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Numerical Simulation of Multi-Hazard Joint Action
on Mountainous Road Bridges
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Abstract: Mountainous road bridges are subjected to hydrological hazards such as scour and erosion in a long term of
years, and they may concurrently suffer geological hazards like falling rocks. To elucidate their structural response
and damage mechanisms under multiple hazards, the interpolation algorithms for the transfer of scour and erosion
data were derived from the aspect of fluid-structure coupling. In addition, combined with the birth-death element
functionality, a numerical simulation method for the multi-hazard joint action on mountainous road bridges was for-
mulated by means of Delaunay triangulation and collaborative interpolation of feature points. First, aimed at the
scour data, a scour data transfer equation was constructed based on the linear interpolation theory within a triangle.
Second, supplementary data transfer equations based on three-dimensional surface Delaunay triangulation and the
linear interpolation theory outside the triangle were derived for the erosion and flow force data, and the feature point
collaborative interpolation algorithm was utilized to calculate the overall result of structural-domain target cells. Fi-
nally, based on the birth-death element functionality and with the consideration of scour and erosion morphology of
pile foundations within the structural domain, the numerical model of a mountainous road bridge’s pier column im-
pacted by falling rocks was established under conditions of scour and erosion. Results demonstrate that the interpola-

tion methods for the data of scour and erosion models achieve a high accuracy. Under conditions of different impact

iR EHA: 2024-05-12; fEEEHA: 2024-09-08.

EEEM: B8 Sc(9s2— ), B, i, #Hiz

BIS1EE: B8 L, wxiong@seu.edu.cn.

E&TA: ERARBEEEINE (52378135, 52022021, 51978160).

Supported by the National Natural Science Foundation of China (No. 52378135, No. 52022021, No. 51978160).

[T

g



- 310 - REFR AR (A /B 5 TR RR)

S8 Hi3W

velocities, different impact angles and different masses of falling rock, the relative changes in peak impact forces

under the scour and combined scour-erosion conditions exhibit nonlinear characteristics compared with those under the

condition of falling rocks alone. Moreover, the pile foundation erosion also exerts a nonlinear effect on the peak im-

pact force under the scour conditions. As the impact velocity and mass of falling rock increase, the peak displace-

ments at the impact point all increase under different conditions, and they are in a descending order under conditions

of scour, combined scour-erosion and falling rocks alone. Meanwhile, under various conditions of impact velocity,

impact angle and mass of falling rock, the erosion-induced peak displacements are reduced by up to 2%, 11% and

4%, respectively.

Keywords: multi-hazard; triangulation; collaborative interpolation; birth-death element; numerical model

H ] HL ST R SR S 4%, A b IX Ry 2 R0 EE
Y EREE A X, X BT B9 A SR S5 A 1) 22 42 IR A
P RS K. AR 2 E XA T 2 K FEAE T P
GREER SIS B SRS HLEAS TRRERE. Tk A
1 ANSYS/LS-DYNA WF5T = 15 % S 247 A v il FIHS
AL [EE T A2 sl 7 1, (HHASA ST T il %
JEEXT M R A5 AR 52, I A 7 ol ] B0 A 28 T
J. Fan ZEPIXHE A [ LA 12 B0 10 B i 452 A7 43
ST JR B AR A A o A 2 e o B AL, (L
R pE ik BE X EE R L Y2, Guo 2P
THERK RIS 1 BSOS RH R A7 A0
() R B 4 RO A BR TR , 4325 SR 2 BH it %o
T TWEAE B MR/ IN , FLS 25 52 M R 7 A B R il
Kooty AR BIRS 5 e T IzAERL H p] AAAUCR =
i) 3 WOG AN e R AR

R Z U EERT ISR 2 R EE A A T
B (VL ) MR 5%, X Ll DX AT R DA 8
JEE AT RE A2 1 A AR R FALFE AR | K | BRI TR
AT URATR VKSR, DU BRI XA R A
THE K o) 5 ol B 7K SRR R B A S T
YERTT BAE T HET T 3L,

FE R T, BESCEEUIIT & T AN- 22 MR AS
e, ISR ] B82S 1Y A BE XTI A VTR
i SLRIR VAT 8T, AZS R & R AT L T
B S FIE . Song ZEPIRTE T bAoA
T X AR 0 A2 R AE B B2 . Zhang 25T SR ] T 4k
Delaunay — 1 {1l 53 S A4 3800 il 0T A A (B 22 25
FAIBARAY | FEIFSE T IR IERR UL I M | HRIEATAE
S ) o 0 B B O SRR, HAR ST 2 K FEAEH
T ZE A

TEFFEU LS )7 T8, Duan 25U A7 BR T
BN T R AZ A RD K T A B AR, IEEE A IR
D5 FR IO AL 3 22 TR 250 T A BB T e i A=K, 3
TR H R % BB i TR X BB Tl ) S ). AR R
FHSEH A K CFD BB 51, BE9E T 7K TD ol

A G L X 20 A B b B s i s ), AFL 32 RT3
PRI, JC 128 RS Tl R 28X 25 4 P BE A 52 i)
AR COMSOL #1 ANSYS A FRIGEAF, 43
X BRI 2 U DL T A e S A2 35U SO R R
TIBACHEAT T WGE , AHR ) 2 B p R R wfE DA 412
FEDAERF L b B ARG A0 5 eAh, LA T2 5
N IR T, A 2 B ok A B e e MR AL
L

T b 5 9¢ % J5 i, Li 2 UOOSR - ANSYS/LS-
DYNA Bl T V% A vhii 25 O Wi BE L, JF 35T Box-
Behnken i1k M ol At 7 DL apdi e
JEFNVE A ELAR N Fo 457 i A 00 PPAT R 2R S A IX
THARFEYE A b RO R 2 e %00 Xie 25
XTIEITE K 7 TR B oAy e vehs A BR G sEAY |, J
FEMCIERY FAFSY T AN R AR | W0 an R A s v B
(& AT wply TR shaS N, AH R BFFEAS [ vty
A B )52,

Zr b rd, HErE X R 2 K EM TR R 24T
TS T TR (VT WD) 752, X L X2 %
PR, fif UL 2% R Be R sl e AL AR [l K I 2
A, BV E RS 1L X2 BRI TR vl | Bl e A S T
A ERAVER T AR S, ILAh, 76 4RI 2K FE
B Hp fif D, 35 T S AR sl E5 e ok 2 s ) B %
PO XT a5 P RESE i a9, H ARl I [
& BB AL SN F L2 sz Y, &
(BT 55 BT O RIS T L 2 o /.

EEXT FIRMESE B RZS 11, ASCHIEE T 1 Rt
£ 43 B RAE DI R AL A L DX 28 A 9 22 0 8 ik
GAERBUET L. Ik EE R 3 A £
X B , BT 4 Delaunay —ffii5 M —ffIE
A IS (L P O ) S R A 326 D R 5 X S ol /B )
Bl , MR = 4R 1H Delaunay — A5 Hp[H]
(A, o e = ARSNGB e
BaAL s )R, B 254 380 B AR SR s G
Kerputs 1) WIHB(ESS R, DRI E T332 H bR ROC B



2025 43 H

BB OCRE: NI 2 9 IR AT E AL - 311 -

SR LT ASCHITINRE , TELSH I b 2 IR PRl T
BESE P U2, R ks K B b 25 T v A o1 L X
N EERF R BUE R fR ) , LIPU R 1L X AR i
S SES /LA e e 2 & 2 (A NN AT D
I AR AT AR,

1 ZREUEEDRE

ST AR S T2 K 5 28 1 3 A R 1 XA B
2R EFEWAERTE 1, ARl i 1A
T AR 27 AT G 1) v ] S o A A8 A BT
KT ATE A sl . DU OB b 2 0 E B A
FH AR R AT A S by A BT, 24
58 i Bl R A il £ B A S L
1.1 £ F REEF3D B4 MR o #7

REEF3D RH/KEAE LT A £t e, 8
1 78 SUA A5 BB 2 BRI KA @(x,0) X258 <-K
KoK-VbA2 Bt . XFas K-k B, it
KA T AR R EL g (x,2) , BD
L +u 0¢ =0

o jgj (1)
ol o W5 w, 50 T2 B 5 v,
A2 30 )7 1]

IK-VB A FLTE R T 2R A, BI

2 _|og

2 Fl2% -0

ar " |ax, @
dz

F=% 3
£y (3)

Pz, WRTRIA SRS F O RTHALTT [0 12
PEIERE , RS S A B RS ST A ks AT AR DR AE |, 401
WU R R TET BT U1 3 , SR ] Exner J5 2K fig, RI

L )

K p IRV LB g, Tl g, , 2050 R HERS JTE
x My Jrm A BB R SO
FTiiAR .
1.2 ETF Fluent M KRN D
12,1 #EHWFRRIHNETHFAZ

BT AR L A By R T A IS B AR
R HAT RN

ou,

o

. (s)
om _ 0@ _ 0p O _Opuw

P P T ke,

T e, A ad] 53590 Ry 7K A N [ S 42 S8 R 5 5

+At

_ 1 fy ~ - /
E,,ﬁ\qﬂu}:EJ‘ wdt KT =7, +u] ;T
fy

Fri # j 3 AR RRAEAR R x Ly BT p i
[ 35 a5 p KRB B e oK AR 3 01 %
JZ. BT (5) 5 (6) RIATRAFAE B Z1 5 067 & 1
WES.
122 BErRFRm A X

Fluent 1N E 45 Finnie, Oka, McLaury %57 B
PhERL, 22 SCHR[7, 8], A SCUEHX Finnie AU 4
=R/ W)

E=kyv,f(Y) (7)

Ak, ABERIE A, BCRGERE; E TG
Tty v ARORLR RS s bl A, o5 £ () N
S bl A RRER 1O FRER, SRR, BUE
— i T 2.0 ~ 2.5.
1.3 ETF ABAQUSHIEXAMEHENHT

HT ABAQUS MR- =RBA 15 B RESEA T
Z I FH WA R B AR I i) B S il A R 2
AR B 2 25 A 38, ) #0038 F 0 B A T b g o
5 5 LA 730 FH b 4 00 45 SR o RS, R sh 1
TR T o Y AR LS 713 Gk

2 RBVIGIE

2.1 HRIHEER
HF Roulund 2K SZIGTEIE REEF3D 1Y
PRRIRRRY  BOERR R SHIN R 1 . R A E
MR A E R “InFlow” 158, R E K
“OutFlow” i 57, T KIS TR B0 “Wall” i1 8¢, Tl
ABEE A “Symmetry Plane” 15t T k-0 171, )
FAHERS S Vb A A T - H R A e, Hoh e
VSEEPRIAR A 0.26 mm, %R 2 650 kg/m’, PR 11
320, IR AR ZEECH 0.051) MARECH 3.75 x
10°, BEPLEUNE] 7= 60 min. MERT R & R an &
2 FR, BT EUE VR AR BE B il e R A ML
D52 H 2% R SRR AR e I 28 57, AR SCRLA

Wi 7K 470.60 m
WILATP)Z0.20 m

B1 hRIGIEERE

Fig.1 Scour validation model



<312 - REFR AR (A /B 5 TR RR)

H58E 3

12t
2 10

wi "

Ba o8

I=

£ 06f

f‘—glﬁ( 0.4 ‘

m ‘S : } = Roulund%" 5256 (i
E 02 [ e Roulund %" A5 48]
EN| — SRR,

0 0.2 0.4 0.6 0.8 1.0

A e EF [ CRBZ-ALA F ]/ 1)

B2 HERTRIR R R
Fig.2 Scour depth development curve in front of pile

Z5RAE 0.5T ZHI/N T HAB PRI O L OS5 0L, M1
0.5T ZJm KT HABMFR 5 v 14 2R
22 BEMmER

FURTC TR T PRt fg P ey 22 M S A b i
IREELARTE SR K iy TR SLE 4 Z. AT Liu
STV TRV T AR o S S 6, 2 SR [ 711588 8 AR SC Y
PEPRIGIERIRY  dnfE 3 B, HiFp A TR “Velocity -
inlet” 5L, H 118 “Pressure-out” 1 5L, Il 1] B2

A “Wall” 1 3¢, Toi ik “Symmetry” i3 55, A& K2y
15 x 10°. Mo, Jevb kiR Al DPM BERIEEES, 2
W SR [ B PR S T BRI IE , LA ] B 20 817,

IUFZE RN TR 1, 3R 1 WA EEE TS S
T G EA L, IRESINT 12% , HOA IR RS
RIZROBUE A A B B, T TR 2
SEMF RN, AR ST B R R B AT 2 R - P
SR, XL RE AR 2RI —.

0.30m

B3 PEHIIEAEE

Fig.3 Erosion validation model

R1 EMERIIER

Tab.1 Validation results of erosion model
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