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INTERIM RELIABILITY EVALUATION PROGRAM

BROWNS FERRY TEAM FAULT TREE GUIDE

1. INTRODUCTION

Fault trees will be used to f ault model systems in tne Interim Reli-
ability Evaluation Program (IREP). A modified and aboreviated version of

,

tne f ault tree method is used to determine system f ailure probabilities
where the system, in turn, is related to the overall puolic risks associ-'

ated with the nuclear plant. Fault tree analysis is a systematic procedsre
used to.icantify and record the various comoinations of component f ault

Unli4e
states that can result in a predefined, undesired state of a system.
tne f amiliar inductive metnod of first postulating a component f ailure mcde
and then determining its effect on the system, f ault tree analysis is an
opposite aec.:u <e soproacn whersoj :ne au lyst first defines an u desi-e:

n

system effect and then identifies all tne component f ailure mo:es tn$t can,
oy tnemselves or in esmoination with other ccmponent failure moces, prcc.:e
tnat predefined system effect. A fault tree, as cpp;se: to fault tree
analysis, is a resJit of the fault tree analysis anc is a grapnic display
of all tne component fault modes and tne comoinatorial AND an: OR logi:
tnat relates tnose f ault modes to tne predefined, undesired state of tne

It is a fault model of the system which, when expressed in itssystem.
non-recundant Boolean form, can be used as a probabilistic model to deter-
mine a probacility of the system f ailing in tnat predefined state, base:

on

known, or easily computea, probability values for individual events snown
A complete treatise on f ault trees is contained in the f aulton the tree.

l
tree nandoook .

Tnis guide describes the abbreviated fault tree method to De used oy
tne Browns Ferry team in IREP. To facil, tate description and understancing
of the accreviated methodology, it is first necessary that the conventional
approacn be described briefly. Essentially, the abbreviated method is tne
same as the conventional method except that basic f ault events are snewn on
the tree by code name only, and the basic event statements are snown in a

A few rules are presented for handling other kincs off ault sumary table.
events, such as interfacing system events and common cause events, human

j
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2. SYSTEM FAILURE DEFINITION AND UNDESIRED EVENT

l'
Fault tree analysis begins with a statement of the undesired event.

Embodied in that statement must be the conditions which constitute failure
For example, the undesired event, " insufficient coolantof tne system.

" is. flow tnrougn tne reactor core when the reactor is generating heat
This event statement is a complete logic statement spe:ifying-considered.

tne requirements for reactor coolant. If a fault tree were to be developed

about the undesired event, the analyst would examine all systems, normal

operating and emergency systems, which deliver coolant to the reactor
Tne analyst may define a more restrictive undesirec event, forvessel.

is lost,"
example, " insufficient emergency coolant flow when normal flow
for which a f ault tree is developed for the auxiliary coolant systems cni f.

In any ccse, the top event, including conditions, must be compaticle with
tne event tree sequence for which it pertains.

Tne undesired event examples previous ^y presenteo are stated ratner
For example, tne

generally which, in most cases, is perfectly acceptable.
word " insufficient," implies that below some flow value, the system will

Where redundancy has been provided, newever, the generali:e:have f ailec.
statement must be translated into a statement more specific in order to

For example, tne
account for the redundant capabilities of the system.
statement, " insufficient coolant flow . . . ." might be translated into tne

" wnere
more specific statement, "less than two-pump coolant flow .

..,

more tnan two pumps nave been provided.

Tne fault tree will be developed aoout the selected unaesirec event,

and only events wnicn relate Ipgically to the occurrence of tnat undesire:
t

event will be identified. Component failures that produce other undesire:
events (for example, inadvertent operation of the system) nnen loss of flow
it of concern will not be identified unless the particular component fail-

ures relate to the occurrence of both undesired events.

The undesired event and all subsequent events snown on the f aJlt tree
Tnat is, if tne event, as stated, occurs, tne system (or com-are oinary.

| in more detailed parts of the tree) nas f ailed; if the even* C0es
ponent,

3
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_- _

.

i' 3. FAULT TREE CONSTRUCTION

Once an undesired event nas been defined, a fault tree can be con-
structed about that undesired event. To illustrate the procedure, a PWR

First, the top
high pressure injection system will be used as an example.
tiers of the f ault tree will be constructed using the conventional method;
then, tne tree will be restructured using an abbreviated approach.

Figure 1 is a simplified schematic of the high pressure injectice'

. system (HP15). It is used to provide emergency coolant to tne reactor

vessel in the event of a small loss of coolant accident where the reacter
coolant system (RCS) is not depressurized sufficiently for core flooc or-

for low pressure coolant injection. The HPIS is initiated automatically by '.

an engineereo safeguards actuation system (ESAS) upon 1500 psig decreasing
Upon receipt of an

RCS pressure or 4 psig increasing containment pressure.
ESAS signal, the three pumps start, refueling water storage tank (RWST)
valve 5 opens (RWST valve 5 is normally cpen), and injection valves 1, 2,

All valves (not snown) in connecting piping are assumec t:3, anc 4 open. ,

se closed for Inis example.

3.1 Conventional Fault Tree Constructio_n.
.

Tne undesired event selected for the HPIS must be compatible with the

event tree sequence for which it applies. Suppose, for example, tnat a.

relief valve sticks open, heat removal througn the power conversion syste i
and it is incumbent upon the HPIS to provide emergency coolant tois lost,

tne reactor vessel. Suppose too, that one-pump HPIS flow through any patn
An undesirea, or top, event selected for the faultsnown will suffice. !

tree might be "less than one-pump HPIS flow to the reactor coolant system
|

(RCS) given a stuck-open relief valve, no heat removal through the power
conversion system." Other top events would have been selected for other |

accident initiators and sequences, but this will be the top event useo to
Since the "given" part of the undesireJ event state-illustrate the method.

ment specifies the conditions under which the fault events to De defined by
the fault tree produce system failure (see Section 8), the top undesired
event, as shown in the top rectangle, Figure 2, is translated into the tac

I

,
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Less than one-pump RFIS
flow to RCS given stuck

open relief valve,
and no heat removal
from power conversion

system.

.
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!

Less than
e' Stuck open one pump HFIS
relief valve, flow to RCS.
and no heat

removal from
power

conversion
system.-

'
_

Figure 2
Top Two Fault Tree Tiers
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The development of the f ault tree, thus f ar, has been a restatement of
l f resolution: from system, to subsystems,

each event to increasing leve s o
The top logic for the f ault tree has been enRlished, and.and to paths.

the next step is to enumerate all the component fault mcces, as well as tne
fault modes of support systems which may interface with those individual

The top logic and the interfacing system events generally
path components.
determine the degree of redundancy inherent in a particular safety system

This is not always true, however, and the fault tree should befunction.
developed into the interfacing systems and into the control and power cir-
cuits to identify the more suotle, but important, contributions to risk.
Also, some compcnent f ault modes will appear in more than one patn, tnas

For example, rupture
reducing redundancy for tnat particular fault mode.
of any pipe downstream of the pumps and upstrea7 of the injection valves

l ent for
-(shown in Figure 1) will appear as faults in the fault tree oeve opm

This is.to say that when tne fault tree is converted to itseach path.
simplest Scolean form (see Section 9 below), the pipe rupture event will be

Knowing tnis is the case, the top f ault tree logic coulda single fault.
be changed to reflect pipe rupture as a single event.

Figure 5 shows the conventional metnod for enumerating component
Each of the events snown witnin a

j

fault modes and interfacing events. j

circle is a basic component f ailure for which f ailure rate cata are expectec |

The events shown within diamonds are basic events tnat fto be available.
are not expanded either because the event is judged not to be important,
insufficient information is available, or the analyst merely wishes to

In any case, the event is given a name (see Sec-
postpone development.
tion 7 Delow) and is accountable in the Boolean expression for the fault

~ The events shown within rectangles are interf ace events that will beI.

tree.

expanded during the course of evaluating tne interf acing systems (not
evaluated herein).

The f ault tree is developed in the preceding manner until all compo-
The result ;

nents of the system are identified in their basic f ault states. |

is a binary model of the system which can be reduced to its simplest Boolean
Failure rates, human error rates, and appropriate time intervals canform.

be assigned to determine probability values for the components, subsystems,'

11
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and tne ;ystem. The quantification process involves the naming cf events
and the ' transferring of all the information contained on the f ault tree to
event tables and coding sheets for ease in the assignment of data to events
and for computer processing.

3~2 Abbreviated Fault Tree Construction

Since all basic f ault event statements on the conventional f ault tree
:

are subsequently transferred to tables, c .o way to reduce the f ault tree
analysis effort is to not put tnase statements on the fault tree in the
first place. The first step in the abbreviated method, then, is to enter
all casic f ault statements dire: ly into f ault summary taoles (a portion of
a fault summary table is snown in Table 1). Only the event coce name,
descriDed in Section 7, is snown on the fault tree.

Tne second step in the procecure is to cefine a new logic gate, tne
tatulation OR gate (described in Section 5), to fa:ilitate the listing of
event names on tne tree rather inan to snow named indivioual event stats-
ments witnin event type symools as is conventionally done. Typically,
systems which are evaluated contain a large numoer of events that are logi-
cally in series wnen reduced. For example, the f ault tree development for
the two injection path componer,ts Connecteo in series (shown in Figure 5)
is considered. This development can be restructured as shown in Figure 6,
wnere the code names for basic input events are listed under a tabulation

OR gate, inputs to a component can be snown under the tabulation OR as
Tnesnown; otherwise, they can be expanded into their respective causes.

same treatment can be applied to any numoer of components logi: ally in
,

'

series. A canpleted f ault tree for a system would be typically depicted by
u top undesired event, basic f ault events listed by code name under one or
more taoulation OR gates, a few input events identified within rectangles
which are inputs to chains of components and inputs to the system, a few
house events, and the logic AND and OR gates used to relate tne events.
All tne other information is contained in the fault summary table.

.

..

13
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4. COMPONENT FAULT STATES

A component can transfer to a f ault state due to any one of three

categories of causes: primary failure, secondary failure, and command
tr ansition. A primary f ailure is the so-called " random" f ailure found in
the reliability literature and refers to f ailure from no known external

A secondary fault results when a component is exposed to an oper-causes.
ational or environmental condition which exceeds the design rating of tnat

A command transition does not involve actual component f ailure.component.

It simply means tnat the component is in the wrong state at the time of
interest because it was commanced to that faulted state by another faultec

.

*

component, a human error, or, in some cases, by an environmental conoiticn.

Most of the data available on nuclear components emoccy botn primarj

and secondary causes f or f ailure; therefore, the distinction between tne
- two types of f ailure is not made on the f ault tres except for the case in
wnich a secondary cause results in multiple component f ailures, and tne
distinction is made in code only. A orocedure for screening secencery

f ailures for common cause f ailures is discussed in Section 10.

!

!

!

17

, . - .-. . .. .. . - . . . . . -..



.. . - . .- . . ..- _ _ ~.

..

.

A AND CATE

The output event A occurs when input events X I*

and X and X coexist.
2

I L---) 3 ... X, (all input events independent)A=xX

X X X ,

7 2

|

|-

A OR CATE

The outp. event A occurs when any one or nere
input events X , X , ... X exist.

1 2 n

A%Xy+X2+**X (*11 i"E"* ""*nt'
| | ------] n independent)

X X, X
1 n~

'

A TAE'i.ATION OR GATE

The output event A o'ccurs when any one or rcre
OR input events X , X2 *** X **i*t'

n
X

+ ... X (all input ever.t s1 A%Xy+X7 independent)
2

*

.

X
n

A COM3INATION GATE

_
n/N The output event A occurs when any subset of n

of the N input events coexist. For example, if
<[[)> n = 2 and N = 3:

I ~~ ~ ~ '} A=XX2 * *2*3 # # *1g 3

1 2 n

s

..

Figure 7
Abbreviated Fault Tree Lt.gic Gates

I
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7. EVENT NAMING

in order to facilitate the computer handling of events, and as discus-
sed earlier, to simplify f ault tree construction, each non-expanded event

This' includes " house" events, inter-on the tree is given a coae name.
d ts naving |

_ facing systems events, basic component events, and secon ary even '

common cause f ailure potential. Tne top' event is also given a code name to
Inese eventf acilitate future storage and retrieval of the f ault tree.

i naming codes'are descrioed as follows:

7.1 Too Event
-

,

A inree-enaracter system code is used to identify ea:n system faalt
Tnis coce is cotained from Taole A-1A, atta:ned, for tne Bro nstree.

Tne code name will be placed near tne cottom of tne ::pFerry f ault trees.
event on eacn fault tree anc also at tne t p of eacn pa;i : : e ass :iate:

Wnere more tnar. cne f ault tree is c cstructec ';r a system,f ault sammary.
tne ' system :oce will ce f ollo.ec oy tne top "ncase" esset code; f:- exa :le:

Top
Event

Statement

CBS-H2

7.2 House Events
1

i

- A two- or tnree-enaracter code name is used to identify ea:n nouse

event on a f ault tree; for example:

2

$

.f

I
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7.4 Secondary Events
i
i

Secondary events wnien are expected to have significant effect on
coniponent f aila.e and are suspect of affecting multiple components (common
cause) are given a different eight-character name from tnat described
previously. This secondary event code is enaracterized by tne type of
secondary event and location:

.X. XXXXXXX

Location

Seconcary Type (Ta:le 2)

ine potential secon ary event lo:stion is best identifie: Dy 0.11:irg,
If allroom namoer altnin fa;ility, anc cabinet nam;er, if a;;1ica:le.

is r;t
rooms aitnin tne facility are uniquely namoered, tne builcing n;moer

neece:.
.

All events wnich are unique in the system mast ce given a uniase na a,

An event mey appear in more tnan one place on tne model or on m,lti;is
mooels out, if it is tne same event, it must De given tne same name.

(

23
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8. REQulRED CONDITIONS

t

A system can assume a variety of possible off, standby, or normal
operational states depending on plant conditions and operational require-

For example, a water pump may be off if the water level in a tankments.
is high but on if the water level 10. low, a diesel generator may be requireo
to start if the offsite power f ails, or a valve may be required to close if

In fault modeling, inclus--g
.

a f ault has occurred in a downstream component.
ion by the analyst of the cunditions upon which a system or component is

,

required in the analysis is important. A system fauft is not considered a
f ault unless tne system is required. For example, f ailure of a diesel to
start at any time other tnan wnen the diesel is needed is not a f ault inso-

,

f ar as the analysis is concerned.

Requirea conditions in a f ault tree analysis can be in tne form of
3::oroingly, or tne

explicit assumptions and tne f ault tree constructe:
Tne

required conoitions can be incorporateo dire:tiy in the f ault nocel.
,

latter is preferred Decause it provides versatility in tne use of tne model.
When incorporated into the model, requirec concitions are sncan witnin tae

Tne " house" serves as a switch to turn on tnose events"nouse" symool.
whicn are faults when the requireo conditions exist and off when the

The "nouse" is input into one input of
required conditions do not exist.
an AND gate, and tne subtree of f aults is input into otner inputs of the
AND gate as snown in Figure 2.

In some situations, to turn on or off subtrees by connecting the
I

"nouse" to the input of an OR gate is desireaole before going to an AND
In tnis case, the required condition is

gate as sh wn in Figure 8.
inverted (stated negatively) sucn that when the " house" statement is true,
the AND gate is enabled; when the " house" statement is false, only the
existance of faults descrioed by the associated subtree enaole the gate.
Typically, this inverted logic arrangement is used in f ault modeling
standby redundancy.

(

.

25
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Tne house .is also used to describe mutually exclusive f aults, in wnich
case, two " houses," as shown in Figure 9, are used--one or tne otner noase ,

!

can De on but not botn at the same tine.

The house is also frequently used to clas?ify faults for which eatn
For example, in

f,ault classificatici results in a different consequence.
tne evaluation of a reactor containment classification of breach

areas

In-(f aults) according to size may be desirable, as snown in Figare 10.
tne computer evaluation of this f ault tree, either or both nouses may oe
turne on cepending on whether tne analyst is interested in f aults <2 in.2,
>2 in.2, or all f aults, respectively, wnere the f aults in each categ:ry.

are listed unoer the taculation OR gate.
.

n icr.Any otner conditions wnien are pertinent to the analysis an:
also Ossnoul; affe:t tne analys.'s tnin(ing aoout tne evaluation shoul:

s:scifiec. For example, knowing that a large LOCA nas occurred and tnat
sud:enly large 1:a:s are to oe placea on tne electrical system sn:;!: gai:e
tne analysis of tne ele:tri:al system. Tna is, the analy:t sh0,ld ::r:e -
trate nis evaluation on tnose components (e.g., overload trips) *nien a a
vulnerable to transient loa:ing. Turoine tr1p also occurs, an: :n:se :: ::-
nents most likely to be effected by turoine trip snould oe examined.

27
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Classifying Faults Using the House )

i
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A=A *A
2 3

=(A + X ) - (Xg+X)
3 3 3

-(XXg 2 * *1) * (*1 * *3)
I}

y12 * * 1* 1 **1*2*3 * *1*2=XXX '

,

,

t

Tne preceding algebraic expression contains "AND" and "0R" recuncan:ies
whicn can De removed by using the following idempotent relations:

A A=A (2) |

(3) :A+A=A

A + AS = A (4)

By application of tnese relations to agecraic Expressi:n (1), tne model
and X

redaces to A = X . In tnis example, the analyst would not expand X2 3
3

into tneir respective causes of failure because the models represente: of
inose variables would disappear in .tne end result.

,

i.

.

|
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cause event. That is, the event D0000211 would appropriately affect the
nonredundant form of the Boolean expression resulting from one or nore

trees containing the event.

.
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12. TEST AND MAINTENANCE

System outages due to tests and maintenance and the human errors whiCn
can accompany test and raintenance activities can be important contributors
to the risks of nuclear plants. Some systems and components associated
with nuclear plants are tested and maintenance is performed when the reactor

is not an
.is shut down; therefore, test and maintenance outage, as such,

However, where on-line testing and maintenance nasimportant risk factor.
been provided in the design, a system which is redundant can change to a
nonredundant system during the time tests and maintenance are performed
unless override features have also been provideo in the design.

Outage due to test or maintenance is treated on the abbreviated f ault
model by snowing an additional component f ault event on the f ault tree andis unavail-
on the fault summary for any suosystem or portion thereof wnich

Altnough not a f ailure in tne strict
able during test and maintenance.
sense of tne word, outage is treated as a casic component fault witn a moce
designation " test" or " maintenance" and a f ault mode coce designation

"T."

Unless each component is tested or maintained separately and at alfferent
times, only tne component requiring the longest cutace time is shown as a

If each component is tested or maintained separately anc atfault time.
different times, each component should be treated as a test and maintenance

fault.

'If a valve or other component can be lef t in the wrong state as a
result of a test or maintenance error, tne f ault is also shown on tne f ault

tree and is treated as a human error as discussed in Section 11.-

.
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14. SYSTEMS FAILURE ANALYSIS

Tne relisbility of a typical nuclear safety system is dependent on the
degree of redunaancy ir, the system and its support systems and on the reli-

The redundant elementsaoility of individual components in tnose systems.
in those systems must De independent, and the individual components must be

reliably mature for tne expected operational and environmental demancs on
Tne f ailure analysis of a safety system, for tne most part, requirestnem.

that tne analyst determine the degree of aadundancy based on system
requirements, tnat he verify tne independence of tnose redundant elements

by examination of incividual component f ault modes, and that he ve'ify ina
com;onents nave oeen properly selected for tne expected operation and

Fault tree analysis permits this f ailure evaluation of a ,

environ m nt.
system to ta<e place systematically.

Tne f ailure evaluation of any system requires first tnat tne analyst
Tnese

esta;1isn tne pnysical co;ncaries cf tne system to De analyzed.
aroitrary, but they are usally aoout the same asoo n: aries cr. ce rainer

tnese oefined by tne designer. Typically, the system, as defined, will
T-e

nave one or core outputs and one or mere inpats (see Figure 11).
in evaluating tnat system will se to creak tne system do n int:

first tast

redundant elements which nust ce cone on the basis of tne requirements of
Tnis is to say that one acticent may require tnat two of tnree

tne system.

pu ps operate; anoiner accident may require that only one of three pumpsm

For a two-train safety system wnien provides a single oatp;trespond.
function, tne system eroxen cown into its two reclundant trains mign:

ce

Tne inoats to
representec ey the two "olack boxes" as shown in Figure 12.

Tne
eacn reduncant train, or subsystem, are also separated as shown.

in
aboreviated f ault tree respresenting the twc subsystems is shown

Figure 13.

The f ailure evaluation of systems in IREP will De conductec mucn as

just presented, first for the front line systems and then for tne support
Tne requirements for support systems, of course, are basec on tnesystems.

Tne enumeration of individua1requirements for the front line systems.
,
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f aults under the OR gates will be deferred according to tne discussion

aoout staging in Section 12.

Failure analyses are usually performed to the component level of reso-
lution where a component is defined as the largest entity of hardware for
wnich experience data are expected to be available. A component is usually
an off-the-shelf item which the designer uses as building blocks for his

Sometimes it is necessary for the analyst to examine components,' system.
however, in order to determine how component inputs relate logically to tne

component output.

When examining component f ault modes, the analyst should think not

only about how each of those f ault modes may affect the system being anal-

yzed, but he should also concern himself about how those f ault moces may
For example, a timer in a residual heat removal puT.;affect other systems.

circuit which is used to stagger the load application to e ergency buses
could actually trip a circuit crea(er in the electrical p:wer system if it
becomes f aulted. A leaky valve in a recirculation lo:p could result in

affec:
fission product leakage to tne atmosphere even tnough leakage may no:

recirculation performance.

,

+

n
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Parent tree-A f ault tree developed to a suesystem level only and10.
which defines the top logic and wnich identifies the various interf ace
f aults with other systems.

Daughter tree-Tnat part of a f ault tree which enumerates the various11.
component faults in a subsystem.
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Human Feliability Modeling for IREP
(

The treatment of human reliability is a very important

aspect of any risk assessment. Past risk assessments have shown

that the human plays an important role in at least some of the

dominant accident sequences. Actual operating experience

reflected in Licensee Event Reports and accidents such as those

at Three Mile Island and Browns Ferry attest to the importance
i

of operator action.

The treatment of human reliability in nuclear power plant

operation is a complex task. The purpose of this paper is to
.

present a systematic approach for identifying human error succepti-
bilities for incorporation into the IREP models and to propese an

approach which will identify and quantify those susceptibilities
important to risk. .This discussion will serve as a guideline
for handling most of the operator actions of importance to IPEP.-

Nevertheless, a particular plant may have specific design or

operational considerations which are unique and which require

case-specific human error considerations. These can be handled

only on a case-by-case basis, perhaps using this discussion

for some general guidelines.
)

i

Incorporation of Human Errors into Logie Models

For the purposes of this discussion, human errors in two

situations are considered: test and maintenance operations and

transient or accident response situations. Both are important

and must be addressed in the IREP study.

i

.
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Unavailability Due to Test and Maintenance
_

A cyntem may be unavailable as a renuit of test or main-

tenance activitics if (1) the system is undergoing tect or ;

maintenance at the time it is required to operate or (2) the

system is left in an inoperable state by test and maintenance

personnel. The latter would constitute a human error. An

example of such an error is failing to reopen manual valves
*

.

which were closed to allow maintenance on a pump.

System unavailability during testing and maintenance and

human errors committed in performing these activities are inde-
>

,

Therefore, theypendent of any particular accident sequence.
should be modeled explicitly on each system fault tree by

developing the test and raintenance fault logic associated

with each affected component.

This may be done as follows. The analyst for each system

reviews the testing requirements and testing procedures for

the system. These should be placed in the system description

notebook. For each procedure, he constructs a table of actions
The table has theperformed on components in the system.

following form:

-Procedure Step Component Action Comments

Test Procedure 1 1 Manual Valve-101 Close Normally
Locked Open

7 Manual Valve-101 Open

From this table, the analyst can identify which components in the

system are affected by actions associated with the test. In general,

-2-
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it will be assumed that the only components affected by the test
g

are those associated with the procedure - that is, that the operator
involved in the procedure.does not manipulate any components not

However, if the analyst believes that such an action is probable,

he should include this in the fault logic for the system affected.
three valves are(For example, the analyst may ascertain that

colocated in the plant, but only one is to be manually manipulated
!

by the operator for a given test. It may be fairly probable the
operator would turn the wrong valve. Such an error would appear

as an error of emission forin two places in the fault tree:
and as an error of commission forthe system undergoing test,

the affected system.) Although such exceptions may exist, generally

the only errors to be considered are those in which an operator

fails to perform a given step in a procedure properly, or in
which he omits a step altogether. Human f actors specialists suggest.

fallthese constitute the majority of human errors which might

a component.

For cach affected component in this system, the fault logic

associated with the test of the system will be developed explici Iy.

A " component unavailable during testing" event and events associated

with human errors which would cause the component to f ail, can be

modeled as inputs to the OR gate representing the causes of com-
.

if " Manual Valve-101 closedponent f ailures. For the example above,
due to the testing" is the fault event, the logic would appear as

follows :

I

'

-3-
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i Manual Valve-101
Closed Due-

to Testina
|

| MV-101-T l

.

KV-101 Closed Failure to Open
for Testing MV-101

Period Followine Test
i I

IMV-101-TU| LT Pl-7 |

O O
The event MV-101-TU reflects the unavailability during the test -

it is assumed that the test procedure is performed correctly.

The other event, TPl-7, reficcts the human error which Icaves

the component in the failed state.

There could, of course, be other events in the development

of a " manual valve-101 closed" event reflecting hardware failures,

other human errors (discussed below), or other errors involved in

testing the system. It is important that each component failure

in the tree be given a label indicating the particular procedure

and step in the proceduro. In the obrn< ex.w.ple, t b r. 1., b 1 Tr! /~

indicates that the error was that of performing step 7 to Te.st

Procedure 1 improperly. If several components are affected by the

same procedural step, it is important that the same label be af fixed

to each, since performance of operations on these components ay

4-

.
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be dependent. That is, if test procedure 2, step 3, calls for

valves A and B to be opened, the events " operator fails to open

valve A in test 2" and " operator fails to open valve B in test
2" should both be labeled "TP2-3" and treated as a singic event.

The unavailability and human errors ascociated with main-

tenance activities are treated in the same manner as those of
is, maintenance procedures for the system are reviewed,testing. That

a table of procedures and components is constructed, and appropriateI

f aults are included in the system f ault tree development.

As another example, consider the system illustrated below.
.

b P- A s x :
, v-t:

(NC)

ku rs. 21 3 (ne)

X
v--

180) N X >

P- 8

Testing of Pump A requires the following steps:

Procedure Step Component Action
i

t

TP-A 1 V-2,V-3 Close
-

v..,,,....
p p r.

2,,,. ..r r
1- r,

s

4 V-2,V-3 Open

i
I

-5-
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a

Maintenance on Pump A requires the following steps:

Procedure Stop Component Aglon

MP-A 1 V-1,V-2,V-3 Cloce

2 P-A Remove From
Service

3 P-A Return to
Service

4 V-1 Open.

5 P-A Turn On

6 P-A Turn Off

7 V-2,V-3 Cpen

logic for the unavailability of valves 1, 2, and 3 as aFault

result of test and maintenance would appear as f ollcw s:

Valve 1 Closeo
Due to Maintenance

i

IV-1-M]

T
-

V-1 Closed Failure to Open
V-1_

for Maintenance Followi.no Maintenanceof Pump A
1

1 -

I M P- A- 4 |I V-1-MUj

.

-6-
|

|
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Valve 2 Closed*

Due to Test or
Maintenance

1V-2-TM|

T
i

V-2 Closed V-2 Closed Due'
Due to Test to Maintenance

of Pumo Aof Pump A

IV-2-T-PA1 |V-2 .M-PA1
.

em

v-2 closeo failure to V-2 Closeo failure to Open

for Testing Open V-2 for Maintenance V-2 Following,

Period Following Test Period Maintenance

[ V-2-TU | |TP-A-41 |V-2-MUl |MP-A-7|

.

I

1

.

-7-
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I

' Valve 3 Closed
Due to Test or

Maintenance
1

IV-3-TM1 ,

-
1f V-3 Closed DueV-3 Closed Due to

Test of to Maintenance
of Pumo APumo A

I

IV-3-M-PA1IV-3-T-PA ]

4

T T

V-3 Closed failure to
'~ V-3 Closed failure to

for Open V-3
for Open

Testing V-3 Maintenance Following

Period Following Period Maintenance

I l

IV-1-TU1 FTP-A-41 [ V-3-MU j I_MP-A-71
;

.

9

e

-8-
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| l

In each case, unavailabilities and human errors for valves
f

1, 2, and 3 are modeled as part of the valves' pipe cectionn even'~

though the test or maintenance activities are associated with pump

| A in a different pipe section.
'

|
,

Errors in Responding to an Accident

The treatment of potential human errors under accident con-

( ditions is somewhat more difficult than the treatment of errors
during test and maintenance. A major difficulty in including

|
these errors explicitly in the fault logic is that operator actions

are dependent upon the particular accident sequence. Thus, one

logic development may not apply to all situations. Only errors

of commission and errors of omission associated with the carrying
Human factorscut of particular procedures will be considered.1

I

specialists suggest extraneous actions are generally so infreq;ent

that they may be disregarded. |

| This analysis begins, as in the care of test and maintenance

errors, with a review of the procedttres, such as the Emergency Operatin

dur ing test and maintenance. A major difficulty in including Procedure f

or accident.which the operators would use in responding to a transient

To identify the components susceptible to human error during an accider|

I

a table is constructed of the following form:

Procedure Step Component Action Comments.

EOP-1 1 Valves A, B Open

4 Pump C Turn On

9 Valve D Regulate
I

EOP- 2 3 Valve A Open

4 Pump E Turn On

7 Valve F Close

-9-
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1

1

l

This t able includes those steps in the procedures in which t he oner ar ot

is called upon to change the state of a component.
From the completed tabic, a 1ist is compiled of a11 compononts

incorrectly in
susceptible to human error by performing a procedure

responding to an accident. For this example, the list includes:

valves A, B, D, and F, and pumps C and E. Wherever these events ;

|

appear in the f ault tree, one cause of f ailure is " human errer
,

under accident conditions." This event is not further developed

is labeled with a human error identifier.explicitly in the tree, but
That i s ', the development of event " valve A closed"

is as follows:

valve A
Closed

i

I V-A|
.

m

OtnerOperator Falls'

Causesto Open Valve A

IO 1[ HE-V-A I

O-

-
_

At this stage in the logic development, all potential human

errors associated with carrying out the emergency procedures
However, for a givenimproperly have been included in the tree.

since notaccident sequence not all such errors are applicable,

-10-
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sequence. Thus,

all procedures are implemented for each accident
the analysis from this point forward is accident sequence dependent.i

To proceed, the analyst must ident.fy which procedures the

operator is expected to use in responding to each accident
sequence

The utility representative on each team shouldin the event tree.
assistance in this regard. Again, a table containing

be of great

this information is constructed as follows:
Procedures Usedf

Accident Sequence Desianator

ACD EOP-1, EOP- 2
Large Loca-10

Small LOCA-34 SC EOP-1
y

.

Given this table and the preceeding one (relating ecm-

.ponents to procedures), a set of Boolean equations represen: Ing
sequence is constrar:ei.

potential human errors for each accident
For sequence ACD, such a set of equations includes:

HE-V- A = EOP-1-1 + EOP-2- 3

HE-V-B = EOP-1-1

HE-P-C = EOP-1-4

H E-V-D = EOP-1-9

HE-P-E = EOP-2-4

H E-V-F = EOP- 2-7

of equations relating the human error events to par-The set
sequence.

ticular procedural steps is constructed for each accident
s important that multiple components affected by the

j

Again, it i

same procedural step be assigned the same label.
An alternative approach would be to develop each human error

Such an approach
event explicitly for each accident sequence. !

-11-
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:

does not seem as desirable as constructing a set of transformation 1
', for each accidentequations, since the fault trees would be different

sequence.

The proposed approach assumes that the operator is attempting to

follow the proper procedure in responding .to each accident sequence.
However, if theThis assumes a proper diagnosis of the situation.

operator diagnoses the situation incorrectly, he will be using an
Further, even if he diagnosed theincorrect set of procedures.

accident correctly, there is a possibility that he will inadvertently

choose the. wrong procedure. In terms of system consequences, neltner

of the above errors may be significant because of many factors.

The symptoma*.ic similarity of some accident sequences calls for

their having similar response requirements; there may be no acticns

eslied for in the incorrect procedure that would actually degrade

system performance. In many accident situations, critical respenses
is sufficie..are required to be performed within a period of time that

of a shift supervisorfor the arrival (if not already present)
and two reactor operaators. Althoujh there may be some degree of

dependence between the personnel, there is a recovery facter of

human redundancy which may compensate for this. Finally, in any
theresequence to which the operator is responding incorrectly,

Even if the operator
will be numerous indications to that effect.
should concentrate on a particular subsystem to the exclusion of

other, perhaps more critical, indications, the factors of time,
additional personnel, and feedback of f er some chance of recove ry.

These f actors would need to be considered individually and collective
Howeve r, the state-o f-the-ar t of human

for each accident sequence.

-12-'
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reliability analysis does not allow for quantification of these
( Therefore, these potential errors will be disregarded.interactions.~

in the latter staqcn of thta
Specific instances may be considered

project.

Processof Human _ Errors in the ScreeningTreatment

Quantification of the accident sequences for IREP will take
an initial screening process to identify

( place in two stages:
candidate dominant accident sequences and refined quantification

accident sequences. This
to arrive at a final set of dominant
section discusses the treatment of human errors during the

,

initial screening process.

Test and Maintenance Unavailability
As discussed previously, the unavailability of a component

due to test and maintenance and.the potential human errors asso-Q

ciated with testing and maintenance are developed explicitly in
trees. For each of these events, an unavailabilitythe system fault

or probability of f ailure is assigned.
For component unavailability, the standard unavailability

calculation is performed:
or maintenance,I

g , mean duration time for testmean test or maintenance interval

.

Data for these calculations may be found in the IPEP Data Guide,

Wash-1400, or in some cases, may be obtained from the plant.

Data for human errors during test or maintenance may be found

in NUREG/CR-1278, Handbook of Human Reliability Analysis with
;

ions. Each analysis team
Emphasis on Nuclear Power Plant Applit ,
-_

-13-
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1s encouraged to utilize this reference and arrive at numbers on
(

However, should problems arise in using the handbook,its own.

human factors specialists at Sandla National Laboratorien will be

available to provide assistance.

Errors in Responding to an Accident

The quantification of human errors in response to an accident

', is not as straightforward as that associated with test and mainten-

Although the human reliability handbook provides a wealth ofance.

information, there are many variables during an accident which ;

influence human reliability and the selection of a probability

value for a given error. Some of these include operator train-

ing , stress, and control room design. To quantify a given huran

error accurately, these and other factors must be considered.

llowever, to perform such an assessment on each potential numan
_

error for each accident sequence would be an unmanageable task,

Rather, the IREP team must employ a coarser quantification scheme

for the initial screening process which will permit identifi-
cation of those human errors which might contribute to dominant

accident sequences. Only these human errors will be accurately

quantified.

for each acci-
'- - .The previous discussion led to the generation

thedent sequence of transformation equations which represent
|potential human errors associated with procedures to be followed
I

during that accident. In the initial quantification of seguences,

these equations are to be substituted for the appropriate fault

trec eventse Those human error events which do not apply to the
,

particular accident seq.ence are set to 6.'

-14-
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In addition to performing this. substitution, probability
(

values are assigned to each event. For the initial screening'

process, coarse values are chosen for the human error events for

reasons discussed previously. These coarse values should repre-

sent upper bounds - one does not want to underestimate probab:lities

at this stage, or some important terms may be discarded during the

screening. Human factors specialists suggest that assigning a proba-

bility of 0.1 to an error in a given procedural step would represent
a reasonable upper bound in most cases. This number is not assigned

to the human error event, but rather to each event in the trans-

formation equation. That is, for the equation HE-V-A = EOP-1-1 +

EOP-2-3, a value of 0.1 is assigned to events EOP-1-1 and EOP-2-3.

For the initial screening process, errors within a single procedural

step are assumed-to be completely dependent. Actions performed in

different procedural steps are generally independent, and.this.

assumption is made. If the analyst believes he has identified an

exception, appropriate probability values should be assigned.

The computation and screening criteria are described in the

IREP quantification guide and will not be discussed in detail here.

Briefly, however,.each accident sequence is analyzed to determine

the minimal cut sets (with illogical cut sets removed). The human#

.

errors in these cut sets are recognized by their labels. For the
'

examples cited above, test errors appear as terms such as TP1-7,

maintenance errors as terms such as MP3-4, and errors in responding

to accidents as terms such as EOP-1-1.
. Candidate dominant accident sequences are chosen probabilistical!

I based on the probabilities and criteria used in the initial screening

-15-
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setsOnly these sequences are analyzed further. Tne cutprocess.
;

and events for each of these sequences are ranked to aid in the

final quantification process.

Final Quantification of Human Errors
The IREP quantification guide discusses final quantification

of accident sequences in detail. In brief, each candidate dominant

it is properly quanti-accident sequence is analyzed to ensure that'

fled. The probabilities are scrutinized and, perhaps, modified to

reflect plant specific data. The analyst attempts to ensure that

all common modes have been considered, and the potential for recovery

is assessed.
For those sequences containing human errors, tne probab111 les

Values for test and maintenance errors shouldmust be examined.
and maintenancebe reviewed. Plant specific data pertaining to test

errors may need to be included. Errors made in responding te

an accident have not yet been adequately quantified in this proces s.

For those human errors in the candidate dominant sequences, actual

probabilities must be inserted (rather than the 0.1 value used
These values are obtained from the human reliabilityfor screening).

handbook. The analyst should use his best judgment in choosing
consideringthe number from the range that is given in the handbook,

such factors as operator training, timing and stress of the sequence,

and control room indications.
Human factors specialists from Sandla will visit each plant. !

They will be familiar with the control room and the performance
andshaping factors affecting the probability of a given error,

should p ctiemsthey will be available to consult with the analyst

-16-
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(.
arise in selecting a probability. The Sandia human facters specialist

may also provide assistance in assessing the potential for recevery*

from an accident.
After.this final review of the candidate sequences to ensure

|
'

of dominant accidentthey have been properly quantified, the final set

sequences is identified.

i
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COMPONENT FAILURE RATES FOR NUCLEAR PLANT
SAFETY SYSTEM RELIABILITY ANALYSIS

The purpose of this report is to provide component failure rates and

general criteria for selecting component failure rates for use in the

reliability analysis of Nuclear plant Safety Systems. This report is

not intended by itself to supply a list of " absolute" and final numerical

component failure rates. There are several reasons why producing such

an absolute list is impractical - the most pertinent concern, the large

physical variation of available components of a given generic type an:
,

the possible. variations of environment and operation and use.

The basic questions to be asked when detenr.ining and using ccepcnea.:

failure rates are:

a. What failure rates should one use when modeling specific com;cnents

in specific safety systems at specific plants?

b. How should the expected variations of failure rate for specific

components within specific systems and plants be described and

accounted for?

'; There do not appear to be absolute answers to these ouestions and therefore

this report is limited to a general discussion of criteria for failure

rates while providing only basic lists of " nominal" component failure
'

,

rates.,

1

i

I
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The attached Table 1 is a summary of a survey of component failure rates

taken in the latter part of 1979. The survey recuested " generic" or

" average" component failure rates which the respondent muld use for a

reliability analysis of Nuclear Plant Safety Systems. The survey

- illustrates the range of generic failure rates currently recommended by

the reliability and safety community for nuclear plant safety system
,

analysis. Table 2 shows failure rates obtained from the LER Evaluation

Program and comparable WASH-1400 failure rates. Table 3 shows generic

failure rates generally recommended for screening purposes for the ! REP

reliability analysis of nuclear plant safety systems. This list was

taken fmm the WASH-1400 and is unchanged except where revised to account

for the results of data analyses which have occurred since tne WASH-1400

study. For detailed analyses, it is suggested that the user supple-ent

the Table 3 data with data from Tables 1.and 2. In addition, data fem

other available valid data sources (e.g., NRC/EG&G LER Summary NUREGs,

the NRC or Oak Ridge LER files, etc.) should be referred to wnenever

more particularly specific, up-to-date, or pertinent failure rates are

requi red. The attached appendix presents a general discussion of the

uses and limitations of presently available component failure rates.

.

,
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APPENDIX

NUCLEAR PLANT SAFEN SYSTEM COMPONENT FA LURE RATES

GENERAL DISCUSSION OF COMPONENT FAILUDE RATE 5 AND
FACTORS AFFECTING COMPONENT FAILURE RATES

Iw
,
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COMPONENT FAILURE RATE PROBLEMS - TIMELINESS. CONSISTENCY, OUALITY

This report concerns the derivation and use of component failure rates

for nuclear plant safety system reliability analysis. In particular,

Ithe report is concerned with those failure rates appropriate for parti- '

cular systems or plants versus more encompassing failure rates wnich may

be appropriate for a generic analysis of all plants.

The problem of deriving and using component failure rates for particular

safety systens in particular plants is more difficult than deriving and -

using * average" component failure rates for " average" plants. There are

several reasons for this which are tied to the selection of the proper

population of failure data applicable to a specific case. One is tnat

there is usually mucn less data available to make inferrences for a

particular plant than there wuld be when aggicmerating the data from

several plants. A second and perhaps even trere important reason is that

any operational or equipnent anomalies occuring in a small population

over the short tem may, when considered for a larger population over a

longer tem, be " averaged" out. A factor affecting the failure rate

data an analyst needs concerns the time or time period his analysis is

to cover. Is the analysis for equipment reliability as it was over the

last 5 years? As it is now? Or is the desired reliability the average

value over some projected time period of say the next 5 years? Fo r

assessing the immediate period one muld of course want current data, j
lanomalous or not. However, the available data to derive failure rates j

is of necessity for past periods and experiences - with very good possibili:ies

.
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that past component failure anomalies have been or will be corrected.

Becduse of equipment modifications, modified operational requirements,

equipnent deterioration or wearout, etc., the appearance of anomalous

component failure rates for particular plants at particular periods

should not be unexpected when compared to " averaged" data. The failure

rates one selects should recognize these possibilities and be appropriate

for the projected period the analysis is to cover.

In deriving component failure rates, similar components (e.g., valves,

pumps, etc.) are grouped when they are deemed as physically and functionally

belonging to a particular generic population. But, the components in

the population could in fact have considerably different individual

failure rates and failure rate distributions and thus not be applicable

to any specific component or class of components. 'n'nen components from

different populations and useages are comoined f:r failure rate calculations,

the quantities within each population are weighted into the calculation.

The resulting " composite" component failure median value and distribution

strictly applies only to a population having a similar mixture--it no

longer applies to any individual subpopulation. The concept of "best

estimate" or " point value" has questionable utility when it is derivec
.

from failures for composite populations in this manner. For compcsite

oopulations one can calculate average or mean values and tnese have

meaning when applying them to similar composite populations; but, tney

may not have meaning for subgroups within the homogeni:ed or aggregate
_

popul ations. It is axpected that for certain components, the best

estimate failure rates of the various generic sub-classes may in fact ce
,
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very similar. In these cases one number or one distribution may adecuately

describe all subclasses of components within the generic category. Ho wev e r ,

this may not be universally true. One of the goals of future data

analysis will be to assess generic component composition effects and

detennine the number of separate failure rates and failure rate distributions

required. for comrenly used safety system components.

For system reliability calculations, one needs to recognize tnat there

will be a variation of quality of failure rates for various components

and account for or recognize this in the calculations. The "tuali ty" o f

the failure rate for any particular component can be dependent on such

variables as the q;antity of similar components in use from wnien to

gatner data, the A35sible physical variation of particular components,

. e tc . The component failure rate quality required is some function of

the importance of the component to system reliability. Generally, in

safety system evaluation some few components will, because of tneir

singularity (non-redundancy) or high failure rate " dominate" in probability

of causing system failure. Further studies can tnen be performed to

determine the effect on er sensitivity of system unavailability wnen

these critical or dominant components are allowed to cover their expected
.

or bounded range of values. If the resulting system variation is unacceptable,

the data cuality may have to be improved.

There are several factors which can cause or effect variation or cuality

of component failure rates including:

1

s

|

|

|
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A. Instrinsic Factors

Component Size-

Specific Component Type or Model-

Operating Rating-

|
B. Extrinsic Factors of Component Use

t

Condition or Environment of Use-

Derating Factor or Operating Margin-

Medium of Use (Gas, water, steam, etc.)-

C. Calculational or Estimation Errors

Inaccurate reporting of failures-

Inaccurate running or cycle time er demands-

Inaccurate population estimates-
,

Incorrect agglomeration of Components for Rate Calculati:n-

All of the above factors can affect calculated failure rates to varying

degrees and should be recognized and accounted for in detailed failure

rate calculations.

POINT VALUES AND RANGE OF CCFFONENT FAILURE RATES

Safety system reliability evaluation and quantification problems may be

o f tw kinds. The first evaluation problem involves arithmetically

deriving a "best" or " point" estimate value of a systems unreliability.

The second or "probabilistic" problem type involves finding a best

estimate and the expected variation or range of unreliacility. One

therefore needs the point estimate (best estimate) and the expected
,

variation or spread of component failure rate data 'or trese tw stoler

tyres.

J
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The "best" or " point" estimate failure rates used in reliability and

risk assessment of Nuclear Power Plants can be further subcategorized

and representative of two different component populations. One population

consists of a generic mixture of components and the resulting failure

rate is an " average" or " generic" type of failure rate intended to cover

a broad generic class of components and operating conditions. The other

"best" or " point" estimate failure rate is specific to specific components

and component operating conditions such as are presented in MIL-STO 217,

" Military Stancardization Handbook - Reliability Prediction of Electronic

Equipment" for electronic components. In the nuclear industry specific

failure rates are generally not available. The Nuclear Plant Reliability

Data System (NPRDS) has somewhat specific component failure rates; <

ho weve r, the NPRDS lumps together "similar" components having "similar"

operating or environmental conditions so that its rates are still generic

failure rates. Another example of average or generic failure rates are

those derived from Licensee Event Reports (LERs) and shown in the

various LER Analysis reports.

For reliability assessments one generally needs best estimate rates and

spreads for averaged or generic components ratner than best estimate
%

and spreads for specific components. This is because in nest cases
_

sufficient engineering or op? rational detail is not available to the

reliability analyst for the system he is analyzing to determine an exact

pedigree of the component or the component operating conditions.

Therefore, even if one had extremely specific failure rates, the analyst
|
1

%

I

i
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could probably not provide matching detailed particulars of component

type and operational or environmental factors affecting the component.

Therefore, for many, if not most reliability analysis problems, extremely

specific component failure rates muld not be useful. }cwever, where a

component's failure rate significantly affects the detennination of

risk, an attempt should be made to restrict the data used to a suitable

subset of the generic population to the extent possible.

A continuing problem enountered in using failure rates concerns the

range that should be used to encompass or bound the expected variation
-

of failure rates. The range used can be derived to cover pnysical

variation within a component generic class, environment of use, system,

o r plant. A related question concerns how specific one must make f aibe

rates as discussed above and tne expectec penalty one must pay in N

fom of increasec spread (range) penalty when the spe:i'ics of Oce;cnet

type and component use are unknown or unspecified. Lastly, tne type or

shape of failure rate distribution to use, be it unifom, log-nornal,

etc. must be detennined.

A failure rate distribution shows the variability and failure likelinood

one muld expect to find in the failure rate for a particular componen:.'

As has previously been indicated, different sub-classes of generic

components and component uses may have different failure rate distributions.

Hence, when we calculate failure rate distributions from failure rate

data, we are evolving a synthesized average failure rate ,recresentative

of the suved or weighted sub-classes of components. There is no prooiem
.
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in producing such a synthesized failure rate distribution. % wever,

once " synthesized" the failure rate data cannot easily be "unsynthesized"

by the reliability analyst to fit his particular sub-class of components.

In some instances, however, we can accommodate this shortcoming somewhat

by selecting a failure rate distribution which adequately, albeit conservatively,

bounds the generic component, provided undue conservatism is not introduced.

DEMAND RELATED VS. TIME RELATED COMPONENT FAILURE RATES

There are tw different measures of component failure commcnly used in -

reliability assessment. These are failures per unit of time and failures

per number of demands. The failures per unit of time can be further

categorized as follows:

Standby failure rate - Failures per hour in Standby-

Operating failure rate - Failures per hour of Operation-

There is one other component failure rate known as " Shutdown failure

rate - Failures per hour of Shutdown" which is sometimes found in reliability

li tera ture. This report excludes " Shutdown" failure rates because the

component failure rates herein are intended for use in evaluating nuclear

plant safety systens while they are either operational or in standby.

The three possible types of failure rates used in this report are:

Failure per demand-

Failure per Standby Hour-

Failures per Operating Hour-
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The type of failure rate to use in reliability analysis may or may not

be obvious. For example, pumps are either operating or not operating

(in standby) and would have corresponding failure rates for each of

these phases of operation. The applicable rates for other components

may not be as obvious. For example, a motorized block valve in a safety

system is either open or closed. It is usually inactive except for tne

short duration of time that the motor is energized to shuttle the valve

to the open er closed position. On the other hand, a modulating valve

may be considered to be operating continuously for the duration of its

parent system operating time. For simplicity, at most two failure rates

are given for any particular component. The failure per operatir; hcur

is given (if pertinent) along with either the failure per de and or

failure per standby hour.

A complication that occurs in failure rate use is that mest corpenents

can fail either when demanded or while in a standby (non-operating)

mode. Because of this, neither the " demand' nor " failure per hour"

f ailure rate is entirely correct except when used to evaluate compenents

that have similar numbers of demands, standby times and tines between

test. In equation fann this means that:
i

|

~

c = 0, + g n

where: 0 = Total component unavailability

Q, = Ocmand unavailability

5M = Time related unavailability

4
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Solving the above equation for A gives:

A = 2(0-0 )3

'3

This indicates that A is dependent on both time between tests ('3 ) and

the cyclic or demand fraction (Q ) of component unavailability. The3

problem is that we have tw unknowns ( A and Q,) and only one equation.
,

If one can't detemine these tw basic failure parameters, then one

can't correctly use this failure rate except in situations where the

test intervals are similar to the intervals from which the failure

population is derived, This presents a problem when component unavailatility

is recuired for components that are tested at longer than non al tes

intemals. If one used a failure per demand rate for this case, one

muld underestimate failure probability and yet if one assumed the

failure rate was strictly time related, one muld overestimate the
;

f ailure probability.

.

In an attempt to help solve the above problem, the LER Analysis Report

NUREGs categorize LER failures as Cemand related, Time related, or

Unknown. This categorizing is subjective insofar as the LER contains a

minimal amount of information upon which to make this judgment. And, as

might be expected, many of the LER failures could not be classified from

the LER description and so are categorized as unknown. The gross

fraction or breakdown is included in the LER NUREG failure rate su. mary

tables, however, and can be used to estimate failure rate fractions due

to demand and time dependent failures. This can ta helpful when evaluating

.
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It is alsosystems having testing intervals which vary from the norm.

helpful to have this infomation when evaluating optimum safety system f
i

testing intervals.

LER EVALUATION PROGRAM RESULTS

The LERs have been analyzed by EG&G/INEL to calculate pertinent nuclear

plant safety system component failure rate data. These analyses (refer

to references) and the component failure rate statistics produced are

for groups of similar reactor plant types (NSS5s) and for individual

pl ants. The LER derived data are " average" failure data for generic

compenent classes. From the LER data one can detemire a Chi-scuare

confidence interval for the component failure rate. However, the Chi-

scuare derived interval infers a single population samole rainer than a

mixture of samples from several populations. It is because of the

dissimilar raw data populations that the confidence bounds for tne

aggregate or generic calculated component failure rates as shown in the

LER Data Summary NUREGs are questionable. Other problems associated

with detemining failure rates from LERs are the problem of variations
,

o F failure reporting, detemination of components and systems to be

reported on, etc.

The LER derived component failure rates indicate that there is a large

variation of failure rates " plant-to-plant." Since the plants are each

essentially "one-of-a-kind," it is expected that some of this variation

is in fact caused by the plant designers using different designs and

di'ferent cuantities of each of the sub-classes of components. Certainly,
5
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the different designs result in slightly different component uses or

operating envirorinents and hence different stresses on each component.

Therefore, some of the LER calculated plant-to-plant differences are j

felt to be real. % wever, some differences of failure rates are undoubtecly

caused by variations of reporting rules and the degree or emphasis of

reporting by the various plants. The reporting differences can cause an

estimated variation of a factor of 2 or 3.

As noted above, the component failure rates as derived in tne LER Evaluation -

program indicate large variations " plant-to-plant." The signi'icance of

these variations is not clear, nor is it clear how these failure rates

should be interpreted and used. Some contend that ne quality of corpcrent

and system maintenance varies widely between plants. It is furtne-

contended that maintenance has a large effect on ecmpenent failures tac

hence this factor alone could account for much of the plant-to-plant

variation. Nwever, some components, e.g., tnose inside tne primary

containment, are not amenable to maintenance; hence, for these components

(e.g., control reds, etc.) there should not be the large variation that

there in fact appears to be. Conversely, some easily accessible components

or subsystems would be expected to vary dependent upon maintenance,
,

e.g. , the diesel-generators. Based on tne above, it is suggested that

some components be described by plant-specific failure rates (e.g., the

diesel-generators); however, for other components (e.g., valves) it is

croposed that, in spite of apparent plant-to-plant variations, some

nominal values be chosen for all plants, at least 'or screening purseses.

For example, some valve failures may be preventable by maintenaa.ce,
O

. , . , c - -, w . - - - , . ,...---- - , - - - - - - - - _ _ - _ _ - . -._



.- .-_

-12-

e.g., keeping valve limit switches and torques switches in proper acjustment.

Other failure types seem to have little association witn maintenance arc

the failures would probably occur at the same frequency irregardless of

how much or little preventative maintenance is performed. These non-

maintenance related types of failure could be, for example, tne failure

of a valve due to vibration or insufficient cesign margin, or component
,

internal searcut.

Where plant-specific information is desired, the LER Analysis Report

failure rates median values may be used as an indication for each plant. .

However, where there is a large deviation of some plants from others,

the data should first be rechecked to see if these are explainable

It may be that some failures occured in a grou; of a cause tnatcauses.

has since been corrected. If so, the failure rate may a;o-coriately

need to be recalculated minus these failures.

LIMITATIONS OF CALCULATED COMPONENT FA! LURE RATE AC:UD :
Y-

There is considerable uncertainty when statistically "summari:ing"

pnenceena having large and diverse variation such as component failures.

To derive failure rates we statistically abstract nistorical cata from a

comparatively snall quantity of failures. Statistical anc preciction
*

.

technioues can be used when our sample of failures is representative of

future failures. There is danger that the sample of component failures

which one gathers to make predictions may not be re:resentative of

future failures. More importantly however, there are innumerable

9uances or subtleties of failures which may not be adecuately cescritec

I

|
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in " summarized" i.e., statistical information. For the above reasons it

is reemnmended that the more basic or detailed data, e.g., the raw data

in the LER Data Summary analysis reports thanselves be used when anything

beyond gross failure rates are needed. The LER derived failure rates

are themselves somewhat gross, but they do indicate the limitation on

Weour ability to calculate and characterize component failure rates. 1

,

seem to be-limited by the fact that each component application or use is

somewhat different, therefore, we have a variety of "one-of-a-kind"

systems or plants from'which we are trying to derive component failure
.

rates and failure rate information.

The whole concept of random f ailures as applied to nuclear piant sa'etj

system components should be critically questioned when determining and

using failure rates. In addition to the problem of cuantities of sub-

classes of components, as discussed in a prior section, tnere are physical

and operational factors involved in nuclear plants and naclear plant

safety systems which can affect and change any particular component

application away from the concept of some single failure distributions.

This might not be a problem if we had sufficient data for each influencing

However, some of the factors (e.g., operational and environmentalfactor.

f actors) may be only minimally known and therefore cannot be convoluted
.

with the result that our final distribution may not be representative o'

the actual failure distribution. Because so much is unknown about

nuclear plant component failures, particularly the uncharacterized

(cerhaps uncharacterizable) failure factors the final selection for

critical components may need to be made on a more reasoned basis wnich

9ay involve consicerable amounts of engineering judgment.
.

l.

|
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There are many factors which mitigate against " random" component failures.
t

It has previously been indicated that failures and failure rate calculations

are affected by extrinsic, intrinsic and calculation ermrs or deficiencies
1

and there may be more extrinsic and calculation. factors causing systematic

component failure rate variations than intrinsic random failures. The

extrinsic factors are those affected by environment and operation or

The intrinsic factors are what we traditionally model. The intrisicuse.

fa: tors are the so called " primary" component failures. Extrinsic

factors can cause or result in " Secondary" component failures,

REC 0""ENCED COWPONENT FAILURE RATES

The component failure rates as given in tables III 4-1 and !!! 4-2 of

WASH-1400 are recommended to be used for generic rates except as succlemen:ed

or codified by new findings from the LER Evaluation Program. The referer.:ed

WASH-1400 tables are shown in this report as Tables 3A and 33. The

table entries are marked with an "R" where they have been revised from

the WASH-1400 value, and with an "A" where they are additional *w the

original WASH-1400 tables. The modifications and additions are obtainec

mainly from the LER Summary Data NUREG results (refer Table 2). The

assessed range is provided by the calculated maximum and minimum plant

specific component failure rates. The mean is the geometric mean of

these tw values. The error. factor is the multiplier / divisor of the

mean to provide approximate boundi.. The error factor is rounded off *a

3 or 10 to allow using integer exponents for failure rates. A problem

with the LER derived failure rates is that only the major components

_ _ _ _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _ _
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The result of the quantitative evaluations will be the desired
' accident sequence probability that is to be associated with the

accident results determined for that sequence."[1]

Fault Tree Terminology .

A f ault tree is a graphical representation of an interrelated

set of Boolean equations. Each unique event in the fault tree is

represented by a unique Boolean variable. The types of events'

,,

secondary eventsdepicted in the fault tree include the top event,
Secondary events correspond to gates of theand primary events.

fault tree and have associated inputs. Primary events correspond

tree andto the basic component f ailures represented in the f ault

do not have any associated inputs. A cut set of a fault tree is a

set of primary events that cause the occurrence of the top event.

f A cut set is called a minimal cut set if it ceases to be a cut set
,,

The set of all minicalwhen any of its primary events are removed.
cut sets for a fault tree denotes all of the f undamental ways in

'

Since the minimalwhich the top event of the f ault tree can occur.

cut sets are in te rms of primary events and since in general there

exists data to quantify the primary events, the top event of the

fault tree can be quantified by use of the set of minimal cut
>

is thesets. - For the accident sequence f ault tree, the top event--

occurrence of the accident sequence. Quantifying the top event of

the accident sequence fault tree is, in effect, quantifying the

accident sequence.

Accounting for System Successes
tree, F,Returning to the example accident sequence fault

once the set of minimal cut sets for F have been determined,



,,
1

\

the minimal cut sets are examined to determine if any of the minimal {
1

).

cuts sets can cause the failure of system 3. The event " system 3
.

fails" has an associated fault tree with the top event representing

the failure of system 3. If the set of minimal cut sets for this
~

f ault tree is in Boolean expression form, the Boolean expression

can be complemented. The complemented expression represents the

set of minimal cut sets for the nonoccurrence of the top event,

which is the success of system 3. (If Boolean expressions are not'

,_

used, the dual f ault tree represents the success of system 3. Tne

dual f ault tree is obtained by replacing AND gates by OR gates and

OR gates by AND gates in the original fault tree. The dual primary

the nonoccurrence of the original primary events.[2]events represent

The set of all minimal cut sets for the dual fault tree represents
all of the fundamental ways the system can succeed.) If the Boolean

expression representing the set of minimal cut sets for F is logically-

intersected with the complemented Boolean expression representing

the success of system 3, then the identity P*/P = g will eliminate
It isany minimal cut set of F which can cause system 3 to f ail.

necessary to remove the minimal cut sets that cause system 3 to

inii, n e..) lie n. e- c in i e n.16. i eha *nymiem 't n....e==- e v e. . . . i i, i i .. e n . . i

tree se q ue nce , betore proceeding with the quantitocive analysts ut

the accident sequence. Otherwise, an overly conse rvative probanility

will ha r:. p tuo.

P relimina ry Quanti f icatio'n ct Accicent beque;.ces

Let the set of minimal cut sets for F whicn do not imply the

f ailure of system 3 be represented by the Boolean equation:
i

MmT=M1+M2 + +++ +

__ .. -- ._ . . ._- .____ _ _ . . _ _ _ _ . _
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Assuming statistical independence of the primary events, the
,

probability of occurrence of minimal cut set Mi, 11 i i m, is

computed by multiplying the probabilities of oce,rrence of each

primary event in Mi. Minimal cut sets with a probability less

than 10-10 are discarded.. If P(M ) represents the probabilityi

of occurrence of minimal cut set M , then the rare event approxi-i

nation can be used to compute an upper bound on the probability
m.

of occurrence of T; i.e., P(T) 1 { P(M ). Since the fault
i*-

i=1
tree models the accident sequence, this approximation is also

true for the accident sequence. Note that at this step of the

analysis only point values are being used; i.e., the probability

of occurrence of a primary event is assumed to be a fixed value.

Subsequent steps in the analysis will deal with a probability
distribution describing the various data parameters. Howeve r, t he

point value approach is suitable for determining the dominant'

accident sequences, which are those that have a probabilistic

upper bound greater than or equal en in-6 Tf th. =cciaan*

'

~ . , . . . . . . s. . c . ..s -s e e s ~ s e . ..n s - . o .. * o.-- .. * . . .. .

noL L ut Llac k ana l y sm3. .

If the accident sequence is a dominant accident sequence,

the minimal cut sets of the accident sequence f ault tree are

ranked based on probability of occurrence, from highest to lowest.

The primary events represented in the set of minimal cut sets

are also ranked. A primary event is considered important if the

computed upper bound on the probability of occurrence of the
accident sequence is highly sensitive to the probability assigned

This is determined by evaluating the partialto that event.i
!

|

|
- - - - - - - - - _ _ _ _ _ _ _ _
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derivative of the upper bound on the probability of the accident

sequence with respect to the probability of each primary event.

The product of the partial derivative and the probability of the

primary event measures the contribution of the event to the upper
bound on the probability of the accident sequence. (When normalized ,

this measure of the importance of each event is called the Fussell-

Ve(elymeasure.) Af ter this measure is computed for each primary

event, the primary events are ranked in importance, f rom highest

to lowest. Depending on the number of primary events involved, it
t

may be necessary to rank only the most important primary events. |
|

i-

Quantitative Analysis of Dominant Accident Sequences

In order to take into account the variations and uncertainties
in the various data parameters, a Monte Carlo simulation is pe rformed j

on the dominant accident sequences. A median probability and an
-

error f actor are associated with each primary event represented in

the set of minimal cut sets for the accident sequence fault tree.

The error factor is used to define a possible range of values for

a particular random variable. If the median probability of occur-

l rence of some primary event X is X0.5, then the possible values

of the random variable representing the occurrence of X is between
1 f, where f is the associated error f actor.
l X0.5/f and X0.5,

The median probability and the error f actor are used to calculate

upper and lower bounds which are assumed to be the 95th and 5th

,

percentile points of a log-normal distribution. From this, the

I
j parameters of the probability distribution are calculated for the

occurrence of the pripary event. The applicability of the log-normal

,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ = _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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distribution for describing the various data ranges is discussed

i in the Reactor Safety Study (1, pp. 11-4 2, II-4 3 ) .

By taking a random sample from the probability distribution

for each primary event, a total probability is computed for the

top event of the accident sequence f ault tree (by using the rare

event approximation and the Boolean equation for the top event,

as described in the previous section for point values). By

repeating this for a total of n times, a distribution of accident,

sequence probabilities is found. For the resulting distribution,

a mean and standard deviation, as well as the 5th, 50 th , and 95th

percentile points, are found. These latter are then used to compete

the equivalent median and error f actor for the probability of the

top event of the accident sequence. This output can be used to

provide a relative ranking of the dominant accident sequences

involving a particular initiating event.,_

References
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Therefore, many of the components
important to safety systems are included.

on fault trees will have to be quantified using old, i.e., WASH-1400

It is expected that additional new or revised failure rate datadata.

will be periodically forthcoming from current data analysis programs.

Therefore, this list of failure rates is subject to change.

The attached lists of failure rates are very general and do not cover'

And, a s ha s been
specific or peculiar instances of component use.

noted, we are not able at tnis time to adequately characterize failure

rates to cover all instances of use. Further extensive statistical and
Qualitative or descriptive data exists (LERs and LER Cata Summary NURE35)

and these should be referenced and used where mre detail is recuire .
Therefore, it is emphasized that when a component is found critical to

a system or sequence that additional or supplemental f ailure rate

infomation be derived from the LERs or the LER Cata Summary NUREGs.

The critical component may have peculiar failure mdes whicn other uses

of the component may not have.

COMMO,N MODE FAILURE MODELING

Methods or techniques must be used in system analysis to -ecogni:e and

account for the possibility of multiple component failures resulting
Thi3 connonality may be

from commonality within or between components.

extrinsic or intrinsic to the component. Examples of an extrinsic

common mode failure might be the failure of several similar components

due to failure of a comen interfacing system or function (e.g., a

cooling system). An example of an intrinsic common moce failure may be

.

r w- * -1 ev t-? y w1rf-T-= sp wM e"-MyTww- ytegm 1t w egtt t-emeed e+%w+ f ty - W g i-7-* .+ - M "'M' "-



-16-

the miscalibration of several redundant pressure sensor switches by one

technician due to faulty equipment, instruction, or calibration procedures.

A further (though perhaps questionable) example of intrinsic common noce

failure may be common fabrication or manufacturing defects involving an

entire production run of components. These defective components may

subsequently fail as a group after an abbreviated lifetime or wnile in a
,

particular operating mode. The validity of including these manufacturing /

f abrication type problems as "comnon mode failures" is questionable anc

is discussed further below.

Several methods can be used to account for common rode failures in

reliability assessments. One of the frequently used metnods involves

arbitrarily reducing by a factor or percentage a part of all ecmperent

redundancy witnin a safety system when assessing its reliability. This

method detennines an unavailability for the recundant component somewnere

between two extremes or bounds. The possible bounds are referred to as

the totally coupled case and the totally uncoupled case. The " totally

coupled" case refers to that condition where, because of common rode

f ailures, when one redundant component fails, the others fail also. Tne

" totally uncoupled" case results when, because of lack of comnon mcce

interactions, the components always fail ccmpletely independently of cne

ano the r. These " coupling factor" methods can produce questionable

results for several reasons. For example, if the failures are due to a

manufacturing, fabrication, or installation error causing early failures,

then we might simply have a case of using the wrong failure rate for tne

component in question. One cannot correct a wrong failure rate by use

__ _. __ ___ __ . ~ . . . - - - - - . .
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(

of an artificial correction factor for redundant applications of the

compo nent. Furthennore, one should account for "commn mode" influences

on all possible cut sets which can lead to system or function failure.

This muld involve adding coupling factors to all cut sets thet are

possibly coupled even when these consisted of diverse components. That

( is, an interfacing system (e.g., cooling system) failure could conceivaoly
5f ail a pump in one redundant train and a motorized valve in the other

train of the redundant system. Therefore, one could argue that the

coupling factor concept should be expanded and used on all cut sets ,

having possible interrelationship. The coupling muld eventually become

excessive resulting in overly conservative answers.

A second (and recommended) metnod of accounting for common -cde failure

is to accress the potential for physically caused commn cde failure as

a part cf and at the time of the system analysis. The analyst should

'look for the special circumstances or factors which can couple together

multiple systems or components. An example of a common ode failure

could be the physically disabling of redundant systems caused by a

proximate disruptive pipe failure. Another example could involve the

commn cooling or comnen diesel oil supplied to multiple DGs with the

possibility of multiple failure when losing the common cooling or when

contaminating the common fuel oil supoly. Again, any failures of tnis

tyoe euld depend on configuration and circumstances of component use;

therefore, assuming particular fixed coupling factors may be too conservative.

An analysis may be just as unbelievable if it apcears to have excessive

conservatism through applying coupling factors indiscriminate 1y to all

i

J-
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redundant components as it would be Unbelievable for assuming no coupling

when such potential coupling could or does exist. In other erds, where

the coupling is physical, this should be found out and noted by the

analyst himself during his analysis of the system. This common mode

examination is really a nomal and expected part of a thomugh and

competent system reliability analysis.
|~

An arbitrarily assigned coupling factor should be used sparingly and

only as a last resort. When the analysis must be truncated before all

interactions can be found, then an estinated answer might be :ttained

with Beta factors or some other technique sucn as cetemining tne

geometric mean of the totally coupled and totally uncoupled values of

the reduncant system reliability.
-

The c:apling f actors to be used for huran caused com.on modes, e.g.,

miscalibrations of sensors or switches, etc. is highly variable and is

to i. large extent subjective. Coupling factors for human caused comnon

modes are suggested in the Draft Human Factors Handbook, NURES/CR-1273.

-

J
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2-8 FAIL ID SCR Att 10 964 3|D 3E-4g6E-4 IE-2 4E-5'4E-4 8 6W 5# - t jt '
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I" " '

,i *
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178 ft II -4 2L-2 5t -2 * t t- 3 2t -3 t

7 m |l
"

6m I" " (MCF) 3 p li-4 6L-4 1t -2 41 -5 4t-4 5

185 D 11 - 4 2L-2 31 - 2 11 - 3 2 L- 3 13 [ p" " "

, . _ _ _ _ _ ____ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



.

4-8 FAIL TO MOVE H0H SCRAM 2 D SE-4!8E-4 6E-2 3E-5 6E-4 1 2 7m * I
-

2 D tE-4j4E-4,4E-4 6E-6 2E-4 2 ;
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I
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I t
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- --- - - -g
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-
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-

'
! 17titeilI pr. PasNt* ,

" " '
EDE5 HnT O E 23' Og6E-6 2E-4 2E-3 5E-6 3E-5 6 I .7 .4 2 : 3E-5 10 '-2-8;

(WCF) 65 0 66-6 3E-4 2E-3 al -5 4E-5 8 1 t .5 t"
;

6-8 8 0 81 - 5 8L-5 20-3 3E-6 SE-5 3 2 3 .6 2"
.

' " " (WCF) 46, 0 IL-5 3E-4 2E-3 2E-5 6E-5 5 I su .6 9 _. j
AlTFRHATING PUMP 5| 1j'

2-8 BMTrliUT~3 TART ts'D IE-3 2E-2 3E-t SE-4 4E-3 4 3 .6 g 1 .6 1E-3 3 i
,

! (WCF) 56 D tE-3 2E-2 3E-1 2E-3 4E-3 4 2 1 .9 .9" "
.

d " " (WCF) 32 D 21 -3 2E-2 3E-t 2E-3 6E-3 3 1 1 1 .6
. l6-8 " te D 30-3 2E-2 3E-t 6E-4 70-3 3 3 .8 9 .9m'

.

.2''t

. 8 '| _~ 2
3E-6 IE-4 2r-3 5E-6 2E-5 6 .3''2-8 LEAKAGE RUPTURE 45 0
8E-6!9E-5 20-3 6E-6 30-5_ 3 .5

,

2.425 0 ., 4"6-8
2-8 LOSS OF IUMCTION 36 0 3L-6 7E-5 2[-3 4E-6 2E-5 4 .8 3 .9*.7

, . _ _ .

|
(WCF) 39 0 30-6 7E-5 ?E-3 50-6 2E-5 4 7 3 .8 |.9* "

6-8 28 0 8t-6 1E-5 2L-3 61-6 2E-5 3 .8 2 I .5"

2-8 DOE 5 NOT COMIIMUE TO RUN 77 0 5t-6 TE-5 2E-3 90-6 20-5 4 .4 .8 9 1 3E-5.It. . _ _ . . '! E
(HCF) 29 0 BE-6 1E-> 20-3 It-6 ZE5_ 3 .6 2 8 .6" "

(WCF) 94 0 St -6 8E-4 2E-3 IE-5 2E-5 5 .6 .7 1 I" " .

" 42 0 IE-5 7E-5 20-3 IE-5 3E-5 3 .3 9 9 .6 i6-8
(HCF) 55 0 SE-5 8E-5 20-3 t[-5 30-5 3 .6 .4 . I | .5 __ ,

" "

2-8 DOES NOT OPERATE GIVEN START 958 0 5E-6 tE-4 2E-3 2E-5 2E-5 5 .5 t t I .7
.

" " (WCF) 178 0 SL-6 2E-4 20-3 2 f:- 5 30-5 6 .6 9 1 .8
6-8 " 95 0 tt -5 IE-4 2E-3 2E-5 3E-5 3 .5 I I .5

'2-4 DGE'nl0T'DPERATE ~
~

(WCF) 109 0 IL-5 2E-4 2E-3 3E-5 4E-5 4 .6 t t" "
' ' ' 'l73 5 $f-4 IE-4 2E-3 2E-5 3 t - 5 ~~~ 5 ' 7 1 -i 1}7

~-
.
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"_ JHCF) 14 8 5 50-6 2E-4 2E-3 3E-5 4E-5 .4 .7 .I t ,6-"

,

F.TAHh8Y tittP5] t , ;
2-8 HUM KRT (NOT) 15 D 7t-4 IE-2 4E-t SE-4 3E-3 4 2| 2 21 .7 . tE-3 3

(WCF) 18 D 2t - 3 70-2 4E-1 40-3 IL-2 6 4..I l. .9" "

(TURB) 48 D If - 3 IE-1 30-1 4L-3 3F-2 4 3i 1 I* .t IE-3 3" "

(WCF) 57 D Jt- 3 4I-t IE-t IE-2 5E-2 8 2 ' .8 ie .5" "

(DIESEL) t D 4E- 2 40-2 6L-2 5t - 3 40-2 9 2 Sh" "
4

. (WCF) 8 D 11-2 2f -l 60-2 4(-? SE-2 4 t .4" "

6-8'Il005 ll0T START (MOI) 6 0 4L-3 IE-2 4L-t 4t -4 ML-3 2 . 5 5 2 T A' ' - ''

.

| t'(WCF) 4i D 21 - 4 7t-2 41-9 3t - 3 11 - 2 6 2 .7
8 !

.9" "

i .7(TURB) 19 D 11 -2 80-1 3E-1 SL-3 61-2 2 4 2" " '

(WCF) 34 D 2 t -- ? 4E-1 ti - 1 21-2 9L-2 5 3 .9 I* .2" l "

i "
1|12b(DIESEL) 8 D 4f-2 40-2 80-1 91 - 3 4L-2 8"

' " (WGF) 6 D 4t-2 20-t if - 1 SL-2 8L-2 2 1. .7"

2-8 POES NOT OPERATE ENOT) 68 5 21-6 3E-5 IL-3 4E-6 80-6 4 1 .9 I | .7 3E-5 IS
(WCF) 867 5 3E-6 IL-4 tt-3 t t -5 21 -5 7 I .5 1* .8* "

( TilR B ) 43 5 20-5 SE -4 9f -3 2E -5 9 t.- 5 6 3 2 .9* .7 3E-5 to" "

(WCF) 196 5 21-5 ?f-1 91-3 $l -5 ?l-4 8 3 8 .9 .8" "

( Dit SEl ) 2 5 ?! - 4 21 - #e it ~ 4 2f -5 It-4 i '. 2 4m" "
' Ii .2" " (WCF) 12 5 31 - S A L -4 11 -4 11 - 4 1t-4 6 *

#6*

6-8 D015 HOT OPERATE (Hol) 34 5 31 - f. 6F-S 11 - 3 SI-6 il -5 5 t .3 2 .6
(WCF) 80 $ L i - to il -4 11 - 3 11 - 5 31 - 5 5 1 .2 I .8" "

| ( Illit B ) 29 5 31 5 11 - 3 91 -3 it -5 ?t -4 6 3 2 .7 .5""

3|: (WCF) 78 5 11 - 5 it - 5 91 - 3 f. I 5 31 - 4 to" " t .9, .6
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| | 1( 6m
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{ MAX iMAX{ AVE4 MlH

YR. S_ CDNPDelCH T l ' F AILUR E. MOD. E. ._ *71. Y_ . g

7 1 .6 .4 1 tE-3 3 i- ; ,

1E-36E-25E-2'4E-3|9E-3
(WCF) 18e D 1E-3 PE-2 SE-2 6E-3 9E-3 7 .9 .8 .6 1 !128 9

6-8 TITT 10 DPERAfE
: 75 6E-F42E-6 BE-5 IE-7 IE-6 2 1 fu 8 .7 1E-8 10

45 3E-i jt-6 SE-J 6E-S 3E-6 t 7m 4 _1 __1 . 3E-7 3 f |
a

LEAK EXTERN 4LLY
'

PLUGGID ._____.____JWCF) |
*

RinUTE 5 nuvJ 165 D SE-3 6E-2 SE-2 SE-3 9E-3 7 t .6 .6 1 ,

(WCF) 2 34 DeIE-3 70-2 SE-2I7E-3 9E-3 7 9 8 .6 1

6-8' FAIL 10 GPERAIE !

8 42 5 6E-7 2E-6.8E-Si2E-7 tE-6 2 .8 4 1 1'

2 t, Z _f. 5 ._ j" >

LEAR EXirRNALLY (WCF)! 9;4.6E-? )E-6[8E-Site-7;tE-6 P

:
f

-I ;
&E-2|3E-t 7E-4 2E-2 3 9 4m .8 4 3E-4 3 |PlUCCFD I .

IALIR DPrN AIFD V ALVE | 3'D 7E-3
(WCF ) f'tt' D 7 E-3 8E-2g4E-t 2E-3,2E-2 4 4 .6 7 3 ,

,

6-8.F4TL 10 UrLKAIL
25 3E-6 2L-5.8E-4 20-7 8E-6 2 22n 7m 1 2 IE-8 te3. .___ j

<

*

,

IMAHuAl VAv vr s
,

, (WCf) 1 5 IE-5 IE-58E-4 SE-7itE-5 1 43u p)m. _Z tin 3E-7 e.~ LEAR EXTERNALLY
< *
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.7 E-2 8 E-5 ',2 E- 3 5 2 3 2w t
.

2E-383 D SE-3
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6-8 PRlHATURE OPEH ,6 D 2E-2 2E-1 80-l'6E-3 6E-2, 3 5m 2 .9,, , t E-3 _ 3___ .

IFAlt in DPIN ; fE-5 3_ _ _ ,

| 3e D IE-2 9E-2 2E-t 8E-3 3E-2 3Birc PrinnuY wit ytt |

6-8|ITITL TU BPrp
I

; fall 10 GPl te (WCF) 38 D IE-2 9E-2 2E-t IE-2 3E-2 3'

2

! Fall TO RL5 EAT (WCF) 18?D 2E-3 2E-2 2E-1 SE-3 60-3 3

87 ?D j3E-3 2E-2 2E-t SE-3 70-3 2 IE-5 3
| IFAIL 10 RF5 EAT 21!59E-6 4E-5 6E-5;6E-6 2E-5 2 !

|
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2-8 Dil10iES S Af tPL E YE ARS 197? illROU 89/8
; 2. COMP 0HElli 8 FAILURI NODES - DfH01L5 COMP 0HtHI IYPE AHD MODE OF FAILURE.

11tl F AILURE NODE S $110MH ARE INIRINSIC 10 Ilit COMP 0Hitli E XCE PT WitLRE (WCF)At4D IHCitlDIS FAltuRE Of 144E C0ttP0HENTi APPEARS. IJCF ML Atl5 "tJlill Cuttt1AHD I AUliS"
I DHL 10 Bolli Itt1 RIH 51C AND LXItRilAL tlR "C OMilA Hil" lYPL F Alf L IS .
I
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I 3. QIY - DLff0IES OffAHIITY of IAlltlRLS PEPORIED 50R
4. I XP Mill - Dl HOII S MilllMutt R AIE Of All CAICULATED P(AHI IAltilRE RAlt.5 !
5. LXP MAX - DlHulL5 MAXINUM R AIE Of At t cat CtfL AILD PI Alif IAlttlRL RAlf5f

| 6. Ull MAX - t|AXIMUM UPPtR-95% CalifIDIHCC 800 TID fOR Att Pt AH15 141IRil001 l'AllDRES|

' 7. All AVE - IAltURF R A1E DLRIVLD IRott At t I AI A IROM Att PLAHIS CONSIDIRLD A5 ONE POPULATION.
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8. GLOM MIAN/LI - GL0t1LIRIC MEAN OF Tite CAtLUIAllD tXPlRitHCl MlHIMUtt AND EXPERIENCE MAXIr10N t
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IL5T VALVES, FLOW METERS. ORIFICE 5s D TE-4 IE-3 3E-4 3

. . _ _ . -

. . _ _ . . . _ . . . . . . . . _ _ . . _ . . _ . . _
___ ,,_

5 IE-9_ IE-7 IE-8 '89_*
-

FAltuRE IO REMAIN OPEH (PtuG3:
RUPTURES

I
PIPES .

PIPE s 3-INCH BIAMETER (PER SECTISHis 5*O 3E-te 3E-8 ,tE-9 39 |
RuPIURE/ PLUGS

| 4

PIPE > 3-INCH OIAMETER (PER SECTIDH): S+0 '3E-12 3E-9tlE-tB 3B__ __,

RUPTURE / PLUGj I,.
; 1

CtDICH. MLCHANICAL* D (D) 1E-4 1E-3' 3E-4 3I
FAILURE TO OPERATE: ;__

*i

SCRAM RODS (SINGLEtt D 3E-5 3E-4 1E-4 3'
Fall 0RE TO INSERT: --

l. _ . _ _ _ _ . . . - __.

,

HOTES
e

(A) DEMAND PROBARILITIES ARE BASED PH THE PRESENCE OF PROPER IHPUT CONTROL SIGNALS.
FOR TilRBIHE DRIVEN PUMPS THE EFFECT OF FAltuRES of VAtVES. SENSORS AND DIHER

i~ AtlXIII ARY HARDWARE MAY RESULT IN SIGNIFICAMILY HIGHER OVERALL FAILURE RAIES FOR
IURRIHE DRIVEN PUMP SYSTEMS.

(B) DEMAtID PROBABILITIES ARE BASED OH PRESEHCE OF PROPER INPUT CONTROL SIGNAL 5.,

(C) PLUG PROB ABILITIES ARE GIVEN IN DEMAND PROB ABIL ITY. AND PER H0tlR R ATES. SINCE
'

PittHOMillA ARE GENERALLY TIME DIPENDEHi, BUI PLUGGID CONDIIIDH MAY OHLY BE '
i

i DLitCILD UKPDH A DEMAND OF THE SYSILM.

(D) DIMAND PROBASILITIES ARE BASED OH PRESEHCE OF PROPER IHPUT C0HfROL SIGHALS.

IllFSE RAl[5 ARE BASED OH LER'S FOR Blu PRESSURIZER PORV FAILURE -
RESEAT GIVEH THE VALVE HAS OPEHED.

um
I

ABREIVIATIONS: '

|

tt) FOR fAltuRE RATE TYPE ABRLVIATIDH5:[
D = DEMAND FAllllRE RATE - FAltURES PER DLMAND

'

D: OPERATIllG F AILURE RATE - F AILURES PER HOUR OF OPE R AT IGH

5: STANDDBY FAILURE RATE - FAILURL5 PER HOUR Or STAHDBY

STAllDBY OR OPERAllHG FAlltlRE RATE - TAltuRES PER ll0UR5 e0 :

,

(?) RIMARKS (tASI C0tuMH) ABREVIAil0NS:
i

I AltllRE R AIE SitouH IS A REVISION OF WA5it-8400 V At tlER ;

A : F AltilRL RAIF Sit 0LIN 15 IN ADDil10H 10 WA511 1400 | A t t ilRL R A lt 5

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - . -__ _ _ _ _ _ _ . __ -
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TABLE III 4-21
I Atl E 38. El ECTRIC AE COMPollfilf 5 (FROM M45f t-1400 ~

~ ^ * ~ ' ~~~~9'

. - - - - . . - - - - - - - -
- - - n

i FAILURE , g. ~ ... . -- - ..
{ RAIE ASSESSED ..... .

COMPollEN T & FAILURE HUDE TYPE R AtlGE NEDIAN.EF.

g
. . . . ._. . . _ . , _ _ - . . . . .

- - . - - - - . . . . _ . . _ . - - .
- - - - g

- = .- .- 7

D ( A) IE-4 IE-3 3E-4 3
.!|O" C1111011, tiICTPICAl: eIE-7 IE-5* IE-6 10

IAltuRE 10 OPERAIE: . - g.

i,
. ... . . . . .

.
.. ..______.___.4. _ _..--..;...

PktNAIURE DI5EllGAGLMENT: I
.

*

i
' D ( A) clE-4 IE-3'3E-4 3 -

i M0 l HM . IIECTRIC I O .3E-6 3E-5 IE-513
IAlluRE 10 START: (HORMAL ENVIROHMENT):FAltllRE 10 RUH. GTVEN START i 0 ;IE-4 IE-2 l 10-3 10,

-e - -; -
I

IAlLURE 10 Rull, GIVEll STARI (EXTRIME ENVIRollfltte t 1:i l , ' '

* Jt ~ D ( A) '3E-5 3E-4i1E-4!3.

'

0 ilE-7 tE-6'3E-7 3! RELAYS:
| FAllDRE TO ENERGIZEIAllllRE DI HO Colli ACTS 10 CLOSE, GIVEN EHERGillD: 0 3E-8 3E-7 lE-7 , 3

| 1 AT LURE OF llc CollT ACIS BY OPEllillG. GIVEtt fl01 EllE RGi ? E D: 0 *IE-9 IE-1 10-8 :10:

SituRI ACROSS H0/NC CONTACT: 0 : IE-8 10-6 IE-1 le
O |IE-9 IE-7a IE - A .5 0 _

CHIL DPEll:
- .:

CoIE SHORT TO POWER:
|3E-4

1

3E-3 IE-3 3
| D (A) gCIRCUIT BPEAKtRS:

fAlLURE TO TRANSEER: 0 :3E-7 3E-6__, IE-6* 3
- - p-_ > - - -

PRIHATURE TRAll5flR: __. _ _ . . . _ . _ _ _ . . _ _ _ _ _ _ . . .. . _ _ _ _ . _ _ -

. _ _ !
*

I. SWIICllES: i D 1E-4 t[-3 30-4 3
I IIIII :

fail.HRE 10 DPERATE:
| I j

l 10P0llE t 1D 3E-5 30-4 10-4 3

IAllHRE TO SPERATE:

PRi 55tlR E : D ,3E-5 3E-4 11 - 4 3
IAllURE TO OPtRATE:

I

D '3E-6 'L-5 10- 5 3
f

,

MA110 Al : 'IAltilRE 10 TRAH5ffR: | -

;
'O tE-8 tE-6 IE-7 10 .

StillCil Cilill ACI5: 10 Cl 0SE GIVI H SWIICII Ol'I R Al l0H :
'

I All thit ilF flC I;Y HPililllG. GIVill 110 5tillCil He*A R Al t Oti: | 0 ~3E-9 3I - 7 31 - 8 toI AllllRI DE NO CONTACTS

Lil0R I ACruS5 140/11C Chill ACI; . O .IE-9 II - 1 II - A 80*

li A l 11 R Y l*fitti R SY5 t f M (til I CI| t 1: 5 '1E-6 tE-5 S f' 6 3
I1 AllllRI 10 PPOVIDI PPOPI R HillPUI: __, ,

!
~6 \|0 31 - 7 II-6 11 .

IRAll',I HW HI R".: '

01til CIFCilli l*RINARY (IR si t.ginn AR y : l' O -

.

6 %3E 7 I I - (, il
-

|
i 'allH R I PR lil AR Y 10 LICullDAky:

. - I

| SHi l u '.l a ll Di v i tt s, Ills'Inll R Al'lllcallons gulopes, IRArtsgslogs, lic.): 0 11 - 7 11 - 5 il 6 10
s

I All 5 IH l HilC l luti: 0 il J- tt-5 11 6 ,80
!

i A ll *, LilHR il D 2 l

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________ ____ _ _
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SOL ID ST ale DEVICES. LtM POWER APPLIC Alloll5: O IE-7 lE-5 IE-6.to
F Alt 5 10 FUNCII0ti 0 IE-8 IE-6 1[-7'to
I All5 Sil0RILO: :

DIESEL 5 (CofflEIE PLANT): D IE-2 tE-t 3E-2 3-

lAllukE 10 START: 0 3E-4 3E-2 3E-3 to
FAILURE TO Rull. El1ERGENCY CONDlIIDH5. GIVEH STAR,T:

I
DIESEL 5 (IHGIME OHLY): 0 3E-5 3E-3 3E-4 40

IAILURE 10 RUN. ENERGEllCY C011D1T10145. GIVtH SIART

Ill5IRUMEHI Alluti - GENERAL (IHCLUDES TRAH5MIITER. AMPLIFIFR AND OUTPUI DEVICE): 0 IE-7 IE-5 IE-6 ,te
,

iAllllRE 10 OPERATE: 0 3E-6 3E-4 3E-5 le,

SHIII Ill CAllBR AllDil'

FUSES: D 3E-6 3E-5 IE-5 3
FAftuRE 10 OPEN: 0 3E-7 3E-6 IE-6 3-
PRLMAIURE OPEH:

.

WIRES (TYPICAL CIRCU115. SEVERAL J0198I5): O 1E-6 tE-5 3E-6 1 3
OPIN CIRCUIT * 0 3E-8 3E-6 3E-7 to
Sil0R I 10 CRolitto: 0 IE-9 10-7 10-8 to
SIIOR I 10 PuutR:

itRMIilAL BOARDS: 0 IE-8 IE-6 lE-7 to
0P114 CONNECIIGH: 0 IE-9 10-1 tL-8 to
Sil0R I 10 ADJAC[lli CIRCUIT:

--. . . -

*

H0ff5

(A) DlMAllD PROBABILITIES ARE BASED OH PRESEllCE OF PROPER lilPU I ColllROL S I Gil A15.
,

?

A BR F IVI Al l0315

(t) IOR FAllDRE RATE IYPE ABREVIATI0tl5:

D: DE MAllD F AlttlRE RATE - FAILURE S PER DLMAND

OPERAllflG IAlttlRE RATE - FAltuRES PER HOUR Of OPERATION0 :

SI AllDDBY FAlt tlRI' R AT E - FAlt uRIS PIR ll0UR Of STAHDBY5 :

SI Alli)BY OR OPLRAlltlG f AllURI RAIE - 0 A l t ilR E 5 I*f R 1:0tlR5 8 0 :

(?) RINARKS (tA5I Cut tlMf t ) AftRI VI Alllills:

R f Alt llRI RAll SilHull IS A RI VISI0tl Of WA5ti-l' 00 vat tif
A !AltifRI RAIL Sit ()Wf t 15 Ill A DD l I I Oil 10 W A511- 8 4 0 0 i All t Rf RAll5

.

E____ _ _ _ _ _ _ _ _ __ _._ _


