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Seismic Reliability Analysis of Lifeline Systems (2)
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Summary

In the previous reportss) we have discussed a methodolo-
gy for the seismic risk assessment of lifeline system, by
using the terminal reliability and the flow reliability as a
measure of seismic risk. This report deals with a measure of
seismic importance for lifeline systems, the main idea of
which is based on a sensitivity analysis of terminal reliabili-
ty. Some general characteristics of the “Importance” are
also clarified.

1. Introduction

Prior to the discussion of “measures of importance” in
reliability theory, we consider the system structure to be
described in the following manner. Here we will distinguish
between only two states: a functioning state and a failed
state. This dichotomy applies to the system as well as each
component. To indicate the state of the ith component, we
assign a binary indicator variable x; to the sth component:

_rbif the ith component is functioning,
=={ 0 ifitis failed,
fori=1,2,...

ponents in the system.

(1

, n, where n is the total number of com-

Similarly, the indicator variable ¢ denotes the state of the
system:
_ { 1 if the system is functioning,
0 ifit is failed.
As the state of the system is determined only by each state

(2)

of component, we can write
¢ =¢(x)
where x=(xy, 22, """, Zn).
The binary function ¢ is called the structure fuction of the
system.
When the structure function ¢(x) satisfies the following

% H =

if  x'=x?, (x' <z for Vi),

then ¢ (x')<¢(x?),
we call the system a coherent system. In the other words,
this condition means that to improve the performance of any
component never causes the system to deteriorate.

If the following equations holds,

¢(1;, X)***~¢(0,,X)=1 and
31 x)—¢00;, ¥)=0,
then we may conclude that the ith component is more im-
portant than the jth one. Because the ith component is very
critical for the survival of the system. Whether the jth
component survives or fails, it is irrelevant to the system’s
survival. So we define the criticality of the ith component
such that
C(2E[s(1;, x)—¢(0,x)]
=h(1;, p) —h(0;, p ¥+ (3)
where the function # is the system reliability function; that
is,
h=E[¢(x)].
We find that the criticality is the difference between two
conditional reliability; one is the system reliability with the
ith component completely success and the other is that with
the ith component fail.
Now the structure function can be decomposed into the
following, with the sth component as a pivot,
¢ (x)=zi¢(1;, ) +(1—x¢(0;, %) (4)
The above decomposition is called the pivotal decom-
position. If any components are statistically independent
of each other, by taking the expectation of both sides of
eq. (4), we have
h(p)=El¢(x)1=p;n(1;,p)+qik(0;, D) (5)
And we may derive the eq. (6) from eq. (5).

condition:
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b =h(1;, p)—h(0; p) (6)
When the system is assumed to be statistically independent,
the criticality may be redefined such that
. ok
N ==
c@a o (1)
Additionally, from eq. (6), it is also clearly found that
0=C()=<1 for Vi.

2. Measures of Seismic Importance

In the last report, we numerically evaluated the seismic
risk of the lifeline system with the terminal reliability as one
representative index of system performance. Here we make
most of results in the last report and produce some measure
that enables us to rank each facility in the lifeline system in
the order of its importance.

Though the criticality mentioned in the previous section
represents the importance of each component, we modify

it into a new measure of importance.
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Just contrary to Def. 1, S;" means a contribution of the
deterioration of the ith component reliability to that of the
system reliability.

Now to the same model lifeline showed in the previous

reports) we apply these two measures of importance for
earthquake resistance character of lifeline systems.

Table 1 and Fig. 1 show each component importance S;
for the pair S, > D to be connective, where the node
reliable case and the node vulnerable case are compared with
each other, Table 2 and Fig. 2 give the results of dual
importance S’ for the same pair. '

" Table 1

Node reliable case Node vulnerable case

Terminal
Reliability 0.631 0.379

Def. 1
The importance S;is defined such that
__bi @_:<6Inh(p)> )
STk op \ anp; (8)

where # and p; denote the system reliability and the
reliability of the fth component, respectively.

It is found from eq. (8) that S is produced by weighting a
component reliability on the criticality and normalizing it
with the system reliability, and the S is only the logarithmic
form of the criticality. In the physical meanig, we understand
that S; means a contribution of the improvement of the ith
component reliability to that of system reliability.

Another proposed measure of importance is the dual
concept of S; in the mathematical sense, which is shown in

the following definition.

1 Link 13 (10) Link 13
Node 16 a0

2 Link 1 (0.572) | Link 1

Nodez (@38
@ |3 | Links 0.271) | Link 5 (0:340)
£ |4 | Link4,8 (0.143) | Link 4,8 ©194)
= Node 5 :
Q
§ |5 | Link29 (0091) | Link2,9
g Nodes, 7 ©973)
k=

6 | Link6 0.057) | Link 6 (0.051)

7 Link 3,7, 10(0.007) | Link 3,7,10
Node 4, 8

(0.005)

8 Link 11,12, 14,15, | Link 11,12, 14,15,
16,17, (0.0) 16,17 ©.0)
Node 9

Def. 2
The dual measure of importance, denoted by Sy, is
defined such that

. qi 0h(g)( _3Ink(q)
) 94; (‘ dlng; ) (9)

where % and g, denote the system unreliability (1-4) and

the ith component unreliability, respectively.

module* : akind of disjoint subset. See Refs. (1) and (2).
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Table 2 %: oh GPM
Importance Ranking by S (node vulnerable case: Sy = Dy) Opr  OPy 0ps - an
From Def. 1, we have
Terminal on P
Reliability 0.379 e T" ;in the series module
M
1 Node 6 (0.193) S¥= an 1-P. 1 a2
M) L o
2 Link 8 (0.158) ET- N 1} ;in the parallel module.
3 Link 13 (0.141)
n so we find the following characteristics.
4 Link 5§ (0.089)
5 Link 5 (0.087) Proposition I:
6 Node 2 (0.068) (1) The importance S; is always constant in any series
&0
£l 7 Node 1 (0.053) module.
5 8 Link 4 (0.034) ) In any parallel moflule', the 1th component is more
&1 9 Link 9 (0.024) important than the jth, if p,>p .
=]
£ | 10 Node § (0.022)
E|n Link 2 (0.012) ( (Proof) )
Link 6 (0.008) Eq. (11) means that S, = S, . . . = Sy in the series
12 Node 7 module. And in the parallel module,
13 Node 3 (0.004) _bi—p; 1—Py Ok
Si—§j=rt= 4 —
14 Link 10,7 (0.002) qidi h 0Py
15 Node 8 (0.001) As the derivative 3P. should be surely non-negative, the
16 others (0.0) M

following inequality holds:
$i>S; if pi>pi(,5=1,2,--,m)
(QE.D)
As mentioned in the previous section,S;’is a dual concept of
S;. This duality yields the following proposition.

Proposition II:
(1) The dual importance S; is always constant in any
parallel module.
(2) In any series module, the less reliable component is
the more important; that is, ;" <S; if pi>p;.

Next we try to see the relationship between two kinds of

3. General Characteristics of Importances

reliability importance Siand S;". The next proposition will be
Suppose a system of n components which contains a

also derived from previous discussions.
module* of m components. Let Py be the reliability of the :

module, then we write Proposition I1I:

(1) If pi<h, then S; <S;".

[T p;j ; if the module is a series subsystem, ,
im1 (2) If pi>h. then §; >S;".

Pu= m (10)
1— [l g; ;if it is a parallel subsystem.
~ ( (Proof) )
whether the module is in parallel or in series, the variable p;
. _fbi _1=pi\ 9k
(i=1,2,...,m)ink must always appear in the lumped §i—=8i= h 1—hSap;
form, If the kth component is in the module, for the above _pi—h oh
reason h(1—h) ap;
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where we use aa_: _ 9h The sign(S;—S/)is the 2) Barlow, R. E. and F. Proschan, “The Statistical Theory

aq; of Reliability and Life Testing,” Holt, Rinehalt &

Winston, 1975.
same as the sign (p;—#h), because oh =(. mnston
ap; 3) Lambert, H., “Measures of Importance of Event and Cut

(QED) Set in Fault Tree,” UCRL, 75853.
. 4) The Inst. for Safety of High Pressure Gas Eng’ g., “Safe-
4. Conclusion ty and Loss Prevention for Large Scale Petrochemical
In the report, we have been discussing the measures of and Related Industries —Prevention of Earthquake
importance and their general characteristics. Some numerical Hazard—.” KHK, 007-1974.
examples of importance ranking in the lifeline system are 5) Shibata, H, and M. Tsuchiya, Proc. of Current State of
also exhibited. By using such an importance ranking, we Knowledge of Lifeline Earthquake Eng’g, ASCE, (Los
would be able to improve the aseismicity of lifeline system Angeles (August 1977) 354.
effectively. (Manuscript received, October 23, 1978) 6) Shibata, H. and M. Tsuchiya, J. of Inst. of Industrial
Science, Univ. of Tokyo, Vol. 30, No. 7 (July 1978)
Refe‘rence 259,

1) Barlow, R. E. and F. Proschan, “Mathematical Theory of
Reliability,” John Wiley, 1965,
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BH H6T (FEX)
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AGING AND REVERSION PHENOMENA OF Cu—Co ALLOY
Cu-Co A& 0¥t LUEITERE

Cu-Co2 TALHEKRERAALHMHELTORARRIBZLALEZSNEL. LLLCoRBMERLLTIHAALLDH
AEEMAZIN, BICCu-BeAL~DREMRBEL FMENTHE6DTH 5 . KGR EFTLAHORUMERT Cu %
R—ZEUBAMEABATLD, COLWIBRBUERFORB LV IBERLIDBELHKERFLNAMA LS. COfE
HIRLDIENIC, BHTRIBREAED SO BN FBE—KHRT 2HH 5, SHEILOBBRIMEDOHREL
THHARINDZ T EHH 5.

KFEIZC D Coli TONMBR, Fict OMMABRBEOIRE, LU i FOETMBUCHE S RHEZEMEIC DV TR
KET, ChEEEDHTLIBTELLEODTHS. FlETRARALSCHETINXROKRS S OMEEFHL, KB
HOEBNONBITET>bDTH 3.

FETRIEL THDEHETRERTEIOCLAEZHEOREFRCIVERLAKEZERTV 5.

SENMROBITOBRLD, TOIMBRIBEERAKS BEEICHT oh, RENFSREAE (~3wt% Co) K
BOTREKRBRENRDOTML DENS. Tohnson-Mehl-Avrami D time exponent n DETERETHIE, ¥
BLUBBR n B 1 XOBRIONSOEE (n=03~04)TH 0, PHOH BEREEOHRBMEICIZITELLES. B
3ETRIEL LTHIEEEK DO TOMRRERLRRIEDTH Y, TOZRIKEDI BITH Co NFREDTHRELPT
WEISH D, RABRBICBOTEREING 7722 —DHEILLBEINIC V. B, HToMEEELT 0%k
DHTHHE £, C, C, CoFDATH »T, CNLUANADHEEROIFHERTIILERIBONNEL LT EEHE
LT3, (1979 &£ 3 A LAIRTTE)
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