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Enclosed is an information package on SI analysis consisting of
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These reflect some of my thoughts with regard to an SI analysis and
show how I, an an analyst, would approach a problem.

The first discusses the use of the single failure criterion for
characterizing adverse SIs. The second is a continuation of the
Browns Ferry 3 example from the Battelle "state-of-the-art" report.
It extends the SI analysis through the evaluation phase.
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regard to preparation of the upcoming regulatory guidance on Sls.
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Also, thank you for reviewing the paper which Arn Plummer and I
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SUMMARY.
The following two reports consider the use oy the single failure cri-

terion in a systems interaction (SI) analysis and demonstrate such an

analysis in the context of the Browns Ferry 3 incident. Several topics are

discussed which bear potentially significant impact on the nature of an

SI analysis. These are highlighted here.

An SI analysis fits naturally into an overall safety analysis and
is most efficient when performed as an integral part. This is so because,
in ,order to identify adverse SIs, the analyst must develop the same model
that he would need for a general safety analysis. Focusing solely on events
designated as adverse SIs and ignoring other events that must inevitably
be identified in the process seems somewhat artificial.

The use of the single failure criterion to denote some threshold
level of system/function degradation characteristic of an adverse SI leads
to inconsistencies. A more appropriate criterion would be the reguirement
that an adverse SI degrade a safety function such that redundancy (whether
it be between frontline or support systems, subsystems, or components) no
Tonger exists at some level. This includes all violations of the single
failure criterion as well as other types of failures with equal safety impact.

Similarly, inclusion of common cause as a necessary requirement for an
SI can lead to confusion. Certain types of independent failures among
shared components also constitute SIs but are not strictly common-cause
events. Rather than concentrate on a general definition of an SI, it
might be better to focus on classes of Sls, of which three have been
identified:

Any failure of a support system component

2. Any failure of a non-support system component that is shared
by at least two frontline sytems

3. A common-cause failure of at least two components in at least
two frontline systems.

Any one of these that dearades a safety functinn such that redundancy no
longer exists at some level constitutes an adverse SI.



The actual goal of an SI analysis is to identify and evaluate events
that degrade a safety function such that redundancy no longer exists at
some level. Ui events that accomplish this are deemed adverse. However,
other non-SI events can also accomplish that and be of equal importance
with adverse SIs from a qualitative or quantitative viewpoint. Emphasizing
only the events that meet the criteria for being labeled SIs while over-
Tooking these other equally important events is inconsistent. Including
an SI analysis as an integral part of an overall safety analysis avoids

this problem.




-

INTERPRETATION OF SINGLE FAILURE CRITERION FOR A SYSTEMS INTERACTION ANALYSIS

In the latest draft letter report from the Systems Interaction (S1)

Branchl

» use of the "single failure" criterion is advocated for evaluating
SIs. This is said to be consistent with existing NRC regulations and avoids
the need to perform probabilistic analysis for SI evaluation. Appendix A

of 10CFR, Part 502 states that a fluid or electric system is considered to

be desigred against a sing]é failure if no such failure results in a loss of
the capability of the system to perform its safety function. Thus, if a
system A has redundant components A1 and AZ’ any failure that fails both

A1 and A2 violates the single failure criterion. A failure of A1 or Az
separately would not. Such a failure merely degrades A by reducing redundancy

from 1-out-of-2 to 1-out-of-1 (non-redundant).

The effect of the single failure criterion upon safety functions must be
examined. Safety functions are generally designed with redundancy at the
system or sub-system level to ensure that failure of a single system or sub-
;ystem does not fail the function. Consider two safety functions, F1 and F2.
F1 is served by only one system. However, this system has two redundant
sub-systems. Thus, should both sub-systems fail from a single failure, both
the system and the function (Fl) will also fail. In this case, violation of
the single failure criterion for the system likewise fails the function.

FZ is served by two systems which are redundant. Each system likewise
has two redundant sub-systems. In this case, violation of the single failure
criterion for either system (as a result of a single failure of both of its
sub-systems) merely degrades the function (Fz). Its redundancy at the system
level drops from 1/2 to 1/1, but it does not fail.

The apparent difference between these two situations stems from an inter-
pretation of system vs. sub-system. In the case of Fl’ the distinction between
function and system is grammatical only, since they are the same from a design
viewpoint. Thus, as for F2. redundancy is provided at the level immediately
below the function, whether this level be labeled as "system" or "sub-system".
The key point is that violation of the single failure criterion degrades the
safety function by reducing the redundancy at its first level from 1/2 to 1/1.




What if a safety function (F3) were served by three redundant systems?
Violation of the single failure criterion for any cne of them would merely
decrease F3's redundancy from 1/3 to 1/2. From conversations with the SI
Branch, it seems apparent thﬁt such degradation is not severe enough to
merit consideration as an "édverse" .+ P

It is possible for a safety function to have a 1/2 redundancy exhibited
at a level below the first. Consider safety function F2 described earlier.
Designate the redundant systems as A and B with each pair of redundant sub-
systems designated by subscripts 1 and 2. Each sub-system (which may more
conveniently be thought of as a major component of the subsystem) is subject
to an independent failure, which will be designated with a prime. In ad-
dition, assume there are dependencies between sub-systems within the same
system and between sub-systems in the difforent systems such that:

i A1 and A2 are subject to single failure CA

2. 81 and.Bz are subject to single failure CB

w

A1 and B1 are subject to single failure C1

A2 and B2 are subject to single failure C2

Fe

A fault tree for failure of F2 is shown in Figure 1. From the list of
minimal cut sets, it is apparent that any one of the dependent failures
(labeled C) will degrade F, by reducing redundancy from 1/2 to 1/1. However,
only C, or Cp will violate the single failure criterion since C, results in
»fai]urg of A{ and CB in failure of B. C] or C2 alone degrades each system by
decreasing the redundancy between each system's sub-systems from 1/2 to 1/1.
This is not a violation of the single failure criterion as it is presently
defined.

From a logical, non-probabilistic viewpoint, the dependent failures are
all of equal importance so far as failure of F2 is concerned. By the very
nature of SIs, the types of failures characterized hy CA’ CB’ Cl, and CZ will
be of concern if they degrade the safety function to a non-redundant state.
Thus, although Cl and C2 do not separately violate the single failure criterion

as defined, they merit as much consideration as do CA and CB in an SI analysis.

What all this suggests is that violation of the single failure criterion
is inadequate as a necessary condition for an adverse SI. A more appropriate
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Criterion would require an adverse SI to degrade a safety function such

that redundancy no longer exists at some level. This includes violations of
the single failure criterion as well as other failures such as those

between the systems that were examined eariier. Such a criterion is es-
pecially desirable from a fault tree yiewpoint because it enables the analyst
to discard all minimal cut sets of order 3 or greater once they have been
resolved for dependencies. Only failures in one and two-element minimal

cut sets (resolved for dependencies) can degrade a safety function to a
degree of non-redundancy.
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SYSTEMS INTERACTION ANALYSIS DEMONSTRATION EXAMPLE

One of the essential safety functions for a nuclear power plant

is the ability to achieve and maintain reactor subcriticality. In order
to demonstrate a systems interaction analysis, this safety function will
be examined during the transition from power operation to hot shutdown.
The analysis is an extension of that performed for the Browns Ferry 3
Partial Failure-to-Scram in NUREG/CR-lBQG.l The preliminary work used
to develop the fault trees for the "Reactor Control" safety function is
described in Appendix B of that report and will not be repeated here.

Slight modifications of the fault trees is necessary to adapt them
for computer analysis. These consist of elimination of a 3/185 majority-
vote gate for HCU failures and resulting combination of hardware failures
in the HCU subtree. Also, passive failures of hydraulic components (such

the SIV drain line) are ignored to establish consistency in the level
of resolution between the CRS and SLC fault trees. These modifications
have been incorporated into the fault trees used in this example (Figures
1 -10).

The computer program MFAULTZ is employed to find the cut sets for
the failure paths of the CRS and SLC systems. Thus, a cataloguing scheme
must be established for the gates and component failures on the fault trees.
This scheme is listed in Table 1. Note that all gates are prefixed with
"A" while all component failures are prefixed with "X".

Table 2 Tists all the minimal cut sets (MCSs) of lengths one
through four for CRS failure. Theoretically, all MCSs, regardless of
length, are needed to identify all possible common-cause failures. Six
elements in an eight-element MCS may be subject to a single common-cause
failure, thereby generating a "new" MCS of length three. An example of
this will appear later when the MCSs for SLC are resolved for dependencies.



Table 3 lists all the MCSs of lengths one through five for SLC
failure. Unlike the case for CRS, the five-element sets have been retained;
their number is manageable and there are no four-element sets. Table 4
Tists all the MCSs of lengths one through four for Reactor Control failure.
These are the Boolean "AND" combination of the CRS and the SLC MCSs.

At this point, it is instructive to note the magnitu . of the analy-
sis. Without having begun to identify dependencies, and with limiting
the analysis to MCSs of relatively low order, the number of MCSs generated
so far are:

CRS failure path ————= 325
SLC failure path —— 72
Reactor Control failure —=29]

And, it must be remembered that the degree of detail incorporated into

the fault trees is relatively limited. For example, circuit breakers

and cables have been ignored on the electrical fault trees for simplicity.
Including such detail would increase the complexity.

The common-cause analysis focuses on the elements of the MCSs.
While it is possible to have included all the dependent events on the
original trees, this would have been entailed resolution of all the events
for common cause. By starting from the MCSs, one needs only resolve some
of the total number of events. Of course, one must recognize the risk
nf overlooking some dependent events because only the shorter-length MCSs
have been retained.

The SI Branch draft letter report3

and functional events. These correspond basically to 2 types of common-

refers to 2 types of SIs: external

Cause events, often referred to as spatial and generic. Fach of these
categories spans a wide spectrum of factors. Even though coipleteness
can never be guaranteed, it is safe to say that identification of the
majority of these factors requires resolution to a fine level. This
necessitates a very detailed analysis. For example, spatial dependencies
can include fire and flooding effects and susceptibility to missiles.



Generic dependencies can include human errors in various forms (latent,
such as miscalibration, and dynamic, such as operator error) as well as
manufacturing defects and functional dependencies.

In this example, the dependencies are identified broadly as generic
and spatial, without any further resolution. Components of similar types
performing the same functions, such as 4160/480v AC Common transformers,
are assumed to be subject to a common generic failure, denoted by the
letter "G". Components located near one another are postulated to be
subject to a common spatial failure, denoted by "S". Credit can be given
for physical separators, such as walls. However, Judgment must be employed
since even components in separate rooms may be subject to common spatial
failure (e.g. - flooding). This broad use of the terms generic and spatial
in the demonstration analysis does not guarantee that all such potential
dependencies will be accounted for. Components in different systems per-
forming dissimilar functions can still be subject to a common generic
failure such as miscalibration. The common-cause analysis performed here
is intended only to be demonstrative; no specific conclusions regarding
the actual plant should be drawn.

The component failures contained in the CRS MCSs from Table 2 are
listed in Table 5 along with their locations. From this list, generic
and spatial failures can be presumed, as listed in Table 6. Note that
each component, whether it be subject to a dependent failure or not, is
assumed to be subject to an independent failure, denoted by "I". From
a fault tree viewpoint, the resolution for dependencies effectively trans-
forms unresolved component failure “X" into an OR gate with inputs "I",
"G", and "S". There may be more than one of each type of input "G" and
"S". For convenience, component failures not subject to any common-cause
failure with other components on the trees are left unresolved (as
"5

Once the component failures have been resolved for dependencies, it
is necessary to incorporate this resolution into the unresolved MCSs.



This results in "new" MCSs, thereby increasing their overall number.

Thus, to keep the analysis tractable, it is advantageous to eliminate
longer-element MCSs. Unlike the parallel elimination performed for
unresolved MCSs, this stage of. elimination runs a negligible risk of over-
looking important dependencies. The events in each set are now
"independent," assuming that the common-cause analysis is essentially
exhaustive. However, this does not "recapture" any dependencies lost
earlier when the longer, unresolved MCSs were ignored.

The question arises as to what length MCSs should be retained. The
SI Branch draft letter report expresses favoritism for use of the "single
failure" criterion for evaluating SIs. However, as discussed elsewhere,
this can be translated into a more general requirement that an adverse
SI must degrade a safety function to a degree where redundancy no longer
exists at some level. Only failures in one and two-element MCSs (resolved
for dependencies) can so degrade a safety function and, therefore, qualify
as adverse SIs. Since the CRS and SLC fault trees are related to overall
function failure through an AND gate, any three-element or longer MCS
from either tree can be ignored. Even within each tree itself, no single
event in a three-element or longer MCS can degrade the system such that
redundancy is lost at some level. Thus, only the one and two-element
MCSs (resolved for dependencies) need be retained. This simplifies the
subsequent analysis.

Table 7 lists the resolved MCSs for CRS failure. Nnte that the number
of one-element sets has been increased from 4 to 13, while the number of
two-element sets has been increased from 19 to 79. Each of the additional .
MCSs results from resolution of the original ones (including the three
and four-element sets) for dependencies. Thus, each of these contains
at least one common-cause element, either generic (G) or spatial (S).

[t is instructive to note that the resolution for dependencies intro-
duces MCSs with commonalities among components not previously contained
in the MCSs of the same length. For example, prior to the resolution of
the original MCSs, the only one-element sets were failures of CRS components.




.
Following resolution, common-cause failures of non-CRS components (RBEDS
exheust fans, Control Air compressors, and AC Reactor Building Vent boards),
as well .. dependent failures among CRS components not previously in one-
element sets, become "new" one-element MCSs. Similar trends among the
two-element MCSs are apparent, as manifested by the addition of numerous
sets containing common-cause failures among electrical components.

Resolution of the original MCSs for SLC for dependencies follows
the same procedure as that for CRS. The component failures contained in
the SLC MCSs from Table 3 are listed in Table 8 along with their locations.
Dependencies among the various components are categorized as generic or
spatial in Table 9. The identification of G40 as a generic common cause
between failures X191 and X192 (4.16 kV AC Shutdown buses) merits some
discussion. Earlier, it was mentioned that dependence among elements in
an MCS results in generating a "new", shorter MCS containing the depen-
dency. The MCSs for SLC contained no failures of any of the "40"
components -(4.16kV AC Unit boards) up throuah the five-element sets (see
Table 3). However, referring to the fault tree in Figure 9, it is apparent
that for each five-element MCS containing both X191 and X192, there would
be a corresponding nine-element MCS containing X41 through X46. For
example, five-element MCS {X181, X183, X184, X191, X192} has a corresponding
nine-element one {X181, X183, X184, x41, X42, X43, X44, X45, X46}. Generic
dependencies among the "180" and the "190" components produces a two-
element MCS (G180, G190} from the five-element one. Similarly, generic
dependence among the "40" components creates a two-element MCS {G180, G40} from
the nine-element one. Although a generic commonality among six components
may be unlikely, this serves to illustrate that discarding the long MCSs
prior to resolution can result in omission of rather short MCSs containing
dependencies. Such a problem cannot be alleviated without complicating
the analysis greatly (imagine the number of nine-element MCSs). The
analyst can only accept this shortcoming and be aware of it.

Note that resolution results in "creating" one-element MCSs for SLC
where none existed previously (see Table 10). Each of these is a depen-
dent failure, not only among SLC components, but also among electrical
ones. Thus, the number of one-element sets inc}eases from 0 to 10,
while that for two-element ones goes from 8 to 12 (the additional ones




containing commonalities among electrical components).

Finally, the resolved MCSs for CRS and SLC can be combined (through
a logical AND - see Figure 1) to yield resolved sets for the overall safety
function. These are listed in Table 11. The fact that the CRS and SLC
failures are connected through an AND gate (for Reactor Control failure)
4150 necessitates reviewing the list of unresolved MCSs for Reactor Control
(Table 4) to check for dependencies among previously unencountered
groupings of components. For example, components 201-203 are combined in
four-element MCSs for the overall safety function, but all three had never
been grouped together in the CRS or SLC MCSs. It just so happens that the
only commonality among all three is a generic one (G200). Since 202 and
203 had been previously combined in the SLC MCSs, G200 had implicitly been
included. Generally, this is not always the case (although it does turn out
to be in this demonstration example) and must be explored when the TOP gate
is an AND gate. This complication is not encountered with a TOP OR gate.

Before resolution, there were no one nor two-element MCSs for Reactor
Control (see Table 4). Following resolution, there are still no one-
element sets, but 157 two-element sets appear, each containing at least one
common-cause failure. Longer-element sets are not identified since
they would not lead to the decrease in redundancy at some level necessary
to constitute an adverse SI. Note that the elements of these MCSs are
assumed to be independent since, theoretically, all commonalities have
been accounted for. Also note that, even within the degree of detail used
in this analysis, one cannot ensure that all the two-element MCSs have
been identified since the longer-element M2Ss were discarded prior to
resolution.

From a logic viewpoint (without considering probability), each two-
element MCS is equivalent to one another with regard to the TOP event. The
importance of each element depends upon the number and the length of the
MCSs in which it appears. The concept of an adverse SI seeks to distinguish
among elements, which may be logically equivalent, based upon the event's
effect upon systems. For example, consider MCS elements 1342, G310, and
G420. Each appears in ten two-element MCSs. Thus, from a logic viewpoint,
their importances are equal. However, 1342 refers to independent failure



of the SIV drain valve, G310 to cormon generic failure of several CRS
diaphragm-operated valves, and G420 to common generic failure of the
Control Air compressors. Each of these is a one-element MCS for CRS
failure (see Table 7). Thus, failure of any one will fail CRS. However,
since each failure is part of a two-element MCS for Reactor Control
failure, occurrence of any one only degrades this safety function.

An additional failure is required to fail Reactor Cortrol. However,

each of the failures 1342, G310, and G420 is sufficient to degrade the
function to a non-redundant level.

Is each one an adverse SI? The draft letter report from the SI
Branch implies tnat, in addition to degrading a safety function to a non-
redundant level, an adverse SI must also result from common cause and
involve at least two systems. 1342 fails on both accounts. It is not a
common-cause event, nor does it involve two systems (being a failure in

a frontline system only - CRS). G310 is a common-cause event, but it involves

only the CRS system. G420 is a common-cause event, and it also involves
two systems, these being Control Air and CRS (through the loss of Control
Air). Thus, of the three, only G420 would constitute an adverse SI.

Some confusion can arise when a support system ccmponent is considered.
I91 and S91 are each contained in three two-element MCSs. Thus, their
logical importances are the same. However, 191 refers to independent
failure of 480v AC Common Board 1, while S91 refers to common spatial
failure of this board with 4160/480v AC Common Transformers 1A and 1B. The
latter is clearly an adverse SI since it results from a common cause and
involves two systems (being a failure in a support system, it can only mani-
fest itself through a frontline system). However, while 191 involves
two systems (being a failure in a support system), it is not a common-
cause failure in the support system. However, tracing through the fault
trees, it is seen to affect frontline systems through the Control Air
(via compressor C) and 250v DC systeas (via the four battery chargers).
Thus, while I91 corresponds to independent failure of 480v AC Common Board
1, the failure itself has an effect upon multiple components (at least to
the point of degradation). As such, it would appear to be the type of
event that should be treated as an adverse SI. In effect, 191 represents a
comnon-cause event affecting Control Air Compressor C and the four 250v DC
battery chargers.
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wvent 192 illustrates an added complication. It also has the same
logical importance as 191 and represents an independent failure in a support
system (480V AC Common Board 2). However, unlike I91, its failure affects
only Contrui 2ir Compressor D (and none of the 250y DC battery chargers).
At first, this would not appear to affect multiple components. However,
in tracing farther up through the fault trees, 192 is seen to affect the
availability of Control Air (A500), which subsequently can prevent the SIV
drain valve and the west and east bank SDV vent valves from opening. Thus,
it has an effect upon multiple components. In fact, 191 has this same effect
as 192, but this was not examined earlier for 191 since its "common cause"
effect was evident at a lower level in the fault trees. Thus, 192 would
also be an adverse SI.

Wnat is becoming evident here is a seeming need to "trace back" through
the fault trees for certain events to determine whether or not they are
adverse SIs. With these relatively simple fault trees, this is not a
problem. However, with much larger and more detailed trees, such tracing
back could prove very difficult and time-consuming since a large number of
MCSs would surely be involved. Since support system failures affect the
safety function only through frontline systems, it seems safe to assume
that any failure of a support system component (independent or dependent)
that degrades a safety function to a non-redundant level constitutes an
adverse SI. This accounts for multiple failures of frontline systems'
components due to failure of a single support component.

If a non-support component is shared by two frontline systems, any
failure of it will automatically affect the two systems and be an SI.
However, for components in different frontline systems, only a common-
cause failure among them will constitute an SI. What is becoming apparent
1s that a common cause is not a necessary criterion for an SI. Certain
types of independent failures constitute SIs too. Thus, three classes of
SIs can be identified:

1. Any failure of a support system component

2. Any failure of a non-support system component that is shared
by at least two frontline systems

3. A common-cause failure of at least two components in at least

two frontline systems.



An adverse SI is an SI that degrades a safety function such that redundancy
no longer exists at some level. In an SI analysis, what one is actually
searching for are the adverse SIs since only these Sis produce the threshold
level of degradation. It might be better termed an "adverse SI analysis."”

As has been .cen, the designation of an adverse SI attempts to distin-
guish among events that may, from a logica! viewpoint, have equal importance.
The value of doing so can be questioned since the assignment of the label
"adverse SI" to one event but not to another of equal importance seems to
be impractical. In order to identify adverse Sls, the analyst must develop
the same model he would use for a general safety analysis, complete with
identification of hardware and other independent failures in preparation
for and in addition to resolution for dependencies. The focus has been
placed on only the portion of the MCS elements designated as adverse SIs.
It seems somewhat artificial to ignore the other elements that must inevi-
Lably be identified in the process. Unless adverse SIs can be identified
without requiring the accompanying detail of a regular safety analysis, it
seems inconsistent to focus only on certain everts whan others have equal
importance from a logical viewpoint. An SI analysis fits naturally into
an overall safety analysis and is most efficient when performed as an

integral part.

The adverse SIs (and other events not constituting SIs) have been
identified; the analysis now continues with their evaluation. Table 11
lists all the two-element MCSs (resolved for dependencies) for failure of
the Reactor Control safety function during the transition from the Power
Operation to the Hot Shutdown mode. Of the 35 distinct failure events
comprising the 157 MCSs, 12 do not fall into any of the three categories
of SIs previously identified. These 12 are the following:

1310 G310
1320 S310
1342 G320
1353 G430
1363 5430

G440

G450
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These correspond to independent and common-cause failures of components
within single frontline systems (CRS, SLC, and RWC), uncharacteristic of
SIs. However, as will be demonstrated, some of these rank very high in
importance from a logic viewpoint with respect to other failures that are
classified as adverse Sls.

A relatively simple, qualitative way of ranking the MCS elements is to
tabulate the number of times each appears in the sets of each specific
Tength. Since only two-element MCSs have been identified (there are no
one element ones), the qualitative importance of the various failure events
depends solely upon the number of times they appear among the 157 two-
element sets. Normally, any one-element MCS event would be qualitatively
more important than any appearing solely in multi-eiement MCSs. The failure
events are listed in their order of qualitative importance in Table 12.

Note that the 12 failures not deemed to be SIs are included in this list.

While ranking the failure events by their qualitative importances pro-
vides some measure as to their relative contribution to Reactor Control
failure, one can only infer that one event is "more" or "less" important
than another. A numerical measure of their relative importances requires
a quantitative evaluation. Although the structural importance measure4
can provide this without requiring probabilistic estimates, such a ranking
scheme is prohibitive for the number of failure events involved here (35)
without computer aid. Further, a probabilistic evaluation provides a
better measure as to the "true" importances of the failure events, especially
if all lead to similar consequences. Ideally, both the probability and
the consequence should be evaluated to obtain a risk-based importance.
However, such an evaluaticn is much more complex than a mere probabilistic
one an- unnecessary when trying to obtain a relative measure of the quanti-
tative importances of failure events with similar consequences. This is the
case here since the demonstration example is restricted to one safety function
during specific plant modes.

A detailed search for failure data is not warranted for merely illus-
trating a probabilistic importance evaluation. Thus, for the failure events
that have been identified, failure rates from NASH-I4005 wil]l be used rather
loosely for the sake of supplying numerical values. Tables I1II 4-1 and
[I1 4-2 of WASH-1400 1ist demand and time failure rates for the mechanical
and electrical components encountered in the WASH-1400 analyses.
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For components under continuous operation (such as 250v DC batteries),
an interval of one month is assumed between inspections. Thus, if such a
component has a time failure rate of AT, the average unavailability can
be approximated as:

K = 172 A (720 hrs)

For components demanded at the onset of scram (such as SLC pumps), a mission
time of two hours is assumed, since this would be the maximum time required
to shut down using the SLC system. Thus, if such a component has a demand
failure rate of Ap and a time failure rate (given start) of A the average
unavailability can be approximated as:

K = Ap * 1/2 A (2 hrs)

The independent component failure probabilities listed in Table 13 are
these average unavailabilities either for continuous or demand operation.

For generic dependencies (among identical component types), the failure
probability is approximated as:

Minimum # of Identical Components
S Required to Manifest the Common-
( Individual )

Failure Cause Failure (at least 2) |

Probability

In this example, the minimum number is 2 in all cases except for G210
(common generic failure of 250V Df batteries), where it is 3. For spatial
dependencies, the failure probability is approximated as:

»/// Minimum # of Nearby Components Required

to Manifest the Common-Cause Failure (at least 2)

(.01)

The minimum number is 2 in all cases. The value .01 is arbitrary.

Table 14 lists all the failure probabilities calculated for the events
in the two-element MCSs for Reactor Control. The independent failure
probabilities used in deriving these are taken from Table 13. The values
in Table 14 can then be used to calculate the failure probability of each
of the 157 MCSs for Reactor Control listed in Table 11 (two-element sets
only). The sum of these is 5 x 10'5 and represents the conditional probability
of failure of the Reactor Control safety function given that it is needed

during the transition from the Power Cperation to the Hot Shutdown mode.




12

The probabilistic importance of each of the 35 failure events in the
MCSs can be calculated as follows:

th

Let Sn correspond to the n~ MCS, of which there are

a total of N.

N
0%, P(TOP) = E P(Sn) where P (® ) represents the
n=) probability of e

If event X is an element of each MCS Si’ 1% 1R seisd
(where m < N), then the importance of event X is:

m m
S P(S
Mo = ‘Z:]P(i) A ‘Z] (s;)
_ P(TOP) N
2. P(s,)

n=1

These importances are listed in Table 15. Included are the 12 failure
events that are not SIs.

While the qualitative importances are capable only of showing the
rank of the failure events, the probabilistic importances can establish not
only the rank but also the quantitative relationship among the events. For
example, Table 12 indicates that G170 is more important than G150. However,
Table 15 indicates that G170 is more important than G150 by a factor of 5.
The probabilistic importances convey more information than the qualitative
ones, assuming that the failure data used is accurate.

It is interesting that some of the failure events not constituting Sls
are of high importance in either ranking system. In fact, using probabilistic
1mportance, two of the top three events are not SIs. This seems to emphasize
earlier comments that assigning a label of "adverse SI" to one event but
not to another of high importance is somewhat impractical, especially
when such events will automatically be identified during the search for
adverse Sls.
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Note that the two ranking schemes do not necessarily yield similar
results. For example, none of the events ranked first through fifth
qualitatively are ranked fourth or above probabilistically, and vice versa.
Especially large discrepancies are found between the two ranks of the
following events:

RANK
EVENT QUALITATIVE PROBABILISTIC
1310 N 34
G210 2 20
G160 5 23
6310 1 28
1423 30 14
1424 30 14
6200 4 17
6150 2 14
G440 6 17
G450 6 17

Whatever ranking scheme an analyst employs (these two are by no means the

only ones), the results must be tempered with a recognition of the method's
limitations. For example, considering events G170 and G150 again, one

might be falsely tempted to assume that G170 is only slightly more important
than G150 based on qualitative importance since their respective numbers

of MCS appearances are 22 and 21. No quantitative interpretation can be
placed on these numbers; they are useful only for determining rank. Under

the probabilistic ranking, quantitative evaluation can be made. However,

the restriction of data accuracy and the requirement of consequence similarity
still must be recognized.
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Nunbers
19
10-19
20-29
30-39
40-49
50-59
60-69
70-79
80-89
90-99
100-109
110-119
120-129
130-139
140-149
150-159
160-169
170-179
180-189
190-199
200-209
210-219
220-229
230-299

310-319
320-329
330-339
340-349
350-359
360-369

TABLE 1

BERING SCHEME FOR FAULT TREES FOR COMPUTER RUNS

Systems

AC Reactor Bldg Vent

AC Reactor MOV
AC Unit

AC Common

AC Shutdown
"
u

250v DC

Components
480v AC Boards
480v AC Roard
430v AC Boards
4160/480v AC Transformers
4.16 XV AC Boards
20.7/4.16 kV AC Transformers
22 kV AC Generators
500/20.7 kV AC Transformers
500 kV AC Off-Site Power
480v AC Boards
4160/480v AC Transformers
4.16 kV AC Boards
4.16 kV AC Start Board
161/4.16 kV AC Transformers
161 kV AC Off-Site Power
480v AC Boards
4160/480v AC Transformers
4.16 kV AC Boards
4.16 kV AC Generators
4.16 kV AC Buses
250v LC Battery Boards
250v DC Batteries
250v DC Battery Chargers

Other Gates for Electrical Components

CRS

HCU Scram Inlet & Exhaust Valves
HCU Scram Pilot Valves

Backup Scram Pilot Valves

SIV Valve

West Bank SDV Valve

Fast Bank SDV Valve




hHMBLRING SCHEME FOR FAULT TREES FOR COMPUTER RUNS (cont)

- Numbers ____Systems _ Components
370-379 CRS SDV/SIV Pilot Valves
380-389 " Manual Signal
390-399 RP Trip-Logic Channels
400-409 . Close-Logic Channels
410-419 RBEDS Exhaust Fans
420-429 Control Air Air Compressors
430-439 SLC Pumps
440-449 " Valves
450-459 RWC Isolation Valves
460-512 Other Gates for Non-Electrical Components

TAB. 1 (cont)




4 i ) 45 o snde 1
TABLE 2. C®S Minimal Cut Sets Prior to Resolution for Dependencies

1-Element 3-Element 4-Element

X310 X320 X333 y134 Xevl X202 Xzoi X3zg
X3b3 V333 1334 |39} J201 J202 1203 |3g)
X153 EEY 334 "39¢ 201 "2c2  Yzo3 352
X342 3c0 331 33c 163 164 4z ey
31351 312 3y} 166 172 423  azh
3131 332  19¢ 163 173 423 4z 4
422 428 424 i72 113 a4as 4z
152 423  ugk 91 163 164 dzy
91 4ge  ues 91 1es 172 4z4
91 152 g424e 9] 183 173 4zq4
Y2 422 423 91 172 173 4zé
92 152 g2k 101 102 422 4za
91 2 uze 100 162 15¢ ey
vy 2  15¢ 102 111 42e  4zd
111 112 g2e 102 111 152 g4
111 112 1s5¢ 101 112 a@ze  &zy
2-Element 421 423 424 191 112 152 ey
191 4z 42k 52 163 164 LK
X320 X4cy 91 421  4ed Y2 led 172 &z3
J391 Jacy 91 151 42k 92 163 373 &z3
342 “4cl S5p 421 4ol L F] 172 173 4z
320 402 Ge 151 uz2 91 S 164 1e4
371 402 9] 92 421l 91 52 164  i72
392 402 ¥1 92 s} 91 92 163 173
a7y 373 111 11e 421 91 Y2 17¢ 174
378 389 111 112 15} ¥2 10y 108 4g2
37y 352 421 422  4aé 92 104 10e¢ 1%z
380 352 151 4ege 4eu 92 1€2. 111 dz g
374 372 152 421 e 5¢ 162 111 182
37¢ 3¢0 154 152 ues 92 101 112 4zz
371 391 g2 421 4ce 52 101 112 152
389 391 CF 151 uee 92 111 11& 4o
41 612 92 152 421 g2 11} 11le 182
1 412 ve 151 yse 103 104 42 GzZs
e 411 423 422 4ol 103 104 15¢ Gz 4
! 2 151 4ea 423 91 163 3106 4z2
20 53 18¢ 421 423 91 103 104 1s¢
131 152 e 10 111 42e 4z
91 421  wee 104 111 gsg  §z3
91 151 tee 91 104 111 g2
91 13¢ 42} Y1 104 111 18¢
91 151 y9¢ 102 104 111 §ze
39 93 300 102 104 3131 jeg
45 93 100 103 112 g2 423
30 93 111 103 112 15¢ 4¢3
45 G4 111 91 105 112 4ee

ev 105 108 91 103 11e '3
20 1C» 111 100 103 3¢ 422
30 1C6 111 100 103 112 js2

45 100 113
20 108 31z
20 111 118
30 111 112
“s 111 11e



TABLE 2. (cont.)

-

4-Element (cont.) 4-Element (cont.)
Y111 X112 - X183 —X1ée4 X111 X1e Mie) Xiee
Y111 l11e Jied Li7e yitt P12 lise fary
111 112 182 173 111 11 181} 17¢
111 112 17¢ 173 111 112 11 ire
31 1le 120 4ee s1 112 120 42y
51 11e ey 1fe2 S1 --112a - 12t - 1%y
32 — 111 - j1ev - uee ¢ 111 12L&y
52 11} 126 1s¢ 2 111 120 %)
51 s 12¢ 4ga 31 ce 12u 4z}
51 se 12v 122 51 s2 12v 151
16l 1e2 423  4ed 161 182 42 4zy
182 171 423 .. Wey - 162 - 171 -422 - 44
181 17¢ 425 - 4ek- 161 172 42¢c 424
171 172 @22 424 171 17¢ 42 4zy
91 161 1ee  Wgd 152 - 161 1e2  szu
91 1e2 17} 4zd 152 162 171 Wzd
9l 18} 172 &eu 152 tel 17e  Ge4§
91 171 17e¢  Se4 ~1%2— 171 172 - 424
108 102 - &2l - 4e4 163 164 w2l 4z4
101 102 131  4aa 151 163 164 4zd
102 111 @21 4E4 164 172 42l Gz4
102 111 - 151 424 151 164 372  GZs
101 f1e 421 szd 161 164 172 Wgd
101 112 151 4é4 o184 171 17e GE4
92 161 162  4&3 163 173 g21  &z4
92  1e2 171 4zl 151 3163 173 Wgd
92 161 17e  4é3 172 173 w2l 4za
5¢ 171 172 W4za 151 172 173 4&yq
91 92 - 161 - lée 161 172 173 Ged
91 52 16c 174 171 172 173 - §24
91 52 181 72 21y 212 213 &&d
91 52 171 172 92 16l 162  4ge
9e 101 jue  sel ==~ 08— 11} - -BAR-
e 1Ci 1ue 1%y 92 181 17e¢  Gz2
e 102 11} -~ 4e) 92 171 J7e  4ee
2 102 111 1% 92 152 183}  1le2
Y2 101 11e 42y Y2 §1%¢ jee i1}
e Q1 1le 1f) 92 152 181 173
103 104 w21 - 4zs 92 - 1%2 1/1— 178
103 104 151 @&zl 92  1e3 184 gy
91 103 j0& &) 92 151 jes  led
=91~ -308 -— 104 — }4} 92 64 §7e  4él
104 1311 421  4z3 92 151 186 172
104 311 1s1 &z3 92 161 164 172
91 104 3113 &gy - 98 - 68— 3T} — §13
91 108 313 18§ 92 163 173 4gy
102 104 111 4gy 92 151  je3 173
102 - 3104 - 111 - - is} 2  17e 173 Agi
103 112 w2l 4z e 151 17e¢ 173
103 112 1S]  bgx 92 181 17¢ . 173
91 1Us 11e szl ~ 9§73 —-1V%e - {18
91 — 103 --132 -- 1%§ 2 211 21e el
101 103 112 4z)
100 103 312 1%}



e

fzos
103
*;us
103
104
{06
104
104
103
103

105-

103
161

-

-Element (cont.)

X104
104
104
104
111
111
111
111
i1
11¢
112
112

1e2
171
172
172
16}
162
-161 -
171
164
163
172
164
164
171
173
163
173
i72
172
172
212
ib1-
162
16}
171
152
152
182
152
165
1S3
164
151
164 -
164
163
151
172
151
~lbx -
171
211

TABLE 2.(cont.)

|

Kael Xuze
}1si | uee
“15¢ 42y
150 i%¢ |
el beéd
151 Hze
15 ®g}
150 1&g
ey Ege
151 &z2
185 4z}
$33 iz
42e  4z2
422 4g3
“ee 4z
4éz 423
lee &3
171 4e3
172 — &g3
172 Rz
421  4es
166 w2
42} 4z
17e¢ 423
17¢ - 4¢3
17¢  &8z3
421  4g3
178 4g3
“el  4e3
175 423
173 - 4z3
173 4z}
213  4z3
162 —H4ée
171 sz2
17¢  4ze
17 - 4ze
161 le2
162 171
14§—1312
173 172
166 42y
163 - 1ed
17e  4zi
164 17¢
164— 172
171 112
173 421
163 173
173 4zi
17¢ 173
‘§7¢ —113
172 173
2le eyl

4-Element (cont.)

X191
4101
191
10}
102
102
ive
102
104
10}
104
101
53
53
30

63 —

21
30
a5
S3
3Q

- 45~

S3
29
30
45
31

20 —

3
4<

- 31

e
20

-1

43
32
el
30
45
21

|

X102 X421 X4z
V162 |15y J@ze
102 "1S5e 4y
10 — 151 — Js¢
111 wel 4ze
111 151 -
11 15z &z
111 151 1s2
112 6zl dee |
lie 151 - —4ze .
112 15z &
11¢ 151 18¢2
3 106 - 1z0
53 111 1eo
S1 95  {&¢
S1—- 93 - 180
53 93 a0
100 105  jcé
100 j0%  1ce
i06 313 1o
100 135 i12
100— -305 - {j2-
111 112 o
51 1o0e {20
CR S 1 LI ¥
51 toe 1e¢
s3 10 o
Sy 1le— 120
=1 112 &0
S 11e leo
3 112 - 1z¢
EB U T ¥-1
2 111 dec
Se¢ 111 - izo
s 11l le¢
$3 1 lag)
s1 5S¢ 120/
S1 Se  1&0
S1 s 120
8- 53— 120



1-Element
None
2-Element
X441 X442
X202 X203
X431 X432
X154 X432
X155 X431
X154 X155
X451 X452
X10  Xx45])

3-E1emeq£

X2

X166
X167
X166
X173
X155
X155
X155
X155
X167
X154
X166
X167
X168
X154
X166
X168
X167
X154
X166
X167
X171
X154
X166
Xin

X212
X167
X173
X174
X174
X166
X167
X166
X173
X168
X167
X167
X168
X174
X168
X168
X173
XN
X167
X167
X171
X174
Xin
X7
X173

for Dependencies

X213
X432
X432
X432
X432
X167
X173
X174
X174
X431
X168
X168
X173
X431
X174
X174
X174
X431
X171
XN
X173
X431
X174
X174
X174

4-Element
None
S-Element
Xi67 X183
X174 X183
X166 X184
X173 X184
X183 X184
X155 X167
X155 X174
X155 X166
X155 X173
X155 X183
X167 X168
X168 X174
X167 X171
X171 X174
X168 X184
X154 X168
X166 X168
X168 X173
X168 X183
X7 X184
X154 Xn
X166 X171
X171 X173
X171 X183
X167 X181
X154 X167
X166 X167
X167 X173
X167 X181
X174 X181
X154 X174
X166 X174
X173 X174
X174 X181
X181 X184
X154 X181
X166 X181
X173 X181

X181

X183

TABLE 3. SLC Minimal Cut Sets Prior to Resolution

X191
X191
X191
X191
X191
X183
X183
X184
X184
X184
X183
X183
X183
X183
X191
X184
X184
X184
X184
X191
X184
X184
X184
X181
X191
X181
X181
X181
X133
X191
X181
X181
X181
X183
X191
X184
X184
X184
X184

X192
X192
X192
X192
X192
X191
X191
X191
X191
X191
X191
X191
X191
X191
X192
X191
X191
X191
X191
X192
X191
X191
X191
X191
X192
X191
X191
X191
X191
X192
X191
X191
X191
X191
X192
X191
X191
X191
X191

X432
X432
X432
X432
X432
X192
X192
X192
X192
X182
X182
X192
X192
X192
X431
X192
X192
X192
X192
X431
X192
X192
X182
X192
X431
X192
X192
X192
X192
X431
X192
X192
X192
X192
X431 |
X192
X192
X152
X192



TABLE 4.

3-Element

X310

!

X363

X353

X342

X441
X202
X431
X154
X155
X154
X451
X10
X441
X202
X431
X154
X155
X154
X451
~X10
X441
X202
X431
X154
X155
X154
X451
X10
X441
X202
xa31
X154
X155
X154
X451
X10

Reactéor Control Minimal Cut Sets Prior to
Resclution for Dependencies

X442
X203
X432
X432
X431

X155

X452
X451

X442

X203

X432 |
X432

X431

X155
X452
X451

X442
X203
X432
X432
X431

X155
X452
X451
X442
X203
X432
X432
X431
X155
X452
X451

X201
J201
201
21
21
211
21
329
191
192
320
391

92

371
373
371
380
371
3T¢
71
389
q1!

1~

2
!
20—

3ad
391
392
320
391

39e

37}
373
rs
380
37}
37¢
3} -
3690
411

2

i
eo—

4-Element

X202
202
202
212
212
212
212

4cl
4Gcy
402
402
40e
373
380
352
352
372
3é0
591
a91
412
412
411

2

~ 93
-4cy -

acl
4G}
402
402
4Qe
373
389
392
35¢e
372
320
291
39}
412
412
411
2
93

X203
J203
203
213
213
213
213
- 41

v

-202

X320
1391
392
91
92
423
424
442

203



TABLE 4. (cont.)

-

4-Element (cont.) 4-Element (cont.)
X 320 Xacy X431 X432 X320 - X4Cy X154 X155
35} 4Cy 91 4c}
Jsva lac; i . ' lgva lacx 1 {
3co 402 320 4@
394 402 391 402
39¢ 40e 392 402
371 3734 - 353 3748 -
373 38¢ 373 389
ari 362 371 392
380 352 380 3§52
2 37¢ 371 372
3I7¢  sé0 3¢ 380
371 591 -- 171 591 -
3860 391 | 389 39}
11 a1z | 411 w12 ‘
1*° 412 | 1 412
2 411 e 411
i 2 1 2
20~ -93 - 20— ~ 93
320 ---4C}) X154 X432 — 3290 ---403 - X451 X452
191 4cl ‘l l 191 4cy ) l
392 4Gy . ! T ay2 4qy f
120 W02 320 42 |
391 402 391 402
392 @02 392 4g2
371 373 —-- — 371 374 ——
3738 380 373 380
3Tl 3s2 71 352 .
380 3ise 380 352
37} 372 373 372
3Te €0 3¢ 3éo0
37} 9% --—— -- 373 591
360 39} 380 39y
411 412 411 412
1° 412 1V 412
e 411 2 411
l 2 | 2
20— — 93 -+ 20— - 93
320  4C1) X155 X431 -~ 320 --463--- X10 X451
191 acl 3191 4cy
Jvg 4cl l l 392 4G} l L
320 402 320 402
391 4Qe 394 402
3se 4ce ' 392 4ge2
371 IrEy —~ =373 3713 —-
373 389 375 380
Tl 392 371 362
380 352 380 352
3714 372 371 372
3l¢ 320 37¢ 320
71 N5 - - 374 - - 891 ---
Joq 391 3890 39}
411 412 411 412
14 412 1 418
e 411 [ 411
i - . ! e
20~ -~ 93 : -




X310

X363

4-Element (cont.)

X211
X166
X167
X166
X173
X155
X155
X155
X155
X167
X154
X166
X167
X168
X154
X165
X168
X167
X154
X166
X167
X171
X154
X166
X171
X211
X166
X167
X166
X173
X155
X155
X155
X155
X167
X154
X166
X167
X168
X154
X166
X168
X167
X154
X166
X167
X171
X154
X166
X171

X212

X167

X173

X174

X174

X166

X167

X166

X173

X168
X167
X167
X168
X174
X168
X168
X173
X171

X167
X167
X171

X174
X171

X171

X173
X212
X167
X173
X174
X174
X166
X167
X166
X173
X168
X167
X167
X168
X174
X168
X168
X173
XN

X167
X167
Xi7
X174
X171
X171
X173

X213
X432
X432
X432

X432
X167

X173
X174
X174
X431
X168
X168
X173

" X431

X174
X174
X174
X431
X171
X171
X173

X431 |
X174 .

X174
X174
X213
X432
X432
X432
X432
X167
X173
X174
X174
X431
X168
X168
X173

“X431

X174
X174
X174
X431
X171
X171
X173
X431
X174
X174
X174

X353

X342

4-Element (cont.)

X2
X166
X167
X166
X173
X155
X155
X155
X155
X167
X154
X166
X167
X1€8
X154
X166
X168
X167
X154
X166
X167
X171
X154
X166
X171

X211
X166
X167
X166
X173
X155
X155
X155
X155
X167
X154
X166
X167
X168
X154
X166
X168
X167
X154
X166
X167
X171
X154
X166
Xin

X212
X167
X173
X174
X174
X166
X167
X166
X173
X168
X167
X167
X168
X174
X168
X168
X173
Xin
X167
X167
171

X174
XN

Xin

X173
X212
X167
X173
X174
X174
X166
X167
X166
X173
X168
X167
X167
X168
X174
X168
X168
X173
Xin

X167
X167
X171

X174

Xin

xn

X173

X213
X432
X432
X432
X432
X167
X173
X174
X174
X431
X168
X168
X173

" X431

X174
X174
X174
X431
X171
X7
X173
X431
X174
X174
X174
X213
X432
X432
X432
X432
X167
X173
X174
X174
X431
X168
X168
X173

"X431

X174
X174
X174
X431
Xin
X171
X173
X43]
X174
X174
X174



Component Failures in CRS Minimai Cut Sets Prior to

TABLE 5.
Resolution. for Dependencies
LOCATION
FATLURE # SYSTEM COMPONENT BUILDING ELEV. COORDS.
X AC Reactor (480v AC Reactor Uni 734 QN/R, R
E1dg. Vent [B1do. Vent Goard 3 b 18513
X2 Unit 3 480v AC Reactor Bldg 565 UT/R, R
only) Blda. Vent Board 38 il
X20 AC Unit . 480V AC Unit Board Turbine 586 D(‘,/T”T]2
3A 81dg
X30 4160/48Cv AC Unit
Transformer 3A
4.16 kV AC Unit 604 CB/T, T
X85 Board 3A 1617
20.7/4.16 kV AC Unit Switchyard
X51 Station Service
Transformer )
- 20.7/4.16 kV AC Unit
X Station Service
Transformer 2
20.7/4.16 kV AC Unit
X53 Station Service
Transformer .3
X91 AC Common [480v AC Common Turbine 586 KJ/TGT7
Board 1 Bldg. '
X92 480v AC Common
Beand 3 604 CB/TGT8
480V AC Common 5
X93 Board 3 .86 HG/T]]TIZ-
X100 §160/480v AC Common 604 CB/T,.T
Transformer EA / 12713
X101 4160/480v AC Common 586 KJ/T.T
Transformer 1A ¢ 7.
X102 4160/480v AC Common
Transformer 1B
4160/480v AC Common 604 CB/T,.T
X103 Transformer 2A 78
4160/480v AC Common CB/T.T
‘b___ilgf______ Transformer 28 67
X105 4160/480v AC Common 586 HG/T,,T
Transformer 3A <1172
X106 4160/480v AC Common
SS— Transformer 38




TABLE 5. (cont.)
. LGCATION
FATLURE # SYSTEM | COMPONENT BUILDING | FELFY, COORDS ,
111 AC Common |4.16kv AC Common Turbine £04 CB/T] 2
b (cont.) [Board A Bldg
4.15kv AC Common CBAYLaT
- X112 Board B - 1011
4.16 kV AC Common BA/T, T
X120 Start Board 1 12
AC Shutdown|480v AC Shutdown Unit 1 621 TS/R] 1 S
X151 Board 1A Reactor
. Bldg
480v AC Shutdown Unit 2 TS/R,
X152 Board 2A Reactor 13 13.5
Bldg
4160/480v AC Shutdown Unit 1 TS/R] 1.5
X161 Transformer 1A Reactor
Bldg
4160/480v AC Shutdown 639 TR/R,R
X162 Transformer 1F 12
4160/480v AC Shutdown |Unit 2 621 TS/R] 3.5
X163 Transformer 2A Reactor :
Bldg
4160/480v AC Shutdown 1639 TR/R
S8 Transformer 2€ 13014 |
X171 4.16 kV AC Shutdown Unit 1 621 SP/R]R2
Board A Reactor
Bldg —_—
X172 4.16 kV AC Shutdown 593
Board B
X173 4.16 kV AC Shutdown Unit 2 621 SP/R]3 14
Board C Reactor
B1dg
X201 250v DC  |250v DC Battery Board 1|Unit 1 .. | 593 PN/R,’
Reac. 81daq, 3.5%
250v DC Battery Board 2|Unit 2 PN/R, R
X202 Reac. Bldg. 9.5710
250v DC Battery Board 3|Unit 3 PN/R, R
| X203 | Reac. Bldg. 18718.5
X211 250v DC Battery 1 Unit 1 PN/R ‘
: Reac. Bldg. 2.573.5
X2 250v DC Battery 2 Unit 2 PN/R, ~R
12 ba | Reac. Bldg. 10
¥213 250v DC Battery 3 Unit 3
Reac. Bldg. PN/R18_5R19.5




LOCATION

-

FAILURE # SYSTEM | COMPONENT BUILDING ELEV.

— S

Control 3 or More Diaphragm- Unit 3
Rod Operated Scram Inlet Reactor 565
Scram or Exhaust Valves

i Bldg
(High

X310

Pressure) | 3 or More Three-way
Solenoid Scram Pilot
Valves A or B

Three-way Solenoid
Backup Scram Pilot
Valve 1-]

Three-way Solenoid
Backup Scram Pilot
Valve 1-2

Three-way Solenoid
Backup Scram Pilot
Valve 2-1 .

Three-way Solenoid
Backup Scram Pilot
Valve 2-2

Diaphragm-Operated
SIV Drain Valve

Diaphragm-Operated
West Bank SDV Vent
Valve

Diaphragm-Operated
East Bank SDV Vent
Valve

Three-way Solenoid
SDV/SIV Pilot Valve A

Three-way Solenoid

X372 SDV/SIV Pilot Valve B >
X373 Three-way Solenoid
SDV/SIV Isolation
Pilot Valve
X380 | Remote Manual Signal 617 |PN/Ry(R1q
X391 Reactor |Trip-Logic Channel A
X392 Protection|r ;o togic Channel B
X401 Close-Logic Channel A

U X402 Close-Logic Channel B




TABLE 5. (cont.)

LOCATION
FAILURE # SYSTEM COMPONENT BUILDING ELEV. COORDS.
Reactor RBEDS Exhaust Unit 3 576 VU/R, ,R
ik Building Fan 1 Reactor W
gquip“‘g"‘ RUEDS Exhaust B1dg.
rain Sump
X412 (Ventila- Fan 2
tioi. only)
X421 g ' 1 .
Control Air|Air Compressor A 565 MJ/T]12
X422 Air Compressor B Turbine
X423 Air Compressor C B1dg.
X424 Air Compressor D




TABLE 6. Dependencies Among Component Failures in CRS
7 Minimal Cut Sets

Dependencies

Component Failures Generic Spatial
X1, X2 GO -
X20, X30 - S20
X51-X53 G50 S50
X91-X93 G90 -
X91, X101, X102 -—- S91
X92, X103, X104 e S92
X93, X105, X106 —-- S93
X100-X106 G100 -—-
X111, X112 G110 -—-
X111, X120 - S
X151, X152 G150 -
X151, X171 -—- S151
X152, X173 -—- S152
X161-X164 G16C -—-
X171-X173 G170 -
X201-X203 G200 -——-
X201, X211 - S201
X202, X212 -— S202
X203, X213 - S203
X211-X213 G210 -
X310-X373 - S310
X310, X342, X353, X363 - G=:0 -—-
X320, ¥331-X334, X371-X373 G320 .-
X391, X392 G390 -
X401, X402 G400 -
X391-X402 -—- $390
X411, x412 G410 5410

X421-X424 G420 S420



TABLE 7. CRS Minimal Cut Sets Following Resolution

1-Element

1310
1363
1353
1342
G310
S310
$390
G320
G410
S410
GO

G420
S420

2-Element

1320 1401
1391 1401
[392 1401
1320 1402
1391 1402
1392 1402
1371 1373
1373 1380
1371 1392
1380 1392
1377 1372
1372 1380
1371 1391
1380 1391
1411 1412
I 1412
I2 141
I 12
120 193

for Dependencies

2-Element (cont.)

2-Element (cont.)

1152
120
193
1152
1151
1151
192
191
120
120
120

130
1320

1391
1392
1424
1424
192
192
1423
1423
191
191
130
1120
1120
1320
1391
1392
1401
1402
1371

G930
G90
S20
G110
G930
G110
G150
G150
S93
G100
G110

G110
G200

G200
G200
G170
G210

6170

G210
G170
G210
G170
G210
G100
G50

S50

G400
G400
G400
G390
G390
G390

1380
X45
X45
G90
G390
G90
G110
G110
G690
G110
G150
G150
S20
G100
G110
G90
G90
G110
G110
G170
G210

lodalal
Qov

G100
G170
G210
G50
S50
G390

G390
G110
G100
S20
G150
S152
G150
S152
S151
S151
S92
S91
S93

S20
S20

G160
G170
G160
G170
§92
S92
6210
G150
S91
S91
ST
ST
G400




Component Failures in SLC Minimal Cut Sets Prior to
Resolution for Dependencies

LOCATION

FAILURE #

SYSTEM

COMPONENT

BUILDING

_ELEV.

X10

AC Reactor
MOV (Unit 3
Board 3A

only)

480v AC Reactor MOV
Board 3A

AC
Shutdown

480v AC Shutdown
Board 3A

480v AC Shutdown
Board 3B

4160/480v AC Shutdown
Transformer 3A

4160/430v AC Shutdown
Transformer 3E

4160/480v AC Shutdown
Transformer 3B

Unit 3
Reactor
Bldg

621

4.16 kV AC Shutdown
Board A

Unit 1

Reactor

4.16 kV AC Shutdown
Board C

4.16 kV AC Shutdown
Board D

Building \
Unit 2
Reactor
Bldg

4.16 kV AC Diesel
Generator A

4.16 kV AC Diesel
Generator C

4.16 kV AC Diesel
Generator D

Diesel
Generator

Room C

Room D

4.16 kV AC Shutdown
Bus 1

§4.16 kV AC Shutdown
Bus 2




TABLE 8. (cont.)

—

LOCATION
FAILURE #| SYSTEM COMPONENT BUILDING | ELEV. COORDS .
X431 Standby pOSitiVE'Disp]acement Unit 3 630 QP/R R
Liquid Pump 1 Reactor ra
X432 Control Positive-Displacement | Bldg.
Pump 2
X441 Explosive Valve ]
Explosive Valve 2
X442
X451 Reactor DC Motor-Operated
Water Isolation Valve
Cleanup (Outside drywell)
(Isolation
Only)
X452 AC Motor-Operated Inside Drywell

Isolation Valve
(inside drywell)




TABLE 9. Dependencies Among Component Failures in
SCL Minimal Cut Sets

Dependencies
Component Failures Generic Spatial
X10, X154, X155 -- S10
X154, X155 G150 --
X166-X168 G160 --
X171, X173, X174 G170 --
X181, X183, X184 G180 S180
X191, X192 G190, G40* --
X431, X432 G430 -
X431-X442 - 430
X441, X442 G440 =
X451, X452 G450 -

* For each minimal cut set containing X191 & X192,
there is a corresponding, longer-element minimal
cut set containing X41 through X46, all of which
are subject to a generic failure (G40).



TABLE 10. SLC Minimal Cut Sets Following
Resolution for Dependencies

1-Element 2-Element
S10 1441 1442
G150 1202 1203
G160 1431 1432
G170 1154 1432
G200 1155 1431

G210 1154 1155 >
G430 1451 1452
S430 110 1451
G440 G180 G190
G450 G190 S180
G180 G40

G40 S180



TABLE 11.

1-Element
None

2-Element

1310 S16

1363 J

1353

1342

1310 G150

1363 l

1353

1342

1310 G160

1363

1353

1342

1310 G170

1363

1353

1342

1310 G200

1363 i

1353

1342

1310 G210

1363 l

1353

1342

Reactor Control Minimal Cut Sets Following

Resolution for Dependencies

2-Element (cont.)

1310
1363
1353
1342
1310
1363
1353
1342
1310
1363
1353
1342
1310
1363
1353
1342
1320
1391
1392

191

182

191

192

191

192
1423

G430

S430

G440

G450

G200
G200
G200
G150
G150
G210
G210
G170
G170
G210

2-Element (cont.)
1424 G210

1423 G170
1424 G170
G310 S10
s310 ¢
$390

6320

G410

5410

GO

6420

5420

G310 G150
$310 l
$390

6320

G410

5410

GO

G420

5420

G310 G160
$310 v
$390

G320
G410



G320

G410

G310 G440




TABLE 11. (cont.)

2-Element (cont.)

G30 G160
G110 G160
G30 G170
G110 G170
G170 S92
G170 S91



-

TABLE 12. QUALITATIVE IMPORTANCES OF FAILURE EVENTS IN REACTOR
CONTROL MINIMAL CUT SETS RESOLVED FOR DEPENDENCIES

# OF TIMES
APPEARING IN # OF
RANK ~ EVENT  2-ELEMENT SETS RANK ~ EVENT  APPEARANCES

] 6170 22 n 5390 10

2 G150 21 n G410 10

2 G210 21 n 5410 10

4 6200 17 n 6420 10

5 G160 16 n 5420 10

6 510 14 24 690 4

6 G430* 14 25 191 3

‘ 5430* 14 25 192 3

6 G440* 14 25 591 3

6 G450* 14 25 592 3
n 1310% 10 25 6110 3
N 1342% 10 30 1423 2
n 1353 10 30 1424 2
n 1363% 10 32 1320* 1
1 GO 10 32 1391 |
N G310* 10 32 1392 1
n 5310% 10 32 G100 1
N 6320* 10

* Not an SI



TABLE 13.

COMPONENTS

Electric
Boards,
Buses

Electric

Transformers

Diesel
Generators

Electric
Batteries

Electric
Logic
Channel

Diaphragm-
Operated
Valves

Solenoid-
Operated
Valves

WASH-1400 FAILURE MODES*

Wires, open circuit or
short to ground

Transformers, open circuit
(primary or secondary)

Diesel Generators
(complete plant):

failure to start

failure to run,
given start
(emergency conditions)

Battery Power Systems

(wet cell), failure to
provide proper output

Wires, short to power

Air/Fluid-Operated Valves,
failure to operate

Solenoid-Operated Valves,
failure to operate

INDEPENDENT FAILURE PROBABILITIES FOR COMPONENTS IN
REACTOR CONTROL MINIMAL CUT SETS RESOLVED FOR DEPENDENCIES

CALCULATED
WASH-1400* FAILURE
FAILURE RATE  PROBABILITY
-6
3 x 10 “/hr .001
1 x 10°%/hr 4 x 1074
.03/demand
.03
.003/hr
%
3 % 10"%/nr .001
1 x 10"%/nr 4 x 108

3 x 10‘4/demand 3 x 10°¢

.001/demand .001



TABLE 13. (continued)

COMPONENTS WASH-1400 FAILURE MODES*
Motor- Motor-Operated Valves,
Operated failure to operate
Valves

Explosive ~ Any Valve, failure
Valves to operate

Pumps Pumps:

failure to start
failure to run,
given start

(normal environment)

Fans Pumps, failure to run,
given start

Air Pumps, failure to run,

Compressors given start

*Selected from Tables III 4-1 and III 4-2.

®Assumed to have already started prior to need
calculated as 1/2 Ay [720 hrs])

WASH-1400*
FAILURE RATE

.001/demand

(maximum value
for all valves)
.001/demand

.001/demand

3 x 10'5/hr

3 x 10"2/hr

3 x 10™°/hr

for scram (failure

CALCULATED
FATLURE
PROBABILITY

.00

.001

.01

.01

.01

probability



TABLE 14.

FATLURE
EVENT

GO

S10

G90

191

192

S91

S92

G100

G110

G150

G160

G170

COMPONENTS
INVOLVED

480v AC Reactor
Building Vent Boards

480v AC Reactor MOV

Board and 480v AC Shutdown
Boards 3A and 3B

480v AC Common Boards

480v AC Common Board 1
48Cv AC Cormmon Board 2
480v AC Common Board 1 and
4160/480v AC Common
Transformers 1A and 1B
480v AC Common Board 2 and

4160/480v AC Common
Transformers 2A & 2B

4160/480v AC Common Transformers
4.16 kv AC Common Boards
480v AC Shutdown Boards

4160/480v AC Shutdown
Transformers

4.16 kv AC Shutdown Boards

FAILURE PROBABILITIES FOR EVENTS IN REACTOR CONTROL
MINIMAL CUT SETS RESOLVED FOR DEPENDENCIES

FAILURE

PROBABILITY

(.001)7 = 6 x 1075

(.Ol)ﬁi = .001

(.001)’f =6 x 10

.001

.001

(.OI)J? = .001

(.01)"2 = 001

5

(4 x 10472 = 2 x 1078

(.001)"2 =6 x 1075
(.001)2 =6 x 1075
(4 x 100497 -2 x 1075

(.001)% =6

107°



TABLE 14 (continued)

FAILURE COMPONENTS FATLURE
_EVENT INVOLVED _ PROBABILITY

6200 250v DC Battery Boards (.001)"2 = 6 x 1075
G210 250v DC Batteries (.001)/§ =6 x 1078

> 3 CRS HCU Diaphragm-

Operated Scram Inlet or (3x 10743 =
Exhaust Valves in

Different HCUs

CRS Diaphragm-
-4,/7 -5
Operated Valves (3x10 7)"“=1x10

CRS Valves (.0])/? = .001

> 3 CRS HCU Solenoid-
Operated Scram Pilot Valves (.001)3 = 1 x 107
in Different HCUs

9

CRS Solenoid-Operated /5
Valves (.001)"¢ = 6 x 107°

CRS Diaphragm-Operated
SIV Drain Valve 3x 1074

CRS Diaphragm-Operated
Hest Bank SDV Vent Valve

CRS Diaphragm-Operated
East Bank SDV Vent Valve




FAILURE

EVENT

5390

1391

1392

G410

5410

G420

5420

1423

1424

G430

5430

G440

G450

TABLE 14. (continued)
COMPONENTS

INVOLVED
RP Logic Channels
RP Trip-Logic-Cﬁanne] A
RP Trip-Logic-Channel B
RBEDS Exhaust Fans
RBEDS Exhaust Fans
Control Air Compressors
Control Air Compressors
Control Air Compressor C

Control Air Compressor D

SLC Pumps

SLC Pumps and Explosive Valves

SLC Explosive Valves

RKHC Motor-Operated
Isolation Valves

FAILURE
PROBABILITY

(.01)/2 = ,001
4 x 10_6

4 x 1076

(.Ol)/Z = .001
(.01) " = .001

(.01)7 = 001

(.001)'/2~ =6 x 10

5



S~ T R < .

10
11
11
11
14
14
14
17
17

*Not an SI

-

15,

PROBABILISTIC
EVENT IMPORTANCE
S10 .
G430* ol
S430* .4
S310* .07
$390 .07
G410 .07
S410 .07
G420 U/
$420 .07
Gi70 .04
1342* .02
1353* .02
1363* .02
1423 017
1424 .01
G150 .01
G200 .008
G440* .008

PROBABILISTIC IMPORTANCES OF FAILURE EVENTS IN REACTOR
CONTROL MINIMAL CUT SETS RESOLVED FOR DEPENDENCIES

PROBABILISTIC
RANK EVENT IMPORTANCE
17 6450 .L08

20 GO .004

20 6210 .004

20 6320 .004

23 6160 .003

24 191 .002

24 591 .002

24 192 .002

24 592 .002

28 6310 7 x 1078
29 690 2 x 1074
29 G110 2 x 1074
31 6100 2 x 1070
32 1391 5 x 1070
32 1392 5 x 1078
34 1310* 2 x 10

35 1320* 1079



