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{ SUMMARY >

In the aftermath of an earthquake, functional-loss estimation of seismic
damaged lifeline system is the first step for the emergency response. In this
context, this research suggests network estimation model with nodes
represented as each facility and links represented as interactions between them
for the comprehensive understanding of how an individual facility’s damage
propagate to whole lifeline system performance.

= Select an area of interest for the geospatial analysis.
Purpose & 9 b y

Contents * Collect quality data sets from different sources. (e.g, Korea National Spatial
Data Infrastructure Portal)

= Build the network model that describes the lifeline system in Korea.

= Modify the seismic fragility curve introduced by HAZUS considering unexpected
cascade failure effect.

= Develop and validation the functional loss estimation model for the
seismic—damaged lifeline system.

= Lifeline system network model
=  Seismic fragility curve considering unexpected cascade failure effect
Results = Functional loss estimation model for the seismic—damaged lifeline system

= Mitigation plan from a perspective of the network’s reliability

This research enhances the level of national technical maturity in the field of
infrastructure maintenance. In addition, proposed model enables a person who
lives in the disaster area to estimate and prepare the additional functional loss.

Expected
Contribution

Keywords Lifeline System Network Seismic—damage Functional Loss
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x| = = ic cHe = = it (o] = E
2|ZMoz 2 A= Excel 2013 T2 S 22510 2lo|Z2|elA|AHRH EAM O 0|H
AE Ht5lod o = B MCfALX| A S [E2Q o MA|A O EM
HolAE ZHestR e, of & ZAMUAXY W &M HE{IS HEAIML HE, 54,
ol % < 2f Ol 24 S A = = [ = ] il X=1
?Ixl, 22 F AZHEo et tloleHolA 5 oAl [OE 8]zt &3
T Case Study_Pohang - Excel
G30 v Joe | =(H30-G338)/F538
= (= [+
 HEAE B Y AlEE G o - s B «
1 | Index Station Region Type | Latitude Longitude ® | | Capacity | =
2|1 Hanul Uljin Power Plant | Nuclear 37.0928 | 129.3836 564 | 82 5,900 23600 o
3 H Vecheon Vechean Power Plant PS Hydroslectric | 367530 | 1283267 385 148 300 3,200 i
4 3 Andong Andong Power Plant | Combined cycle 36.5965 123.5403 421 178 370 1,430 :
5| 4 Cheangsong Cheangsang Power Plant | PS Hydroelectric | 364064 | 1200159 502 15 800 00 CIAAE
B 5 Wolsong Gyeangju Power Plant Nuclear 357111 1204753 580 349 2780 11120
7] 8 Shinwalsong Gy=ongju Power Plant Nuclear 356110 | 1295225 588 368 2,000 8,000
SI 7 SinvYeongju Yeongju Substation | 268444 1234864 412 130 194,000 2,134 I
] El SeonSan Gumi Substation | 25.9648 1234510 408 300 267,500 2843
10 a Shin¥eongil Pohang Substation | 36,0683 1290944 515 280 115,500 271
| 10 PosEO Pohang Substation 361200 | 1293246 554 270 113,000 1243
2] 1 West-Daegu Chilgok Substation | 357837 | 1283565 200 315 91,000 1,001
i3 2 North-Daegu Daegu Substation | 358334 1285513 423 325 310,000 | 3410
14 13 ShinPohang Pohang Substation | 358613 1204180 570 320 138.000 1518
15| W Goryeong Goryeong Substation 355146 | 1260614 340 387 57500 | 633
16 15 Daegu Daegu Substation | 357216 128.4982 414 347 539,000 5929
17 16 ShinGyeongsan Gyeongsan Substation | 356026 1287402 455 370 265.000 | 2915
1| 1 Uljo Ulsan Substation 355249 | 1201503 526 385 78,000 858
1¢ | 18 | Morth-Gyeongnam |  Changnyeong Substation 354215 | 1284864 412 405 2,000 8,000
20+ PP SHT-TE AN ZTT U HALHZ Likh WHE 57800 -
2 2H|% 23854 }_IF_I‘}I EI
2 8 € D E F 6 H
Link ID | Start Mode | S.Long S_Lat | Finish Node | F_Leng Flat | Length (m)
; B 1 1293731 | 37.0990 7 128.6840 | 368827 | 65757 |
ol =4 sHad s B |7 TTamsser [seveiz |7 | d6esd0 |Sesesy | 18560
LHoS= 4 < 3 1287606 | 36.6230 g 1291254 | 36.2120 | 56,169
s | d 3 [1287606 [366230 | 13 [12939% | 380605 | easa3
Al a2zl sl alsl e Yl el nlelulus]lelu]s 6 e 4 1291284 | 36,5240 g 1291254 | 362120 | 34698
Lifo o felofolo 1 foioloelolalelolelsfojo 1 37 f 4 129.1284 | 365240 13 29.3956 | 36.0605 | 56,830
4ttt Tttt : s 5 129.4753 | 35.7594 17 1292200 | 357230 | 23,395
i ] a [ 0 [ [] [] L o o [ 1 [ [ [ [ [ [T h 6 129.4767 | 35.8658 13 129.3956 | 36.0605 22,849
spo el e yajojafojoe]o o lalo]e 0o (e]e L]0 1 jp i 7 128.6840 | 36:8827 9 1291254 | 362120 | 84361
T T T B T o T e e PR 7 1286840 | 36.8827 13 1293056 | 36.0605 | 111383
il o e lo|o e 0lea]|ololelo|ololels|ele & 12 k 11 1285399 | 35.0480 8 128.6570 | 361773 | 27589
; z : g 2 2 2 : g z 2 2 : e g g g 2 E : 13 1 11 1285399 | 35.9480 12 128.7426 | 359956 | 18,990
T B R B B o s o B B B e e e L 13 | 120.3956 | 36.0605 8 1286570 | 361773 | 67,603
FEY B [ [] [} [ [ & [ 8 [ [ ] [ 0 [] [] [] [] o 15 n 13 129.3956 | 36.0605 10 1292351 21,008
Blo [ [efofoe|[o[ifo]ileluir]o]el[o]s]ofjo 3 o 13 | 1203956 | 36.0605 12 |12874% | 50,166
uwlwoe |0 [olo|o|o|ofelo[oe 1 [o]o|o|oe|o]o 1 m B —— 5 = =
500 |0 |& o |o 2 |0 |0 |o|e 6o |05 |0 |e]|o]o e P L 1284048 | 35.7360 11 1285389 | 3 26,53
EH I [ [l 0 0 o 0 [] [ [] [ 0 0 [ 1 [] [ [} 1 q 16 1288867 | 35.7965 15 1286885 904 21,533
e B B B B o s e s S S r 17 | 129.2200 | 357230 16 | 125:8867 | 357965 | 31164
e 0 B ) B A o B v A s 18 | 1286795 | 356321 11 | 1285399 | 350480 | 37,314
t 18 1286795 | 356321 14 1284048 | 35.7360 | 27,368
2| u 18 1286795 | 35,6321 15 1286885 | 35.9047 | 36,325
=] ] Igdlo AHl EA A S E o
[38 8] 2to|Z2IQIA AR S4 ClolEfHolA oAl @ MHEERA
OH 1I| o  —
GIS ¥d HE=®3 Xz
=13 O
et e
i o AHl o (=] [=E] MO Ao 9ox = 2ZIM =Eo|] EX 2~ ALO
2lo| Z2fQIA Aol A JE FHeAo X, 7|s, HZM 5o SHof w2} &4
HEA OFA | = T X o] EA ]} olH}& = = o =24 O:
oty ka0l ChEY| mRo CHEXCl SA RHUEM Yt AlZlE OfFD, HSTE AT
A o2 AMXF HAME Sh= i glo AHIlo Eo = MSESE Z O
& Xgs ddste =MstaAtsts 2tojz2tel AlARS HEQIZE F4Y ZLJt
ol
A=
o = o} =35 |.| |.| = |o=lo i glo AH ( al AA:)
olof = AF= AN Tt I UFES XH2 Zlo[ZZQAAAHR (MY 3 Ak
E AE | (@) HEA] A H A PNESPN |.o|-7c = .|7c-| A-I( )
—|Ao-I E"OlE‘IH‘"OI_E 7 Hl_I'_E Exl_-l—l—, dxn_-l—l—, o_l_ol-, 7 I:IOI-E 7 I:IA|E Node E,
=Eo = o A5l & ol £ Fan| = 4 ( ) Sk= I (o]
Ol =282z HZAsls SHdE A SHjx2=E HAZZZ(Link) st 2io| ZE}Q
] C= H HIS
HE< 3 XTE 7liest
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r
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i #x|de] B UNMAT} 2
MHMATF =of, [O8 9
W 2ZE 154kv #HMA 29 ([28 10]9| P5~P33H =)oz NMag s2¢
DIEIX |2 AsE 332 ZHAR == Hpzez (a8 9let [aE 10]dlAM
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L Wi .,
P8 Lo P16‘ X P%_} )

....... . cre i )..Plg
LD 0. P; ‘PIOP hPlS #P33
W2 W3‘PP23P P11 - 4

29 P ?31 P32
Y L P30 4
3 . ’(,uun
525 P2
P22e =
P26,
P2 “
é
P27
O HZEA (345kV) — SHIFEME (345kV)
o BiHA (154kV) > HHIFEME (154kV)
w17W5
,9 7 W21
I[, ’TD
1~ 0
W19 - W1 w22 Wi4d
%a "'-)-OZO W6 v[‘iW'T 4
w3l w. W24 7 W10 1
W2 W3 ST g i ~~
Vo oWisPawgs Q6T T,
\ a0
,% wi2 W8
o4
wa3 W16

O MAZ o HAEHT
0 7YY - SHis#E

[28! 10] ch7X|de M gl Mpx HELQT 2D X|E AkA|



et R es WEYD XTo AP HE BF MuAE MY, HE $exE o7
AR ool 2168 85007k77F Hof, £ WM YEYI XTo AP HE [T MH|AE
HMeu A, 35 22X TAUol FAHSHS 992+ 40007+78.

Mo 9 MSE AIAE THeld ot £7iHel MEE 2 e AMND F shtel
2lolZatelAl AT 54 ClolefHol2olA Bolst & flond, WA, 7, 9Ix, 8 So

— =
Hersel s cigel [E 7] % [E8]n 22,

[E 7] HFZESAY M8 HE/ R 74a oM g2

. == 2= *SE
Index 28 ST S, 2E) (7Hc:;

1 oH2 Hanul 37.0989 129.3731 -

2 of M Yecheon 36.7527 | 128.4267 -

3 ots Andong 36.5966 128.5403 -

E RN

4 @& Cheongsong 36.4060 | 129.0160 -

5 =R Wolsong 35.7103 | 129.4729 -

6 Ay New-Wolsong 35.7136 | 129.4760 -

7 A== New-Yeongju 36.7741 128.5667 -

8 A4k SeonSan 36.1465 | 128.4533 -

9 Al New—-Yeongil 36.0805 129.2448 -

10 EAT Posco 35.9991 129.3892 -

11 AMEE New—Pohang 35.94083 129.4061 -
12=P1 S+ North—Daegu ;422\\{ 35.9561 128.5741 409,400
13=P2 = Goryeong 35.7355 128.4049 181,800
14=P3 o = Daegu 35.7311 128.6889 252,900
15=P4 | AMZAL New—Gyeongsan 35.8283 | 128.7387 149,900

16 =3 Uljo 35.6782 129.2115 71,000

17 sS4 North—-Gyeongnam 35.6151 128.5503 -

P5 = Gwaneum 35.9424 128.5419 35,000

P6 A Dalseo 154KV 35.8806 128.5359 47,000

P7 ot Waryong HBE | 358607 | 128.4958 | 28,000

P8 ChA} Dasa 35.8703 128.4252 16,000




. = 2= *Z 2

Index Y3l E Q5. AE) (ﬂ__:;
P9 et Paldal 35.8586 128.5324 24,000
P10 LH & Naedang 35.8694 128.5689 19,000
P11 =& Duryu 35.8540 128.5586 19,000
P12 Tt Guam 35.9454 128.5751 52,000
P13 At Geomdan 35.9141 128.6107 49,000
P14 ohA Sangyeok 35.9034 128.6086 11,000
P15 & Chimsan 35.8925 128.5913 6,000
P16 M AL West-Chimsan 35.8869 128.5839 15,000
P17 =2l Dongin 35.8728 128.6014 20,000
P18 =i+ South—-Daegu 35.8617 128.6208 21,000
P19 ghokel Banyawol 35.8717 | 128.7411 26,000
P20 OFA Ansim 35.8747 128.6871 36,000
P21 2= Hyom ok ;_157;2 35.8751 128.6416 29,000
p22 Chat Dasan 35.7883 128.3894 14,000
P23 PALSS Gangchang 35.8452 128.4734 46,000
P24 MM Seongseo 35.8312 | 128.4935 38,000
P25 = Dalseong 35.8102 128.5105 43,000
P26 =& Nongong 35.7296 128.4626 30,000
P27 Tt Yuga 35.6582 128.4532 21,000
P28 Aol Sangin 35.8141 128.5404 81,000
P29 2 Wolbae 35.8299 128.5177 44,000
P30 =4 Bongdeok 35.8369 128.5950 70,000
P31 HE Beommul 35.8203 128.6497 75,000
P32 T Nobyeon 35.8367 128.6975 47,000
P33 gt Gyeongsan 35.8519 | 128.7007 32,000
Y HEE FHL0d FE FAIX| HE[E 7|tz 2 AFolAM JtE e gtel.



[E 8] U7X &k HERT 7 MM dE
. = 2 x| *ZH
Index 3l e @5, AE) 1)
W1 *xZ{ Gongsan 35.9016 | 128.6042 37,300
w2 =4 Munsan 35.8554 | 128.4249 -
SRS,

W3 ol = Maegok 35.8587 | 128.4503 -
W4 T4k Gosan 35.8309 | 128.6968 -
W5 T Guam 35.9390 | 128.5688 45,600
W6 LH & Naedang 35.8540 | 128.5611 66,800
W7 ok=E Manchon 35.8566 | 128.6483 63,600
W8 HE Beommul 35.8244 | 128.6253 49,500
W9 & 0f Beomeo 35.8613 | 128.6313 60,700
W10 =4 Bongdeok 35.8414 | 128.5998 45,700
W11 a=E Sang—-dong AN, 35.8288 128.6081 60,000
W12 afel Sangin 35.8184 | 128.5447 106,700
W13 &d Songhyon 35.8305 | 128.5490 75,000
W14 A M Sinseo 35.8830 128.7172 16,900
W15 A Apsan 35.8385 | 128.5698 69,100
W16 =31 Okpo 35.7884 | 128.4739 28,300
W17 25 Chilgok 35.9340 | 128.5476 44,500
W18 22| Bon-ri 35.8312 | 128.5396 29,500
W19 *xx B Bugok M3 | 35.8731 128.4506 -
W20 Az Sang-ri 35.8649 | 128.5320 92,100
W21 A Seobyun 7+t 35.9148 | 128.5917 18,400
W22 okAl Ansim X" | 35.8782 | 128.6985 29,400
W23 X2 Okpo ARSI, 35.7815 | 128.4497 28,300
W24 olx lgok XN=&3 | 35.8608 | 128.5011 26,600

» 22 HEE FARAR 2T AKX HE|E 7|Hez B oAFolAM JiE st gl

o ZA W2 2T XA AY 98 38 o

xx B2 NI = AKX Y 45 SSoHK 2en], el A2 0 ALZE
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20
L

Eo oY X[dge| M 3 MFEZAAHSES 2A5ts MEHAHEfRot AT AlEEF0A
HME=ED Ues X2t Wi 2EA4S i o FAIRS &elg 5+ US.
Hstod & A7 Jiee 2D Xze M 3 A HE/IED oiHEl =EF2At
=xo it d2 £5F Eobstn Ae=dl, [O8 9JdM =2 A2z FAIE &= sttt
E BT LA 500 ZHTE 2o|st2E H[ WA 7t UXE fFHAAL FO[A, HAA,
EZgA S0l M E= AFEE H3Ste HEAIMO| 7|sHX| St A B2 TSt
I:II-AC,I-I
=

g A2 |5 5+ US.
G

Lot 2 AF7EI2 GIS zZtolEEz| 3 =3 AlSHold Yls2 MIsk= Anylogic
LTEQOE ARSI A7 2D XIEE GIS 7|glez: FH5Y¥ =M, O 11]2 =2
AT EAMUM = o2 HAEHEMAo ofstod GIS ME WESA XX=7F Anylogic
ATZEQOZ FHE stHIL FIolM MBSk MM SSARS Hlust Zakel

[] &5 - simulation - Anylogic PLE PERSONAL LEARNING LSE ONLY] TR o] B e

vl B R #l

@ G | @ @ @ |wotMain ~% |t B Anyiogic

Seismic Damage Estimation for Lifeline System
Earthquake control panel

Magnitude
0

Focal Depth

GI_J

Hanul Muclear
Power

Plant

150 m

Run: 0@ Running | Time: 1860 | Simulation: Stop ime not set | Date: Sep 19, 2017 12:00:18 &M | & | Memory: BHE =24 |

[28 11] GIS HT Y EYT X oA : 3t2 XA

ZUe A Heote| EMZ ¢lsto] |AHEUMA 5 L5 FEEHX L= =0 gL
S XjEHwUMAol AR ESAMEM Hol= & 4712 Mol GISKIEol: =ZoES
sholst = oo o MEIIE Soll e XT7F A77er SHof| MAYsHA JHEES
HotErtS

ZZBHMOZE E AFE= Excel HOIHE 7|z AlZtst 2M7|s& HMSst= Tableau
EfES &38s5t0], ‘d7-d5XY 2lojzZelel HERT XE” £2ZEYO (S8HS: C-
2018-024578)E 7lWUstdond s 2T EY e &, F2 7|l ¥ tx 3HS ol et
A =3

E c

Ed: 2 Z2Ode2 I iF-d=X[¥e zZlo|Z2felAIAR £4A O o|E{H 0| A0 M
HEA|ME(Node)e| QXK= (RE, dE)2t SHXNZ(EER, 7, dZAME, B2ZHE
FE5101 X|2|HEA|AH (Geographic Information System, GIS)ol AlZzlsle AWES
2Moz &

= = — =



- 7|7

olr

) 2T EAEOA HolH 7HM27] 7|5
) Eto| Z2fl A A AMAIM ofE(Mapping) 7Is
3) 2ol Z2felAAH HAZAZ=Z ofE(Mapping) 7Is
)

GISZ|Et 2tolZatel HEHT K= Y J|s

- 27P|s (Blol=zzlel HERKT AMos] ol =233 (C-2017-026647)2 45 Al)
1) olo| X|& AlLtz| 0] CH5Ho] 7HE HEA|Mo| HAMfwmls] LHMEE(%)
L AlZtsl (Ml wWMEE 5%0(3k 3[A 0 5%0[A 40%0]8F L2 40%0
70%0| 2t FEHAH - 70%0|Ab: 7 FAR)
2) ool X|A Alutz|20] 5l AZZA=Zo A2 JisM XE W Alzst (A=

— =
LA EE 70%01401 AEAIMT HZE HF Z2 HM EA)

= o™ O —

=

0% ji = HrLongitude)
= W {Latitude)
EL] e Type-2
— Power JYstem '
STU0E % Nl
& 154av
[ JEtis
= L
L ¥ Combined Cycle
+* g
¥ Nuclear
#* PS Hydroslec
Type-2 (18]
154y

(28 12] cf7+-ZEXY 2lo|=Zz2lel HELT X|= SW Cf F3tH



Lt 2folZ2l2l A|AR MR

k>
A
]
ﬂ
12
H1
0Kl
N
H
n

Q XZ& =28 =cfX|EDIESE 22 et
1) 70et Tl
» EX XM XF2SZ st X|E 252 LIEtW=E ™8 X EZ= Z X H5E(Peak

ground velocity, PGV), ZCiX|Et7}EE

== (Peak ground acceleration, PGA), Z=|CHX|EHH L
(Peak ground displacement, PGD) S0| U=

- ol = AKX ElSEE AH KA g Al X

1w
N

2

x

ol

An

gk

Az2M Y Azlol wE JhEMel XX msf =& dAZE 52 =7
HEe(2dz 2014)

aB{ut Iel Zo| AE JtsE Aol XF Y EEo| ¥1 HF0| AFE7(7t M=
TEE0| BXA g2 Z? FHUXEUISEE X ZFe AZ(M, ZHEREZ), X Zo|(D,
_I

km), DUHE|(X, km) U FYH| (R, km), MEHT BT (Vog, km/s) S TSt X EES
AHESI0] AYE XAE ZBeE 2HE 5 US
- Yuisoz X|FE UAESE MB2T TE Ad2a2M EHEN, O0g 7|2 Aln 28

(Boore and Atkinson 2008):

In Y =4 (M) +fo(R, M) +f5 (Vsse, R, M) (Al 2)

AgAH2 X

A
Y.

[O8 13] ZYAHz|F ZeAHZ]

—

= ol o= MEX[Ho[Lt Ld=2nt Zo| ZTSK|HoM= A LTt X olHXRE

o —
EUZ XXs #H2gsE s, Ut #2 4N XHe Fe AKX
Clo|B{ & =HXsot 7|Zto] B sliMoll ALE Jt=sot F2fo|gt 22X 7[F0] M2 HY

= Ofof CHF= slielel X 2SS H Al
AtEstReLnt, 718kt 2ot HlmAy 2 = XHie| 2 X

oj

ojo




2 UZALE, H[WH =t XH 540
S

o
JollMe| XX SrMuf HEX|e] EMS

[E 9] = 7ol ALZE X[Ts Zaets

AT AL 24
Y =c,+6M, +c,(85-M,) +c,In R+, +c,M, )R«
R:a _ ‘\/RZ 94 (cjeé‘i.u'-..): o
Campbell &
(2003) .
where Y=m(PG4) [g]: M, = moment magnitude; R =
hypocentral distance [km]; ¢,=0.907; ¢,=0983; ¢,=-0.066; ¢,=
2.7 €,=0159; c,=-28; €,=0212; €,=-0301.¢
Y=a+bM, +clogR +dX +e«
Emolo et al. — +h
(2015) ®
where ¥ =log(PGA) [cm/sec2]; M =moment magnitude; X =
epicentral distance [km]: a=-3.07; b=073: ¢=-0.76: d=-
0.0029; e=03260:h=17.-
Y=c,+c,R+c,InR—-InR —05xIn R«
R =min(R.100)«
R” = max(R.100)«
co= cootcor(My— 6)+ca(M.—6) +co (M. —6)°
1= X _d 11 il : 120 | - 3+-
Jo and Bagg c1= crotcu( My — 6)+c12(Me— 6) +c (M — 6)
2 )
(2003) ¢2 = caoteai(My — 6)Fer2(Mi— 6) +e (M — 6)°
+
where ¥ = In(PGA4) [gall: M =moment magnitude: R=
hypocentral distance [km]; ¢,,=10.7383; ¢;,;=0.5909; ¢, ,=-
0.0562; €,3=10.0214; ¢,,=-0.0024; ¢,;,=0.0002; ¢,=-0.00002;
€,,=0.00004; Cy=-02437: €, =0095; ¢,)=-030088; C,5=-
0.0033.~




AT R} 4|

Y=¢,+c,R—logR~
co = cootco(M— 6)+co(Ms —6) +eos(My — 6)° «

1= croten( M — 6)+c12(Mw— 6) +c (M — 6)° ¢

where ¥ = In(PGA4) [gall: M =moment magnitude: R=

Park et al.
(2001)

hypocentral distance [km]; ¢,,=3.391; ¢,,=03601; c,,=-00362;

Cp=0.0064; C,,=-0.0037;: ¢,,=0.0013; ¢,=-0.0001; ¢,=-
0.000027.«

Y =¢ + 6, M, + .M, He, + e M) f(R)
Heg+ o.M ) AR )+ (cg+c,M,) f(R) +cwR’

R =X +cu o

fi(R") =min(log R".log60) «

Shahjouei and

Pezeshk f2(R") = max[min {log(R" / 60).log(120/60)}.0] -
(2016)

F3(R") =max{log(R" /120),0}
where Y =log(PG4) [g]: M =moment magnitnde; R =
hypocentral distance [km]; ¢,=-0.3002; ¢,=0.5066; c,=-0.0433;
c,=-3.224; ¢;=02998; ¢,=-1283; ¢,=0.1045; c;=-3.0856;
C,=02778; €,=-00008; ;=381

Y =c¢, + e, M, +(c;+ ¢, M) f1(X) e, (Ms—6)
+¢:fAR) +¢3[3(R)
fi(X)=In(X +e”) o
J2(X) = In{min(R,50)} -
oo | fA00)=In{max(R,50)}

where Y = In(PG4) [g): M, =moment magnitude; X = epicentral
distance [km]: R = hypo-central distance [km]; €;=35768; c,=
2.357; ¢,=-6.884; ¢,=0579; ¢;=5237; ¢,=-0.139; ¢,=-
1.1218; c,=-0.488.




A7 670 RIRsSLAA2 KT H2[E LIEFH A0 M2 CfE e (of: ZAHZ|
Az el (oll: g, gal, m/sec?)E A3t Y222 Ho|E HMo| 52 95HH
=
=

2 oqFoMEe ZAAHZIL =HIIEE g(=0.01gal =9.81m/sec?)
b

[28 14]= 2EH2=z HatdE 67MA gt O Eds vlusy| flsi YHZIE
£ E yRCE Yot 2a 5 744 OizE, olmel XFRZ, 2R,
(M=5.5, D=14.1km, Lat=35.7632, Long=129.1898)2| AtzE

Z
15tlen] JHE ZAAM2 EATA Mo Losl A ZA=z EASID Z2 Ad
o]
[

Z|CHA|EI7HE = ()
Campbell 2003; Emolo et al. 2015; Jo and Bagg 2003; Park et al.
2001; Shahjouei and Pezeshk 2016; Yun et al. 2005

10" | e Average

004 ZId7 2| (km)
e g 10° 102

10| ] B
# ot

102

103

[28 14] ZLAHZ|oll e ZHX[ETIEE 24 (EFX2)

ol Salf == Jytol @{xlIst F+=x=22 A Shahjouei and Pezeshk(2016)zt

Emolo(2015)el  Z41412 Ch2  ZAAI ©|DEle] HWXUIISES ok 37,
123 (2005), ZETHO BHERI(2003), 9HS35I(2001)2 22 R TRt Z4|AS cha
A7 2MED USS L+ US

Je2{t 2 dFolM &8stAF st FHAe| HA4E 2016d 9" 12¢ EAFX|T
5 . 9|E 357632, AT 129.1898, 2=t x|t 7}

BE2OM HSEH A FHXEIISE ZHOIES,
a

)
2017)0t FAISI D], & HEAL2 HP 2AE0| 3%0|THHT XS 2.15%)0ll izt
X =




ctob ZAHz| 2F 8kme|l 22AHUSN) EAel AR, ZAAHE| 2F 6kmel HWAHZ|(MKL)
EAo| ARHECH Z F|hX|EVIE T Zfo| Al==5lof 2 dA7I} 7I™ED Y= AHelo wE
X ZF= zZtaef Alo|gt HAE HEF =0 ol 24AHUSN) =9 X|gtxZHo| w2 X|gt
ZZ M 2oz FHEE.
et 2 Aol X2 A2 = chXetsE 24 ste= [O8 15]2F [E 10]olMeF 20|
Ut oz HEQH ZZHAM oSe MEMO| =1, AN XH B2x FAJ| A ==
A2 Hop MEE =2 AIE dg = US
— i o] MM
Z|CHR| YA E(g)
10.00
ZIZHz2|(km)
1.00
1.00 10.00 100.00
0.10
)
0.01
0.00
[38 15] & Ao X|Xs 4 oS40t AN A=Ztnel H|lw
[E 10] ZFXT A BEL0M ASE X[ ETISERto] H|I
PGA PGA i i
BRE ) AN | an @) | ds@ @ | 4@ | 2AEOG) ) AR
ac (km) - g |A-B] |A-B| / A &
A B
MKL 5.86 0.291 0.297 0.006 2.1
o|X &
USN 8.23 0.396 0.237 0.159 40.2 22
(2017)
DKJ 22.15 0.090 0.092 0.002 2.2
KNWA 28.00 0.098 0.071 0.027 27.6
KNKA 51.00 0.054 0.036 0.018 33.3 gt= 3
AR}
KNUA | 148.00 0.006 0.010 0.004 66.7 (2017)
KNYA | 254.00 0.005 0.006 0.001 20.0
DAG2 26.50 0.105 0.075 0.03 28.6
MIYA 50.10 0.057 0.037 0.02 35.1 7143
X EAH
PHA2 50.80 0.040 0.036 0.004 10.0 (2017)
CHR 67.50 0.044 0.026 0.018 40.9
o 64.74 0.108 0.084 0.026 22.2% -
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| | | | | | | |

TR-A1l || TR-A2 || TR-A3 [| TR-B1 || TR-B2 || TR-B3 || TR-C1 || TR-C2 || TR-C3 || TR-D1 || TR-D2 || TR-D3

[a3 22] =i B A2| 4Bank AlAH #AHE

Heloj2 DUXMI|el A2 HFI| flek 34 HeAT|IF X =0

g =01, HEL i
% Stte| B Ao BHtY] 4t (HR47]

2lonf, Ajel

1CH=1Bank)7tX| MXx|7} 7}=&t.
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o
ne
T

w3t AR o= 023 4Bank AIAE Uf #HQLY| siie] 23pe HE £ Al 45MVA,
2] &2 Al 6OMVA 0|22, BE M7} MA ASE me] E2ES 180MVAZR
Jbgete, He| szt WAlE AT LM 3jiel M|E Ao £ mc=
Hgtsto] HAE Aol 7|52 100% CH & US.

olmf oM FH=UXiE{eiTelol M3 o TollM ety| 1Bankel £atol oAt e HeE
“olZbA A 2Banke] £AFS “HE&AY, 4Banke] £AFS “AlZIAAY, RE BQp| L&
Holojxle] £Al2  eiMasloz ERsim | ORol HEHel £ ey
MulARBIMsEE [E 12]9 28
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MHIZAH SIS E (%)

bt A1 (2) 1 BANK 22 "
e = E A 17HollM = 4702] Transformer &4
wsaag | | 2BANKEE .
°TC = Z|A 2700 M =[C 6702] Transformer &4t
ey | @ 4 BANKEH -
- » E| A 4700 M = 11702] Transformer &44
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2tM & AHd5) » 2 E Transformer &4t 0




Ze weom WML EF AMEHE MU|ANSIISES R & s, Il B2
AR IS EIL 0.1g OIM4CE ASTE F2 NS 95l XAE =M DR
‘EA 9IS EE “ZHEMTS ZRBH 100%ZEH0|D 1 9 ols 2 0% Fo=
7t

T2 UERFe Z2, My UHESRA Hluwsto] &4ctAE Fde
U= FEILIXRIE BFFT EAE FEMA(2003)0lAM HMEIst R

Damage Ratio® &3, AN L2 2 [F 13]2 &2,

[E 13] &k HERT FHRA9 &MTHAE MH|AXMSIHS

g MHIAM SIS E (%)

as C

SR M4 e ] 71t
oFZhE AH(d2) 92% 80% 95%
HE&AHd3) 60% 60% 62%
Azt AHd4) 23% 20% 20%
2™ & 4Hd5) 0% 0% 0%

Z, & cHHolM= Mol I-||A|3I- x|x| | oF
ME|AR SIS E(YR)EHTE k2
¥ MHAMSZIISE gts I1|<,>_+3}9&g_

0|5 &olff ZUXIgIIEZE 0.15g8 = 154kv HE Aol &4 2SS P(d1, d2, d3,
d4, d5)7t oteh [A 3]=p €2 o, HAA &a CAlE ME[AMSItsE 42 |

Z0| d1=100%, d2=100%, d3=67%, d4=0%, d5=0%0|2=, &4 ttAel Zd S0}
MHIAMSIsE W€ &5t =tiX|EtEE 0.2g0A2] MEB|AMSIFSEIE 93.7% 2

TEE.

P( De=dsl | PGA=0.15g =0.50
P( De=ds2 | PGA=0.15g =035
P( Ds=ds3 | PGA=0.15g =013
P( Ds=ds4 | PGA=0.15g =0.02

(& 3)
P( Ds=ds5 | PGA=0.15g =000
Serviceability
=0.5x100%— 03510006+ 0. 13 67% =93.71% (&l 4)
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A|2m]5l(%) = 100 - MB|2ASItsE

mMinor ®Major  &Critical

21.6§ 23\":7 1.9 243
" T

345KV 154kV  AHAA  A4H3 I

[E 14] & AFTF M etst X|& Fr HIitess dF, ZeX|Fel vl
Z| X HIHEE (g)
=5 2016 & FX|Zl 2017 Z&X|Zl H| 1
(M=5.5) (M=5.4)
1 st 0.014 0.013
p) of & 0.017 0.013
i 3 = 0.021 0.016
4 HE 0.034 0.038
5 24N 0.117 0.038 HEX|A CTHA| A
6 AEM 0.116 0.039 1~437| =58X|
7 NEE= 0.018 0.014
8 Mk 0.031 0.019
EZ S| Zl EEA|
9 Al 0.077 0.215 Sofl ™ A (154kV)
2847 7k
ZSBHZE AZ=
_ 154kV M2
oy 10 zAT 0.090 0.204 wsAEy| Haoz
HE 2 UM 29 Fe
11 N 0.107 0.119
12 Sy 0.042 0.021
13 s 0.034 0.016
14 o 0.055 0.021
15 NERS 0.061 0.025
16 27 0.286 0.034
17 sSx4 0.041 0.016
W1 Z ok 0.045 0.022
o | W2 24+ 0.035 0.017
W3 of 2 0.036 0.017
W4 DA 0.056 0.023
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Ct. 2folZ2l2l A|AR HEZ XXM 7|sA 5t ofl &
Q 2folz=z2tel HENHT usfutzo Ho|X|Iet 2

1) 70et Tl

oy

» ChZe [®E 15]= &2 199544 LH| XX} 2004A UItEt S5 & X|& YA stLte|
2lo| Z 2ol AlA=> HFTF HE A|AHIOM MBSt AMU[A(: M7, =5)E ZEE5I=
CIE zlo|Z2folA|AE(of: EAMAIM, 9BAIM S)o2 Tl =l AlHE LIER.

[E 15] 2= X|&l SA| 2lo|Z2lel A|AE 7t mlsjut2 ARl (Tsuruta et al., 2008)
JIH| X[& LI7tEF S8 & XX
14 1L ol L4 2 ol
T e (1995 18l 17¢) (20044 108 232)
CIE A[AHIO|A [C}2 A|ABIOZHE| |CIE A|AHIO|A |CI2 A|AEICZHE
TZfug A asfugd A Tfulg A oz A=
M 21 6 29 8
A 16 8 6
St 2| 1 16 4 12
P S 2 13 1 6
EA 18 15 16 12
c=z 38 7 24 14
nE 1 13 0 9
7|Et (28, 98) 30 49 8 22
=7 127 89

= 0|2} Zo| zlo[Z2|IAAHE FM3I= 2lo|o| HEAIMO a7 &2 AAH = CIE
AABS| HEAIMe| ZtFo dsk2 FHLUE fh= kdisko] aAed mf, 2 AS
o|&sict & = YS(Rinaldi 2001).

= 55| 2 dAFoME F AHA™EAIMO BEMozZ HAZF 0 UL S| MAEE0| CfE Ao
7l s g Fe=o0 2 of eo|&Esictn ﬂﬂ&m ojlmj Aoff cist B9
O|=T (Dependencypn) @t = ZE AMLC=zZREQ FQE &2 CjH AZFEQ
SUAES U2 ol

Internal dependency

(A)

olojo| M A
(ex. 154kv HAH L)

-I-Ig_m_

(B)

L2 AlAE LY
s o das
(ex. 345kv HEH L)

©

-)

-

External dependency

[28 25] =to|=z2tel +

CHE Al2H2|
d= A g2
(ex. BF)

=t



Eput from A

- (i = connected node ) (& 5)
Z Eput from i

Dependencyg, =

metM o|ZEXJE =2 AfIETt Lol € 8 49 1 wsivh doE 5 A2, ofgfet
clo| Z2flA|AE Hsfuts S HE=etstr| fI5te] = 7t o5 £ Hlud MRE =2
&S Zittez HHEES U 5 Uc Aldzt SsHdol xZehEl Aol QlztatAlE
TASlSt] Sstdldo| =ZetEl Atde| 2dsEE FEE 5 UM St= HO[X|g EEE
225t0f 2to| =2l AR o HoiutmE =Afet

Ho| x| oto| ZtEol o|5tH H|o[X[eh B2 X7 waiE Aol TA AAEe=z ugEs
i A

2tel WELA Xz msf o5z Zo| SAHH

2) 7hg Z3f

cio[Z2jel A[AEIS 7|s RX #FoAM =izt cf3el M X2 ERY = US.

(Rinaldi et al., 2001)

a. 2S2l1sll(Common—cause failure): st-e| s&fIeloz 2I5l01 & L= 1 0|49
THEATE SAlo =22 W2 HtHo=z TIE AEM ol2= ISHE olo|stnd, off
THeA 7 ZELIEls SEHoz dEt

TMHeATL FIHHel of ol o5t I J|s0| 2slEALE Z2efel J|s F£ESZ
3|=0| HHAI= HsiE 2lolstn, 2 F 2td 240 et =45 &8z Zdgh
Common-cause
Cascading Cascading
Component Component ................ Component ................ Component
Operate Fail Fail Fail
A
Escalating
P Y] -
[28 26] 2tol=2fel A|AR Lf Ml JEX] ulof 7
5 ZAzto| sy, Asfulsh, SZFulslzt 2tolZetel A|AH S J7|SXMFHE FESI=
=3 AtZdo| =of, O 2SR At olntAof Z|elstd FEE o+ US.
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1. X|Z&le] #2 (Earthquake moment magnitude, M)

2. WM Ao Z2|X | (Destruction of power plant, Dep)

3. &MHE™Ae 22| 1ty (Destruction of transmission substation, Drs)

4. BfME#H™M Ao F2|&™ mba| (Destruction of distribution substation, Dpg)

5. &MHMAZe| M R Z+4A (Reduction of power inflow to transmission substation,

6. HiIMHMAZo Mad |2 ZHA (Reduction of power inflow to distribution substation,

7. M2 24| 22 (Power distribution disruption, PDD)

2|X Tt (Destruction of water treatment plant, Dwre)

(0]
0x
4> >
0
1o
Mo

Ei3o| Z2|™ Tty (Destruction of storage tank, Dst)

T Z+A (Reduction of water inflow to storage tank, RWisr)

T ZtA (Reduction of water inflow to pumping station, RWlps)

13. % Jls2 flst M3 52 Z2 (Reduction of power distribution for water
treatment plant operation, RPOwrp)

14, -3 752 st M2 7 Z2 (Reduction of power distribution for storage
tank operation, RPOsrt)

15, 7122 7l @t M3 ¢ A (Reduction of power distribution for pumping
station operation, RPOps)

16, Ak 2o 24~ (Water distribution disruption, WDD)

= oM SSHAINE FLUAII= EZ7|AMH2 XZ(AA 1)olf, JHE BA X|g
2

, 3, 4, 8, 9, 10)0] S=lTsj=

Ltebg.

ol 2zt FMesel JEUms| LA HBS YA JlsEt HMATHI F shtel
‘2ol Zatel AIAE TH2L X FGT BIt 2572 S5 FHE 5 US

ChgoE WXL, WMA 22N AA42 MY ALY WROME B9l WMzl MY
582 UL 5, 6)AIFIA =oi, 0|2 2ls MYUSZRE X|2|Moz B Rojl 25t
SEAIEsr} BAsIx| e WHAUX BT BZAE DT oG AMHHE S +
AS. S5 A9l AP ol e AET(A 5)7 5S4 odMTlsh LA HES Hoid.
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SEMo=Z WMe AMEE gehs et O 209 BE AHE2 ARNEED 2 F=
=9 o w2 =HE EHE s 7

- wEl 2 o 2ol A2 A 6o MBH T M, MSE Y ETS ISl
AFEEBES £ 4+ o0 AN B2 U2t ohg 4 7, 83 28

P(PDD) = P(Eu, Drs. Dos, RPbs)
= P(Drs[Ex ) x P(Dps[Ew ) x P(RPIns[Dis, Dos) (Al 7)

P(WDD) = P(Ex, Dwrp, Dsr, Des, RPOwre RWIsT, R Wire)
= P(Dwrp[Ex) = P(Dsr Ear ) = P(De: [Ear)
* P(RPOwrePDD )% P(RWIsr [Dwre, RPOwtr)

" 4 |
« P(RWIps Dz, Der, Des, RWIer, RPOvwre) (4 8)
= 9 Aol M3 I AT W ES T AT (RPI, RWI, RPO)S 57| SlsiMe 2t
TEE 7 MBOEEE Yolof F. ol SF r=of ofEZE oM HoIE T Lol
A9l C2RE Motss Sel22of b gt

otz [2E 28]z} &0 B E A, COlA MAME M7|7F HAZ AZo w2t
ZEHOZ FIIX| ME

A
F= Eoll o|&Estcte & = US.

A = Generation
B A =60kW. C =30kW
= Transmission

C D A — B =45kW
A —E=15kW

B — D =45kW

C — E =30kW

D — E =45kW

E F E — F =90kW

[08 28] WEYT 7ARL 2 ABEE oA (SUS)
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ot M43 20 ALRAUZATI0| Trueol JiEC 29| MAxRUZAE False?! AR
Al 2 Zh Aol Trued EHES JItEe| 22X Ty Aefof w2l =& 50.81%
([28 30]zF Zo| M3 AA=KX LS J7HA4E = W6~W11, W14~W16, W23<2
Aol gl mf 2, [E 8]EL)MAM =] 100%(2E & mhu|)7tx] #Hstet = /UAS.
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True False None Slight 53.27 46.73
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False True None Slight 78.38 21.62
False False None None 0 100
False False Complete Complete 100 0




» FEHez = A7c= Ho[X[et HERZ 3 H 2E AMS
g&stof “ZlojzZatel majus o E5S 2gh Ho|x[et ZE” AT EO
[

—040042)& st ooy, O tHE 3tH2 ofzf

Ral
[0
_ol
rir
=
(@)
2
<
()]
1o
=
@
=
Q

on
A
rII
fol
O M
M
i
(0]

Earthquake_Intensity

Minor of
Major 100
Critical NEN
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Destruction_TS Destruction_DS Destruction_WTP Destruction_ST Destruction_PS
None 489 None 745 j— None 894 3 Mone None -
Slight 18.3 Slight 1.7 Slight 7.37 1 Slight Slight
Moderate  16.7 Moderate 9.01 Moderate 178 | ! Moderate Moderate
Extensive 143 Extensive 465 Extensive. 135 | [ | Extensive Extensive
Complete 1.78 Complete 015 Complete 080 Complete Complete

| /
Reduction_of Power_Inflow_DS \’X\‘ \

True 20.8 Reduction_of Water Inflow_ST / Reduction_of Water_Inflow_PS
False 792 3 = True 39.5

— True ; 1
False ; — False 60.2
N,
Power_Distribution_Disruption
True 273 H ] y A Y
False 727 Water_Distribution_Disruption

¥ True 430 | |
False 56.1 i

¥
Reduction_of Power WTP

True 273 mm
False 72.7 e
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where, C = €operability matrix
F = Unit matrix
I = Interdependency matrix

F = &ial failure matrix
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Seismic Damage Estimation for Lifeline System

Earthquake control panel
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{ common-cause failure matrix
double [] C = new double[B];
for (int i=8; i « &; i++) {C[1]

nodes.get(i).Common-cause
A S

double []J[] E_A = new double[g][8];
for {int i=6; 1 <« 6; i+H+)

{for (int §=0; j < 6; J++) {E_A[i][j]

Inverse_table(6*i+j

£_27 i
=] u

'/ cascading
double[] X = new double[&];

for(int i=8; i<6; i++)

{for(int k=8; k<6; kt+) {X[1i] += E_A[i][k] * C[k]l:}:}:

for({int n=8; n<B; n++)
{nodes.get(n).CascadingFailure = min{le®, C[n+3]*1e8);};:

'/ total failure
TotalDamage =( nodes.get(®).CascadingFailure + nodes.get(1)
+ nodes.get(2).CascadingFailure + nodes.get(3).

+ nodes.get(4).CascadingFailure + nodes.get(5S).

Failure;};

+1}54:%s

.CascadingFailure

CascadingFailure
CascadingFailure)/6 ;
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Damage Propagation from Component Level to
System Level in the Electricity Sector

Seulbi Lee, S.M.ASCE'; Sungjoo Hwang, A.M.ASCE?; Moonseo Park, A.M.ASCE?; and
Hyun-Soo Lee, A.M.ASCE*

Abstract: In the aftermath of an earthquake, the electric power supply system may have a reduced ability to maintain its intended function,
leading to service disruptions of other interdependent facilities until the electricity sector gets restored. In order to analyze such extra func-
tionality losses. the authors have developed an agent-based inoperability input-output model with a focus on damage propagation from a
component level to a system level in the electricity sector. In addition, this research presents the probabilistic matrix for the quantification of
correlation coefficients between two connected electricity sector components (e.g., power generator and deliverer) and uses these coefficients
to identify critical components from a perspective of the network’s reliability. The developed model thus allows us to understand how a
degradation of component affects the functionality of the whole electricity sector. To demonstrate the model’s analytic capability, this research
conducted case simulations using the data from 2011 Tohoku earthquake. The simulation results show that the impact of seismic damage in a
network is generally underestimated because there is unforeseen damage propagation from the component to the system level. Moreover, the
results demonstrate that demand-side efforts to conserve electricity usage and restoration priority setting in accordance with component
criticality are crucial to ensure community resilience in case of disaster. DOI: 10,1061/(ASCE)IS.1943-555X.0000437. © 2018 American
Society of Civil Engineers.

Author keywords: Electricity sector; Power system; Functionality; Earthquake: Input-output inoperability; Agent-based simulation.

Introduction

Civil infrastructure systems, which are often referred to as lifeline
systems, produce and provide public services such as electric power,
water, and fuel to local residents. However, in the case of a disaster
event, the damaged lifeline systems can produce functional losses
until they get restored (Barker and Haimes 2009). Disruptions in the
electricity sector, in particular, can lead to malfunctions in the other
interdependent lifeline systems and critical facilities that depend
heavily on electric power (McDaniels et al. 2007; Chang et al. 2009;
Johansson and Hassel 2010). Furthermore, even if only a part of the
electricity sector (e.g., power plant and transmission substation) is
damaged, its impact on the whole system can be catastrophic
(Castillo et al. 2014). In the 2010 Chile earthquake, for example, the
Central Interconnected System, which serves electricity to 93% of
the Chilean population, sustained damage to its generation, transmis-
sion, and distribution components immediately after the earthquake.
The earthquake also produced a blackout of 4,522 MW out of a peak
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demand of 6,145 MW (Araneda et al. 2010). Most generation and
transmission facilities were able to operate within a few hours of the
event, whereas restoration at the distribution level took up several
days, and this event resulted in power supply delay for a week
(De la Llera et al. 2017).

As such, component-failure-induced system disturbance com-
monly happens in the electricity network after an earthquake.
Therfore, the question the authors address in this paper is how the
damage of individual component would propagate and to quantify
its effect on the whole system performance. However, it is difficult
to determine which components are more important to system
reliability improvement or offer a greater contribution to the
network performance than other components (Zio and Golea
2012: Hernandez-Fajardo and Duemas-Osorio 2013). This is be-
cause (1) the electricity sector consists of many components that
are spatially distributed and complexly interdependent (Dunn and
Wilkinson 2013); and (2) these components may sustain different
levels of damage when subjected to a disaster event (Dialynas
et al. 1988; Chang and Wu 2011). The performance of the elec-
tricity sector, in other words, depends not only on the physical
damage of each component but also on the interactions among
interdependent components (Frangopol and Saydam 2011).

In this context, many researchers have offered useful indices to
measure a component’s importance and have developed cascading
failure analysis models to estimate the degraded performance of
the whole system. The CASCADE model (Nedic et al. 2006)
and OPA model (Qi et al. 2015) are typical methods to show the
patterns of cascading blackout in line with the electricity load
growth. These load-dependent models assume that once there is
no power flow through a damaged component, then a second
one suffers overload and subsequent self-redispatches. However,
in the postearthquake event, it is difficult to compute optimal con-
figuration because multiple components at different origins go out
of service concurrently (Dobson et al. 2008). On the other hand,
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Effect of Dynamic Emergency Cues on Fire Evacuation
Performance in Public Buildings

Minji Choi'; SangHyun Lee, M.ASCE?; Moonseo Park, AM.ASCE?; and Hyun-Soo Lee, A.M.ASCE*

Abstract: An individual’s perceived risk is an important source for determining responses during a fire evacuation. The level of perceived
risk is continuously influenced by an interpretation of the updated emergency information from the surroundings. In this regard, this research
aims to model and analyze the effect of perceived risk that changes from observing dynamic emergency cues (i.e., information from the fire
itself, other occupants, and facility emergency systems) on evacuation behaviors in public building fire situations using an agent-based
maodeling approach. The simulation results highlight the difference in the effect of dynamic emergency cues on evacuation performances
based on the type of emergency cues and facility layout. In addition, the result emphasizes the necessity of considering the side effects of
dynamic emergency cues on the evacuation performance. Using the developed model, this research provides insights into the appropriate use
of dynamic emergency information considering the extended influence of perceived risk on evacuation performance. DOI: 10.1061/(ASCE)

1S.1943-555X.0000449. © 2018 American Society of Civil Engineers.

Introduction

Unexpected fires can occur in any facility and threaten people’s
lives. For example, in 2016, a building fire was reported every 64 s
and the fires caused more than 15,700 casualties in the United
States (NFPA 2016). For individuals® survival during such events,
it is critical for people to take appropriate emergency actions or, in
other words, perform timely evacuations (Purser and Bensilum
2001; Kobes et al. 2010).

During fire evacuations, an individual’s perceived risk, which is
established as a result of an individual’s subjective evaluation on
the probability of being negatively influenced by imminent danger
(Kinateder et al. 2015), plays an important role for making behav-
ioral decisions. Evacuees are more likely to take protective actions
or to make evacuation decisions if they perceive a higher risk about
an ongoing situation (Kuligowski and Mileti 2009; Kuligowski
2011; Sherman et al. 2011; Gershon et al. 2012; Kinateder et al.
2015). In addition, people tend to adjust their subsequent behaviors
0 a more active (e.g., rush toward an exit) or more passive
(e.g., investigate what is going on or continue previous work) man-
ner according to the perceived situation (Helbing et al. 2000;
Heliovaara 2007; Kinateder et al. 2015). Therefore, it is of great
importance to understand the role of perceived risk for predicting
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evacuees’ behavior and evacuation performance (Kuligowski and
Mileti 2009; Kuligowski 2011; Kinateder et al. 2015).

Perceived risk is a direct consequence of obtained information
from the surroundings and an individual’s personal attributes (Dash
and Gladwin 2007). During a suspected fire situation, people con-
tinuously search for additional information from various sources
such as the fire itself, other occupants, or facility emergency systems
to evaluate the risk of the ongoing situation (Withey 1962; Kobes
et al. 2010; Gwynne 2012). The newly updated information on the
situation can continuously change the individual’s level of perceived
risk and subsequent responses: for example, to continue to evacuate
or not. Compared to some static factors that influence an individ-
ual’s perceived risk such as gender, age, and previous experience
(Sime 1983; Kobes et al. 2010; Kuligowski 2011; Kinateder et al.
2015), these types of additional information are considered as
dynamic because the contents or intensity of the information can
change over time during an emergency (Kinateder et al. 2015).

In addition, large public buildings such as sports halls, stadiums,
airports, and shopping malls are filled with visitors (Lee 2012). The
high occupancy requires a more accurate understanding of crowd
behavior and prediction of evacuation performance to better guide
the people to a place of safety in case of an emergency (Chu and
Yeh 2011; Lee 2012). It should be also noted that the visitors are
often not familiar with the emergency evacuation procedures of a
facility they have never visited before. In this situation, people are
highly dependent on emergency cues such as others’ responses and
notifications from the facility for evaluating the situation and
deciding their subsequent actions.

With this background, this research aims to model and analyze
the effect of perceived risk that changes from dynamic emergency
information (i.e., from the fire itself, other occupants, and facility
emergency systems) on evacuation behavior and performance in
public buildings. Agent-based modeling is used to build an evacu-
ation model in which each agent establishes a perceived risk accord-
ing to the observations of the surroundings and makes autonomous
decisions for subsequent behaviors during an evacuation. In order to
incorporate the effect of smoke on evacuees’ perceived risk, the Fire
Dynamics Simulator (FDS) is linked to the developed evacuation
model to transfer the visibility data of the simulated area. A number
of simulation scenarios are tested in both open-space and complex
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Robustness Estimation for Power and Water Supply Network
: in the Context of Failure Propagation

Lee, Seulbi', Park, Moonseo”, Lee, Hyun—-Soo'
"Department of Architecture and Architectural Engineering, Seoul National University

Abstract : In the aftermath of an earthquake, seismic—damaged infrastructure systems loss estimation is the first step
for the disaster response, However, lifeline systems' ahility to supply service can be volatile by external factors such as
disturbances of nearby facilities, and not by own physical issue, Thus, this research develops the bayesian model for
probabilistic inference on common—cause and cascading failure of seismic—damaged lifeline systems, In addition, the
authors present network robustness estimation metrics in the context of failure propagation, In order to quantify the
functional loss and observe the effect of the mitigation plan, power and water supply system in Dasgu—Gyeongbuk in
South Korea is selected as case network, The simulation results show that reduction of cascading failure probability
allows withstanding the external disruptions from a perspective of the robustness improvement, This research enhances
the comprehensive understanding of how a single failure propagates to whole lifeline system performance and affected

region after an earthquake,

Keywords : Lifeline system, Network robustness, Failure Propagation
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EXTENDED ABSTRACT

In the aftermath of an earthquake, seismic-damaged infrastructure loss estimation is the
first step towards the emergency response. In this context, several damage estimation
methods have been proposed such as fragility curves by FEMA (2011). It should be
noted, however, that these types of methods are not sufficient to quantify the loss of
infrastructure inoperability from the degraded whole system performance. This is
because: (a) they generally offer the probability of physical destruction for single
infrastructure and (b) the ability to supply intended service can be volatile by external
factors such as disturbances of nearby infrastructures, and not by own physical issue.
To address these issues, this rescarch proposes an agent-based inoperability input-
output (IIM) model that estimates the component and system-level inoperability within
an infrastructure network. In addition, through this model, we observe how a single
component’s damage propagate to whole infrastructure system performance after an
earthquake. The electric power network in Tohoku region, Japan subjected by 2011
Tohoku carthquake is selected for case simulation, and each component (e.g., power
station and distribution substation) in the network is modeled as an agent that has its
own attributes (e.g., intended function, geographical coordinate and link connectivity).
The upper left side of Fig. 1 shows simplified topological structures of the Tohoku
electric power network. Regarding this figure, there are 3 thermal power plants and 11
major substations connected by 24 bidirectional/one-way transmission links.
Theoretical background of inoperability estimation for such agents is based on IIM
developed by Haimes and Jiang (2001). Consequently, this research introduces new
correlation matrix, the core concept of the 1IM, to quantify the conditional probability
of cascade failure (where one damage triggers another service disruptions). Detailed
inoperability estimation algorithms as shown in the right side of Fig. 1. When the
simulation starts, the model triggers a single seismic event with magnitude 9.0 and
depth of earthquake center about 24km. Then inoperability in two perspectives are
immediately determined by the ground motion intensity and correlation coefficients.
The simulation results show that the agent’s component-level inoperability represents
from 7.5% to 93.3% (all agents have 0% inoperability before the earthquake). To be
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Robustness Estimation of the Seismic-Damaged Electric Power
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Abstract

During a disaster, it is common that infrastructures encountered problems in maintaining
reliable operation because each sub-sector can be counted as a hazard source. Moreover, a
single failure of a sub-sector can readily propagate to same and/or different infrastructure
systems. For example, electricity supply from distribution substation influencing the operation
of the connected water treatment plant. Excess demand for public services from infrastructure
and mandatory demand reduction in the abnormal condition also makes challenges to
estimating infrastructure system behavior. In this context, it is required to discuss system
performance under supply chain disruptions and demand fluctuation. This research aims,
therefore, to determine the possible factors driving uncertainty in robustness estimation. In
addition, this research develops causal loop diagrams that examined the progress of failure in
an infrastructure and robustness estimation model using system dynamics. Case simulation
based on the power system in Daegu city in South Korea is also conducted. The results of this
study can provide a better understanding of how a failure propagates to the whole system and
how the change of supplier and customer-side variables affect the system robustness.

Keywords: Robustness, Reliability, Electric Power System, Earthquake.
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