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Abstract: Mountain bridges may be threatened by earthquake-induced rockfall cascading disasters.
However, the failure paths and dynamic response patterns remain unclear. This study proposed a high-
precision numerical analysis method for bridge damage under earthquake-induced rockfall cascading di-
sasters. A multi-hazard dynamic finite element model for typical girder bridges was established, and
the accuracy of the numerical method was validated based on existing experimental data. On this ba-
sis, the effects of different ground motion characteristics, rockfall parameters, and impact locations on
the failure paths and dynamic characteristics of bridges under earthquake-induced rockfall cascading di-

sasters were systematically investigated. The analytical results showed that under the influence of pre-
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sequence earthquakes, bridge bearings and restrainers sustained early damage, while most bridge
piers exhibited mild to moderate damage. However, under the subsequent rockfall cascading disaster,
the bridge piers suffered severe damage leading to failure, with shear failure being the dominant ulti-
mate failure mode. Compared to rockfall-only scenarios, the dynamic responses of the bridge under
earthquake-induced rockfall cascading disasters significantly increased. For instance, after the Chalfant
Valley earthquake, the pier base bending moment and shear force increased by 34% and 41% , respec-
tively, while the maximum bending moment and shear force of the pile foundations increased by 80%
and 98%, respectively. Additionally, different rockfall parameters significantly affected the dynamic
responses of the bridge. For instance, when the rockfall velocity increased from 5 m/s to 30 m/s, the
maximum bending moment and shear force of piers increased by 96 % and 94% , respectively. Similar-
ly, increasing rock diameter from 1.0 m to 1.8 m led to 23% and 22% increases in the maximum bend-
ing moment and shear force of piers.

Keywords: earthquake-induced rockfall cascading disasters; mountain bridges; numerical simulation;

failure paths; dynamic response
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Fig.1 Schematic diagram of bridge
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Fig.2 Dimensions of bridge pier
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Fig.3 Finite element analysis process

ASCETEM SN R TE MRS R IR A 2K EAE
FHR B R R 6 AR S sl Jy e Ry, 6 M BN [A) 9% R IR
5 T FNAN A R RN AT N AN ) R B 2k Oy XA
& A Rk 2 XEE, Bikork
PUNEIRYS TN =i 9 5 e DI 1F S E= VA B T i3
JF A A XA T o, 58 UM RS M 3 AR fil
g o0 A VD T AR S RO RS A R o
AU it Jn =5 07 3, R — 20 19 Oy OB R AR
FH 5 75 b 52 2l iy A 25 B 5 B A A 2R N RS
PR AR RS AT —Fr B, R 58 2 E R sh W 4R
AL VR A L, B 5 8 i LS-Prepost J5 4L Uy g
AT EE R 51T .

K4 i AT BR T A L 8k ik L 238 A
G am B R G R R R B SE AR BT SN A SR R R
TG LRA IEAHR BE R ILH0OR B kg R
K/ANEE LR L,

699



P4 B R4S RS 0 Ak A BR TR

Fig.4 Refined finite element model of bridge structure
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Fig.5 Elastoplastic hardening behavior of steel reinforcement
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Fig.9 Dimensions of impact test specimen

TR BE+ R A 8 A SR BT, WAR RoF
25 mm ; 84 R FH 22 50, A% RSF 8 50 mm; wh
2R Y AR BT, S RSE N 15 mm., 1R EE 1 5R
JEAF G0 Sl C40, 5T J7 R B R a5 3 E N
42 MPa, [BIAE AR ST 58 /.4 33.6 MPa, ; 9\ fifi 5 4
i1 55 9% 342 HRB400, #4 £ 5% J88 5 TR 20 R fir A5 A
B2, A R OCAES AL AN 10 i

702

LI

sz £
rd
FI10 il i g A7 BR DT A8 7

Fig.10 Finite element model for impact test

11 D e AU I 25X L, aT LU HE
PRRE R A Y OO SO Y V)R 4R, 5 iR
BEMOIRAS — 2. B 12(a) 2 156 AR (A 40U A5 21 1Y
88 o7 7 I RE X LU 48l 77 W A S AR 2 I 1] ) A UL
5 SEMAEAT 5 B, ol T VAR B ULAS 3 1 ol
W Ll a0 B W K L 1R 22 29 S 12506, BT 12(b)
T R ADL AL B I AR X LU, 3 I R i e Ay
FEUT, B R ADL A B 00 7 B8 W A L 3 0 (E I R, 1%
2229709 10.6 %0 , W {EL i ROL 114 ISF () B AR — B, SR A oL
oL LRI o 38k A b X Be aT DA B A S 4R
f4 i ol B AEL D7 0k 5 B R A b T SR A VR A
mEH T MBI AT .

—_—

Effective plastic strain
9.900e—01
8.910e—01
7.920e—01
6.930e—01
5.940e—01
4.950e—01
3.960e—01 ©
2.970e—01 ‘
1.980e—01
9.900e—02

—3.263e—15 %

(BRI 27N = Wolid

Fig.11 Comparison of failure modes

60

00 —wuit] g — i
Z 600 - - BEHE E wl B EM!E
R 400 » Of )
= 200 i, 0}
s 2 2N N . . .
0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04 0.05
ST BffA] /s
(a) ik (b) %6

12 AR )

Fig.12 Comparison of time history curves

2 KMBARMEARIMER
21 IR
BT AR MR R R RO SR



FRAGVE R (0 3l g e A, AR SCHE 3 HCH R B
B, 25 8 2 35 3 R 3 W b AN (] 1 7% sh 45 P X s
SR AR T S BE LT A% 3 M AR L 43 )
A San Fernando(FSD172) #b 22 i A1 Victoria Mexi-
co(SHPO10) i 78 i , & B — 55 3 57 b 72 % O Chalf-
ant Valley (ZAK270) Hu 7% ", b b 2% (34 o — 2%
Yt o R GEAS IRV A7 2 5000 By Be 4 o 3l 7 e )i
WS, X TUR A JAR S N I R 2\ s —
R B R A ¢ 1) TR b S R A S PR b RE B
W 20 3 X AT BE S| & 10~100 M2 B 8By 47, i T
AR SO R AE U ERR, AT R A R BUE AR
il BEHRPO AP A2 KN4 50 1.0.1.2.1.5.1.8 m,
JIT X R () TR A7 5 10,20 .40 .70 t 1 X TR A7
FE AR O 8 I B A5, TR A o M Y
— B R 5~30 m/s, PR AR Sk OER A 1 o o EE Ry
5.10.20.30 m/s, BA —& MR R A
(BE 7K & TR ) 43514 1.0.,2.0.3.0.4.0 m,

2.2 Htpigtr

50403 48 b5 AT R B 52 K 1 Al BB 25 i e i
il 3, 2 M TR R 1 AR R R A BRAEL , 5 B A 45
itepr 0 T OFFE M R A Bt i I . A
SCHE B 1R B B IR 23 3 SR SRR, il
SEUF OB R BT, P ARG, I AR A L e A
IR X b7 5 S R A 22 9 T B A T B 1R ) 45
FRUEAT 0T (2 3) .

PR SR M e TR 0 2 JCHEAR TN 5 e AR 3k HL
BRI 352 %, AR A0 A SO JUURE 3580 0 e R A 5,
Hh R A T AR LU il R T R
Mo R AE G B2 U8 0 A I B 8 3 22 DL BT V) ik
SR 3 DRI A AT B R R RO AR S0 BT I, A B
Xk A (5 BF 220 5 00 400 £ DR 2 R A f i, e B T
RAVIHEAR . N T PP A AR A TR B SR A S 1Y
PEREZK V-, %5 12 23 531 DA 25" i s 98 0 85 D) 85 A A7
Mo Forbes il A5 IR PE BE D M SR FH G TRD AR X e 1 A
AVEREE bR , U A% £ 0, JR BE DR 372 e 15t A e
F11 0 g A PF I8 2 B KR 27 09 5% £ 0, R BR &% F
0., 1F o & PE R S5 S0 FLRRAE ™ 5 100 5T 1) 2K 14 e 0P
YRR AE BT 7 — 08 5 28, SR FH U AR 52 B 78 D 1
REdE b , WU MEBY BE i B A, TR BE LT R A, 0
{EL BT JIR R OE RS A, BB RS A AR 25 PEBEF 9
1 FERRAE o A 5 SR AR XS LA A PR e b ™.
M AR S 88 SR Y S IR e A i 8 D AR PR REFE AR
25 G BRAG 13 18 A AR 4 V81 F- 50 A 5 S 3 5 Y R
7T B s S8 6 3 D R Aff oo PR FAR A AL
B AR N PEREHE AR ™ LA A A A 8 3 R P
Ji e A2 40 ARG GBAC AR T AR FRAZJE o X T
LAl , SR AL A% 3 1 BU A S P BE 6 A, 20 i) BUAN
A3 B U Al | AT S A AR L OB TR A kTR B
7 A2 38 3 0.004 | f5e KA IR A2 7% 5 DU A BIROIR 25
AL FEVE LU 1 ey s fren s fremen FF R 25V E 25 S BO) S
BRAE

£3 WRAEEGRRKES

Table 3 Ultimate limit states of different bridge components

¥ P25 7Y L3 G B 51 R P i
3 b *ﬁxtzﬁif/rad *Wgﬁ/mm BB Amm RAGED/mm *ff A AR
SE 3o 00, A< A, A<25 D, =0 A<A, U = fhegn
BWMBG 0,<0<04u A<SA<A, 25<<A <50 0<<D,<s Ay <A<AL P < =
FEBN Opu<<0<0, A, <A<A, 50<< A <100 s<D,<s+17: An<A<Z Ay oy <=l
A 0,<0<0 A, <<A<A 100<< A <C 150 .s+%<1),<s+l—2‘ AUSA<Ay P == e
98 A IR 0,<0 A, <A 150<<A s+%<D, A, <A Memax <= M

23 HEKRBER

P 13 2 45 M7 A T A 1 268 A0 0 AP 8 0 A
M R LU e AR T AR SR 4547 [X 4R o
T ESCTIUR R YA A B IX TR T A A A R 4

Y% J %% . San Fernando M1 52 gh 45 T 8000 4
B XA T S 2 S A AR M R AR TR K T AE Ve
toria Mexico #1152 8)] 5 Chalfant Valley #u5Z s /EH T
e S50 8 P e DX A0 A X A /0N o M R o 0
K, B A A DX A

703



Effective plastic strain Effective plastic strain
G.000e—03 6.000e—03
5.380e—03 5.386e—03
4.760e—03 4.772e—03
4.141e—03 4.158e—03
3.521e—03 3.545¢—03
2.90e—03 2.931e—03
2.281e—03 2.317e—03
1.66le—03 1.703e—03
1.041e—03 1.08%e—03
4.217e—4 4.753e—4
1.581e—04 1.386e— 04

(a) San Fernando (0.2g) (b) San Fernando (0.4g)

Effective plastic strain Effective plastic strain
2,000 —03 2.000e—03
1.798e—03 1.796e—03
1.506e—03 1.591e—03
1.393e—03 1.387e—03
1.191e—03 1.183e—03
G.589e—04 } T85e—(M4
7.867c—04 T.742e—04
5.845e—04 5.69%—04
3.823e—04 3.656e—04
1.800e—04 1.613e—04

—2.219:—05 —4,305e—05

() Victoria Mexico (0.2g) (d) Victoria Mexico (0.4g)

Effective plastic strain Effective plastic strain
2.000e—03 1.000e—03
1.796e—03 #.861e—04
1.582e—03 7.723e—4
1.388e—03 6.584e—04
1.184e—03 S.4d6e—0d
5.796e—04 4.307e—4
7.755e—04 3.168e—04
5.7THe—4 2.030e—M
3.674e—04 8.812e—05
1.633e—04 —2.474e—05

—4.079e—05 —1.386e—0M

(e) Chalfant Valley (0.2g) {) Chalfant Valley (0.4g)
13 ﬂ%ﬁﬁ?ﬁﬂ%ﬂ@f
Fig.13 Failure modes of bridge piers under earthquake
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fall action
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Fig.17 Dynamic response of bridge piers under different

rockfall diameters
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