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Abstract

This study analyzed the seismic fragility of bored tunnels based on their surrounding
conditions and suggested a representative seismic fragility model. By analyzing the
existed seismic fragility models developed for bored tunnels, we developed weighted
combination models for each surrounding conditions, such as ground conditions and
depth of the tunnel. The seismic fragility curves use the peak ground acceleration
(PGA) as a parameter. When the PGA was 0.3 g, the probability of damage exceeding
minor or slight damage was 20% for depth of 50 m or less, 10% for depth between 50
m and 100 m, and 3% for depth of 100 m or more. It was also found that the probability
of damage was higher for the same PGA and depth when the surrounding ground was
rock rather than soil. The probability of damage decreases as the depth increase. This
study is expected to be used for developing a comprehensive seismic fragility function
for tunnels in the future.
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ek, ARFIeE 3419 o Y €HE-2 AR IS L(PGA) S HIP 2 Sto] AETh PGAZF0.3 g o v
“d 71017150 mofate] M= vt &= 235k msf 2501 20%, T 1017F50 m oV 100 m ©fste]
oA msf 2HE0] 10%, tHd 2101 100 m o] 2730 msf &-E0] 3% ootz Hild Zlolo] et nsf| 2Hgo]
AP SOl ZhE B]lstolt. Tt A[ito] Eqfo 2 Flofgls mikrt oo 2 Fojols m Ut A PGA
of thsf 22 vivd gololA sl SEo] ZA veht, uid Zlo)7t Zlo 5 5| 2Eo] Aobin. o] A= -
Bl o] 4] 231F e g 7]l -85 AR A o2 7.

20}, ARokE el 2244 BY, A5 AN, T 95

AREHIZO] =2 o] i A Al A A E2EE O] Zig-=2022d 71 2F3,0000474, Ak BlE Y] 7
Q- oF 800974 R AFFRE 472851 QIEHKMOLIT, 2022). E'd 2] 4R B} o]ofA] Q1= 218 Wk
Al2] T Zefghct. o]2lgh wE A|AIC] S EAII] o) F E ER-E vHIAA AFSle] 2z o 2 F of
F&FS 7|AA Hrk

=UolA] B d o] A71F o o] Ofet At F== 7l1AHA Bl dof| tisf] o] o] A th(Park et al., 2018; Yang and
Kwak, 2022). '8 FA| 7§2H4] e'dat 224 Bld & RE =), /H2H] B9 BE5 Al YAlok= 3¢
7h ot 2|5t |e7F A WAgete] 2|71 0 2 QI mlofj7}F 2 HATE|H(Zhong et al., 2020), ZZHA] El'E-2 7]
Zoll fIxIekaL F2 ot &of] QAR 2|71 A] 2|9 1916] F7|7F A4] fot dTiA o 2 g A o & Q14
&]o] gth(Kamemura, 2019). SEAITHZ2HA] Bl E9H B QJE4, B W) A o] Hole B, ©5-2-5, E
d T O] BRI 5ol Sfgh mloli7t HarE]| 11 qlof 224 Bd o] A 713t tigt A7} 8 sfrh(Jaramillo,
2017).

=:9]2] 79 thet Z2h4] B d 2] 2|71 mjafje] tigh A7} 4= =] Sttt Sharma and Judd (1991)+= 1327
o] 2171 mlaf| Allof] tigt A BAIS E5) 21017} 50 m vl X]5} 20| EAto] o Fefsiths A 8

Al 1ty oAU Zo] g5l EAISIATE Chen et al. (2012)-2 52 2|514-& E3l uld Zlo]7} 2|2 mjsfjof| u)2]
£ FFE ZALI oH, 27ute] S22 Qifate] Zlo]et nbgt ol At AIZT Qlckal B4 Oh and
Moon (2018) A% okl oJgt oA 9 FHFE A= 224 Bl glo|d o] T Hg-S B4613.0
o, B9k 2|9k 2704 0] & ¥ 2 TEHE HU7HE Tl B2 9] oS Hrtslint o]t ol vkt

70] 224 Edo] Ask= 1171 wfalel thet @77} o] S04 gkor, B3] 6w Zloli= o] Aot
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Model 1 (Hu et al., 2020): Hu et al. (2020)= -8 &< Ad5to] Z|okd EE-& T2 & Qo 2 231 Rita.
A A2 S skl o H, B AR U Aol Bd o] uivd Zol ¥ Aot R A|A[SH3
o} Ol 8 E-2 217 6.2 m, 2te|'d 574 0.35 m, & EI'E7H 13 m Aol BolA] Q=% B'E 2701w, 280
m 1019 EJA & Hjof|A] 10~35 m Afe] 2] Zloofl Y2t Bd o] Fote S EASIGIT &4 e &4 6l
=, ARt 4, S AR &4, 5ol seAE ARSIk

Model 2 (Huang et al., 2020): Huang et al. (2020)-=> Model 13} 0pz7 1] 2 Afsto] Z|ohd BE-S tid oz
Sto] pAelAS 4-aet 3wl d Zlo] ' ot RE-& AASHITE. Model 1-2 %850 U B'd= oiiA]

QHHFA, Model 201141+= 17112] 9 B'd o] tisl] sAla s=afstoint. Bd ol Al % At =4

-2 Model 17} Zo] A7dstgl om, e d o] mjA Zlo]E 9~30 m& A7J5I3IT Model 17+ Model 2= 22

Zzof| tiofl 241 sEARE sllA& fsll A B'd o] o, 48x|lu} A%, XM A3, &4 A&

7857 L1l AFSERE 84 5ol ZFol7t EAHZITE Model 2 T3F R4 AupE viRf o & It A]ubrs

I (Peak ground acceleration, PGA) & Z|t 2955 (Peak ground velocity, PGV)°l| 7|9t Foke 45

TESHTE &4 dElE ARle &4, S, AT &3] 3eAE AEsh.

Model 3 (Andreotti and Lai, 2019): Andreotti and Lai (2019)%= ZA9} o|&g]|o}E o]o]F= 144k o]

APeTEEE tido= 2 129 X3 8 haol 4eh B'd o] ZX1 sl E HESo] B'E o] -{adxt it
O] E5, Bl'E uld ool e A F ot kS Zdsilt. FoHd W= 2D v SRS 2

-B5tirt i B2 9] Ml Zlol=80~400 m Atojo|H, 2ol & e B ELL 72 FAH AL FHRE
o]}, 44| 7&-2 Mohr-Coulomb 293 AR85131 0, B S HsAS sl 217 sz} dAdst7] 41

& 2told o] 91A]e] 125 e siolrt. A REy @4g = A5 ZEA] gleldo] it & Wk k9]

Journal of Korean Tunnelling and Underground Space Association 189



Seunghoon Yang - Dongyoup Kwak

WIS} L TRl PR e O 2ol o] B4 B A g Ageo] o] T 948 ARg el

g A S 918 A, =
« Model 4 (ALA, 2001): ALA (2001)= H|=, QL& E]7] 5 5112 o]A}e] 2] zlo] Wbt 2] ol 4] 22H4] E]
9| AR A7 5SS ste] 9] HRA AT B ASAT, FAHE E @40 4 €
9 Hlolel S ALg51o] PGAS 70 2 3 @ ok A2 Askct. e199) A1Z 287 A1E 3
o] eI 00, PGAL At H5oNH0] 4718 ALt S e AuIRhE4, 370 &4, A

7% 3THA| 2 A oot

* Model 5 (FEMA, 2004): HAZUS (FEMA, 2004)+= v]=A Atz oA 7idet ofekRt 2o ot
A% mje =4 579 WP E A} Ao 9kpE Al gt A Al Ay & B E B A|E] o g
HHES 2o, 21X1e] o5k AREAQ] A A4S FoE7] flell /= It HAZUS+= Model 4%}
TR 2 7|&4 mal B34 glolHE 7|Rhe 2 2214 ]9 9] PGAZ N Fote 343 AAsHt. &
e Bd o] gtold E S| &4l tholl AAmlet &4, Xt &4, AR &, B3 0] F4TRAE A

Skt

i

2.2 Maliodo| z|obe mTil JjEt 2z}

Pt =214 o] EAfRie). @A W2 1A X1 u]siAR 25 E A7 |7 o] uf
o] (Straub and Der Kiureghian, 2008), <=4

el g o] SAA L 2 24} 3153 Altel= Z1o]thGhosh et al., 2021). 2 A Lol 7
5k= 5709 BE 5 37h= A1 B o 2 27]0] Bl A A W o = RIF ok S Zidete)

2| 2] viH o] el ZHl A= ok 7ehA|9) 2ok Hu et al., 2020).

& RS el AVIAES] 2] §-Sehe a4 42 Aol Helsllok ek 4 18 7
2 upge S|sh e o) A4
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3) FRL $A R B FH Agol2] S

4) FoFz 24 el BT AAE F57 49
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ofgiel Arpe f[slA oz AT 371 RllofM £-52 08 ARG Fig. 12 AIsiA 2= 7l F

op malo] RS AR o Uehiick

K | 1D equivalent linear Method
| Tunnel Model i—‘—l Soil Model |

SOII_Tunnel Dynamic time history analysis .
Interaction Ground Motion
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Fig. 1. Flowchart of the seismic fragility analysis procedure using numerical simulation

PR = F=2elA 715t Foke il Fjdof| k] 4 250 EeAdS Aok a3t Q1Atoltt. gyt
2 0 & 10~20712] AA| 7152 2|3lute] BeMAdS Aot ket 4= 9l= A 02 i JITHCornell and
Shome, 1999). |54 7|Hto 2 ok mdlS 7iret Model 1~30f1A4] AEieh Q2 x| xlu}o] 7/j Q= T2}
71—1;}-
= .

* Model 1:8g =7 F=) 2] YA =2 F£510] 30 m Zo7EA] Q] A7t 718 B AT (V) 7
200 m/s 191 PEAE o 2 sl om, T ] 2]719] S Eol7] $1all I A=) 10 km oV 715
= A5t Rt 2 RIS A 0 2 A § 24 QB ko] W A3-& AlASKA Z 1578
O] X2 ofg Z|7ukE A5k AR YA XIne] 1= 5.3~7.62, PGA+= 0.11~0.68 g, XY =5

E12] 71213 10.39~69.62 km, Vs3@t2] 9= 133~196 m/se]ct.
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« Model 2: Model 13} 07 A 2 Y2144 FEL} AJHkE=0]] 7| 2ot A|Uhe5-2 A AT 2] R elof A
A Fe] £2]7F 100 m Zoje]at, 1 fIx]eflA] 2] Ve 500 m/s 2 42751517 whzol A8FSFA E=B
(Vss0 = 760 m/s) 2] 715-& &5ttt 2| 71uk= 5 12718 ARtk 2719 115 5.01~7.36, PGA
H 91 0.13~0.62 g2 A6t A2 RE] 9] A7) 1.63~77.32 km= LA A AEE] A 2|77}
A R QLS

* Model 3: RHAIELR 604 Z19}712] 20 km 1|7He] 7128 X453t oo whet PGA 2] 19] 0.1~1.4 g2]

2| Ru} 7125 A5t 2 a4 A] oFEte] ZHE Z]4(Geological Strength Index) S 15, 25, 352 HSHA]
719 sf}A-& ZsgstSit.

AR ARHEE 0’6}% 74874 2Rl Model 49] 7 vl=, Y2 5 11 6.6~8.42] A XA A=H F
217719] T5f glo8 & 4=315}e] o] ZldhE| Qi) £~ do]e] ZollA] 1994 Northridge2} 1989 Loma Prieta
A7 2} 3171} 227H4 Alo]AE 7121 9l om thE-E2] Hlo[Ef= 1995 Kobe A ZIoA HAYE wla)= /g
&]o] QItk Model 59 78-9+= ARERF A1 ZQ1 2131 AR} 2gtE|of gl ik

2.4 &8 HEll 2 &4 Al He|

A A= A R 2R -SH TR E A A HIE Qln]oh, JREAEC 2 DS (Damage State) 2 EH
2t} DS 24 ¢l3(None), A U]gH £/(Minor/Slight), 57+ £~/3(Moderate), 23+ £~4(Extensive), 5]
(Collapse) o] SHA|Z 7 4= QLo &4 ot 5= Ao AeHA] fhom g = Zu|eh &4 R H 47}
A7 9] 3?_}7415 Ag]tt DS 9] ZF THA|of| A-goh= A EE &4 Z]4%(DI, Damage Index)2t Stct. F|oF
T nde Eﬁf_’} Zifel= 4 2HE-& Aok Aol 2=, DS /84 A ojet Die] Fol= FoMd 3
71| mij-¢- 6]"—4'-

2 quﬂj\i]— 7} Aol A AR =2 Bl'E 2] DS} DIC| A 2of] tisl| AEsHIT:. & X wgof| A= o)
Hejet SR 2 38 5 ‘% DIZ shu, 2214 Bl gt 22 A doflA= FHUE Hl&-S 7= DI=
A2 Model 1342 25 DIE B THH O] R E 710 (Myp)@F ERHE(M) 2] H-&(M/Mgp)S AH5H
o} FRuEL $2 Aj7lo]d Balo 2 Axtslon, FnuE i gdo] stk E4L Telste] At
513k Table 1-2> Model 12}20]14 AR5 DS ©HA|o] mh2 DIE LR

HJ{HJ

Table 1. Definition of damage state and damage index for tunnel lining (Hu et al., 2020; Huang et al., 2020)

Damage state Damage index (M/Mgp)

Minor/slight 1.0<DI< 1.5
Moderate 1.5<DI £ 25
Extensive 25<DI <35
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Model 3:& €14 malo] Aok 44 §1710] 7155 DR AFg1eit. Avlet &4 3t &4 )

=
DSl sigsh= DI 27d 1219 7ll4 1-3-& 236he ghoz AXSHA o, A% &4 e 2 24 {1 74
40’2 DIE AAISIAT. Model 32] DS, DI, 12|11 sfgoh= /841 4 0] Table 201 A2 =0 Sl

Table 2. Damage state and damage index of the tunnel lining (Andreotti and Lai, 2019)

Damage index

Descrinfi
(number of plastic hinges) eseription

Damage state

Damage detectable by visual inspection; possible cracking,

Minor/Slight, Moderat 1~3 . .
TROLSAEHL Moderate spalling and water leaking

Extensive >4 Large cracking, spalling, uplift and water leaking

Model 4= 8] Hlo]El2 D10 ol/} w2 glow, B]d 2folife] ws] 4wo] e} DsE Aelsisict A
27 DS Model 301 7|6 olol 2o, €4 alolulo] ms) SAS isted wja] Aol wet &4 Al S
#ols1rt,

51 7RO AR T4 0] 4 4

<
o
&
(9]
l
0
=)
o
4
o
ofN
5
4
O
o
o,
do
9|_l|‘
rp
i
o
-,
iy
O
v

o

SHACE. 7h A3 Aol it <4 E@} 2 771%F 71%0] Table 301 213 oIk

I S
< ofotd o] AHuleh 2] 4, 7 olold il TP =0l 4, 30 ofskd *1:‘745&4‘{#94 =ges Xé%
o

Table 3. Definition of damage state and damage index for tunnel lining

R i ..
Damage state ecovery period Damage description
(day)
Minor/Slight <05 Minor cracking of Fhe tunnel 11.ner (damage requires no more than cosmetic repair)
and some rock falling, or by slight settlement of the ground at a tunnel portal.
Moderate 0.5~7 Moderate cracking of the tunnel liner and rock falling.
Extensive 7~30 Major ground settlement at a tunnel portal and extensive cracking of the tunnel liner.

3. 224 E{4o| hE 2|2 %E 2
3.1 O Z}0]of| (2 R|R 1%k mE!

Model 1-& EZ U] uld ZJo] 10~35 m, Model 2= E= U] u}d ZJ0] 9~30 m, Model 32 ¢4 ] ojAd Zlo]
80~400 m2] B'd-S oAt o = FoF: e AlRtstoitt i Aol HE 9] Hole=Ed o ujjd o7t 4
oA = oy, 7t o] S=oi 7l ufjd Zlo] Mol -2 PGAC] thell o7t grarsE &4 8FEo] wom,
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ok 21248 41 s8] W UeRdti(Fig. 2). ol 2 9] PGA ] 7)o A 1iele] B2 Zol7} Zofd
SR AR 27 o 205 B 1 290 Model 4 Mot 52 14 90
e, W Zlo = Fek: mlo] Apgwlo] glx) govk, FelolA] Bl FxBo] ARIFoks AL A1Ag

H

T

g 1 o 1 o 1
2 —e— Minor/Slight 2 —e— Minor/Slight 2 —e— Minor/Slight
R 09 -+ Moderate R 09 -+ Moderate R 09 -+ Moderate
3 0.8 +——Extensive 3 0.8 +——Extensive 3 0.8 +——Extensive
2 2 2
207 207 207
& 0.6 & 0.6 & 0.6
£ £ £
H 0.5 H 0.5 H 0.5
204 204 S04
(<] (<] (<]
Z 0.3 Z 0.3 Z 0.3
502 502 502
2 2 2
] 0.1 ] 0.1 ] 0.1
e o e o e o
0 0.10.203040506070809 1 0 0.10.203040506070809 1 0 0.10.203040506070809 1
PGA (g) PGA (g) PGA (g)
(a) Model 1 (depth 10 m) (b) Model 1 (depth 15 m) (c) Model 1 (depth 20 m)
1 1 - - 1 - -
=— Minor/Slight —&— Minor/Slight | —&— Minor/Slight
0.9 0.9 | === Moderate 0.9 | === Moderate

osf|— Extensive osf|— Extensive

-+—— Moderate
0.8 | +—— Extensive /
0.7
0.6
0.5

0.4

0.7
0.6
0.5
0.4

0.7
0.6
0.5
0.4

Probability of damage exceedance

Probability of damage exceedance

Probability of damage exceedance

0.3 0.3 0.3
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0 0 0
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8 [ Winorrsient g ! g !
Q inor/Sl Q —e— Minor/Slight Q —e— Minor/Slight
% 0.8+ Moderstc % 09| oot Voderate % 09| oot Voderate
g 0.8 g 0.8 g 0.8
%07 %07 %07
%06 %06 806
© © ©
Eos Eos Eos
S04 S04 S04
o o o
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201 o 201 201
g PO e, g g
0 0102030405060.70809 1 0 0102030405060.70809 1 0 0102030405060.70809 1
PGA (g) PGA (g) PGA (g)
(g) Model 2 (depth 30 m) (h) Model 3 (depth 80 m) (i) Model 3 (depth 200 m)

Fig. 2. Seismic fragility curve of bored tunnels by damage state for (a-d) Model 1, (e-j) Model 2, (h-k) Model 3,
(I) Model 4, (m) Model 5
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o 1 o 1 o 1
2 —e— Minor/Slight 2 —e— Minor/Slight 2 —e— Minor/Slight
g 0.5 -+ Moderate g 0.5 -+ Moderate g 0.5 -+ Moderate
208 208 208
£ £ £
307 307 307
8 0.6 8 0.6 8 0.6
£ £ £
Eos Eos Eos
f.';_’ 0.4 S04 B4
i; 0.3 ‘z; 0.3 ‘z; 0.3
;: 0.2 502 502
-§ 0.1 S01 S01
) ) )
0 0.10.20304050.6070809 1 0 0.10.20304050.6070809 1 0 0.10.20304050.6070809 1
PGA (g) PGA (g) PGA (g)
(j) Model 3 (depth 300 m) (k) Model 3 (depth 400 m) (1) Model 4

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

—e— Minor/Slight
-+—— Moderate

Probability of damage exceedance

0
0 0102030405060.70.809 1
PGA (g)

(m) Model 5

Fig. 2. Seismic fragility curve of bored tunnels by damage state for (a-d) Model 1, (e-j) Model 2, (h-k) Model 3,
(I) Model 4, (m) Model 5 (continued)

Model 13 Model 2+= B3l "l HH B9 9] A[71Fef e 242 136k 3ITh Model 19] 73-¢- 10 m7} 7P &
© Al Zlojout, thg-0.@ gke Z1ojel 15 moflA] 71 FetErt 2 2o 2 Lehdt, o) 15 m Zolol 4 1
SRS 8 BT GS] S0 EAeled S Y] YU 02 7141 Miodel 2 £ 2 2
oA 71 F st 22 A 0 2 LpERILE, Model 13} B| 510} DS7Hsol 42 Fobw o] 7t wig 24
s}o15} 2= Qlth Model 3= Qo] mj2lw Bd o] A A okr 2 ujd Zlo]7} Zlo] EZo| njeis nulShct
Flofe 7 vk 5Ue 2 mAC)A 2] PGAS] thal] T&to] t- Qb Tdgto] e B HY 128
ofl 2F8-5H= AT 9], BT} o Eyqhutato] Ao, Zolo] mhe Afrh #9lo] st 5 1 211e] s o
- o] = Qs Model 4= QHHE]d maliate|o] 7|9kst Hoke mEl2 ufAd Zojo| 2 Be
o] Q1A o, St ghit it FIokE B9l Model 39] B} 251}, Model 5= B oS 7

9,

S
514 gF ANFHQ) B, S 43 e 59 Model 4HT} S FFES Mol 1 £ AHd A9
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3.2 71& ZeiEl CHE 2|21z |Qke oG

= = =
7o) 77 vhert 7F mYlg 1) BE 271, 2) Zol R BRE B3, 3) Zo e BRsix ok B3, 4) ol R

Table 4. Description of model groups and weights assigned per model for each group

. . Damage
D h
Group escription Weights state u B
Model 1 20% (5% per sub-model) 2 0.55 0.5
o Model 2 20% (6.7% per sub-model)
| | Combination Model 3 20% (5% per sub-model) 3 0.88 | 0.524
of all models
Model 4 20%
Model 5 20% 4 1.45 0.58
Model 1 (10 m) 50% 2 0.32 0.546
0~10m 3 0.492 0.546
Model 2 (9 m) 50%
4 0.719 0.546
Soil layer with Model 1 (15 m,20m) | 50% (25% per sub-model) 2 0.361 0.61
2 different 10~25m . 3 0.61 0.61
buried depth Model 2 (20 m) 50% 4 0.93 061
Model 1 (35 m) 50% 2 0.557 0.637
25~35m 3 0.94 0.637
Model 2 (30 m) 50%
4 1.51 0.637
Soil layer Model 1 50% (12.5% per sub-model) 2 0.46 0.58
3 without depth . . 3 0.84 0.58
variation Model 2 50% (16.7% per sub-model) 4 45 058
2 0.47 0.34
80 m Model 3 100%
3 0.58 0.35
200 Model 3 100% 2 049 031
m ode
Rock layer 0 3 07 033
4 with different 5 081 038
buried depth | 300 m Model 3 100% ' '
3 0.99 0.39
2 0.84 0.36
400 m Model 3 100%
3 1.07 0.38
Rock layer Model 3 50% (12.5% per sub-model) | 2 | 0.60 | 037
5 without depth
variation Model 4 50% 3 0.97 0.43
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Fig. 3. Seismic fragility curve of bored tunnels by damage state for 5 combined models
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