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t XL H Ay o ZENT PRSI o i@ A A RS I I S pR A ST I B A E R IR BNEME, MR ES K
JIMAEAZRIR B, TSI I SEBRIR R RS AT . RN, FrAReE s maE 20, DURIEY) B R
SRR AL, BENLEESD € ~N(0,1) NARHEIERS A BENLAS &, F DR A P AT 2R
SR . i RS RNZ S P TR, SR SR EF RIS 71237 10,000 BSIARAL, A2 B FEAL Y
ZREMMASTEEHIEE, IR 6:2:2 BHEIRIZD NINZE. WIEE SRS, BEIZd 2T A Adam
WAL B ATSECE S, oI NFAsHLH] AR 1 4 .
3.2 R RIRFHERE AT

NATHVEAS it HoT-DGNN AR AL 7E 22 5¢ F RN G 1B B8 T ORI 7 S B B At 8 it 2 40T s TR I8k, 1
T REREREES, PSS UF AR 5 S B HON B AR ) 1 BE A DTk . ER T AL AR Y 2 T S o ] R
R AE R 2 110 o AR, 5 P PRI 2 P 4 A TR 2 Tl = B vl bt DRI SR FH B A R0t L SRS, T A 2R
T NI I DhRe 7 RS R B 7 i o AR SCR A T DU RS B AR A D 0 RS G . 17 e 1A A ) At A
7 (Base ModeD) {XfREIHEARIEEE GRU B /FE#BERE ), RIIAGIHIMERL. 2 RGKBRE DL
I i) P A S DG B AR L, PRI B, BOD IS R D RR LA LA A =P B . AR 2 BN
Z RAMFHRG B, WEHMS B, HUUSEIH ) RA SRS Z B RE B #E—SimAN &
FAMRIE SR IS, TR BC+HOT 12, DARY 5800 5 2% W 28 45 46 7R 15 A (R i ok RN ZEIBE /) B, fEHE
Bl AR 2R e A F ] TR PR AL, 19 B0+ THG R Y, B 7E A 4 2 R FR A5 R AR A AR
MR, %, BE LRTA RS 5E BRI HoT-DGNN.



UG G5 R ANR 2 R, 258 8 HOT-DGNN T, 4k L - P B HE i 3205 51 92.5%, K i %y 87.3%,
HIalFy 84.6%, F11H 7 85.9%. XKW, ZHAAUAEBREARUUIREE L RAERR, 1 AR SEPr 2k
RO 7 TR A RAF AR EE o P R AE TS 22 9 T B N RONE 51 A IO AR S R R R s, AT REZE
B — Bk BT R AT R SRR T, B R SO IR R P RE A T R . B
i, SRR R A BB S GRU I P iiThae, HAEMHy 85.2%, F1{E N 76.1%; fEitHfd
ESIANZ RGBS EEEUG, B RESR T R HET 2 87.6%. F1 & 79.8%. X Ui ¥Iis REL1E B A LI E
A7 R SRR SBTT A R RO IR BE s N TR B SR SMRFAE SR OB 5, AT AE 4 [ 207 [ X 5
$ETt, L H) 80.1%, RUNZAIEAT BT 52 A% X 28 S5 1 v ) S B A, AT 82 i X £ 2R R AR X 1R 3
I3 I T P AR ) 5N — 2D o 7R AR A A B R Z B BE ) o 170 58 B AR HoT-DGNN 7£
FIFEAS LT AR, RIS U R L R BRI AR R R AR R

R 2 MRS K RE AL

PRI Accuracy (%) Precision (%) Recall (%) F1 (%)
Base Model 85.2 79.1 73.4 76.1
+MS 87.6 82.3 77.5 79.8
+HOT 89.0 83.7 80.1 81.8
+THG 89.8 84.5 81.3 82.9
HoT-DGNN 92.5 87.3 84.6 85.9

BN, ik P IR (B Rk, ASHIE TUAE 2 P 35 9 R ) AT M B R S HOC B R AT 1 2 O A
Mo GPREIR, HoT-DGNN FE4 A N5 T ORET T RIUFIORENE, RIS BA RIFIPLTHLRE /I
ZALRETT o
3.3 M RIMZREAR T

AR AT R ) L A T-R ORI R G N R B AT SHIE M, MR S5 RE (R D, RS
(R 26525 FE AL, XN 0.0003, PR R ECN 0.0168, SEIUMBLARFIE . X &5 M [l 13 R G0 1) B A FR e
P el R AOR T D BO LE BE ie B 2 o T I R AR (3 B TR 0 A, ATCABIR A Y, A RISRALYY
REVRBER R BARTI S, AR s B R 73 51 0 7.49%41 10.21%, T -HL )
RIBCT R R BB ik 48.78%, X RUIE L REMETEE T, R HEBALI KR A% T 5 B &N 5
N

2 T RURBE R A 8] A
B 3 R T RBBER I AR, B RURRR G RHAETE LR 3. X TR A, WA
2.3248, RIUA AT, FWIRE ST IR AR PAERARIX ], M0 R RS R b, R R



AN AT, RN RmEEES 5.44, RIUHRIA oA, RS 20 A B R AR
P, SRR et B2 A P AE AR /D BT i b R RO 1 2 2K AR AN R I RS R, RIR 2 809 n R Ak T AR A%
O E T AR SRR AT, (HAEREAER, REEOBEAX ALY i n] BET I BRI RO, AR HEA R 4t i
AR FE IR o FL R ORTIRTY s s RO, (R 80 47.17%) , LWy 7.2904, I H
ISR AT, e b XURS AP B FE AR vk o L RUH IR T SR BT RE DI RE S5 AL B L AR SRBRTY RiAe T
REALE, AIEE ARG EAMBORIZESS, fERF M TR 5 MO R NINRAL, AT b 2 1)
PSR & I

K3 RURBIER A
R 3 W RURAR K GUTHRHIE

TR FHE SRR R/ME I ON| P i e 5
HL 775 R 7.49% 4.55%% 0.1% 47.21% 2.3248 4.1160
PR R 10.21% 9.85% 3.49% 38.07% 5.4360 40.5721
H 3-SR A 48.48% 47.17% 39.92% 77.36% 2.0738 7.2904

3.4 HARGHIXERHE
L) RGN A HUR SR 0T R R SO GE it ik 4 o R RS, RIET 5 UM T 69kVD 1
PR B2 T R S 5T 5, ANOVA 73 M85 3R B 7= AN [ H T S5 0 2 18] R SR BAR A7 AE v JEE 3
Z5 (p <0.001) , ARSI RZ M REL b, 5 5 32 21 T A s Al R G s e . 53—,
TR AT ACT RS RS AT DI, S5 S DB sl RO By, W B Ay 2 4R X I80RT BEA
FERIROEFR B K HF BT IEE XA S 8, PRIt . o, RS RS BImmEE
SN R R . B R RHLI T ) 2R A0 7.05%, i T ek RS s 6.65%. S (B 72 5 AN
K, BgitRe st REWZERBAREME (p=0.0065) , #RKETRENRGMBERMSZ L, HIBT
IRZS X B AR 22 BAT KT, SCEL T AR B2 1A 935 A7 T B 2R S th B v
K4 WIRGAF BRSO SRS g

CEYERE 211 EP=b S35 R B PRt
I (<69KV) 3188 7.82% 0.0295
HiE (69-138kV) 3270 5.59% 0.0363
#BEE (>230kV) 259 6.68% 0.0365

3.5 MRARGHIXKHE

VR RGAF T BB ARG INR 5 Pos. SHORGHIL, MARFEZREMEER TR
P S v AR R RO, ey, SERRFEHON R RS IR M 5 R R o 1 U RE ROy, TR E K AU
FE5 ARG RAE S ME, — BRAERE S, WS BOREY R A . AFETHRIIRG, N R iR



A B AT S H0 S R ORGSR AR D AN R 38, R RS R G I XU V5 Ak B8 A T I 4 45 1 S 1k
ARSI Fufar o X — RN RGEMRI B A EEE R, BIBRA ML 15 9 25 s N 74 8T X 48 Fh P s i e Ak 5
SR 5 S R I
3.6 BURMES T

AR T R R AR (R i, o R R R HE AL BB AN S R IR B R B IX B A% O S EO AT T U
ST IXEESHIE T 20BN G T ISPE BR M IEHL, X FBA: B R I SR o i e e 2, 3L

BB B A R A A R TS
£S5 ARG KRR

T A TR SRR Pk %
EEEE A 1707 10.85% 0.0452
PR AT R 416 8.50% 0.0377

AbFRT 168 9.44% 0.0403
T AE I 35 8.96% 0.0383
B O A 7 15.18% 0.0429

ARIE I RFEIRN, 5 F R R D B B R R L. SN BIE 5 AR i RS 00 it
(7 B 38 s 5| NI 22 ARAH G m S B e A AT ST o BT R R FEHE A2 BUAEL, D50 e A B IR DAl T
RERIPERE 52N, A SCAE FIAR [RT AR 10000 JBeAtl, el 1 % # B2 HE 44 BT 5%, 10%. 15%A1 20% 17 kit A
SR, w7 BB T HOT-DGNN Tfg. 45 RER (IR 6) , BIAERRFEERE N 5% 2
20% T X [F] Y R I RAFROFS MR, AERAZRIDZERFAE 90%LL b, HAE 10%A4LIAFIEAE 92.5%. R{E Y 5%
I, F1 R TS 83.8%, XKML ML hrik il REIEIRN 1 &0 FSL M~y i, SRR A [a] %
PG, MERMEN 20%H0), F1 EEHEIIFRE (84.7%) , iXRULIACMITHIEIRAE S 5] Nl £ 5 85 FE BRI
R BN TSRS, PO T M SR b, RFRCRERIEHEA AT 1000001 RN AL X

{ERFERA R RIRafrt.
K6 AFREEHYRE TR

TR BIE (%) Accuracy (%) Precision (%) Recall (%) F1 (%)
5 90.1 86.5 82.2 83.8
10 92.5 87.3 84.6 85.9
15 92.1 86.9 84.1 85.4
20 914 86.1 83.5 84.7

R RIS AR B A B B AR B R ¢ I B B 2 REE ARG TH AR € o 9 1 VA A [RIARADL R B R Y
WZRIPE R RS PR AN S5, A SCIZ P N TSR E, AEARIRIBENLAD T T R EE 5 HOT-DGNN 4
BT 2 ML SRR, S5 5R a3 7 Fros . BEAA B B HS 0, B F1 B A\ 1000 IR ¥ 80.3%7
AHEFHZE 10000 VRIS (1) 85.9%. b IFIAT, AR Y T35 v S AR I R A R FOL KR B N T KR RS G, AL 5000
RINZ) 1.2 /NFEEHNE] 50000 (K12 8.9 /N o ZREGH RERAYE REAITH R SAS, ASCiIEFE 10000 R FF R

TR AE AR R S B B3 o
BT AFZE RSB ICECT B RE

BLIREL Accuracy (%) F1 (%) TFERE UMD
1000 85.7 80.3 0.5
5000 91.2 84.1 1.2
10000 92.5 85.9 2.2
20000 92.6 86.2 5

50000 93.0 86.4 8.9
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FEARRARALANIR 5307 R Gt v B2 A TBRAL AT 50, T S B Rk it L v s il i AR AT 11 22
REM G 5 RGVERBOE . BRSPS T IR AE RO 2 K F AR AL T 2 RGBS Rk e
PRRBOL R I RIR, ASCIR T — M 2 R EM G5 2 I AR G0 B3 LIR30 1T S B 2 At B0t 2 30X
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REHIEESIRE ). DASEVR IR T R L -IR SRR RGN A 301, WHFE R RGERICTT mi iy S (7Y
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WK+ 2 G0 e B ELIC XUEE Bk i ) S 2 T A58, 2 TR e B R o 2 A T IV 15 SR SR g
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Research on modeling the failure risk of urban critical infrastructures under
multi-hazard coupling scenarios
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Abstract: With the increasing interplay among multiple hazards and the growing interconnectedness of systems, the
operational risks faced by urban critical infrastructures (UCIs) have become increasingly prominent. Existing studies
often overlook the nonlinear interactions among hazards and offer limited modeling capabilities for failure processes
in multi-interdependent systems under multi-hazard coupling scenarios. To address this gap, this paper proposes a
two-stage research framework for failure risk assessment of UCIs under multi-hazard coupling scenarios. First, based
on historical disaster data and spatial information, a multi-hazard probabilistic model is constructed, and
representative multi-hazard coupling scenarios are generated using a temporal hypergraph method. Subsequently, a



high-order topological dynamic graph neural network (HoT-DGNN) model is developed to capture node interactions
and high-order network topological features within interdependent systems, integrating multi-source information to
effectively predict system failure modes. Finally, an empirical analysis is conducted on the power-gas interdependent
system in a typical coastal city. Results demonstrate that the proposed approach can accurately assess the failure risk
probabilities of UCIs under multi-hazard coupling scenarios and effectively identify vulnerable components. This
study enriches the methodology for modeling complex interactions among multiple hazards and interdependent
systems, providing both theoretical foundations and practical tools for quantifying systemic risks under multi-hazard
scenarios. It offers valuable insights for improving infrastructure resilience and advancing resilient city construction.
Keywords: urban critical infrastructures; failure risks; multi-hazard coupling; graph neural network; dynamic
modeling



