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1 INTRODUCTIORN

in the seismic rigk analysis of nuclear power plants, various kinds of common cause
failures (CCFs) must be taken into accouni (Ref.1). Some CCFs can be expliciily
represented by fauk trees or svent irees but others can not. An example of the
former types of CCFs is multiple component failures due o a collapse of wall and
ceiling, and an example of the latter ones is multiple component jailures dus to
"correlation of responses”. Correlation of responses means the tendency for pairs of
responses to have simultaneously high or low values for an earthquake occurrence.

Even when corrglation of responses is laken into account, the fallure probability of
each componsnt is noi different from that calculaied under the assumption of
independent responsas. However, the unavailability of a system is afiected by
taking account of correlation of responses. Figure 1 shows a simpiified example.
When correlation of responses is taken intc account, the probability of the system
failure which occurs by the simulianeous faillurs of two componenis is higher than
that calculated under the assumption of independent responses. Howaver, the
system failure due to either failure of two components is lower when correlation of
responses is iaken into account.

The Japan Atomic Encrgy Research Institute (JAERI) developed a new computer
code which can reflect the effect of correlation of responses on system reliabiliiy.
This paper describes the outlines of the code and its application resulis 1o some
safety systems in a nuclear power plant.

2 ANALYTICAL METHOD

Figure 2 and 3 show the logical flows io calculate a {ailure probability of each
component and a simultancous failure probability of each set of multiple
components. Figure 2 shows the flow based on the "usual® response factor method
under the assumption of independent responses and Figure 3 shows the flow based
on the newly developed method to take account of corrslation of responsas.

In the usual method shown in Figure 2, response factors are given as probability
density functions expressed by mean values and log-normal standard deviations.
JAERI has defined and quantified response factars for generation of seismic wave,
propagation of seismic wave, response of buildings and response of components or
piping (Ref. 2). For avery level of ground motions, the realisiic response of each
component is calculated by dividing its response which was conservaiivaly
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calculated for the design earthguake ground motion by the response factors which
remove the conservativeness. The realistic response is, as a matter of cause,
represented by a probability density function. Then the response is compared with
the capacity of the component, which is also represented by a probability density
function. Then ths failure probability of the component is calculated as a conditional
probability that the response is larger than the capacity. Finally the simultaneous
failure probability of multiple components is calculated but it does not include the
gffect of correlation of responses.

In the newly developed method shown in Figure 3, Monie Carlo simulation
technigue is adopted. For every level of ground motions, a large number of
iterations are done. In each iteration, certain valuss are given to the four response
factors defined above by random sampling from the probability density functions.
Then the realistic response of a component is calculated by dividing lis response for
the design earthguake ground motion by the response faciors. ' Since the response
factors in this case have no deviations, the realistic response of the component alsc
has no deviation. The realistic response thus calculated is comparsd with the
capacily of component to calculate its failure probability. The simultaneous failure
probability of multiple components is next calculated. Since the same values of
response factors (high or low) are usad for all the components in every Monte Carlo
iterations, the effect of correlation of responses can be taken into account. After a lot
of iterations, the failure probability of each component is averaged. If a number of
iterations is large enough, the averaged component failure probability is almost
same as that calculated by the method shown in Figure 2. The averaged
simultaneous failure probability of multiple components is also calculated in the
same way, However, the calculated probability is different from thai calculated by
the Figure 2 method because of correlation of responses. The Boolian Algebra
analysis using the Truth Table is used for calculating the simultaneous failure
probability of multiple components.

3 APPLICATION OF THE NEW METHOD TO
SYSTEM RELIABILITY AMNALYSIS

The reliabilities of some safely related systems of a BWR were analyzed with the two
method described above. The TOP evenis whose probabilities were evaluated are :
(1) Failure of the high pressure coolant injection system (HPCI),
(2) Failure of the reactor core isclation cooling system (RCIC), and
(3) Simultaneous failure of HPCI and RCIC (Loss of high pressure injection)

The fault frees (FTs) were developed for HPCI and RCIC so as to deal with both
internally induced (random) failures and seismically induced failures, referring the
FTs developed for the internal event analysis in the PSA of the Browns Ferry Unit 1
(Ref. 3). The component random failures in the original FTs were replaced by the
seismically induced failures. Instead, all the random failures in each of the original
FTs were lumped with a single 'diamond’ named "Internally Induced Failure” and
added to the newly developed FTs. Then the two FTs were combined for analyzing
ihe simultansous failures of the two systems.

The random failure rate of the components are also from the Browns Ferry PSA.
The component capacities are those used in the LaSalle PSA (Ref. 4). The
seismically induced failure probabilities were calculated for six levels of ground
motions.

Figure 4 to 6 show the results for HPCI, RCIC and the high pressure injection
function, respectively.  In each figure, the broken line is under the assumption of
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The first finding implies ihat there may not be strong necessity o take account into
correlation of responses in the seismic risk analysis, whare the sifect of another
common cause (ground motion intensity) is significantly largs. The second finding
will be discussad in the next section.

4 DISCUSSION OF ANALYSIS RESULTS

Figures 7 and 8 show the probability calculated for each gale which appsars in ihe
RCIC FT at 100 Gal and 500 Gal of ground moiion levels, respeciively. The FT
includes both AND gates and OR gates. As introduced in Section 1, consideration of
correlaiion of responses incrsases the failurs probability for AMD gates but
decreases the faillure probability for OR gates.

In the caleulation for 100 Gal (Figure 7), the largest difference batween CR case
and 'R case appears ai GATES and GATE4. Since thess gates are AND gates, the
failure probabilities of thase gat@@ ars larger in CR case. Although the difference
becomeas smaller at the upper lavels of gates (OR galas), ihe TOP avent probability
is still larger in the CR case.

In the calculation for 500 Gal (Figure 8), many gat ees na
pmbabiii‘[iec H’h@ugh GATES and GATE4 have largsr fallure pro

cass, the t@ndencl/’ is oppasiie at ihe adjzcent uppesr gate (GATET
'sw larger ai the OP event. Af ihis ground moiion lavel, the sfiect
stronger and the TOP eveni probability is smaller in the CR case.

The analysis msu!t. suggsst thai the effect of correlation of responses will ba
different if the struciure of a faull tree and a level of ground moiion are difisrani. In
ihis study, only & few sysiems were analyzed and hence the conclusions are not yai
generic. Lmking at the probabiliies in the FTs, howsver, the auihors balieve that

gorrslation of responsss will not affect se much the resulls of ssismic PSA's.
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5 CONCLUSIONS

A new computer code was developed 1o guaniily the sysitem reliability taking into
accouni the effect of correlation of responses based on Monte Carle simulation
technigue. This cods was applied to the reliability analysis for some safsty systems
of a BWR. The resulis implied that correlation of responses would have insignificant
effect on the failure probabiiities of systems or functions.
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