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Abstract

COMCAF, a computer code for the common—cause failure analysis, is developed to treat
the common—cause failures in nuclear power plants.

In the treatment of common-cause failures, the minimal cut sets of the system are obtained
first without changing the fault-tree structure. The occurrence probabilities of the minimal cut
sets are then calculated accounting for the common—cause failures among components in the
same minimal cut set or in different minimal cut sets. The basic parameter model is used to
model the common-cause failures between similar or identical components. For dissimilar
components, the assumption of symmetry used in the basic parameter model is applied to the
basic events affecting two or more components. The top event probability is evaluated using
the inclusion—exclusion method. In addition to the common—cause failures of components in
the same minimal cut sets, failures of components in the different minimal cut sets are also
easily accounted for by this method.

This study applied this common—cause failure analysis to the PWR auxiliary feedwater
system. The results in the top event probability for the system are compared with those of no

common-—cause failures.
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1. Introduction

Many methods such as the beta factor model !
binomial failure-rate model[z’B], and multiple
greek letter model™®® have been proposed to
describe the common—cause failures.

The beta factor model has been considered as a
simple, useful and reliable model and it has been
used extensively for quantitative analysis of com-
mon—cause failures in nuclear power plants.
However, the beta factor model does not allow a
distinction between different multiple—component
failures. The binomial failure-rate model is a spe-
cial case of the more general model developed by
Marshall and Olkin'®!. The Marshall-Olkin model
has been specialized for application when data are
sparsem. It is assumed that the components a
system are identical or at least similar, so that the
failure rate depends only on the number of com-
ponents failed. The multiple greek letter model is
an extension of the beta factor model to systems
with high level of redundancy'®. This model is
mathematically equivalent to the basic parameter
model and produces the same results as the basic
parameter model, given a consistent interpretation
of the data in estimating parameters[SJ.

The objectives of this study are to investigate
effects of the common—cause failures in different
minimal cut sets and those of the common—cause
failures within minimal cut sets in highly redundant
systems and to develop a computer code for auto-
mating the analysis of these common—cause fai-
lures. If the rare event approximation is used, the

common—cause failures between components

within a minimal cut set can be easily accounted
for, but the effects of the common—cause failures
between components in the different minimal cut
sets cannot be considered. However, these can be

included by the inclusion—exclusion method .

2. Modeling of Common—Cause Failures

In general, dependent failures are grouped in
two categories[m]. First, there are failures resulting
from failure of a common support system, an op-
eration error, or an external initiating event such
as an earthquake, fire of flood, which can be
modeled explicitly by building the dependence
into the fault-tree and event-tree structure. This
group of dependent failures is treated explicitly in
the fault trees because it is possible to identify the
cause and effect. The second group includes
potential dependent failures resulting from many
different root causes such as common manufactur-
er, common environment, maintenance error, etc.,
that have been handled by modifying minimal cut
set probabilities to take into account dependent
failures among groups of components. There are
so many potential causes that an explicit repre-
sentation of all of them in an event— or fault-tree
would be intractable.

2.1. Definition and Types of Common—Cause
Failures

Several terms have been used to describe speci-

[11]

fic types of dependent failures™ . Common-

—cause failures are multiple, concurrent, and de-
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pendent failures of identical components that fail
in the same mode. Propagating failures occur
when a component fails in a mode that causes
sufficient changes in operating conditions, en-
vironments, or requirement to cause other compo-
nents to fail. Common-cause failures are failures
of multiple components occurring from some sing-
le cause that is common to all of them.

In this study, the term common—cause failure
will be used to describe the effect of all multiple,
concurrent, and dependent failures. There are two

11 those due

classes of common-—cause failures
to generic causes and those due to special condi-
tions. The generic causes are defined as out-
—of-tolerance operating conditions ; the special
conditions refer to conditions or attributes that
may be common to a number of system compo-
nents. These causes and conditions form the basis

for search of common—cause failures.

2.2. Common—Cause Basic Events and Component
Groups

According to the generic causes and special
conditions, certain groups of components or all of
components at the same situation may fail simul-
taneously. Specific groups of components are sus-
ceptible to the common causes because they are
exposed to the same environments.

We can classify the common—cause components

8] For example, components

by some criteria
should be in the same group when they are in a
functionally redundant configuration, similar or
identical, active, normally in the same mode of
operation, normally exposed to similar internal
and external environments, and designed to per-
form the same function at the same time. Compo-
nents can be excluded from a common-cause
component group when they are passive, diverse,
normally operated in different modes ; e.g., opera-
tion versus standby, nonredundant, and in diffe-
rent functions.
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For a system composed of m components, there
exist 2™—1 states of system failure which are rep-
resented by the state vector %; for jth mode of

! For example, if a system is com-

failure state
posed of three components, we have 7 state vec-
tors consisting of 0’s for nonfailure and 1’s for
failure.

We define common—cause basic event as one
that affects the system in some way. The sys-
tem—failure state is determined as one of the
above states by a single common—cause basic
event if any cause occurs.

The notation for the common-cause basic
events is provided for the common—cause compo-
nent group of (g, b, ¢) as follows: (1) X, i Xpin
X, :» : basic events affecting one component (inde-
pendent events), (2) Xz, X, Xy :basic events
affecting two components, and (3} X, : basic
event affecting all three components.

2.3. Marshall-Olkin Model and Basic Parameter
Model

A general model for common—cause failures
was developed by Marshall and Olkin'®!. The
marshall-Olkin model assumes that each failure
mode % has the exponential distribution function
£3(f) which is defined as follows :

f#(t) = Azexp(—Azt)

where A, is a constant failure rate associated with

t>0 (21)

the m—dimensional state vector x.
The cumulative distribution function F,(f) is
given by

Fz(t) =1 — exp(—2Azt) (2.2)

Eq. (2.2) can be approximated for a small value
of A,t as follows:

Fz(t) ~ Azt (2.3)

The probability of common—cause basic event X
of the system failure state vector x which is pro-
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vided by Eq. (2.3) is also denoted by the notation
Q.

For example, for a common—cause component
group of 3 components, component failure events
are given in terms of the basic events as follows

X(a) = Xa,t'n U Xob U Xac U Xape (2.44q)
X(b) = Xb,s'n U Xap U Xpe U Xape (2.4b)
X(c) = Xc,t’n U Xac U Xpe U Xgpe (2.4¢)

X(a)X(b) = Xa,inXb,in U Xab U Xabe
Xa,inXbe U Xp,inXac

X(a)X(c) = Xa,inXe,in U Xac U Xgpe U
Xo,inXpe U X inXab

Y2.49)

(2.4¢)

X(b)X(c) = Xb,ian,in U Xpe U Xgpe U
Xb,inXac U Xc,l'nXab
X(a)X(b)X(c) = Xa,inXp,inXc,in U
Xabe U Xa,inXbe U
Xp,inXac U
Xe,inXab (2.49)

2.4/)

and the probabilities of component failure events
are given in terms of the probabilities of the com-
mon—cause basic events as follows :

Pr[X(a)] = Qa,iu + Qab + Qac + Qase (2.5q)
Pr(X(8)] = Qb,in + Qab + Qbc + Qabe  (2.5)

Pr{X(c)] = Qc,in + Qac + Qbe + Qabe (2.5¢
Pr[X(a)X(8)] = Qa,inQb,in + Qab
+ Qabe + Qa,inQbe + Qb,inQac (2.5d)
Pr[X(a) X(c)] = Qa,inQc,in + Qac
+ Qabe + Qa,inQbc + Qc,inQas (2.5¢)
Pr{X(8) X(c)] = @,inQc,in + Qbc
+ Qabe + Qb,inQac + Qe inQab 2.5/
Pr{X(a) X (8) X (c)] = Qa,inQb,inQc,in

+ Qabc + Qa,inch + Qb,inQac
+ Qc.inQab (2.5g)
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The Marshall-Olkin model has so many basic
events that it is difficult to describe the component
failure events explicitly such as the above equa-
tions for large values of m.

The basic parameter model takes advantage of
the assumption of symmetry. The assumption of
symmetrym]
basic event depends only on the number of

implies that the frequency of each

affected components, not on the specific combina-
tion. This assumption of symmetry also can be
expressed such that the probability of all common-
—cause basic events affecting the same number of
components is equal. This assumption is reason-
able if components in a common—cause group are
identical or similar. In a three component system,
this is applied as

Q1= Pr(Xa,in) =~ Pr(Xb,in)
=~ Pr(X,in) (2.6a)

Q2 = Pr(X,5) ~ Pr(X,.) ~ Pr(X,,) (2.6b)
Qs = Pr(Xabc) (2.6¢)

where Q,, Q;, and @3 are called the basic para-
meters.

By this assumption, the number of parameters
to estimate are reduced from 2”-1 in the Mar-
shall-Olkin model to m in the basic parameter
model. For the common-—cause component group
having 3 components, Egs. (2.5a~gq) also are
approximated as follows :

Pr(X(a)] ~ Q, +2Q; + Q3 2.7a)
Pr{X (b)) = Pr[X(c)] = Pr[X(a)] (2.75)
Pr{X(a) X (b)) ~ Q1 + Q2 + Q3
+2Q1Q2 (2.7¢)
Pr{X(a) X(c)] = Pr[X(8)X(c)]
= Pr{X(a) X (b)) 2.7d)
Pr[X(a)X(5)X(c)] ~ Q3 + @5
+3@,Q2 2.7¢)
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In the basic parameter model, the number of
equations for the component failures as well as
the parameters for the basic events are reduced
from 2”—1 to m.

2.4. Parameter Estimation

In PRA systems analysis, there are two different
forms of data available to the analyst : parametric
data and event data. The parametric data mean
the numerical data that quantify the parameters of
a model. Ideally, these data are based, at least in
part, on event data, i.e., reports of operating ex-
periences that are systematically collected. To per-
form a meaningful common—cause analysis, it is
imperative that the process of the parameter
estimation be properly integrated into the system
model. This requires that the event reports be

integrated and classified in a manner consistent
with the assumptions built into the models.

The parametric common-cause analysis
approach requires event data to be classified and
categorized prior to parameter estimation. The
basic parameter model requires, first, that each
event be categorized as an independent or depen-
dent event and, second, that the dependent event
be assessed according to its impact on the collec-
tion of the components in its common—cause
group. For the basic parameter model, the impact
is measured in terms of a probability distribution
on the number of failed components!!?).

To develop estimators for the parameters of the
basic parameter model, we start with the following
general formula for the total component failure
frequency Q, of a given failure mode of a compo-
nent in a system of m (identical and redundant)
components

Qt =~ Z ka 2.8)

where @, is the frequency of simultaneous failure

of kicomponents in the system.
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The maximum likelihood estimator for Q) is

k=1,---m 2.9
where #, is the number of events involving k
components in failed state, and Np is the number
of demands on the entire system of m compo-
nents.

Eq. (2.9) assumes that the data are collected
from a set of Np system demands in which the
performance of all m components in the common-
—cause group are checked. Similar estimators can
be developed for rate of failure per unit time by
replacing Np with T, the total system operating
time. It is important to note that because of Eq.
(2.9), the parameters of the basic parameter mod-
el are dependent on system size, m. Therefore, it
is inappropriate to apply the parameters of the
basic parameter model developed for one system
size to te other system size.

Replacing @, in Eq. (2.8) with the maximum
likelihood estimator in Eq. (2.9) vields

1 m
k
mNp ’; Ttk

3. System Modeling for Common~Cause Failures

Qe = 2.10)

An objective of risk assessment is to determine
the susceptibility of a system to conditions of de-
sign, operation, test, and maintenance that could
lead to failure. This objective can be realized
through system modeling for which a variety of
analytical techniques can be used. The technique
should produce a model that promotes understand-
ing of the principal ways in which the system can
fail and the ways in which the system can fail due
to common causes and the ways in which the
common—cause failures can be prevented or their
impact reduced.

The fault tree analysis is one of. the best avail-
able analytical tools for understanding how a sys-
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tem works and might fail.

3.1. Fault Tree Analysis of Common—Cause Fai-
lures

The purpose of fault tree analysis is to find the
fault event combinations that would occur with
high probability. This is usually done by finding
the smallest combinations of undesired state or
event to occur. This undesired event described as
the top event in the fault tree. The smallest com-
binations of fault events that cause the top event
are the minimal cut sets. It is these minimal cut
sets that form the bases for the evaluation of all
plant ans system models.

In this study, the minimal cut sets are found first
prior to the consideration of the common—cause
failures. The effects of common—cause failures are
then included during the quantitative evaluation of
the minimal cut sets and the system failure prob-
ability. The events in the minimal cut sets are
evaluated by Egs. (2.4.a~q). In this manner, we
express all the common—cause failure events by
the equations. This “post—fault tree” approach of
the common—cause failure analysis prevents the
system fault tree from becoming huge and com-
plex. The analysis of huge and complex fault tree
not only requires large computation time but also
may result in omission of important failure events

during cut set generation due to truncation.

3.2. Top Event Probability : The Inclusion -Excl-
usion Method

Top event probability for a system composed of

N minimal cut sets is given by!'?’

putren) - (1T (T %))

1=1 ‘y=1

t=1.--.N 3.1

where the event X;; represents the jth event in the
ith minimal cut set.

To account for all common—cause failure in the
same or in the different minimal cut sets, we use
the inclusion—exclusion method which provides
successively upper and lower bounds on the top
event probability which usually converge to the
exact top event probability[g]. Let
Sk = Z Pl‘(C.‘1 n C"z N

1<) <ig <<k <N

.-nCy) k=1,--,N 32

Then the top event probability is given by
N
Pr(Top) = Y _(—1)¥15; (3.3)
k=1

and bounds on the top event probability are given
by

Pr(Top) < Sy (3.44)
Pr(Top) > S1 — Sz (3.48)
Pr(Top) S Sl - Sz + Ss (346)

In practice it may be necessary to calculate only

a few S,’s to obtain a close approximation.

3.3. Example System

The example system is a stereo hi—fi system'”!
with the following components : (a) FM tuner, (b)
Record changer, {c) Amplifier, (d) Speaker A, and
(e) Speaker B.

The system diagram is illustrated in Fig. 3.1.
The number of minimal cut sets in this example
system are 3, i.e., C;=(a, b}, C2=(c¢), and C3=(d,
2
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FM TUNER SPEAKER A

@ ———

AMPLIFIER

[— -@- A

L4 R —

RECORD CHANGER SPEAKER B

Fig. 3.1 The stereo hi-fi system

If all components in this system are independent
of each other, then from Eq.(3.1) the top event
probability is given by

Pr(Top) = Pr(Cy UC, U C3)
=81—-S52+ 83 (3.5)

where

S = Pr(C’l) + Pr(C3) + Pr(Cs)
= Qa,in@b,in + Qe in + Qd,inQe,in (3.60)
S = PI'(CICQ) + Pr(CIC;;) + Pr(C;C:;)
= Qa,inQb,ich,in + Qa,inQb,s’nQd,in
Qc.in + Qc,inQd,inQe,in (3.6b)
Sz = Pl‘(0102C3)
= Qa,inQb,t’ch,inQd,inQe,in (3.6¢)
If there exist dependences between compo-
nents, the equation for the top event probability
has the same form as Eq. (3.5) but its value is
different from Eq. (3.5) because the values for S;'s

should account for the terms due to the common-
-—cause events.

When the common-cause component group
consists of 3 components, we group the compo-
nents such as (b, ¢, d). Then the following equa-
tions are developed :
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If we use the basic parameters of the basic
parameter model, the equations for the S;’s are
very simplified. We can express Eq. (3.7a~¢) as
follows :

S1=2Q,(Q) +2Q2 + Qs)
+ (@1 +2Q2 + Qa) (3.8q)

S2 =2Q1(Q? + Q2 + Q3 + 2Q,Q5)
+Q}(QI+Q:+Q3+2Q:Q;) (38
Ss = Q3(Q} + Qs +3Q.1Q2) (3.8¢)

4. Description of the Code COMCAF

COMCAF, a computer code for the COMmon-
—CAuse Failure analysis, was developed in this
study to calculate the system failure probability of
the system with dependences between compo-
nents. The model for the common—cause failures
is mainly the basic parameter model, but if the
differences in component failure rates of the com-
ponents in the common—cause group are large,
the Marshall-Olkin model is modified to account
for them.

4.1. Input and Output of the Code

COMCAF requires the minimal cut stes of the
system as input for the calculation of the top
event probability. The minimal cut sets are gener-
ated by the FTAP code!’®. The failure data are
given as the total component failure rate for all

51 = Qa,in(@b,in + Qoc + Qbad + Qped) + (Qc,in + Qoe + Qcd

+ Qbed) + (Qain + Qbd + Qcd + Qbca)Qe,in

(3.7a)

Sy = Qa,in (Qb,ich.iu + ch + chd + Qb,ichd + Qc,inde)
+ Qa,in(@5,inQdin + Qbd + Qrcd + @b,inQcd + Qu,in@sc) Qe in
+ (Qc,inQd,in + Qca + Qbed + Qc,inde + Qd,inch)Qc,in (3.7b)

S3 = Qc,iu(Qb,ich,inQd,iu + chd + Qb,ichd + Qc,inde

+ Qd,l’nch)Qc,iu

(3.7¢)
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components in the system. When the experience
data are available, we can generate the para-
meters using Eq. (2.10). The flow chart of COM-
CAF are illustrated in Fig. 4.1.

!

Total Component
Minimal Gut Sets Comman-Cause Failure Probabilty
Component Group
from FTAP and Basic Events or Operating
Experience Data

——— o el
Combination of
& Minimal Cut Sets
for Sk
Allocation of Total Failure
Probability to
Muttiple-Component
Failures
No CCF
Components
in Minimat
Cut Sets 2.
Parameter
Yes Estimation
Incorporation of CCF
into Minimal Cut Sets
Component -Level
Failure Probabiiity of
Common-Cause
Component Growp
[
Inclusion-Exclusion
Method

Fig. 4.1. Flow Chart of COMCAF

The input for common—cause component
groups is composed of the components of the
group and the failure rates for the basic events.
This study allocates the common—cause percen-
tage in the total component failure rate such that,
for example, if the common—cause group of 3
components have 10% common—cause failure
rate, the total component failure rate consists of
90% independent failure rate, 9% common-
—cause failure rate of two components failed and
1% common-—cause failure rate of three compo-
nents failed. This allocation of common-—cause fai-
lure rate is arbitrary and modified correctly if the
operating experience data are sufficient.

The parameters of the basic parameter model

are calculated from Eq. (2.8} for the common-
—cause component group of m components as

Qk = ath/((m E";)?():)!_ 1)!)

k=1,---,m @.1)

follows :

where «, is the percentage of the failure rate
involving k components in the total failure rate @,.
If the operating experience data are provided, the
parameters of the basic parameter model is given
by Eq. (2.9).

4.2. Model of Common—Cause Failures

The basic parameter model is used for the in-
corporation of the common-cause basic events
into the minimal cut sets. The assumption of sym-
metry in the basic parameter model is appropriate
for an identical or similar components.

However, components are grouped in the same
component group although their failure rates are
different. In this case, the general Marshall-Olkin
model is modified to account for the differences in
the failure rates. Because the independent failure
rate of a component is usually dominant in the
total failure rate of a component, the difference is
mainly due to this term. However, the common-
—cause failure terms are similar for all components
in the common—cause component group. There-
fore, the probability of the basic event for the
independent failure is given for each component.
Egs. (2.5a~g) for the common—cause component

group of 3 are modified as follows :
Pr[X(a)] = Qain +2Q2 + Q3 (4.20)
Pr[X(b)] =~ Qs,in +2Q2 + Q3 (4.2b)
Pr(X(c)] = Qe in +2Q2 + Q3 4.2¢)

Pr(X(a) X (b)] = Qa,in@b,in + Q2
+ Q3 + Qa.inQ2 + Qb.inQ2 (4.2d)
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Pr[X(a)X(c)] =~ Qa,ich,in + QZ
+ Qa + Qa.inoz + Qc,.'an {4.2¢)

Pr[X(b)X(c)] = Qb,ich,in + Q2
+ Qa + Qb.in Q? + Qc,inQ2 (4.2f)

Pr[X(a)X(b)X(c)] =~ Qa,inQb,ich,in
+ Q3+ Q2(Qa,in + Qb in + Qe in) (429

4.3. Calculation of Top Event Probability

If we retain only the first term in Eq. (3.3), i.e.,
Sy, the top event probability is the rare event
approximation given by

N K
Pr(Top) ~ E Pr ( H (Xij)) 4.3)
i=1 =1

The rare event approximation provides the con-
sideration of the common-cause failures between
components in the same minimal cut sets. Howey-
er, it cannot account for the common—cause fai-
lure between components in the different minimal
cut sets. We can overcome this limitation by ex-
panding a few more terms in Eq. (3.3) for the top
event probability. In this study we consider the
first three terms in Eq. (3.3). Thus, we evaluate the
system failure frequency conservatively as follows :

Pr(Top) =2 Sy — Sz + S5 4.9)

If we apply S; in Eq. (4.3) for the calculation of
top event probability without changing the occurr-
ence probability of the minimal cut sets in Eq.
(4.2), the top event probability is overestimated
because the same common—cause basic event
appears several times. Therefore, S; is modified
by deleting the repeatedly~occurring supersets of
the common-cause basic events and this is de-
noted by §* The results of S*are compared to
those of FTAP.
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5. Applications to Auxiliary Feedwater System

The auxiliary feedwater system(AFWS) supplies,
in the event of a loss of the main feedwater supp-
ly, sufficient feedwater to the steam generators to
remove residual core energy (decay heat) stored
in the primary system. The AFWS has a highly
redundant configurations of the components in the
delivery of the feedwater. The CCF analyses for
the AFWS are performed by COMCAF and FTAP
code using the different approaches in the calcula-
tion of the system failure probability and the re-
sults are compared with each other.

5.1. Description of Auxiliary Feedwater System

The AFWS is shown in Fig. 5.114 . Except for
the common supply line from the codensate stor-
age tanks, the two reactor units have separate
AFWS. The AFWS has two electric-motor-driven
pumps and one turbinedriven pump. Each of the
electric pumps serves two steam generators and
the turbine pump serves all four steam generators.

The AFWS provides complete redundancy in
pump capacity and water supply for all cases for
which the system is required. Only two steam
generators are required to be usable for any credi-
ble accident condition. Redundant electrical pow-
er and air supplies assure reliable system initiation
and operation. The electric-motor-driven pumps
are powered by offsite and onsite sources and the
turbine—driven pump takes steam from either of
the two main steam lines.

The AFWS consists of two subsystems. One
subsystem utilizes a steam turbine—driven pump,
with the steam capable of being supplied from
No. 1 or No. 4 steam generator upstream of the
main steam isolation valves. The other subsystem
utilizes two motor—driven pumps. The discharge
piping is arranged so that each pump supplies two
steam generators.
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5.2. Input Data of Common—Cause Component
Group

The failure data for PWR auxiliary feedwater
systems are from Korea Nuclear Unit 1 (KNU-1)
(5] Jts fault tree consists of 115 basic events. The
79 minimal cut sets are generated under the con-
dition of cut-off value with 1078 by the FTAP
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number of components in the group. Similarly,
the common—cause component groups having
components in the different minimal cut sets are
shown in Table 5.3.

Table 5.2. Common—Cause Component Groups
Having Components in the Same
Minimal Cut Sets

code. They cosis.t of 35 events of which failure Group Events in Group(m=2)

data .are shown in Table 5.1. ‘ . 1 VFE3ZAD, VFE32AC

. This study eva.lu.ates the systemn failure probabil- 2 VFE30AY, VFE30AC

ity for the two distinct cas.es of the common—cause 3 COMIEVY, IFV503C

f:omp<')nent groups. One is the component groups 4 VFE29AY, VFE29AC

in which .the components of common—cause fai- 5 VFE32BD, VFE32BC

?ures are in the same minimal cut‘ sets. The other 6 _ VFE30BY, VFE30BC

is the component groups' in whxcb the compo- 7 VFE29BY, VFE29BC

nents of common-—cause failure are in the different 8 COMSIGF, IFV504C

minimal cut sets. The common—cause component

groups having components in the same minimal

cut set are shown in Table 5.2 according to the

Table 5.1. Failure Data in AFWS

Event LD. Failure Probability Event LD. Failure Probability
VFE32AD 1.00x107* VFE30BY 1.00%x107*
VFE32AC 1.00x107* VFE30BC 1.00x107*
VFE30AY 1.00x10™* VFV504C 1.00x107*
VFE30AC 1.00x10™* IFV504Y 7.53%1073
COMIFVY 3.00x1075 VFE29BY 1.00x107*
[FV503C 1.00x10™* VFE29BC 1.00x107*
IFV503Y 7.53x1073 VFE-4BD 1.00x1073
VFE29AY 1.00x1074 XPP30BA 1.00x1073
VFE29AC 1.00x10™ XPP30BY 7.90x1073
VFE-4AD 2.00x1073 CKPM3BF 1.00x1073
XPP30AA 1.00x1073 STPM3BT 4.00x1073
XPP30AY 7.90%1073 XPP-58A 1.00%x1072
CKPM3AF 1.00x1078 XPP-58Y 7.90x1073
STPM3AT 4.00x1073 AFSIGAF 7.00x1073
TKCONDF 1.00x1074 AFSIGBF 7.00%x1073
TKFRESF 5.00%x1073 COMSIGF 1.20X107®
VFE32BD 1.00x1074 MAMSIGX 1.00X1072
VFE32BC 1.00x107*
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Table 5.3. Common—Cause Component Groups
Having Components in the Different
Minimal Cut Sets

Group Events in Group(m=2)
1 COMSIGF, MAMSIGX
TKCONDF, TKFRESF
CKPM3BF, AFSIGAF
XPP30BA, VFE-4AD
STPM3AT, STPM3BT
IFV503Y, IFV504Y
XPP30AY, XPP-58A
XPP-58Y, XPP30BY

O N OOt WN

5.3. Results

This study considers two different cases for the
common-—cause failures. For each case, we obtain
results and compare them with the system failure
probability which is evaluated assuming all com-
ponents are independent. We consider the com-
mon-—cause component groups having the compo-
nents in the different minimal cut sets. The system
failure probabilities for the common—cause com-
ponent groups of m=2 are shown in Fig. 5.2.

1.090e-4

1.085¢-4

1.080e-4

1.075e-4

1.0700-4

System Failure Probability

1.065e-4
50%

A I i A n i i .

1 2 3 4 5 6 7 8 9
Number of common-cause component group

Fig. 5.2. The System Failure Probability for Com-
ponents in the Different Minimal Cut Sets
(m=2)

1.060e-4
0

We also consider the common—cause compo-
nent groups having components in the same
minimal cut sets. The system failure probabilities
obtained for m=2 by changing the percentage of
the common—cause failure are shown in Fig. 5.3.
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Fig. 5.3. The System Failure Probability for Com-
ponents in the Same Minimal Cut Sets
(m =2)

The CPU time and the system failure probability
by COMCAF are compared with those by FTAP.
The components of the common—cause compo-
nent groups in Table 5.4 are used. First, the com-
mon-—cause basic events for these components are
incorporated explicitly into the fault tree. Then the
minimal cut sets and the system failure probability
for this new fault tree are obtained from FTAP. To
compare the system failure probability by COM-
CAF with that by FTAP, S, in the exclusion—inclu-
sion method of COMCAF is modified to become
the same expression for the rare event approxima-
tion of FTAP.

The increase in the number of minimal cut ‘sets
under the cut-off with 1078 and 107!° is shown
in Tables 5.5 and 5.6, respectively. The number
of minimal cut sets increases significantly when the
number of components of the common-—cause fai-
lures increases. However, the increase changes
depending on the cut-off value of FTAP.
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Table 5.4. Common—Cause Component Groups
Having Components in the Same
Minimal Cut Sets—-CASE 1,2,3

J. Korean Nuclear Society, Vol. 24, No. 1, March 1992

Table 5.6. Comparisons of FTAP and COMCAF
under Cut-Off with 10 %-Increase in
the Number of Basic Events and MCS’

CASE 1 by FTAP
Group Events in Group(m=2) # of Basic B of MCS
1 XPP30AY, XPP-58A Events
2 AFSIGAF, XPP30BY Withot CCF 115 611
3 STPM3AT, AFSIGBF Case 1 121 804
4 STPM3BT, XPP-58Y Case 2 127 879
5 VFE-4AD, IFV503Y * Case 3 118 608
6 VFE29AY, IFV504Y
10710 are presented in Tables 5.7 and 5.8, respec-
CASE 2 tively. The CPU time of COMCAF is insensitive to
Group Events in Group(m=3) the number of components in the common—cause
1 XPP30AY, XPP30BY, XPP-58A component groups and the number of common-
2 AFSIGBF, IFV503Y, MANSIGX —cause component groups. However, the CPU
3 STPM3AT, IFV504Y, XPP-58Y time of FTAP increases as the number of compo-
nents of the common—cause failures increases.
CASE 3
Table 5.7. Comparisons of FTAP and COMCAF
Group Events in Group(m=2) under Cut-Off with 10 ®~Comparison
1 IFV503Y, IFV504Y of CPU Time (in seconds)
2 TKCONDF, TKFRESF
3 COMSIGF, MANSIGX FTAP COMCAF
Withot CCF 7.6 7.7
Table 5.5. Comparisons of FTAP and COMCAF Case 1 101 77
under Cut-Off with 10 %-Increase in Case 2 12.9 7.7
the Number of Basic Events and MCS’ Case 3 83 7.7

by FTAP
# of Basic  of MCS'
Events
Withot CCF 115 79
Case 1 121 149
Case 2 127 237
Case 3 118 81

The CPU time of COMCAF is composed of the
CPU time for the generation of the minimal cut
sets from FTAP and the CPU time for the calcula-
tion of the system failure probability from COM-
CAF. The comparisons of the CPU time of FTAP
and COMCAF under the cut—off with 1078 and

Table 5.8. Comparisons of FTAP and COMCAF
under Cut—Off with 10 -Comparison
of CPU Time (in seconds)

FTAP COMCAF
Withot CCF 351 359
Case 1 43.0 36.1
Case 2 53.7 36.1
Case 3 34.1 36.0

The system failure probability by FTAP is calcu-
lated from the minimal cut sets which are gener-
ated from the new fault tree. The system failure
probability by COMCAF is calculated by changing
the occurrence probability of the minimal cut sets
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which are generated from the fault tree without
the common—cause failures. The comparisons of
the system failure probability under the cut—off
with 1078 and 107'° are shown in Tables 5.9 and
5.10, respectively.

Table 5.9. Comparisons of FTAP and COMCAF

under Cut—Off with 10~8-Comparison
of System Failure Probability

Table 5.12. Comparisons of S;* and S,—S,+S; by
COMCAF under Cut-Off with

10~8—Comparison of System Failure

Probability
s* S;=S2+5;3
Withot CCF | 1.0872x107¢ | 1.0841%x107*
Case 1 15727x107* | 1.3833x10°*
Case 2 3.3932x107* | 2.5758x1074
Case 3 85847x107* | 85734x107*

FTAP COMCAF
Withot CCF | 1.0872%x107* | 1.0872x107*
Case 1 1.5746X107% | 1.5727x107*
Case 2 3.2234x107% | 3.3932x107*
Case 3 8.5638x107* | 8.5847x10*

Table 5.10. Comparisons of FTAP and COMCAF
under Cut-Off with 10™!°~Comparison
of System Failure Probability

FTAP COMCAF

Withot CCF | 1.1043x107* | 1.1043x107*
Case 1 1.5917%107% | 1.6046x107*
Case 2 3.2410x107% | 3.4277x107*
Case 3 85808 x107* | 85816x10*

The CPU time and the system failure probability
of modified S; calculation of COMCAF given
above are compared with those of COMCAF
which include three terms of the inclusion—exclu-
sion method under the cut—off with 1078 The
comparisons of the CPU time and the system fai-
lure probability are given in Tables 5.11 and 5.12,
respectively.

Table 5.11. Comparisons of S and S,—S,+S; by
COMCAF under Cut-Off with
10 8—Comparison of CPU Time(in

seconds)
5* S,—S,+S;
Withot CCF 7.7 25.6
Case 1 7.7 63.9
Case 2 7.7 59.1
Case 3 7.7 51.2

* Modified S; calculation

* Modified S; calculation

6. Summary

This study developed a method for the com-
mon—cause failure analysis that does not include
common~—cause events in the fault tree explicitly.
The minimal cut sets are obtained from fault-tree
which does not contain any common-—cause fai-
lures. The component-level failure events and
their probabilities are generated for each com-
mon-cause component groups. The probabilities
of the minimal cut sets are then calculated using
these component—level failure probabilities and
these are used to calculate the system failure
probability by the inclusion—exclusion method.
The system failure probabilities are evaluated for
different conditions of common-—cause failures.

For common-—cause failures between compo-
nents in the different minimal cut sets, the system
failure probabilities decrease considerably depend-
ing on the structure of the system fault tree and
common-—cause component group. As the number
of common-cause component groups increases,
the system failure probabilities tend to decrease.
For a fixed number of common—cause component
groups, the decrease in the system failure prob-
ability is larger when the number of components
in the common—cause component groups is
smaller.

For common—cause failures between compo-

nents in the same minimal cut sets, the system
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failure probabilities increase significantly for a cer-

tain common—cause component group. As the

number of common-—cause groups increases, the

system failure probabilities also tend to increase

significantly. For a fixed number of common-

—cause component groups, the increase in the

system failure probability is larger when the num-

ber of components in the common-cause compo-

nent groups is smaller.

Pr(X)
X(a)
Xa, in

S
F@

Q.
Qa, in

n

220332

Nomenclature

: Probability of Event X
: Failure Event of Component a
: Independent Failure Event of Com-

ponent a

: Dependent Failure Event of Com-

ponent a and Component

: The jth Event in the sth Minimal Cut

Set

: System State Vector

: Probability Distribution Function

: Cumulative Distribution Function

: Component Failure Rate

: Failure Frequency of Component a
: Independent Failure Frequency of

Component a

: Dependent Failure Frequency of

Component @ and Component b

: Failure Frequency of # Components
: Number of Components in Com-

mon—Cause Component Group

: Number of Events in which & Com-

ponents are in Failed State

: Nomber of Demands

: Top Event

: The ith Minimal Cut Set

: Number of Minimal Cut Sets

: Number of Events in the ith Minim-

al Cut Set
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Sk

Q

ap

[2].

[3].

(4].

[5].

[6].

[7].

: The kth Term of the Inclusion—Exc-
lusion

: Total Component Failure Frequency

: Percentage for the Failure Frequen-
cy of & Components
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