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Abstract

A weighted linear combination of seismic fragility models previously developed for
cut-and-cover railway tunnels was presented and the appropriateness of the combined
model was evaluated. The seismic fragility function is expressed in the form of a
cumulative probability function of the lognormal distribution based on the peak
ground acceleration. The model uncertainty can be reduced by combining models
independently developed. Equal weight is applied to four models. The new seismic
fragility function was developed for each damage level by determining the median and
standard deviation, which are model metrics. Comparing fragility curves developed
for other bored tunnels, cut-and-cover tunnels for high-speed railway system have a
similar level of fragility. We postulated that this is due to the high seismic design
standard for high-speed railway tunnel.

Keywords: Cut-and-cover railway tunnel, Weighted linear combination, Empirical
method, Probability of damage occurrence, Seismic fragility function
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AHE7 IS o et mlsi i AiEE-2 o 85te] AT e 541 o] U HEHARE Aol A= 7
5 7SSl 7 A= o] At de Bk ] flste] HefRt B3] ARF ek A1 vl 4

Zaetedet. A S A o & Z]xiujsfie]] Pt 224 B'd o] A1 et HisRt Hofe & 2=

O EhEt, ol B =] 25T A1 B 52 URIAA 710l ofsf 71915hs A o= Tk

Z20f R 1, 49 715 28, A34 P, wshryelE, A% 85
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ol A= 2016 W 2017 AEAQl & 0] 21712016 My 5.8 AFA]Z, 2017 M 5.4 EFA| )02
Il AAIA, ARA o2 2 wshE YAk ol= 1 old §Hte= X7 QEAR 7 o w, Z|71ef TRt tjH] 7}
T Qoihe Z& AR oof et = B H L op 22 U] WA AR O] 255 o A RF o E A1
ES a7t Qlot syl WA AES T8 B BE, W 5O FERER FAAE ] ik o2 S e R EE
of| thet 2|7 FH = 2315 B7F IRIAA|, 2170 A wlof A7k 918t =8 501 P 12z et it
T 95t Argyroudis and Pitilakis, 2012; Argyroudis and Kaynia, 2015).

A 7F o B2 | A9 [ (Peak Ground Acceleration, PGA) ‘5 13- 2710 Ad=F2]91 7] thgh
FolX RHAVSEN O] 2 EES o]tk (Kyung et al., 2016). A XIFoFE okp= %L‘EL 2] 27212 S~ (Prob-
abilistic Seismic Hazard Analysis, PSHA)2| 2o} Fotole] thit 1222 SEE4 YA H7KSeismic
Probabilistic Risk Assessment, SPRA), = Z| 22|52 Qloto] Z == thaFet 1129 §_}74] A Z2akERE-S A
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2. 7jatAl E{Y LR BO| 7|2 2|ZZ| ks §H4 H|
2.1 CHAF 7|2 Z|R1Z|ete. oEll

2 AelME 7] AN 4709] AR A Bd 220 ARIFefE Hels 7AISEAL fitt Kim et al.
(2014) (Model 1) 4] 3-8 59 1E5E T BES tld o= YIS IHIB7 IS aisto] 21 Fofe Rdls
7HEFSIRATE Huh et al. (2017) (Model 2)2 24 AEEZ3 2| E HEAEE-S o 2 slof Raf], F51E, A
712 Z ol B2 1A A7HH Bl'E 917] glo]o] 9] &/dof whE F ot RS A|ASHIT. Park et al. (2018)
(Model 3)2 T4 7i2HA] AR E HE BldS o s BEg 7idsigirt. nRx]to 2 Nguyen et al.
(2019) (Model 4)+= Park et al. (2018)2] ¥I4-& 7sto] Thl, A, A0 734 AIF T2 E HAsdS
tiro 2 mdle Juksleict

2.2 ARt 4 I A3}

ARF = A 710 ihE FEE0] SFEHES LERdT: whebA AFH T ok 7S ffsiA= A
7 A710) whg EFEE 9] Alto] AdgE ofo jitt. SAYSES ok WHolls B A BT A4 Bio]
ZARICE 2 Aol et =l A BE i 4719 HEE2 x4 Wi O & B Hofe 412 /i
SFROU, ALA (2001)2F o] 2|31 A8 & B wjsf 171 Bl 2|71 0] 2718 2kl o2 or FHofe SAl
= AN A EARIC

222 ihd o 2 B go] 248188 ol Aale TR T T (Park et al., 2018). 0|25 Aap= 1 47)
DeloA] 25 o 2 AR

1) 711} A 252 1202 A S7HIF ANk A4

ol

3) 1O s Avt= P53t AHEgHE H9E 2)0] Bd - o] A-85te] 9 BHE ALt
4) £/3A)%(damage index, DI)E 715502 B'd 9] =/ Hl(damage level, Dy) 74 ©]

5) A -2-5-2 7S 1)0llA] 4)7kA] o] HAE Hhs

6) MATE F3sled 716t 7|5 PGAOIA] Dy 2 oAYEHE(&A8HE) Akt

O

Pol A Tejgh 4] Rl B 910] AR 2 PGA-HFE HlolE}S o} §510] ok 417} 22 PGA
ol thet AR o] A EU L2 | F o : 35 A oJ513 Tt Shinozuka et al., 2000).
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AN TEE| SHEEY BA0IN B0 SR Qolrk YA ARte] e % Fri
E/90) 7padg mefel] ool chegel sgol et 7k melolq Hefet AeAunte) e ket 2k

Model 1 : AA7|&7 5t Fetohe SlaAxlut 171 /st 2719] AA3n | 5e @AV 17145

(0.154 g)°ll 7ok =5 vle]| 275t & 3709] A uhE ARE:

* Model 2 : =} 23171570 2= 2ot A3l o] REstn =, WldA|Eo] AAAHE- T} fFARE A~
HES 7h= 5507119 Aol 27 =g A% A/ T2 17 (QuakeGem)& 01851 A3

* Model 3 & 4 : 715 5 o1F2] 207119] =] AR} AS7 152 A

7} el ARl ute] ok, Zi4, §-30] Table 10 20750 glom, AR8% A2 Xuk= Table 201
“gelst et

Table 1. Summary of input potion characteristics used in previous models

Model 1 Model 2 Model 3 & 4
Magnitude range - - 5.7-7.6
Numbers 3 550 20
Type Empirical + Synthetic Synthetic Empirical

Table 2. Selected ground motion records used in Model 1 and Model 3 & 4

Model Event Station Year Magnitude PGA (g)
Hachinohe, Japan Tokachi-oki 1968 7.9 0.170
Model 1 . -
Ofunato, Japan Miyagi-ken-oki 1978 7.4 0.161
Cape Town, S. Africa Capetown 1969 6.3 0.384
Model 3 & 4 ——
Chichi, Taiwan CHY-101 1999 7.6 0.183
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Table 2. Selected ground motion records used in Model 1 and Model 3 & 4 (continued)

Model Event Station Year Magnitude PGA (g)
Coyote, USA San Juan Bautista 1979 5.7 0.124
Duzce, Turkey Bolu 1999 7.1 0.727
El-Centro, USA Imperial Valley Distr. 1940 6.9 0.400
Hector, USA North Palm Spr. 1999 7.1 0.265
Imperial Valley, USA Elcentro array#1 1979 6.5 0.169
Kobe, Japan Nishi-Akashi 1995 6.9 0.509
Kocaeli, Turkey Arcelik 1999 7.4 0.218
Landers, USA Yermo Fire 1992 7.3 0.244
Loma Gilroy, USA Gilroy array#2 1989 6.9 0.170
Model 3 & 4 ; :
Loma Gilroy, USA Gilroy array#3 1989 6.9 0.357
Mammoth Lakes, USA Long Valley Dam 1980 6.3 0.430
Nahanni, Canada Nahanni-Station #3 1985 6.8 0.148
Northridge, USA Beverly Hills 1994 6.7 0.217
Northridge, USA Canyon Country 1994 6.7 0.098
Parkfield, USA Parkfield-Cholame 5 w 1966 6.1 0.357
San Fernando, USA Pacoima Dam 1971 6.6 0.209
Tabas, Iran MHUD-Bajestan 1978 7.8 0.899
Whittier Narrows, USA Rancho Palos Verdes 1987 6.0 0.186

2.4 € 72 5M Hjm

724 B9 9] 2108 AR5 | 915 Model 2-40l144= | sf4 =2 739l SAP2000-3 AFE51.C.
1, Model 104= ARgE = T1glio] i7|w]of QI Qdt. 2 Hdof| A ARESE siA €] 7l Q4= thaat Zom,
Table 30|14 2 i&l ' x5 o] ARG H4=0] h5 Q.oFsl3itt
* Model 1 : 51144 % B4 O] U715 o] 87 Atz 5e izl 87t 8

H AT
=
Bl A2 A S o] AR B de ool F27AE 141 A A7 VS T

O - 1= =1 AR— s T 1— '_I
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A7 S stk
+ Model 3 & 4: ©] 57 2l EHlai (2005)¢] AV 54 2|78 2amsto] shake S-shgict. € F 4
12 A9 2] 45 2188 Telol] 1) elele| 5, kst 2 st ejsl o, 2pote] A
& Al AL YA 7 HMLTM, 2009)8] B2 ntel ARk ZukS el o 2 At
A5 A8 ASHS 2T Aamelel 28519, Askegie welsh gt Fol Belgat 44 Ee
ﬂK@hnkN/mu 5SS ALt Ake] WAB S Dok Slol e F4 Aol el S7bi g A
AL sho] 2§ ok, TokbH]i 032 8519t BE Y] AL Fig, 1(b)2} o] T ups
Ewom T2 B 98 BRES Bloh] Slel e ool o] EelEet B2 mie] v AR B
2 #gatgck

=

3!

Table 3. Values of numerical analysis properties per model

Model Elastic modulus of Poisson’s ratio of soil Compressive strength of Yield strength of
concrete (GPa) concrete (MPa) reinforcement (MPa)
Model 1 - - - -
Model 2 30 0.17 28 400
Model 3 - 0.3 - -
Model 4 24.8 0.3 27.5 413
| 29300 ,
I I
/1000 27300 1000 g
18l .|
‘___ § [ - I_ _________________ .: L‘%
| :
o [ !
(=] o 3 .
8| @ 3 i [
| :
I I R i
s - B
g 1000
(a) Model 2 tunnel cross section (b) Model 3 & 4 tunnel cross section

Fig. 1. Cross section of tunnels: (a) Huh et al. (2017), (b) Park et al. (2018) and Nguyen et al. (2019)

2.5 7} RO el 72

ey TBe] ARk 58 o] Sl SIHD) S 7170] Bastc 2t e D, 2 2ol
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* Model 12 BA7}F 714 1L Q= 123 B350 X721 Q41552 H]Ql 9FA-E(factor of safety, Fg)oll 2]7{5}o]
D& okt

Model 2+= Dy B7F FE222] 270l 7]1Zsto] 24161300 Fig. 29k 2] Bds 2o 52= IHsl
Y] BofA] FE-o] WAk 2102 7HASHAY, HY o] 4~ W92t PGA 0] IAId-2 Push-over ']
O = ALFSEAT. Push-over SiATH-S 25 WXI/ds B4 ARS == 0 2 2] XskE 284l 2]
g FAE YA 0 2 Agolo] L2250 HAY SHe FHoke 2840 o th(Kim et al., 2006). 2 E
Jof| ot Thee el o2 Ei“*"ﬂ oigt 24 ol = HEste] ZF207H Caseoll Hol w492 =353t
1% 2Ae F0l Dol Bt gro] HE R ekET B EolH| = S4AIHDDE 185l Dy 7= 7St

Model 3 & 4+= B2 Ze| o TSI 24 219 72 DLE oI5t 2H, Lee et al. (2016)°] 7t
=TS 7= TSI Dy 2, 3, 4= Z12F 278 RIAI9) 77T, 2, 35 25t gholH, ool 485t
£ DIE A DI SR ESH FERHIE S| Hlgz 7 ol=|n] Hle s} ehdsiile Hagste]

ART=I 1.

Table 4= 7} @& 9 D, Aojo] A4 Fyo} D] WIS Leic,

@
4

Fig. 2. Inspection point for the hinge model

Table 4. Definition of damage level and corresponding damage index

Damage level (Dy) Model 1 Model 2 Model 3 Model 4
Dy, 2 (minor) Fs = 1.6 09<DI< 1.7 1.0 < DI<1.2 1.0<DI<1.2
Dy, 3 (moderate) Fs < 1.0 1.7<DI < 2.1 1.2 < DI<2.0 1.2 < DI<2.0
Dy 4 (extensive) Fs < 0.67 2.1<DI 2.0 < DI 2.0 < DI
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2.6 |21z e

FloFe 4L pGA 0] Z7 o] W2 £A48HE 0] Z712 HojZth Model 1, 3, 4= PGA7}2F0.07 g oAol|A]
HE 1% olge] nparjghEo] Wisto] HatH o &2 F7Fol= BHHol, Model 29] 73-9-=PGA710.5 g & W& &
Ao mt|ghg o] 7 ok S & 4= Ut B2 PGA 9 Hislo| A F25 ntaghg o] S7he mElo] Bahilg
o] Y= Z1& ofn|gitt. of| & 501, A2 o 2 E8hd/do] & Model 17} E8H4/J0] 22 Model 2-& H| /5]
K, Model 12] 74-¢PGA=0.3 g 2 0.9 g& ] £42H50] 20% 2 85%= Z12H2] PGA]| S 4 od o] &
o] ZA|5H, Model 22] 3¢ 48R E 0] ZF2}0%2} 100% 2 5L FPGA 0] Hstoll A Model 1 2ot o 2
ARt Aol 7-S LEhdiTh, wheba] 2|31 oll A AR whSHE0] F7 k= &/dof ol tieh R B

L

Table 5. Fragility function parameters

Fragility model Damage level (Dy) Median (0) Standard deviation (6) Weight (%)
2 0.3
Model 1 3 0.61 0.71 25
4 0.74
2 0.3 0.09
Model 2 3 0.61 0.09 25
4 0.74 0.1
2 0.58
Model 3 3 0.67 0.63 25
4 0.83
2 0.73
Model 4 3 1.23 0.74 25
4 1.92
1 1 1
om| T 0.9 0.9
0.8 —=— Model3 0.8 0.8
-} 07 :I\izii:ed Model = 07 = 07
? 0.6 ‘I'-I" 0.6 ‘I'-I" 0.6
A o5 A 05 A 05
Z o4 S o4 I o4
& o3 e o3 & 03
0.2 0.2 0.2
0.1 0.1 0.1
0 0
0 0.10.203040506070809 1 0 010203040506070809 1 0 010203040506070809 1
PGA (g) PGA (g) PGA (g)
(a) Damage level 2 (b) Damage level 3 (c) Damage level 4

Fig. 3. Seismic fragility curve by damage level for Model 1 (Kim et al., 2014), Model 2 (Huh et al., 2017), Model 3
(Park et al., 2018), and Model 4 (Nguyen et al., 2019); Combined model is also shown
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= o™ A Aol 7 F EASHA] ¢, 7t RElE B QAFE F|Aslehs WRko = AU E ok 7HY
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Table 6. Fragility function parameter of new model

Damage level (Dy) Median (6) Standard deviation (4)
2 0.5375
3 0.7925 0.5325
4 1.075

HollA At A HN e o= =l 7Habe] i AL B do] oot Z|F e ol 2184 87}
+ TV el vheh A msireete] vl 2 5E SRE 4= QLo AAEA] el A #[%1e] olet Bd 2] 1
Shh= Hare o] glt. o tollA= A Aee] Blart obd =2h Bd Ee =] iabA] Bd oV A
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o fete] vl S Zlsfisto] AAgE =] ZHaHA] B9 o] 217130t 9k HA/dS Hrstazt jitt.
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Fig. 4. Comparison of seismic fragility curves by tunnel type
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