&
R, AL, HREZE, & . MEBUZ I 2 BRI
SEBRRAE AT S [T]. R4k (fF 2R
2E0), 2023, DOIL:10. 13203/j. whugis20220149)

Zhou Zheng, Zhao Guotang. Calculation Method of

University,

Track Quality Index [J]. China Railway Science,
2003, 24(3): 64-68. (JHIE, B [& 5 . B ik 18
ot S s B LT]L [ BGE B4, 2008, 24
(3): 64-68.)

Hu Yi, Xie Qiang, Li Chaoyang, et al. Comprehen-
sive Geophysical Detection Method and Evaluation of
Karst Roadbed Grouting [J]. Journal of Engineering
Geology, 2015, 23(2): 344-351. (K, Wiom, 2=
WAPH, A5 i R I RS R I T vk
WA BE5E (7). TR B e 4R, 2015, 23(2) -
344-351.)
Dong Juhong,

Zhao Zhigang. Analysis of the

Strengthening Design and for Fill Embankment

Disease of High-Speed Railway [J]. Jowrnal of

Railway Science and Engineering, 2013, 10(2) :
66-73. (FEAEUL, BE NI . o Bk B T AE BE 505
P S O E B SRR T T]. BE R e S L
2R, 2013, 10(2): 66-73.)

Gunn D A, Chambers J E, Uhlemann S, et al.
Moisture Monitoring in Clay Embankments Using
Electrical Resistivity Tomography [J]. Construction
and Building Materials, 2015, 92: 82-94.

Lei T J, Wang J B, Li X Y, et al. Flood Disaster
Monitoring and Emergency Assessment Based on
Multi-source  Remote Sensing Observations [J].
Water, 2022, 14(14): 2207.

Xu Qiang, Dong Xiujun, Li Weile. Integrated Space—
Air-Ground Early Detection, Monitoring and Warn-
ing System for Potential Catastrophic Geohazards[J].
Geomatics and Information Science of Wuhan Uni-
versity, 2019, 44(7): 957-966. (i3, EH %4, 2
AR BT R A — R A R R B R e R R
WU 5 I FUE (7], iR A 2 R (7 BB
R, 2019, 44(7): 957-966. )

Wu Lixin, Li Jia, Miao Zelang, et al. Pattern and
Directions of Spaceborne-Airborne-Ground Collabo-

rated Intelligent Monitoring on the Geohazards De-

[23]

[24]

[25]

veloping Environment and Disasters in Glacial Basin
[J].
2021, 50(8) : 1109-1121. (%780, 24, 0l
BT, A5 VKON I SR 4 T R EE B 9 1Y R 28 b B I
REME A 5 7 1w [J]. M 2274, 2021, 50(8) -
1109-1121.)

Sun Qihao, Liu Guiwei, Wang Fei, et al. Research

Acta Geodaetica et Cartographica Sinica,

and Application of Early Identification, Monitoring and
Warning Technology of Railway Geological Disasters
[J/OL]. Railway Standard Design, 2024, DOI:
org/10. 13238/j. issn. 1004-2954. 202302100005. ( Fh
BEAG VL T2, 645 i o 7 3 USRI 5 e it
BHOR KBTS/ OL). #halitsifEiit, 2024, DOL
org/10. 13238/j. issn. 1004-2954. 202302100005. )
Zhang Guanjun. Overview and Prospect of High-
Speed Railway Operation Monitoring Technology
[J]. Railway Investigation and Surveying, 2023,
49(1) - 7-11. (SRS . o M ok i oz o i DM e R 25
wGRE[T]. Baalige, 2023, 49(1): 7-11.)

Liu K, Wang M, Zhou T J. Increasing Costs to Chi-
nese Railway Infrastructure by Extreme Precipitation in
a Warmer World [J]. Transportation Research Part
D: Transport and Environment, 2021, 93: 102797.
Song Taoran. Multi-objective Concurrent Intelligent
Optimization of Railway Alignments, Structures and
Large—Scale Auxiliary Construction Projects in Com-
plex Mountainous Regions [D]. Changsha: Central
South University, 2023. (RFJ8& . 5 2R 11 X 8
6 2% - 4 W - R TR 22 H R B B R AR AL
[D]. Kb PR, 2023.)

Zhu Ying, Wei Yongxing. Characteristics of Earth-
quake Damage of Railway Engineering in Wenchuan
Earthquake and Countermeasures for Seismic Design
of Engineering[ J]. Chinese Journal of Rock Mechanics
and Engineering, 2010, 29(S1) : 3378-3386. (&
A, BLKSE SO U BB TR S R B TR L
R X R E[T]. A f 55 TR SR, 2010,
29(S1): 3378-3386.)

Shi Peijun, Yang Wentao. Compound Effects of
Earthquakes and Extreme Weathers on Geohazards
in Mountains[J]. Climate Change Research, 2020,
16(4): 405-414. (L%, 30U . I X Z2H I
T b 52 R AR i DR AR M BT RCE s e [T, R
A AL ST R, 2020, 16(4): 405-414.)

Mou Kai. Research on Early Identification and Risk
Evaluation Methods of Dangerous Rocks on Railway
Slopes in Mountainous Areas [D]. Beijing: Beijing
Jiaotong University, 2022. (2L . 11 X4k 3 /&
AU S RS TN i sE (D] Jeat: dba
AR, 2022, )



%49 5 8 Y

KA He TR -7

=l — AT R I B A

R E B BRI 5 IR AR AR 2 M

s

1405

[29]

[31]

[32]

[36]

Zheng Lang, Zhang Xin, Wang Lijuan. Emergency
Investigation and Formation Mechanism of Landslide
in Ganluo County, Sichuan Province [J].
River, 2022, 53(8): 117-122. (A, 3kJik, T 37
A DU AR i L A i S R 2 A A 5 R R L R 43
FrlJ]. AR, 2022, 53(8): 117-122.)

Zhang Zhongli.
tion of Nanning—Kunming Railway [J].
Machinery, 1994(1): 35-37. (KP4l . m Bk % it
TAHURAERALT]. HFHLH, 1994(1): 35-37.)

Liu Jianyou, Zhao Yong, Li Gang, et al.

Yangtze

Summary of Construction Mechaniza-

Construction

Research
on Risk Classification and Assessment Method for
Tunnels Crossing Under High-Speed Railway Sub-
grade [J]. Modern Tunnelling Technology, 2020,
57(6): 8-16. (XA, BH, BN, 4F. BFiE T %
T AT S KU 23 2 e AU VT T ik F S LT,
BARBE B A, 2020, 57(6): 8-16.)

Xie Qixin. Flood Control in Yueyang Section of Bei-
jing-Guangzhou Railway[J]. Subgrade Engineering,
1999(5) : 12-15. CfJa T . 50 2 dn B BER it ) At
[J]. BERET R, 1999(5): 12-15.)

Fruneau B, Achache J, Delacourt C. Observation
and Modelling of the Saint-Etienne-de-Tinée Land-
slide Using SAR Interferometry [J].
1996, 265(3/4) : 181-190.

Galve J P, Castaneda C, Gutierrez F. Railway De-

Tectonophysics,

formation Detected by DInSAR over Active Sink-
holes in the Ebro Valley Evaporite Karst, Spain[J].
Natural Hazards and Earth System Sciences, 2015,
15(11): 2439-2448.

Liu Huan, Wang Lijuan, Ma Song, et al. Application
of D-InSAR Technology in Vertical Deformation
Monitoring of Subgrade and Slope in Chengdu-Kun-
ming Double Track Railway [J]. Railway Enginee-
ring, 2020, 60(3): 67-72. (XK, L LI, AL, 45,
DInSARBRTEI LRI I LR HE KT BT W)
TIRELT]. BRIEHER, 2020, 60(3): 67-72.)

Xu Wenbin, Luo Xingjun, Zhu Jianjun, et al. Review
of Volcano Deformation Monitoring and Modeling

with InNSAR[J]. Geomatics and Information Science

of Wuhan University, 2023, 48(10) : 1632-1642.
(3o, %27 R, 5. InSAR KBS

W5 SR EP R R [T]. BRIR 2R (5 BR
ZERR), 2023, 48(10): 1632-1642. )

Chen Xuan, Gao Wei, Duan Guangyao, et al. Set-
tlement Monitoring and Influencing Factor Analysis
of Beijing—Tianjin Intercity Railway(Beijing Section)
[J]. Remote Sensing Information, 2020, 35(3) :
78-84. (B X, miflhi, BOLWME, % . mUH bR Bk B
(b0 B PR Wi Besg ma (R 28 40 BT (7], @I E L

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

2020, 35(3): 78-84.)
Luo Q L, Zhou G Q, Perissin D. Monitoring of
Subsidence Along Jingjin Inter-City Railway with
High-Resolution TerraSAR-X MT-InSAR Analy-
sis[J]. Remote Sensing, 2017, 9(7): 717.

Lai W, Shen Q, Wang H, et al. InSAR-Derived
Land Subsidence in Wuhan Between 2015 and 2020
[J]. All Earth, 2022, 34(1): 224-242.
Berardino P, Fornaro G, Lanari R, et al.

A New

Algorithm for Surface Deformation Monitoring
Based on Small Baseline Differential SAR Interfero-
grams [J]. IEEE Transactions on Geoscience and
Remote Sensing, 2002, 40(11): 2375-2383.

Ferretti A, Fumagalli A, Novali F, etal. A New Al-
gorithm for Processing Interferometric Data-Stacks:
SqueeSAR [J].
and Remote Sensing, 2011, 49(9): 3460-3470.

Gao Z, He X F, Xiao R'Y, et al. Development of

IEEE Transactions on Geoscience

an Imagewise Stacking Method to Mitigate Atmo-
spheric Effect with an Application to Lianyan Rail-
IEEE Journal of Selected Topics in Ap-
plied Earth Observations and Remote Sensing,
2021, 14 4787-4797.

Wang H Y, Chang L., Markine V. Structural Health

way [J].

Monitoring of Railway Transition Zones Using Satel-
lite Radar Data[ J]. Sensors, 2018, 18(2): 413.

Zhu Y R, Qiu HJ, Cui P, et al. Early Detection of
Potential Landslides Along High-Speed Railway
Lines: A Pressing Issue[J]. Earth Surface Processes
and Landforms, 2023, 48(15): 3302-3314.

Wang dong, Zhang guangze, Xu Zhengxuan et al.,
Research on Railway Geohazards Early Detection
Based on Time-Series InNSAR Technology [J]. Jour-
nal of Geological Hazards and Environment Preserva-
tion, 2019, 30 (3): 85-91. (TF#E, 5K ) 3 IR IEE 5.
H T 1] 81 InS AR H57 A (19 8K g b 57 5 3 P50 F 5
LI, #u B F SERELORY, 2019, 30 (3): 85-91]
Journault J, Macciotta R, Hendry M T, et al. Mea
suring Displacements of the Thompson River Valley
South of Ashcroft, BC, Canada, Using
Satellite INSAR[J]. Landslides, 2018, 15(4): 621-636.
Peduto D, Huber M, Speranza G, et al. DInSAR

Data Assimilation for Settlement Prediction: A Case

Landslides,

Study of a Railway Embankment in the Netherlands
[J]. Canadian Geotechnical Journal, 2017, 54(4) .
502-517.

Liu X X, Wang Y J, Yan S Y. Interferometric SAR
Time Series Analysis for Ground Subsidence of the
Abandoned Mining Area in North Peixian Using Senti-

nel-1A TOPS DatalJ]. Journal of the Indian Society



1406

DR 2 R (R

ISR Y

2024 8 H

[49]

[52]

[53]

[56]

of Remote Sensing, 2018, 46(3): 451-461.

Xiang W, Zhang R, Liu G X, et al. Extraction and
Analysis of Saline Soil Deformation in the Qarhan
Salt Lake Region (in Qinghai, China) by the Senti-
nel SBAS-InSAR Technique[J]. Geodesy and Geo-
dynamics, 2022, 13(2): 127-137.

Shami S, Azar M K, Nilfouroushan F, et al. As-
sessments of Ground Subsidence Along the Railway
in the Kashan Plain, Iran, Using Sentinel-1 Data
and NSBAS Algorithm[J]. International Jowrnal of
Applied Earth Observation and Geoinformation,
2022, 112: 102898.

Miao Xiaoqi. Application of Multi-source Remote
Sensing Technology in the Identification of Debris
Flow Source Within Complex Mountainous Areas in
Southeast Tibet [J]. Geological Bulletin of China,
2021, 40(12) : 2052-2060. (R . 2 V5 3 B4
AR JB AR T AR I S 24 L DX A I TR TR o Y R
FILT]. HeBsE 4R, 2021, 40(12): 2052-2060. )

Liu Guiwei, Wang Changjin, Li Guohe, et al. Ap-
plication Research on the Remote Sensing Technolo-
gy in Geological Disaster Prevention and Control of
Existing Railway[J]. Jownal of Railway Engineering
Society, 2019, 36(6): 23-27. (XH: 1L, F Kk, 2=
B, A5 1R B TE R A Bk b K B i T N 5
T[], R TR, 2019, 36(6): 23-27.)
Huntley D, Rotheram-Clarke D, Pon A, et al.
Benchmarked Radarsat-2, Sentinel-1 and Radarsat
Constellation Mission Change-Detection Monitoring
at North Slide, Thompson River Valley, British Co-
lumbia: Ensuring a Landslide-Resilient National
Railway Network [J].
Sensing, 2021, 47(4): 635-656.

Wu Lixin, Xu Zhihua, Fan Songtao, et al. Gully

Erosion TLS Monitoring and Estimation in Area of

Canadian Journal of Remote

Sparse Vegetation [J]. Geomatics and Information
Science of Wuhan University, 2017, 42(10) : 1343~
1349, (RH, VB, JHNE, 5 A PO B
X9 ok A Ak 19 b T IO 451 A 5 3 A
(7). RBR =24 (fF BAHARRD L 2017, 42(10)
1343-1349.)

Stringer J, Brook M S, Justice R. Post-Earthquake
Monitoring of ILandslides Along the Southern
Kaikoura Transport Corridor, New Zealand [J].
Landslides, 2021, 18(1): 409-423.

Li Xiaoling, Hu Caiyuan, Sun Quanfu, et al. Appli-
cation of UAV Remote Sensing in Geological Sur-
vey of Collapses in Alpine Canyon Region[J]. Geo-
spatial Information, 2021, 19(1) : 78-81. (& /h

[57]

[58]

[59]

[60]

[62]

[64]

P, WIAUR, FhAAR, AF . T A HLEE TR I Lk
DX 35 3t BT A vhopd i T LT . M B A A fE R
2021, 19(1): 78-81.)
Zhang Guoquan. Correlation Analysis on How to
Reduce the TQI Index of High-Speed Railway[J].
Railway Construction Technology, 2016 (2) : 75—
78. (iR [ 4 . AR v U ER B TQIESE A5 A O 53 B
[J]. BRI LA, 2016(2): 75-78.)
Wang Guoxiang, Gao Jun, Lu Jiankang. Control Index
and Inspection Technique of Track Geometry State in
High-Speed Railway[J]. Railway Investigation and
Surveying, 2012, 38(1): 1-4. (FFEHE, &E&R, fHg
B i AR BRI TUAAD RS 48 b B AT HE AR
(7). gkiE#hee, 2012, 38(1): 1-4.)
Zhuang Peng, Jiang Nan. Using Track Quality In-
dex (TQI) to Guide Line Maintenance|J]. Railway
Operation Technology, 2008, 14 (1) : 27-29. (JE
MG, 224m . AR BUIE TR R B (T QI 48 T 2k B 57
Aefe (). BOEIZEHOR, 2008, 14(1): 27-29.)
Liu R K, Xu P, Sun Z Z, et al. Establishment of
Track Quality Index Standard Recommendations for
Beijing Metro[J]. Discrete Dynamics in Nature and
Society, 2015, 2015: 473830.
Lasisi A, Attoh-Okine N. An Unsupervised Learning
Framework for Track Quality Index and Safety[J].
Transportation Infrastructure Geotechnology, 2020,
7(1): 1-12.
Li M, Persson I, Spannar J, et al. On the Use of
Second-Order Derivatives of Track Irregularity for
Assessing Vertical Track Geometry Quality[J]. Ve-
hicle System Dynamics, 2012, 50(supl): 389-401.
Kang Xiong, Wang Weidong, Liu Jinzhao. Re-
search on Comprehensive Evaluation System for
Track Irregularity of High-Speed Railway Based on
RAMS[J]. China Railway Science, 2013, 34(2) :
13-17. (BEfE, £IAR, X4 . 2T RAMS 95
TR LI T OIS 25 S TP A R WP LT]. P E
BRER A, 2013, 34(2): 13-17.)
Lu C F, Cai C X. Overview on Safety Management
and Maintenance of High-Speed Railway in China
[J]. Transportation Geotechnics, 2020, 25: 100397.
Chen Shuyang, Lu Liangkai, Yao Yongsheng. Ser-
vice Status Monitoring of High-Speed Railway Sub-
grade Based on Correlation Analysis of Track Quali-
ty Index and Settlement [J]. Jowrnal of Civil and
Environmental Engineering, 2020, 42(6) : 63-70.
(BRETFH, B RAS, BhAME . 26T TQIS PLRE B
PE S T 0 B B IR B AS M [T ] R 5 R
TR (PEI0), 2020, 42(6) : 63-70.)

(R #1421 50)



