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Table 1 Model parameters of the concrete material

g WA i E /MPa S KPR J) f/MPa JEIRNAS & TR FER XN I RIAS &, B KR J) £/MPa
TR EE + 2. 74x10* 30. 00 0.0014 0. 0020 0
AR EE+ 2.74x10* 30.97 0.0015 0.0023 0

R2 WA SR
Table 2 Model parameters of the reinforcement material

FREL SRR E/MPa JRARERIE f/MPa REREAL R EL D
L 2x10° 335 0. 001

P17 HESEAR B AT BROTAE R
Fig. 7 Diagram of finite element model of
pile foundation pier

2.3 ITHESHITE
2.3.1 pyZ3%

TEHBREAE T, ViR X A S Al %) 52 e 8 3 i
PEIE R, AR RS2 B AT W AT R, T R Y
JELAE p-y K FR QA 8 TR

Hrfr,
Y = knd (1)

A

p

P

=0.5p,/y,)"

0.5p, P=0.5p,(/¥)

0 -

Y y
K8 Vit p-y HiZon BE
Fig. 8 The p-y curve of frozen soil

X
=q,d(1.5+0.25=8) 0<x,<12d
Pu=q.d( d) s (2)

p.=4.5q.d x> 12d

K8 Fnxlrh . p bk B BH J7 5 p, M R A BR 4T
BHLTT 5y RHE B L FS 5y, R UR 42 7 52 167 285 1 4 p, IF
AIBEE S 5y, WVR AR Z AT 805 0. Sp, I B AE B
AT 5 ke, R A BRI 50% 4 R AS 5 d Sk Bk L
1 5q, VR T iR g, i SCcEk[ 21 17530, =Xl (3)
I s xR HIER TS VR IR BE

g, =10 x (0. 4417 + 0. 254T* + 0. 0197*) (3)
A TR T
2.3.2 qzZ¥

A ] B A IV M 5 - (40 77 5 60 88 OC & A 9 i
N, HOR AL S H AR TRbUE IR
W B RO AN K SR R T s R, A FARERR
HENESR IR ) 5 K o R 80

A 5 11 5 U7 b 3 Sz ) FR AR 1 5T )
sbE R B =X (4) Fi=X (5) s .

k. = f. (0. 09aE,D*) (4)

K, =k UAI (5)
sk, AK, A3 3 R A BT 5T U0 B I ) R A
(KN -m™) FIAE B By DT REC(KN-m™) 5/, Ay b
FH0 1 R28G o X E R T R E TE R B E, A HE
HAME B (KN-m™) ; D A (m) 5 U ALY
(m) ; ALK YT E R BT EE FE IEA EE (m) o

R =U>rl, (6)
Ao R FANE A K SR AR 4877 (KN ; U AR Y JE
(m) ;r 4 2R I KB AR T (KN-m™) 510
& TR EEE (m) .
2.3.3 1zZ¥

PEAQ T T 6 ) M A [ ) R B AAE AR L T %8 1]

s 2R B (7) A (8) s o
ky = £,(0. 6aE, D) (7)
K, = kyAy (8)
A sk, K 53 ) R AT SR 15 11188 1) b 6 i 0 R 8K
(KN-m™) FIFEAR BT ] 9Pk R A (KN-m™) ;A
PEARTIAR (m*) o HABAF S5 IR0 (4) .
R,=q,4, (9)

Ry BARERR HERE S 7R TT (KN 5 g, 19 H A AR



34 KA AT : Z2AFUR AR AT 75 JRCEK AT A RE A M RR B 40 M 1 957

5 A = A B
= E-
B ey
=
o. > O, >
[ L HE HERNLRS
e /],
OV 53853 (b) AR BB

KR ALER S e S

Fig. 9 Skeleton curve of vertical soil spring: friction spring around pile (a) and pile tip vertical spring (b)

WEHE S 7R 2 7 58 B (KN-m™) 5 A, g B0 1 5 22 1
A(m?),
2.4 W-FTHEERERITERRIE

P10 42k B M S SERAT A PR TR B A K-
Ve A N O R o T &3 Wi 2 1B s N VA B R ¥
BETRZ 0~25 cm Ak, 55 4005 106 PR 1) 0 X 48
FF G o B R g A0l A SE R R B0 17
Ba gt Ll . i B 2R et b oA vl

;

AR

ALER R R ITLHIN )
HEEGRIIE)
0.208x10?

0
-1.916x10°
-2.978x10°
-4.039x10°
-5.101x10°
-6.163x10°
-7.225x10°
-8.287x10°
-9.348x10°
-10.410x10°
-11.472x10°

ay////////

K10 BRERAT AL RE A BFHIUN g 234 = ]
Fig. 10 Stress distribution nephogram of pile foundation

pier of railway bridge

OFE S B, 380K - 0 4802 5% 38 5 2/
o7 280500 JEE S N AL 8 AR PR SE R 1
(-5 PS5 3T 5

Q75 it it AL i Be , Bl i 4857 7% (1 14 128 7 1
PN QDS S £ SR N T i S s | =
i 0 -5 B (AU G B, B 4 TR Bt £
Vg AR B g (RO

80[
Z e
®
=4
40}
20 --m- -
—e—HHitMA
-60 -40 20 20 40 60
20k fLF%/mm
40
m-E-E - 60
-80 L

B s SR E 2 20 [
Fig. 11 Comparison of experimental and simulated

skeleton curves

PRI, 3 57 S Y RE A5 5 5 PR AU 22 4F 0K £
DX AR Sk R 8L KT ) B9 AR T, R J Sk R At AT L
APTR=E e M iR (Il o

3 HFRMEERMESRES

3.1 HEIR

R T AR ST A5 18 T b U T S PR AT A TR
Hi = Ty 451 43 B LA it 78 2 B A R A R i Ry i 5 T
G, HORUST # 3 FUBC A an &1 12 BT 7, B 000
8 m, MEFER A 15 m,

FITEANNA T AF TR AR SE, Hodh T
L1 T UL 2 FI T 35 08 T Z4F R+ 8 )2 IR LY
S, T3, T 00 4 R T 00 5 2% 18 T M 380N 1 Lb Xt
BRI 5 M)

R Lo SO AR B Al e T R 0 SRR
P AR FTRBE 1 b OB T T R o B (R e ALY LU AEL,
HAHE AL



958 K I

7 + 45 3%

D8@20 T T T TTTY

8 3 o
o = L

! ] s

J 64D20 E

- L
& F S
&

A 400

D8@15 24-D20

=
7

=0
B 12 RIS AR RT3t M P A3 141 (B3 cm)
Fig. 12 Size structure and reinforcement diagram of bridge
pier of prototype pile foundation (unit: cm)

u=NI(4f.) (10)
AU s S SEORE b P L s N O SBORE O Pl 1 152 3 PR

#3 AR TORIEARSEL

Table 3 Basic parameters of different working conditions
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Table 4 Description and criterion of damage state of pile foundation
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Note: u, is the curvature ductility ratio of the structure; ¢, is the first yield curvature of the reinforcement; ¢,, is the equivalent yield curvature

of the structure; ¢, is the curvature at the outer edge of the compression zone when the compressive strain is 0. 004; ¢, is the ultimate curvature of
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Table 5 Damage index of pile foundation section under different axial compression ratio
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Effect of permafrost degradation on seismic vulnerability of bridge pile
foundations along Qinghai-Tibet Railway

ZHANG Yibo', ZHANG Xiyin', LIU Yougian®, YU Shengsheng', MA Huajun',

WANG Wanping', GUAN Jiada'
(1. School of Civil Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China;
2. China Railway Qinghai-Tibet Group Co. Ltd., Xining 810000, China)

Abstract: Permafrost degradation induced by global climate warming in Qinghai-Tibet Plateau has drawn great
attention of researchers. Meanwhile, the Qinghai-Tibet Plateau is prone to frequent seismic activities in recent
years. In order to study the influence of permafrost degradation on the seismic vulnerability of the bridge pile
foundation along Qinghai-Tibet Railway, a pile-frozen soil interaction model was established, and its rationality
was verified by the quasi-static test. The pile-frozen soil interaction model can simulate the deformation and me-
chanical behaviors of the bridge pile foundation under lateral loading, and thus it can be used to analyze the seis-
mic response of bridge pile foundation in permafrost regions. Considering the effect of permafrost degradation,
the curvature ductility ratio of the pile foundation was taken as the damage index, the ground peak acceleration
(PGA) was taken as the ground vibration intensity parameter, and 80 seismic waves which are consistent with
the site characteristics were selected for seismic vulnerability analysis. Nonlinear seismic damage analysis of the
bridge pile foundation under different permafrost active layer thickness and axial compression ratio in permafrost
region were carried out. The results of quasi-static test and numerical simulation showed that the top of pile foun-
dation is the weak part of the pier-pile-soil system. It is found that when the active layer thickness increased, the
damage probability of the pile foundation under different failure states decreased, especially in the case of severe
damage. Specifically, when the PGA is 0. 6g, compared with the pile foundation with 1 m active layer thick-
ness, the damage probability of the pile foundation with the 2 m active layer thickness was reduced by 8. 53%
and 3. 16% under severe damage and collapse states, respectively. The damage probability of the pile foundation
with the 3 m active layer thickness was decreased by 13.54% and 4. 66% under severe damage and collapse
states, respectively. The results showed that the permafrost degradation weakened the soil constraint on pile
foundation, then reduced the damage probability of the pile foundation under seismic action, but increased the
displacement of the pier top. This will lead to the beam falling failure caused by excessive beam displacement if
earthquake occurs. It can be seen that with the increase of axial compression ratio of the bridge pier, the damage
probability of the pile foundation under different failure states increased, and the change was more obvious in the
case of severe damage and collapse states. Specifically, when the PGA was 0. 6g and the axial compression ratio
was 4%, 5% and 6%, the damage probability of the pile foundation was 10. 80%, 41. 19% and 66. 70%, respec-
tively. Since it is difficult to repair the damaged bridge pile foundation, the seismic performance evaluation of the
Qinghai-Tibet Railway bridge under permafrost degradation condition should also consider the adverse effect of the
change of the axial compression ratio of the high pier on the seismic vulnerability of the pile foundation.

Key words: permafrost degradation; bridge pile foundation; seismic vulnerability; quasi-static test; finite

element analysis
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