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Fragility analysis of tunnel structures based on the

vector-valued intensity measures
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Abstract: This paper presents a vector-valued fragility analysis of shallow tunnel in soft soil deposits.
Firstly, numerous nonlinear dynamic analyses were performed for soil-tunnel system, and based on the
calculated results, a series of 15 intensity measures (IMs) were all tested based on their efficiency,

practicality and proficiency, according to the regression analyses between the IMs and the damage index
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(DI) for the examined tunnel. The peak ground acceleration (PGA) at the ground surface was
demonstrated to be optimal IM, followed by peak ground velocity (PGV) and acceleration spectrum
intensity (ASD. Then, the scalar-valued fragility curve was developed in terms of optimal IM (PGA) for
shallow tunnel. Finally, the fragility surfaces based on vector-valued IMs were developed to obtain the
exceeding probability of various damage states as a function of two IMs (PGA, ASI). This study reveals
that the scalar-valued fragility curves cannot represent the effect of a second IM on the seismic behavior of

the tunnel, and the development of vector-valued fragility surfaces lead to more reasonable evaluations of

seismic performance of tunnels.
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Table 1 Damage states definitions for tunnels
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Table 2  Selected earthquake records

&4 Ffy R%M. R/km  PGA/g
Northridge-01 1994 6. 69 19.73 0.23
Parkfield 1966 6.19 12. 90 0.24
Loma Prieta 1989 6.93 77.32 0.16
Kern County 1952 7.36 38. 42 0.15
San Fernando 1971 6.61 19. 33 0. 34
Imperial Valley-02 1940 6. 95 6.09 0.28
Superstition Hills-01 1987 6. 22 17.59 0.13
Parkfield-02_ CA 2004 6. 00 1. 63 0.62
Imperial Valley-07 1979 5.01 13.61 0.19
Tottori_ Japan 2000 6.61 6. 86 0.39
Kobe_ Japan 1995 6. 90 3.31 0.32
Borrego Mtn 1968 6.63 45.12 0. 16
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Fig. 3 Acceleration response spectra of the

4 5 6

selected earthquake records

2.3 tHEERR

SR Abaqus B4 - T N AE S A4 38 57 8 4y
Py, R T S AR RN P 4 iR, N T I BR
R 13 S5 3550 7 ok K T 24 ) L 7 S 17 A R ) L ST
BRICFERE R 400 m, 326 K T MR BT LA #HY
() 6 fEah P B0 R, e AR RN [ A S5 4 40 2 5
A 000 5 S e b Y A5 AT DR MR A T ok B
Yliz ol , S8 HH R B O g AR JE o 45580 350 100 5t it
FHIE%R . BHE 28 280 C 7% Lysmer S 153k, 0]

ML B o SA B IR Vo, S B B JE 28 B
() A% THI R A ARSRAR 2], 1R
C=pXVy XA D)

FRAE Lysmer SE1SHERE 14 5 1% AR % 38
B R HEAT G 330 43, I % 1 245 g ) 1L ) A 1)
K& AT I AL B PR SE R iR . X T -
% 18 235 P 5 fioh SR T JHCY: [ oA R f D10 1) 01 FH S W0
FERIEASAL . 430 2R FH IO 4 s S T 07 A8 ok 45 AR 73 B
JC(CPEAR) R 5 2 5050 (B2 1) AR AU A4 S 4
). WA )R] FH i AR R AL, AR P A AR 2
VLSS G B IR FEAC TR EB MBI RIS . L ARBHJE Ll
IR 5% . BT 30 Jyme )i 43 B v AR B BE e L Bh
A PRI X DA S 3 BORE S 1 BELE L R IR I
R [ R R O B R N2 A B 9 SR A e a8 7B )
B MR JE A ik e F T IR S $2 1 T —Fh
(5 A e R B3R s AHZ TR . AT
fAT ik, e 2R e B 5 Y04 R HARBHE L, i BT 4k ik
FIRHJE FAE Bl Hopth 2 0 Tz R H L il R
HRARTLAL IE Y 6 AR E TR 3K BH e S 80 IE v B+
PR THD ) BEATAR f FUH 5 IR 5 1

GRS eR e 2 = VA e U N ST Y 3R =R R
WE 4 fR. A T G HEBILRR 18 45 1 19 52 1R
TSI T R A ARAS SE R RN E AR TEEE TR Y
WIUR I T3 5341 5 SR J5 AR A RS FS 3 4o BHLJe #% /K F- J7
T Jfh o135 ] 1 49 ) B 170 b 7% U0 R 8 1 b 22 B
) o AT AR EAEAN [ M2 58 BT 1Y 3l g
BRI INEE B LL 0. 1g M3 EE, N 0. 1g TS
2 1. og gk I K AR L 3 i . (S
TR, R T Ao A, IF R 7% 18 % ) b 722 3l 5%
M2, S X K SF- BY 4 7% 3 Je F 1E— 2540 #T

3 MRSMESH

3.1 ETHREIMAESREMELET

D) HURE S5 24U IMs

bR By S R 5 T o T R ) P A3 B S
BCHEAER PR DGR R, TR L A B X L R I
WAV, 3 4 TN T Y 15 A HuiE sk
FESEL IMs , Hog ORI AT 2 3 26 v AH 1 1Y
S SCHR AR AT S, — BT X 15 A
IMs U3 3 2 SHRSIIFEARCHPRIE R IMs, 4 PGA.
PGV.PGD,SMA F1 SMV ; 55 #3450 A5 ¢ il 49 1%
A IMs 4 ASL.VSI Fil HI ; 5 lR(E SRS FRe A ¢
(254 B IMs, 11 A Vs Do Ins Ico CAV
1 SED,



hy
2

% 54 RIEAE, 5

AT R BHEH R

A

Rew g 18 25 A 5) B 5 AT 61

Bkt -3 Mot 4
S Al

—F Mgz —

— ﬁﬂii&a(D_'
D —

USR] j:{:kﬂ’—fﬂﬂ‘zﬁféi: [hZ:Z2 P

400 m

4 HEKR
Fig. 4 Numerical model

*®3 ERMHEIEESE IMs

Table 3 Selected ground motion intensity measures
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Table 4 Regression parameters

Hh R B 5 B EYE| [EYE| [:BS

S IMs FHa ES Q) FHR?
PGA 3. 086 0. 860 0. 859
PGV 2.223 0.597 0. 804
PGD 2. 649 0. 229 0. 194
SMA 2.872 0. 450 0. 434
SMV 0. 507 0. 332 0. 340
Ams 7.729 0. 603 0. 643
Vims 0.616 0. 422 0. 438
Dims 3.168 0. 196 0.162
I, 1. 201 0. 259 0. 527

1. 3.536 0. 376 0. 583
SED 0. 444 0. 160 0. 316
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Fig. 12 Proposed seismic fragility surfaces of examined tunnels

3.3 EFmEIMEXREIMs NitEER3T L
S

Kl 13 S LL PGA by i sl B 25000 5 45t it
2 50L PGA F1 ASI by 172 51560 B S 500 & 14 il
AT PR X EE 5 23 DG R Bl L rh AR IR . TR oK
SRR FIE T IR IM 5 ik ih 2k, Ho Ay 54k
TR IMs 1 Sy B T b R, X i AST 53
BT 0.10,0.25,0.5,1.0.1.5 g « s IFAY L,

FH L 12 Aot B AT SR AR i TV ST 19 i
GyP 2 SR R T I 5 ot i i T 445 10 Y
5 Sy itk 2z i) X TR — 02 19 PGA LR H
P IM B 5 3 M 2 3045 1Y) 5% 1 88 AN [ i AR
AR 3 — B 2 (HL, I 2% T 2% i IMs 1) 5 4
PERIAMEZSR I g — A X RS, RS R R, 5
Fhri IM 55 P i 26N 6 S e HoAth 75 sl ik i
SO BEIE R SRR /N 2 ) T 3 T 2K 2 IMIs
1) A P i T AT DA A5 S B T 22> M AR B
005 R P o 1 e SRR 23R 114 78 Ak, L 45 SR AL T g A

PGA/g

PGA/g

(o) PZHEBIR
B 13 SiRMHES 5IR M &It

Fig. 13 Comparisons between fragility surfaces

and fragility curves

. P, SRR i IMs 547 & 5 451 M 43 BT e
SRR X B TE PR R RE A A

4 £ig

BT X A PR G FA) R A R T T MR 5 Bk S M
WEFE BRI T HuiR 5 B 43 A v i & B8 IME, 43
ST T AR IM ) HRE B B 2R R SR
IMs (F)H07E 5 1500 il i, F 2647 T X5 b, 3R 15 4508
ﬁﬂT

st 15 4~ H i 3l 5k B S50 IMs 169 53 A7 4
o, & B PGA EIEFhRiE IM 1 hzE HE 5 it s
Mriv et IM, & PGV #il ASL I F i et IM
(PGA) #E7. T FH IV 1 o T 1 72 5 P ik T 2

2)FEXF % IR FE b 04 10 U9 43 B Hp, A T b
IM R % £ IMs 15 30 (9 H0A R0 30 4, BERS AH T
U8/ X o T e R A T 114 5 T

3K IMPGA) A1 ASTAE N K& IMs £
ST W% T8 b AR By 45 il vT DL AR AR AT
PGA Fl AST T &AM I8 | v A8 i 5K A ™ 52 i R



% 54 KN F AT A THENDNBEALGEIE M HRELH 65
O3RN [ 7] ARGYROUDIS S, TSINIDIS G, GATTI F, et al

ORFHEA I M T HE T hr e IM ) 52 5) it
Yo, I G B IMs JEAT #72 5 1P 2 RE 5 A7
SRR % 1 1t 5 e A A B8 000 14 88 IO AT )
LA S RIORS o M P A % 8 O DTV BE .

SYWFFELREN . i TR IMs RERIZE 21
RN B AR T AR i IM, 78 b 5% 5 4510 40t b
PR A, LR A B R SO R A4 R
FHHI o

S 30K :

[ 1] HUO H B. Seismic design and analysis of rectangular
underground structures [D]. West Lafayette;: Purdue
University, 2005.

L2 JAbET1, ENI, BRAEE.  H AR HLRR TR TT Ak 22 ol

MR ], Bl R K TR 4k, 2016, 36
(2): 165-171.
DU X L, WANG G, LU D C. Earthquake damage
mechanism analysis of Dakai metro station by Kobe
Earthquake [J]. Journal of Disaster Prevention and
Mitigation Engineering, 2016, 36 (2).: 165-171. (in
Chinese)

[ 3 JHWANG J H, LU CC. Seismic capacity assessment of
old Sanyi Railway tunnels [ JJ. Tunnelling and
Underground Space Technology, 2007, 22 (4):
433-449.

(4] Fugige, 5697, S0k, 5. IIARRETR AR EE R

SHUR AR ZE S PN [T ] e K2 CAARRE
SR, 2012, 43(3): 1122-1130.
WANG Z Z, ZHANG Z, GAO B, et al. Factors of
seismic damage and fuzzy synthetic evaluation on
seismic risk of mountain tunnel portals [J]. Journal of
Central South University (Science and Technology) ,
2012, 43(3): 1122-1130. (in Chinese)

[5]SHEN Y S, GAO B, YANG X M, et al. Seismic
damage  mechanism and dynamic  deformation
characteristic analysis of mountain tunnel after
Wenchuan earthquake [ ] .
2014, 180. 85-98.

[ 6] =5, Kilf, B0, % FETHEI N5 A
TREFERA MRS IR E L)), S A S
TR, 2012, 31(4): 703-712.

CUI Z, SHENG Q, LENG X L, et al. Performance

Engineering Geology,

based seismic stability assessment of large underground
cavern group with incremental dynamic analysis [J].
Chinese Journal of Rock Mechanics and Engineering,
2012, 31(4): 703-712. (in Chinese)

Seismic fragility curves of shallow tunnels considering
SSI and aging effects [ C]//2nd Eastern European
Tunnelling Conference Tunnelling in a Challenging
Environment. 2014. 1-10.

[ 8 ] ARGYROUDIS S, TSINIDIS G, GATTI F, et al
Effects of SSI and lining corrosion on the seismic
vulnerability of shallow circular tunnels [J]. Soil
Dynamics and Earthquake Engineering, 2017, 98: 244-
256.

[ 9] k&Rt T OpenSees HAZ HL 3l BUK 45 44 #1732 S 5

Syt D], BUl . WL, 2015.
ZHANG Y Q. Seismic performance and fragility
analyses of water intake structure in nuclear power
station based on OpenSees [ D]. Hangzhou: Zhejiang
University, 2015. (in Chinese)

L10] Bh&iE, HkSE, MWL, 55, 5T IDA Jrikmym )z =

b T AR R i e [T ). A LR AR,
2020, 42(5); 916-924.
ZHONG Z 1., SHEN Y Y. HAO Y R. et al. Seismic
fragility analysis of two-story and three-span metro
station structures based on IDA method [ J]. Chinese
Journal of Geotechnical Engineering, 2020, 42 (5):
916-924. (in Chinese)

[11] HUANG Z K, PITILAKIS K, TSINIDIS G, et al.
Seismic vulnerability of circular tunnels in soft soil
deposits: The case of Shanghai metropolitan system
[J]. Tunnelling and Underground Space Technology,
2020, 98. 103341.

[12] BAKER ] W, ALLIN CORNELL C. A vector-valued
ground motion intensity measure consisting of spectral
acceleration and epsilon [ J]. Earthquake Engineering
&. Structural Dynamics, 2005, 34(10): 1193-1217.

[13] BAKER ] W.

assessment using vector-valued intensity measures [ J].

Probabilistic  structural response

Earthquake Engineering & Structural Dynamics, 2007,
36(13): 1861-1883.

[14] BAKER J] W, CORNELL C A. Vector-valued intensity
measures incorporating spectral shape for prediction of
structural response [ J ]. Journal of Earthquake
Engineering, 2008, 12(4): 534-554.

[15] AMERICAN LIFELINES ALLIANCE ( ALA).
Seismic fragility formulations for water systems, Partl-
Guideline [M]. Reston: ASCE-FEMA, 2001.

[16] FSPUEBRIHLIE . GB 50011—2010 [S]. dtat: HE
AEF Tl AL, 2010,

Code for seismic design of buildings: GB 50011-2010
[S]. Beijing: China Architecture &. Building Press.,



66

+ K533 LA FROP E DO

% 44 %

[17]

[18]

[19]

[20]

[21]

[22]

2010. (in Chinese)
R kI SR AS PR BT S : DG/ T 08-2064—
2009 [S]. b, b g v 2 5T Al T 3 8 B R
3, 2009.

Code for seismic design of subway structures: DG/T]
08-2064-2009 [ S]. Shanghai: Shanghai Urban
Constructions Communications. (in Chinese)
LYSMER J. KUHLEMEYER R L.
model L1l

Division,

Finite dynamic
Journal of the
1969, 95 (4):

for infinite media
Engineering Mechanics
859-877.

VRSN, RAE T, VRN, S5, M 4R R SN 4 BT
rhg B A BEL e A 2y R LA LT, A R,
2019, 40(12); 4838-4847.

XUZG, DU X L, XU C S, et al. Comparison of
determination methods of

site Rayleigh damping

coefficients in  seismic responses analysis  of
underground structures [ J]. Rock and Soil Mechanics,
2019, 40(12): 4838-4847. (in Chinese)

TR, EUIAE, HRRE. EEL R R XA % TE B R 4
Rt AT L)) & £ TR, 2007, 29 (11):
1733-1736.

GUO J, WANG M N, TIAN S Z. Aseismatic analysis
on open tunnels of freeway in seismic region with
strong motion [ J]. Chinese Journal of Geotechnical
Engineering, 2007, 29(11). 1733-1736. (in Chinese)
TS, EU, FICEYR. BRIE MR ) T A
FIOFEL) ). AR T A4, 2012, 45(11): 166-172.
YUAN S, WANG Z Z, ZHOU ] M. Study on the
model boundary determination in tunnel’s earthquake
dynamic analysis [J]. China Civil Engineering Journal,
2012, 45(11): 166-172. (in Chinese)

EIGVE, i, =3, S M T EPUE TR Sh

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Sk AR ()], R TR A, 2019, 41
(4): 845-852.

YUHT, YANGY S, YUANY, et al. A comparison
between vibration and wave methods in seismic analysis
of underground structures [ ]J]. China Earthquake
Engineering Journal, 2019, 41 (4). 845-852. (in
Chinese)

KRAMER S L. Geotechnical earthquake engineering
[M]. Pearson Education India, 1996.

NUTTLI O W. The relation of sustained maximum
ground acceleration and velocity to earthquake intensity
and magnitude [ M]. US Army Engineer Waterways
Experiment Station, 1979.

HOUSNER G W. Spectrum intensities of strong
motion earthquakes [ C]//Proceedings of Symposium
of Earthquake and Blast Effects on Structures, EERI,
Los Angeles, California, 1952 21-36.
HOUSNER G W, JENNINGS P C.
artificial earthquakes [ ]J]. Journal of the Engineering

Mechanics Division, 1964, 90(1): 113-150.

Generation of

ARIAS A. A measure of earthquake intensity, seismic
design for nuclear power plants [R]. Massachusetts
Institute of Technology, 1970.

PARK Y J. ANG A HS, WEN Y K. Seismic damage
analysis of reinforced concrete buildings [J]. Journal of
Structural Engineering, 1985, 111(4) . 740-757.
PADGETT ] E, DESROCHES R. Methodology for the
development of analytical fragility curves for retrofitted
bridges [ J]. Earthquake Engineering &. Structural
Dynamics, 2008, 37(8); 1157-1174.

(B3 IHED)



