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Analysis of scour vulnerability for bridge lifetime based on hydrological uncertainty
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Abstract; [ Objective ] The formation of scour holes is a primary cause of bridge failure under flood conditions. Uncertainty in
hydrological data and multi-layer soil erosion significantly impact the accuracy of scour depth predictions. Evaluating the safety

performance of bridges over their entire lifecycle under flood-induced scour is essential. [ Methods | Using a real bridge project as
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a case study, the Seasonal Autoregressive Integrated Moving Average ( SARIMA) model was applied to conduct a statistical
analysis of scour depth over the bridge’ s lifecycle, based on incomplete hydrological data. Following AASHTO guidelines, four
failure modes of bridge pile foundations under flood conditions were considered, and a time-dependent safety performance
evaluation model based on probabilistic scour depth was developed. The time-dependent vulnerability curves for the bridge’ s
lifecycle were also obtained. [ Results ] The result demonstrated that the proposed method effectively predicts the relationship
between bridge foundation scour depth and service time, with scour depth initially increasing rapidly before gradually slowing
down, particularly over the first 25 years. [ Conclusion | The predicted pile foundation scour depth increases with extended
service time, and its failure probability is negatively correlated with embedment depth, but is influenced by soil layer parameters.

This method provides a theoretical basis for assessing and designing bridge scour over its lifecycle, improving bridge safety under

flood conditions.
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Fig. 1 Schematic diagram of the calculation of scour depth for random water flow
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Fig. 11  Statistical plot of Monte-Carlo based scour depth versus service time curve for 2* pile foundation

AT, AT 3 PR ITHESE , 115
AP Sl P 00 o ] R 3 55 AR A BsF V) =2 T g O R R 4%
AR ICRH Monte-Carlo 4 R 5T SARIMA #&7 A4= Jf T
10 000 ZH 3R H iy 100 a B9 H i EEE, 40
M R W 11 FR, FEFE 3 R TELL
A2 o O R Y T 2" MR A v R
7551 10 000 4% vl R EE S A7 BRI AR B ] =2 [T T 2k

HIPE 11 AT, Y A e AR BRSO, S A
G2 AR SLA T BB IR B A B PR I E N 7. 02 m,
B 1L R 5 T AN [ IR A% B B3 b % B — A o o 22
EN B SRERE, REE, % EK SR B AR E
PELUR , e R B s R, SR UL, 2" pESE
U e ) % 12 {1 Bt o A A3 ) [ 8 i 357 2 St fe 42
XGRS, RIRE EZE R TE 1 2008 ER
PR 2 BMEwai L2, it 11 foRFEAE Gy
S S AR AR o 10 A 6T 7 5 0 v R 8 e 265 o VR P A1
A, ARG RR LRSI R, AT LIS B 45 12 il
TR (ELA 1 ol JE M = DTS AR R AEAS ] e A%
AP Y R B XU PP A 2, il 12 R, 43l
T EBIFRAE 25 a, 50 a, 75 a F1 100 a i}, 2
AE LAl R R B XU P A i 2k, 3k 26 55 401 1k i 2 A
PR X b R T MR AE AR ] b, A2 3 e 4
FHRABS K BE B THERS , 2Ry Emlv] Ae 23 8
TR I W T 20 T V0 55, DA I 45 R 483 405 R AE 3

KFKEBEAR(PHRL) $E56%5 2025 FFE 6 H

IR Gy At P i et 1 X — M3 Bl 1] 2R A A 3
MEEBR TR A RE e, Gyt th 4R i) A2t n] AR S
RALG R BLOSR B A . BN, e S 40 e it
W1, ATRLZZHRESE R S AR A A, sAR AT T
T, A B TRER MR A, S GAENE
R,

0.8

02

0.0 1 1 1 I
0.5 1.0 1.5 2.0 2.5 3.0 3.5

IR B /m

B 12 HFER 2 Ba i iR B XURE 1 ik 2%
Fig. 12 Risk assessment curve for scour depth of

bridge 2* foundation

HT AT 12 A1, A [R] JIRA AF info ) e S AR 5 2
W ) R 8 BN TR/, R 25 a P I R R 1 A

195



Bk, /B TROMAENINR 2 F G BRI SR

B, ) o BE A GO iR s hg . 18] 13 gy il
TR 1" —4" BERERE A R RO i 2, h 181 13
RIS AR 2R ROME S 4% i I [R] Tg O, Heh 27 ARk
RO MR, VAR R A A fe i, I 4%
AHEFERI ML BT ZR A BT R E A, 4 ERE R A5 4 5 A
TR, (AAHTTE LR SR G IE

1.0
0.8 F

0.6 F

LR

02F

0 20 40 60 80 100
i i/a
B 13 R 1" —4" E Al SR SR 1T ik 2%
Fig. 13 Risk assessment curve of bridge 1*—4*

foundation failure

2.5 ZRitig

FERFREE 0 Gy BT AR, KR i se s
THES SR AR R TRy L0 E S Wk, Flin
BIAZAR %57 DA T i 22 K b b 5 4 i e 780 1 32
Chemin des Dalles BF R, $2&H T —FpEF X & FEal A
PAEHAE | Rl B e A R AR R M 22 0
VitEASHESR . PINTO 251280 DU T8 F1 il — > S2 B 1
M RAE R R R, 25 08T i A S K SR B
WhRE A Rk, T AR s R £ K i
( MSA) X #5ATF R 1F B AR R G- AT T S B b4 #r
EEXBR R PR S 3, B AT R A ZHANG 2512 g5
T A LR R B = 4 BR OO RS R
A FPHIK SRS SR A RRURE, SRIMPL T RS R
BEVE (LHS) X 58 A L Rl BR 2 00 4T 1 48R 5 41 v 4%
Br. [RIEE ZHANG %650 38 i HF & — Ff BE % &b LK B)
77— - 5 -5 R R EL AR 5 R 3 A e AR SIS R
R FL 0 S B A BB R ey, SRR T
MEST T ARRIE (LAS) , 7E% K7 G54 5 240
AHEMEREOLT , XTI AT T vl & 5
O o B4 6w BR R 8 A T AT
FERUET (AR R S B DL K R R 4 A i TR 0 )

196

AR ST ST R T K SO 5 1 A8 SRR )
TRIZ T 5 4k e S 0 e o T HE SR REAS (e R B T 5 2
PRSI EE TR FEPFR BB B, TR
T R EREE O AT A TS0 R A 5 P
B, BORAR AR e v A N B e et FER e
BB R FEIASE 5 00 e ) 8 S T £ 75 A
il e AR AW ARG TR, S A 22 HEA R Al A A
AL i S SR S S G DT s P Ry G D T i
SEORNANFRAE ARG, FNRESF TR, #1)
R B TRR I KU e 3 7

3 45 ©

ASCHEST T 3T IK U2 PERY B 22 550 T2
AP T R R T ik B A AT HE SR A AT A AN
RETT AT LA %) B R oI R BE A, B R A% 000 22
SEnh 4 7o JR) 1A Ok R B 55 7 R IR AR 15 (] 22 [ 1) G
2, RV RENE X GR AR SRl ) e ) G 208 M 2 A ) AR iz
T, AW EELSSNT

(1) S5 BT S A e o o 8 8 00 {1 2 i IR A3 Bk
3G N 2B R g s BARRIN T 25a
PRI EE RN I &, 2 ST bR g

(2) FETF SARIMA 78U (14 A7 242 S At v bt 58 2 3 30
SO B, U 00 e 22 )7 -3 vl g 17
DU, AESERH A 3R BE 7 P R bR o 22 A sp AR B A 5 1
D)o % B A s AR AR A — B

((3) 1356 2 A5 MU 457 i o ] FF ] 177 48 K ) g D44
TR DG, (BT 2S5 G0,

EAFHR S, A SCRYBF IS A7 — S 1 SR BR 1
BnE > R RUAE | 2R AT S S 1 ) 12 0L R
WE, JFEEMFR BIEY R RAE ML, AT LA
AN TR R S T AR RS0, DA T3 oo LA E A5
T S T AR PRI v 14 R AR

2 %% 3Lk ( References) :

[1] KIM H, SIM S H, LEE J, et al. Flood fragility analysis for bridges
with multiple failure modes [ J ]. Advances in Mechanical
Engineering, 2017, 9(3) : 1687814017696415.

[2] GENTILE R, NETTIS A, RAFFAELE D. Effectiveness of the
displacement-based seismic performance assessment for continuous RC
bridges and proposed extensions[ J]. Engineering Structures, 2020,
221; 110910.

[3] NETTIS A, GENTILE R, RAFFAELE D, et al. Cloud Capacity
Spectrum Method: Accounting for record-to-record variability in
fragility analysis using nonlinear static procedures[ J]. Soil Dynamics

and Earthquake Engineering, 2021, 150; 106829.

KFKEBEAR(PHRL) E56%5 2025 FFE 6 H



[10]

[11]

[12]

[14]

[15]

[16]

[17]

IRFKEBBA (FEEL)

GHOSH J, PADGETT J E. Aging considerations in the development
of time-dependent seismic fragility curves[ J]. Journal of Structural
Engineering, 2010, 136(12) . 1497-1511.

WANG Z Y, PEDRONI N, ZENTNER I, et al. Seismic fragility
analysis with artificial neural networks: Application to nuclear power
plant equipment[ J]. Engineering Structures, 2018, 162 213-225.

CHEN M D, MANGALATHU S, JEON ] S. Bridge fragilities to
network fragilities in seismic scenarios: An integrated approach[]].
Engineering Structures, 2021, 237, 112212.

TORRES E, SEO J, ROGERS L. Probabilistic structural performance
evaluation of concrete slab bridge system subjected to scour and
earthquake[ J]. American Concrete Institute Symposium Publication
2017, 316 73-94.

DECO A, FRANGOPOL D M. Risk assessment of highway bridges
under multiple hazards[ J]. Journal of Risk Research, 2011, 14(9) .
1057-1089.

GANESH PRASAD G, BANERJEE S. The impact of flood-induced
scour on seismic fragility characteristics of bridges [ J]. Journal of
Earthquake Engineering, 2013, 17(6) . 803-828.

YILMAZ T, BANERJEE S, JOHNSON P A. Performance of two real-
life California bridges under regional natural hazards[ J]. Journal of
Bridge Engineering, 2016, 21(3) . 04015063.

DONG Y, FRANGOPOL D M, SAYDAM D. Time-variant
sustainability assessment of seismically vulnerable bridges subjected to
multiple hazards [ J ]. Earthquake Engineering & Structural
Dynamics, 2013, 42(10) ; 1451-1467.

UNNIKRISHNAN V U, BARBATO M. Multihazard interaction effects
on the performance of low-rise wood-frame housing in hurricane-prone
regions[ J]. Journal of Structural Engineering, 2017, 143 (8):
04017076.

PAN Y, AGRAWAL A K, GHOSN M. Seismic fragility of continuous
steel highway bridges in New York State [ J]. Journal of Bridge
Engineering, 2007, 12(6) : 689-699.

BRIAUD J L, TING F C K, CHEN H C, et al. SRICOS: Prediction
of scour rate in cohesive soils at bridge piers [ J]. Journal of
Geotechnical and Geoenvironmental Engineering, 1999, 125 (4):
237-246.

GOVINDASAMY A V, BRIAUD J L, KIM D, et al. Observation
method for estimating future scour depth at existing bridges [ J ].
Journal of Geotechnical and Geoenvironmental Engineering, 2013,
139(7) : 1165-1175.

BRIAUD J L. Scour depth at bridges: Method including soil

properties. I: Maximum scour depth prediction [ J ]. Journal of
Geotechnical and Geoenvironmental Engineering, 2015, 141(2):
04014104.

BRIAUD J L, CHEN H C, KWAK K W, et al. Multiflood and

multilayer method for scour rate prediction at bridge piers[ J]. Journal

E56% 2025FF6H

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Bk, &/ BETRCNBEENRREF G IR ST

of Geotechnical and Geoenvironmental Engineering, 2001, 127(2) .
114-125.

VALIPOUR M. Long-term runoff study using SARIMA and ARIMA
models in the United States; Runoff forecasting using SARIMA[ J].
Meteorological Applications, 2015, 22(3) : 592-598.

KOHN R, ANSLEY C F. Estimation, prediction, and interpolation
for ARIMA models with missing data[ J]. Journal of the American
Statistical Association, 1986, 81(395): 751-761.

SO, RN, TKE, AF R T RESK SO LR AT BEFE R e
DR e A2 Sy UPE R T[], B AR K F 24k, 2024, 33(6):
151-161.

WU Wenpeng, XU Lang, ZHANG Chao, et al. Time-dependent
vulnerability analysis and scour risk of the bridge foundation based on
probabilistic hydrological information [ J ]. Journal of Natural
Disasters, 2024, 33(6): 151-161.

EL HMADI K, O’ ROURKE M J. Soil springs for buried pipeline
axial motion [ J]. Journal of Geotechnical Engineering, 1988, 114
(11): 1335-1339.

MATSUBARA K, HOSHIYA M. Soil spring constants of buried
pipelines for seismic design[ J]. Journal of Engineering Mechanics,
2000, 126(1): 76-83.

KAUSEL E, WHITMAN R V, MORRAY J P, et al. The spring
method for embedded foundations [ J ]. Nuclear Engineering and
Design, 1978, 48(2/3) : 377-392.

ZOKAIE T. AASHTO-LRFD live load distribution specifications[ J].
Journal of Bridge Engineering, 2000, 5(2): 131-138.

ROSE A, PORTER K, DASH N, et al. Benefit-cost analysis of
FEMA hazard mitigation grants[ J]. Natural Hazards Review, 2007,
8(4): 97-111.

WALTON P A, BORG S L. Using dynamic pile testing to evaluate
quality and verify capacity of driven piles [ J]. Journal of the
Transportation Research Board, 1998, 1633(1): 117-119.

BIAZAR S, KAMESHWAR S, BALOMENOS G P. Multi-hazard
fragility modeling framework for bridges with shallow foundations
subjected to earthquake, scour, and vehicular loading [ J]. Soil
Dynamics and Earthquake Engineering, 2024, 178, 108482.
AHMED B F, DASGUPTA K. Critical assessment of the seismic
fragility of bridges as a system [ J]. Journal of Earthquake
Engineering, 2025 1-31.

ZHANG D N, XIONG W, MA X L, et al. Fragility evaluation of
bridge pile foundation considering scour development under floods
[J]. Journal of Bridge Engineering, 2024, 29(8) . 04024052.
ZHANG D N, XIONG W, MA X L, et al. Fragility evaluation of
bridge shallow foundation piers under floods by coupling simulation in
structural and hydraulic fields[ J]. Ocean Engineering, 2024, 311.
118952.

Ak, BEE, SR, SF PRSP AE SER K T R SR

197



Bk, /B TROMAENINR 2 F G BRI SR

[32]

[33]

198

LAESHT[T]. ARAKEREAR (RHE0) , 2023, 54(5) : 84-94.
JIUY Z, XUE Y, GAO H Q, et al. Nonlinear analysis of horizontal
bearing characteristics of pile foundation under scouring condition
[J]. Water Resources and Hydropower Engineering, 2023, 54(5) ;
84-94.

BUER, RS, MO, 4. 5Bl Ak R 4 ARE 5 1 H
PR B TR 1 B SRS R M RE I ST [T ] KRR AL R (3
), 2023, 54(3): 116-125.

ZHU Yanzhi, ZHAO Yachun, TIAN Guanghui, et al. Coupling effect
of scouring and material deterioration-considered study on bearing
performance of reinforced concrete bridge pile foundation[ J]. Water
Resources and Hydropower Engineering, 2023, 54(3). 116-125.
LU X L, WEI K, DENG K L, et al. Lifetime seismic resilience
assessment of a sea-crossing cable-stayed bridge exposed to long-term

scour and corrosion|[ J ] .

Ocean Engineering, 2024, 295. 116990.

[34]

[35]

[36]

[37]

ABDEL-MOOTY M N, SASIDHARAN M, HERRERA M, et al.
Strategic assessment of bridge susceptibility to scour[ J]. Reliability
Engineering & System Safety, 2024, 251 110334.

TOTANI F, ALOISIO A, ANGIOLILLI M, et al. Risk-based
probabilistic assessment of a bridge collapse due to abutments scour:
A case study[ J]. Transportation Geotechnics, 2024, 49: 101369.
PREGNOLATO M, GIORDANO P F, PANICI D, et al. A
comparison of the UK and Italian national risk-based guidelines for
bridges[ J].
Infrastructure Engineering, 2024, 20(1) . 117-130.

MEI H, GUO A X. Probabilistic hazard assessment of bridges under

assessing hydraulic  actions on Structure  and

multihazard actions during the life-cycle period[ J]. Natural Hazards

Review, 2024, 25(2) : 04024001.

(EEHRE = #%)

KFKEBEAR(PHRL) E56%5 2025 FFE 6 H



