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Pseudo-static Elastoplastic Seismic Analysis of Double-line Shield Tunnel
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Abstract: Currently, the major seismic design methods of underground structures in the subway speci-
fications are categorized into the displacement response method and the strain transformation method.
The two methods are both established on the elastic assumption, and cannot reflect the nonlinearity of
soil and underground structures. Based on the Pushover analysis method of underground structures
proposed by LIU Jingbo, this paper gives an evolving seismic load pattern with PGA increasing,
which is developed using the self-compiled 1-D soil-layer seismic response analysis software APALS.
Then the pseudo-static elastoplastic seismic analysis of the double-line shield tunnel is processed, and
the seismic performance is evaluated. The results demonstrate that: (1) the internal forces of the tun-
nel approach extreme values; (2) the internal forces of the tunnel are maximum at the locations where
0=45°, 135°, 225° and 315°; (3) Before the tunnel get damaged, the surrounding soil has reached
the failure state first.
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Table 2 Concrete and reinforcement parameters
REEL WA
WE {3 JE £/ MPa 30 | MR RS E)/GPa 200
WEERRE R e, 0.002 | JE IR £,/MPa 335
BRI £,/ MPa 10 CXES 9 0.02
W N AL e, 0.005

22 EERMNIE

i HR b 7% 22 A MR VT 1 2R AR A 5 AE B2
14 T D R 0t DX K S ) 35 2 o R R W R RN %
TEU O AR AR B OR AR K TR S Ml Y N 5 B
R, W 6 Fras o N LA R = 3 i 2 Q18 7 B
L NG I H R Bl A B R S G TR 8 TR L K
I B B % A Sk A2 S 4 o 3 400 ) 0 M e AR
3BT ) BON T A o

g
w

R / g
o
>

e
=

0'0 1 1 ]
0.01 0.1 1 10

JAH /s
16 B i B B i

Fig.6  Acceleration response spectrum of the bedrock

0.15¢
0.10f

0.05

IiEEE /g

0.00

-0.05}

-0.10 s - - :
0 5 10 15 20
B / s
B 7 AT A R H RS A

Fig.7 Time history of the synthetic ground motion

23 ERE5HH

i &5 bR s 19 f B X 22 R R AT R 43 i) ik B
0= 45° 135° 225°F1315°4 A~ LI A5, 38 3o 7y 348 1) 3
S8 PE SO TP RE 3 AT O AR B ORUZR JE A s G ) A
JELPE i it R Al g e it £k 43 ) a9 AR 10 B
N ATLAE B, i T RS R R A AR M B I Y
PR 3 T Al Bl b J2 A 67 B e 1 1S IS T R 4 W O

582

P / m

JAH /s
K18 AN

Fig.8 Displacement response spectrum of the bedrock

100

W
=
T

.
AY

2556 / (kN * m)

(OFa
PO ULk S i T 1 25 A A i £

Fig.9 Bending moment curves of the double-line shield tunnel

— PR E
b JZ AH X7 B8 1K B AS (] B B B A2 i AL R G
14 725 G 285 1 R Al ) B 2 1 4 o) dn RT 1L R 12
FroR o AT LAE B, Joie 2 A2 bR i 2 A b L # R TE 0 =
45° 135° 225°F1315° 1Y 4o 25 A0 A1 Al i 45 K,
X5 PR AL T S R R JE PR BT 5 g b
fife R — B . Sy — T XA BRI T AR A e
FREGR MR o7 24 FH I 22 B 55 A R A B2 D) Y 5
M) A5 70N o
Pt SCHR [ 12 b i) bt 52 M R
R VIIVE RIS SR
Ky

E=1— K (4)

A DTk SRR IE




Z
& O
F oo} Vo,
200} Tl
-300 . . . L
00 01 02 03 04 05
PGD/m
(b) k%

P10 XUEk i A %l 1 b g 1 RE 2k

Fig.10  Axial-force curves of the double-line shield tunnel

100 1

BHE /(KN * m)
o i3

|
W
(=)

T

-100
0

g
@ { —=—PGD=0.1m
B ] ——PGD=02m
# ——PGD=03m
—+—PGD=0.4m
——PGD=0.5m
-100 L L L )
90 180 270 360
0/()
(b) £k

P 1L Uk JiG A % 1) 25 2% 4]
Fig.11 Bending moment envelopes of the double-line shield

tunnel

SR, Koy o 8 G A 850 £ ol 1] T 2 5 Ko Ay B 3 8D Ak
TR Ky B0 IR 1
T AT B M JZ AR ALAZ 8 2 0.5 m Iy B G —

300
200

100} J¢

77/ kN
(=)

~100

=200

=300

300

200

100

77/ kN
(=3

-100 |

=200

3004 %0 180 270 360
/()
(b) HFE

112 RULR & 4 % 38 0 il 0 0 45 141

Fig.12 Axial-force envelopes of the double-line shield tunnel

J Aok w45 05 P 09 20 A A 13 TR o 25 SCRR
(12 ] e &6 b 451 1 e B2 69 400 23 s o, T LR BB 1
15 0= 13513157 b 3T & 38 o i) 3k 1) v B2 46038, 75
FC A A B R O A ) R R R IR o HLE 9 ATIET 10
& W] O I B TE A 9 ) E FEAS Gk B AR BR (R . X 15 B
T B% T8 i R BRI B 3E S R A9 L )= B 22 5k 2k
IR

W HE T

~0 S5 10 20 30
6/
BI13 WU Ha b 2 A 48 1
Fig.13 Damage of the double-line shield tunnel

3 & g

(1) T A A R0 g T8 9 Al 24k % 38 i A g 9
A B 4t SRS 688 LR A i 2 0% i 0 T — 4
e R AL

(2) 7£ 0= 45°,135°, 225°H1315° (i i & b% i 245

583



LAl ) W E e K, 3X 5 SRR O T IS A R G B R
BB 0% fige il — 2

(3)B% I BR T 78 0= 135°H1315° B} T ik 5] v g
R N R (IR VA P Y L€ P R (N SENL N 22N
I, %3 JE R 4 2 2 2 e iR BRI AS .

S 3k

[1] Parra-Montesinos G J, Bobet A, Ramirez J A. Evalua-
tion of soil-structure interaction and structural collapse
in Daikai subway station during Kobe earthquake [J].
ACI Structural Journal-American Concrete Institute,
2006, 103(1): 113-122.

(2] BREEG, 263 RV A5 34k 4 ol 25 4 R R 4R 3 &40

30 5 HCE B LR ()] i TR S TR RS,
2008,28(1):157-164.
Chen G X, Zuo X, Zhuang H Y, et al. A comparison be-
tween large-size shaking table test results and numerical
simulation of a subway station structure [J]. Journal of
Earthquake Engineering and Engineering Vibration,
2008,28(1):157-164. (in Chinese)

(3] A, B AN . % O M 7 ) B 17 A 20 5 20 ) 880 i
BAE[T]. A1 J1 5 TR, 2010,29(2) : 271-280.
Huang M S, Cao J. Simplified analysis of tunnel earth-
quake response and centrifuge modelling calibration[J].
Chinese Journal of Rock Mechanics and Engineering,
2010,29(2):271-280. (in Chinese)

[4] Davison C. Fusakichi Omori and his work on earth-
quakes [J]. Bulletin of the Seismological Society of
America, 1924, 14(4). 240-255.

(51 Bl i < i 45 44§ 7% B3 MLV - GB50909—2014
(S dbmt: b AR RAE, 2014,

Code for seismic design of urban rail transit: GB50909 —
2014[S]. Beijing: China Standard Press, 2014. (in Chi-
nese)

[6] Anderson D G, Martin G R, Lam I P, et al. Seismic de-
sign and analysis of retaining walls, buried structures,
slopes and embankments [S]. Washington, D. C.:
Transportation Research Board, National Cooperative
Highway Research Program, 2008.

(7] BRBRah, 2 SO i 1 SRRk o b < B TR RE /L B AR
BT TR [T] 54544, 2000, 30(6) : 23-26.
Qian J R,Luo W B. Static pushover analysis: An analyt-
ical tool for performance/displacement based seismic de-
sign [J]. Building Structure, 2000, 30 (6) : 23-26. (in
Chinese)

[81 ¥EKZZ, B4R, 5k RUBT . # )1 3 98 1 43 #7 (Pushover

584

[9]

[11]

[13]

[15]

Analysis) i 2E A< J5 AT 3L S2 [T ]. i S e TR
2004,20(1):45-53.

Wang D S,He J L., Zhang F X. The basic principle and
a case study of the static elastoplastic analysis (Push-
over analysis) [J]. World Earthquake Engineering,
2004,20(1):45-53. (in Chinese)

XU XVAE PC L 250 3R S5 A B R A AT 5 T
Pushover 43 #1 J7 1% [J]. £ A T8 %4i , 2008, 41(4) :
73-80.

LiuJ B,Liu X Q, Li B.A Pushover analysis method for
seismic analysis and design of underground structures
[J]. China Civil Engineering Journal, 2008, 41(4) : 73-
80. (in Chinese)

LiuJ B, Wang W H, Dasgupta G. Pushover analysis of
underground structures: method and application[ J]. Sci-
ence China Technological Sciences, 2014, 57 (2) :
423-437.

W T WAL IR AN, SF G RS T PR 20 AT (4
e L [T] 5 1%, 2012,33(5) 1 1381-1388.

Yang Zh Y, Huang H W, Zhang D M, et al. Pushover
method for seismic analysis of shield tunnel [J]. Rock
and Soil Mechanics, 2012, 33(5) : 1381-1388. (in Chi-
nese)

Zou Y,Liu H B,Jing L P,et al. A pseudo-static method
for seismic responses of underground frame structures
subjected to increasing excitations [J]. Tunneling and
Underground Space Technology, 2017, 65 (5)
106-120.

Hardin B O, Drnevich V P. Shear modulus and damp-
ing in soils: measurement and parameter effects [J].
Journal of Soil Mechanics & Foundations Div, 1972,
98:603-624.

Taucer F, Spacone E, Filippou F C. A fiber beam-col-
umn element for seismic response analysis of reinforced
concrete structures [M]. Berkekey, California: Earth-
quake Engineering Research Center, College of Engi-
neering, University of California, 1991.

Bunni N G, Scott B D, Park R, et al. Stress-strain be-
havior of concrete confined by overlapping hoops at low
and high-strain rates-discussion[J]. Journal of the Amer-
ican Concrete Institute, 1982, 79(6): 496-498.

XUy, #0000, A 2 T 5 B R TS LR )
T 9 M A B n T i WE ST [T ). A R AR AR R, 2007,
29(2):237-242.

Liu R Sh, Hu Sh Q, Shi H B. Study on seismic loading
of pseudo-static approach used in the seismic design of
underground structure [ J]. Chinese Journal of Geotech-

nical Engineering, 2007,29(2) :237-242. (in Chinese)



(17]

T2 37 b 72 % 4 A - GB17741—2005 [S]. 4t
AU E R E H RAT, 2005.

Evaluation of seismic safety for engineering sites:
GB17741—2005 [S]. Beijing: China Standard Press,
2005. (in Chinese)

A5 AE L TE R 2o o 2R 68 R0 WG 58 s DX K S 1) 5 o
JBE B R i 5 O AR [T ). 7 95 A B R, 2006, 1(3)
206-216.

Yu Y X, Wang S Y. Attenuation relations for horizon-
tal peak ground acceleration and response spectrum in

eastern and western China [J]. Technology for Earth-

[19]

quake Disaster Prevention, 2006, 1 (3) : 206-216. (in
Chinese)
TRARTE A ARTE KR S5 5 A BE S PR BT S Y
fige BT M L1, 55 0 J1 % 5 TR 2% iz, 2008, 27 (3) -
543-549.
Zhang D L, Yang L D, Xie Y L, et al. Analytical solu-
tion for aseismic design calculation of shield tunnels[J].
Chinese Journal of Rock Mechanics and Engineering,
2008,27(3) :543-549. (in Chinese)

(AL B HE)

IR 2R 21IR SR JUIR SR QIR JTIE S1IE SNIE SHIE S1IE 21IE 2TIE 2HIR 2R IR <HIR 21IR IR JUIE SR SR JTIE J1IE SNIE SUIE SHIE ANIE VIR 2118 21IR SHIR SHIR 21IR J1IE J1IR SR QIR JTIE S1IE ANIE SUIE SHIE S1IE 2VIS 2118 21IR SR SHIR SUIE SR J1IE J1IE 4

(E#EEs572])

[4]

Sathiparan Navaratnarajah, Sakurai Kotaro, Numada-
Muneyoshi, et al. Seismic evaluation of earthquake re-
sistance and retrofitting measures for two story masonry
houses [J]. Bulletin of Earthquake Engineering, 2014,
12(4) :1805-1826.

WHRLRG, A AR AR 2R, A5 A BT ST LA T AR e
il 5 I PLRR PR R IR W 5L [T ). T AR BURR 55 ] i i
2011,33(6) :58-62.

Zeng Y Zh, LiB H, Xu F Q, et al. Experimental study
on seismic performance of low-intensity brick walls with
steel angles and packing belts[J]. Earthquake Resistant
Engineering and Retrofitting, 2011, 33 (6) : 58-62. (in
Chinese)

W R SN =y R AR IR WS e
W98 54 BROCHE A 23 07 [ D ] i R U b [ 2 Ry T 72
J12#E 5T, 2011

[7

(8

]

]

Yao X Q. Polypropylene band strengthening seismic
test on tibet single masonry of regular plane and finite el-
ement simulation analysis[ D ]. Harbin: Institute of Engi-
neering Mechanics, China Earthquake Administration,
2011. (in Chinese)

PRI KA JGT/T101—2015[S]. L 5T
HEH T H AL, 2015,

Specification for seismic test of buildings: JGJ/T101—
2015[S].Beijing: China Architecture &. Building Press,
2015. (in Chinese)

SRR VRWE SR 5 AR T WA 5 2R 1) 57 8% A Y SR
[J]. £ AR T R4 ,2013,46(H 1) : 111-115.

SuQ W, XuH, WuH, et al. Research on inter-story

I

displacement angle of brick masonry structures[J]. Chi-
na Civil Engineering Journal, 2013, 46 (Supl) : 111-
115. (in Chinese)

IR SIS 2118 SR JUIR JUIR IR JTIE S1IE SNIE SHIE ANIE VIS 2TIE 2HIS 2R SHIR <HIR 21IR J1IR JUIE IR SR JTIE J1IE SNIE SNIE SHIE ANIE 2VIR 2118 IR SHIR 2HIR 21IR J1IE J1IR SR QIR JTIE ANIR ANIE SUIE SHIE 21IE 211 2118 211R SR SHIR SUIE I J1IE J1IE 4l

(LEE578™)
[11] JesZ 2%, 5RI0  JBSF 45 . 3 00 ik LTS #% 2 Se 45 )

[12]

SR T I R (T]. e TR S TR R 2, 1996, 16
(2):87-94.

Long F X,Zhang X,Gu P, et al. Problems in seismic re-
sponses of structures under the control of tuned-mass
dampers[J]. Journal of Earthquake Engineering and En-
gineering Vibration, 1996, 16(2) :87-94. (in Chinese)

HE R, AR A T AT PR M Y Kanai-Tajimi #E
RIS RO e[ 1) A R R TR, 2004,20(3) : 114-118.
Bai G L,Zhu L H.Study on the parameters of Kanai-Ta-
jimi model based on the code GB50011—2001 [J].
World Earthquake Engineering, 2004, 20(3) : 114-118.

(in Chinese)

[13] Den Hartog J P. Mechanical vibrations [M]. 4th ed.

[14]

[1

5

]

New York: Dover Publications, 1956.

Tsai H C, Lin G C.Optimum tuned-mass dampers for
minimizing steady-state response of support-excited and
damped systems[ J]. Earthquake Engineering and Struc-
tural Dynamics, 1993, 22(11):957-973.

RS, £, £ AL 5 b B A6 F HCAFEZRO OF
FELT]. b TR S TR k30, 2010, 30(6) : 65-70.

Tian Q Q,Feng B, Wang Z F, et al. Study on self-dissi-
pation effect of earthquake total input energy[J].Journal
of Earthquake Engineering and Engineering Vibration,
2010,30(6) :65-70. (in Chinese)

585



