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A FUNDAMENTAL MODEL OF LIFELINE DISASTER INTERACTION
USING CROSS IMPACT METHOD

By Nobuto NojiMa and Hiroyuki KAMEDA

Synopsis

A probabilistic mode! to evaluate the seismic risk of urban lifeline network
systems is developed with emphasis on the interactive aspects of lifeline earthquake
disaster. First, the outline of interaction-related problems in lifeline earthquake
disaster is compiled in a comprehensive table. Next, with the understanding that
functional dependence among lifelines causes a significant interaction in the event of
earthquake, focus is placed on two network systems model in the light of functional
dependence of a lifeline system on the other. The probability of system malfunction
caused by damage interaction in addition to the damage to the system itself is
assessed. Through this, system interaction is quantified on a probabilistic basis as a
single parameter, in terms of the “cross impact factor”. Besides, incorporating a
hazard curve method, the effectiveness of back-up facilities has been evaluated. The
method of fault tree analysis is conveniently used in the process of probabilistic
calculation. An illustrative numerical example is presented.
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Fig. 1. Probability conversion using cross impact factor.
{a) Eq. (D
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¥ 257 LO~OEFEHES = aw BB

7, 54754 vEHEENKELTWAMOS 4 754 YEBEEOELR I TBEST 2Ny 77 7
DOFhBIZ, BHEREEROBD APEY) L LTEMmEN 2, EOoERXbicEIEL, Z70R 4 v
7 FREDIER dayw LRI TELZLIENTES, THOLE, X (3) &v,
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AP(EY) = {1—P(ED} » P(Ep) » datgy ++-++revseeerersersrnsssssssssmsisniiiiinitininncssesienicas 4
LoRy, HBEH®RE Y OMMELTESN, Ly bHSHUROMREREY [V 25y 2—FRIicd
B BHER| ARTHIENF— FEIG Py(0)=P(Y>y) THEALhTWVAEE, /- F N OKREERKH
RO OHFHEE, i3,

_@=f:APQh)ﬂh@)

=J': {I—P(El)} . P(Ez) . Aazzv . (dPH(y)/dy)dy ............................................. (5)
Linb, ARETEINE, BEOHBNF—-FDLETDNy 27y TEEOBEMER R T RE LR
ER-

3.3 Fault Tree Analysis®f\fz7 DX « £ /87 FMREORE

AHE Tk, RQ@) hoFERERD
3 12 % iz, FTAY (fault tree
analysis) RV 5, ¥, PIEE S iﬁ
htTwa [/ —FNoOKgERK| %

malfunction of node N

1 ]
HEFRE LTz DRERRERRL - a set of minimal cut a set of minimal cut
72 FT (fault tree diagram) %8 sets containing sets containing
$B, RIC, Ay by b e T IO interaction term no interaction term
F2BA LT 7 - VEEEZTV, &/D ﬁ ﬂ
Hy bty bETXTRDT, FTO [ ] I
LHBFRETI "My by M E 1 [ 2 N kil k2 |- n

12, HEBERARESESHIRE
PRERSNEZEAEROESDILT -
b3, W%, Fig. 30L& Hicnflo 3

: minimal cut set

/by vy BEOA, {0) 355 n : number of. minimal cut sets

ok Gy ey VEB B, k : number of minimal cut sets containing basic events
YRF DD DY AT AD~DE related to influence of system 2

M4 2 BAES A | oD LSS, n— Fig. 3. Separation of minimal cut sets.

B (B/hhy by FBEA) BREBATOWRVLDET S, COXIRAy by FEFRELTH L,
MEERMICER LS OE SR ORERR S, HEEMCERY 2 RERRE 4 CHIYT 5 T EAHHE
<HB, Vg, P(A) EP(B) 2FhFhB/N Iy bty tBA L BOREERERTODLT 5, B
ShIT

P(E)=P(A) «wereeeremnesmnncas e eereteeeeitrreaeieteteeeeaareeren e brtes s it ar e e st rae e e nraes ®)
Thb, £/270R o 4 V30 MERRERATRD N5,
Aoy =P(B)/P(Ey) ++++s+rsrersssssssssesssststrrsitntatistsii ittt (D

4. BUEETHH

TR, 3. TERLL L HEOKEEMERT, Fig. 4 3EAHETHWILFTTH%, /—FN
OBREEAHTE FERTH Y, ZOREFROKERREERL TS, TOFT 2HRT 503, Table
3T T 1l OBASELRTH S, TONHTHEP “interaction term” &FLl 7 6 DDOEARRHHEE
Bicld 3 b0ThHY, [YRF2Q1XT 5Ny 77 v 7OHE EAHEEZ N R [/-FNoOV
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l functional failure of node 1 (system 1)'

| 1

no serviceability l lno connection with supply node

. i

failure of all possible manual/automatic
paths from supply node energency shut-off
l I no network failure of
leak of flow due to functional damage interaction rearrangement usual path
physical damage between system 1 and 2
functional dependence malfunction of trouble with period of malfunction of
of system | on system 2 systea 2 back-up system system 2 exceeds time allowance
no back-up system back-up system fails
i |
physical damage to back-up system drained
back-up system
Fig. 4. Fault tree diagram for the numerical example.
Table3. Basic events composing the fault tree (See Fig. 4)
event . interaction
basic event
No. term
1 failure of all possible paths from supply node
2 failure of usual path
3 no network rearrangement using redundunt paths
4 manual/automatic emergency shut-off
5 leak of flow due to physical damage to system 1
6 functional dependence of node N on system 2 O
7  malfunction of system 2 at node N O
8  period of malfunction of system 2 lxceeds time allowance O
9  no back-up system against failure of system 2 O
10 physical damage to back-up system O
11 back-up system draind O
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Table4. Minimal cut sets of the
fault tree (See Fig. 1)

cutset minimal cut set interaction
No. {i}, i=event No. term

{1}

4

{5}

{2, 3}

6,7,8, 9 O
{6, 7, 8, 10} O
6,7,8,11} ®

-3 O OV O DD =

Table5 Data for Nnormal distri-
butions of fragility curves

event No. 4 (gal) o (gaD
1 400 50
2 250 50
3 350 50
4 350 50
5 300 50
6 — —
7 200 50
8 . 230 50
9 J— —
10 300 50
11 300 50

27 L@ BEEE EARFRN6)| BEEST, K
k, WEEEBEGRLLWER, FA DEgESRE (B
BHRN 1, 2] $ Eeetmk EXRERNS)] &Ko
WTh, EEERTCX Y b7 -2 BEREMEAAA THRE
FRMTEITILENS 25, FPR TR, Z0OHD%BHM
{ELTEZ TS, T, IHLBOHEFITREED D,
LTORAFRORERIMT THBE LI, IIT, BAH
FNoxRGB) THVKEB LRI ®2 L, BFRE BE/ND
Aybky bl ~4%2KL, BRE ZEELFZNT %
ET, EEABEENG, 8~10M7 m R« 1 vy MEHK
REHEShBI LR 3bDTH 3B,

Table 412, FTOE/Nh v by FEREELI, THD
BNy by bD5B, Nob ~TI3 HEHEECERS
55DTH5,

wic, HEBRORBEERERD Zcbic, BEAEROR
HHREZBEMCEZ 5, ARETIE, WEHELAREEED
FREDOBGEA B oI, HEHBRERNMEEETS57 5
I 74 —HERE, SEAERICEABIEE L, RO
BRIEELE EHAGHBRLE L, KL, BAER
No.6 &No9 D22id, ¥ RFLDRESL L UHIHROIR
HEXRTOOTHB0 0, HEMTO» 1D _{EE L 2EH
Lt CETEN 27y 7OMBETNS 2B, No9
K2oWTRO (X279 7HD) &1 (RNys Ty THE
L) Ofisr—2%%%, N6 icowTidl (100% k5 %

EZ -, Table 53, 779 Y7« —ghi@% X+ IERO RO TSE &L BEREERL TV 3,

LTI ERREETRYT, Fig. 51, 792« 4 v MEHOBETH 5,

2A08E, YRFLOD

/—FNKﬁhTVX%A®®ﬁ%KﬁT6Nv77w7%¥ﬁbfbﬁb%é&¥ﬁbfh6%é®

& 8,5 ted prob
1 without back-u = | Impacted prop.
t P 4 (without back-up)

8 with back-up 8] impacted prob.

o o] (with back-up)

A =

8- el
) e no interaction
- B -

: & probability
“’% 99 increased

) co

b 1

8 &

o o

8] Lo od d ». i

%0.00  100.00 200.00 300.00 400.00 S00.00 0.00  100.00 200.00 300.00 400.00  500.00

ACC. (GAL)

Fig. 5. Cross impact factors.

ACC. (GAL)

Fig. 6. Probability of malfunction of
node N.
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7aR e 8 MEHTH B, FIL L VORKMEET
HET e, FESREOHEEREICEE->TVS, /Yy 7
Ty 7EBBLTOTO 7 0R 4 V37 MRED 0TS
BVOR, HEBRESKELREE, Ny 2Ty THRED
LODHMBEKELSY THIELECLECLE BEEABR
Nol0) ®, ¥ 27 42 OREEEIEHENT Y 27 » 7OF
o x22 s BEERNID KkbbDTH3,

wiz, HEBRIubL/ — K N OBEERKORERKR
P(Ey) % Fig. 6125k T, AVEEE, Y2720k d 5

100

07

annual probability of exceedance

-3
VAFLQOHEBEEBLIEVWESD P(EY), THLLR 100 1& 50 504& 500
(3) @ P(E) OfEix kT, Fig. 501 v/¥2 b 2235 E peak ground acceleration (gal)
ORI, Ny 2Ty THE/ECHIELT 2 AOHWER  Fig. 7. Hazard curve (data excerpted
DX IHEMT 5, Z02XD0EROENRWG i£db, from Ref. 15).
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(i) WHEHEAZZE L LVES 1.16 X 1072
(i) MWEHEBALZZER (v 27y TEL) 2.18 X 1072
(i) FHEEBAZERE Ny 27 7EHD) 1.48 X 1072

L, RG) TEHRLI Ny 27 7OFEMR, 070 X 1072 &85,

5. ¥& L

ARFEICLDBONIERETLDTE L,

(1) WEKEICBFE54 754 VREOHAEMOBEERICE LD B L L i, BHEOMETHEE
KRS TOAEEEMAEEL L, ¥ 27 ABOHEEMSRET 2FRESTL, MRS
Py AT LM, WERKEHIEEICERFSND I EREBHL,

(2) BENEHEEEREOGTROEESAREEEL Sh 5, BENEEHERICESRERYD, COBOM
HERAN S 4 7 514 VEBICRIZTEBORRABNTMELRRE L oo HED/ — Fiexts 21ty
AFLBPODA VT FDESVE, JaR e vy bkl FTAOFERIGALT, 70X
A4 vy WEBEVSBE—DIBETRL,

(3) HBEEMIBIENROBIEREO—2TH B, v 77 v TEEIL K > TRBTE 28EBIRK Y 27 %,
ST OF ik E MIBGREBITOFEEL S &I, 70R « 4 37 MEEERVTERILL 72

(1) fEBHKEHERARL, HEEBEOBEWVCLEA V37 FOELP, Ny o Ty TOEMHEE
ZRLT

£ E X
1) FHEE « EERIBE « BEMT: BS54 754 v RicBT 2HBBIK > X 7 2 OREABEDOS
i, TS v & -HERERIME 25, 1989.



2)

3)

4)

5)

6)

7)

8)

9)

10)

1D

12)
13)

14)
15)

HEEBH: 7o A VY7 EREBE 1754 »ROMBEEHEEBMO = 7114k 37

BERWEE - BEAMT: 51774 YicBIAHRIK Y 27 A OBARE BT 3 EE, HEK
FB K I ER, %325 B-2, 1989, pp.89-109.

EHEER « B BERREER L1251 7 54 VRET~O—EE, 16 (B THHER
#£, 1980, pp. 185 - 188.

FREL  BNZER BB . # 2 «BEH PkBEYR70BERBY av~—vay, &
6EIRAMIBTEY YR YT A, 1982, pp. 2025 2032,

BB « KPR - LARYE: dVFVERICKE 514751 VBEEOB KB R OB,
ToARELH/E, 3445 /1-1, 1984, pp. 323-331.

BB - REFFE: BENS M 754 vOMEFELERL LEHBREOBETME IAR%S
FEE, ¥ 386 5/1-8, 1987, pp. 387 - 396.

KEFH: 51774 »ORBKFEOHELE L BEEFMICBd 28158, BB LTEREEMRYL
1988.

BHAT (IRARESE). 199F o7y 2 s HBICKZY v 75 vy R aBREIIRSOHE
B 2 AR, CRAFEMEE (No01102044), RATIE (A) BREEVMRRE, FHFR
FBRKE ] REBIFEH, 1990.

HEE: LWobBEFIICLE? v« 7Y — S HIBHEEEEMAME, 1990.

Kameda, H, Asaoka, K. Scawthorn, C, Khater, M.: Effects of the 1989 Loma Prieta
Earthquake on the Bay Area Transportation Systems, Proc. of the 8th Japan
Earthquake Engineering Symposium, 1990. (8¢fz)

MEESER: #4754 Y OHIBHEL 4754 v ¥ 257 sEOHEREOMT, HEBAY
THHMEIERK, 1990,

FEHE: v 27 LATHEAM, FHHIR, 1985 pp.133-134.

Sage, A.P.: Methodology for Large-scale Systems, McGraw-Hill Book Company, 1977,
pp. 165 - 203.

F LR FTARSTY $2E, BHTHEHEL 1979, pp.69-118.

BHIMT - BN - FBE< S =F 2 — F - BRIEEEIC X 2HIBBREMTOWIR K
SOWMOUE, ¥ 3925/1-9, 1988, pp. 395 - 402.



