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NOT1C

This report was prepared as an arrount of work sponsored
by an apenev of the United States Gove rnm nt . Neither
the linited States Government nor any arency thercol, or
any of their emploveer, ru k e s any warranty, expressed or

| implied, or assumes any legal liability of responsibilits
for any third party's use, or t he results of such use, of
any information, apparatus, product or process disclosed

'

in this report, or represents that its use hv such third
partv would not intringe erivately owned right ?

|

The views expressed in this report are not noressarily
t hose of t he U.S. Nuclear Regulatory Commission.

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC pubhcations will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The N RC/GPO Sales Program, U.S. Nuclear Regulatory Commission.
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exh0ustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu- |
ment-Room include NRC correspondence and internal NRC memoranda; NRC Of fice of Inspection |
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical information Service include NUREG series
reports and technical reports prepared by other f ederal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and t anslations, and non NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, U.S. Nuclear Regulatory Commission, Washington, DC
20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are avai!able
there for reference use by the public Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute.1430 Broadway, New York, NY 10018.
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((,-) FOREWORD
,

:

The development of safety design requiremeats for nuclear power plants
in the last 20 to 25 years took place in a suojective, deterministic frame-
work. Little use was made of the techniques of quantitative probabilistic
risk assessment (PRA), largely because these techniques were not fully
developed for use on nuclear power plants. The first major application of
these techniques was the Reactor Safety Study (WASH-1400), which demon-
strated that a nuclear power plant could be analyzed in a systematic f ashion
by PRA techniques.

Since the completion of this study in 1975, the Nuclear Regulatory Com-
mission (NRC) has been exploring ways of systematically applying probabil-
istic analysis to nuclear power plants, and the use of PRA techniques has
been rapidly becoming more widespread in the nuclear community.

Contributing to F..is growth in the use of PRA has been a growing appre-
clation of the wisdom of the strong recommendations made by the Lewis Com-
mittee to use these techniques to reexamine the fabric of NRC's regulatory
processes to make them more rational. Af ter the Three Mile Island accident,

"

these recommendations were reinforced by the Kemeny and Rogovin reports,
which also encouraged the use of these techniques. As Lewis stated in his
March 1981 Scientific American article, "the Three Mile Island incident

[ illustrates graphically how important it is to quantify both the probability
k ,)g and the consequences of an accident, and to generate some public awareness, y

of these issues . This is an issue that goes to the heart of many. . .

regulatory and safety decisions, where one must have some measure of the
risks one is willing to accept on a quantitative basis as the expert com- ,

'munity can provide."

The NRC has recently raised questions about potential accident risks
for nuclear plants near high population concentrations. To answer these
questions, the industry is conducting PRAs for the Indian Point, Zion, and
Limerick plants. Moreover, the utilities themselves are showing consider-
able interest in taking advantage of the safety and availability insights
afforded by risk assessments. As a result of these forces, an increasing

'

number of PRAs are either under way or being planned. Finally, the NRC is
contemplating a future program (National Reliability Evaluation Program,
NREP) in which many licensed nuclear power plants will be required to per-
form a probabilistic risk assessment.

Because of this increasing application of PRA techniques within the
industry and the regulatory process, there is a need for technical guidance
on methods and procedures. It was this need that led to the creation of the
PRA Procedures Guide project and ultimately to this document.

.

The objective of the project was to compile a procedures guide describ-
ing the principal methods now used in PRAs. To accomplish these objectives,

['~N- a Steering Comm .ttee and a Technical Writing Group were lormed. Funding has
( ) been provided by the NRC, the Department of Energy (DOE), and the Electrical

Power Research Institute (EPRI), and expertise was contributed by the nu-'- '

clear industry.
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The group responsible for the document is the Steering Committee. The
Committee includes representatives from the American Nuclear Scciety, the
Institute of Electrical and Electronics Engineers, the NRC, the DOE, the
Atomic Industrial Forum, EPRI, and utilities (see Chapter 1 and Appendix A
for the membership list). The Technical Writing Group, whose members were
selected by the Steering Committee (see Appendix A), consists of technical
specialists experienced in the application of probabilistic and reliability
techniques to the analysis of nuclear power plants.

To obtain the wide peer review desired for the Procedures Guide, the
Steering Committee decided on two mechanisms: criticism by a carefully
selected peer review group and open review in two conferences. The objec-
tive in establishing the peer review group was to bring additional technical
expertise and, in some instances, alternative viewpoints to the project. An
ef fort was also made to include experts who are not members of the nuclear
community. Candidates for the peer group were proposed by the Steering Com-
mittee and members of the Technical Writing Group, and 28 reviewers were
finally selected. These reviewers are also listed in Appendix A.

The first of the two conferences, held on October 26-28, 1981, included
a series of workshops in risk assessment. It was sponsored by the Institute
of Electrical and Electronics Engineers. The second, this executive confer-
ence, is being held on April 4-7, 1982, by the American Nuclear Society.
These meetings have and will allow the Steering Committee to obtain comments
f rom a large number of experts in disciplines related to probabilistic risk
assessment as well as potential users of the Procedures Guide. The disposi-
tion of these comments, like those of the peer review group, has been and
will be resolved by the Technical Writing Group under the guidance of the
Steering Committee.

Actual writing of the Procedures Guide by the Technical Writing Group
began only in April 1981, and by July a working draf t was produced for
review by the Steering Committee. It was followed by a review draf t that
was distributed for peer review and discussion at the October 1981 confer-
ence. The October 1981 conference was heavily attended, and many comments
were submitted to the Steering Committee. A major revision of the Proce-
dures Guide is now under way. This draf t, published for the attendees of
the ANS Executive Conference, reflects many, but not all, of the comments;
further revisions are still being made. Ch ap ters 1, 4 , and 7 have not been
but will be revised in response to comments already received. Chapters 5
and 6 represent major revisions and will receive extensive review. Ch apter
12, which covers the treatment of uncertainties, is a new chapter thet has
received little peer review; it will be extensively reviewed before final
publication. The remaining chapters reflect the comments received from the
peer review group and the October 1981 conference. Any comments received by
May 5,1982, will be considered in preparing the final publication. Com-
ments may be sent to Robert M. Bernero, Division of Risk Analysis, U.S.
Nuclear Regulatory Commission, Washington, D.C. 20555.
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INTRODUCTION

j - ,

This introduction describes the objectives and the scope of the PRA ~
Procedures Guide, its uses, and its limitations. Also discussed briefly are,

i the guidelines followed in selecting the methods described in the Guide. A
summary of the contents of this document and of the individual chapters is

i included. Finally, to add more perspective, . the charter adopted for this
i PRA Procedures Guide project is presented in full, including the' membership

of the Steering Committee.'

;

i
'

1.1 OBJECTIVES AND SCOPE OF THE PRA PROCEDURES GUIDE
*

i
L

f

i The main objective of the PRA Procedures Guide is to aid in the perform-
i ance of probabilistic risk assessments _for nuclear power plants. To this end,

it delineates acceptable analytical techniques; acceptable assumptions and,
,

modeling approximations, including the treatment of statistical data, depend-
ent failures, and human errors; methods for treating uncertainties; acceptable

| standards for documentation; and quality assurance. It has been prepared in
'~' accordance with the following guidelines:

|
\-'' 1. Although the procedures in whole or in part may have wider applica-

j tion, the thrust of the Guide will be toward performing probabilistic
risk assessments of light-water-reactor (LWR) nuclear power plants.'

|
t

2. The procedures will be suitable for use by the nuclear industry.#

This impli:_, . ong other things, that the techniques described
will not require the use of expertise, computer codes, or methods<

not readily available to the nuclear industry or its contractors.

3. The procedures will be suitable for use in the regulatory process.
The Guide will contain suf ficient detail for the information base,
analytical methods, assumptions, uncertainties, and results to be
readily understandable,

.

f 4. The Guide will be in sufficient detail to be suitable for use by-
small teams of persons with a firm grasp of engineering principles,.

] probabilistic methods, and the design and operation of LWR nuclear -
] power plants.
i

1 5. The Guide will, where appropriate, provide major alternative
i procedures or methods and, in doing so, describe the dif ferent

applications, advantages, and disadvantages of the ' alternatives.'

i
2

| |

| Since the ultimate user of the Procedures Guide was envisioned to be a
; risk-assessment team with the necessary expertise, it was decided that the
, . ,,/ Guide should not attempt to teach risk assessment, engineering, or 1,ight-
| water-reactar principles. _Rather, the Guide is intended to outline the

i 1-1
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procedures for applying these principles to assessing the risk of an LWR
nuclear power plant. To accommodate the readers who are not deeply involved
in risk assessment, the document has been written in a style that makes
it understandable to members of the technical consnunity in general.

In general, it was desired to provide sufficient detail to define unam-
biguously the methods to be used while avoiding prescriptive detail at a
level that would inhibit the flexibility of the user in applying available
resources, recognizing that the resources available to various studies will
vary widely.

Risk assessments, both past and present, vary widely in scope, depending
on the available time and resources as well as the purpose of the study. It

was therefore decided that the Guide should cover a range of levels in scope,
and four discrete levels, described more fully in Chapter 2, were selected:

1. Systems analysis. An assessment of this type would consist of the
definition and quantification of accident 'quences, component data,
and human reliability.

2. Systems and containment analysis. An assessment of this scope
would include all of the subjects covered in level 1 as well as
the physical processes of reactor-meltdown accidents and radio-
nuclide release and transport.

3. Systems, containment, and consequence analysis. A study of this
scope would include all of the subjects covered in levels 1 and 2
as well as environmental transport and consequence analyses.

4. Full risk assessment. A study of this scope would include all
of the subjects covered in levels 1, 2, and 3 as well as analyses
of seismic events, fires, and floods.

1.2 USES AND LIMITATIONS OF THE GUIDE

The users of the Procedures Guide are expected to fall into three
categories:

1. Persons requesting a probabilistic risk assessment or contracting to;

perform one.'

2. Persons performing a probabilistic risk assessment.

3. Persons interested in improving their understanding of probabilistic
risk assessments.

It is expected that the Guide will be used mainly as a reference document by
government agencies or private organizations when requesting, or contracting
for, the performance of a probabilistic risk assessment. It was partly for

i this reason that the Guide has been structured to serve four levels of scope
i and to provide descriptions of different methods. In using the Guide as a

|
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E

i

!( reference document for specifying scope levels and methods, the user will
'

have to establish the desired level of scope and, in some cases, select a>

particular method. To help in making these choices, the Guide describes the;

attributes of the various levels of scope as well as the disadysntages and
advantages of various methods under particular circumstances.

Persons who use the Guide in performing a probabilistic risk assessment f
will have to make similar choices, unless the choices are specified by a
client or a requesting agency.

;

Persons using the Guide to bsprove their understanding of the procedures,

used in probabilistic risk assessments will find the document useful in many'

j respects. It should be noted, however, that the Guide is not a training man-
! ual or a textbook. It does not, in general, provide the theoretical back-

)r ground or the fundamentals needed to understand the methods. t

Finally, and most important, the user must recognize that the probabil-
istic risk assessment of nuclear power plants is a relatively new field that
is rapidly chaaging. Any guide for such studies can, at best, represent the
state of the art for only a brief period of time and should be updated as,

necessary.

!

1.3 METHODS SELECTED,

i Perhaps the most dif ficult and important task in preparing this dccument
! was the selection of the methods to be described. It was recognized that in

some cases the method is selected to suit available resources or the objec-<

tives of the study, but in some instances the choice between two or more
equally appropriate methods may be completely arbitrary. The Guide there-

* fore identifies the methods that are most appropriate under particular cir-
cumecances when it is possible to do so. When more than one method is
described, the Guide discusses the attributes of each and, where possible,
gives the conditions under which they are most suitable.

The methods selected for description in the Guide are methods that,

! have been fully developed and used, although not necessarily in the nuclear
industry. By its charter, the Guide is not intended either to propose
or to develop new methods. Its function is to describe procedures for
using state-of-the-art methods in performing a risk assessment.

1.4 ORGANIZATION

A probabilistic risk assessment for a nuclear power plant is a complex
project with special requirements. The organization and management of such a
project are discussed in Chapter 2, which covers such topics as the sequenc-
ing and scheduling of PRA tasks, resource requirements, documentation, quality

- assurance, and manpower needs. Chapters 3 through 6 present the procedures
for performing a level 1 PRA study. The first of these chapters describr.s

1-3
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procedures for identifying accident sequences; the next, Chapter 4, handles
human reliability, discussing acceptable methods for determining the scope
of human errors that is appropriate for the study as well as methods for de-
termining human-error rates. Chapter 5 covers the development of component
data and describes how component-failure probabilities are developed from
generic and plant data. Chapter 6 describes the methods for quantifying the
accident sequences.

Chapters 7 and 8 guide the reader through the containment analyses
needed for a level 2 risk assessment. The former describes the physical
processes of reactor-meltdown accidents; the latter gives the procedures
for analyzing the release and transport of radionuclides. For a level 3 PRA
study, Chapter 9 must be added to the preceding. It covers the transport of
radionuclides through environmental pathways and describes the methods that
can be used for determining the radiation doses that would be delivered to
the public. It also describes how to calculate the health effects that would
later develop in the exposed population and to quantify the economic impacts.
Finally, it shows how to estimate public risk.<

Chapters 10 through 13 are concerned with the topics needed to make
the preceding efforts a full risk assessment: analyses of external events.
Chapter 10 presents guidance on the selection of external events for evalu-
ation and procedures for performing the pertinent analyses. Chapters 11, 12,
and 13 are concerned with seismic, fire, and flood analyses, respectively.
Beginning with Chapter 3, each of these chapters covers the appropriate
analytical techniques, the appropriate assumptions and approximations,
methods of documentation, and quality assurance.

The last two chapters cover uncertainty analysis (Chapter 14) and the de-
velopment and interpretation of results (Chapter 15). The appendices contain
the names of persons involved in producing and reviewing the Guide, a tabular
summary of computer codes, and supporting technical data.

1.5 CHARTER OF THE PRA PROCEDURES GUIDE PROJECT

,

Presented in full on the pages that follos is the charter of the PRA
Procedures Guide project.

O
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V CHARTER OF THE PRA PROCEDURES GUDE PROJECT

DEVELOPMENT OF A METHOD FOR
SYSTEMATIC PROBABILISTIC RISK ASSESSMENTS

OF NUCLEAR POWER PLANTS

BACKGROUND

Since the completion of the Reactor Safety Study (WASH-1400), the NRC has been exploring
ways to systematically apply probabilistic analysis to nuclear power plants. The NRC, in
its Interim Reliability Evaluation Program (IREP) which is now under way, is developing
and giving trial use to a procedures guide which could be the basis for systematic analy-
sis of all nuctear power plants, a National Reliability Evaluation Program (NREP). Before
settling on any procedures guides for such a broad undertaking the NRC is interested in ob-
taining the advice and participation of many competent parties, including the nuclear indus-
try and probabilistic analysis experts from within and without the nuclear industry. Thus
the NRC seeks to initiate and support a project to develop a procedures guide, a method for
systematic probabilistic risk assessments of nuclear power plants.

THE PROJECT

The project envisioned is to develop a Procedures Guide for the systematic application of
probabilistic and reliability analysis to nuclear power plants. This Procedures Guide is
expected to define the acceptable methodology for performance of such studies. The Proce-
dures Guide is expected to address the following subject areas: (1) system reliability
analysis, (2) accident sequence classification, (3) frequency assessment for classes of
accident sequences, (4) estimation of radiologic release fractions for core-melt accident

f g sequences, and (5) consequence analysis. For each of these subject areas, the Procedures

(V/ Guide should delineate (1) acceptable analytic techniques, (2) acceptable assumptions and
modeling approximations including the treatment of statistical data, common cause failures
and human errors, (3) treatment of uncertainty, (4) acceptable standards for documentation,
and (5) quality control. The Procedures Guide is expected to define a practical scope of
analysis for such systematic review conducted in the next few years. Thus, the Procedures
Guide might recommend omission, simplification, or postponement of some elements of a com-
plete analysis. If it does, the Procedures Guide may or may not include specific guidance
on when or how to address these elements later.

The NRC sees this situation as a unique opportunity to use the resources of two technical
societies, the Institute of Electrical and Electronics Engineers (IEEE) and the American
Nuclear Society (ANS), to develop and review statements of useful PRA methodology and
recommend applications. The technical society activities envisioned are two conferences
linked by a series of workshops which will prepare material for the conferences. The IEEE
is seen as the principal host of the first of these conferences, the Review Conference,
because their membership and ability to contribute span not only the nuclear industry but
other industries which have used probabilistic and reliability analysis for some time. The
ANS is seen as the principal host of the second of these conferences, the Topical Confer-
ence, since their membership pervades the nuclear establishment. The ANS is uniquely able
to bring the widest range of viewe with nuclear industry expertise to bear on the matter.

The NRC would work directly with each of the two technical societies supporting and cospon-
soring activities specifically related to this project. The societies would be expected to
use their resources to obtain the attention and participation of technically qualified par-
ties. The NRC, with Steering Committee advice, may select a time or times in the course of
this project to make materials available for general public comment through other channels
such as publication in the Federal Register, etc.

f%
( )
v
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POLICY ACTIVITIES

The activity planned to develop a consensus Procedures Guide for probabilistic analysis is
premised on the expectation that the use of such a Procedures Guide would be systematically
undertaken in the nuclear power industry and that the results of such analyses would be used
in regulatory decisionmaking. Neither NRC nor the owners of the nuclear plants can or would
delegate their policy setting responsibilities to others. Therefore, the NRC is expected to
continue to develop specific policies on the extent and manner in which probabilistic anal-
ysis will be used in the regulatory process. The nuclear plant owners are expected to pur-
sue resolution of these policy issues as well, operating individually and through the Atomic
Industrial Forum (AIF), through its Policy Committee on Nuclear Regulation and its subordi-
nate committees and subcommittees. The effectiveness of the preparation nd use of the Pro-
cedures Guide depends heavily on timely policy input to the technical effort. Therefore, it
is important that both NRC and the industry pursue resolution of these policy issues through
normal channels as well as by dedicating persons to participate in this technical society
effort who are significantly involved in resolution of these policy issues.

ORGANIZATION

The organization of this project is intended to enable the NRC and the nuclear industry to
work closely with the two technical societies in cosponsoring their activities in a coordi-
nated scheme of action. The project will be directed by a Steerir.g Committee under the joint
chairmanship of two representatives of the technical societies, the IEEE and the ANS. The
principal "ork of developing technical documents for the project will be performed by a proj-
ect Technical Committee. Each of the conferences is expected to have its own conference
committee.

The Steering Committee, excluding the two co-chairmen, is drawn from different sources as
follows:

Affiliation h a er of Members

MC 3

IEEE 3
ANS 2
DOE 1

AIF 1

Other Nuclear
Industry 4

The Steering Committee will set its final membership. At its discretion, it may include
in its number the chairman of the project Technical Committee and the the chairmen of the
conference committees when they have been chosen by their respective professional societies.
The chairman and the members of the Technical Committee will be chosen by the Steering Com-
mittee. The Technical Committee is expected to include about seven or eight specialists
who have strong technical knowledge of both nuclear power plant analysis and probabilistic
and reliability analysis techniques. These experts will be drawn from the nuclear industry,
the national laboratories, and the NRC. In addition, as directed by the Steering Committee,
the Technical Committee will be augmented from time to time by additional members, drawn
from non-nuclear industry and government experts in risk assessment methodologies. They
will be assisting the Technical Committee to develop realistic descriptions and evaluations
of candidate probabilistic analysis methods as well as reviews of pertinent experience in
the use of probabilistic and reliability analysis for consideration by the Steering Com-
mittee and the technical society meetings.

It is expected that, under the Steering Committee's direction, the augmented Technical
Committee will review the procedures for PRA which have been or are being used in the

9
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nuclear and non-nuclear fields and draf t the Procedures Guide described above. When the
Procedures Guide has been sufficiently developed, it will undergo peer review in the IEEE-
sponsored Review Conference. The Review Conference is expected to draw participants from
the nuclear industry, from the research community, from professional societies, and from
government. The Review Conference is expected to use a suitable choice of format to dis-

(1) status reports of recent PRA activit es such as the NRC's IREP, the Zion /InJianicuss:
Point Study, the Oonee/NSAC review, etc., (2) PRA applications and experience in non-nuclear
settings, (3) implications of use of PRA, in th regulatory context, and (4) results of the
Technical Committee's work on PRA methodologien with special emphasis on new approaches.

From time to time either before or after the Review Conference the Steering Committee may
direct that drafts of the Procedures Guide be circulated to other reviewers for technical
comment. Similarly, the NRC may choose to circulate drafts of the Procedures Guide to the
general public for information and consnent at suitable times.

After the Review Conference the Technical Committee will resume drafting of the Procedures
Guide. The Procedures Guide, and the bases for its form and methods, will be reviewed
again at wcrkshops and the Topical Conference sponsored by the ANS. It is expected that
the Topical Conference will include reports on many PRA projects, technical issues in PRA,
and policy issues in PRA, as well as a suitable format for discussion and review of the
Procedures Guide. Presumably, the Steering Committee and et* Technical Committee will meet
again after the Topical Conference to incorporate the comments obtained there. When the
Procedures Guide is finished the project will be completed.

SUPPORT

The two professional societies will act as secretariat for or sponsor the activities of this
project under separate support agreements with the NRC. In general, the IEEE will sponsor

[7 and administer the Review Conference, the IEEE participation in the Steering Committee, and
( ) the non-nuclear industry contributions to the work of the Technical Committee. The ANS will
kj sponso6 and administer the Topical Conference and provide administrative support for the

Steering Committee and the Technical Committee, providing meeting rooms, working facilities,
and whatever other physical support services a.e required. The final division of respon-
sibility will be made by the Steering Committee.

Persons designated to participate in the Steering Committee and the Technical Committee
will be expected to make a substantial commitment of their time. It is expected that the
Technical Committee will meet for one week every six to eight weeks during the first six
months of this project. The nuclear industry and NRC participants will be expected to
devote about 20% of thetr working time to the project. The chairman of the Technical Com-
mittee and technical support staff will likely spend about half time on the project. Con-
sultants will work as required.

SCHEDULE

It is a goal that the entire project will be completed in early 1982, about 15 months
after the initial meeting of the Steering Committee. The important segments of the sched-
ule include (1) about five months for initial drafting of the Procedures Guide; (2) an
additional five months for review, redrafting, and the Review Conference, and (3) a final
five months for a final redtafting, review, the Topical Conference, and final changes.
The Steeting Committee is expected to set a realistic schedule considering this goal.

The proposed schedule has been established based on the time required to complete the tech-
nical effort, assuming that major policy issues which can affect the direction of the work
can be resolved in parallel and on a schedule which provides for timely input to the tech-
nical effort. It is apparent that this may present difficulties due to the complexity of

\
8 :j

1-7



O
the issues involved. All parties will dedicate themselves to the principle that such e
schedule can be maintained, since it is clear that the proposed schedule is sufficien. *or
both the technical work and the attendant policy discussions.

PARTICIPANTS

The following participants have been designated:

STEERING COMMITTEE

Saul Levine, Co-Chairman Wayne Stiede
NUS Corporation Commonwealth Edison
4 Research Place 72 West Adams Street
Rockville, Maryland 20850 P. O. Box 767

Chicago, Illinois 60690
Richard J. Gowen, Co-Chairman
Institute of Electrical and Kenneth Canady
Electronics Engineers, Inc. Duke Power

South Dakota School of Mining box 33169
and Technology Charlotte, North Carolina 28242

Rapid City, South Dakota $7701
James F. Mallay

Robert M. Bernero Nuclear Safety Analysis Center
Nuclear Regulatory Commission P. O. Box 10412
Washington, D.C. 20555 Palo Alto, California 94303

Guy A. Arlotto Alfred Torri
Nuclear Regulatory Commission General Atomic
Washington, D.C. 20555 P. O. Box 81608

10-E-219
Malcolm L. Ernst San Diego, California 92138
Nuclear Regulatory Commission
Washington, D.C. 20555 John Boettger

Public Service Electric & Cas
Andrew C. Millunzi 80 Park Plaza
Department of Energy T-16D
NE-540 Newark, New Jersey 07101
Washington, D.C. 20545

Sava I. Sherr
Edward P. O'Donnell Institute of Electrical and
Ebasco Services, Inc. Electronics Engineers, Inc.
2 World Trade Center 345 East 47th Street
89th Floor New York, New York 10017
New York, New York 10048

Robert E. Larson
Edwin Zebroski Systems Control, Inc.
Nuclear Safety Analysis Center 1801 Page Mill Road
Electric Power Research Institute Palo Alto, California 94303

I P.O. Box 10412
i Palo Alto, California 94303
i
|

Ian B. Wall

| Electric Power Research Institute
3412 Hillview Avenue
Palo Alto, California 94303
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/''h Chapter 2
'

'''] PRA ORGANIZATION

r

Probabilistic risk assessments are complex projects requiring consider-
able commitments of time and manpower. Depending on the objectives, they
may range in scope from an analysis of engineered syste'ms to a full risk '

assessment. Af ter discussing the definition of objectives, the timing of
the analysis, and the various levels of scope (Section 2.1), this chapter
presents an overview of the tasks performed in PRAs of various levels
(Scction 2.2). It then describes the management of a PRA project (Section
2.3) and estimates manpower and schedule requirements covering also the
important points of report preparation (Section 2.4).

2.1 DEFINITION OF OBJECTIVES, TIMING, SCOPE, AND RESULTS

2.1.1 DEFINITION OF OBJECTIVES '

Probabilistic risk assessments may have various objectives. Since the
objectives of the analysis determine the scope of the PRA to be performed,

- an important first step in organizing a PRA is to clearly define the objec-

(v) tives of the study.

While the primary motivation for performing the study should be clear,

an organization undertaking a PRA may wish to cor. aider other possible uses
for the information generated in the analysis. By properly structuring the
analysis, it may he possible to produce, with only minimal extra ef fort, a
study useful in many ways beyond the primary purpose.

Given a clear understanding of the objectives and potential .uses of the

study, the scope of the analysis can be delineated and the effort organized
as discussed in the rest of this chapter.

k

2.1.2 TIMING OF THE ANALYSIS

A probabilistic risk assessment ~ can be performed at any stage of plant '

Life. The timing of the analysis may not preclude any of the objectives of
the study, but it will affect the certainty of the design, the availability
of plant-specific data, and hence the level of detail in the analysis.
Furthermore, it will affect the flexibility for making design improvements
that might be suggested by the analysis.

The analysis could be performed af ter the initial plant design, before
construction. Such an analysis could be particularly useful in improving

[', /) the designers' understanding of the safety significance of plant design

( features and in identifying design weaknesses. However, because the design,,

may not yet be firm, the analysis could be made more complex by the need

i
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to incorporate design changes as the analysis progresses. This problem

occurs regardless of the status of the plant, but it is especially difficult
for an analysis performed before the final plant design is established. The
analysts generally must specify a date beyond which plant design modifica-
tions are not included. An analysis at this stage would not be able to use
plant-specific component datc; it would rely on generic industry data or,
perhaps, data from other plants in the utility's system. Similar limita-

tions would apply to operating procedures. Nonetheless, despite these
limitations, an analysis at this stage may well provide valuable input for
design decisions and operating procedures.

The analysis could be performed just before plant startup. An analysis

at this time could be particularly useful in identifying procedural inade-
quacies, since procedures will have been written but not used in plant
operation. The analysis could be performed in full detail, but plant-
specific component data would still be lacking, and there may still be
last-minute design modifications and procedural changes to include. An
analysis at this stage allows more detailed decisions to be made regarding
plant design and operation.

An analysis of an operating plant can use plant-specific component data
and an established design, although modifications are f requently made to
operating plants. It can incorporate peculiarities of the particular plant
that may become apparent only after operating experience. Rhile a PRA per-
formed at this stage may yield the most complete and applicable results, the
design inadequacies identified by the analysis may be more dif ficult to
correct. It is, of course, desirable to correct any serious deficiencies
before plant operation. To the extent that the PRA might identify such
problems, it is desirable to perform the analysis before plant operation.

2.1.3 SCOPE AND RESULTS OF THE ANALYSIS

Probabilistic risk assessments can be performed at many levels of
scope, depending on the objectives of the study, the perspective sought in
the study (i.e. , whether just the core-melt frequency is important or

whether a measure of risk is desired), and the availability of time and man-
power. For the purposes of this guide, three discrete levels of scope are
described:

1. Systems analysis.
2. Systems and containment analysis.

3. Systems, containment, and consequence analysis.

A level 1 PRA, described in Chapters 3 through 6 of this guide, con-
sists of an analysis of plant design and operation focused on the accident
sequences that could lead to a core melt, their basic causes, and their fre-
quencies. It does not investigate the frequency or the mode of containment
failure or the consequences of radionuclide releases. External events, such
as fires, floods, and earthquakes, may or may not be included. The results
are a list of the most probable core-melt sequences and insight into their
causes. An analysis of such scope provides an assessment of plant safety,
an assessment of design and procedural adequacy, and plant models from the
perspective of preventing core melt, but it does not permit an assessment of
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the risk associated with the plant. Nor can the core-melt sequences be

N_ / differentiated into those with potentially high consequences and those with
lower consequences.

A level 2 PRA, described in Chapters 3 through 8, consists of an
analysis of the physical processes of the accident and the response of the
containment in addition to the analysis performed in a level 1 PRA. Besides
estimating the frequencies of core-melt sequences, it predicts the time and
the mode of containment failure as well as the inventories of radionuclides
released to the environment. As a result , core-melt accidents can be-
categorized by the severity of the release. Such an analysis adds informa-
tion and perspective to a level 1 PRA, but it still does not provide suffi-
cient information for a full assessment of plant risk. Some insight into
risk, however, is provided by the relative frequencies of various release
categories. The risk assessments of the Reactor Safety Study. Methodology'

Applications Program, sponsored by the Nuclear Regulatory Commission
(Carlson et al., 1981), are of this scope.

A level 3 PRA, discussed in Chapters 3 through 9, analyzes the trans-
port of radionuclides through the environment and assesses the public-health
and economic consequences of the accident in addition to performing the
tasks of a level 2 PRA. An analysis of this scope does permit an assessment

'

of plant risk since it estimates both the consequences and the frequencies
of various accident sequences. The results are generally presented in the
form of a " risk curve" depicting the frequency of various consequences. The

/'''N Reactor Safety Study (NRC,1975) was of this scope.
( )
' '' An analysis of external events may be included in any of the three

levels of PRA described above. The selection of external events depends on

the site but includes such events as plant fires, internal and external
floods, and earthquakes. These subjects are discussed in Chapters 10 and
11.

2.2 METHODS AND TASKS

Probabilistic risk assessment involves developing a set of possible

accident sequences and determining their outcomes. To this end, several
sets of models are developed and analyzed.

The development of sequences for the analysis can be broken down into
two sets of models: those relating to plant systems and those relating to
the containment. Plant-system models generally consist of event trees, i

which depict initiating events and combinations of system successes and
failures, and fault trees, which depict ways in which the system failures
repres;.nted in the nt tree can occur. These models are analyzed to
assess the freque af each accident sequence.

,

l
The containment models ref resent the events occurring after the |

'

| [ ) accident but before the release of radioactive material from containment.
| \s_,/ They cover the physical processes induced in the containment by each
!

!
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accident sequence as well as the transport and deposition of radioquelides
released within containment. The analysis examines the response of the con-
tainment to these processes, including possible failure modes, and evaluates
the releases of radionuclides to the environment.

The outcome of the accident in terms of public-health effects and
economic losses is assessed by means of environmental transport and conse-
quence models. These models use site-specific metecrological data (and
sometimes topographic data as well) to assess the transport of radionuclides
from the site. Local demographic data and health-ef fects models are then
used to calculate the consequences to the surrounding population.

An integral part of the risk-assessment process is an uncertainty
analysis. It involves not only uncertainties in the data but also uncer-
tainties arising from modeling assumptions. The results of the risk assess-

are analyzed and interpreted to identify the plant features that arement

the most significant contributors to risk.

Throughout the analysis, it is important to use realistic assumptions
and criteria. When information is lacking or controversy exists, it may be
necessary to introduce conservatisms or evaluate bounds, but the goal of the
PRA should be to produce as realistic an analysis as possible.

The sections that follow discuss the tasks associated with risk asses-
ments of various scopes. Each task is briefly described, and the relation-
ships between tasks are discussed. The steps involved in the analysis are
shown in Figure 2-1.

2.2.1 INITIAL INFORMATION COLLECTION

Probabilistic risk assessments are broad, integrated studies requiring
large amounts of information. The information that is required depends on
the scope of the analysis and falls into three broad categories:

1. Plant design, site, and operation information.

2. Generic and plant-specific data.

3. Documents on PRA methods.

A level 1 analysis requires the final safety analysis report; piping,
electrical, and instrumentation drawings; descriptive information about the
systems of interest; and test, maintenance, operating, and administrative
procedures. This information is needed to give the analyst as complete a
set of documents on plant design and operation as possible. Other studies
performed on the plant may also prove useful. Most important are discus-
sions with design engineers and plant personnel, which should be held
throughout the PRA to ensure that the information used in the analysis is
accurate. In addition to design information, analysts need both generic
and plant-specific data on the occurrence of initiating events, component
f ailures, and human errors. As already mentioned, the time at which the
study is done will influence :he amount and the detail of the available
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information. The analysts should also have this procedures guide or other
methods documents providing guidance on the performance of the analysis.

The additional information needed for a level 2 analysis includes more

detailed design information on the reactor-coolant system and the contain-
ment. The information on the structural. design of the containment should
include dimensions , masses, and materials.

A level 3 analysis requires site-specific meteorological data for the

environmental-transport calculations. If topographic data are pertinent and
available, they may be also included. Local population densities and

health-effects models are necessary for site-specific consequence calcula-
tions, and evacuation plans may be considered as well.

If external events are to be analyzed, considerably more information
will be needed, depending on the external events to be included. For
instance, detailed structural information as well as data on the seismic
design of the plant and the seismicity of the site are needed for a seismic
analysis. Information about the compartmentalization of the plant is neces-
sary to analyze susceptibility to fires and floods.

The information needs of each part of the risk assessment are discussed
in detail in the pertinent chapters of this guide.

2.2.2 SYSTE'4S ANALYSIS

This task involves the definition of accident sequences, an analysis of
plant systems and their operation, the collection of component and human-
reliability data, and an assessment of accident-sequence frequencies. It

constitutes a major portion of the risk assessment and hence is broken down
into the several subtasks discussed below. Although the subtasks are pre-
sented sequentially, the parformance of the plant systems and accident-
sequence analysis involves considerable iteration. The results of this
analysis--the frequencies of accident sequences and insights into their
causes--constitu*e the products of a level 1 PRA. They are also used in the
subsequent tasks of more extensive risk assessments.

1

!

2.2.2.1 Event-Tree Development

The event-tree development suhtask delineates the various accident
sequences--that is, combinations of initiating events and the successes or
failures of systems--to be analyzed. This activity includes an identifica-
tion of initiating events and the systems that respond to each initiating
event. The scope of the event tree depends on the scope of the analysis.
Systems that only serve to mitigate, but do not contribute to preventing a
core-melt accident, may not he included in a level 1 PRA. The analysts
developing the event trees should consult with those familiar with the
analysis of the containment physical processes to define system dependencies
arising from interactions related to the physical phenomena induced by the
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(' ') accident. Separate event trees are generally constructed for each initiat-,

ing event or class of initiating events having a unique event-tree struc-
ture.

2.2.2.2 System Modeling

This subtask involves the construction for models for major plant

systems covered in the risk assessment. The systems to be analyzed and
i their success criteria are identified in conjunction with event-tree

development in an iterative process. Assistance from thermal-hydraulics and
containment analyses may be needed to derive realistic system-success cri-
teria. The system models generally consist of fault trees developed to a
level of detail consistent with available information and data. Thus, there
is some interface with the data-development subtask discussed later. In

addition, human errors associated with the testing, maintenance, or opera-
tion of the systems are included in the system model, and thus system
modeling interfaces directly with the analysis of human reliability and
procedures. Common-cause contributors and potential systems interactions
should also be included to ensure proper integration into the analysis.

s 2.2.2.3 Analysis of Human Reliability and Procedures

N -| Past PRAs have shown the importance of operator error. These humans

s

errors are included in the plant-system models. The analysis performed in
this subtask involves a review of testing, maintenance, and operating pro-
cedures to identify the potential human errors to be included in the

,

analysis. A review of the plant's administrative controls and procedures
and the design of the control room is also performed to establish a founda-
tion for the assignment of failure rates to the human errors found to be
significant.

2.2.2.4 Data Development

To assess the f requencies of the accident sequences, f ailure rates must
be assigned to the components included in the plant models. The objective
of this suhtask is to collect the appropriate data to be used in the quanti-
fication of accident-sequence frequencies. These data may be generic indus-
try data or plant-specific data, or a co;nbination of both. Guidance from
the data analyst will assist in determining the level of detail to which to
develop the plant-system models.

I

l

2.2.2.5 Accident-Sequence Quantification

(O' 'j In order to quantify the f requencies of the accident sequences deline-
ated in the event trees, failure rates are assigned to each plant-system
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model, frequencies are assigned to each initiating event, and the appro-

priate system success and f ailure models are combined with each class of
initiating events to logically represent each accident sequence. A computer
code assists the analyst in identifying and quantifying combinations of
events (component failures and human errors) that result in the accident
sequence.

The size of the fault trees developed in the system-modeling subtask
may cause problems in running the computer codes. In such an event, the
sequence quantifier should work closely with the systems analyst to resolve
the difficulties.

'2.2.3 CONTAINMENT ANALYSIS

Probabilistic risk assessments performed at levels 2 and 3 include an
analysis of the containment. This analysis is important for dif ferentiating
among the consequences of various core-melt accident sequences and consists
of two subtasks. The results of this analysis--an identification of
containment-failure modes and a prediction of the radionuclide inventory
released to the environment for each accident sequence--constitute the
products of a level 2 PRA. They are also used in the subsequent tasks of
more extensive risk e.ssessments.

2.2.3.1 Analysis of Physical Processes

A core-melt accident would induce a variety of physical processes in
the core, the pressure vessel, the primary coolant system, and the contain-
ment. Computer codes have been developed to assist in the analysis of these
processes. The results are insights into the phenomena associated with the
accident sequence and a prediction of whether the containment fails.

A containment event tree is developed for each sequence of interest.
If the containment is predicted to fail, the analysis predicts the time at
which it will fail, where it will fail (i.e., whether radionuclides are
released directly to the atmosphere through the containment building or to
the ground through the basemat), and the energy associated with the

! release. Insights from this analysis may be used in the iterative process

| of constructing event trees if accident phenomena affect system performance.

2.2.3.2 Analysis of Radionuclide Release and Transport

For each core-melt accident that breaches the containment, it is neces-
sary to estimate the inventory of radionuclides that would be available for
release to the environment. In this subtask the analyst uses a computer
model to analyze the radionuclides released from the fuel during the acci-
dent and to assess their transport and deposition inside the containment

before containment failure. The results of this analysis are a prediction
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of the radionuclide inventory released to the environment at the time of,- s

[Q\ containment failure for each accident sequence.i
,

!

2.2.4 ANALYSIS OF ENVIRONMENTAL TRANSPORT AND CONSEQUENCES

To assess the risk associated with the plant, it is necessary to calcu-

late the consequences of the release in addition to the frequency of the
,

accident and the inventory of released radionuclides. Consequences are7

generally expressed in terms of early fatalities, latent cancer fatalities,
and property damage. To perform this task, the analyst uses a computer
model that begins with the radionuclide inventory released from the contain-
ment and analyzes its transport through the environment, using site-specific
meteorological data and, in some cases, information on the local terrain as
well. Data on population density are then used to calculate the radiation
doses delivered to the population, and a health-ef fects model is used to
estimate health effects. The economic consequences that are estimated are
those resulting from a relocation of the population and the interdiction or
decontamination of the land. The results of the analysis--consequence dis-
tributions (i.e., plots of the predicted frequency for consequences of
varying magnitudes) for each accident release category--constitute the
products of a level 3 PRA.

{} 2.2.5 ANALYSIS OF EXTERNAL EVENTS

External events, frequently excluded from risk assessments, include'

airplane crashes into the plant, fires, earthquakes, and floods. This task
uses the models developed in the plant-systems analysis. The models are
either analyzed independently f rom the perspective of external events or
else they are modified to reflect external events explicitly. Additional
event trees are developed to delineate the external-event sequences to be
analyzed.

The results of the external-events analysis are incorporated into the
accident-sequence analysis. In addition, external events may influence the
containment analysis. The subsequent steps of the risk assessment are the
same as those discussed above. The final result is a more complete risk
assessment.

2.2.6 UNCERTAINTY ANALYSIS

Uncertainty analysis is an integral part of a risk assessment regard-
less of scope. Whether qualitative or quantitative in nature, the analysis
considers uncertainties in'the data base and uncertainties arising from
assumptions in modeling. To the extent possible, these uncertainties -are
propagated through-the analysis. Where this is impractical, a sensitivity

f-~s analysis provides insight into the possible range of results.
i(G
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2.2.7 DEVELOPMENT AND INTERPRETATION OF RESULTS

The final step in performing PRAs of various scopes is to integrate the

data obtained in the various tasks of the analysis and to interpret
the results. This integration includes, among other things, the tabulation
of frequencies for accident sequences important to risk, the development of

complementary cumulative distribution functions for the plant, and the
development of di.stributions reflecting the uncertainties associated with
accident-sequence frequencies.

To provide focus for the assessment, the results are analyzed to
determine which plant features are the most important contributors to risk.

These engineering insights constitute a major product of the analysis.
Insight into the relative importance of various components and the relative
importance of various assumptions to the results may be developed from the
uncertainty and sensitivity analyses. A discussion of these insights
provides additional perspective to the analysis.

2.2,3 DOCUMENTATION AND ANALYSIS OF RESULTS

The results of the analysis must be substantiated and fully

dncumented. This is a substantial task for an analysis of this magnitude.
All major assumptions made in the analysis should be discussed. Where
possible, supporting analyses in the literature should be referenced. The
re port should describe all tasks of the analysis in sufficient detail to
permit the reader to understand how the plant systems work. The reader
should also be able to independently calculate the frequencies of the
dominant accident sequences and to calculate or a' least underetand the
derivation of quantities that are important in the, assessment of public
risk, such as the magnitude of the radionuclide source terms and the
interval between the awareness of an impending core melt and the start of
radionuclide release to the environment.

2.3 PRA MANAGEMENT

As discussed previously, probabilistic risk assessments are broad,

integrated plant analyses. As such, they require analysts with diverse
backgrounds. The success of the project will depend largely on assembling
persons with the proper backgrounds and properly managing and integrating
their efforts.

2.3.1 THE ANALYSIS TEAM: EXPERTISE AND COMPOSITION

The expertise needed for a risk assessment depends on the level of the
analysis. A certain core of expertise is, however, required for all such
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'"'s analyees--namely, the expertise needed for level 1 PRA. Probabilistic risk

(J) assessments of greater scope require people with additional expertise.

For each of the three levels, at least one person having thorough
familiarity with that level of analysis should have a prominent role in the
technical direction of the team. A person familiar with the relationship
among the levels is also required. Equally important is the contribution of
at least one person who is thoroughly conversant with the design and opera-
tion of the plant. He, too, should have a prominent role in the technical
direction of the study.

It is important, howevec, that the team work under the direction of one

individual. This team leader provides perspective and direction to the
effort. His primary technical role in the study is to integrate the
various portions of the analysis. Probabilistic risk assessments involve
considerable judgment since many issues as yet unresolved in the technical
community must be treated in the analysis. The team leader must weigh
dif fering viewpcints and decide how the analysis will be performed. This is
often a matter of judgment, but will depend heavily on the objectives of the
study and what portions need to be emphasized. In the course of the
analysis, questions involving subtlettes in modeling will arise; guidance
will be needed as to the level of detail at which to terminate modeling.
The team leader must assume responsibility for the analysis and make these
and other judgments.

Although project personnel may come from a variety of organizations--7s

( ) contractors, consultants, and several in-house utility organizations--strong
\s_,/ utility-management commitment is essential, and it is essential that utility

personnel be intimately involved in the project. Such involvement can be
expected in most projects since utilities are likely to be the most frequent

sponsors of PRAs. The role of the utility in any PRA is , however, very
important. The success of the project requires intimate familiarity with
the plant, which can be best provided by utility personnel. The utility can
provide people capable of making unique contributions to the analysis.
Among them should be someone thoroughly familiar with the operatico of the
plant. He should understand how the plant will be operated under accident
conditions and should be familiar with control-room operation, plant equip-
ment, and plant layout. Utility personnel can also provide the necessary
knowledge of testing and maintenance procedures as well as the accompanying
administrative controls. The analysis team should also have access to plant
personnel familiar with specialized aspects of plant design, such as instru-
mentation and control.

In addttion to providing unique capabilities to the team, utility per-
sonnel serve as focal points for the gathering of information from the plant
and the transmittal to the utility of information pertaining to the
analysis. They also ensure that the assumptions made in the analysis
accurately reflect the design of the plant and help to ensure that the
analysis is realistic.

The major portion of a level 1 PRA is performed by systems analysts,

7'''x several of whom will be needed on the team. The analysts should be familiar I

( ) with system design and operation, although they need not necessarily be
's ' familiar with probabilistic risk assessments. The systems analysts are
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responsible for developing the event-tree and syst m models for the plant.
A PRA project therefore needs analysts who can provide the systems overview
needed for event-tree construction and who can analyze both fluid and
electrical systems.

Persons with expertise in human-reliability and data analysis are
desirable members of the team. The hunan-factors analyst assists the
systems analyst in identifying the human errors to be included in the plant
models and provides the insights needed to quantify these errors. The
analyst need not have special training in the human-factors field, although
such training is certainly desirable. The data analyst accumulates and
analyzes generic and plant-specific data on component-f ailure rates for the
quantification of accident sequences. He should have experience in using
various data sources and selecting the proper failure rate for the event in
question.

The models involved in the quantification of accident sequences are
often too large to be analyzed by hand. Rather, the analysis requires the
use of computer codes for manipulating logic expressions. The analysis team
should include a person familiar with the preparatian of input and the
operation of the chosen code.

A team with the above-delineated expertise should he able to perform a
level 1 PRA. The team for a level 2 PRA should include persons familiar

with the analysis of physical processes occurring inside the containment
after an accident, structural analysis, and the thermal-hyJraulics analysis
of primary-system behavior under accident conditions. The analysts use
computer codes to calculate the phenomena occurring in the containment and
to assess the release of radionuclides from the core, the transport and
deposition of these radionuclides inside the containment, and the radio-
nuclide inventory released at the time of rontainment failure. Analysts
familiar with the physics involved in the analysis, the running of the
appropriate codes , and the interpretation of the results are needed on the
analysis team.

A level 3 PRA requires analysts familiar with the environmental trans-

port of radionuclides and the consequences to the public. Once again,
computer codes assist in the analysis, and analysts familiar with the
physics involved, the running of the programs, and the interpretation of the
results should he included in the team. Utility or local civil-defense

personnel could be of assistance by providing detailed information on local
emergency-response plans and evacuation routes.

If external events are to be included in the analysis, the team will
need personnel with expertise in analyzing these events. The particular
expertise required will depend on the events evaluated in the study.

2.3.2 PROJECT MANAGEMENT

The day-to-day management of the analysis is the responsibility of the

tean leader. He provides the technical direction and directs the activities
of the team members. To keep the team on schedule and within budget, the
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/''N team leader must anticipate and ensure the timely resolution of problems as

(' ) they arise. The team leader also must review all work products for techni-
cal accuracy, prepare periodic briefings for corporate management, and
coordinate the preparation of all reports.

Corporate management must provide the analysis team and the team leader
the support they need. They are responsible for providing office space and ,

facilities, and for initiatin g and managing any required contracts with out-
side organizations. Corporate management must also provide the manpower
necessary for the analysis and ensure the timely availability of support
personnel. They should also review the results of the analysis and ensure
that facilities are available to produce the reports.

.

i

!

2.3.3 QUALITY ASSURANCE
|

Quality assurance, as the term is used here, refers only to the
assurance of quality for the PRA itself. Theoretically, a PRA has quality
when it represents real life, but this attribute cannot be measured. There-
fore, a PRA is said to have quality when the insights or risk profiles it
produces reflect the appropriate use of risk-assessment methods as well as
information about the plant and the site--and when the resulting documenta-
tion clearly and accurately conveys the resulting insights and risk profiles

s as well as their bases.

\ l
\__s' There is no simple or certain formula for the quality of a PRA. Assur-

iug quality is not a function that can be separated from the performance of
a PRA. There are, however, several steps that can be taken to enhance
quality or to facilitate its achievement. The most noteworthy, described in
this section, are (1) steps that can be taken by management or program plan-
ners, (2) practices that should be followed by the study participants, and |
(3) levels of review that can take place during or on completion of the
study.

2.3.3.1 Program Definition and Initial Planning

The care taken in the initial planning of the program will have a great
effect on the quality of the study. Although many decisions will affect the
outcome of the work, five areas stand out as most important: (1) definition
of objectives, (2) delineation of scope, (3) organization and selection of
participants, (4) funding, and (5) scheduling.

Definition of Objectives. The purpose for which the study will be used
, should be identified. From this should follow the specific stated objec-
'

tives of the study. Where judgments or assumptions must be made during the
( study, as always happens, having stated objectives will facilitate judgment

,
' and the seicetion of assumptions that be s t . mee t the intended purpose of the

[''')}
study.

N
!

-

2-13

1

- - - e ,v - u



Delineation of Scope and Depth of Detail. From the stated objectives
of the study should follow a definition of the total scope and depth of
detail for the study. This definition should reflect not only the purpose
of the study but also available funding and time. The pursuit of areas of
study unnecessary to the program objectives will, in general, reduce the
resources available for pursuing necessary areas. By focusing resources on
the most important areas, the careful definition of scope and depth of
detail will enhance the quality of the results.

Organization and Selection of Participants. The appropriate use of
risk-assessment methods and information requires people who are both know-
ledgeable and experienced in the required disciplines; it also requires
well-defined responsibilities and interf aces. The team leader should be
carefully selected and his authority well defined. This guide has attempted
to provide guidance in these areas.

Funding and Scheduling. As in other project, the quickest road to
inadequate quality is the inadequate allocation of funding or time. This

guide has attempted to provide guidance in these areas.

2.3.3.2 PRA Practices

Without question, the most important contribution to quality comes from
the practices f ollowed by the team conducting the PRA. These practices fall
into four general areas: PRA planning, methods, internal review, and docu-
mentation. Success in achieving quality at this level depends primarily on
the team leader.

Planning. Each team member should be assigned specific tasks with
well-defined responsibilities and products. The interfaces between tasks
and therefore individuals should also be carefully defined.

Methods. The methods to be used nead to be well defined to ensure
consistency between team members and appropriateness of intermediate
products for use in subsequent tasks. The methods and information sources
should also have reasonably broad acceptance to enhance the acceptability of
the insights and risk profiles produced by the study. This document has
attempted to provide guidance in this area.

Internal Review. Mechanisms should be established to ensure internal
I

review of all analyses and products.

Documentation. Engineering notebooks, corresp~ondence files, or similar
records should be kept daily to enhance the traceability of information
sources, assumption bases, and calculation results. Formal or published
documentation should be suf ficiently complete for the reproducibility of
results, the identification of all information sources, and an understanding
of the bases of judgments and assumptions.

O
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f'", 2.3.3.3 PRA Reviews
i !
i'- '/ To achieve quality in general, PRAs should be reviewed at four levels:

study team, plant operating personnel, peers, and management.

Study-team Review. The review of all work done should be carried out
by the team leader and an internal peer group. Although this review should
cover all aspects of the study, it is at this level that methodological mis-
takes are identified with the greatest confidence.

Review by Plant Operating Persannel. It is desirable to have the PRA
reviewed by persons most f amiliar with the plant design, operation, and
utility operating practices. It is at this level that technical mistakes
concerning representation of the plant and site characteristics are identi-
fied with the greatest confidence.

Peer Review. This review should be carried out by true peers; that is,
persons who are not involved in the study but have capabilities essentially
equivalent to those performing the study. The peers should span the range
of disciplines required for the study. In general, this review should con-
centrate on the appropriateness of methods, information sources, judgments,
and assumptions.

Management Review. The level of review should concentrate on perspec-
tive, scope, and product suitability in meeting program objectives. The
reports f rom the peer review should be a part of the management review.,s

I \

2.3.4 SUPPORT PERSONNEL AND SPECIAL NEEDS

Probabilistic risk assessments generate substantial quantities of paper
and drawings. Several typists, preferably using word processing equipment,
are needed to produce the reports. Draf tsmen or graphic artists are useful
for producing the many drawings and fault trees incorporated into the
reports.

Several computer codes are used in the analysis. The particular codes
that are used depend on the scope of the analysis and the preference of the
analysts. Computers compatible with the programs must be available to the
analysis team.

Members of the team occasionally may need access to the plant to view
equipment, to observe tests, and to become f amiliar with the layout of cer-
tain equipment. Plant personnel should be available on these occasions to
escort the analysts and answer questions they may have.

1

| It is desirable for the analysis team to be in the same location. This

| improves communication among the members of the team and facilitates consis-
| tency in approach and assumptions. Adequate of fice space and accommodations
! should be secured before the beginning of the study.

(x
?V|

t
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2.4 SCHEDULE, MANPOWER, AND REPORTING

A PRA consists of many tasks and subtasks, as discussed in Section
2.2. Several of the tasks can be performed in parallel; others depend on the
products of a previous task and hence must be perf ormed sequentially. This
section presents estimates of the manpower needed for each subtask. The
estimates were obtained f rom the authors of the various chapters of this
guide and are based on the assumption that this procedures guide is being
used. As such, no time is allocated for developing PRA methods. It is also
assumed that the necessary computer codes are up and running and that the
team contains persons familiar with their use. No time for the special
training of personnel is included; it is assumed that they bring the
requisite skills to the analysis and can learn anything more on the job.
Finally, the estimates pertain to a one-time-only PRA; no estimates are
included for updating the PRA to reflect new design changes. Without
knowing the total manpower available, it is not possible to develop a time-
table for the completion of the analysis. Section 2.4.2 presents two
possible schedules--one a " minimum" timetable and one more representative of
other analyses. Logical reporting points in the analysis and the manpower
and time required for compiling the reports are discussed in Section 2.4.3.

Several other factors may affect the effort needed to conduct the anal-
yses. Among these are the age of the plant, its operational status, and the
available documentation; peculiarities of containment design; the availabil-
ity of similar analyses on similar plants; and the level of PRA experience
of the particular team.

Given these qualifying remarks, manpower and schedule estimates are
presented here. They are intended merely for information; any organization
considering a PRA must develon its own estimates pertinent to the particular
project.

2.4.I SCHEDULE AND MANPOWER

The PRA is broken into the major tasks and suhtasks discussed in
Section 2.2. The estimates of manpower needec to perform each task are
given in Table 2-1. Table 2-2 presents estimates for PRAs of different
scopes, including reporting, quality assurance, and management. Each is
discussed below.

2.4.1.1 Level 1 PRA

Task 1, initial information collection, begins on deciding to perform
the PRA. It is important that the analysis team have available a substan-
tial amount of information on beginning the analysis to avoid delays and
misinformation. The information-collection task is an activity that con-
tinues throughout the PRA, and as the analysis proceeds , more information
will be needed regarding specific aspects of plant design and operation.
For the initial accumulation of information, however, it is estimated that
I to 2 man-months will be needed.
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' Table 2-1. Ertimated manpower per task

Manpower estimate
Task (man-months)

Initial information collection 1-2 }I Event-tree development
Systcms modeling 29-38
Human-reliability and

procedure analysis 2-3 (
! Data development 5-6 ) Level 1 = 51-86

Accident-sequence quantification 9-12,
! External eventsa 14-18 |

Uncertainty analysis 3-4
Development and interpretation

of results 2-3 )i

Analysis of physical processes
15-137}Analysis of radionuclide release

and transport 5-20
External eventsa 3-4

g
Uncertainty analysis (additional) 2-8 ' Level 2 = 75-285
Development and interpretation

of results (additional) 2-30

( Analysis of environmental transport:

and consequences 3-4 );

: External eventsa 1-2
) Uncertainty analysis (additional) 1-2 ) Level 3 = 80-295
: Development and interpretation
! of results (additional) 1-2 j

aMay or may not be included in the analysis,
~

;

i

I
Table 2-2. Estimated total manpower for PRAs

of various levels
__

Manpower estimate (man-months)
Function Level 1 Level 2 Level 3

,

Analysis 51- 86 75-285 80-295i Reporting 11-_22 19- 38 23- 43
Quality-assurance 7- 12 10- 20 11- 21
Management 14- 19 19- 21 21- 24

~

Total 83-139 123-364 135-383
| v)/) .....

| J
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The development of plant models and particular analyses germane to this
development may proceed in parallel. Event-tree development (subtask 2a)
and systems modeling (subtask 2b) use much of the same information. The
models are generally separate, although some insights from each development
may influence the other. In particular, the development of event trees
helps to clearly define the events to be modeled in systems modeling. The
ef fort required for event-tree development and the development of models
representing all systems included in the analysis is estimated to be 29 to
38 man-months.

The development of plant models is supported by an analysis of human
reliability and operating procedures (subtask 2c) and the development of
data (subtask 2d) for assessing component-failure and human-error rates.
Both activities are performed in parallel with the model development. This

ensures that human errors are incorporated into the models. The data-
development subtask assists in establishing the appropriate level of detail
for the models and ensures that data are available for accident-sequence
quantification. The human-factors analyst assisting in the human-relia-
bility and procedure analysis is estimated to need 2 to 3 man-months; the
development of data, 5 to 6 man-months.

The accident-sequence quantification (subtask 2e) integrates the plant
models and data to quantify accident-sequence frequencies. This subtask
follows the plant-modeling ef fort and the development of the data base.

Considerable iteration can be expected during this activ,ity. The manpower
needed to complete this task is estimated to be 9 to 12 man-months.

If an external-events analysis is included, it proceeds concurrently
with the development of plant models and uses information contained
therein. The systems analysis is completed before the quantification of
accident sequences to permit the inclusion of its results in the sequence
analysis. Manpower needs depend on the number and the type of external
events considered. If seisaic, fire, and flood analyses are performed , it
is estimated that 14 to 18 man-months will be needed for this task.

An uncertainty analysis is performed in a level 1 PRA. The manpower
needs depend on the depth of this analysis, but 3 to 4 man-months is a
representative figure. An additional effort of 2 to 3 man-months is esti-
mated for the development and interpretation of results.

! The above tasks constitute a PRA of level 1. Their performance is
I estimated to require 51 to 86 man-months. In addition to these technical

tasks, however, the PRA requires program management, quality assurance, and
report preparation. Program management is estimated to require an addi-
tional person working full time; the quality-assurance team is assumed to
need 7 to 12 man-months. Report preparation for a lovel 1 PRA is estimated
to require 11 to 22 additional man-months (see Section 2.4.3). Given a
representative schedule (see Section 2.4.2.2), the total manpower needed to
perform, review, and publish a level 1 PRA is estimated to be 83 to 139
man-months.

O
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/ \ 2.4.1.2 Level 2 PRA

$\v
Two a/.ditional tasks are performed in a level 2 PRA: the analysis of

| the physical processes of accidents and the analysis of radionuclide re-
leases to the environment. These tasks generally require tople with sub--

'

,

j stantially different backgrounds and expertise f rom those .nvolved in the
~

level 1 PRA. ;

!

j Some analysis of accident processes is required early in the PRA;ef fort
to support the activities of. task 2 related to event-tiec development and
systems modeling. This is a comparatively small effort that is required.in
a level 1 as well as a level 2 PRA. After the identification of specific4

system sequences-to suhtask 2b, the progression of accident sequences must
be analyzed in order to be able to estimate their radiological conse-
quences. Because of the large number of system sequences identified, it is
not practical to analyze the physical processes of every . sequence. Either
the sequences must be prioritized through the quantification of sequence,
f requencies or the sequences must be grouped according to similar behavior

; and only representative sequences analyzed. In either case, the analysis of
accident processes should not be completed before subtask 2e, the quantifi-

! cation of sequence frequences, since some iteration may be required as the
i dominant contributors to risk become apparent. The other major effort re-

quired in the physical processes task is the development and quantification
of the containment event-tree, which describes the dif ferent possible path-

'
ways for the release of radionuclides from containment for an accident

s sequence.

\~ / The amount of effort required for the analysic of accident processes
can vary substantially (15 to 137 man-months), depending on the expected use
of the PRA and the amount of previous experience in the analysis of a parti-
cular plant design. The state of the art of physical process analysis is

; not at the point where specific computer codes can be used in the analysis
without extensive checking and evaluation. The analysis of physical pro-
cesses, particularly relating to the likelihood and timing of containment *

failure, can, however, appreciably affect the'overall risk. The high end of
the estimate range is characteristic of the effort required in the Zion
probabilistic risk assessment (Commonwealth Edison, 1981) without accounting
for extensive model development. (Such model development, if required, may

i require as much as 20 to 25 man-months.)

* The analysis of radionuclide release and transport (subtask 3b) depends
on and follows the analysis of physical processes. The final product of;

{ this task is the assignment of accident sequences to release categories that
describe the timing and quantity of radionuclide~ release f rom containment.,

The manpower needed for this analysis is estimated to be 5 to 20 man-months.
,

If external events are included in the analysis, it will be necessary
to perform an analysis of the containment under conditions of -each type of
external event. Such analyses are estimated to require 3 to 4 additional
man-months.

|-[# }- The development and interpretation of results may take 2 to 4 man-
| ( / months if a good correlation to previously published containment event,,
! tree (s) is obtained or if a qualitative statement is sufficient. If a

|
i
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detailed cantainment event tree is developed, up to 30 man-months should be
allocated for development and quantification.

Additional uncertainty analysis is performed in a level 2 PRA, reflect-
ing t'ie ad litional modeling involved. Ifncertainty analysis and the develop-
ment of results follow subtasks 3a and 3b, and each is estimated to take 2
to 8 man-months more than it ioes in a level 1 PRA.

The performance of a level 2 PRA is estimated to require an additional
24 to 199 man-months of technical work beyond a level 1 PRA. Additional
program management , quality assurance, and reporting requirements are esti-
mated to entail another 16 to 26 man-months. Thus, the total manpower for
performing, reviewing, and publishing a level 2 PRA is estimated to be 123
to 364 man-months.

?.4.1.3 Level 3 PRA

A level 3 PRA includes an analysis of the environmental transport and
consequences of radionuclide releases for each accident sequence (task 4).
The collection of meteorological, topographic (if pertinent), and demo-
graphic data occurs concurrently with the radionuclide release and transport
analysis. This ensures that the analysis can be performed immediately after
the identification of release categories. The manpower for the analysis is
estimated to be 3 to 4 man-months, with an additional 1 to 2 man-months
needed should external events be considered, and 2 to 4 man-months for the
uncertainty analysis and the development of results.

The performance of a level 3 PRA, then, requires an additional esti-
mated 5 to 10 man-months of technical work. Additional management, re po r t-
ing, and quality-assurance requirements are estimated to entail 7 to 9
nan-months. A level 3 PRA is therefore estimated to require 135 to 383
man-months to produce, review, and manage.

2.4.2 EXA5!PLES ?" SCHEDULES

As already discussed, it is dif ficult to estimate the tima required for
a risk assessment without knowing how many people are devoted to the job and
their particular expertise. Presented below are two schedules. The first
is a "minimun schedule," that is, a schedule for a project performed by the
optinum maximum number of people of the right expertise. The second is more
typical of risk assessments that have been performed.

2.4.2.1 Minimum Schedule

The tasks requiring the most man-months are those related to the .

development of plant models and, should it be included in the scope, the
analysis of external events. Thus, to minimize the time required for the
analysic, it is necessary to maximize the number of systems analysts. The
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,/'~'} analysis of major plant systems generally precedes the analysis of support-
( _,/ ing systems. Thus, the maximum number of systems analysts would be one for

each major system.

To complete the analysis in the shortest time, the analysis team is
assumed to consist of the following: -

I team leader / integrator
7 systems analysts
I human-reliability specialist Level 1
2 data analysts
2 sequence-quantification specialists /
3 physical process analysts } Level 2

1 structural analyst )
2 radionuclide-transport analysts
2 environmental transport specialists Level 3
8 external event analysts (if included)

This 29-member team should be able to perform the technical analysis for a

complete risk assessment in approximately 12 months. If such an ambitious
schedule is undertaken, a great deal of effort must be expected of the team
leader to ensure consistency and to clarify interfaces among the many
analysts.

Of course, the team and the schedule depend on the scope of the

analysis. The technical analysis for a level 1 PRA could be performed in

t'"s) approximately 10 months with the 13-member team specified above. The tech-f.

\s / nical analysis for a level 2 PRA would require at least 19 team members
^

! (more if a highly involved containment analysis were performed) and could be
accomplished in approximately 11 months. The technical analysis for level 3
would take approximately 12 months. The team would consist of 21 members.
If external events are included, eight additional team members are assumed.
The schedules would be the same, however, since the external events analysis
would not be on the critical path.

The schedule could be shortened somewhat by involving more people .in
the accident-sequence quantification. This, however, may not be desirable
in that more inconsistencies could be introduced into the quantification by
increasing the number of analysts. Because of the importance of this task,
it is highly desirable to minimize the inconsistencies. This consideration
took precedence over shorten!ng the time for this schedule.

The 12-month " minimum schedule" is shown in Figure 2-2.

An additional month would be required to draf t the document , and
another month should be included for producing the draf t. Three more months -
should be added to the schedule for reviewing and revising the draf t. An
additional month for printing the final report gives an 18-month mininum for
producing a complete risk assessment in final form. A similar 6-month docu-

ment-preparation time should be added to the estimates for PRAs of other
levels. Hence, the minimum times for producing PRAs of various levels are

i

['~'} estimated to be as follows:
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Months

Task 2 4 6 8 10 12 14 16

1. Initial information collection -

2a. Event-tree development
2b. Systems modeling
2c. Human-reliability and procedure analysis
2d. Data development
2e. Accident sequence quantification
6. Uncertainty analysis -

7. Development and interpretation of results _

3a. Analysis of physical processes
3b. Analysis of radionuclide release and transport
6. Uncertainty analysis
7. Development and interpretation of results

4 Analysis of environmental transport
and consequences

6. Uncertainty analysis
7. Development and interpretation of results

5. External events analysis

Figure 2-2. Minimum technical schedule. For report preparation and publication, another 6 months should be added.

O
Months

Task 2 4 6 8 10 12 14 16 18

1. Initial information collection -

2a. Event-tree development
2b. Systems modt..ag
2c. Human-reliability and procedure analysis
2d. Data development
2e. Accident-sequence quantification
6. Uncertainty analysis -

7. Development and interpretation of results -

3a. Anai. sis of physical processes
3b. Analysis af radionuclide releases and

transport

6. Uncertainty analysis
7 Development and interpretation of results

1

,
4. Analysis of environmental transport and

I consequences

| 6. Uncertainty analysis
7. Development and interpretation of results

5. External events analysis

Figure 2-3 Representative technical schedule. For report preparation and publication, another 7 months should
be added.

O
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} PRA level Months
a

1 16
2 17
3 18,

1

2.4.2.2 Representative PRA Schedule

A more representative PRA team would not !":1ude as many systems ana-
lysts. This would diminish the difficulty of finding the required number of
analysts and increase the consistency of the analysis. The fewer the ana-
lysts, the easier it is to achieve consistency among the analyses.

A representative PRA team is assumed to consist of the following:
'

1 team leader / integrator
4 systems analysts
I human-reliability specialist f Level 1
1 data analyst
2 sequence-quantification specialists,
3 physical process analysts Level 2
I structural analyst

2 radionuclide-transport analyst
x 2 environmental transport specialists Level 3,

) 4 external event analysts (if included)
^

This 21-member team should be able to perform the technical analysis for a
complete risk assessment in approximately 17 months. A 17-month schedule
for the representative PRA is shown in Figure 2-3.

Because of the increased work required of each analyst, an additional
month would be required to write and produce a draft report. To write and
produce the draft, to review and revise it, and to produce the final report
would require approximately 7 months. Thus, the complete risk assessment
would require approximately 24 months to produce.

The representative schedules for PRAs of various levels are estimated
to be as follows:

PRA level Months

1 22 |

2 23 |
3 24

These schedules are only mes. to provide general guidance. 'Each orga-
nization undertaking a probabilistic risk assessment must assess the scope
of the project, the required time scales, and the availability of proper
man-power in generating its own schedule.,_s

/ \

: 1
t
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2.4.3 REPORTING

The documentation associated with a probabilistic risk assessment is
substantial. Large amounts of information are used in the analysis, and
many assumptions are made. All this needs to be well documented to permit
an adequate technical review of the work and to ensure that the final docu-
ment is understandable and usable.

Two different strategies can be employed. Reports can he written at
the conclusion of each major portion of the analysis, or the reporting may
be delayed until all technical work is complete. The former approach makes
it possible for the work to be reviewed by management and the quality-
assurance team as the project unfolds. Erroneous assumptions or misinforma-
tion can be corrected before proceeding. This approach, however, may
interrupt the continuity of the analysis. The latter approach ensures
uninterrupted focus on the technical analysis, but errors may not be found
until it is difficult to correct them, and certala assumptions made during
the analysis may have been forgotten and left out of the final report.
Reporting at the completion of each major product therefore appears to be
the more desirable approach. To minimize the effort needed for preparing
the final report, each interim report should, to the extent possible,
reflect the detail, content, and format of the appropriate section of the
final report.

Given this approach, interim reports are appropriate for the following
tasks:

1. Event-tree development.
2. Systems modeling, including human-reliability analysis and the data

base that has been developed.
3. Accident-sequence quantification.
4. Containment analysis.
5. Environmental transport and consequence analysis.
6. External events analysis.

In addition, a draf t final report is compiled for review, and, af ter
revision, a final report is published.

Each interim report is reviewed by the quality-assurance team. The re-
view of event trees focuses on the number of groupings of initiating events,
the inclusion of appropriate systems in the headings, the proper reflection
of system dependencies, and the appropriateness of phenomenological assump-
tions. The review of system models focuses on the appropriateness of the
top events, the correctness of the logic structure, and the appropriateness
of the level of detail. The review of the accident-sequence quantification
focuses on the techniques, on the appropriateness of truncation values, and
on the accuracy of the frequencies of the dominant or near-dominant accident
sequences. Reviews of the containment, environmental transport and conse-
quence, and external events anal'ses focus on the assumptions, the data used
in the analysis, and the accurar of the final results.r

Given appropriate attention to the interim products and the subsequent
comments, the review of the draf t repcic can focus on the emphasis placed on
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g' ') the results, on the interpretation of the results, and on verifying that the

\ i document is comprehensible and usable. To achieve the latter, it is neces-
\' sary to ensure that all assumptions are clearly stated, data sources are

given, and the results presented are reproducible.

The production of reports is a substantial task. Each analyst can ex-
pect to spend I to 2 man-months documenting his work. An additional month
may be spent incorporating peer comments for the final report. Reports are t

typically several thousand pages long, and suf ficient typing support to pro-
duce a draft in one month is desirable. Word processing equipment is inval-
uable in this task. Several draf tsmen are needed to produce the many draw-
ings needed for the report. These include several event trees, simplified
schematics and logic models for each system analyzed, and risk curves 'for
the final product (if desired) in addition to any figures germane to a
particular portion of the nalysis. A fault-tree graphics capability is
highly desirable. Otherwiue, the drafting of fault trees may be prohibi-
tively expensive and time consumingy.

Estimates of the manpower invol'ved in producing reports for each level
of PRA are as follows:

Level Technical Support

1 11-22 2-5
2 19-38 4-8
3 23-63 5-97s

s_f This chapter has discussed the general approach to, and the management
of, probabilistic risk assessments of varying levels. The subsequent chap-
ters of this guide discuss each step of the analysis in detail.

,
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'"' Chapter 3

(' N'"-) ACCIDENT-SEQUENCE DEFINITION AND SYSTEM MODELING'

3.1 INTRODUCTION

This chapter describes methods for the definition of potential acci-
dent sequences and the development of system models. The event-tree method
is described as a method for modeling plant-level sequences that may lead
to public risk. The approach to event-tree development and application is
generalized and can be adapted to specific study objectives. The event-
tree method has been used in some form in all recent risk assessments for
light-water reactors. It is a most suitable means for modeling complex
plant-level sequences, and it permits these sequences to be evaluated in an
efficient manner.

Several methods for system modeling are described, with emphasis on
fault-tree analysis. Fault trees are used in many industrial applications
and have proved to be a widely accepted means for evaluating the failure
potential of systems. Moreover, the results of system fault-tree models
are easily communicated to technical and management groups.

3 The integration of event and fault trees provides an analytical
i approach capable of handling the complexities associated with modeling

,_ / potential accident sequences. It is a proved means for defining and under-
standing plant deeign and operation in a manner that leads to the quantifi-
cation of public risk.

Numerous analytical approaches and a variety of techniques are asso-
ciated with the combined event- and fault-tree methodology. Section 3.2-
provides an overview of the methodology for accident-sequence definition
and system modeling. Sections 3.3 through 3.7 discuss the methods for per-

' forming individual analytical tasks. The methods are presented in the
approximate order the tasks would be performed in a PRA, from plant
familiarization through the incorporation of dependent failures into the
plant and system models. Section 3.8 summarizes procedures for incorporat-
ing the described methods into a coherent approach for a PRA. The provi-
sions necessary for quality assurance are discussed in Section 3.9.

The accident-sequence definition task described in this chapter pro-
'

vides a f ramework for the entire risk assessment. It delineates the set of
events that can initiate accident sequences and describes the plant func-
tions that can arrest or control those sequences. Because of its central
role in a probabilistic risk assessment, the work of accident-sequence
definition must interf ace with the analyses of human reliability (Chapter
4), the physical processes of reactor-meltdown accidents (Chapter 7), and
external events (Chapters 10 and 11). Furthermore, the models must be
developed in a fashion amenable to the accident-sequence quantification

['''N, methods of Chapter 6.
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3.2 OVERVIEW

The first step in performing a probabilistic risk assessment is the
task of accident-sequence definition and eystem modeling. This task begins
with a definition of the objectives of the study and the acquisition of a
substantial amount of information on plant design and operation. It pro-
gresses through the generation of plant models, both inductive and deduc-
tive, to the identification of possible accident sequences. The process
includes the identificatien of the accident-initiating events, component
failures, procedural faults, human errors, and dependent'f ailure mechanisms
that could cause these accident sequences to occur.

This chapter discusses several methods for defining accident sequences
and constructing system models. The method selected for sequence identifi-
cation must produce an inductive plant model that is consistent with the
methods chosen for detailed systems modeling and for quantifying the fre-
quency and the consequences of the sequences. This is discussed further in
the subsequent detailed discussion of the various inductive modeling
techniques.

The process of identifying accident sequences is shown in Figure 3-1.
This process is iterative, as the construction of the models increases the
analyst's knowledge and understanding of plant design and performance
characteristics.

The task of defining potential accident sequences must begin with a
clear understanding of the objectives of the s :udy. These, in turn, will
be used to define the depth of the analysis and to establish bounds on the
failure modes considered. For example, it should be recognized at the
start that a study used for design optimization or for the selection of
optimal testing f requencies may differ substantially f rom one whose objec-
tive is to estimate the risk associated with the given design. Similarly,
a study intended to estimate public risk and to provide information on the
value of plant modifications aimed at reducing the risk will also differ
substantiallf from those mentioned above. Thus, the level of the risk
assessment, as defined in Chapter 2, strongly influences the structure of
the models. This is sa because the levels of truncation for the analyses
of various systems and sequences will depend on the desired product. If

the risk assessment includes external events, the system models constructed
during this task should include the necessary information to incorporate
the common f ailure modes associated with fire, flooding, or earthquakes.
Plant chat'cteristics, such as equipment location, should be included in
the models, and care must be taken that compensnts with a low random-

.

failure probability (e.g., pipe sections) are n1t eliminated by a probabil-

| ity truncation. The selection of limits on the analyses must be made on a
'

case-by-case basis, with careful thought given to ensure that the methods
used will satisfy the specific objectives of the analysis. It is desirable
to keep the modele as flexible as possible to accommodate changes or addi-
tions to study objectives.

Once the objectives of the study have been defined, the plant famil-
larization task begins. Plant information must be acquired , and the
PRA analysts must become familiar with the details of plant design and

.
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operation. This consists of acquiring and analyzing detailed information
on the design and operation of the plant and of evaluating experience data
and analyses performed for similar plants. The information collected
should be retained in a retrievable form such as plant notebooks. Key
features pertinent to the analysis process can be collected and displayed
as part of preliminary system analysis descriptions. Details on the type
of information needed, :ontents of the plant notebooks, and the activities
performed during this f amiliarization procese are presented in Section 3.3.

,

It is necessary in any PRA study to define a "f reeze point," a time
af ter which design or operational changes, if any are made, are not incor-
porated into the PRA until it is finished the first time. Experience has
shown that plant design can change too f ast for the PRA to keep up with
it. Since a PRA is, by its nature, design specific, if there is no final
design, there can be no final PRA. This does not mean that plants in the
earlier phases of design cannot be as ses s ed. It means that, no matter what
the stage of plant design, the design must be frozen in a particular con-
figuration in order to do the PRA. If the PRA is done early in plant
design, more of it will have to be based on assumptions (leading to higher
uncertainties) rather than on plant-specific drawings. Even these assump-
tions will have to be frozen to complete the PRA.

Having or declaring a freeze point does not eliminate the responsibil-
ity for finally updating the PRA to include subsequent design changes. For
this reason the PRA team should develop models and keep records in a way
that f acilitates this updating and makes it as convenient as possible.

A PRA can be performed at any stage of the development of a nuclear
pl ant . They naturally vary in terms of the level of completeness, inf o rma-
tion available for the analysis, and the intended use of study results.
PRA studies may be performed during the conceptual design phase. This type
of study is generally aimed at comparing competing design concepts and
necessarily cannot be carried to a high level of detail.

Studies conducted during the preliminary or final design phase are
aimed at providing additional insights into plant-design features and
information on the relative safety or risk of well-formulated designs.
Basic inf ormation such as design descriptions, PSARs, and P6 ids is avail-
able, but the lack of detailed design and operational information limits
the level of detail that can be included in the study. Detailed informa-
tion on support-system requirements, instrumentation parameters, and
operational and maintenance procedures is typical of information that may
be in a preliminary form or not available if a study is performed before
plant completion.

Another consideration of PRA studies performed on plants not yet com-
pleted is the dynamic nature of plant design. A continuum of changes to
the reference design can be expected. Hence, it is necessary to have a
clearly defined freeze point on which the study is based, and flexibility
of the study itself to accommodate change and update the analysis at a
later date to reflect the final configuration of the plant.

Having developed an understanding of plant design and method of opera-
tion, the analyst defines the required safety functions and initiating

3-4 |
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h

j' events, and develops appropriate groupings of accident-initiating events.
,

| These can be listed in various levels of specificity, depending on the
analytical techniques and study objectives. If they are used in general

; terms, the root causes of the initiating event should also be investigated
and may be presented appropriately in a f ault tree or an equivalent logic

: model. This can be done deductively as noted, or the information can be

| obtained from a f ailure modes and effects analysis of system interf aces.

| In any event, it needs to be presented in a form suitable for documentation

j- that indicates the level of completeness of the saalysis.
.

Initiating events should be grouped by the design features associated
'

with each safety function. Typically, a general grouping of transient and

j loss-of-coolant accident (LOCA) initiators is selected. . and these cate-
; gories are further subdivided in terms of general characteristics of the
4

plant response. The decision on how finely to subdivide these categories
again depends on the degree of detail in the plant model. To some extent,

j it also depends on the methods used in later stages of the process. Event

! trees are typically developed for groups of initiating events with similar
characteristics rather than individual initiating events. The_ grouping of+

.

initiators define the number of event trees required and simplifies the-,

i analytical process.

4

The analysts then must evaluate the response of the plant to the
identified group of initiating events. Detailed information on _ safety

| functions, systems, and operational schemes is required to identify re-
sponses and define criteria for successfully meeting the challenges to
plant safety. During this phase _ of the work there is a strong interaction

' between the analysts developing the accidtat sequences and those perform-
ing the analysis of physical processes and cont ainment.

Using the transient and LOCA grouping of initiating events, the knowl-
,

: edge gained on plant performance characteristics, and preliminary informa-
tion from the physical processes task described in Chapter 7, the analyst!

determines functional dependencies and constructs function event trees or
event-sequence diagrams for the various groups of initiators. Event trees

,

and event-sequence diagrams are devices that depict the current state of,

the analyst's knowledge about function and system dependencies. Their'

j- construction is an inductive process requiring a significant amount of
iteration.

It is necessary to convert the function models to. system models. This
,
~

is done by identifying the systems that satisfy the various functions and
reconstructing the event tree accordingly. The system event trees can be
presented solely in terms of the systems that directly satisfy the safety
functions, or they can include the supporting systems that are required for

i the successful operation of the systems satisfying safety functions. If
the former option is chosen, the supporting systems are included in the,

'
deductive system logic models. If the latter option is chosen, care must:
be taken that all known system dependencies involving support systems are
adequately depicted on the system event tree.

'

% . Having constructed system event trees, the analyst'should compare the.
/ accident sequences thus generated with those identified in previous studies.

', and with operating experience. Using engineering judgment, the event trees-
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are reevaluated to determine whether the identified accident sequences are
valid and whether or not all important sequences are represented.

Success (or f ailure) states for systems depicted on the event trees
must then be determined to allow the development of the system models.
Deterministic analyses may be required in some cases to define the success
states realistically since much of the prior analysis of the plant may have
employed the conservative assumptions required by the licensing process.
To the extent possible within time and funding constraints, success defini-
tions should be realistic. These definitions, converted to statements of
undesired events, constitute the top events of the logic models used to
analyze specific system-f ailure modes.

Deductive system logic models are constructed to determine the root
causes of system f ailure. The f ault trees, or equivalent logic models,
must include not only component f ailures but also the effects of testing,
m aint en ance , and human errors on system performance. The trees must be
constructed in the context of the evaluation being performed. Thus, the
depth of analysis depends on both the availability of appropriate data and
the objectives of the study. The structure of the trees is also influenced
by the techniques used for dependent-f ailure analysis and the scope of the
overall analysis. For example, the f aults modeled may dif fer if it is
known that the trees will be used for studies of external hazards like
earthquakes or flooding. Det ails on the various techniques used are

presented in Sections 3.5 through 3.7.

The f ault tree for any given system must include interf aces with
various supporting systems (e.g., ac power, de power, auxiliary cooling-
water systems, heating, ventilation, and air-conditioning systems) unless
these are explicitly included in the event-tree model. If supporting sys-
tems are considered in the deductive logic models, it is generally more
convenient to construct separate f ault trees (or equivalent logic models)
for these supporting systems. Care must be taken, of course, to ensure

th at the supporting-system models are developed in the context of the
boundary conditions and that plant components are uniquely identified. The
nature of this modeling will be af fected by the sttucture of the inductive
event-tree models of plant performance.

The construction of f ault trees will lead the analyst to a much

improved understanding of plant design and method of opt ration. Therefore,
the analyst should reevaluate the work done previously, marticularly the
event-tree development, to determine whether system-to-sy. tem and

| function-to-function dependencies are properly modeled. The search for
dependent f ailures should be performed as described in Section 3.7 and
incorporated as appropriate into the plant and system models. As already

noted, the event tree is developed inductively and must be subjected to
iterstion as a more detailed understanding of plant response and system

interactions is acquired.

The interrelationships between specific event sequences and cont ain-
ment modeling described in Chapters 7 and 8 are most impor t ant. These
involve timing, temperature, and pressures at the time of melt as well as
the operability of cont ainment s af eguards and other systems. Given the
complexity of the plant-cont ainment interface, an early effort at defining
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'['~'T " plant states," event-sequence conditions important to the containment

'',) analysis, is particularly useful. The definition of such states will havex j

a definite effect on the configuration of the event trees.

The result of the modeling activity is a set of plant and system
models- event trees and f ault t rees--th at are used to characterize the

potential outcomes of postulated accident-initiating events. These models
can then be evaluated in a manner commensurate with study objectives.
Chapter 6, " Accident-Sequence Quantification," describes the methods and
approaches for evaluating the plant and system models. There is a strong
interaction between the model development and quantific ation tasks. Often
the same analysts are involved in both activities.

In both of the approaches to quantification described in Chapter 6,
once the logic models are constructed, the equivalent Boolean expressions
are obtained for the various system f ault trees and combined to generate
equations for the accident sequences identified on the event trees. In one
c as e, these are processed to find the minimal cut sets--that is, the
minimal number of f ault event combinations that can lead to a given acci *
dent sequence. It is useful to obtain a qualitative idea of f ailure impor-
tance by ordering the minimum cut sets according to their size. Because
the f ailure probabilities of ten decrease by orders of magnitude as the size

'

of the cut set incre ases , this ranking gives a gross indication of the
importance of a cut set. The qualitative evaluation of these accident- i

sequence cut sets produces valuable information on the nature of potential
e~s accident causes, even without det ailed quantification, and can be useful in

f

i j developing system modifications or in improving procedures. The analyst
\d must remain aware, however, that common dependencies might well cause

higher order cut sets to become important contributors. Thus, the qualit a-
tive evaluation is incomplete and must be regarded as such.

This initial qualitative evaluation identifies in a preliminary way
the components for which f ailure-rat.c information is necessary and defines
the context for the quantitative evaluation. Thus, it provides initial
input to the dat a-evaluation task. The cut sets and accident sequences
provide the basic input to the quantification task.

Af ter the initial screening process, it is necessary to reevaluate the
f ault and event trees through the application of more definitive data,
human-reliability and dependent-f ailure analyses, and, if available, infor-
mation from the analyses of physical processes and radionuclide behavior.
The analyst should iterate, as necessary, to ensure that the plant model
reflects the current state of knowledge of the plant.

The accident sequences that are thought to be import ant must be sub-
jected to a detailed engineering review. This review requires that the
postulated phenomena be closely examined and that proper credit be given
for the ability of the operator and his staff to cope with, or recover
from, the incident. Again , if necessary, the models of the plant should be
modified.

,,

f 'T The results of the combined accident-sequence definition and system-
,,) modeling tasks should be documented in such a way that all assumptions areg

clearly delineated. Output information required for other tasks should be

,
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tabulated in a convenient form. As always, the specific nature of the
documentation prepared depends strongly on the objectives and needs of the
study.

3.3 PLANT FAMILIARIZATION

Before the detailed analytical work can begin, it is necessary for the
PRA team to become familiar with the design, operation, and maintenance of
the plant. All team members should become as familiar as possible with all
aspects of the plant to help ensure that function and system dependencies
are appropriately considered throughout the PRA activity.

A large amount of plant information must be collected and organized
for a risk assessment. To facilitate the information-collection process, a
formalized system for data acquisition and tracking should be established.
It is preferable to assign data management to one team member who has over-
all responsibility for cataloging data, controlling the information within
the PRA project team, as well as documenting all requests for additional
information and correlating responses.

4 A focal point for coordinating information on plant operation should
also be designated. This should preferably be a person who is a senior
employee of the operating utility and is located at the plant site. This
person would coordinate all data requests with cognizant onsite personnel
and assist in expediting the collection of operational and maintenance

! information.

Much of the detailed information is needed for review only; it is
reduced or reformatted for specific uses during the analysis. Information
on overall plant functions and performance that is synthesized from the
overall data set should be collected in a single information source sup-
porting event-tree development and the integrated assessment. Information

,

on individual systems should be organized, updated, and retained in the
! systems-analysis notebooks.

Specific types of plant documentation that are necessary for the
analysis can be defined at the outset. This information is supplemented by
detailed data requests formulated as the study progresses. An important
part of the information is obtained from plant visits and interviews with
operations and maintenance personnel. These visits should be coordinated
to optimize the flow of information to the PRA study team and its use in
specific study activities.

A partial list of the sources of information needed to support the
task of accident-sequence definition is given in Table 3-1. An attempt was
made to relate the data to three najor study activities, even though many
of the data sources have a general application. The safety analysis report
for the plant contains a significant amount of information pertinent to a
PRA. However, the use of this information must be carefully considered,
particularly in those areas where minimum requirements for equipment con-
figurations or criteria for meeting functional requirements are derived.
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. Table 3-1. Sources of data needed for accident-sequence definition

Task - Information sources
;

Plant f amiliarization Operator training manuals
and accident review Complete final safety . analysis report (FSAR)

Plant layout drawings
Reviews _ with operating st af f
Emergency procedures

] Pl ant visits

Event-tree development Chapters 6 and 15 of the safety analysis eport
EPRI-NP-801a
Licensee event reports from specific _ plants or

j sister plants, plant incident reports
Performance capability of the emergency core-e

, cooling system and other systems used to

) develop system-success criteria
1 Analyses documenting system performance
j Plant visits

i

j Fault-tree development FSAR chapters on individual systems and
i instrumentation
) System descriptions
j Piping and instrumentation drawings
; Control logic diagrams
2 Drawings of instrumentation power supplies

Piping location and routing drawings
Power-source documents,

Drawings of of fsite and onsite power-distribution
systems

One-line diagrams of the electrical system
'

Circuit diagrams and trip criteria for electrical
bus protection system

Normal operating procedures for systems
Chapter 16 of the FS AR--technical specifications
Test and maintenance procedures and intervals
Annunciated system parameters
System-response parameters (valve opening times,-

pump start times)

Normal and emergency environments for all essen-
tial sensors, detectors, and indicators,

[ Any existing FMEAs on' plant systems
'

Plant visits
!

aATWS: A Reappraisal, Part III, " Frequency of Anticipated
? ' Transients."

!

fiJ
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These requirements reflect licensing criteria and may be overly conserva-
tive for a realistic PRA. Conversely, in important activities like defin-
ing succes, criteria, care must be exercised not ta use information that
cannot be properly documented and justified.

Additional sources of valuable information are documented risk assess-
ments of similar facilities. An attempt should be made to obtain available
documentation of applicable PRAs. Care should be exercised, however, in
reviewing and applying such information because the specific objectives,
analytical assumptions, or analytical approaches of another study may have
been different.

The information sources in Table 3-1 provide a foundation for study
and initial plant-modeling activities. All team members should become
f amiliar with the basic safety functions necessary to prevent core melt or
mitigate its consequences and the systems that perform these functions.
They must also know the events that initiate potential accident sequences
as well as the success criteria for functions and systems. During the
plant familiarization process, the PRA team investigates those plant-level
characteristics to become thoroughly f amiliar with the key elements (i.e. ,
safety functions, initiating events, functional and system criteria) that
a re fundamental to all subsequent study activities.

It should be noted that the performance of a PRA requires a substan-
tial data collection and management activity. The appointment of a data
manager and an organized method for cataloging and controlling information
will greatly enhance the efficiency and orderly conduct of the study.

The plant-f amiliarization process cannot be strictly specified, as it
consists of numerous activities all aimed at gaining an understanding of
the plant and its operation. However, some generalized tasks and documen-
tation activities can be pointed out.

Plent systems that directly provide the required safety functions
(sometimes ref erred to as front-line systems) can be identified along with
the associated supporting or auxiliary systems. An understanding of the
interactions between systems and the dependence of one system on another is
vitally important to any PRA activity. A listing should be made of those
systems that provide a primary functica, thereby having a direct impact on
the course of a potential accident, and those systems that provide support-
ing functions to primary, or front-line, systems. An overview of system
operations should be performed to identify dependencies between f ront-line
and supporting systems.

Initial information on accident-initiating events can be obtained from
generic lists and plant operating history. The plant operational responses
as documented in safety analysis reports and available transient analyses
should be carefully reviewed. All of the information can be brought
together in the plant and systems notebook, which will be updated as the
study progresscs.

In addition, it may be desirable to systematically perform a pre-
liminary qualitative analysis of each system that might either initiate or
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!

['"' affect accident sequences. A comprehensive list of plant systems is drawn
\ up, and a partial analysis is performed for each system on the list. '

'
Detailed analysis should be made later only for selected systems found to

; be important through further analysis. Some systems that are not important

: to adtigation can -initiate accident sequences. A preliminary systems
analysis can thus be a vital step in the search for initiators, helping to I

ensure completeness in'the definition of accident sequences.'

If this approach--a preliminary qualitative analysis--is taken,
partial system descriptions (PSDs) are written for each system. These PSDs

|. document the information on which the importance of the system (i.e., its
4 role in the initiation and mitigation of sequences) is based. The PSDs for

systems found to be not important need not be developed any further. .The
PSDs for systems that are analyzed in detail will become part of a complete-

: system-description notebook.
!

'

Plant familiarization ptovides baseline information for starting
'

accident-sequence definition and system modeling. Initial requirements for
" the types and number of event trees should be developed and documented,
i key systems should be identified, and their success criteria should be de-
; fined. The team of analysts will be loosely divided into two groups, one
j concerned with sequence definition and the other with system modeling.
i These activities can begin concurrently, with maximum attention- given to

interaction and communication between the two groups. Although the two
activities are distinct, an analyst may be involved in both of them,
fur her enhancing his overall understanding of the assessment.

t i
'

! It is during the plant-f amiliarization process that the PRA team
', becomes familiar not only with the plant but also with the different anal-

ytical tasks to be performed and the roles that each team member will
play. It is important that team mecbers understand the basic methods<

I associated with their portion of the assessment and how their activity is
integrated into the overall PRA process.

4

3.4 EVENT-TREE DEVELOPMENT

! Quantification- of the risk associated with a commercial nuclear power
plant requi res the delineation of a large number of possible accident

; sequences. Because nuclear systems are complex, it is not feasible to
~

write down by inspection a listing of important sequences. A systematic
and orderly approach is required to properly understand and accommodate the
many factors that . could influence the course of potential accidents.

A sample event tree is presented in Figure 3-2 to illustrate the logic
used in developing an event tree. The example is not intended'to show a

-

| typical function or system tree, but rather to show the general event-tree
| process an'd how events of various types are reordered and evaluated as a
I result of the process. The initiating event is assumed to be a LOCA

associated. with a simple imaginary reactor system. The various event
t possibilities representing the systems or functions necessary to mitigate, L
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'"f* ,'f',"E RP ECA ECB PAHR

A B C D E Sequence

1. A

__.

2. AE-plant

damage

3. AC

n

4. ACE-plant

Success damage

Failure

5. ACD-plant

damage
,

6. AB-plant

damage

Figure 3-2. An example of a simple event tree.
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[ the consequences of the accident are listed across the top of the event
( tree.

In the development of actual event trees, either systems or functions
can be used as event-tree headings. There is considerable latitude as to
the definition of event headings. The example in Figure 3-2 shows com-
ponents, systems, and functions on the same tree in order to illustrate the
variety of event-tree headings.

The end result of each sequence is assumed to be either the safe ter-
mination of the postulated sequence of events or some plant-damage state.
lin developing event trees for a specific plant, care must be taken in
specifying the expected plant-damage state. Simple assumptions of core
melt or no core melt should be avoided.

Care must be exercised to ensure the event headings are consistent

with actual plant-response modes and to ensure that the heading can be
precisely related to system-success criteria that can be translated to top
events for system-fault modeling. For the example selected, the initiating
event is a pipe break in the reactor-coolant system. The other headings
are as follows:

RP = Operation of the reactor protection system to shut down the
reactor

Injection of emergency coolant by pump Ae~' ECA =
g

\ /
N' ECB = Injection of emergency coolant by pump B

PAHR = Post-accident decay-heat removal

The placement of these events across the tree is based on either the
time sequence in which they occur, proceeding from left to right , or some
other logical order reflecting operational interdependence. Consequently,
the initiating event is shown first and the PAHR is shown last.

The various sequences are represented by the paths developed by fol-
lowing the vertical and horizontal lines beneath the events. At a junction
between a horizontal and vertical line, the system is successful if the
path is upward; the system f ails if the path is downward. The column at
the far right of the tree identifies the various sequences. For example,
sequence AE would be the sequence starting with initiating event, A, and
ending with failure of the PAHR function, E.

For this sample event tree, it was assumed that either emergency
coolant pump A or B is suf ficient to satisfy the emergency coolant require-
ment. With this in mind, each of the sequences shown is briefly described
to explain why there are no success or f ailure options for some of the
sequences.

In sequence A, as in all sequences, it is assumed that the pipe break
,,,

[ } has occurred. The reactor protection system is successful, emergency

_,/ coolant pump A is successful, and the post-accident heat-removal systemsi

are successful. No success or f ailure path need be shown for emergency

3-13 !
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pump B (event D) since pump A is sufficient to provide the cooling require-
ments. The success or f ailure of pump B makes no difference.

Sequence AE is the same as A, except that the PAHR (event E) has
failed. This sequence is assumed to result in a plant-damage state.

In sequence AC, oump A (event C) has failed; however, pump B (event D)
is successful, and no plant damage occurs.

Sequence ACE is the same as AC, except that the PAHR (event E) has
failed. This failure results in a plant-damage state.

In sequence ACD, both pumps A and B (events C and D) have failed.
Because this combination of event is assumed to result in a plant-damage
state, the success or failure of the PAHR is of no concern. Consequently,
no success or f ailure option is shown for evant ".

In sequence AB, the reactor protection system has failed and the
success or failure of the remaining events is not considered, as a
plant-damage state is assumed to occur.

Because headings ECA and ECB result in the same consequences and do
not result in different boundary conditions on the downstream systems, they
could have been included in one event-tree heading.

The example event tree illustrates the method of accounting for the
time relationships and system interfaces that follow a given accident. It
also demonstrates how the number of possible sequences to be analyzed can
be reduced. The total number of possible sequences in the sample problem
is 16. By using the event tree, this number has been reduced to only four
core-melt sequences that need to be evaluated in more detail. In general,
if there are no event headings representing system functional responses,
there are 2n potential sequences associated with each initiating event.
Because of the logic inherent in the event-tree process, only meaningful
sequences are retained for further evaluation and illogical sequences are
eliminated during the development of the tree, thus greatly reducing the
total number of sequences to be evaluated.

The event tree is the basic analytical tool that has been most fre-
quently used for_the organization and characterization of potential acci-
dents. Two general types of event trees are used in a PRA: system event
trees and containment event trees. System event trees, discussed in this
section, are developed to relate system responses to identified initiating
events and represent distinct system accident sequences. A system accident
sequence consists of an initiating event and a combination of various sys-
tem successes and failures that lead to an identifiable plant state. Con-
tainment event trees, described in Chapter 7, are developed to relate
possible containment responses to those plant states that could lead to a
release of radionuclides.

For a level 1 PRA, only the system accident sequences are developed.
A level 1 PRA identifies the potential accident sequences that may lead to
core damage. No attempt is made to define the consequences of identified
accident sequences other than determining whether or not the sequences
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would lead to core damage. Containment analysis for a level 1 PRA is
limited to an analysis of containment systems to determine impacts onj
sequences leading to core damage.'

For level 2 and 3 PRAs, the assessment must include a detailed evalua-
tion of containment response to system accident sequences. When such PRAs
are performed, system event trees and containment event trees are both used
to describe complete accident sequences.

Figure 3-3 shows the basic elements involved in the development of
system event trees. Task elements 1 through 5 are central to any approach
taken for event-tree development. Acceptable methods for performing the
individual tasks are described below. A brief example illustrating the
techniques uf event-tree analysis is presented at the end of this section.

,

3.4.1 DEFINITION OF SAFETY FUNCTIONS

The functions that must be performed to control the sources of energy
in the plant and the radiation hazard are called safety functions. The
concept of safety functions forms the basis for choosing accident-initiat-
ing events and delineating potential plant responses. Generally, safety
functions are defined by a group of actions that prevent core melting, pre-
vent containment failure, or minimize radionuclide releases. Such actions

<% can result from the automatic or manual actuation of a system, from passive
system performance, or from natural feedback inherent in the plant design.

j

m'
Safety functions can be defined in many dif ferent ways, depending on

the plant type, system design, the timing of system responses, and the
preference of the analyst. Table 3-2 shows one grouping of typical safety
functions and their intended purposes.

Typically, safety functions can be considered within a certain prior-
ity framework. Reactivity control is the foremost function because the
amount of heat that must be removed f rom the core is determined by how well
this function is accomplished. Next in preceden- are the functions for
appropriately cooling the core. Core cooling requires the performance of
actions needed to provide fluid flow through the core, to maintain an ade-
quate inventory in the reactor-coolant system (RCS) and an appropriate RCS
pressure. If the core heat is not removed, then the removal of heat from
the RCS is irrelevant. This kind of logic illustrates the logic used in
structuring the basic safety functions for the plant under evaluation.

Definition of the necessary safety functions forms the preliminary
basis for grouping accident-initiating events. Definition of the safety
functions also provides the structure for defining and grouping systems in
order to define a complete set of system responses and interactions for
each class of accident-initiating events.

Additional distinction may be needed in the definition of safety func-

['~'N tions to differentiate between classes of initiating events. The function
g ) of controlling the reactor-coolant inventory, for example, may include the
v
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Figure 3-3. Generalized process of event tree development.

O
Table 3-2. Safety-function purposes

Safety function Purpose

Reactivity control Shut reactor down to reduce heat production
Reactor coolant system Maintain a coolant medium around core

inventory control
Reactor coolant system Maintain the coolant in the proper state

pressure control
Core-heat removal Transfer heat from the core to a coolant
Reactor coolant system Transfer heat from the core coolant

heat removal
Cont ainment isolation Close openings in containment to prevent

radior.uclide releases
Cont ainment temperature Keep f rom dameging cont ainm-nt and equipment

and pressure control
Combustible gas control Remove and redistribute hydrogen to prevent

explosion inside containment

O
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1

maintenance of RCS integrity for most transients, but . for LOCAs coolant-
inventory control is primarily a makeup function.,

!
>

3.4.2 SELECTION OF ACCIDENT-INITIATING EVENiS

The objective of event-tree development is to define a comprehensive
set of accident sequences that encompasses the effects of all realistic and
physically realizable potential accidents involving the reactor core. By,

i definition, an initiating event is the .beginning point in the accident
sequence. Hence, a comprehensive list of accident-initiating events must
be compiled to ensure that the event trees properly depict all important.

accident sequences.
i

; The process of selecting initiating events for inclusion in event
trees consists of two steps:

1. Definition of possible events.

2. Grouping of identified initiating events by the safety function to
be performed or combinations of system responses.!

A clear understanding of the general safety functions and features
incorporated into the plant design, supplemented by the preliminary system
reviews, will provide the initial information r ecessary to select and group

i the initiating events.

s- /

.Two approaches can be taken in identifying the accident-initiating
1 .

events. One 'is a generalized engineering evaluation, taking into consid-
*

eration information from previous risk assessments, documentation reflect-
ing operating histories, and plant-specific design data. The information
is evaluated and a list of . initiating events is compiled, based on the
engineering judgment derived from the evaluation. Another approach is to
more formally organize the search for initiating events by constructing a
top-level logic model and then deduce the appropriate set of initiating
evento. Portions of each approach can be effectively used as appropriate
to define and display the accident-initiating events.

3.4'.2.1 Detailed Engineering Evaluation
,

! . The focus of a plant PRA is the release of radionuclides from- a >

' damaged core.' There are two. major. types of accidents with the potential
for core damage in light-water reactors: transient events and loss-of- !

,

. - coolant accidents (LOCAs). The identification of accident-initiating ,

events can be done -by making a ~ list of potential plant-specific events for
; each of the two types of potential accident initiators.

|
' Although each type of accident can be treated separately in developing

a list of initiating events, it must be recognized that 'certain transient -

/ sequences can result in the loss of RCS inventory. The distinction between i

B
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LOCAs and transient events has been carried over from licensing-type evalu-
ations and is used only for convenience in a PRA study. Any event that can
lead to loss of reactor coolant is of interest. The separation of terms is
carried forwcrd in this discussion only because of traditional reference.

The reactor-coolant system and its interfaces with other systems
should be surveyed to determine all possible breaks that could result in a
loss of reactor-vessel inventory. A complete spectrum of LOCA sizes or
breaks in the reactor-coolant system should be considered. Typically the
number of particular LOCA types can be reduced to three or four break
sizes, grouped by mitigation requirements, each requiring a separate event
tree. The size and the location of the break are the two important param-
eters to be considered in selecting LOCA-initiating events.

In addition to the search for pipe breaks, it is also import ant to
survey the reactor-coolant system to determine whether the potential exists
for other means of loss of vessel inventory. A systematic search of the
reactor-coolant pressure boundary should be performed to identify any
active elements that could f ail or be operated in such a manner as to
result in an uncontrolled loss of coolant. Particular attention should be
paid to elements, such as safety relief valves, whose f ailure to reclose
could result in a loss of RCS inventory that might be induced by a transi-
ent. Table 3-3 shows the format that can be used for a summary documenta-
tion of the search for active components whose f ailure can result in an
event that results in a loss of RCS inventory.

Transient initiators are more complex events and dif ficult to accu-
rately characterize for event-tree development. The EPRI report on antici-
pated transients without scram (EPRI NP-801) provides a starting point by
describing initiators and f requencies for both PWRs and BWRs, based on
operating history. Tables 3-4 and 3-5 summarize potential initiating
events for each reactor type. These lists contain events that have led to
reactor trips. However, some of the events listed are actually complex
events and include f ailures subsequent to reactor trip. Hence care must be
exercised in using such a list to ensure that the events chosen are prop-
erly defined to accommodate future grouping and modeling of potential acci-
dent sequences. Any such generic list must be checked for applicability to
a specific plant before using it and should not be considered to be a com-
plete or exhaustive set of potential initiating events.

'
The complete listing of identified accident-initiating events must be

grouped by safety function or system response. This leads to a limited
number of event trees to represent all initiating events. All initiating
events in a given group would require the same set of system actions. The
groups of events can be further refined when consideration is given to
specific system responses and associated temporal considerations. Event-
tree development is very much an iterative process. The identification and
grouping of initiating events will be modified and updated as information
is refined from subsequent task elements.

O'
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Table 3-3. Summary of nonpassive IDCAs

Effective Primary system Effects on Automatic

tacA site Description break size symptoms other systems compensating action Coonents

d
FCV 74-67 If the check-valve function of 3.14 ft 1. Rapidly decreasing Rupture of RhR Reactor scram on

1

Coolant recirculation and FCV 74-68 fails, the inadvert- (24-in. diameter) reactor water low water level

RHR injectica line eat opening of FCV 74-67 ex- level

; Vessel penetrations H2F, poses low pressure RHR piping Water break 2. Rapidly decreasing

- H2G, H2H, H2J, H2K to reactor operating pressure reactor pressure
3. Drywell pressure

j unatiected

d
FCV 74-47 If FCV 74-47 and FCV 74-48 are 2.18 ft See IDCA site. See 1ACA site, Reactor seras oni'

. Coolant recirculation and inadvertently opened, low- (20-in. diameter) FCV 74-67 FCV 74-67 low water level
1

RhK return line pressure piping to expceed to"

Vessel penetrations H2F, reactor operating pressure Water break
j H2G, H2H, H2J, H2K,
i LJ H1A, H15
I I

d$ FCV 74-53 If the check-valve function of 3.14 ft See LOCA site, See thCA site, Reactor scram on

'

Coolant recirculation and FCV 74-54 f ails, the inadvert- (24-in. diameter) FCV 74-67 FCV 74-67 low water level
,

RhR injection line ont opening of FCV 74-53 ex-
poses lo. pressure piping to Water break
reactor operating pressure

.,

j 13 FCVs inad vert ent opening of any of 0.20 ft' each 1. Turbine pressure Temperature of Time sad signal of

' l-41, 1-80, 1-42, 1-30, these FCVs results in a IDCA (6-in. diameter) regulator will the suppres- . reactor scram ,

1-31, 1-34, 1-18, 1-19, that discharges primary attempt to con- ston pool undetermined -
I-22, 1-23, 1-4, 1-179, coolant into the suppression Steam break trol pressure will increase depend on number

1-5 chamber 2. Pressure and of valves opening

water level
response are
unknown-depend
on number of
valves that open

$

,

.

! ,
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Table 3-4. List of PWR potential accident-initiating eventsa

1. Loss of flow in reactor coolant system (one loop)
2. Uncontrolled rod withdrawal
3. Problems with control-rod drive mechanism and/or rod drop
4. Leakage f rom control rods
5. Le ak age in primary system
6. liigh or low precsurizer pressure
7. Pressurizer leakage
8. Pressurizer relief or safety valve opening
9. Inadvertent safety injection signal

10. Cont ainment pressure problems
11. CVCS malfunction--boron dilution
12. Pressure, temperature, power imbalance
13. Startup of inactive coolant pump
14. Total loss of flow in reactor coolant system
15. Loss or reduction in feedwater flow (one loop)
16. Total loss of feedwater flow (all loops)
17. Full or partial closure of main-steam isolation valve (MSIV) (one loop)
18. Closure of all MSIVs
19. Increase in f eedwater flow (one loop)
20. Increase in feedwater flow (all loops)
21. Feedwater flow instability--operator error
22. Feedwater flow instability--miscellaneous mechanical causes
23. Loss of condensate pumps (one loop)
24. Loss of condensate pumps (all loops)
25. Loss of condenser vacuum
26. Steam-generator leakage
27. Condenser leakage
28. Miscellaneous leakage in secondary system
29. Sudden opening of steam relief valves
30. Loss of circulating water
31. Loss of component cooling
32. Loss of service-water system
33. Turbine trip, throttle valve closure, EHC problems
34. Generator trip or generator-caused f aults

35. Loss of st ation power

36. Loss of power to necessary plant systems
37. Spurious auto trip--no transient condition

38. Auto / manual trip due to operator error
39. Manual trip due to false signals
40. Spurious t rips--cause unknown
41. Fire within plant

___

aFrom EPRI NP-801.

O
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f) aTable 3-5. List of BWR potential accident-initiating events
v

1. Electric load rejection
2. Electric load rejection with turbine bypass valve f ailure
3. Turbine trip
4. Turbine trip with turbine bypass valve f ailure
5. Main-steam isolation valve (MSIV) closure
6. In advertent closure of one MSIV
7. Partial MSIV closure
8. Loss of normal condenser vacuum
9. Pressure regulator f ails open

10. Pressure regulator f ails closed
11. Inadvertent opening of a safety / relief valve (stuck)
12. Turbine bypass f ails open
13. Turbine bypass or control valves cause increase in pressure (closed)
14. Recirculation control f ailure--increasing flow
15. Recirculation control f ailure--decreasing flow
16. Trip of one recirculation pump
17. Trip of all recirculation pumps
18. Abnormal startup of idle recirculation pump
19. Recirculation pump seizure'

20. Feedwater--increasing flow at power
21. Loss of feedwater heater
22. Loss of all feedwater flow

Os
23. Trip of one feedwater pump (or condensate pump)
24. Feedwater--low flow
25. Low feedwater flow during startup or shutdown
26. High feedwater flow during startup or shutdown
27. Rod withdrawal at power
28. High flux due to rod withdrawal at startup
29. Inadvertent insertion of control rod or rods
30. Detected fault in reactor prottetion system
31. Loss of offsite power
32. Loss of auxiliary power (loss of auxiliary transformer)
33. Inadvertent startup of HPC1/HPCS
34. Scram due to plant occurrences
35. Spurious trip via instrumentation, RPS f ault
36. Manual scram--no out-of-tolerance c 1dition
37. Cause unknown

aFrom EPRI NP-801.

|

I

/
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3.4.2.2 Master Logic Diagram

A summary fault tree, or master logic diagram (MLD), can be con-
structed to guide the effort of selecting and grouping accident-initiating
events and to assure completeness. An example of one possible master logic
diagram is shown in Figure 3-4.

The event " excessive of f site release" of radionuclides is the top
event. The events in the MLD are identified by the level they appear in
the tree, with the top being level 1. The tree has been classified into
levels as an ordering technique to assist in locating events by approach to
an offsite release. In principle, the strategy is to achieve completeness
of events by level.

" Excessive of f site release," level 1, can result from either (OR gate)
an " excessive direct release" or an excessive indirect release. Since
these and only these release paths exist at a nuclear power plant, they
constitute a level 2 of completeness. An excessive direct release, from
the spent-fuel pool and the like, is usually an insignificant contributor
to risk. An excessive indirect release would require extensive core dam-
age, reactor-coolant system pressure boundary failure, and containment
f ailure (and gate) and thus constitutes a level 3 of completeness. In
order to have these three events occur, some of the safety functions listed
in Table 3-2 would have to f ail to be maintained. Therefore, the provision
of safety functions provides a level 4 of completeness.

When the diagram has reached level 5, equipment failures or misopera-
tions that could threaten each safety function are identified. A compre-
hensive listing of such events should provide for a complete definition of
all important accident-initiating events.

The initiating events defined by the master logic diagram are already
grouped by the safety function they cost threaten. However, " safety func-
tion most threatened" is usually not sufficiently descriptive to serve
as the sole means of grouping initiators. Usually, a further breakdown
according to more specific mitigating-system requirements is necessary.
Table 3-6 is a summary listing of some of the safety functions, initiating
events, and system-response groupings derived from the master logic diagram
shown in Figure 3-4.

3.4.3 EVALUATION OF PLANT RESPONSE

Orce accident-initiating events have been identified and grouped, it
| is necesaary to determine the response of the plant to each group. Two

distinct methods for evaluating plant response are described here. One
uses a function event tree as an intermediate analytical tool for sorting
out the complex relationships between accident initiators and system re-
sponses. The other method employs a detailed event-sequence analysis to

| explicitly define the response of key plant systems.

e
1
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Table 3-6. Examples of initiating events f rom a master logic diagram

Safety function Front-line equipment
threatened Threatening effect source of threat Examples of cause of threat

Reactivity control umpid insertion of positive reactivity o Excessive group withdrawal CKDS failure
o Excessive rod withdrawal ICS imbalance on auto-to-manual switchover

Rapid insertion of positive reactivity + Control-rod ejection CRD weld failure
small loss of RCS inventory
Rapid insertion of a little negative reactivity Control-rod drop CRD power supply f ailure

Control-rod group drop
Slow insertion of negative reactivity Inadvertent boration Letdown and purification system malfunction
Slow insertion of positive reactivity Inadvertent deboration Letdown and purification system malf unction
Rapid insertion of a lot of negative reactivity Inadvertent reactor trip o Instrumentation noise

o Inadvertent or intentional manual scram
o RPS test errors
o Inadvertent fast transfer to CT1
o Xenon oscillation

RCS inventory Other
ca control Small loss of RCS inventory (nonisolatable o Small RCS pipe breaks
/, inside containment) o Inadvertent PSV opening
ss o RCS seal failure

o CRDM seal leakage
Intermediate loss of RCS inventary Medium RCS pipe breaks

(nonisolatable, inside containment)
Large loss of RCS inventory (nonisolatable, Large RCS pipe breaks Loss of seal coolleg

inside containment)
Isolatable loss of RCS inventory inside Inadvertent PORV opening

containment
Isolatable loss of RCS inventory outside o Letdown or sample-line break

containment o Letdown relief valve opening
Loss of RCS inventory and ECCS flow to core Reactor-vessel rupture Control system failure
Loss of RCS inventory to stream generator Steam generator tube leak
Decease in RCS inventory with no coolant Charging < letdown Letdown and purfication (LDPS) system

spillage malfunction
increase in RCS inventory Charging > letdown o LDPS malf unction

o inadvertent HP1 actuation

O O O
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I Table 3-6. Examples of initiating events from a master logic diagram (Continued)

Safety function- ' Front-line equipment *

threatened Threatening effect Source of threat Examples of cause of threat

; KC5 pressure control Other
increase in RCS pressure with no charge in Pressurizer heater fails on o Control system malfunction

inventory
Decrease in RCS pressure with no charge in Pressuriser heater falls on o Control system as1 function

inventory

Core-heat removal other .

RCP trip o Low-flow indication-real or spurious

Decrease in flow rate through core RCP shaft seizure / break o Inadvertent breaker opening,

.o Loss of lubricating-oil cooling
o Small leakages not resulting in inventorya

I loss

Decrease in flow rate through core; no RCP Core internals vent valve
speed change seizes open o Corrosion ,

4

Change in flow distribution; no RCP speed change Core flow blockage o Crud buildup

to Reactor-coolant- Increase in steam flow, no loss of inventory,. o Turbine control valve open o TBV power failure r

[ system heat isolatable o inadvertent opening of o homentary decrease in condenser vacuum
turbine bypass valve (TBV) o Turbine pressure failure,

u removal o ICS malfunction
;

j Large increase in steam flow, no loss of inadvertent opening of all o lacrease in electrical demand
TBVsinventory, isolatable4

t

I

b

;

,

4

6

f
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The analysts must evaluate the response of the plant to the identified
groups of initiating events. Det ailed information on plant functions,
systems, and operational schemes is required to identify expected responses
and define criteria for successfully meeting the identified challenges.
The plant-response evaluation determines the nature of the study. If

' information f rom the safety analysis report is used, its conservative bias
must be taken into account. It is important to apply the most re alis tic
information available in terms of the pressure, temperature, flow rates,'

and timing characteristics associated with systems designed to respond to
accident-initiating events. Such information can be derived from analyses
of transients by the utility or vendor-supplied thermal-hydraulics calcula-
tions that can be justified and referenced.

It should be noted that in some risk assessments a formally documented
approach to the evaluation of plant response was omitted, and system event
trees were developed directly f rom the information described in the preced-
ing sections. This usually can be done only by analysts who are very
f amiliar with plant design and responses to accident-initiating events.
Such engineering judgment is very valuable to the risk-assessment process,
but a typical PRA activity would derive greater benefit from a more
fonaally documented approach, as described in the sections that follow.

3.4.3.1 Analysis of Function Event Trees

The use of function event trees for evaluating plant response requires
the development of an event tree that orders and depicts plant s afety func-
tions according to the functional requirements for each initiator group.
The headings of the function event tree consist of statements of plant
safety functions that can be translated in terms of the systems that per-
form each function. Success criteria are then defined for each system that
perf o rms a safety function. This stepwise process provides the information
needed for preparing the more detailed system event trees that delineate
the system accident sequences.

Function event trees are developed for each initiator group because
each group generates a distinctly different plant response. The function
event tree is not an end product; it is an intermediate step that provides
a baseline of information and permits a stepwise approach to sorting out
the complex relationships between potential accident initiators and the
response of mitigating features. It is the initial step in structuring
plant responses to accident conditions in a temporal format. The top
events of function event trees are eventually decomposed into statements of
system operation or unavailability that can be quantitatively measured.

In constructing the event tree, the analys t considers the functions
required to prevent core damage, potential consequences, and safety f unc-
tion relationships to each other. For example, if the RCS inventory is not
maint ained, then RCS heat removal cannot be accomplished. This could
result in eliminating the choice for RCS heat-removal sequences where the
RCS inventory is not successfully maint ained.
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l ' Figure 3-5 shows a typical function event tree for a large LOCA. The
i

.

functions considered in developing this event tree are as follows:
,.

1. Reactor subcritical (RS): termination of the fission process.

2. Containment overpressure (COI): initial suppression of blowdown by'

!. steam condensation only. ,

I i
.-

| 3. Core cooling (ECI): initial removal of core heat by coolant-
inventory makeup only.i

4. Containment overpressure (COR): cont ainment temperature and
i pressure control by steam suppression and heat rejection. ,

;,

5. Core cooling (ECR): addition of heat rejection to coolant makeup. -

;

,

The function event tree serves as a guide for the development of~

,

) system event trees. The determination of potential core damage and/or ,

' consequences in the system trees must be consistent with the basic results
i of the function event trees. ,

Each safety function .that is identified as an event-tree heading is.,

performed by a collection of systems. Some systems may perform more than
,

i
one function or portions of several functions, depending on plant design.

i It is necessary to determine which systems are required to successfully
perform each safety function to establish the headings of the system eventi

i tree. Table 3-7 is an example of documentation for function success cri-
teria, in terms of mitigating systems, for a large LOCA.

.

I Some functions will be performed by dif ferent systems, depending on |
the nature of the accide'nt. Information about the level of detail to which |
the systems are specified is fed iteratively -back' into the classification v

of accidents. For example, the safety function of reactor-coolant inven- [,

tory control may require only high pressure coolant-injection systems for a i

small LOCA and only low pressure coolant-injection systems for a large t

LOCA.

1

| .The definition of functional success in terms of systems will include i

primarily the engineered safety features of the plant. - However, other sys- ,.

tems may also provide necessary or backup mitigating actions. For example, [
the power-conversion system could contribute to the RCS heat-removal func-

'~

,

| tion for transients and very small LOCAs and therefore would be included j

| umong 'the systems that perform this safety function. !

Support systems, such as component-cooling water and electric power, .

j do not directly perform the required safety functions. However, it is j

necessary to treat these systems in the ' systems analysis. ~These supporting ;'

i systems could significantly contribute to the unavailability lof a system or ,

group of ' systems that perform safety functions. Therefore, it is also i
necessary to define the support systems 'for each front-line system. These {
supporting systems can then be treated as part of 'the systems-analysis !

4 activity.
I >

,,/

!

' ,
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P pe Reac tor Containment Core Containment Corei

bre ak su bc. . tic al overpressurizat:on cooling overpressurization cooling Sequence
(PB) (RS) (Col) (ECf! (COR) (ECR) No

1

2

3

4

5

6

7

O-

9

10

" RS COI ECl COR ECR Remarkso,

1 Core cooled
2 f Sloa melt
3 f Core cooled
4 f f Slow melt
5 f NA NA Meft
6 f NA Core cocied
7 f NA f Slow melt
8 f f NA NA Melt
9 f NA NA NA Melt

10 t f NA NA NA Melt

f = function failure; N A = not applicable.

Figure 3-5. Example of a functional event tree for a large-break lossefa:oolant accident.

O
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( Table 3-7. Mitigating systems for a large-break LOCAa,b
1~

!
Coolant injection Coolant recirculation |

3 Break type Contair---t Containment |
| and sAze . Reactor subcritical overpre - t Core cooling overpressure Core cooling

|
i Bb K IDCATION: SUCTION t

| Idacer, O 3 to No more than 30 rods Adequate suppuession- 2 of 2 core-spray 1 of 2 CADS trains 2 of 4 RHR pumps with (y
j 4.3 ft scattered throughout pool level and no loops and 2 of associated heat j

! the core not fully bypass leakage from 4 LPCI pumpe exchangers |

|
inserted drywell to wetwell i

OR
OR

1 of 4 LPCI 6

'

No more than 5 adja- pumps
cent rods not fully
inserted OR

I of 2 core-spray
3
' loops and 2 of

} 4 LPCI pumps
( w (one LPCI pump

t

j [ per injection

.e loop).

!

| BREAK LOCATION: DISCHARGE

2 core-spray loops

.
OR

l

j 1 of 2 core-spray !
I loops and 1 of
I 4 LPCI pumps !
l

! scean, 1 4 to 2 of 2 core-spray
'

34.1 ft loops;

i
OR;

j 4 of 4 LPCI pumps i

!

i i
A

1

i

i

.

i
1

_- ._ . . . -

.. ..
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Table 3-7. Mitigating systeras for a large-break LOCAa,b (Continued)

Coolant inj ec t ion Coolant recirculationBreak type Containment Containment
and size Reactor subcritical overpressure Core cooling overpressure Core cooling

OR

1 of 2 core-spray
loops and I of 4
LPCI pumps

aAcronyms: IECI, low pressure coolant injection system; kliR, residual heat removal system; CADS, containment atmosphere
dilution system,

bCore-spray loop is defined as rated two pump flow from that loop.
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Specific success criteria for each system that performs support or
(~~s) safety functions must be established. Although the success criteria for
^~/ each system include a performance definition (e.g. , flow rate, response

time, trip limits), they must also be stated in discrete hardware terms,
such as the number of required pumps, flow paths, instrument trains, or
power buses. This hardware definition will support the f ault-tree analysis
of systems and the construction of the system event trees. The system-
success criteria should also, as appropriate, address the required joint
operation of systems. For example, for some initiating events at a BWR,
low pressure makeup systems can be used only in conjunction with depres-
surization systems.

Definitions of joint operation will assist in eliminating meaningless
sequences. Timing definitions will help determine the order of the head-
ings. The required complement of equipment for each system will identify
when the f ailure of one mode of system operation may not result in the
f ailure of a subsequent operational mode. This system success information
along with the functional relationships will determine which sequences are
to te included in the system event tree.

3.4.3.2 Event-Sequence Analysis

Event-sequence analysis is another method used to identify the complex
,-_s relationships between accident-initiating events and detailed system
/ ) responses. Event-sequence diagrams (ESDs) are developed for each group of
\s_ ,/ initiating events. The ESD is an analytical tool intended to f acilitate

the collection and display of information required for developing system
event trees. Its objective is to illustrate all possible success paths
f rom a particular accident-initiating event to a safe-shutdown condition.
The ESDs tend to include a significant amount of design and operational
information relative to the potential success paths. Their construction is
an iterative process gaining input f rom various PRA team members, particu-
larly those with transient analysis, operational, and simulator experience.

One useful aspect of the ESD is its capability to document the assump-
tions used in an event-tree analysis. The ESD can be very detailed, ex-
plicitly showing all the sequence options considered by the analyst. When
simplifying assumptions are made in the event trees to f acilitate quantifi-
cation and more tractable logic, the ESD can be referenced to display why
such assumptions are believed to be bounding (conservative) or probabilis-
tically justified.

In accomplishing a safety function, the ef fectiveness of a particular
.

success path noted on an ESD depends in general on what systems are oper-
able in the plant and on whether or not the process variables are within
the design range of the particular system or subsystem. The method of
accomplishing a safety function depends on the plant state at the time of
an event, as affected by the event, the operator, and system actions,

f'~'g Figure 3-6 shows a portion of one type of ESD. Each block represents

'' '! a system performing a mitigating action, as indicated by the description oni
the right. Each action is initiated by the signals shown in the circles

3-31
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[ % coming into the block from the left. Manual actuation of the system is
\s_,/ indicated by the "M" in the bottom of the action block. Blocks without an

"M" indicate automatic actuation. All actions appear in approximate
temporal order.

|

The line that branches off from the heavy line above each block in
Figure 3-6 indicates an alternative success path given that the expected
mitigating action has f ailed or has f ailed to be performed. As many pos-
sible alternative success paths as are available are shown to the right of
each expected action. After the various alternatives (usually safety and
nonsafety actions within the normal design bases) are tried and none suc-
ceed, then an oval is used to indicate special conditions like "f ailure to
scram" or " excessive cooldown." The systems required to mitigate these
special conditions are shown on another page of the ESD, as indicated by
the transfer symbol on the oval.

In addition to documenting the agreement on the expected plant re-
sponse to each initiating event, event-sequence analysis delineates,

required operator / system interactions for the human-f actors evaluation.
The ESDs also help disseminate information to all project particip ants
about how the plant has been assumed to respond to initiating events and
helps in coordinating the accident-sequence development process by docu-
menting for the systems an alys t those systems included in the system event
trees that must be further analyzed.

m

3.4.4 DELINEATION OF ACCIDENT SEQUENCES

The accident sequences associated with each initiating event can be
fully delineated on a clear understanding and evaluation of the plant
response to each type of initiating event. This delineation of sequences
is accomplished by developing detailed system event trees. Two general
methods for developing system event trees are described in this section.

3.4.4.1 System Event Trees Developed from Function Event Trees

The number of system event trees that must be evaluated is determined
by another classification of potentied accidents, based on unique groups of
systems that can perform the required safety functions. Each unique set of
required systems is evaluated by means of a system event tree.

r

The classification of accidents by safety function is the starting
point for classification by mitigating system. However, because of the

' f actors listed below, classification by system usually produces more
accident classes than does classification by safety function.- The factors
responsible for this are the following:

1. Design capability of systems. Although the same set of safety
functions must be performed for two sets of initiating events,
different systems may be employed to perform the same functions_
because of the nature of the initiating event. For example, a
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distinction will be made between LOCAs if they require a different |
complement of systems for RCS inventory control.

2. Interactions between initiating events and systems. Some initiat-
ing events will af fect either the function or the availability of

,

potential mitigating systems. Therefore, the set of systems |

available for mitigating these events will differ from that avail-
able for initiators that are not involved in such interactions. A

most obvious example of this is the following situation, which can
occur at many plants: a loss of offsite power makes the power-
conversion system unavailable for RCS heat removal. In addition,

this loss-of power initiator affects the availability of the
remaining systems because emergency power becomes the only source
of electric power for the mitigating systems.

The system event trees will use the information on the effects of loss
of various safety functions identified in the function event trees.
However, it is likely that the sequences on the system event trees will
dif fer somewhat from the function event trees. This is due to the fact
that in some cases system f aults may f ail multiple functions or system
operation may be of interest because of its impact on consequences.

Each system event tree will have a specific system or group of systems
as the heading. The exact order of the headings is not crucial to the
analytical results, but can be very important to the ef ficiency and brevity
of the analysis. The number of sequences can be reduced by a judicious
selection of the order of the headings. Three f actors will assist in the
initial ordering of the headings: temporal, functional, and hardware rela-
tionships. However, only performing the event-tree analysis can determine
the "best" order. Temporal considerations are a good starting point for
ordering the headings. This involves placing the systems on the event tree
in the order in which they are expected to respond to an accident; thus,
systems responding immediately (e.g. , reactor protection system) are placed

| first, and those responding later are listed in order of response (e.g. ,

I high pressure injection then high pressure recirculation). However, timing

| alone is not a sufficient consideration.

|
Functional and hardware relationships between systems should also be

,

considered in selecting the order of event-tree headings. Systems thatI

depend on the operation of other systems to perform their function should
be listed af ter the other systems. For example, the decay-hcat removal
system may require successful containment spray and thus may be listed
af ter containment spray on the event tree. Hardware dependencies also may
determine order, such as in the case of a system with multiple modes of
operation. Since the f ailure of one mode may imply the f ailure of other
modes, subsequent dependent modes should be listed later.

The event-tree analysis proceeds by postulating the success or f ailure
of each system in the context of all the boundary conditions established by
the previous system states. Only those unique combinations of success and
f ailure states that have physical meaning are included in the event tree.
This understanding of the implications of each event-tree sequence comes
from the previous steps of the event-tree-development process. For each
potential system success or f ailure state in the event tree, a decision is
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.

,

( (/''h) next point. Only the system success or f ailure states that may affect the
made to postulate both states or to eliminate the choice and proceed to the

:
_ outcome of the accident sequence or subsequent system operation and physi-

cal reality are explicitly shown on the event tree.

Success /f ailure choices in the event tree can be eliminated if all of j
'

the following questions can be answered in the negative:

l. Does the success or f ailure of the system affect the outcome
(e.g. , plant-damage s t ate, radionuclide release, cont ainment
response)?

2. Does the operation of this system contribute to a safety function
in this context?

3. Does the operation of this system at this point affect. the need
for, or the operation of, other systems?

If any of the respoases are positive, the particular system success or
f ailure state should be explicitly included in the event tree. It is
impor t ant to examine each of these questions in the context of each poten-
tial accident sequence because the importance or physical impact of a sys-
tem success or f ailure can change, depending on the states of other
systems.

Figure 3-7 shows the development of the system event tree for a

) large-LOCA initiating event.
/

The sample system event in Figure 3-7 indicates the relationship
between the functional evaluation of plant response and associated sys-
tems. Each event-tree heading represents specific system-success criteria
as described in Section 3.4.3.1. The system-success criteria for each
complement of equipment will be translated into specific f ailure criteria
(described in Section 3.4.5) to f acilitate the detailed system evaluations
or assignment of f ailure data to allow the eventual quantification of the
system accident sequences.

3.4.4.2 System Event Trees Developed f rom Event-Sequence Diagt ams

After extensive review, by operational and administrative personnel,
the actions noted on the ESDs are grouped to define event-tree headings.
The headings are selected for the following reasons:

~1. To show what safety function or system f ailures will produce each
plant-damage state.

2. To display important dependencies.

3. To group plant systems to f acilitate the calculation of accident- I

( sequence frequencies.
s_ --

,

|

l

l

|

3-35
'

- _ . _ _ - - --



Ek x x x x% x x% x x% 1 7% x% y%x X

OCk x xx% xx% y x % % % % % % % % A" % A" % YA

E$ V X x x x x

C$ xxXxxxxx xX x
4$ xx

R . g .

4 26 s R C.R a e e

E aR H RnR 6eRHHG CE7EG A F4F .cRDH6k6 6EhFaH F5hF% ECCb6aFhh6a6B04H s 0
4s 66as x& FGRhEF e eC CC C CCC xFe aIt

xiwe ee a aLi s6e
e ee L 2 a ie eeeLLLb LLL 5 2 r L L ir x s 6 ea LLL r i i et aL eL L L L(t sr i ik LbLr 2 r rLLtt L LL l

-2.

I1n4 5b7 69 0l 2qo. i254567s9ii1oi2>M5bl ne9 ot2 2 221 22 3a3M
i 1 i1

S

R
R. nRc eE

,' .' ,' ,' ,' ,' i' ,' .' ,' .' ,'

sn A.p
Ho a C

c c O
L
e
g
r
aI. l

c c ae& rL o
4 f

e
ey r

, t
p t

i6 n
e

c6 vp e

O
r

mt I' I,

e
r t

a s
y

s SI ac a

E r 7.cG
-o 3t
e
rr uoo ig

t s F
Fs

e
i

ss~o
o At Fs
c~
2

l
o 6CYc

1'

P

c. &
R$

R
-

A
c g

6 a
7 o. L

L

O
YM

|!l.



_

(
^

! ,G In deciding how to group the ESD actions into event-tree headings, the ,

'

( following guidelines are applied:

| 1. Use a minimum number of event-tree headings consistent with the
'

reasons for choosing the headings as described above.

2. If an event-tree heading affects only one other heading, roll them
together into a single heading. < ~

i

3. Have only one f ailure effect come f rom each event-tree heading.

4. If an event-tree heading significantly affects the boundary condi-

tions on two other headings, keep it, separate.
~

'Figure 3-8 shows an example of the ESD actions grouped for a typical
"f ailure to trip the reactor" event-tree heading (RT). Failure to trip the
reactor is usually a heading because it drastically changes the boundary -

conditions on at le as t two other subsequent headings (see item 4 above). -
,

As an example of the f ailure of one heading leading to a change, .in
boundary conditions, consider the following case. A transient leads to
turbine trip followed by reactor trip and to an increase in RCS pressurd.

The opening of the pilot-operated ' relief yalve (PORV) provides sufficient '
relief capacity to arrest the pressure increase. Thus the boundary condi-
tions on an RCS relief heading would be such that any RCS relief valve --

p opening would be enough. If, however, the reactor f ails to trip af ter the

D) turbine trips, then one PORV opening will not be enough anymore, the(

boundary conditions on the RCS relief heading have changed, and now two outi

of three or three out of three relief valves might be required to o[ien.

The actions shown in Figure 3-8 could be arranged into three top
events consistent with the three types of f allures shown by- the dotted
circles: f ailure to generate a reactor-trip signal (RTF-I), f ailure to -
interrupt power to the rods (RTF-II), -and f ailure to insert the rods (iiTF-
III). Although it will usual.ly not be necessary to do so, all three have,
at different times in the past, been treated as separate headings.

For instance, it would be-impo'rtant to show the impact of reactor
protection system f ailure (f ailure to generate a reactor-trip' signal) if
th at f ailure changes the boundary conditions on more than one-other system
heading. Such a case would arise if the reactor-trip signal is used as the
predominant input to actuate some other important system. In this case,
RTF-I should be kept as a separate heading. ,

If there is not much time for operator action and the interruption of
power to the rods on loss of onsite power will significantly increase the
likelihood that the rods get inserted, then RTF-II should be a separate'
heading. The process illustrated in Figure 3-8 for reactor-trip f ailure is
then repeated for all actions in the ESD.

,

Usually the event-tree headings will be single systems or parts of

f systems, either front-line or supporting, as this allows ,th'e effect of the
i / f ailure of each system to be more clearly defined. Sometimes, in an effortr

'' to simplify the tree, the heading may 'be "too much" or ;"too little" of a
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/' s afety function (e.g. , excessive RCS heat removal). The reason fcr having
( ,}/ more than one system included in a heading is to minimize the number of

, event-tree branch points from which both branches lead to the same plant-
d amage state. This would help minimize the number of branches in the event
tree. Minimizing the number of branches in the event tree will, in
general, clarify the message to be transmitted by the tree.

Since the ESD has been used, before the development of the event tree,
to trace out each sequence on a systems level, the event tree does not have
to be used for this purpose. Most of the f ailures that are important to
core damage have already been identified on the ESD, and the import ant ones
can be summarized on the event tree.

Figure 3-9 is an example of an event tree that was derived f rom an ESD
in the manner discussed above. The systems included in each event-tree
heading will be indicated by free-form circles on the ESD as is RT on
Figure 3-8. Numbers like RO-1 are used on the event tree to indicate head-
ing R0 (relief valves open), boundary condition No. 1.

there are some otherIn addition to its being derived from an ESD, .
interesting points in the event tree. Some speciff e points to be noted on
Figure 3-9 include the following:

1. The nominal (or expected) plant performance is shown at the top of
the tree as a straight lina. Each sequence, as it becomes more

(g complicated, drops toward the bottom of the drawing. If no
i failures occur, the sequence line remains straight.f,d

2. The reasons for the line not branching are explained at each point
where it could. For inst ance, if a line does not branch because
the system is not called on to operate, then the letters "NN"
(system is not necessary) appear.

3. The different boundary conditions at each branch point are indi-
cated explicitly.

4. Only the branches that are of interest are shown; others are just
indicated by a dot ( o"). Branches are added to (or removed from)
the tree as the dominance (in terms of frequency and damage) of
each sequence becomes known.

i The structure of this . tree is unrelated to the f act that it was
derived from an ESD, except for the fact that the names on the sequences,
such as " reactor trip f ailure," correspond to the ovals on the ESD.

'

3.4.5 DEFINITION OF SYSTEM-FAILUKE CRITERIA

Each heading in the system event trees must eventually be quantified. ,

In many cases, detailed system models must be developed to determine thep~s
j } likelihood of system failure. To support the detailed system modeling,

( ,j/ each event-tree heading that is to be further developed must be translated
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( ) f rom the system-success criteria previously developed (Section 3.4.3.1) to
\s / a statement defining the criteria for systen f ailure.

The systeQ model for each event-tree heading requires an exact defini-
tion of a f ailure criterion for the model. Failure criteria are based on
the success criteria previously defined for each event-tree heading. In.

this context, failure and success criteria are not the exact opposites of
each other, because previous f ailures in the accident sequence may dictate
that either some part of the system is already unavailable or that dif-
ferent system components must operate. Each system-f ailure criterion is
defined as part of an event-tree sequence, consisting of the previous suc-
cesses or f ailures of other systems, th at leads to the definition of
boundary conditions on the system's operation. Sometimes these boundary
conditions af fect the fault-tree top event and thus the f ault-tree logic.
Therefore, dif ferent system-f ailure criteria may have to be identified for
each event-tree heading under each boundary condition on the system (s) in
that heading.

The system-success criteria are based on combined neutronics and
thermal-hydraulics calculation of the performance of the RCS and secondary
systems. Such calculations are made to determine how much flow, for
instance, a high pressure injection (HPI) system must deliver in order to'

prevent core uncovering for a particular accident sequence. Having this
amount of flow or more becomes the success criterion for the HPI in this
particular scenario.

,_

) For different sequences there might be either more flow required to
,

keep the core from uncovering or one HPI pump might not be available
,

because of the f ailure of a diesel to start. In either of these two cases,
the definition of the f ailure criterion will change.

Given the multitude of saquences that are considered during a PRA, it
is clear that thermal-hydraulics calculations could not be made to deter-
mine the success criteria for every sequence. Therefore, data on success
(and f ailure) criteria are gleaned from all available sources.

The best sources are those thermal-hydraulics analyses that have been
done under realistic assumptions about system performance and ~are as close
as possible to the sequence being considered. In the absence of the ideal,

either FSAR analyses (from Chapter 6 or 15) or FSAR success criteria are
used. For some sequences, these generally conservative success criteria
are not bad estimates; for others they can mislead by introducing physi-
cally unrealistic assumptions. Such unreclistic assumptions must be
treated very carefully so that they do not eventually carry the whole
sequence in an unrealistic nonconservative direction.

In the absence of extensive or specific thermal-hydraulics analyses in
|

| the FSAR, other sources should be used. One such alternative source is the
I work done on special issues, such as anticipated transients without scram

or excessive cooldown (vessel beltline fracture), or for emergency proce-

fS dure guidelines in response to the accident at Three Mile Island. Another
; ) alternative source is the experience of people who have done extensive
\s_ / the rmal-hyd raulics analyses or who have operated plants through numerous
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accident sequences. Data from this second source must be caref ully
documented in order to help ensure that the judgments are supportable.

It is important to clearly understand the relationship of the systems
denoted in the event-tree headinga and their supporting systems. Each
f ront-line system should be reviewed in context with its identified f ailure

criteria to determine the required supporting elements.

System event trees can generally accommodate the supporting system in
two different ways. One way is to define event-tree headings that are more
composite in nature and to determine the impact of supporting-system
failures through the system-modeling process. The other way is to define
more discrete event-tree headings wherein the supporting systems are broken
out and included in the event tree itself.

3.5 SYSTEM MODELING

A general objective of risk assessment is to determine the suscepti-
bility of a system or of groups of systems to conditions of design, opera-
tion, test, and maintenance that could lead to failure. This objective can
be realized through system modeling, for which a variety of analytical
techniques can be used. To be of greatest value to the overall PRA proc-
ess, however, the techniques used in system modeling should exhibit the
following characteristics:

1. The technique should be capable of predicting the unavailability
associated with complex systems in a manner that can be employed
by a variety of practitioners.

2. The technique should be proceduralized to the extent that it can
be used for a wide variety of systems in a manner that is tract-
able, repeatable, and verifiable.

3. The technique provides reasonable assurance of completeness.

4. The technique should enhance understanding, communication, and the
use of results.

5. The technique should produce a model that promotes understanding
of the principal ways in which the system can fail and the ways in
which f ailure events can be prevented or their impact reduced.

Although no single technique completely satisfies all of these gen-
eralized criteria, fault-tree analysis is one of the best available ana-
lytical tools for understanding how a system works and might fail. Because
of its extensive use in the aerospace industry over the past 20 years and
the more recent applications in the nuclear industry, the fault tree has
become an important analytical approach for determining critical system-
fault paths and is also often used to determine the associated unavail-
abilities.
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['~'} Other analytical tools, such as failure modes and ef fects analyses
\ / (FMEAs) and reliability block diagrams, can be used in conjunction with the
*~"' fault tree to support the overall system-modeling process. The following

discussion of system modeling points out how they can be employed to the
best analytical advantage, and a more detailed discussion is given in
Section 3.6.

A fundamental objective of any f ault-tree process is to find the f ault
event combination with the highest probability of occurrence. This is
usually done by finding the smallest combination of fault events that, if
they all occur, will cause a selected undesired state or event to occur.
This undesired event is described as the top event in the f ault tree. The
combinations of fault events are the minimal cut sets. It is these minimal

cut sets, represented as Boolean equations, that form the bases for the
evaluation of all plant and system models. The type of fault-tree model
and the manner in which its minimal cut sets are evaluated may vary with
the objectives of the study approach and the options of the PRA team.

Depending on the objectives of the study, it may be of interest to
obtain a measure of safety for each individual system. In this case

detailed system models are developed and evaluated individually. Minimal
cut sets can be qualitatively determined and their relatit - importance
identified. The system models may also be evaluated quantitatively to
determine the probabilities of minimal cut sets and system failure. Sensi-
tivity evaluations can also be performed to determine the impact of

~'s changes in the models as a function of the input data. The system models

\~ -)
may thus be used to gauge the value of design or procedural improvements ong

system reliability. Another manner of system model development is to
develop more concise system models and evaluate them only to the extent
their constituent fault events contribute to specific accident sequences.
In this approach, which depends on the preference of the analyst and the
availability of particular computer programs, numerical estimates of system
availability are not calculated; only numerical estimates of the probabil-
ity of significant cut sets that contribute to certain specific accident
sequences are retained.

Different event-tree modeling approaches imply variations in the com-

plexity of the system models that may be required. If only f ront-line

systems or combinations of systems are included as event-tree headings, the
fault trees are more complex and must accommodate all dependencies between
front-line and support systems within the fault tree. If the support
systems are explicitly included as event-tree headings, more complex event
trees and less complex fault trees result.

The level of the PRA determines some of the factors that must be ac-
counted for in the system models. If the effects of external events are
included, some of the effects are location dependent. Information on the

elevation of a component, proximity to specific systems or components, or
room location within the plant is typical of the information needed for
system modeling if floods, fires, earthquakes, or similar external hazards
are to be properly addressed. Decisions also are required as to the level

/'~'' of detail and the type of components to be included in the trees. Nor-

( mally, passive failures of piping segments are omitted or lumped together.,
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If the system models are to be used in an evaluation of seismic ef fects,
piping segments and information on their location would be included.

Figure 3-10 illustraces a generalized process for using the fault tree
as the primary system-modeling tool. A significant amount of system-
related information is generated during the plant familiarization process.
Preliminary function and system analyses will have been performed, and a
basic documentation of individual system descriptions will have been pre-
pared. This information, along with specific system-failure criteria
developed fur each of the event-tree headings (Section 3.4.5), f o rms the
basis for the system modeling. The initial step is the definition of the
top events for each fault tree; these must be consistent with the appro-
priate event-tree headings. When the top event has been clearly defined,
the groundrules for the analysis must be clearly specified. The system
undar analysis must be clearly defined and its boundaries and interfaces
identified. The constraints and assumptions associated with the analysis
must be understood and incorporated into the model. When this preliminary
analytical work has been completed, a focused and concise system model can
be developed, commensurate with the study approach. After this system
model has been developed, it must be evaluated, documented, and integrated
into the overall assessment activity. The desired product of the system-
modeling task is a f aithful representation of the system and its opera-
tional characteristics in a format allowing effective and efficient
evaluation. The evaluation of the models is described in Chapter 6,
" Accident-Sequence Quantificat ion."

O
3.5.1 DEFINITION OF FAULT-TREE TOP EVENTS

The fault-tree top event is defined after the analyst is thoroughly
familiar with the system of interest, its relationship to specific safety
functions, and the context in which the system is included in the anal-
ysis. Success and f ailure criteria are identified for each event-tree
heading during the event-tree development. This information is required to
define the specific system-failure modes to be deductively modeled with the
fault tree.

Information from the event-sequence diagrams, if that approach is
chosen, can also be used to help define the top event. A2ter going through
the ESD and grouping all actions into one event-tree top event or anotl.er,
the actions can be translated into system model logic, as shown in Figure
3-11. In this case a fault-type model is used to depict the system logic.
The systems analyst will probably not use this logic in exactly the form
shown, but it will allow him to know exactly what front-line systems are to
be contained in his f ault tree and to know explicitly the f ailure criteria
for each system or group of systems.

Each system logic model is developed for a failure state postulated
for the system. The top event must specifically define that failure state
and when it occurs. Each system failure is postulated as part of an
event-tree sequence consisting of the success or failure states of other
systems. Each fault-tree top event should be defined in accordance with
the boundary conditions imposed by each event-tree sequence. The boundary
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[ ') conditions include the status of other systems or functions that could af-
\s_s/ fect the system of interest, operating-equipment f ailure that constitutes a

loss of system function, the operating mode of the system, the time frame
of the f ailure, and any other conditions that might affect the development
of the fault tree. The rationale associated with the selection of each
boundary condition should be well documented, along with all basic consid-

|
erations and assumptions about system performance and timing constraints.

3.5.2 SPECIFICATION OF ANALYSIS GROUNDRULES

Each systems analysis will proceed according to certain groundrules or
constraints. Some are imposed directly by the design or operational condi-
tions attendant on the definition of the fault-tree top event; others are

imposed by the limitations of the analytical process itself. All analysis
groundrules that have a bearing on the completed system model must be
clearly understood, inc irporated into the model, and appropriately
documented.

In the performance of a risk assessment, the systems to be analyzed
are essentially defined at two levels. The first level of definition is a
functional one; it is directly related to the function the system must
perform to successfully respond to an accident condition or a transient.

,

This definition helps provide insight into the overall role of the syctem'

relative to a particular accident sequence. The second level of definition
f'~')s( is physical; it identifies the hardware required for the system to func-

tion. This hardware definition is normally included in the statement of
the top event of the fault tree and describes the minimum acceptable opera- !

bility state of the system. This definition provides the analytical
boundaries for the various system analyses. It is important to identify

and fully document the boundaries of each system. These boundaries may be
different from the traditional system boundaries that are identified in

system or plant descriptive information.

All supporting system interfaces with the front-line system must be
accounted for, and included in, the analysis. Certain system interfaces
may be quite complex (i.e., instrumentation and control) and require a ;

!specific definition of the system boundaries considered in a particular
analysis. Some components may be identified as being within the boundaries
of more then one system.

,

Experience has shown that those points of interf ace between a front-
line system and its supporting systems may be most important to the system
evaluation. In that regard a more formal search and documentation of all
elements that depend on input f rom another source beyond the identified
system boundary may be appropriate. The procedure used in the IREP evalua-
tions included search and evaluation of potential supporting-system fail-

'

,

ures that could affect the operation of front-line systems. This search
and evaluation procedure resembled a f ailure modes and ef fects analysis

gs (FMEA), which is more fully described in Section 3.6. An example of the

[ l format used is shown in Table 3-8. The level of detail shown in the FMEA .

\s_ / example may not be necessary for all evaluations. However, the concept is
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Table 3-8. Example of system-interaction FMEA

Front-line system Support system
System Div. Comp. System Div. Component Failure mode Fault effect Detection Diagnostics Comments

AFWS A MDP-1A AC power A Breaker A1131 Fail open Concurrent failure At pump test Pump operability Treat as part of
B MDP-15 AC power B Breaker A1132 Fail open to start or run only local pump failure

(CFSR)
AFWS A MDP-1A AC power A Bus Ell 1. Zero voltage CFSR Prompt CR monitor ESC Partial ? allure

B MDP-1B AC power B Bus F12 2. Low voltage Possible motor Prompt E/F 11 voltage noted fur future
burnout alarmed reierence

AFWS A MDP-1A HVAC A Rx cooler 3A No heat removal Pump-motor burnout Shift walk- No warning for AC and SWS support
B MDP-1B HVAC B Rx cooler 3B No heat removal in 3-10 contin- around local faults systems of HVAC

uous serviceY monitored but not
hours (CSH) HX$ AFWS A MDP-1 A ESWS A Oil cooler S31 Loss of service- Pump-burnout in At pump test Local lube-oil ESWS header and pumps

B MDP-1B ESWS B Oil cooler S32 water flow 1-3 csp temperature monitored but not
gauge, none lube-oil coolers;
in CR local manual valve

alignment checked
in maintenance pro-
cedure xx but not
in periodic walk-
around

AFWS A MDP-1A DC power A Bus A131 Low or zero Precludes auto or Prompt CR monitor XXX DC Effect of DC power
voltage manual start, no bus voltage-- loss on AC not

B MDP-1B DC power B Bus B132 Lov or zero local effect on many lamps out evaluated here,
voltage already running in CR local motor con-

pump troller latches on,
needs DC to trip
or close

e O O
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i

e-- important in that all areas of interface and support required for system. j
(

operation are thoroughly defined and evaluated.

Although the systems analyst must make every effort to obtain and
fully use all available system information in the course of the systems
modeling, inevitably a number of assumptions must be made regarding the

1 details of system operation, capacities, and credible failure mechanisms.
Attempts should be made to verify the accuracy of any assumptions made'

during the analysis, and the supporting rationale should be documented.

It is extremely important that any assumptions made in the course of
the analysis be fully described and documented. In nn effort to preserve

traceability, even the assumptions that are obvious to the analyst should
be explicitly stated.

r

3.5.3 DEVELOPMENT OF SYSTEM FAULT TREES
:

} Actual development of the system logic model commences after the
i analyst has gained a thorough understanding of the system under considera-

tion, especially about its integration into the overall accident-sequence.

definition process. The analytical groundrules (i.e., interfaces, assump-'

tions, etc.) described in the introduction to Section 3.5 will guide the
detailed development of the fault-tree model.

'' The basic concepts of fault-tree construccion and analysis are well
documented and need not be treated here in detail. The Fault Tree Hand-'

book (NRC, 1980) is the latest and most comprehensive treatment of . the
subj ect. Fault Trees for Decision Making in Systems Analysis (UCRL) is

,

also a good ref erence document. The remainder of this section briefly
I describes the elements of a fault-tree- model and presents considerations

i that have been shown to be important to the modeling of nuclear plant

| systems.

3.5.3.1 Elements of the Fault-Tree Model

In f ault-tree analysis an undesired state of a system is specified and
the system is then analyzed in the context of' its environment and operation
to find all of the' credible ways in which the undesired event can occur.
The fault tree itself is a graphic model of the various parallel and se-
quential combinations of faults that will result in the top event. The'

f ault-tree approach -is a deductive process, whereby the top event is postu-
{ lated and the possible means for that event to occur are systematically

deduced. A fault tree does not contain all possible component-failure
modes or all possible fault events that could cause system' failure. A
fault tree is tailored to its top event, which corresponds to a specific

system-f ailure mode and associated timing constraints. Hence, the fault
tree includes only the fault events and logical interrelationships that

f g contribute to.the-top event. The postulated fault events that appear onr~s

(d) the fault - tree may not be exhaustive. They can include only the events
considered to be significant, as determined by the analyst. It should be'
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noted that the choice of fault events to be included is not arbitrary, but
guided by detailed f ault-tree procedures, syste7 design and operation
information, operating histories, input from plant personnel, the level of
detail at which basic data are available and the experience of the analyst.

It should also be understood that the fault tree is not itself a quan-
titative model. Although it lends itself to quantification through the
Boolean representation of its minimal cut sets, the f ault tree itself is a
qualitative characterization of system fault logic.

Figure 3-12 illustrates a typical fault tree. Figure 3-13 shows and
explains commonly used f ault-tree symbols.

In postulating a fault or failure for inclusion in a fault tree, it
must be remembered that the proper definition of these events includes a
specification not only of the undesirable ccmponent state but also the time
it occurs. It is very important that the time be kept in mind in postulat-
ing the top event and incorporated into the analyst's thought processes
when all subsequent fault eventt. It is further useful to make a distine-
tion between the specific term 'f ailure" and the more general term "f ault. "
This distinction can best be made through an example. If a relay closes
properly when a voltage is passed across its terminals, the relay is in a
state of success. If, however, the relay fails to close under these circum-
stances, it is in a relay state of failure. Another possibility is that
the relay closes at the wrong time because of the improper functioning of
some upstream component. This does not constitute a relay f ailure; how-
ever, untimely relay operation may well cause the entire circuit to enter
an unsatisf actory state. Such an occurrence is called a "f ault." It can
thus be said that , in general terms, all failures are faults, but not all
f aults are f ailures. Failures are basic abnormal occurrences, whereas
faults can be described as * higher order" events.

Each fault event that appears in a fault tree contains a reference to
the particular "f ailure mode" associated with that event. It is important
to differentiate between the terms "f ailure mode," "f ailure mechanism," and
"f ailure ef f ect." When speaking of "f ailure ef fects," the only concern is
with why the failure is of interest; that is , what are the effects of the
failure, if any, on the system? In contrast, a " failure mode" specifies
exactly which aspects of component failure are of concern. A " failure

mechanism" is a statement of how a particular f ailure eode can occur and,
perhaps, whtt the corresponding likelihoods of occurrence might be. In

this fashion, f ailure mechanisms produce f ailure modes, which, in turn,
result in certain failure effects on system operation. Each fault event
should be carrielly stated to ensure that it uniquely describes the condi-
tion of interest and that it is directly related to the numerical data
base.

3.5.3.2 Component-Failure Characteristics

A key element of systems analysis is the identification of hardware-
related fault events that can contribute to the top event. To allow for a
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The basic event. The circle describes a basic initiating fault event that requires
no further development. The circle thus signifies that the appropriate limit of
resolution has been reached.

The undeveloped event. The diamond describes a specific fault event that is not
Jurther developed, either because the event is of insufficient consequence or be-
cause relevant information is not available.

The conditioning event. The ellipse is used to record any conditions or re-
strictions that apply to any logic gate. This symbol is used primarily with the
INHIBIT and PRIORITY AND gates.

A The external event or house. The house is used to signify an event that is nor-
mally expected to occur, such as a phase change in a dynamic system. Thus,
the house represents events that are not in themselves faults. This event acts as a
switch by being set to 0 or 1 to reflect boundary conditions.

/ntermediate event. An intermediate event is a fault event that occurs because
of one or more antecedent causes acting through logic gates. It is sometimes
referred to as a description box.

OR pare. The OR gate is used to show that the output event occurs if and only
if one or more of the input events occur. There may be any number of inputs to

A an OR gate.

O AND gate. The AND gate is used to show that the output event occurs if and
only if all of the input events occur. There may be any number of inputs to an
AND gate.

/NH/ BIT pate. The INHIBIT-gate is a special type of AND gate. The output of
this gate is caused by a sing!e input, but some qualifying condition must be satis-
fied before the input can produce the output. The condition that must exist is
the conditional input.

EXCLUS/VE OR gate. The EXCLUSIVE OR gate is a special type of OR gate in
which the output occurs only if exactly one of the inputs occurs.

FR/OR/TY AND pate. The PRIORITY AND gate is a special type of AND gate
in which the output event occurs only if all input events occur in a specified
ordered sequence. The sequence is usually shown in an ellipse drawn to the right
of the gate.

Transfer symbols. Triangles are transfer symbols and are used as a matter of
convenience to avoid extensive duplication in the fault tree. A line from the
apex of the triangle denotes a transfer in, and a line from the side of the triangle
denotes a transfer out. A transfer in attached to a gate will link to its corre-
sponding transfer out. This transfer out, perhaps on another page, will contain a
further portion of the tree describing input to the gate.

Figure 3-13. Fault tree symbols. A circle, diamond, ellipse, or " house," represents a primary event-that is, any
event that is not developed further and does not have any inputs. The two basic types of fault tree
logic gates are the OR gate and the AND gate. Together with the NOT operator (commonly shown as
a dot above the gate), these gates can be used to define any other specialized fault trw gate.

O
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!

i

. (-~s\. quantitative evaluation, the failure modes must be postulated in such a way !

(s,,/ that they are clearly defined and relatable to the numerical data base. ,

i i
'

All events can be described by one of the three f ailure characteris- t

tics listed below. ,
,

| 1. Demand failure probability. Certain components are required to
start, change state, or perform a particular function at a
specific instant of time. Failure to perform such functions is
referred to as failure on demand, and discrete probabilities of
occurrence are estimated or assigned for each such event. Human t,

errors are also generally considered to be characterized by this
failure parameter. *

2. Standby failure rate. Some systems or components are normally in |
*

a standby state but are required to operate on demand. Failure ;

! could occur during this nonoperational period and prevent opera- i

tion when required. |a

!

3. Operational failure rate. A given system or component may be
normally operating or may start successfully but fail to continue [
to operate for the required period of time. This f ailure char- t

acteristic is referred to as the operational failure rate. A f,

fault-duration time is determined for each element from the t
'

required operation time.
> -

For each basic fault event a specific failure mode that can be described by i

one of these three characteristics should be defined. Chapter 5 provides .,

additional information on the specification of failure modes for individual4

components and the associated numerical data. !
'

,

f

3.5.3.3 Testing and Maintenance [
f

In addition to the physical faults that can render a system unavail- |
'

able, testing and maintenance activities can also make a significant con-,

j tribution to unavailability. Unavailability due to testing or maintenance
depends on the frequency and duration of the test or maintenance act.

|
| Information on equipment unavailability due to testing can generally be ;

obtained or derived from the technical specifications and maintenance |
!

records. -
I

b

There are three general types of testing that shou!d be considered for
their potential impact on system unavailability:

i

1. System logic tests,.which test the system control logic to ensure. ;

proper response to appropriate initiating signals. i
,

2. System . flow and operability tests, which verify. the operability of i

such components as pumps and valves. 'i

I N
<

m.s
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3. System tests that are performed after discovery of the unavail-
ability of a complementary safety system; generally referred to as
tests after failure.

Testing schemes generally affect complete subsystems, and hence it is
generally not necessary to consider each hardware element individually.
Testing involving redundant portions of a system can be particularly impor-
tant, and care should be taken that the constraints of the technical speci-
fications are understood, evaluated, and properly included in the fault
tree. A complete understanding of the impact of all testing on system
hardware and operational schemes is recessary for completeness and adds
valuable insight into the overaU operability of the system.

Maintenance activities can also make a significant contribution to

system unavailability, and two types of maintenance need to be considered:
scheduled and urscheduled. Scheduled, or preventive, maintenance actions
are performed routinely. Information on the frequency or duration of each
action can be obtained f rou maintenance procedures. Care should be exer-
cised to ensure that outages associated with preventive maintenance are not
already included in the time intervals assigned to testing and that the
maintenance is not performed under conditions that would not contribute
to system unavailability.

Unscheduled maintenance activities result when equipment failures
occur and the failure is repaired or the equipment is replaced. Because
these activities are not performed on a prescribed basis, frequency and

duration time of the maintenance act must be determined from histori-mer ,

cat data. Chapter 5 provides information on the numerical basis for con-
sideration of maintenance activities.

3.5.3.4 Human Errors

The impact of plant operztors on the outcome of potential accident
sequences is one of the most important, as well as one of the most diffi-
cult, elements of systems analysis. The potential for operator error is
present in virtually every phase of system operation, testing, and main-
tenance. Furthermore, human error may affect the design, manuf acture , and
inspection of nuclear plants and systems. However, certain types of human
error are more amenable than others to exclusion in system modeling. For
example, human errors associated with manuf acturing are dif ficult to quan-
tify, as are operator acts of commission because such a broad spectrum of
actions would be candidates for evaluation.

The potential for human error must be considered as part of the
detailed systems analysis. Manual actions can be regarded in the same
fashion as supporting systems like electric power or component cooling.
Human errorc should be considered in terms of potential ef fects on individ-
ual components as well as potential ef fects on the operation of the sute-
systems or systems. Each individual component should be evaluated to
determine the potential for a human error that might disable the component.
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g) The systems analyst must consider the potential for human error (and/
(s_,/ the possibility of human recovery of faulted conditions) throughout all

aspects of une analysis. The analysis of human errors cannot be considered
a separate task; it is an integral part of the systens analysis. The sys-
tems analyst should be as familiar with the operating, maintenance, and
emergency procedures for the system under analysis as he is with the equip-
ment hardware. However, in such analyses the detailed evaluation of a
given human error may be performed separately by a specialist using techni-
ques discussed in Chapter 4. This specialist must be thoroughly informed
of all boundary conditions that may affect this analysis and be familiar
with the context under which the man-induced fault is being evaluated.
Thus, the humand-factors specialist must be regarded as an integral member
of the analytical team.

In general, human errors may be presented on the f ault trees as causes
of component unavailability where the error occurs before the accident
sequence being considered (e.g., f ailure to realign af ter testing). These
errors can be defined by the systems analysis in terms of availability and
content of procedures, environmental conditions, and other performance-
shaping factors to permit a specialist in human-reliability analysis to
make an informed judgment. In contrast, human errors occurring during an
accident cannot be directly quantified on a system fault tree but must be
considered as being dependent on the specific accident sequence involved
and could be displayed on the event tree. Since they are accident-sequence
dependent, the systems analyst must provide the specialist with a thorough
understanding of the diagnostic information available to the plant staff,

f'~'N the procedures and precautions provided to the operator, prior training in
! ) response to similar diagnostic patterns, as well as an appreciation of the

stress, environmental, and other performance-shaping factors involved.

To properly assess the likelihood of an accident sequence progressing
to core damage or releases of radioactive material from the plant, the
potential for operator recovery f rom the sequence should be considered.
Since the probability of a successful recosery is strongly predicated on
the specifics of the events that caused the accident sequence under way the
analysis of recovery is dependent not only on the accident sequence but
also on the individual cut sets of that accident sequence. Hence, it is
not unusual for the analysis of recovery to b2 restricted to the dominant
cut sets of the accident sequences that control the frequency of core
damage or of a specified release.

It is as important that the systems analyst thoroughly understand the
assumptions and judgments used by the human-f actors analyst in performing,

| the human-reliability analysis as it is that the specialist understand the
' specifics of the error being evaluated. The systems analyst must ascertain

that the human-reliability analysis was done in the context under which it

i is being employed in the event trees or f ault trees.

If potential human errors have been defined in comprehensive fashion,
an initial screening process may be required to identify the more important
events. This can be done during the initial quantification and requires
the assignnent of numerical values to each input fault event. Initials,

' [ j probabilities are assigned to human-error events in a conservative manner,
(,_,/ and the system model is evaluated to determine significant contributors.

The system models are reevaluated to determine the significance of humaa
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errors, and a detailed analysis can be performed for each minimal cut set
where human error was found to be significant. This ret aluation is
intended to provide a more realistic appraisal of the effects of human
error.

The performance of human-reliability analysis is discussed in detail
in Chapter 4.

3.5.3.5 Dependent Failures

The identification and the evaluation of dependent failures are both
difficult and important. Because of this importance, the subject of de-
pendent failures is discussed in several sections of this guide. Section
3.7 defines the various types of dependent failures and discusses the
methods available for their evaluation. Chapters 10 and 11 provide
guidance on the development of event-specific models for evaluating
common-cause events like fires, floods, and earthquakes.

The question of evaluating dependent failures extends beyond methods
for the development of system models. Therefore Section 3.7 should be
referred to for detailed information on evaluating dependent failures.
However, it should be noted that the fault tree is the principal means of
accounting for functional and shared-equipment dependencies between com-
ponents. A well-constructed fault-tree analysis can lead to the identifi-
cation of fault events that affect or interact with other components in a
system and sometimes with other interfacing systems. Evaluation of the
minimal cut sets for each system can identify dependoncies and their impuet
on system unavailability. Each input event on the fault tree must be
accurately and consistently named or coded to facilitate the evaluation.

3.5.3.6 Level of Resolution

The question of how far to continue the analysis or to what level of
detail the analysis should be taken is a general concern that must be
addressed in each systems-modeling project. Fault trees are developed to
derive unavailabilities for event-tree headings. In some cases detailed
system models are not required and the necessary numerical information is
available from historical data on a system level. It can generally be said
that, for these systems to be modeled, fault events should be analyzed
until the level of resolution at which applicable failure-rate data exist
is reached or to a level consistent with the analyst's predetermined scope
of analysis.

It should be noted, however, that there is an inherent conflict be-
tween the desire not to make an analysis any more detailed than necessary
and the desire to search for dependent failures. If historical data were
available for two systems, they might be applied independently. However, a
detailed analysis of the two systems might uncover a subtle dependency that
would invalidate the historical data for the two systems taken together.
In using historical data for systems or subsystems, care must be exercised
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to ensure that there is no potential for dependent failures that would

\s ' affect the use of the data.

3.5.4 PREPARATION OF FAULT TREES FOR EVALUATION

Although the f ault tree is essentially qualitative, because of its
binary logic and adaptability to Boolean expressions, it is very often
quantified. Because completed f ault trees are frequently lengthy and dif-
ficult to evaluate as is, they are reduced or reorganized to facilitate the
quantification. By its very nature, the detailed fault tree contains many
events that are insignificant in relation to other fault events or fault
paths. It is desirable to include these events in the detailed tree to
preserve the rigor and traceability of the analysis. However, in order to

evaluate the tree, it is necessary to group or coalesce these insignificant
fault events for efficiency in handling and evaluation.

The reduction can be done manually before evaluation, or it can be
performed as part of the computerized solution of the model. Manual reduc-
tion requires an interpretation of the fault-tree logic and a gathering of
the similar inputs under individual logic gates. Often the original

detailed fault tree is considered a "worksheet," and a reduced or reorga-
nized version of the detailed tree is prepared for the evaluation.

The fault-tree reduction should not result in the loss of any signifi-['~'}
( ,/ cant information; rather, it should provide a means of focusing on the more

important events and eliminating time-consuming evaluations of meaningless
combinations of insignificant events. A detailed tree can be so large that

even af ter reduction it is difficult to evaluate the complete tree at one

time. In such a case, the tree is divided into identifiable subtrees that
are evaluated separately. If this process is used, a careful search of
each subtree is done to ensure that any potential common elements are
identified.

Before the quantitative evaluation begins, events on the tree must be
coded with an identifier unique to that event. A systematic and orderly
method for coding the f ault events is needed to minimize the possibility of
erroneously assigning the same identifier to more than one event or of
assigning different identifiers to the same event when that event appears
more than once on the fault tree.

Although different fault-tree coding schemes can be used as inputs to i

I various quantification programs, most programs accommodate an eight-digit
event identifier. Coding schemes ordinarily convey information that read-
ily identifies the system in which the component is located, the component
type, the specific component identifier, and the event failure mode. An

example of a typical naming code is included as Figure 3-14. Characters in I

the individual fields are normally chosen from standardized tables (e.g.,
Tables II 2-1, 2-2, 2-3, and 2-4 of Appendix II to the Reactor Safety Study

gs (NRC, 1975)), or derived to meet the requirements of specific evaluation
( ) codes. More complex identifiers are required if additional information,
\, / such as location generic information for dependent-failure searches, is

desired.
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Fault mode

Subsystem

Component identifier

Component type

O
System

Figure 3-14. Event-naming code.
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I

O 3.6 OTHER METHODS

U
Analytical methods other than event trees and fault trees can be used

1

' n performing a PRA. There are several so-called system-analysis methods} i

; that may be used in addition to, or in support of, the event- and fault-
tree' approach. However,' no cther methods have been used as frequently.

4

It should be noted, however, that methods of systems analysis are con-*

stantly being developed and improved. It would be incorrect to assume'

that the fault-tree method is the only method or the best method of systems
|

analysis. The method used depends to a large degree on the experience
background of the analyst, the study objectives, the specific considera-
tions of analyst, and even company preference.

1

i Of ten combinations of methods are desirable. For example, even though
i Markovian analyses are not described in detail in this chapter, they have

been found useful to help identify system dependencies and to delineate
! complex sequences of events and effects of partial failures. Other

methods, such as Markovian reliability analysis, should be explored for ,

;

their use in a way complementary to event- and fault-tree analysis or best I

use their features for specific analytical concerns. I'

! A review of some of the better known methods was performed to deter-
I mine whether they are applicable and whether they are being used in PRA
| applications (see Table 3-9). Only the methods with current applications

; to risk assessments for nuclear plants are included in the discussion pre-
; sented below, which describes the basic concepts and techniques as well as

their use in a nuclear plant PRA. Also discussed in this section are some'

recent modifications to the fault-tree method that are being used to

expedite the fault-tree process.

J

3.6.1 FAILURE MODES AND EFFECTS ANALYSIS,

I

| Failure modes and ef fects analysis (FMEA) is a qualitative inductive
! technique for identifying hazardous conditions and determining their impor-

tance. . As commonly used in reliability and safety analyses, the FMEA
identifies failure modes for the components of concern and traces their

i effects on other components, subsystems, and systems. Emphasis is placed

|
on identifying the problems that result from hardware failure.

To prepare for an FMEA, several steps may be useful. First, the'

system- to be analyzed, including its mission and operation, should be
,

defined. with all interfaces clearly identified. Then, f ailure categories
; and environmental conditions may be specified. The extent to which each of~

.

;

{ these steps proceeds depends on the complexity of the system. Once the
I system and its intended use are described and understood, the FMEA can be
L performed.
I
r

. .
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Table 3-9. Summary of other methods
|

Method Applicability Characteristics / Comments
|

Ph as ed-miss ion Evaluation of components, Qualit at ive , quant it at ive ,
analysis systems, or functions time-dependent; nonrepair- ,

|undergoing phased able components only; assumes
mission instantaneous transition

Markov analysis Model and evaluation of Quantitative, time-dependent,
components or systems multiphased inductive;

complexity increases
rapidly; practical only
for simplest systems

GO Evaluation of components, Quantitative, time-dependent;
systems, or functions modeling process complex;

success oriented, has potential
for modeling complete nuclear
plant

FMEA Identification of haz- Qu alit ative, inductive; con-

ardous or dependent siders only one failure
components or systems at a time; simple to apply;

provides orderly examination

MORT Identification of haz- Qu alit at ive ; also used for

ards for improving accident investigation
s af e ty

Digraph Model of components or Qualitative; used to synthesize
systems f ault trees; complexity

increases rapidly

Reliability Model and evaluation Qu ant it at ive
block of components or

systems

Signal flow Model and evaluation of Qu ant it ative ; assumes constant

components or systems f ailure and repair rates

O
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f A partial FMEA is shown in Figure 3-15 for a reactor-trip system. The
N ,/ column format is typical of that used to document an FMEA, but other for-

mats can be used as well. Specific entries in the columns include a de-
scription of the component, its function and failure mode, causes of fail-
ure, possible effects, and method of failure detection. Sometimes a column
for failure probability is added to provide additional information on the
significance of the identified failure mode. If desired, an additional.

column can be added to the table and a criticality analysis can be per-
formed to show quantitatively the effect of each component in the system.

The main disadvantage of FMEA is that it considers only one failure at
a time and not multiple or preexisting failures. There is no limitation,
however, to the number of components that can be considered simultaneously
except that the number of combinations becomes prohibitively large with
complex systems. The advantages of FMEA are that it is simple to apply and
it provides an orderly examination of the hazardous conditions in a system.

In PRAs for nuclear power plants, the FMEA can effectively be used in
several ways. As noted in Section 3.4.2, an FMEA-type of approach has been
suggested as a means of scarching for important failure modes associated
with the reactor-coolant system. The FMEA approach can be adapted to a
variety of uses. Many FMEAs are performed as part of the basic engineering
process and are part of the information available to the PRA team. Such
FMEAs can be effectively used as a precursor or input information'to the
fault-tree models or in the identification of initiating events.

m
'

3.6.2 RELIABILITY BLOCK DIAGRAMS

Reliability block diagrams (RBDs) represent an inductive process
whereby a given system is represented according to system-success path-
ways. A system is divided into blocks representing distinct elements of
the system. The model generally is used to represent active elements in a
system, in a manner that allows an exhaustive search and identification of
all pathways for success.

A common use of the method is in plant or system reliability.predic-
tions and allocations. In this application, the system blocks can be

,

. o n out vely decomposed until the desired level of detail is obtained.
,

Numerical calculations of system reliability are obtained, and sensitivity
studies can be performed to allocate desired reliabri tty values and opti-
mize overall system reliability. Additional information on the development
of RBDs and the .umerical evaluation can be found in several texts on
reliability engineering (Bourne and Green, 1972; Shooman, 1968; Smith,
1976).

The RBDs have been used to some extent in nuclear plant PRA to facili-
tate and add clarity to the quantification of fault trees. A typical
system analysis in RbJ form is shown in Figure 3-16. The use of an RBD
allows the analyst to summarize what he has learned about the importance of

,

f -}
components in the system and f acilitates the construction of Boolean,

expressions for calculating system unavailability.ss,-
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FAILURE MODE AND EFTTCT5 ANALYSIS - TYPICAL TRIP FUNCTION
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Figure 3-15. Typical format for a failure mode and effects analysis (FMEA).
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Figure 3-16. Use of reliability block diagrams.
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The intent of the R!lD when used in the pHA process is to either di-
rectly, or using the fault-tree logic as input, combine similar components
that are in series in each system train into one supercomponent and then
link together parallel supercomponents to form a sumnary model of the sys-
tem. The selection of components whose reliability distributions are com-
bined to produce a reliability distribution for the whole supercomponent
can be based on minimal cut sets from the qualitative fault-treo evalua-
tion. The advantage is that the combination of distributions is done step
by step making the quant if icat ion process more transparent.

When used in conjunction with the cause table, discussed below. RilDs
con be a powerful tool for explicitly handling dependent failures.

Information about what could possibly cause the failure of all com-
ponents in a failure set or cut set can be summarized in a cause table.
The conceptual form of this cable is sketched in Figure 3-16. Such a cause
table can be prepared for each system, for each Inundary condition.

The set of minimal failure sets or cut sets expresses the logical
relationship between the system and its components. Anything that can
cause the system to fall must do so by acting through, that is, to say
" causing" f ailure of one or more failure sets.

One cause-table page is made for each order of failure set and for
each boundary condit ion on the system. This table lists failure causes
instead of having them expressed as symbols in the fault tree. Therefore,
the fault tree or RilD contains system components only, the causes of
failure being sunmarized in the table. Such a cause table for a cut set
allows the analyst to specify a single number for the contribution from
each cause: random failures, testing and maintenance, human error, etc.
This number might arise from one human error disabling all the components
or from one random failure of each component in the failure set. In this
way dependent failures can be handled explicitly, on the level of the
failure set they affect.

3.6.3 GO METil0D

The CO method, in contrast to fault-tree analysis, is a success-
oriented system-analysis technique. It was adapted from the defense indus-
try and has been modified and refined for nuclear system analysis to incor-
porate some special modeling considerations, such as system interaction
effects, man / machine interactions, etc. It uses an inductive logic to
model system perf ormance. System-response modes , both successes and
failures, are determined.

A GO model, which consists of an arrangement of GO symbols, represents
the engineering function of a component, subsystem, or system. It can
generally be conutructed from engineering drawings by replacing engineering
elements (valves, switches, etc.) with one or more GO symbols, which are
combined to represent system function and logic. The GO computer code uses
the GO model to quant if y system performance. The method has the capability

'
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^

..

,

f''] to evaluate system reliability and availability, identify system fault - ..

( ) sequences, and rank the relative importance of the constituent elements.
s/

Some key features of the GO method are (1) models follow normal proc-
ess flow; (2) model elements have almost one-to-one correspondence wi.th
system elements and handle most component and system interactions-and
dependencies; (3) models are compact and easy to validate; (4) model out-

,

puts represent both success and f ailure states; (5) model alterations and
updates are readily effected; (6) fault sets can be generated without
altering the basic model; (7) system operational aspects can be incorpo-
rated; and (8) numerical errors due to truncation are known and can be
controlled.

Briefly, the GO procedure uses a set of standardized operators or com-
ponents that describe the logic operation, interaction, and combination of
physical equipments. The logic for combining the inputs properly for each
CO operator is defined in a series of algorithms contained in the GO com-
puter programs. These standardi7ed operat~ ors can be used to model most
commonly encountered engineering aubsystems and components. Modeling a
system consists of selecting the GO operators that characterize the ele-
ments of the system and interrelating their inputs.and outputs. The speci-
fic probabilities (point estimates) of component operation. are defined

'

separately as inputs to the computer program. Currently 17 standardized GO'

operators are available to the analyst to develop the system models.

Figures 3-17 and 3-18 illustrate a simple system and the associated GOs s
5 i chart. Each system element is represented as a compound number (1-30,
\s_s/ 6-70, etc.). The first number represents the operator type (i.e., I

represents a component that does or does.not function properly; 6 refers to
a component that needs two inputs), whereas the second number references
the probabilities associated with the operator. The numbers on the con-
necting lines in the Go chart are called signals and are arbitrarily
assigned to identify events whose probability of occurrence is to be deter-
mined. On the basis of the C0 chart, the analyst inputs both model data
and probability data to the conputer, and the GO code calculates probabil-
ity values for each signal.

A simple system like the one described in this example can be identi-
fled as a modular block known as a supertype and combined with other supet-
types to create larger system or plant models. Figure 3-19 shows a GO
chart for such a larger system.

.,
.

The Go method appears to be well suited 'for calculating the success or
failure probabilities of individual systems. The GO charts are rather
easily created from system engineering drawings and follow the normal flow
path. Smaller system models can be efficiently evaluated' and sensitivities
studies performed to determine the ef fect of changeA of' input parameters.

There are some disadvantages, however, to using the GO code. Complex
sys t ems require complex GO charts, which terd to become inscrutable for

plant-level modeling. The case of converting a system drawing to a GO
'''T chart and the similarity between the GO chart and system schematic have

s ) certain drawbacks. The deductive nature of the fault tree requires an
''

interrogatory thought process. This inquisitive rigor f rom a "how can it
_
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Figure 3-17. A simplified system for a GO model.
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Fegure 3-18. The GO chart for the system shown in Figure 3-17.
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fail?" point of view provides a unique reason for using fault trees in a
safety-related study. The GO method, although it can be used to construct
failure models, lends itself to a direct translation from the system
schematic to the logic model and is well suited for success modeling, such
as system reliability and availability predictions. Moreover, the GO
charts do not explicitly display hardware-f ailure modes. The failure-mode
documentation must be done separately to complement the GO chart and allow
the assignment of numerical data. Hence the GO model can be more easily
inspected for validity in representing the actual system than can a fault
tree but is more dif ficult to review in terms of f ailure modes.

Some general conclusions can be drawn f rom some recent studies on the
att ributes of the GO and f ault-tree methods. The GO method is ideally
suited for many practical applications where the boundary conditions for
the system to be modeled are well defined by a system schematic or other
design documents and data may satisf actorily be applied at the component
level of the design document. In the hands of an experienced analyst, the
GO charts are relatively easily created f rom system drawings to present a
concise model of the hardware events contributing to system success or
failure. The GO chart and associated analysis tools explicitly and accur-
ately represent most intrasystem hardware dependencies of a functional or
shared-equipment nature. Its ability to handle multiple system states
makes it uniquely adaptable to analyse, in which many levels of system
availability are to be considered. In summary, GO is optimally applied to
problems where a prime objective is to quantify the availability or relia-
nility of a given system on the basis of a previously well-identified set
of components or events making up the system.

GO is also well suited to systems analyses involving great numbers of
hardware or hardware that is physically highly interconnected (i.e., elec-
tronic protection circuits). Because of efficiencies in the model opera-
tors, the GO chart tends to be more compact than equivalent fault-tree
models. Its similarity to engineering drawfigs aids in completeness
checks, particularly if such checks are being performed by design engi-
neers. The "supertype" model provided by GO allows for shortcutting the
modeling of redundant subsystems, which are f requently encountered in such
systems. The algorithms used by the GO computer codes are ef ficient in
handling large trees; errors attributable to their tree pruning process can
be bounded.

Fault trees are better suited to applications where one is interested
in investigating in an exhaustive fashion the failure modes and failure-
mode combinations leading to a system top event, considering both sof tware
and hardware faults. The deductive, inquisitive nature of the f ault-tree
approach aids the analyst in going beyond the level of component events
explicitly displayed in engineering drawings. Unlike the GO chart, which
models failure redes implicity, fault trees explicitly display and catalog
the contributing fault events identified by the analyst. In summary, fault
trees are optimally applied to safety-analysis problems where an exhaustive
cataloging of events is required to identify primary and secondary f aults
and dependencies beyond those explicit on a system schematic.

O
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/ 3.6.4. MODULAR FAULT-TREE LOGIC MODELING
[v

The basic approach to fault-tree modeling has been used in a variety
of applications and has led to numerous modifications. Most of these modi-
fications have been directed toward making the modeling more efficient and4

reducing the more routine documentation and evaluation activities. One
such application, currently being used in nuclear plant PRAs, is the
modular fault-tree logic model.

f Nuclear power plants have a number of features in common, including
similar system configurations and components. As a result, the fault trees

,

for different plants generally have similar structures. Because of this,
it is possible to develop modular logic models that represent the failure
logic for many commonly occurring plant features and to use these modular

*

units to aid in gathering the plant-specific information needed to build
detailed fault trees.

The approach to modular fault trees is significantly different in that
the analyst selects the proper logic to fit the system and then edits pre-
existing logic models. To develop the modular fault tree, the system is

'

divided into segments, and the fault logic for the system is developed in
terms of f ailures of the segments as defined by a set of rules. Detailed
fault logic for each segment is deve, loped by means of standardized subtrees
that can be adjusted to properly represent the specific characteristics of
each segment. Common components, such as valves and pumps, are classified

f' 's by type, and subtrees are developed for each. The analyst must edit the

( ) component tree by adding appropriate labels and deleting any events that do
N- ' not apply to the particular component under study. Care must be taken to

ensure that unique labels are applied to each component. A component must
have the same label wherever it appears in trees for the plant, and no two
different components can have the same label.

After the fault-tree analyst completes the fault trees for a system,
these trees are submitted to a computer analyst for conversion to computer
input data. The modular logic models are stored on computer files and can
be called up on a computer graphics display system as the computer analyst
selects the appropriate trees, adds the required labels, and deletes any-
branches not needed for the specific plant under study. The computer
analyst will also prepare the input for trees not covered by the modular a

logic models and will generate plots of all the trees. The plots will be
returned to the fault-tree analyst for review and correction.

Figure 3-20 shows a portion of a typical modular tree for a fluid-,

delivery system. It shows a modular section that can be edited to reflect
an accurate system configuration. Individual contributing events are them-
selves modular, and the sections in which they appear can be subsequently

i edited to reflect an accurate characterization of the portion of the system
being evaluated. The intent of this modular logic modeling is to overcome
a number of the limitations commonly associated with the use of fault trees
in modeling large systems. It could provide a means for someone who has a
thorough knowledge of plant systems, but has limited knowledge of fault,,s

[ j tree techniques, to develop detailed trees. The modular approach can also
(__,/ reduce the time required to develop specific trees and can improve the con-

sistency with which analyses are done on dif ferent plants.
;
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Figure 3-20. Fluid-system segment modular logic.
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(''N Application of the modular approach may initially present difficulties
efficient use

( ) in adapting to the rules and procedures required for the most
of the technique, resulting in the generation of large amounts of prelim-'''
inary fault models for components of interest. Some concern has also been
expressed about the potential for generating fault trees in a rather " auto- '
matic" mode without the required correlation of system information to the
developing model. The intent of the modular approach is to reduce the
amount of time the analyst must spend performing routine and mundane ana-
lytical tasks. The effort conserved could then be applied to those details
of system analysis that are most important to overall analytical efforts.
The approach appears to have considerable promise for specific fault-tree
applications.

The modular logic approach was recently developed at Sandia National
Laboratories with specific application to nuclear plant security and safe-
guards. Its first application of in= plant risk assessments is being made
in the studies conducted for the Interim Reliability Evaluation Program.
Experience gained from those efforts should help to further develop the
method and aid in its application on a broader scale.

3.7 ANALYSIS OF DEPENDENT FAILURES

(G) This section describes the various types of dependent failures encoun-
Ns/ tered in plant-specific PRA studies. It defines nine different types of

dependent failures and presents an integrated procedure for the analysis of
each type. The procedure is a synthesis of several methods, which are
described and illustrated by exanples. Special considerations in the
collection and interpretation of dependent-f ailure data are discussed. If

a particular type of dependency can be treated in dif f erent ways, guidance
is provided as to which method to select, depending on the information
available and the scope and objectives of the PRA.

Dependent failures are an extremely important aspect of risk quantifi-
cation and must be given adequate treatment to avoid gross underestimation
of risk. Risk estimates can be in error by many orders of magnitude if the
possibilities for the so-called common-cause f ailures and systems interac-
tions are overlooked. Since there are several steps in risk analysis where
dependent failures must be taken into account (the selection of initiating
events, the definition of accident sequences, system-failure analysis, and
accident-sequence quantification), many chapters in this guide cover
different aspects of the analysis of dependent failures. However, in view
of the importance of dependent failures in risk analysis, this separate
section was set aside to provide a concise summary of the methods and
procedures that should be used in their analysis. Where appropriate, other
sections are referenced for a discussion of the relevant details of
dependent-failure analysis.

( \
\ \ j
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3.7.1 INTRODUCTION

In !sk analysis the treatment of dependencies in the identification
and quantification of accident sequences is referred to as dependent-

'
failure analysis. Dependencies tend to increase the frequency of multiple,
concurrent failures. Since essentially all important accident sequences
that can be postulated for nuclear reactor systems involve the hypothesized
f ailure of multiple components, systems, and containment ba rrie rs ,
dependent-failure analysis is an extremely important aspect of PRA.

The failure events A and B are said to be dependent if

4(A and B) = 4(A) 4(B| A) # 4(A) 4(B) (3-1).

In other words, the frequency of concurrent failure events A and B,
4(A and B),cannot be expressed simply as the product of the unconditional
failure-event f requencies 4( A) and 4 (B).

Several terms have been used to describe specific types of dependent
failures. Common-mode failures * are multiple, concurrent, and dependent
failures of identical equirment that f ails in the same mode. Propagating
failures occur when equirment fails in a mode that causes sufficient
changes in operating ceaditions, environments, or requirements to cause
other items of equipment to fail. Common-cause failures are failures of
multiple equipment items occurring f rom some single cause that is common to
all of them. While a great many dependent failures are due to a common
cause, not all can be categorized as such. Propagating failures are a case
in point. Unfortunately, the above three categories of dependent failure
are neither mutually exclusive nor exhaustive. This has resulted in much
confusion in the literature. For our purposes the term dependent-failure
analysis will be used to describe the assessment of all multiple, concur-
rent, and dependent failures. A survey of the various definitions that
have been proposed for common-cause and common-mode failures has been pub-
lished by Smith and Watson (1980).

3.7.2 DEFINITION OF DEPENDENT FAILURES

A number of authors have developed extensive lists of categories of
dependent failures with the primary objective of design improvement. One
of the more comprehensive classifications is that by Watson and Edwards
(1979). The purpose here, however, is to define dependent-f ailure types in
order to enable a risk analyst to select methods for their analysis, and
the simplified classification scheme described below is adequate.

*In the Reactor Safety Stud 5 (NRC, 1975), the term " common-mode
f ailure" was used in a broader se e to include all the types of dependent
failures defined in Section 3.7.2.

,
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['~'} Type 1. Common-cause initiating events (external events): external
( ,/ and internal events that have the potential for initiating a plant tran-

sient and that increase the probability of failure in multiple systems.
These events usually, but not always, result in severe environmental
stresses on components and structures. Examples include fires, floods,
earthquakes, loss of offsite power, aircraft crashes, and gas clouds.

Type 2. Intersystem dependencies: events or f ailure causes that
create interdependencies among the probabilities of failure for multiple
systems. Stated another way, intersystem dependencies cause the condi-
tional probability of failure of a given system along an accident sequence
to be dependent on the success or f ailure of systems that precede it in the
sequence. There are several subtypes of interest in risk analysis.

Type 2A. Functional dependencies: dependencies among systems
that f ollow f rom the plant design philosophy, system capabilities and
limitations, and design bases. One example is a system that is not
used or needed unless other systems have failed; another is a system
that is designed to function only in conjunction with the successful
operation of other systems.

Type 2B. Shared-equipment dependencies: these are dependencies
of multiple systems on the same components, subsystems, or auxiliary
equipment. Examples are (1) a collection of pumps and valves that
provide both a coolant-injection and a coolant-recirculation function

f ~N when the functions appear as different events in the event tree and
( ) (2) components in different systems fed from the same electrical bus.
C

Type 2C. Physical interactions: failure mechanisms, similar to
thos< in common-cause initiators, that do not cause an initiating
eve a but nonetheless increase the probability of multiple-system.

failures occurring at the same time. Often they are associated with
extreme environmental stresses created by the failure of one or more

systems after an initiating event. For example, the failure of a set

of sensors in one system can be caused by the excessive temperature
resulting f rom the f ailure of a second system intended to cool the
aeat source.

Type 2D. Human-interaction dependencies: dependencies introduced
by human actions, including errors of omission and commission. The
persons involved can be anyone associated with a plant-life-cycle
activity, including designers, manufacturers, constructors, inspec-

|
tors, operators, and maintenance personnel. A dependent failure of

this type occurs, for example, when an operator turns off a system
af ter failing to correctly diagnose the condition of the plant--an
event that happened during the Three Mile Island accident when an

,

( operator turned off the emergency core-cooling system.

1

i !

v
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Type 3. Intercomponent dependencies: events or failure causes that
result in a dependence among the probabilities of failure of multiple com-
ponents or subsystems. The multiple failures of interest in risk analysis
are usually within the same system or the same minimal cut set that has
been identified for a system or an entire accident sequence. Subtypes 3A,
3B, 3C, and 3D are defined to correspond with subtypes 2A, 2B, 2C, and 2D,
respectively, except that the multiple failures occur at the subsystem and
component level instead of at the system level.

3.7.3 METHODS FOR DEPENDENT-FAILURE ANALYSIS

3.7.3.1 Overview

There are several steps in risk analysis in which dependent failures
must be taken into account, and therefore the analysis of dependent
f ailures is performed by using a combination of separate methods. The
relevant steps in risk analysis are the following:

1. Selection of initiating events.

2. Definitions of accident sequences (event-tree construction).

3. Sys tems failure analysis (fault-tree construction).

4. Accident-sequence quantification.

The available methods for dependent-f ailure analysis can be categorized
either explicit, parametric, or computer aided, as indicated in Table
3-10. Explicit methods involve the identification of specific causes of
dependent failures in the event- and fault-tree logic. Included in this
category are the event-specific models (method a), in which event frequen-
cies and impacts (f ragilities) are modeled in terms ur. luely appropriate to
each event; examples are earthquakes, fires, and floods. The human-relia-
bility models (method e) have been set aside as a separate explicit method
category and are discussed in detail in Chapter 4.

The second category of methods, termed parametric, includes the beta-
factor (Fleming, 1975) and the binomial failure-rate (Vesely, 1977) models
(methods f and g in Table 3-10). In these methods, new reliability param-
eters are added to the usual list to account for dependent failures. When
used in an optimum f ashion, the beta-f actor and the binomial f ailure-rate

methods involve *he use of data from dependent-failure experience to
estimate the values for one and two dependent-failure parameters, respec-
tively. In the Limerick PRA study (Philadelphia Electric, 1981), condi-
tional probabilities for the common-cause failures of diesel generators
were estimated from experience data. These conditional probabilities are
essentially the same as beta f actors.

|

Computer-aided techniques for dependent-f ailure analysis comprise the
third category of methods, which include the GO (Kelley, 1982), WAMCOM
(Putney, 1981), BACFIRE (Rooney and Fussell, 1978) and COMCAN (Rasmuson,
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.

et al., 1979) codes. The latter three-codes involve the search of
,

f ault-tree minimal cut sets for common susceptabilities to failure. The GO |
code, in addition to serving as an alternative to the fault-tree-analysis |
p rog rams (e.g., WAM series, RAS etc.), can also be used to analyze I

p
intersystem dependencies in the construction and quantification of event
trees.,

Table 3-11 summarizes the applicability of the various methods to
different types of dependent failures. The dependencies associated with
the common-cause initiating events are handled with event-specific models,
(method a) and with the methods of event- and fault-tree analysis. Details
are discussed in Chapter 10. Intersystem functional dependencies are nor-
mally identified in the construction of event trees. The shared-equipment
dependencies can be treated with a combination of event- and fault-tree
methods; several variations are described in Section 3.7.3.2. Physical
interactions resulting in multiple f ailures are treated with event-specific
models and are identified in event trees and cause tables. The latter are
tables that codify the steps between f ault-tree construction and quantifi-;

cation and involve the identification of failure causes below the level of
basic component f ailure modes. All the methods except event-tree analysis
are useful in the analysis of intercomponent dependencies. The paranetric
methods (e and f) were developed and have been applied especially for the
subset of intercomponent dependencies known as common-cause failures. More
details and illustrative exauples are riven in the sections that follow.

1.7.3.2 Dependent Failures of Type 1: Common-Cause Initiating Events

The first step in the analysis of the common-cause initiating events,
often referred to as " external events," is the selection of the respective
initiating events for detailed risk analysis. The procedure for this
selection is described in Chapter 10. In the case of events that occur in
specific locations of the plant (e.g., firer and floods), the selection of
specific locations can be accomplished with the aid of event- and fault-
tree techniques. Examples are given in Chapter 11. The computer-aided
methods (h through k) car aid in assigning priorities to plant locations

| for analysis. The GO code can be used to provide the interface between the
event-specific and the event- and fault-tree logic parts of the analysis.
Details are discussed in Chapter 10.

3.7.1.3 Dependent Failures of Type 2: Intersystem Dependencies

The four types of intersystem dependencies (types 2A, 2B, 2C, and 2D)
can be analyzed by means of event trees, fault trees, or a combination of

9
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Table 3-11. Applicability of methods to types of dependent failures
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Dependent-f ailure typesi
1~ i

$Common-
!

e

cause Intersystem Intersystem Inte rsys tem Intersystemj
Initiating functional shared physical human Intercomponent ''

;
events dependencies equipment interactions interactions dependencies .i

j
Method 2A 2A 2B 2C 2D 3 -|'

a. Event-specific models X X X ,

b. Event-tree analysis - X X X X

c. Fault-tree analysis X X X X X X |
,

j _d.- Cause-table analysis X X ,

X X X
! e. . Human-reliability

j analysis '

f. Beta factor X'

w
! .O g. Binomial f allure X |

["
| rate

h. .G0 X X X !
i
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them. The variety of approaches available can be explained in terms of the
following simple event tree:

Initiating System I System 2
event opera tes operates

:
. a
Yes Yes

O
No

7
No Yes

4
No

To illustrate the effect of functional dependencies (type 2A), suppose
that system 2 is not called upon unless system 1 fails. This would be
reflected in the event tree as follows:

Initiating Ss . tm 1 System 2
event operates operates

--d NN F -- a, $:

No Yes

5
No

where NN denotes "not needed." Another example of a functional
dependency is the case where system 2 is only capable of operating in
conjunction with the successful operation of system 1. Such a condition
could be the result of some physical interaction (type 2C) that takes place
when system 1 fails. It is reflected in the event tree as follows:

Initiating System 1 System 2
event operates operates

: 0
5Yes Yes ;
I
1
1

;d
No 1

1

I

where IM denotes " impossible." _ _ q gy p__g'sh.o)
No |
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To illustrate the event-tree analysis approach for analyzing depend-
v encies of type 2B, shared equipment, suppose that the fault trees developed

for systems 1 and 2 are found to contain the same component failures, A and 1
1

F, as basic events:

System 1 System 2

fails fails

OR

C AND F AND A F G

A B D E

Components A and F are shared-equipment dependencies and can be treated by
incorporation into the event tree as follows:

\ /
U Component A System 1

operates operates
initiating Component F System 2
event operates operates

- a
I

O

- 7
1 3

- -1 iM }- ---{TiUG- - a'
--(tit}-- 0'

i --4 iM F - 6"
--i IM F ---i iM t-- 6 "

To complete the analysis, the system f ault trees are quantified as condi-
tional on the states of A and F, which are treated as " house" events. For

,
example, along sequence 6" the fault tree for system I is quantified with

{C,B,I t(A) = 1 and P(F) = 0, which gives the conditional minimal cut sets
I

( DL}. On the other hand, along sequence 6 the conditions are P( A) = 0 and
! P(F) = 0, which gives the minimal cut sets for system 1 of { C, DE } . This

method of analyzing shared-equipment dependencies is sometimes referred to
'as the " event tree-boundary condition method," which is discussed in more

) detail in chapter 6. ]
\ J' \!

i
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Another approach to treating shared-equipment dependencies is to link
the system fault trees together, thus developing a single large fault tree
for the entire accident sequence. In the case of sequence y , for example,
a fault t ree would be constructed for the top event, " system 1 fails and
system 2 operates successfully." This fault tree would be synthesized from
the respective system f ault trees by linking them together with an AND
gate. For each system that is postulated to operate successfully along the
sequence, it is necessary to convert the failure logic in the fault tree to
success logic. The fault tree for sequence y would then look like Figure
3-21.

During the Boolean reduction of the fault tree shown in Figure 3-21,
the shared-equipment dependency as well as the effect of success states are
properly taken into account. It can easily be shown that, if properly
evaluated, the methods of "f ault-tree linking" and event trees with
boundary conditions give identically correct results.

Note that it is not necessary to physically construct the event-
sequence logic tree to implement the f ault-tree-linking method. An alter-
native is to determine the minimal cut sets of each system separately and
to resolve the shared-equipment dependency by using Boolean algebra to
manipulate the system cut sets to find the minimal cut sets for the
sequence. The Boolean logic is initially synthesized to yield

1 AND 2y =

( A and B or C or D and E or F) AND (A or F or G) (3-2)=

After Boolean reduction, the logic is simplified to the form

y- (C or D and E) AND (A and F and G) (3-3)

which is equivalent to the list of minimal cut sets obtained by analyzing
the synthesized f ault tree:

{AFGC; ___
__

AFGDE} (3-4)

A variation of the above procedure, being used in the studies con-
ducted under the Interim Reliability Evaluation Program (IREP), is to link
the system failures stated along each accident sequence together with an

AND gate, as above, but treat the system-success states in an approxi; mate
fashion. First, the system-success states are ignored and an initial list
of minimal cut sets is obtained for each sequence. Such an initial list
for sequence y would be

{AB, C, DE,F} (3-5)

After the initial list is established, the next step is to remove from the
list cut sets that correspond to, or are supersets of, the minimal cut sets
of the systems that are postulated to operate along that particular
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sequence. In the above example, the operation of system 2 would preclude
the existence of cut cats AB and F. Therefore, using the IREP procedure,
the final list of cut sets for sequence Y would become

{C,DE} (3-6)

Comparison with Equation 3-4 shows that only the success states are miss-
ing. In practice, the error associated with the IREP approximate method
tends to be small and is always conservative.

When rigorously followed, both f ault-tree linking and event trees with
boundary conditions correctly model the shared-equipment dependencies and
both involve, apparently, comparable levels of data processing. In actual
applications it is necessary to construct much larger models than that used
in the preceding examples to account for the larger number of systems and
associated dependencies that must be taken into account. There is a trade-
off between the level of detail in the event trees and that in the fault
trees. In the f ault-tree-linking method , the event trees can be kept
rather small, on the order of those used in the Reactor Safety Study,
whereas the fault trees for each sequence are rather large. In contrast,
the method of event trees with boundary conditions requires the use of
large event trees, with correspondingly smaller fault trees for each node
in the event tree. With either method, the size of the tree can become
impractical if the tree is not simplified in teme way. There are
conservative approximations that can be used with either method to reduce
the size of the models for easier quantification, and these are discussed
in Chapter 6.

The method of event trees with boundary conditions has a variation
that can be used to reduce the size of trees for quantification; this
variation makes use of multiple-system event trees. In practice, most
shared-equipment dependencies involve the dependence of front-line systems
on support systems. The efficient use of event trees with boundary condi-
tions is f acilitated by the use of a separate event tree for the support
systems. In this way, the support systems can be analyzed and their con-
tributions to the risk-dominant sequences can be quantified separately.

To illustrate the analysis of support-system dependencies in separate
event trees, consider the simple example of a plant that consists of three
systems that must respond to some hypothetical initiating event:

1. Emergency co.e-cooling system (ECCS).

2. Auxiliary feedwater system (AFWS).

3. Containment-building fan coolers (FC).

Suppose also that the ECCS, AFWS, and FC systems each requires de power, ac
power, and service water as support systems. Each system is assumed to be
a two-train redundant system with no cross-tie capability between divisions
of front-line and support systems. It is further assumed that ac power is
dependent on de power , and service water requires both ac and de power.
The support-system event tree for this example is shown in Figure 3-22.
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The frequency of each sequence can be quantified by the methods described
in Chapters 5 and 6. The impact of each support-system failure / success
combination on the event tree is assigned an " impact vector" to describe
the f ront-line systems that fail as a result of support-system failures.
As indicated in Figure 3-22, the number of unique impact vectors is often
much less than the number of sequences on the event tree. Hence, the 16

sequences result in only four unique inpacts. The frequencies of each
impact vector, or " support-system state," can then be obtained f rom

4(Ik|iE)=I 4(Ijk|iE) (3-7)
J

k|it) is the total frequency of unique impact vector kwhere 4(I
occurs and 4(Ijk|iE) is the frequency of the j'given theinitiating event event

sequence, whose impact vector is identical with Ik given the initiating
event occurs.

The analysis is completed by evaluating the front-line event tree--
which in the above example includes the ECCS, AFWS, and FC systems as
event-tree headings--for each support-system state. The impact vector is
used to establish the boundary conditions for the quantification of each
state. The total frequency of any sequence 1 in the front-line event tree
is then obtained by using

4(E) = 4(iE) 4(I |iE) 4 (t|I ,iE) (3-8)

where 4 (iE) is the frequency of the initiating event and 4 (1|Ik,iE) is
the frequency of front-line event-tree sequence 1 given support-system state
k and the initiating event.

The above technique was used in the Zion PRA (Commonwealth Edison,
1981) for analyzing the dependencies of plant systems on electric power.
More recently, the approach has been ir.cegrated into an advanced version of
the GO code (Kelley and Stillwell, 1982) that has the capability to auto-
matically construct the event tree from a GO model of the plant and system
interconnections, assign impact vectors to each sequence, and perform the
summation of Equation 3-7. The use of a computer-aided procedure to
analyze the intersystem dependencies in this fashion greatly simplifies the
analysis of the f ront-line event trees. The use of computer aids for
dependent-failure analysis is discussed further in Section 3.7.3.9.

The assignment of impact vectors to the support-rystem event tree pro-
vides an intermediate assessment of the level of damage or consequences
associated with the portion of the accident sequences that appears in the
support-system event trees. Since the quantification of support-system
event trees yields information about both the frequency and the damage
level of each sequence, it is possible to find the risk-dominant support-
system sequences, or states, without quantifying the front-line or contain- I

ment event trees. The support-system states that can be shown not to make
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-~s significant contributions to risk can be " pruned" at this step, thus reduc-

[ T ing the number of states that need to be run thrcugh the f ront-line event |

\s_s trees. Hence, a separate event-tree analysis of support systems requires
less overall data processing than does either the fault-tree-linking method
or the variation of the event tree-boundary condition method in which
support and front-line systems are included in the same single event tree.

3.7.3.4 Analysis of Intercomponent Dependencies (Common-Cause Failures)

Once the intersystem dependencies are accounted for by means of one of
the methods described in the preceding section, the plant logic has been
developed to a level of detail coresponding with basic component-failure
modes. Before the quantification of the event and fault trees can be
completed, it is necessary to analyze the possibilities for dependencies
among the basic component failures (type 3 intercomponent dependencies). A
well-known category of dependent failures involving multiple components is
common-cause failure (CCF): the occurrence of multiple component failures
induced by a single, shared cause. The importance of CCF in system-failure
analysis can be seen f rom the following simple example of a system with
three components A, B, and C. Suppose that the reliability block diagram
for this system is given by

/ A

\v|
C ---,

|
B

! The corresponding system unavailability 0 can be expressed as

P( A and B) + P(C) - P( A and B and C) (3-9)Q =

or alternatively as

P(A) + P(B| A)[1 - P(C| A and B)] + P(C) (3-10)
'

0 =

; where P(x) is the availability of component x and P(y|z and t) is the
! unavailability of component y given components z and t are failed.

| The significance of common-cause failures in this example is as
follows: any cause of f ailure that affects any pair or all three components
at the same time (or, in general, any multiple set of components in the
system) will have an effect on system unavailability. When Equation 3-10
is used, these common causes show up as dependencies in that the con-
ditional component unavailabilities--for example, P(B|A)--are differents

! g
j j from, and often cignificantly greater than, the respective unconditional
' i\m / unavailabilities; in other words, P(B| A >> P(B). It is a well-known
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characteristic of common-cause failures that , if the cause or causes are
shared by two or more components in the same minimal cut set, the assump-
tion that the component unavailabilities are independent leads to optimis-
tic predictions of system reliability. It is not so well known that, if ;
the dependency exists between two or more units in a series system (i.e. ,
in different minimal cut sets), the assumption of independent failures can
lead to conservative predictions, depending on how the data are analyzed,
lloweve r , the former effect is more important and can lead to considerably
larger errors in calculations for highly reliable redundant systems.

The magnitude of the errors that result from neglecting common-cause
failures can be seen by developing the model of the above three-component
system in terms of sets of explicit causes of component failure. Suppose
that each of the three components can fail through independent causes,
denoted by A', B', and C', and further that there are additional causes of
failure, denoted by D, common to components A and B, and a final set of
causes, denoted by E, that are common to components B and C.

The causes of single and multicomponent failures can be represented in
the format of a fault tree (see Figure 3-23) where the causes appear at the
level below the basic component-failure modes.

An alternative approach is to develop the failure causes for each
component-failure set in the form of a cause table separate from the fault
t ree or the reliability diagram, which is left in terms of basic compo-
nent-f ailure modes. In Table 3-12 this f ault tree is quantified under the
assumption that all the causes cf single and multicomponent failures are
independent for different cases chosen to illustrate the effect of the
common causes. The tree can then be quantified in the normal way with the
aid of the minimal cut sets of causes rather than the minimal cut sets of
component-f ailure modes , both of which are indicated in Figure 3-23.

Cases 1 and 2 are selected to illustrate the well-known result of a
common cause shared by redundant components, in this case A and B. In each
of these cases the component unavailability is held fixed at 1 x 10-3 but
is distributed differently between the independent and common causes. As
the common-cause contribution is varied from 0 to I percent (essential.y
the same as varying the component beta factor from 0 to .01), the system
unavailability is increased by more than a factor of 10. Of course, there
are examples in which the ef fect of common cause is many orders of magni-
tude. Iloweve r , these values were selected to help view the problem from a
different perspective, as explained in the discussion that follows.

Let us examine case 1--the typical situation in which the component
unavailabilities are known and it is assumed that the component-failure
modes are independent. This assumption implies that all the causes of
component failure, which presumably are not known in most cases, are also
independent. A comparison of cases 1 and 2 shows that, in order for the
result of case I to be " correct," it is necessary to establish that all
causes of failure, which contribute to more than 99 percent of the com-
ponent unavailability, are independent (even if only 0.1 percent of the
failure-cause contribution is common, the result of case 1 is still off by

a factor of 2). This result can be generalized to the statement that,
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whenever independence is claimed between subsystems of highly reliable re-
dundancy, it is racessary to have t.n extraordinarily high level of confi-
dence in asserting that all causer of subsystem failure are independent.
The level of confidence that the independence assumption is correct must
exceed the complement of the unavailability claimed for the redundant
subsystem. This result is compounded for the case of higher levels of
redundancy.

Cases 3 and 4 are selected to illustrate a not so well known result;
for a given fixed level of component unavailability, common-cause failures
actually tend to improve the reliability of a system of components in
series (i.e., components not in the same minimal cut set). In these two
cases the redundancy is eliminated (P( A) = 1) and the unavailabilities of
components B and C are held fixed, cgain at 10-3 As the common-cause
contribution ta component unavailability is increased from 0 to 50 percent
(i.e., as the beta factor is increased from 0 to 0.50), the system unavail-
ability decreases by 30 pe r ce nt . In most cases the common-cause fraction
would be expected to be smaller than 50 percent, in which case the effect on
the series system unavailability wctld be smaller. Hence, in most cases
this type of common cause can be ignored with a small error on the conserva'
tive side. However, this example points to the fact that the existence of
any cause common to any set of components in a system changes the unavail-
ability of the system. The situation becomes even more complicated in the
multisystem or plant-level models encountered in risk analysis.

The simple model and examples described above are also useful in de-
scribing some of the interrelationships between common-cause failures and
their analysis--and the related issues of human reliability, data, and com-
pleteness. The role of completeness should be obvious f rom the quantifica-
tion cases just described. The sensitivity in reliability predictions as-
sociated with the assumptions that component failures occur independently
has been shown to be intimately related to the completeness of the model.
Only in the ideal case, when essentially all the causes of component
unavailability are identified and shown to be independent, can we be
assured that the error resulting from the assumption of independence is
negligible. In realistic cases, in which only some of the causes are
explicitly identified, the assumption of independent failures, particularly
in the ense of multiple equipment items in the same cut set, should be
suspect. Hence, the more complete the models are in terms of the identifi-
cation of causes, the better the treatment of common-cause failures.

The relationship between human actions and common-cause failures
arises from the fact that all types of system and component failures are
either caused or induced by human actions. Design errors and other human
acts during manufacture, installation, operation, and maintenance are among
the chief causes of multiple as well as single component failures. Of par-
ticular interest in the analysis of common-cause failures is the fact that
a substantial number of human errors and shortcomings affect the entire
system--or at least multiple components, as opposed to individual com-
ponents singly. The dependence among error rates in a sequence of human
actions is recognized as an important factor in the technique for predict-
ing the rates of human error, which is discussed in Chapter 4.

The limitations and uncertainties associated with attempts to analyze
common-cause f ailures can be largely explained in terms of a lack or
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( j sparsity of data. For example, if significant applicable data were avail-
\s_ / able at the system level, the system unavailability and other reliability

characteristics could be estimated directly from the data without the need
to analyze the system into various combinations of cause failures. The
analysis of field-experience data is also the most effective and defensible
way to establish the degree of dependence among the causes of multiple
failures, to estimate the conditional frequencies of common-cause failures
(e.g., beta factors), or to estimate multiple f ailure frequencies directly,
depending on the type of model used. These are, however, numerous problems
and limitations associated with currently published data sources and
" banks" in the context of common-cause analysis. These are discussed in
Chapter 5.

There are basically three approaches to analyzing and quantifying the
effects of common-cause failures in a system failure analysis. One is to
develop the causes of failure explicitly in the f ault trees or cause
tables. The second and third approaches are the beta-f actor and the
binomial failure-rate methods, which use parameters to quantify the effect
of common causes without explicitly enumerating the causes. All three
approaches require the collection and analysis of CCF experience data, as
described in Chapter 5. A brief discussion and a limited comparison of the
three methods are presented below.

3.7.3.5 Fault-Tree Analysis of Common-Cause Failures
/~)
t,

;\s_,f One approach to the rnalysis of common-caur,e failures is to model them"

directly in the system fault tree or as specific entries in the cause
table. The basic concepts of fault-tree construction and cause-table analy-

" sis are discussed in Sections 3.5 and 3.6, respectively. This approach
seeks to apply experience data at the greatest level of detail available.
Specific details of the modeled system-failure modes are compared with the

I common-cause failures experienced in similar systems to determine their
applicability. The analyst must exercise judgment in this task because.
rarely are the systema exactly alike. For example, suppose a dependency
induced two of two redundant trains to fail in one system, but the system ,

to be analyzed has three redundant trains. The analyst must decide whether
to model the cause as affecting all three trains or just two, depending on
the details of the experienced event in relation to the design of the ,

system being analyzed. While some design changes may have been
specifically introduced to eliminate observed dependent failures, it is
recognized that these same changes may introduce new common-cause f ailures
as yet not experienced. The review of past experience is therefore often,

augmented by systematic searches for dependencies between the components of
the system. Two or more components may share the same operating
environment or require the same periodic maintenance actions.

These qualitative searches for sources of common-cause f ailure are ,

useful for the task of design improvement but, when performed in the
absence of CCF experience data, are dif ficult to quantify without resorting

(3 to the assignment of subjective probabilities. However, a systematic

( a search for common causes of f ailure would ' greatly enhance the basis for
\ _/' such ' subjective assessments. The computer-aided procedures described in
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Section 3.7.3.8 are useful in carrying out such systematic searches for
common-cause failures.

As indicated in the sample fault-tree analysis of causes presented in
Section 3.7.3.4, the chief weakness of this approach is the tendency to
underestimate CCF frequencies because of the incomplete enumeration of
causes. If the systematic search identified the common causes of failure
for each of the lowest order of minimal cut sets for the system, it would
be easier to establish that the most important CCF events were accounted
for. As indicated in examples given below, it would be extremely dif ficult
to establish that any redundant system is not susceptible to common-cause
failures.

It is of interest to examine some actual occurrences of dependent
failures and to determine whether the search procedures would have identi-
fled them. Tables 3-13 and 3-14 f rom a draf t report for the Electric Power
Research Institute (Putney, 1981), describe two classes of dependent
failures: those due to generic causes and those due to special conditions.
The generic causes are defined as out-of-tolerance operating conditions;
the special conditions refer to conditions or attributes that may be common
to a number of system components. These causes and conditions form the
basis for a search for dependent failures. For example, f ailure data for
auxiliary feedwater systems in pressurized-water reactors (see Section B3)
show that, in the 11 instances of multiple failures, five were due to main-
tenance or operator error and one was due to improper installation. This
emphasizes the importance of the noted special conditions. The search pro-
cedures may have been able to assign the cause of a multiple-failure event
to a common inadequately trained maintenance team. This same maintenance
team, however, would be responsible for much of the plant's systems. A
great many dependencies could be attributed to this condition alone. All
such dependent-failure causes could not possibly be included in the
system's fault tree. Yet several maintenance-related errors did lead to
dependent failures. How could the analyst determine beforehand which
dependencies to ignore and which to include? This reveals an important
limitation associated with fault-tree cause analysis. In an effort to
ensure completeness, an intractable number of dependencies are identified.
Taken separately, these dependencies can of ten be discounted on the basis
of a perceived low occurrence probability. Experience shows, however, that
as a class they cannot be dismissed. There are numerous accounts of
dependent-f ailure events involving dependencies once thought to be highly
improbable. Table 3-15 lists just a few.

3.7.3.6 Beta-Factor Method

The beta-f actor method (Fleming, 1973) can be used to account for
dependencies between dissimilar and not necessarily redundant equipment.
In practice, however, it is most of ten applied to systems for which the
most data are available--systems with redundant and identical equipment.
The beta-f actor method models dependent failures of two types: intercom-
ponent physical interactions (type 3C in Section 3.7.2) and human interac-
tions (type 3D).
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Table 3-13. Generic causes of dependent failures |O !

Generic cause Example of source i

,

!

Impact Pipe whip, water hammer, missiles, earthquakes,
structural f ailure

Vibration Machinery in motion, earthquake :

Pressure Explosion, out-of-tolerance system changes
'
,

(pump overspeed, flow blockage)
Grit Airborne dust, metal fragments generated by !

moving parts with inadequate tolerances |
crystallized boric acid-from control system i

Moisture Ccadens ation, pipe rupture, rainwater [
Stress Thermal stress at welds of dissimilar metals :

Temperature Fire, lightning, welding equipment, cooling- !

system f aults, electrical short-circuits
'

Freezing Water freezing i

Electromagnetic Welding equipment, rotating electrical machinery, |

interference lightning, power supplies, transmission lines |

Radiation damage Neutron sources, charged particle radi ation [
iConducting medium Conductive gases

Out-of-tolerance Power surge
'

,

volt age !

r- g Ou t-o f-tole r an ce Short-circuit, power surge >

-) current
s/ Corrosion (acid) Boric acid from chemical control system, acid i

used in maintenance for removing rust and I

cleaning I

Corrosion In a water medium or around high-temperature
,

(oxidation) metals (e.g., filaments ) ;
>

Other chemical Galvanic corrosion; complex interactions of fuel
reactions cladding, water, oxide fuel, and fission products

t
Biological hazards Poisonous gases, explosions, missiles *

i
f
E

,

P

r

!

!
-

!
I

-

I

,
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Table 3-14. Special conditions

-

Special conditions Example of source

Calibration Misprinted calibration instructions
Ins t all ation Same subcontractor or crew
contractor

Maintenance Incorrect procedure, inadequately
trained personnel

Operator or operation Operator disabled or overstressed,
faulty operating procedures

Proximity Location of components in one cabinet
(common location exposes all of the
components to many unspecified common
causes)

Test procedure Faulty text procedures th at may af fect all
components normally tested together

Table 3-15. Dependent f ailures involving subtle dependencies

Plant Description

Rancho Seco Dropped lightbulb led to shorted instrument
bus and gave rise to a scram and a severe
transient

Three Mile Island Maintenance error: valves in auxiliary feed-

Unit 2 water system lef t closed

Burnswick Gasket rupture on service-water line; resulting
spray f ailed a pressure switch

Vermont Yankee Improper installation of insulation led to f ailure
of three ADS valves through overheating

Troj an Maintenance error: lif ted electrical lead
prevented automatic pump start

Cooper Mechanic maintaining one service-water pump
accidentally broke an adj acent pump

9
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/*I The model assumes that A , the total (constant) failure rate for each*

\s_ I unit, can be expanded into its independent and dependent failure contribu-
tions:

.

(3-11)A=At+A c

where At is the unit failure rate for independent failures and A isc
the unit failure rate for dependent failures.

For convenience, a parameter, S , is defined as the fraction of the
total f ailure rate attributable to dependent failures:

A Ac = _l! (3-12)
S=Ac+A1 A

so that Ac = SA and A i = (1 - S )A and 0 < S < l.

For a more general case of dissimilar units, A and B, a dif ferent . A
and S are defined for each unit:

I \ Ac * Ba a " Ba a (3-13)A A

.\s ,),

:

: The above- definitions can be used to derive expressions for the
' overall reliability or failure probability of a multiple-unit system by

modeling dependent failures in series with independent failures, which are;

| drawn in parallel in a reliability diagram. Some reliability expressions
i for some typical identical and redundant systec configurations have been

summarized by Fleming et al. (1975). Markov models can be used in conjunc-
tion with the above definitions to develop expressions for the unavail-
ability and reliability of repairable systems. The system probabiEty of
failure on demand, U , for a one-of-two system subject to independent ands
dependent failure is given by

=(1-6)Ah(1-BAI+BAdd (3-14)U d dds

where Ag is the failure on-demand probability for a single unit and 6d
is the jraction of demand failures of each unit due to common causes.

The first term on the right-hand side of Equation 3-14 corresponds to
multiple independent failures; the second ter m accounts for common-cause
failures. For Sd and Ad on the order of 0.1 or less, the first' term
can generally be neglected.

A'

J
!
l
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The unavailability of a one-of-two operating, repairable system, Qs*
is given by

|

A ( A + pl) [(2-8)A+ Spi)
Q* (3-tE) |

(2 - s) A3 + [(3 - 26)pzt2p1] A2+[(4-28)p2+691)u1A + p + p2 41 I

where p3 is the (constant) repair rate of single unit when one unit is
failed, p2 is the (constant) repair rate of both units when the system is
f ailed, and A and 8 are as before.

-

For systems with more than two units, the beta-factor model does not
provide a distinction between different numbers of multiple f ailures. This
simplification can lead to conservative predictions when it is assumed that
all units fail when a commun-cause failure occurs. Further model develop-
ments may wish to consider dependent failures of two or three units out of a
total system of n units. Note that. in general the beta factor for the
failure to continue to run (S ) is not necessarily equal to the beta factor

for the failure to start on demand (8 d)*

The strength of the beta-factor method lies in its direct use of
experience data and in its flexibility. Like other dependent-failure
models, subjective essessr.ents of the parameter values must be used when
data are unavailable. The beta-f actor method is most useful for analyzing
dependent failures in systems with limited redundancy (two or three
unito). The nethod can be applied af ter finding the minimal cut sets of
the system or incorporated directly into the fault trees. For the latter
approach, a separate primary event for just the dependent failures of
multiple units would be added; independent failures would be assigned their
own primary events. Minimal cut sets would then be determined, and those
containing the dependent f ailures would be quantified by using the approp-
riate beta factor. In the case of the former approach, the dependencies
between primary events in a cut set are quantified by using the equations
of the beta-f actor model. If only cut sets up to a certain component order
are to be quantified, components with dependent failures are counted as a
single component. When the nodel is applied as discussed above, at the
component level, j udgment must be used to decide when to t reat failures in
a cut set as dependent vs. independent.

Example: PWR Auxiliary Feedwater System

Failure data for PWR auxiliary feedwater (AFW) systems have been col-
lectsd from licensee event reports (Atwood, 1980a). For this collection
the water supply (condensate storage tank) is defined as being outside the
system. Table 3-16 identifies the number and type (e.g., turbine driven)
of pumps in each train and the period of reported observation; Table 3-17
summarizes the multiple-failure instances. The reported failures include
mechanical and electrical failures of pumps, valves, and strainers as well ,

as operator and maintenance errors.

3-94



. - _ _ _ - - _

L

|

Table 3-16. . Instances of multiple f ailures in

O PWR auxiliary feedwater systems

Number of f ailures Number of trains
a M T DPlant Date and f ailed train type

Calvert Cliffs Unit 1 5/76 2/T,T .0 2 0
Haddam Neck 7/76 2/T,T 0 2 0

:

! Kewaunee Unit 1 8/74 2/M,M 2 1 0

10/75 2/M,T 2 1 0

11/75 3/M,M,T 2 1 0

Point Beach Unit 1 4/74 2/M,M 2 1 0
Robert F. Ginna 12/73 2/M,M 2 1 0
Troj an Unit 1 1/76 2/T,D 0 1 1

12/77 2/T,D 0 1 1

Turkey Point Unit 3 5/74 3/T,T,T 0 3 0
Turkey Point Unit 4 6/73 2/T,T 0 3 0

i

| aKey: M, motor-driven pumps; T, turbine-driven pumps; D, diesel-
driven pumps.

aTable 3-17. Summary of PWR auxiliary feedwater experience ,
,

5mmation of number of systems times length 1874 system-montbd
of service

Contribution to above by multiple-unit 1641 system-monuu 8
systems

Summation of number of units times length 4682 unit-monthsb
of service

Contribution- to above by multiple-unit 4449 unit-monthsb
systems

Total number of single f ailures 69 :

Number of single failures in multiple- 68,ni ,

unit systems
,

Number of multiple-unit failure events 11, n ;e
Number of unit failures in dependent- 24, Ne

f ailure occurrences

aNo distinction made between motor , turbine , or diesel-driven
pumps

bCalendar months.

b
(
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Consider as a unit each train of the system, including the strainer,
the pump, and the associated valves. The beta-factor method will be '

applied to determine a generic probability of AFW-system failure to start
;for systems with more than one unit. liere " start" means that at least one !

unit starts and runs for some short period of time. All of the incidents
collected by Atwood can be interpreted as unit failures to start. None of
the multiple-failure incidents were propagating failures. This is !typical of the experience of many systems. Table 3-18 summarizes the data
from Tables 3-16 and 3-17. The beta-factor point estimate is given by

A N /T N 24C c cS= = = = = 0.26 (3-16)Ac+Ai (N /T) + (N /T) Nc+Ni 24 + 66c i

The number of occurrences of cultiple unit failures, N , should notebe confused with N in determining S. common error is to substitute Nc efor N in Equation 3-16.c

O
Table 3-18. Summary of auxiliary feedwater component categorizations

Number of components
Component Number of single- Number of multiple- f ailed in multiple-

failure ins t ances f ailure instances f ailure inst ances

Pump 40 7 15

Valvesa 26 2 4

Strainers 1 2 5

aFor our discut; ns all valve f ailures are combined, although in
reality several dif f tr. nt kinds of valve failures are included in the dat a.

O
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'Assuming one complete (i.e., all units) system demand for each,_ ,

calendar month, the per-demand system failure-to-start probability fur a
one-of-two system is given by Equation 3-14 with-

U = (Ni + Nc)/T x 1 = (68 + 24)/4492 = .02 !

so that

U ,2 = (1 .26)(.02) 2 + (.26)(.02) = 2 x 10-4 + 5.2 x 103s

= 5.4 x 10-3
i

Note that data f rom both two- and three-unit systems were used to
obtain a failure probability estimate for a two-unit system. Moreover,
partial as well as completee system failures were included in the model.

1
~

For a one-of-three unit system, the contribution from multiple independent
,

failures is negligible, so that the probability of failure to start is

U ,3 = 5.2 x 10-3s

Table J-o shows that 6 of the 11 multiple-f ailure instances resulted
in total (i.e., all units) system failure. For the 1641 calendar months of
system experience, a per-demand system-f ailure probability can be estimated
to be

i

' '# Us = 6/1641 = 3.7 x 10-3 (3-17a)
'

For two-unit systems alone, the data give point estimates of
;

Us,2 = 4/474 = 8.4 x 10-3 (3-17b)

and for three-unit systems, the per-demand probability of failure to start
is !

Us,3 = 2/(1641 - 474) = 1.7 x 10-3 (3-17c)
,

t

For this problem the beta-factor method gave a comparatively higher
. f ailure probability for three-unit systems and a slightly lower probability

.
for two-unit systems than the values calculated directly from data.

|
'

!

With regard to the diversity of the AFW-system trains, the data show !
three total failures in 1373 calendar months for diverse multiple-unit sys- i
tems and three total system failures in 268 calendar months for identical !

' multiple-unit systems. These give per-demand system-failure probabilities
of 3/1373 = 2.2 x 10-3 and 3/268 = 11.1 x 10-3, respectively.

The beta-factor method does not provide for such distinctic'. Depend-
ent failures between dissimilar or diverse trains can be modeled, but in

|- [ \ this case the method 'must be applied in two successive steps. In the first I(,_,) step, the two identical components are modeled; in the second step, a

:
'
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"supercomponent" representing the identical pair is modeled with the
diverse train.

The beta-factor method can also be used at the component level, rather
than at the train level discussed above. This allows the results to be
applied to system configurations not represented in the data base by suit-
able combination of component values. There are two drawbacks to applying
the model at the component level, however. First, there is less failure
data for separate components than for each train as a whole. This can be
partly circumvented by using data for the same components from other sys-
tems with similar environments. Second, a larger number of dependent rela-
tionships must be considered. For example, instead of the single depend-
ency between trains, by applying the model at the component level the
analyst must consider dependencies between the valves, the pumps, and the
strainers, as well as cross-component dependencies like those between the
pump of one train and the valves neglected because of the associated
diversity.

The failures collected by Atwood have been assigned to one of three
categories- pump, valve, or strainer failures--for this example. Table
3-18 summarizes the categotization. The estimated per-demand total
f ailure probabilities for pumps, valves, and strainers (indicated by the
subscripts p, v, and st, respectively) are

Up = (40 + 15)/4449 = .012 (3-18a)

U = (26 + 4)/4449 = 6.7 x 10-3 (3-18b)y

U = (1 + 5)/4449 = 1.3 x 10-3 (3-18c)st

The beta factors for these components are

S p = 15/(15 + 40) = .27 (3-19a)

4/(26 + 4) = .13 (3-19b)Sy =

Sst = 5/(5 + 1) = .83 (3-19c)

The minimal cut sets for a one-of-two system with each train contain-
ing these three ecmponents are

VV, SSI2PP.12I2

VP VSI2I2

VP,VS212i

PS,PS21i2

0
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[% \ The total failure probability for a multiple-train system with each ofg

(,/ the above three components in each train is then estimated by the beta-
factor methr,d to be, per demand,

U'=8A +6A +6 A + ((1 - S )U + (1 = 6 )U + (1 - Sst)Ust] 2a pp vv st at p p v v

- 5.4 x 10-3 (3-20)

The last term in Equation 3-20 describes the f raction of independent
failures in the total system-failure probability. The first three terms
give the dependent-failure contributions. Note that for this example only
dependencies between similar components were modeled. As expected, the
final numerical result is the same as that derived earlier with the
beta-factor method at the system train level.

The above point-estimate calculations with the beta-factor method
depend on the particular independent and common-cause f ailures. Although
the experience data include events that fit the definitionc of independent
and common-cause failures assumed in the model, there are also events in
the " gray area," which might be termed partial or potential common-cause
events. For example, one component might have actually failed whereas the
f ailure of a second component was found to be incipient. There is also
sometimes a fine line between what might be regarded as a single f ailure

} and a common-cause failure. These factors give rise to uncertainties that
must be taken into account in the analysis of common-cause failures. The
methods described in Chapter 5 for estimating confidence limits in uncer-
tainty bounds on f ailure rates are applicable to the beta factor as well,
since S is simply the ratio of failure rates as defined in Equation 3-12.

3.7.3.7 The Binomial Failure-Rate Model

The binomial failure-rate model is a special case of a more general
model developed by Marshall and Olkin (1967). A system of m units can fail
in 2m-1 ways, each represented by a vector x . The Marshall-Olkin model
assumes that each failure mode x has an exponentially distributed
occurrence time given by

f (t) = A exp(-A t ) (3-21)
4 5 L

where Ax is the f ailure rate associated with an m-dimensional vector x con-
sisting of 0's and l's. For example, if m is 3, the vector (1, 1, 0)~~

!

denotes the f ailure of units 1 and 2 and nonf ailure of the third unit. For i

a system of two identical units, the probability p that both units will |
fail in time t is then approximately )

,

p = (A g) +A t (3-22)t
2

f3
t ) where A i is the single-unit failure rate, x = (1,0) or (0,1), and A 2 is|

| the multiple-f ailure rate, x = (1,1).
"

i ~
!

|
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Note the similarity between Equations 3-22 and 3-14. In fact, the
Marshall-Olkin and beta-f actor nethods have been shown to be identical for
two-unit systems (Fleming and Raabe, 1978).

The Marshall-01 kin model has been specialized (Vesely, 1977) for ap-
plication when data are sparse. This specialization is referred to as the

binomial f ailure-rate (BFR) model. It is assumed that the system's units
are identical or at least similar, so that the failure rates A dependg
only on the number of units failed. Each unit can fail individually with a
constant failure rate A. " Common-caus.: shocks are aesumed to hit the
system at random times. The time between shocks is exponentially dis-
tributed, with constant occurrence rate p. Given that a ahock has oc-
curred, each unit has probability p of failure, with the same p for each
unit." This term " binomial f ailure rate" is used because the number of
failed units, given that a common-cause shock occurs, is binomially dis-
tributed with parameters m and p. The BFR model dif fers from the beta-
f actor model in that it distinguishes between the number of multiple-unit
failures in a system with more than two units. For example, different
failure rates would be derived for two of three units failing versus three
of three units failing. To accomplish this, however, the BFR model
requires an assumption about the relationship between the failure rates, so
that three parameters, U, A , and p, need to be evaluated, no matter how
many units the system has. The applicability of the BFR model is tied to
how well-observed events can be simulated by adjustments to the parameters
p and p. The shock rate p is not directly available from the data, because
shocks that do not happen to cause any failures are not observable. Also,
depending on the quality of the data, single failures from common-cause
shocks may not be distinguishable from single independent failures.

Consider a system of m similar units. The failure rate for one unit
of the system, A 1, is then given by

A = cA + p (mpq"" ) (3-23)g

where q = 1 p. The first term on the right-hand side gives the total
independent-failure-rate contribution. The second term gives the rate of
single-unit failures resulting from common-cause shocks. A common-cause

( shock need not result in a multiple unit failure or even a single-unit
failure. The failure rate for i units of the system is given by

( f) p q"~ for i = 2, m (3-24a)A =p
g

-
-

where

"I

(*)11(m-1)!
(3-24b)

O
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- Occurrences of multiple independent failures are neglected. Given some

data, the parameters m and p are selected to maximize the probability of
the observed resulta. Define the rate of dependent multiple failures

m
[; A = p(1 q" - mpq"~ ) (3-25)A =

i=2

and let ni be the number of observations of Ni concurrent failures.
Define

m

[ N (3-26)N =
g

i=2

We wish to maximize the likelihood of the observed data:

P [ Ng = ni, N2 = n2,...,Nm " %} = Pg( Ni = nt) P+[ N+ = n+)T

P[N2 = n2,...,N l" % N+ = n+ (3-27)m m

Now the variables N1 and N+ have Poisson distributions with parameters
A T and A T, respectively. Here T is the system operating time in theI

observed cata. Maximize the likelihood of Pt and P+ by estimate

A = n /T and A ,= n ,/T (3-28)
3 g

The factor Pm of Equation 3-27 follows a multinomial distribution. Pro-
vided the independent unit failure rate A > 0, then the equation that
allows one to find an estimate of p that maximizes P is (Atwood, 1980b)m

S.= mn+p(1 q -1)/(1 _ qm _ mpq -1) (3-29)m m

where S is the total number of units failing in multiple-failuree occur-
rences--that is,

m
S= [ in

g
i=2

For the special case in which m = 3, Equation 3-29 can be solved directly: ;

p' = 3(5 - 2n+)/(25-3n+) (3-30)

^

With A g , A+, and p, an estimate for y can be obtained from Equation
3-25.

! The above equations hold only for systems with m > 2. This is not a
,

serious drawback because systems with m = 2 can be handled easily by the I
general Marshall-01 kin model or the beta-factor method. Furthermore, if I

| independent f ailures can be distinguished from single failures resulting
| from common-cause shocks, expressions for systems with a = 2 can be easily
'

formulated.
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Some of the deficiencies of the BFR model have been described by
Atwooo (1980a). First, since p is assumed equal for all units, the model
is not strictly applicable to redundant systems with dissimilar units.
Second, common-cause shocks do not affect each unit equally, dependence on
location being a typical example. Not all shocks are of equal severity.
One would expect p to vary with the severity of the shock. Finally, the
boundaries for the systems to which the common-cause shock may be applied
are dif ficult to define. For example, should high pressure
coolant-injection pumps be included with low pressure coolant-injection
pumps as part of the same population susceptible to common-cause shocks?

Example: PWR Auxiliary Feedwater System

Consider the PWR auxiliary feedwater system discussed in Section B3.
The earlier equations in terms of failure rates are converted to failure-
to-start probabilities, assuming one system demand per calendar month.
Equation 3-24a becomes

NI 68 N t 11 = .0067Ug=Tx .0414; U+ =. - .

1 1641 Tx 1 1641

The total number of units failing in multiple-failure occurrences, S, is 24
for this example. Equation 3-30 provides for an estimate of p:

p = 3 [24 - 2(11)] /[ 2(24) - 3(11)] = 6/15 = .40 q = .60
^

Then the per-demand common-cause shock rate is estimated from Equation
3-25:

.0067 = 7 [1 - (.6)3 - 3(.4)(.6)3-1]
$ = .0067/(1 .216 .432) = .019

Using these estimators in Equation 3-24a, the per-demand system-
failure probabilities for two of the three units failing and then three of
the three units f ailing are obtained:

U,2=(.019)(h(.4)2(.6)3-2=5.47x10-3s

U,3=(.019)(3)(*4)3(.6)3-3=1.22x10-3s

The failure probability for two units is within 5 percent of the
result obtained by the beta-f actor method. The failure probability for
three units is about 30 percent less than the estimate obtained directly
from data (Equation 3-17c). Data from both two- and three-unit systems
were used in the calculation. Since the model has two parameters, in
addition to the independent-failure probability, it is not surprising that
the model fits the data for a three-unit system so well.

Uncertainties must be taken into account in estimating the parameters
of the BFR model, as with any parametric method. Both Bayesian and **clas-

eical" approaches have been developed for this use and published by Atwoood
(1980b). A computer program is also available for performing the associ-
ated calculations (Atwood and Switt, 1981).
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3.7.3.8 Discussion and Comparison of the Parametric Methods

(. -~s's)
-

!

Both parametric methods use experience data to estimate common-cause
rates and so are not applicable when few dependent-f ailure data are avail-
able or applicable.

In addition to A , the beta-factor method estimates one extra parame-
ter, S, while the BFR method estimates two extra parameters, y and p. Thus
the beta-factor method is the simpler, with the advantages of directness
and. flexibility, and the disadvantage of inapplicability to many-unit !

sjovems.
I e

Both methods can be used af ter the usual procedure for fault-tree |

construction or incorporated into it as an integral part.
i

Both methods are related to the Marshall-Olkin model. In fact, the

j- beta-factor method can be considered to be a special case of the BFR model ,

with the parameter p set equal to 1. ;

i
Both methods require .the identification of a system that is sus--

ceptible to common-cause failures. The beta-factor method is only useful *

for systems with a few units, so deciding on the boundaries of the system |

is seldom a problem. With the BFR method, there may be real dif ficulty.
For example, should HPCI be included with LPCI pumps?

,

The beta-f actor method is very direct, simply estimating 6. The BFR
(

; method makes stronger use of a model; for example, it estimates U .2 by ;s
; \ a fairly com' plicated use of the data. Therefore the BFR method is prcbably

:' more susceptible to departures f rom the assumed model, such as dissimilar
i units, shocks of differing severity, or shocks that do not affect all the ;

units equally. The beta-factor method solves the problem of dissimilar'

'
units by estimating distinct be t a-f ac to rs. Some work has been done to

!I accommodate dissimilar units in the BFR method (Atwood, 1980a).

'

With both methods, keep in mind that we are trying to understand
complex reality by using quite simple methods. If the methods seem inade -!

; quate, the analyst can either live with the inadequacy or try a more com-
plicated method (such as a more complicated Marshall-01 kin model). A con-!

sideration is the amount of data available. With a great deal of data, one
{

can, in principle, be fairly elchcrate. With only a little data, it is -

| necessary to use simple methods. A routine part of the application of each j

method should be a comparison of the data with the estimates, to look for ;'

'

lack of fit and see whether the method used is adequate.
,

!

In the auxiliary feedwater pump example of the preceding sections, the

and U .s in two-unit andthree-two methods give estimates for U s 32
unit systems, shown in Figure 3-24. Note that the B-f actor method does not
attempt to estimate U .s in a three-unit system, but compensates by I2
overestimating U ,s. The BFR method estimates p based entirely on the3
data from three-unit systems, and so fits its estimates to the three-unit i

data almost perf ect ly. Both methods underestimate U .s in two-unit2 ,

7s systems, though the beta-factor nethod does better than the BFR method.-

3

; ( Hore careful examination of the data might suggest reasons why the two-unit

t

r
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r'''s systems seem to have relatively greater unavailability than three-unit
( ) systems.

3.7.3.9 Computer-Aided Dependent Failure Analysis

Qualitative search procedures have been developed to provide some
assurance that the most likely common causes (believed to be the most
significant type of dependent f ailures) are accounted for in the model.
The search procedures are designed to identify system weak spots
qualitatively and to optimize the features designed to protect against
potential dependent failures. These search procedures make no attempt to
quantify the system-f ailure probability.

The qualitative search procedures avoid the problems of handling fault
trees of unwieldy size.

COMCAN II-A (Rasmuson et al., 1979) reorganizes the fault tree before
determining common-cause dependencies. The basic system fault tree is
pruned so that it contains only primary events that are susceptible to a
single common cause and also located in a common location. The reduced
tree is then evaluated to ascertain whether any system cut sets can be con-
structed entirely from basic events that are -usceptible to a common
cause. This evaluation is then repeated for all causes and locations.
Obviously, a problem with this approach is that cut sets containing events

Is all susceptible to a single common cause (e.g., multiple failures) arenot
ks not considered. Cut sets containing events with a common cause and one

other f ailure may also be significant.

The WAMCOM (Putney, 1981) code uses the SETS (Sandia, 1978) program to
search for potential dependent failures in large fault trees. Like BACFIRE
II and COMCAN II-A, it manipulates the initial system fault tree before
reduction. In WAMCOM, however, the fault tree is transformed in four sepa-
rate modes of succeedingly higher levels of sophistication. Each transfor-
mation involves the replacement of a component by logic that represents
both the independent and dependent failures of the component. Dependent-
failure analysis information is then used in computing the next mode. The
analyst may select the number of modes implemented as his needs warrant.
WAMCOM provides the following information:

1. A list of all common-cause events that alone can fail the system.

2. A list of all combinations of two common-cause events that can
cause system failure.

3. A list of all combinations of one common-cause event and one
independent-failure event that together can cause system failure.

Currently WAMCOM is limited to determining system-dependent failures from
two events or less. This is, however, an advancement over the capabilities

/'~'N of the BACFIRE II and COMCAN II-A programs. Instead of including common

( ) causes as primary events, these search procedures only require the analyst
'''' to augment component-level fault trees by assigning susceptibility vectors
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to each component. These vectors simply indicate to which common cause the
components are susceptible to. Computer programs have been developed to
manipulate these susceptibility vectors in accordance with the fault-tree
structure to help the analyst identify significant system cut sets involv-
ing dependent failures (see, for example, Rooney, and Fussell, 1978;
Rasmuson, et al., 1979; Putney, 1981).

Each of the computerized search procedures requires a categorized list
of dependent-failure causes to be investigated (e.g., two or more periodic
maintenance actions). A sample listing of causes (Putney, 1981) is shown
in Tables 3-13 and 3-14. Generic causes listed in Table 3-13 have domains
of impact defined by physical barriers, such as fire walls, dust covers, or
physical separation. The special conditions listed in Table 3-14 have
domains of impact defined by plant procedural barriers. For example, the
number of pressure sensors a maintenance team is permitted to calibrate
would define a domain of impact for the special condition " calibration."
The lists of causes are intended to be both mutually exclusive and exhaus-
tive. Secondary causes (e.g., impact) as opposed to primary causes (e.g.,
pipe whip, water hammer, missiles) are listed to keep the list of causes to
be searched for at a tractable number. In assigning the susceptibility
vector of a system fault tree, components susceptible to water hammer or to
pipe whip, in the analyst's judgment, would both be identified as suscep-
tible to the secondary cause " impact."

After the susceptibility vector is assigned to each primary event of
the system's fault tree, the analyst must describe the domains of impact
for each of the causes being evaluated.

The barriers for each of the potential common causes are identified,
both physical or procedural. Next the analyst assig;.s a location identity,
relative to these barriers , to each primary event in the system fault tree
and for each common cause. As one can imagine, the amount of time needed
to prepare this input, especially for a complete set of causes, can be
enormous. Note also that such input preparation requires an exceptional
level of system design and plant-layout detail.

There are several computer programs that can sift through the fault-
tree logic and determine system minimal cut sets and identify the dependen-
cies between the primary events that make up the cut sets. The dependen-
cies are identified one cause at a time. For example, BACFIRE II (Rooney
and Fussell, 1978) manipulates the system fault tree to help speed the
search for dependencies in complex systems. This manipulation is called
the " event method" (Rasmuson, 1978). Subsections of the fault tree that do
not include any shared dependencies are replaced by single dummy events.
The streamlined fault trees are then evaluated for minimal cut sets.
Finally, the dummy events are resolved. BACFIRE II allows multiple loca-
tions to be assigned to a single component (e.g., to a pipe passing through
two or more rooms).

The application of the GO compute program to dependent-failure analy-
sis is described in Section 3.7.3.2.
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3.7.4 RECOMMENDED PROCEDURES FOR THE ANALYSIS OF DEPENDENT FAILURES

' \s / Table 3-li indicates that there is at least one method for each type

of dependent f ailure defined in Section 3.7.2. Some of the advantages and

disadvantages of the respective methods have been discussed in the preced-
ing section. In view of these advantages and disadvantages, and the extent<

to which each method has actually been applied so far in a risk analysis, a
'

recommended procedure for dependent-failure analysis was developed for use
in a plant-specific risk analysis. The recommended procedure consists of a
method or synthesis of methods for each of the dependent-failure types and

! is intended to reflect the current state of the art. It is recognized that
risk analysis in general and dependent-f ailure analysis in particular are
rapidly evolving in both methods and practical application and that
improvements in dependent-failure analysis are both necessary and inevit-'

able. A brief summary of these methods is presented below.

i

3.7.4.1 Common-Cause Initiators (Type 1)

The only feasible approach to the analysis of common-cause initiators
is to treat them explicitly. In most cases (e.g., earthquakes, fires, and-
floods), it is necessary'to employ event-specific models to aid in estimat-
ing the f requency of initiation as a function of magnitude and the condi-
tional probability of failure of plant systems and components. In other
cases, such as the loss of electric power, these models might simply con-

\ sist of the statistical analysis of data from operating and maintenance
experience.

Events are selected as common-cause initiators because they have the
potential for initiating and influencing the progression of accident-se-
quences. These same events can also introduce intersystem dependencies,
and therefore the event-specific models can also play an important role in
the analysis of type 2C dependent failures.

!
'

In the case of certain common-cause initiators internal to the plant
and localized to specific areas of the plant, the qualitative search proce -

,

; dure can greatly aid in screening the plant layout before quantification.
This added step in the analysis will reduce the potential for overlooking

| important initiator locations and, at the same time, help reduce the effort
spent on the analysis of locations that turn out to make negligible contri-
butions to risk.

3.7.4.2 Intersystem Functional Dependencies (Type 2A)

The recommended procedure for incorporating functional dependencies
among systems is one that has been used in essentially all previous and

|
current risk' studies, namely, that of explicitly incorporating the depend-
encies into the event trees. For example, if a system is not needed along

'~x a particular accident sequence because of the success = or failure of other-
systems that precede it in the event tree, then the branching of the event

3

tree at that point can be bypassed or condensed. Similarly, if a system
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failure or success is certain to occur along a particular sequence because
of the status of preceding systems, the branch of the tree whose probabil-
ity is zero can simply be eliminated.

|

As indicated in Table 3-19, the methods of fault-tree analysis are
also capable of treating functional dependencies. However, there does not
seem to be any particular advantage to using this type of approach for
intersystem functional dependencies. In fact, there appear to be signifi-
cant disadvantages to analyzing type 2A dependencies at the fault-tree
level. These include the need to analyze a greater number of accident
sequences that do not contribute to the risk and the invisibility of these
dependencies for peer review in comparison with the explicit event-tree
approach (method b).

3.7.4.3 Intersystem Shared-Equipment Dependencies (Type 2B)

There are two methods that have been successfully applied and are
therefore recommended for the analysis of shared-equipment dependencies
among systems: direct incorporation of dependencies into event trees with
defined boundary conditions for fault-tree analyses and fault-tree linking
(methods b and c, respectively). As discussed in the preceding section,
each method, if appropriately used, is capable of producing the correct
result, and each has its advantages and disadvantages.

The essential difference between the two approaches is that method b
results in large event trees, increasing the number of event sequences to
be analyzed and reducing the size of the fault trees at each branch point.
By contrast, method c results in relatively small event trees, with fewer
sequences but relatively large fault trees. Both approaches, if rigorously
followed, appear to require the same amount of data processing; however,
this has not been proved. To keep data processing at a manageable level,
some sort of tree pruning is necessary with each. Variations on each
method have been developed to reduce the size of the logic trees that need
to be analyzed, as discussed in Section 3.7.3.2. In the case of method b,
of ten only the most important commonalities are included in the tree and
the low-risk sequences are eliminated at some intermediate point in quanti-
fication. In method c, all the minimal cut sets of the fault trees are
often not identified, and, when they are, are pruned before
quantification. Such simplifications are practical necessities for both
approaches. It is important that the assumptions made in their use be
visibly documented to facilitate peer review.

3.7.4.4 Intersystem Physical Interactions (Type 2C)

As mentioned above, some of the event-specific models recommended for
the analysis of common-cause initiators can also be used for type 2C de-
pendent failures. In the case of seismic analysis, fragility curves are
used in conjunction with event- and fault-tree models to estimate the con-

ditional probability of multiple-system failures due to earthquakes. In
the case of fires, fire propagation models are used to help estimate
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Table 3-19. Applications of various analytical methods to dependent failures

' Intersystem dependencies Intercomponent dependencies,
,

2A 2B 2C 2D 3A 38 3C 3D |
Commaon- Physical Human Physical Human

Method of cause Functional Shared inter- inter- Functional Shared inter- inter- +

analysis initiators dependencies equipment actions actions dependencies equipmenta actione actionsa

a. Event specific X X X X :

y b. Event-tree analysis X X X (a) (a) |
~ c. Fault-tree linking X X X X (b) (b) (b) (b).

@ d. Fault-tree cause
i

analysis X (a) (a) X X r

e. Human reliability' X X f

f. Beta factor X X ,

g. Binornial f ailure
rate X X .

'h. Qualitative search
procedures X X X X X

I I
aAccounted for by standard fault-tree and event-tree methods.
b. Linking of' fault trees implies the dependencies are between systems. |

|

! 1

;

L
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i
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effects on multiple plant systems. As in the case of common-cause initia-
tors, the qualitative-analysis codes BACFIRE, COMCAN, and WAMCOM can be
used effectively in conjunction with event-specific models for screening.

In the case of initiating events other than common-cause initiators,
such as loss-of-coolant accidents and transiente, the analysis of many
physical interactions is embodied in the establishment of success criteria
and damage limits for system components as well as in the prediction of the
magnitude of environmental stress levels. It is not uncommon for these
interdependencies to be dealt with by the use of conservative assumptions
(e.g., that the component will fail if environmental stresses exceed design
limits).

3.7.4.5 Intersystem Human Interactions (Type 2D)

To the extent that human beings design, construct, operate, and main-
tain the plant, it is impossible to fully isolate the role of human inter-
actions from any of the dependencies discussed above in terms of hardware
interactions. Hence, all of the analytical methods described above pertain
directly or indirectly to human interactions.

The procedure recommended for analyzing intersystem dependencies
caused by human interactions is to include human errors of omission and
commission explicitly in the event- and fault-tree models and to use the
human-reliability methods of Chapter 4 to implement quantification. This
is easier said than done. A starting point for the identification of spe-
cific errors is the analysis of operation and maintenance procedures, if
they have been defined for the accident sequence being investigated. This
is especially important if operator action is required to actuate a system
or a collection of systems.

Of particular interest here are human interactions that involve multi-
ple plant systems. If singular human actions are identified as failure
modes for multiple systems, the logic of the dependency is much the same as
the shared equipment dependency (type 2B), and hence method b or c must be
used to avoid " double accounting." Moreover, care must be taken to prop-
erly account for the dependency between multiple human errors along the
same accident sequence.

It should be noted that the state of the art in modeling human inter-
actions is limited in at least two important ways. First, there does not
appear to be any method available for treating human errors of commission
because of an inability to compile a reasonably complete list of things a
human being can do to alter the progression of accident sequences. Second,
there does not appear to be an available method or approach for treating
the interdependencies associated with design errors that affect multiple
systems.

|
3.7.4.6 Intercomponent Dependencies (Type 3)

The procedure recommended for analyzing dependencies among components
<

is to combine the explicit modeling of multiple-failure causes (method d)
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-~s
/ ) with parametric methods (f and g) to account for the effect of multiple-

~ k ,,/ f ailure causes left out of the explicit models.
s

Functional and shared-equipment dependencies among components are
inherently accounted for in the basic fault-tree method described in
Section 3.5. Hence, no special dependent-failure analysis methods are
needed apart from the need to thoroughly analyze each system for such
dependencies.

The parametric methods (the beta-factor and the binomial failure-rate
methods) permit the incorporation of relevant experience data into the
quantification of fault-tree models. Since they do not require the ex-
plicit identification of multiple-failure causes, the accuracy of the quan-
titative results and associated uncertainties is reflected in the selection
of parameter values. As in estimating the values of other parameters, such
as failure rates, from experience, care must be exercised in ensuring that
the operating experience is relevant to the system and plant being
analyzed.

The use of both parametric methods and a detailed fault-tree analysis
of causes is recommended for several reasons. First, such a procedure is
conceptually more complete than either approach used singly. Because many
causes of multiple failures simply do not appear in the information
analyzed in a risk assessment (e.g., piping and instrumentation diagrams,
the final safety analysis report, operating procedures), the fault-tree

/''N approach can identify only some of them. Examples have been presented in

( ) the preceding section to illustrate this point. On the other hand, a
beta-factor or a binomial failure-rate parameter estimated from experience
data, even if the data have been screened for applicability, may not ade-
quately reflect the plant- and system-specific details that influence
susceptibility to dependent failures. Hence, a combination of both
approaches is recommended whenever possible. For risk analyses carried out
at a conceptual design stage, the ability to find plant-specific causes in
system fault trees may be limited. In this case, the parametric methods
alone may be the best that can be done.

It should be noted that care needs to be taken to avoid double
accounting when both approaches are used. The most straightforward way to
avoid this is to screen events that correspond with fault-tree events out
of the data sample used to estimate the common-cause parameters.

I

The practical application of the above-mentioned methods for analyzing
intercomponent dependencies requires some judgment as to which sets of com-
ponents are to be considered as potentially interdependent and which are to
be treated as independent. For example, if components in one system are
assumed to be independent from those in another system, apart from the in-

|
tersystem dependencies already discussed (types 2A through 2D), the analy-

'

sis of intercomponent dependencies can be localized at the level of the
system fault tree. In this case, the candidates would naturally be the
minimal cut sets for the system. If, on the other hand, there are iden-

fs tical components in two different systems along the same sequence that are
( ) suspected of being dependent, the candidate sets of interdependent com-
\s,/ ponents would more appropriately be the minimal cut sets for the entire

accident sequence. With reference to the discussion on the procedure for
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analyzing shared-equipment dependencies, the above consideration would
indicate an advantage of fault-tree linking (method c) over the use of the
event tree-boundary condition method (method b). This is because method c
could entail the generation, for each entire sequence, of cut sets that
would be avalable to screen for intercomponent dependency. |

As discussed in the procedure for analyzing human interactions among
sys tems (type 2D), all of the methods for dependent-failure analysis deal
in some way with human interactions. Human interactions are implicitly
accounted for by the parametric methods, since the dependent-failure data
used as a basis for estimating parameter values include contributions from
design errors, operator errors, and other human errors. The fault-tree
aalysis of causes (method d) is capable of identifying specific causes of
multiple f ailures caused by human beings. Since the human-reliability
models of Chapter 4 are used to quantify these, they are also relevant to
the comprehensive treatment of dependent failures in risk analysis.

A summary of the recommended procedure for the analysis of dependent
failures is presented in Table 3-20.

Table 3-20. Recommended methods for the analysis
ej dependent failures

Dependent-failure type Recommended method

Type 1: Common-cause initiators a - Event-specific models and
i,j ,k - Computer-aided CCF analysis

codes

Type 2A: Intersystem func- b - Event-tree analysis
tional dependencies

Type 2B: Shared-equipment dependencies b - Event-tree analysis and
c - Fault-tree linking (several

variations)
h - GO method

Type 2C: Physical interactions a - Event-specific and
i,j ,k - Computer-aided CCF analysis

codes

Type 2D: Human interactions b - Event-tree analysis and
c,d - Fault-tree and cause-table

analysis

e - Human-reliability analysis

Type 3: Intercomponent dependencies c,d - Fault-tree and cause-table

analysis
f - Beta factor and
g - Binomial failure rate
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/O 3.7.5 DATA AND INFORMATION REQUIREMENTS

s_-
The data and information requirements for dependent-failure analysis

consist of those already identified in Sections 3.2 and 6.2, which are
necessary for accident-sequence definition and quantification, respec-
tively, and some additional information uniquely appropriate to the analy-
sis of dependencies. One of the most significant additional information
requirements is the need for relevant experience data for use in estimating
beta factors and binomial failure-rate parameters. This requires the
compilation of data at the system level instead of at the component level,
where most data-collection activities are focused. Fortunately, the number
of dependent failures actually experienced is sufficiently small (less than
three occurrences per reactor year) to permit the incorporation of all
rele- . rt experience into any given risk analysis.

Th. types of dependent failures accounted for in the quantitative
models are directly dependent on the categorization of data that support
the models. Failures caused by human error must be clearly identified as
either included or excluded from the categorized data. For example,
system-manual-startup faiJures may be excluded from the data for these
models if included elsewhere in the analysis, but maintenance-related
errors occurring before system demand would generally be included. A bal-
ance between the types of dependent failures covered by these models and by
the basic fault-tree methods must be established.

t' N Any method of dependent-failure analysis should, at a minimum, account

( for experience data in the prediction of dependent-failure probabilities.
'- j

One problem in interpreting each occurrence of multiple failures is to
determine whether it represents a combination of independent failures or
dependent failures. If multiple failures result from a common cause, then
clearly they are dependent. It may be dif ficult, however, to identify the
underlying common cause. Multiple, concurrent, and independent failures
should be rare. If the frequency of multiple failures is high, dependen-
cies should be suspected. When more than two units are involved, both a
common cause and an independent cause may be present, further complicating
the issue. The various methods that have been actually used in dependent-
f ailure analysis have handled this problem in dif ferent ways. The sparsity
of dependent-f ailure data is another problem. The data are categorized to
facilitate handling in the models. In categorizing data, it is important
to establish the number of units failed and the total number at risk; it is
also necessary to know whether the units are identical or diverse. Depend-
ent failures may occur between identical redundant units, diverse units, or
dissimilar units that are not redundant.

Like other approaches in reliability analysis, the methods of

| dependent-failure analysis must adopt some level at which experience data
'

can be categorized (e.g. , plant, system, component, or part). Obviously,
the higher the level of classification, the greater the amount of data
available in each category. However, the application of data at a high
level may be precluded because of design differences between the analyzed
plant and the plants in the data base. Lower levels of classification are

l' \ more responsive to a particular design but more dif ficult to quantify,
(,_,) because of the sparsity of data.
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i 3.8 SUMMARY OF PROCEDORES FOR ACCIDENT-SEOUENCE

DEFINITION AND SYSTEM MODELING

The preceding sections of this chapter provided information on avail-
able methods for performing the individual elements of the overall task of
developing plant and system logic models. This section summarizes the
methods for performing each task and presents them in a procedural format.

The general approach to the overall modeling process can be summarized
as follows: accident-initiating events are postulated, the response to the
plant to each type of initiating event is evaluated, and plant-level models
are developed to identify the various sequences of evants that terminate in
an identified plar;t state. Sequences that have the potential for offsite
consequences are referred to as plant-damage states and are grouped in
plant-damage bins. This grouping is performed in conjunction with the
analysis of physical processes (see Chapter 7).

The individual event-tree headings are evaluated by system-modeling
techniques to allow the quantification of accident sequences that result in
plant-damage states. The process for performing this quantification is
described in Chapter 6.

Figure 3-25 shows the procedural approach to accident-sequence defini-
tion and syatem modeling. There are nine basic steps, which lead to the
end produc of accident-sequence models for specific groups of accident ini-
tiating events. As depicted in Figure 3-25, there are optional ways of
performing most of the tasks. Some of the options described are not dis-
tinctly different in substar.ae, but reflect variations in using similar
data and analysts' preference for specific techniques or model format. The
selection of a particular analytical option does not necessarily preclude
or limit the options for succeeding tasks. However, as noted in step 6, a
significant distinction can be made between the options given at that
point, and from that step forward a singular approach is dictated.

The following discussion briefly reviews the steps involved in
accident-sequence definition and system modeling.

Step 1: Establish Study Objectives

The first step in the plant and system modeling process is to deter-
mine what level of PRA will be performed. If a level 1 is selected, the
accident-sequence definition will terminate in one of two stages: either
core melt (a plant-damage state) or no core melt. If a level 2 or 3 PRA is
to be performed, then additional plant-damage states are defined through
interaction with the analysis of physical processes task (Chapter 7). If
external events are included, special considerations must be added in the
system-modeling process to incorporate failure modes whose effects are
location dependent.

I

Step 2: Plant Familiarization
|

Plant familiarization is fundamental to any PRA activity and repre-
sents a loosely defined task wherein all PRA team members become familiar
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with plant design and operational features as well as with the analytical
tasks required for the overall PRA process. A large amount of information
is collected, synthesized, and documented to form the basis for subsequent
analytical activities. A list of plant systems is developed and reviewed
for potential impact on risk. In some cases systems are identified as
important to the PRA, and system analysis notebooks are developed and
updated as the analysis progresses. In other cases a preliminary analysis
of all systems is performed and documented to an extent commensurate with
the importance of each system to the overall PRA.

Step 3: Definition of Safety Functions

A definition and clear understanding of safety functions are required
for any PRA. The exact manner of definition and use may vary with the
preference of the analyst; however, the definition of safety functions
allows initiating events and system responses to be placed in proper per-
spective and provides a starting point for the analysis.

Step 4: Selection of Initiating Events

Accident-initiating events must be identified and grouped according
to similarity of plant response. Generic lists, operating histories, and
plant-specific data can be factored into a generalized engineering process
wherein an exhaustive listing of initiating events, including their occur-
rence frequency, are eventually compiled and grouped. Ef forts must be
made to ensure that the initiating events considered are complete and
comprehensive.

Another approach using a master logic diagram (MLD) can be taken, in
order to more formally document the completeness of the search for initiat-
ing eve its. In this manner a fault-tree type model is developed to deduce
all important initiating events. The identified events are grouped accord-
ing to the safety function threatened and the effects of each group of
inittetors. The MLD helps to focus and organize the search for initiating
events but does not ensure completeness.

Step 5: Evaluation of Plant Response

When the groups of initiating events have been selected, the attendant
response of the plant must be determined. This may be accomplished through

functional analysis when safety functions required for each response area

defined and ordered in a function event tree. Success criteria for each
function are stated in terms of the required complement of systems that
perform each individual function. Success criteria are then developed for
individual systems and form the bases for the headings of the system event
tree. The value of this apploach is the stepwise ordered approach of
decomposing broad functional considerations into specific systems. It pro-
vides a f ramework for the complex task of sorting system responses.

Another approach is the use of an operationally oriented event-
sequence analysis to organize and display an approximate time course of
ections potentially available to response to each group of initiating
events. Event-sequence diagrams (ESDs) are used to assemble a significant
amount of design and operational information in a flow-chart format.
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( -y\ Information from the ESDs is used to identify important responses and
actions to be included in the system event trees. Development of the ESDss
can require a substantial amount of design and operational expertise and
information that requires experienced system analysts.

Step 6: Delineation of Accident Sequences

The development of system event trees is a key element in accident-
sequence definition. Two distinctly different ways of developing system
event trees have been illustrated. The key difference between the two is
the manner in which the front-line support systems are accommodated. In

one method the event-tree headings are defined to be composite events
representing the operability states of front-line systems and their
required supporting systems. This approach leads to event trees with a
minimum number of headings and thus facilitates the understanding of the
overall eccident progression path, but requires that support systems be ;

included in the system models. Event trees of the other type include
auxiliary systems, functions, or operational actions directly in the event

Itrees. The intent is to more accurately depict the various detailed
accident progression paths. This approach leads to event trees with more
event-tree headings and tends to display more operational-type informa-
tion. Event trees of this type lead to system models that are less com-
plex, as the supporting systems are already accounted for, but require a
significant amount of engineering judgment in the distinction and place-
ment of the event-tree headings.

Step 7: Definition of Success and Failure Criteria

Each event-tree heading, whatever the type of the system event tree,
must have a definite statement of the minimum acceptable complement of!

equipment or system performance required to successfully accomplish the !

event described by the event-tree heading. These criteria should be stated,

in discrete hardware terms, such as number of pumps or required flow. The
basis for such criteria may be derived from licensing information, which
should be recognized as inherently conservative. More realistic informa-
tion can be used, such as results of particular thermal-hydraulics calcula -'

tions that are supportable and documented. Care should be exercised in
identifying the need for more-realistic criteria, as often the difference
between conservative and "more realistic" success criteria is not discern-
ible in the results of the assessment, and .the additional ef fort to try to

,

justify specific criteria may not be warranted.

Step 8: Identification of System-Model Top Events

The initial step in system --deling is the definition of the top
events for the system f ault modets. The success criteria developed in the ,

preceding step form the basis for top-event definition. Success criteria
,

I for each event-tree heading are translated to system-f ailure criteria.
Each top event is postulated as part of an event-tree sequence consisting
of the success and failure states of other systems. These boundary condi-
tions must be carefully carried over into the identification of system topg~s
events and subsequent model development. Both approaches shown in Figure\,j)(
3-25 produce definitions of top events that account for the impact of
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support-system failures. In one case they are included within a com-
posite definition of system failure; in the other, they are postulated
independently.

Step 9: Develonment of System Models

Two approaches to system modeling are shown in Figure 3-25. As noted
previously, each depends on the type of the system event trees. In one
approach, detailed system fault trees are developed, including the system
of interest and all required support systems. This results in large fault
trees that may need to be reduced and segmented for tractability and ease
of evaluation.

The other approach, with support explicitly included as event-tree
headings, leads to more but smaller system models. Fault-tree models ,

reliability block diagrams, or combinations of these modeling techniques
can be used to develop the necessary system models.

The results of the accident-sequence definition and system-modeling
process are a group of accident-sequence logic models that can be quanti-
tatively or qualitatively evaluated, as described in Chapter 6 of this
guide.

As noted in Figure 3-25, several options are available for perform-
ing most steps in the analysis process, and it is difficult to specify a
specific overall approach. However, two generalized approaches can be
envisioned.

In one approach, system event trees are developed from functional con-
siderations as displayed by function event trees. Each necessary function
is decomposed into its constituent complement of systems, and system event
trees are developed in which the event-tree headings are composite events
representing the operability states of front-line systems and the required
supporting systems. Each of these event-tree headings (e.g., those that
require model development) is evaluated by means of detailed fault trees
depict system-f ailure modes, including those of support systems, which
could cause the failure of the identified event-tree heading.

This approach is based on the functional concept with continually
increasing levels of analytical refinement. In practice, it leads to the
development of groups of event trees, function and system (with the system
event trees somewhat simplified because of composite event-tree headings),
that are correlated, leading to tractable, visible displays of the accident
sequences. The approach has the disadvantage of leading to more complex
system models that include support-system dependencies. These depandencies
must be properly accounted for and of ten lead to large fault trees that
must be segmented during development or evaluation. Very large fault trees
are difficult to evaluate and validate, and care must be exercised through-
out that the system-event-tree headings accurately reflect the desired
functional and system operability states.

In the other approach system event trees can be developed from opera- ]
tionally oriented event-sequence diagrams that include the supporting |

systems and functions as individual event-tree headings. (This is but one
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(s} alternative approach--other alternative approaches could be used as
s_,/ well.) A significant amount of operationally specific information is

included in the event trees, which leads to a greater refinement in the !

choices depicted on the event tree and subsequently to a large number of
identified sequences. The associated system models are less complex since
the support-system dependencies have been removed. However, the increased
complexity of the event trees requires increased ef fort to evaluate the
large number of sequences and fully understand the rationale associated
with the multiple decision paths.

The method used for accident-sequence definition and system modeling .
'

!is basically a singular process with variations in the approaches to the
level of detail contained in the event- and fault-tree models. One ,

approach involves relatively small event trees (which in turn, leads to
large, complex system fault trees), while the other involves more complex i

event trees with less complex fault trees (see Figure 3-25). Either ap- ,

'

proach can be used to generate equivalent results when used by practi-
itioners who are skilled and experienced with the details of the method

used. Both require considerable iteration as the analyst expands his i

knowledge of the plant. Thus, to a large degree, the selection of an ap- |
proach should be based on the preference and experience of the analysis j

team. Each approach has various advantages and disadvantages, and, as in |

any inductive process, both are prone to error when used by inexperienced I

analysts or persons lacking a thorough understanding of the integral opera-
tion of the facility, including the various interactions that might be ;

C'N
present.

\
' The analytical technique illustrated on the left of Figure 3-25

involves the initial development of relatively simple functional relation- '

ships. The process of determining which systems satisfy these functions is
relatively straightforward. In this method, support-system dependencies
are modeled in the f ault trees. Thus, provided common events are uniquely
identified, the process of the Boolean reduction of multiple fault trees
combined together, when analyzing an accident sequence, will identify
common dependencies on support systems or human acts that cross system
boundaries. These dependencies will be properly treated even if the ,

analyst, a priori, was unaware that the dependency existed. However, this '

method suf fers somewhat because the root causes of multiple-fault scenarios

may be submerged in the detail of the tree and not readily apparent in '

viewing the event or f ault trees. (They are quite visible, however, in the ,

listing of the dominant cut sets for a given accident sequence.) Further- I

more, this method requires, in general, that support-system fault trees be,
,

merged with the f ront-line-system trees and the various merged trees be
combined to determine an equivalent tree for an accident sequence. The ;

! resultant tree can be very large and require 'significant computer capacity
to perform the Boolean manipulations necessary to identify the minimum- ,

!sequence cut sets and to quantify the predicted frequency of the accident
sequence.

The method presented on the right of Figure 3-25 displays support .
I system dependencies explicitly on the event tree. Because the dependencies i

/' are removed f rom the f ault trees, the combination of fault trees to obtain .

k,_,)N accident-sequence trees does not require extensive Boolean manipulation. |'

In addition, the more formalized structure of the search for initiating ;
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I events may improve the completeness of the analysis. However, since system
interactions (particularly regarding support systems) are treated primarily
by means of the inductive thought processes of the event tree, dependencies
not recognized by the analyst may not be incorporated into the analysis and
complex interrelationships of multiple systems will not be identified in
the tree-reduction process. Moreover, event trees that include all
support-system dependencies can be very large. At some point, they can
become so complex that they are dif ficult for the reader or reviewer to
understand. (Again, this can be alleviated if a listing of the dominant
contributors to the frequency of a given accident sequence is presented.)

3.9 UNCERTAINTY

Chapter 12 of this guide discusses methods for performing uncertainty
and sensitivity analyses for a complete PRA. The process of accident-
sequence definition and system modeling is a source of uncertainty in the
overall PRA study. There are several areas within the plant- and system-
inodeling activity that give rise to uncertainty, but most are not amenable
to accurate quantitative estimation or calculation. Some of those sources
of uncertainty are discussed below.

3.9.1 MODEL UNCERTAINTY

There are basic uncertainties with regard to how well the models are
able to represent the actual conditions associated with the design,
operation, and response of the plant to accident conditions. There are
obvious limitations in the ability to faithfully represent the real world
by analytical models. As an example, the event- and fault-tree models are
binary-type models and tend to show only discrete on-off, yes-no type
situations where in fact, the real plant response may be in gradations as
partial failures or complex events involving degraded system operation.
These uncertainties are acknowledged and addressed by efforts to make
models as realistic as possible with compensating assumptions and modeling
constraints.

3.9.2 ANALYTlCAL UNCERTAINTY

There is uncertainty associated with the manner in which the individ-
ual analyst applies the methods and how skillfully or accurately he is able
to represent the plant or system with the adopted modeling method. There
are numerous ways in which the analyst could improperly develop the
models. These are best addressed through training, the use of consistent
procedures, and proper guidance and review, as discussed in Section 3.10,
" Quality Assurance."

O
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/''' 3.9.3 IMPLEMENTATION UNCERTAINTY

There are a number of specific sources of uncertainty associated with
the development and implementation of the modeling activity. Some of those
uncertainties are associated with the following:

1. Initiating events: Is the list of initiating events complete and
exhaustive?

2. Success criteria: Are the system success or failure criteria
realistic, too conservative, or not conservative enough?

3. Plant-damage state: Does a particular accident sequence actually
result in the identified plant state?

4. System interactions: Are all dependent failures and system inter-
actions properly accounted for?

5. Human errors: Are human actions properly accoun;ed for in the
models?

The listing above is not complete but meant to be illustrative. Although
there may appear to be many uncertainties, there may be only a few that
could have a significant impact on the results of the overall PRA. Sensi-

tivity analyses as described in Chapter 12 aid in understanding the rela-
tive importance of specific items and their associated uncertainty.'

V

3.10 QUALITY ASSURANCE

A specific effort directed toward ensuring accuracy and fulfilling
study objectives must be maintained throughout the accident-sequence-
definition and system-modeling activities. Processes both external and
internal to the PRA team must exist to ensure that the study is conducted
in a controlled manner and that all study activities can be validated.

Adherence to the procedures described in this guide is one of the
external controls that can aid in ensuring the quality and acceptability of
plant and system models. Another external control is to ensure that the
methods used in the study are applied in manner consistent with other PRA
studies that are considered good examples of current application. It is

appropriate to perform reasonableness checks on interim and final results
of the modeling effort by comparing the structure and output of the event
trees and system models with those of similar studies.

A most important control can be exerted through the management activi-
ties of the team leader and the development of a coherent team, all of whom
are familiar with the overall PRA process. It is important that each team

member know what and why particular analytical activities are accom-
N plished. Promotion of mutual understanding and team effort will greatly
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benefit the sequence-definition and system-modeling process. The analyti-
cal models are complex and must be integrated properly. A well-integrated
team effort will substantially aid that process.

A major factor in achieving a high-quality modeling effort is the
requirement for a complete documentation of all factors that could affect
the analytical results. Analysis notebooks for event-tree development and
each system model should be maintained. These notebooks should provide a
clear picture of the analysis process, including physical and operating
descriptions, analysis assumptions, constraints, drafts of iterative model-
ing efforts, and any other information that provides a concise and tract-
able record of how the model was developed. The notebooks need not neces-
sarily be formal documents; their primary objective is to provide a means
for collecting and preserving a visible record of the study.

The team leader plays an important role in building quality into the
modeling process. He should be familiar with all aspects of the analytical
work and personally review details of the model development. The team
leader should personally ascertain the consistency of system models and
their appropriate integration into the plant-level models. It is also
beneficial to have individual analysts cross check the validity of the
models step by step as the study progresses.

One area of detail that experience has shown to be particularly sus-
ceptible to errors is the assignment of codes or identifiers to the input
events of the f ault models and their subsequent use throughout the evalua-
tion process. Care must be exercised in assigning the correct identifiers
and assurance provided that identical components are consistently identi-
fied in separate models. In preparing the models for evaluation, mistakes
can easily be made in preparing the input data for computer evaluation.
Ef forts should be made to minimize this potential for error and the asso-
ciated loss of time and resources due to erroneous computer outputs.

1

0
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) Chapter 4 j(V

HUMAN-RELIABILITY ANALYSIS

4.1 INTRODUCTION

The purpose of this chapter is to provide a step-by-step procedure for
estimating the probabilities of human errors in the operation of nuclear power
plants. This introductory section defines the scope, assumptions, limitations
and uncertainties, and the product of a human-reliability analysis (HRA). The
procedure for conducting a human-reliability analysis is then outlined, high-
lighting the major tasks involved. The methods are described in the next sec-
tion, followed by a listing of the information requirements. The chapter ends
with a detailed procedure, each step of which is illustrated by example.

For a greater understanding of the methods presented in this chapter, the
reader is urged to study the practice exercises in a recent NRC publication
(Bell and Swain, 1981). Additional examples, human performance models, and
estimates of generic human-error probabilities for tasks in nuclear power
plants are available in the source document for this chapter, the Handbook of
Human Reliability Analysis with Emphasis on Nuclear Power Plant Applications,*
called simply the Handbook in the text that follows.

\a
4.1.1 SCOPE

The HRA methods in this chapter are intended to support probabilistic
risk assessments of light-water-reactor power plants. In such an assess -
ment, the first effort at identifying the human-related events that affect
system reliability is made by the fault-tree analysts. The human-reliability
analysts then determine the associated human errors that are to be defined
and analyzed. Drawing from the data in the Handbook, or on better sources
of data if available, these analysts then estimate probabilities for these
system-important errors and investigate their effects on the probability of
system success. Criteria for system success and failure are established by
the fault-tree analysts.

In a probabilistic risk assessment, it is necessary to consider the
j human tasks that are performed under normal operating conditions and those
| performed after accidents or abnormal occurrences. In the former situation,

.

*A. D. Swain and H. E. Guttmann, Handbook of Human Reliability Analysis'

with Emphasis on Nuclear Power Plant Applications, draft, NUREG/CR-1278,
U.S. Nuclear Regulatory Commission, October 1980. This draft will have been
substantially revised by the time of its final publication in October 1982,

! / but ef forts will be made in later draf ts of this chapter to keep abreast of
I the revisions. It should be noted that all chapter, table, and page numbersQ

cited here for the Handbook refer to the October 1980 3raf t.

4-1

.-



1

9|errors might be made during or after maintenance, calibration, or testing
or in the normal operation of the plant. These errors may occur in or out
of the control room. In the post-accident situation, most, but not all,
of the system-safety-related errors occur in the control room.

In either situation, most of the errors identified and analyzed in this
Guide are those made in following plant procedures (written, oral, or standard
shop practice). Only occasionally are extraneous acts considered. That is,
in most cases, the analyst determines whether a given procedure is followed
correctly and does not attempt to determine which uncalled-for elements are
manipulated. Much less frequently will it be necessary to estimate the types
and probabilities of errors made in interpreting plant conditions (diagnosis
errors) or in deciding what actions are appropriate for a given plant condi-
tion (decision-making errors).

4.1.2 ASSUMPTIONS

Only human errors are dealt with--mistakes made in the performance of
assigned tasks. Malevolent behavior, deliberate acts of sabotage, and the
like are not considered. It is assumed that all plant personnel act in a man-
ner they believe to be in the best interests of the plant. Any intentional
deviation from standard operating procedures is made because the employee
believes his method of operation to be safer, more economical, or more ef fi-
cient or because he believes performance as stated in the procedure to be
unnecessary.

An important aspect of a human-reliability analysis is the qualitative
asseement of the sources of human error. (This calls for identifying and
understanding the underlying contributors to each error and for assessing the
relative importance of each of these contributors to the system failure events
being analyzed.) However, since the Procedures Guide is intended for proba-
bilistic risk assessment, this chapter deals only with the quantitative aspect.
For information on qualitative application to the operations of nuclear power
plants, the reader should consult the Handbook.

4.1.3 LIMITATIONS AND UNCERTAINTIES

For a complete human-reliability analysis, the risk-assessment team
should include a person who is, by professional training and experience,
competent in applying the techniques of human performance analysis to complex
systems. Such a person is usually known as a human-factors specialist, an
engineering psychologist, or an ergonomist. To carry out the procedure de-
scribed in this chapter, he must be thoroughly familiar with, and have a
good understanding of, this document as well as the Handbook. For a less
complete analysis (e.g., a bounding analysis) the only requirement in this
respect is that the HRA analyst be familiar with this chapter and the Hand-
book; he need not necessarily be a human-factors specialist.

In all cases, it is presumed that the human-reliability analysis will
be an integral part of the PRA project. There will be considerable and
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h continuing interaction between those responsible for the human-reliability
\ analysis and those working in f ault-tree and system-reliability analysis.

The major source of uncertainty in human-reliability analysis is the
; dearth of actuarial data on human-error probabilities (HEPs). For the most

part, the Handbook presents the best available data on human performance inMost of the esti-carrying out the tasks performed in nuclear power plants.
mates of human-error probabilities in the Handbook represent extrapolations

-

from human-error data based on tasks performed outside, but behaviorallyi
similar to those performed in, nuclear power plants. Therefore, in those

; cases for which an analyst can find better human performance data than those;

| presented in the Handbook, he should use them.

is expected that the uncertainty and speculation involved in estimat-It
ing human-error probabilities for nuclear power plants will be reduced con-
siderably in the not too distant future. Under the sponsorship of the NRC's
Of fice of Nuclear Regulatory Research, a program plan for a human-performance,

i

data bank is being developed, and efforts are under way to collect HEP data
from realistic simulator exercises for control-room tasks and from maintenance
and other tasks performed outside the control room.

;

As explained in the Handbook, nearly all of the tabled human-error prob-*

abilities relate to routine human actions. For some operations,-cognitive
errors are critical (e.g., errors in evaluating display indications). There,

is very little information on errors of interpretation or decision-making
(i.e., errors in the thought process). A later section (4.5.7.1) gives a
general guideline for the judgments required to estimate error probabilities
for post-accident decision-making.

The Handbook presents nominal values for the probabilities of given human
actions as well as uncertainty bounds. The nominal values reflect the best
estimate (based on available data and on judgment) of the' probability of a,

'

particular error in a generic sense. The uncertainty bounds are considered
to approximate the middle 90 percent range of the human-error probabilities
to be expected under all possible scenarios for a particular action. These
uncertainty bounds are based on subjective judgment rather than on actuarial:

i data.
i

As discussed in the Handbook, there are several sources of uncertainty'

in the generic HEP values. The variability of human performance is reflected
in the dif f erences among plant ' personnel--dif f erences in skill, experience,
and other personal characteristics. There can be wide variation in specific

|-
environmental situations an$ in other physical aspects of the tasks to be.

performed. Only some of this variation in such performance-shaping factors
is accounted for in the Handbook data by providing different estimates of
human-error probabilities for different sets of influencing factors. The
width of the uncertainty bounds surrounding each estimated nominal probabil-
ity represents an attempt to account for the residual uncertainty.

Unless specifically stated otherwise, all of the probability estimates
in the Handbook are based on a set of common assumptions that limit or re-

[ strict the use of the data as stated. Exceptions to these assumptions are
\
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clearly indicated. These data apply to situations in which the following
hold true:

e The plant is operating under normal conditions. There is no emer-
gency or other state that would produce in the operators a level of
stress other than the optimal.*

In performing the operations the operator does not need to wear pro-*

tective clothing.

A level of administrative control roughly equal to the average of*

those employed industry-wide is in effect.

The tasks are performed by licensed, qualified plant personnel, suche

as operators, maintainers, or technicians. They are assumed to be
experienced--to have functioned in their present positions for at
least 6 months.

The environment in the control room is not adverse. The levels ofe

illumination and sound, and the provisions for physical comfort are
adequate even if not optimal.

It is mainly the level of detail that will differ for human-reliability
analyses performed at different stages in the life cycle of a plant. The
level of detail of the procedure presented in this chapter is aimed at anal-
yses performed for plants that are already operating. If the analysis is
performed earlier (e.g., at the construction permit stage), some of the infor-
mation necessary for a detailed task analysis will not be available. Never-
theless, the procedure can still be applied as discussed in Chapter 4 of the
Handbook. For analyses performed very early, much of the information needed
to determine the potential for human error will have to be derived from human-
reliability analyses conducted for similar plants that are operating.

1

4.1.4 PRODUCT

The main result of the human-reliability analysis is, for each iteration
of the analysis, a set of estimated plant- and situation-specific human-error
probabilities. During quantification of the fault trees, these probabilities
can be used for the human-error events by task or by component. The assumptions
on which these sets of estimates are based are also presented to the fault-tree
analysts.

*Most of the human-error probabilities estiuated in the Handbook apply
to routine human actions, of ten referred to as rule-based behavior. The
method for estimating the probability of human error under nonroutine (stress-
ful) situations is highly speculative. Therefore, such estimates in the Hand-
book are characterized by wide uncertainty bounds.
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4.2 OVERVIEW

A flow diagram for the procedure followed in performing a human-
reliability analysis is shown in Figure 4-1. The sequence of activities
shown in this figure may, however, be dif ferent from that of an analysis
performed in another context.

It is necessary to begin preparation for this analysis concurrently with
the rest of the probabilistic risk assessment. Otherwise, there will not be
suf ficient time to perform all the activities required for an accurate assess-
ment of the effects of human errors.

4.2.1 PLANT VISIT

As already mentioned, a human-reliability analysis is an iterative proc-
ess; various steps will be repeated as additional plant-specific or other
information becomes available. Figure 4-1 is a flow diagram for a complete
analysis; for less detailed studies, such as a bounding analysis, some of the
steps can be modified to reflect the appropriate level of detail and some of
the steps can be eliminated. Obviously, the less plant-specific information
the analyst has, the more uncertain his estimates.

A survey of the control room during a general plant visit is an essen-
tial preliminary to the performance of a plant-specific HRA. Its purpose is

to allow the analyst to become familiar with the operation of the plant. The
purpose of the visit is not to evaluate the control room design, but rather to
identify the aspects of the control room, the general plant layout, and the
plant's administrative control system that af f ect generic human performance.
No evaluation of any individual's performance is to be done. This point must
be clearly understood by plant personnel if accurate and complete information
is to be obtained.

4.2.2 REVIEW OF INFORMATION FROM FAULT-TREE ANALYSTS

For a given scenario or sequence of events, the fault-tree analysts iden-
tify human actions that directly affect the system-critical components. In

light of the informa tion obtained from the plant visit, the human-reliability
analyst must review these actions in the context of their actual performance;
the objective is to determine whether these actions can be affected by factors
that may have been overlooked by the fault-tree analysts. For example, if
performance on a noncritical element subsequently affects performance on a
system-critical element, this effect must be considered, even though that task
in itself is not important to the reliability of the system as defined by the
fault-tree analysts.

O
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[7 4.2.3 TALK-THROUGH OF PROCEDURES
It

\'./ Sometimes performed in conjunction with the survey of the control room
and sometimes at a later date during interviews with operations personnel,
talk-throughs of the procedures in question are an important part of any
human-reliability analysis. They are conducted by the human-reliability
analyst and performed by plant operations personnel. The analyst questions
the operator on points of the procedure until his understanding of the task
is such that he could perfom it himself or at least be able to understand
fully the performance of the task. Performance specifics are identified
along with any time requirements, personnel assignments, skill-of-the-craft
requirements, alerting cues, and recovery factors.

The information obtained in a talk-through should enable the analyst to
account for the effects of a situation's performance-shaping factors. (See
Chapter 3 of the Handbook for a discussion of these factors.) Modifications
made to the nominal HE? values in the Handbook will be based on information
gathered here.

4.2.4 TASK ANALYSIS

At this point, a task analysis should be perfomed, as described in
Chapter 4 of the Han.ibook. A task is defined as a quantity of activity or

p performance that the operator sees as a unit either because of its perform-

( ance characteristics or because that activity unit is required as a whole to
C accomplish some part of the system goal. Only the tasks that are relevant

to the safety of the system are considered. A task analysis involves break-
ing down each task into individual units of behavior. Usually, this break-
down is done by tabulating information about each specific human action. The
format of such a table is not rigid: any style that allows the information
to be retrieved easily can be used. The format will reflect the level of
detail as well as the type of task analysis to be performed. The analysis
itself and the information it yields can be either qualitative or quantita-
tive. Examples of task-analysis formats are presented later in this chapter.

Specific potential errors should now be identified for each unit of be-
havior. For every human action appearing in the task-analysis table, likely
errors of omission and commission should be identified.* As mentioned earlier,
extraneous acts are seldom considered. For example, the analyst may determine
that, because of the control panel layout, a selection error is possible dur-
ing the manipulation of a specific switch, but his analysis will not usually

| predict which other element will be chosen, nor will it deal with the conse-
quences of selecting a specific incorrect switch.

The analyst must also evaluate errors that may af fect system success and
failure probabilities but do not appear in the task analysis. Some of these

!

O) *A humac action (or its absence) constitutes an error only if it has at
( least the potential for reducing the probability of some desired event or!

condition.
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can be disregarded by assuming for the entire analysis that a certain condi-
tion does or does not exist. For example, in the case of a post-maintenance
test, if we are interested in the conduct of the test itself, we may assume
that the supervisor has ordered the test. In determining which of these
assumptions may be made, great care must be taken, however. In analyzing
actual plant conditions, it is inappropriate to assume that something that
should be done will always be done.

4.2.5 DEVELOPMENT OF HRA EVENT TREES

Each of the errors defined above should be entered as a binary branch on
an HRA event tree, as described in Chapter 5 of the Handbook. The possible
error events should appear on the tree in the order in which they might occur
if such order is relevant. The suggested format for HRA event trees will be
presented later. The product of the HRA event tree is a probabilistic state-
ment as to the likelihood of a given sequence of events. Recovery factors
usually are not included at this time.

4.2.6 ASSIGNMENT OF HUMAN-ERROR PROBABILITIES

An estimate of the probability of each human-error event on the HPA
event tree must be derived f rom the data tables in the Handbook or from other
sources. Tables of human-error probabilities (and the associated uncertainty
bounds) for generic task descriptions are found in Chapter 20 of the Handbook.
One of the reasons the analyst should become familiar with the Handbook is the
need to thoroughly understand the assumptions and limitations of these tables.
If there is no exact match between the descriptions of a task in the Handbook
and that defined by the task analysis, the estimated error probability for a
similar task can be used as is, or it can be extrapolated, depending on the
degree of similarity between the descriptions. " Similarity" in this context

re fers to the likeness of required operator behaviors. There can be a high
degree of similarity between the performance of two tasks even though the
equipment is dissimilar. The experience of a human-factors specialist is
very valuable for this kind of judgment.

| 4.2.7 ESTIMATING THE RELATIVE EFFECTS OF PERFORMANCE-SHAPING FACTORS

The human-error probabilities estimated in the Handbook for a given task
must now be modified to reflect the actual performance situation. For example,
if the labeling scheme at a particular plant is very poor, in comparison with
those described in Militar) Standard 1472B (Department of Defense, 1974) or
NUREG-0700 /''RC, 1981), the probability should be increased toward the upper
bound of its uncertainty bounds. If the tagging control system at a plant
is particularly good, perhaps the probability for certain errors should be
decreased.

Some of the performance-shaping factors (PSFs) affect a whole task or
the whole procedure, whereas others affect certain types of errors, regardless
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,

f'~'g of the tasks in which they occur. Still other PSFs have an overriding influ-

\s-)
ence on the probability of all types of error in all conditions. Familiarity(
with the Handbook's treatment of PSF effects is necessary for the performance
of these procedures.

4.2.8 ASSESSHENT OF DEPENDENCE

In any given situation, there may be different levels of dependence
between an operator's performance on one task and on another because of the
characteristics of the tasks themselves or because of the manner in which the
operator was cued to perform the tasks. Dependence levels between the perform-
ances of two (or more) operators may differ, also. The analyst should keep in
mind that the effect of dependence on human-error probabilities is always
highly situation-specific. The concepts presented in the Handbook (the chapter
on dependence) should be followed precisely. The analyst should also remember
that the stated dependence model deals only with positive dependence. If nega-

tive dependence is assessed, some basis other than this dependence model must
be used for estimating the conditional probabilities of success or failure. '

4.2.9 DETERMINING SUCCESS AND FAILURE PROBABILITIES

The criteria for system success and tailure will be supplied by the fault-
[' \ tree analysts. These criteria are used as the basis for labeling the end point
\, of each path through an event tree as a success or a failure. Multiplying the

probabilities assigned to each limb in a success or failure path through the
event tree provides a set of success and failure probabilities that can then be
combined to determine the total system success and failure probabilities.

4.2.10 DETERMINING THE EFFECTS OF RECOVERY FACTORS |

|
It is often convenient to postpone consideration of the effects of re- |

covery f actors until af ter the total system success and failure probabilities
have been determined. The estimated probabilities for a given task sequence
may be sufficiently low without considering the effect, of recovery factors
that the sequence does not appear as a potentially dominant failure mode. In

this case, it can be dropped from further consideration.

4.2.11 PERFORMING A SENSITIVITY ANALYSIS, IF WARRANTED

To determine the effect of a single parameter on the total system success
probability, a sensitivity analysis can be performed. In this exercise, the
value of a given parameter is manipulated and the resulting system success
probabilities are compared to judge the impacts of dif ferent magnitudes of

p change. This is not a necessary part of a human-reliability analysis in all
( ) cases, but it is extremely helpful in identifying the elements of the sys-
N _/ tem that have relatively large or small effects on system safety.'

s
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4.2.12 SUPPLYING INFORMATION TO FAULT-TREE ANALYSTS

A copy of each HRA event tree along with a synopsis of the results, a -

copy of the task-analysis table, and a list of the underlying assumptions
should be presented to the fault-tree analyst. He and the human-reliability
analyst should then go over the HRA event tree and the associated assumptions
very carefully. This ensures that the human-reliability analyst has correctly
defined the success of the system and that the fault-tree analyst does not
apply the results of the HRA event tree outside the scope of its stated
limitations.

4.3 METHODS

The theory, models, and data presented in this chapter are taken from
the Handbook. Original sources for some of the methods (e.g., task analysis)
can be found there.

The basic components of a human-reliability analysis are the task anal-
ysis and the technique for human-error rate prediction (THERP). Task analy-
sis involves breaking down system-required human actions (or tasks) into
small units of physical or mental performance (steps) as well as identifying
to the extent possible likely human actions not required by the system but
having the potential for degrading certain system functions. These small
units are then fully described and analyzed in terms of the PSFs that affect
each function and combinations of them. The performance models and theories
that make up THERP are then applied to these steps. Possible human errors
are identified, and estimates of the probability of each error are derived.
The end product of a human-reliability analysis is a set of system success
and failure probabilities that reflect the probable ef fects of human errors.
These system-based probabilities are in a form suitable for entering into the
system fault trees by tas' or component.

Other methods for estimating human performance have been proposed, but
none has experienced so wide an application as THERP, the method used in the
Reactor Safety Study (NRC, 1975), the Interim Reliability Evaluation Program,
and other probabilistic risk assessments for nuclear power plants.

I
|
|

*See the reports by Meister (1971) and Embrey (1976) for reviews of
other HRA methods. |
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4.4 INFORMATION REQUIREMENTS

After the fault-tree teams determine which system-critical events or
components are to be evaluated, the human-reliability analyst double-checks
to ensure that no potential human contributions have been overlooked. Pro-
cedures for performing each the tasks involved in these events must therefore
be evaluated. These procedures can be written, oral, or in the form of known
standard shop practice or skill of the craf t. In the case of written pro-

cedures, a copy of the procedure itself should be supplied to the human-
reliability analyst. In the other two cases, the specifics required of the
performance must be determined in the course of interviews with, and obser-
vation of, plant personnel.

The human-reliability analyst must become familiar with the plant, espe-
cially with the layout of the control room and with the plant's general oper-
ating standards and administrative controls. The analyst who is not familiar
with these aspects of a particular plant should make at least one visit (and
preferably several) to the plant specifically for surveying the control room.
Blueprints, drawings, or photographs of the consoles and control boards should
be available for later reference. Personnel familiar with all phases of plant

operations should be on call to provide information about control-room spe-
cifics and other features peculiar to the plant.

Human-reliability analysts need not have a thorough understanding of plant
systems and functions--they need not have the same understanding of these sys-
tems and functions as other specialists on the risk-assessment team. They
should concern themselves only with actual human performance--system causes
and effects are of no interest except in that they may influence an operator's
perception of the urgency of a particular task. The human- reliability analysts
participating in the probabilistic risk assessments described in this document
must, however, be thoroughly familiar with the Handbook. The assumptions and
limitations of the models and data presented there must be understood and not
contradicted in their applications. In addition, frequent reference to the
Handbook will be necessary to increase the consistency of the estimates made
and the similarity of the approach used by the various team members.

t

4.5 PROCEDURE

4.5.1 INTRODUCTION

This section presents the procedure for deriving human-error contribu-
tions to accident sequences. Each major task of the human-reliability anal-
ysis outlined in Section 4.2 is described and illustrated by example.

There are sevaral possible sequences for the elements of a human-
reliability analysis. The sequence presented here is by no means absolute,
but it is a sequence that served well for the Interim Reliability Evaluation

p Promm and other PRAs. The elements themselves were derived from THERP and
s
% |
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should be included in all complete human-reliability analyses. The recording
and reporting formats described here can be modified for the convenience of
the analyst, but he should keep in mind the type and level of detail of infor-
mation necessary for someone else to understand his analysis. The analysis
can be used for qualitative as well as quantitative assessments, with the
level of detail of the information collected reflecting that of the analysis
itself. Of necessity, human-reliability analysis must depend largely on data
that are extrapolations from tasks not directly related to nuclear power plants
and on models that have not been verified in the strictest sense of the word.
Nevertheless, this application of the theory, data, and models presented in
the llandbook represents an attempt at standardizing the approach to performing
human-reliability analyses for the probabilistic risk assessments of nuclear
power plants.

4.5.2 PLANT VISIT

4. 5. 2.1 Discussion

At least one plant visit, specifically including a detailed survey of
the control room, should be made at the onset of the analysis. Before this
visit, the analyst should make arrangements with the plant as to the plant
areas to be visited, the requirements for access, and the types of personnel
to be made available for interviews. Every attempt should be made to mini-
mize impact on the plant and on the utility as well as the disruption of plant
operations.

When possible, the human-reliabili analyst should meet with represent-j

atives of the plant and/or utility before the plant visit. The objective of
this meeting is to advise the plant and utility representatives about the pur-
pose of the evalt.ation. More cooperation at all levels of involvement will
be afforded if the concerned parties understand that the role of the human-
reliability analysts is not condemnatory or judgmental. The main purpose of
the visit should be stressed: the observation of plant conditions in order
to provide accurate descriptions of actual performance for the analysis. The
observations are to be expressed only in a descriptive form. No " solutions"
to plant problems or inadequacies are to be offered.

In the initial visit to the plant, the human-reliability analyst will
make notes on relevant performance-shaping factors, especially those perti-
nent to control-room operations. If the fault-tree analys*.s have already
identified the plant subsystems or procedures that are of interest, these
can be examined closely at this time. This visit should provide general
information about the plant's operating characteristics and a " feel" for
the effectiveness of the plant's administrative control system.

In surveying the control room, specifics relating to the layout of con-
trols and displays should be noted. Copious notes should be taken on the
characteristics of critical controls and displays, noting any factors that
would influence their use--anything that would aid or hinder the operators
in either loc eing, manipulating, or interpreting them. Deviations from good
human-factors engi naring practices, such as those noted in the previously
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N cited military standard (Department of Defense, 1974) and NRC guidelines (NRC,
1981), should be noted. Any specifics related to the operation of critical''

subsystems that have been pinpointed for observation by the fault-tree anal-'

'

ysts should be recorded. If the fault-tree analysts have identified the
,

plant procedures of interest, the time at the plant should be used for a
talk-through of these. procedures (Section 4.5.4).

4.5.2.2 Example

Listed below is a set of notes similar to those that would be collected'

during an actual plant visit.

I On some chart recorders the indications are hazy because of the usee
of nonglare glass. The operations superintendent says they are all
being changed to regular glass. (The original nonglare glass was
recommended by the manufacturer.)

i Some labels for two-channel switches are sideways because of space1 e
! restrictions. (Later note: When these sideways labels appear-be-

tween displays, some confusion in relating a label to a display may
result.)

Each annunciator panel is numbered, with the numbers increasing frome
right to lef t (so do the numbers for the control board and panels).

On the fronts of control panels CB1 and CB2, there are rows ofe
J-handle switches, the first of which are turned inward to prevent^

inadvertent manipulation. This is not 'true for panel CB4, but its
J-handle switches are not critical to plant operation. Those on

,

CB1 and CB2 are for oil pumps and turbines, and their movement would
! cause a trip. The direction of manipulation fc- the reversed

J-handles is the same -s for the outward-facing ones.

e Some J-handles have arrows at their bases that indicate the direction
of operation; some do not. (Note: Different manufacturers?) Other-
shaped handles have arrows at their bases, especially round knurled
or syametrical handles. The size of these shape-coded handles is such
that the arrows cannot be seen easily, especially when viewed at eye
level straight on.

,

e At the alarm cathode-ray tube (CRT), there are three display modes:
a flashing dark green display indicates a new, unacknowledged alarm;,

| a steady dark green display indicates an uncorrected but acknowledged
alarm; and a steady light-green display indicates a cleared alarm (it
remains on for reference only).

For the engineered-safety-feature (ESF) panels in the cabinets ine
the back (as well as other indications in the control room), ' display
status and some parameter - readings must be recorded at various inter-'

vals. (Note: Need to request a copy of " Procedures for Conducting
,

| Plant Operations" to review the checklist used versus tie frequency
D of its use and the location of all controls checked.)
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On the ESF panels in the control room, the color of the label fore

a particular item is the color of the indicator light during actua-
tion of the automatic safety equipment. During system response to
an emergency, the operator can scan the ESF panel quickly to see
whether the lights that are on are the same color as the labels for
those items. A disagreement between the colors indicates that some
safety system has malfunctioned or has been overridden manually for
some reason.

Stubs from yellow tags for valve-change operations are tossed intoe

a drawer; no record of them is in evidence. (Note: Check this out.)

The labels on locally operated valves are impression printed one

metal tags and, because of poor lighting, are difficult to read.
No indication is present at these valves that designates their nor-
mal positions.

Obviously, there are other observations that could be made during a
survey, but they have been omitted here for the sake of brevity. The levels
of detail for the control-room survey and the inspection tour of the plaat
are at the discretion of the human-reliability analyst and should reflect
the level of detail required by the risk assessment being performed. Speci-
fic information about the conduct of certain procedures identified later in
the program can be supplied by plant personnel during a talk-through, with
the human-rr liability analyst interpreting that information in the light of
knowledge gained during the plant visit.

O
4.5.3 REVIEW OF INFORMATION FROM FAULT-TREE ANALYSTS

4.5.3.1 Discussion

After the screening process the fault-tree analysts will present the
human-reliability analysts with a set of acenarios to be analyzed. These
will usually take the form of operator performance on a critical system ele-
ment during the course of following a set of plant procedures. The fault-
tree analysts will have identified system-critical components and the circum-
stances under which they will be manipulated. The human-reliability analysts
must then determine the probability of human errors in dealing with these com-
ponents. They must also determine whether human performance on orSer elements
or in the conduct of the plant's administrative control system wiu affect the
probability of error in operating the system-critical components.

The fault-tree analysts will identify, in the plant procedures, the steps
that they feel are directly involved in the operation of system-critical com-
ponents. The human-reliability analysts must examine these procedures in their
entirety to determine whether they involve required performances on other ele-
ments that might affect the probability of error on the critical components.
At times, these determinations will have to be made in conjunction with the
talk-throughs of the procedures (Section 4.5.4).

O
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During this review of the information received, the critical task of
the human-reliability analyst is to ensure that all human actions are anal-
yzed in the context of actual performance. Human actions in a nuclear power
plant should not be treated as isolated entities, unaffected by other factors.
There are many interactions in a nuclear power plant--between personnel and
between tasks -that must be identified. Some of them will affect the assess-

-ment of levels of dependence between certain behaviors (Section 4.5.9); some
of them will have a global effect on the performance of all tasks in a given
procedure. The fault-tree analyste will have identified the interfaces be-
tween critical equipment items and associated human tasks. However, the
interactions between these and other system elements should be identified
by the human-reliability analyst, who has been trained to spot them.- This
extra investigative ef fort on the part of the human-reliability analyst must
ensure that they are all identified.

In some cases, a single plant procedure will cover several sets of tasks
involving critical components. For example, in restoring items of equipment
after maintenance, the operators may follow a general plant procedure govern-
ing the application and removal of tags. This administrative control may
apply to all tasks in which tags are used. In this case, it is the conduct
of the administrative-control procedure that is of interest, not the restor--

ation act itself. The operator is actually following the control procedure
rather than a set restoration procedure for a specific component. Here the
human-reliability analyst can examine one procedure (the administrative-
control procedure) and apply the results to all tasks involving restoration

g after maintenance. He must take care, however, to determine that the
administrative-control procedure applies to every task he analyzes.

As he reviews the information received from the fault-tree analysts,
the human-reliability analyst should search for deviations from, or incon-
sistencies with, the assumptions underlying the theories and models in the
Handbook. The human-error probability estimates in Chapter 20 of the Hand-
book' are based on limitations on their use that must not be contradicted.
The human-reliability analyst must examine a given procedure in the context
of its performance to assess its conformance to these limitations.

4.5.3.2 Example

A set of hypothetical plant procedures dealing with response to a small
loss-of-coolant accident (LOCA) is presented in Figure 4-2. Only part .of the
procedure is given, and the steps identified by tha fault-tree analysts as
being critical are indicated with a double asterisk. The fault-tree analysts
have assumed that the situation has been diagnosed correctly and that the
operators have correctly completed the inanediate actions required by the situ-
ation. These assumptions limit the nature of the human-reliability analysis
because, given them, the human-reliability analyst does not have to account
for errors in diagnosis or for the fact that the level of stress experienced
by the operators might be higher because of their having made mistakes in the
immediate actions.

Given the above assumptions and following a detailed reading of the pro-
-cedures, everything seems to be in order for a straightforward use of the
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O
D. SUBSEQUENT ACTIVITIES

Note: Reverify asterisked parameters in all sections, using alternative indications if avail-
able. Select proper computer functions to monitor incore thermocouples.

*1f FW and RCPs are available (manual HPI actuation, no automatic actuation), proceed through
Section D.

*If no FW is available, proceed to Section E.
*If FW is available but RCPs are not, proceed to Section F.

D.1 Stcp all but one RCP in each loop.

Note: If ES actuation occurs before HPI can be manually established and the RCS pressure
recovers, do not reset ES analog channels, since this would delay restart of actuated
equipment in the event of a loss of offsite power as pressure would have to fall again
to the actuation setpoint.

**D.2 Monitor RCS pressures and temperatures; raaintain at least 500F margin to saturation by
holding RCS pressure near the maximum allowable pressure within the cooldown pressure-
temperature curve (Figure B).

Note: If RCS pressure is not restored before the pressurizer goes solid, or if the RCS relief
valve alarm remains in, the leak may be in the pressurizer steam space, and the pressur-
izer must be taken solid to regain RCS pressure. If such is the case, reopen ERV block
valve MOV-1300 to allow ERV operation before pressurizer code safeties.

** Caution: HPI components are not to be overridden unless the following criteria are met:

1. The HPI system has been in operation for 20 min, and all hot- and cold-leg tem-
peratures are at least 500F below saturation temperature for the existing RCS
pressure, or

2. The RCS is >500F subcooled, and throttling of HPI is necessary or

3. The RCS is 500F subcooled, and HPI throttling is necessary to remain within the
plant cooldown pressure-temperature curve limits, or

4. DH or LPI has been operating for >20 min with total flow rates of >,2000 gpm.

If margin to saturation drops below 500F after HPI override, reinitiate maximum HPI
until >500F subcooled. UNDER NO CIRCUMSTANCES IS HPI TO BE OVERRIDDEN IF RC_S IS NOT
SUBC00 LED.

D.3 Monitor RB pressure; if pressure reaches 4 psig, verify reactor building isolation and
cooling actuation (ES channels 5 & 6) and HPI & LPI actuation (channels 1, 2, 3, and 4).

Note: Proper ES actuation is verified by noting that the colors of components' indicating
lamps on the ES panels ES-16 and ES-18 and CB-26 correspond to the colors of the switch
nameplates. Proper flow ranges for HPI, LPI, and RB spray are marked on the meter
faces. Proper penetration room ventilation is verified by noting all room isolation
damper lights out, flow indicated, and negative penetration room pressure indicated....

Figure 4-2. Excerpt from the procedures for responding to a small LOCA, with the critical
steps indicated by a double asterisk.

O
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V),

**D.4 If RCPs and FW are available, and RCS margin to saturation is >500F, override and throt-
tie HPI MOVs to control system pressure if pressurizer is solid or to hold pressurizer
level at setpoint while using p essurizer heaters and spray for RCS pressure control;
initiate plant cooldown per Plant Procedure 12 at a rate that allows RCS pressure to
be maintained within the cooldown pressure-temperature envelope.

D.5 If RCS pressure falls to within 500F of saturation or if low margin to saturation tempera- i

ture alarms are received, maintain maximum HPI flow until 500F margin is restored. I

D.6 If RCS pressure falls below secondary pressure, reduce and maintain secondary pressure
at 20 lb/in. less than primary pressure and maintain maximum HPI flow until subcooled,
then initiate a cooldown by decreasing secondary pressure per Plant Procedure 23.

**D.7 Prepare for LPI boost to MU pump suction and RB sump recire as follows:

D.7.1 Verify MU tank outlet MU-13 closed.

D.7.2 Open DH-7A and DH-78, LPI discharge to MU pumps suction, verify MU pump suction cross-
over valves MU-14 MU-15, MU-16, and MU-17 open, and verify MU pump discharge crossover
valves MU-23, MU-24, MU-25, and MU-26 open.

D.7.3 Isolate the DH rooms by closing both DH room floor drain valves, ABS-13 and ABS-14,
securing room purge dampers CV-7621, CV-7622, CV-7637, and CV-7638 from ventilation
control panel (east wall of 404-foot ventilation room) and closing watertight doors.

D.7.4 Verify both DH pumps operating and both LPI MOVs open (M0V-1400 and MOV-1401).

D.8 Once a 500F margin to saturation is attained.....

**D.9 Monitor BWST level; when BWST level has fallen to 6-foot indicated level or when the
corresponding BWST lo-lo-level alarm is received, transfer suction to RB sump by verify-
ing RB sump suction valves inside containment MOV-1414 and M0V-1415 open, opening RB sump
suction valves outside containment-MOV-1405 and MOV-1406 (a slight upward perturbation
s5ould be noted on pump flows indicating suction transfer) then close both BWST outlets
MOV-1407 and MOV-1408 (refer to Plant Procedure 23 for RCS temperature control methods).
Close Na0H tank outlets MOV-1616 and MOV-1617. MANUAL OVERRIDE PUSHBUTTONS MUST BE DE-
PRESSED FOR ALL VALVE MANIPULATIONS IF ES ACTUATION HAS OCCURRED.

Figure 4-2(continued). Excerpt from the procedures for responding to a s.Lil LOCA, with the critical
steps indicated by a double asterisk.

O
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theories and models in the Handbook, with one exception: the performance
of these tasks occurs about an hour after the onset of the small LOCA. The
stress chapter in the Handbook states that there will be three operators in
the control room at this time. However, some of the actions required by this
procedure take place outside the control room. Because of the response
time involved in donning the protective clothing required for these tasks,
it is assumed here the only two qualified operators will be in the control

Of course, during an incident of this type several people will prob-room.>

ably be present in the control room. However, the shif t supervisor is still
in charge of operations, and personnel working for him are likely to follow
his instructions and line of thought. There fore , it is conservatively as-
sumed that the presence of several people would be no more beneficial than
the presence of only three licensed operators.

4.5.4 TALK-THROUGH

4.5.4.1 Discussion

In a talk-through of a set of procedures for which safety-critical events
have be.en identified, the human-reliability analyst questions someone familiar
with the performance of that procedure on specific points of the procedure
until the analyst is so familiar with the tasks that he could perform them
himself or at least can understand fully the performance of an operator. The
talk-through can be performed on sets of written or oral plant procedures,
standard shop practice, or training methods. During the talk-through, the
analyst must determine the performance-shaping factors that influence behavior,
such as the location and the physical and operating characteristics of specific
controls, the type and location of alarms and annunciated indicators, control-
room manning and task allocation, time requirements, and limits for alarm in-
dications and responses. He must also " translate" the written procedures into
English as he speaks it; that is, he must determine the meaning of the specific
instruction resulting from each command given in the set of procedures in the
language of that particular plant. The analyst must specify in language he can
understand the exact interpretation the operators will make from the sometimes
vague wording of plant procedures. At times, these interpretations are based
on the operator's knowledge of system operation rather than on a standardized
plant definition 'f the term in question. When this is the case, the analyst
must ascertain whether all the operators define that term in the same way.

In performing a talk-through, the human-reliability analyst conducts an
interview with a plant employee who is familiar with the performance of the
procedure in question. (In the case of a new plant, the person most familiar
with the development of the procedures should be interviewed.) To obtain
more f amiliarity with the performance characteristics of the procedure, the
analyst should ask general questions about the performance-shaping factors
acting at the time of perfc,rmance and specific questions about the factors
af fecting the performance of the critical steps.

A talk-through can be performed as part of the control-room survey. In

this case, the operator and the analyst actually follow the path taken.by
the operators in performing the procedure. When the procedures call for the

|
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O manipulation of a specific control or for the monitoring of a specific set of
displays, the operator and the analyst approach them at the control panels,
and the operator points out the controls and displays in question. The pro-
cedure is followed in sequence, and the analyst could generate a link analysis
at this time.

Careful notes recording the outcome of the talk-through must be taken.
Much of the information from these activities will be entered directly into
the task-analysis tables (Section 4.5.5) for later use.

4.5.4.2 Example

In the talk-through of the procedures in Figure 4-2, some general informa-
tion was gathered that relates to the performance of all the steps in the
procedure. They are listed below.

1. The plant is following an emergency procedure. (Note for later
reference: There will be some level of stress for the operators.)

2. The " subsequent activities" section of the procedures will be per-
formed approximately 1 to 1.5 hours af ter the start of the accident.

3. At least three licensed operators wi11 be available to deal with
the situation. One of them will probably be the shif t supervisor.

1

d 4. At this plant, " verify" means to check and, if necessary, to cor-
rect that status of a given item of equipment. For example, if
the operator must verify that a valve is open and, on checking its
status, finds it closed, he must open'it manually.

5. The asterisked note at the beginning of the section indicates that
the completion of the items in Section D is to be reverified (double-
checked) af ter the section has been completed. This constitutes
a recovery factor and, as such, will not be included in the HRA
event tree at this time.

6. The " caution" in Figure 4-2 stems from actions taken during the
incident at Three Mile Island Unit 2. Because of the special im-
plications of performing them incorrectly, these actions will be
considered separately.

7. Steps D.2, D.4, D.9, and D.7.4 are performed in the control room.
They will be diagransned separately. from steps D.7.1, D.7.2, and
D.7.3, which take place outside the control room.

Specifics relating to the performance of individual steps will now be
given in the order of the steps.

Step D.2. The pressures of the reactor coolant system (RCS) are found
p) on a chart recorder; RCS temperatures can be read from digital indicators;
\ both are on a front control board. A copy of the pressure-temperature curve

is taped to the side of the computer terminal, adjacent to these other
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indicators. To manipulate the pressure and temperature values, the heater
switches found on the same front control board will be used.

Step D.4. There are four switches for four motor-operated valves (MOVs)
for high pressure injection on the vertical ESF panels. A sketch of the layout

of the controls is shown in Figure 4-3. Cooldown is initiated by following

another procedure. The operetor says that this other procedure is so well
known that he cannot think of any situation in which it would actually be
necessary to refer to it.

Step D.7.1. Valve MU-13 is a manual valve in the stairwell outside the
main unit pump room. This is two levels down from the control room.

Step D.7.2. The layout of these valves is shown in Figure 4-4, with the
channels they represent indicated. One channel should always be completely
open so that the operator should only have to open one low pressure-injection
(LPI) discharge valve, two makeup (MU) pump suction crossover valves, and two
makeup pump discharge crossover valves. The operators view this entire
series of tasks as one unit task: in their interpretation, all these steps
are performed to satisfy a major system function. These valves are located
one level below the makeup pump room.

Step D.7.3. Valves ABS-13 and ABS-14 are large, locally operated valves
located outside the decay-heat (DH) rooms, one level below the decay-heat
pump rooms. They are large valves situated under the grating outside the
watertight doors. There are no other valves under the grating. The ventil-
ation room is two levels above the control room. The switches for CV-7621,

22, 37, and 38 are on the wall there, in the midst of dozens of other similar
switches. They will be grouped near each other and near othat switches that
control equipment in the same physical area of the plant, bu. there are no
location cues on the wall to indicate where this grouping can Le found among
other groups.

Step D 7.4. Indicators for the DH pumps and for the LPI MOVs are on
the vertical ESF panels in the control room. (See Figure 4-3 for the layout

of the panels.)

Step D.9. The level indicator is on a panel adjacent to the vertical

ESF panels in the control room. The low-low-level alarm sounds when the
6-foot level is reached. luring a small LOCA, this should happen no sooner
than 1.5 hours af ter the s. set of the event. All the MOVs are on the ESF
panels.

4.5.5 TASK ANALYSIS

4.5.5.1 Discussion

At this point , a formal breakdown of the procedure into tasks or smaller
units of behavior should be done; that is, for each step in the procedure,
individual units of operater performance must be identified, along with
other information germane to these performances, and entered into a table.
The format of this table is not Opecified, bat the table must contain all '

|
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the information necessary for later parts of the analysis. In most cases, the
necessary information will consist of such items as the piece of equipment on
which an action is performed, the action required of the operator, the lim-
its of his performance, the locations of the controls and displays, and explan-
atory notes. If different tasks are to be performed by different operators,
the allocation of tasks to personnel can be indicated in the task-analysis
table, or separate task-analysis tables can be made for each opera;.or. The
example in this section takes the latter approach.

The level of detail in a task analysis and the amount of information
recorded should reflect the level of detail (qualitative or quantitative)
of the risk assessment and are obviously determined judgmentally. The guid-
ing rule for this determination is that one should be able at a later date

(perhaps when the results of thi human-reliability analysis are compared
with those of another analysis) to recapitulate the rationale for the human-
error probabilities that were used in the analysis.

Once the task steps have been broken down, potential errors must be
identified for each step. The analyst must decide whether an error of omis-
sion should be considered for any given step or the various errors of com-
mission (selection, reversal, sequence, etc.) that are likely for that step.
This decision must be made based on the relevant performance-shaping factors
and the task analysis. The steps should be listed chronologically. Con-
sidering the characteristic.s of the actual performance situation, the human-
reliability analyst must determine which types of errors the operator is
likely to make and which he is not. For example, if an operator is directed
by a set of written procedures to manipulate a valve and that valve is fairly
well isolated on the panel, differs in shape from other valves on the same
panel, and has been very well labeled, the analyst may decide that errors of
selection are net to be considered in this case. He should also have deter-
mined that an error of omission made in following the written procedures
might be made.

Extreme care should be exercised in deciding which errors, if any, are
to be completely discounted for an analysis. In comparison with tasks in
other industries, most of the human-error probabilities associated with the

| tasks performed in nuclear power plants are very low, on the order of 10-3
' Although one error in a thousand opportunities seems quite low, a human-error

probability of 10-3 may contribute substantially to the probability of system
| failure. Rather than failing to consider a " questionable" error, one the
! human-reliability analyst thinks may be unlikely, the analysis should include

it, with a sensitivity analysis performed to ascertain its impact on the prob-
ability of system success (Section 4.5.12). If the impact is found to be
negligible, an indication of this can be made in the fault-tree block for
this error.

*In some cases, it may be discovered that the order of the steps in the
procedure is not necessarily the one followed by the operators. The task
analysis and the resulting IIRA event tree can easily reflect any performance
sequence. However, the order of the steps in the procedure is usually assumed
to be the most likely order of task performance. Recordkeeping is simplified
by following the same task sequence from procedures to task analysis to HRA
event trees.
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Once the errors likely to be made in each unit of performance have been
identified, the analyst must look for other factors that may affect perform-

g The entire performance scenario must be considered in this search.U ance.
The analyst is looking for elements that are usually outside the scope of
the procedures followed by the operator. For example, if something is to
be done at the discretion of the shif t supervisor, the supervisor's remember-
ing to order the task will determine whether the task is performed by the
operator. These extraneous factors that affect the probability of human
error usually involve some sort of failure in the plant's administrative
control system.

Events other than human actions that affect subsequent performance must
also be taken into account. If an operator's cue to initiate a task involves
some signal from the equipment or an order from a supervisor, the probability
of that signal's being generated or that order's being given must be considered.
Many times, these equipment-f ailure probabilities are not provided by the fault-
tree analysts or are not considered in the analysis on the basis of assumptions
provided by the fault-tree analysts. The human-reliability analyst should not
assume that the supervisor's order will always be given when it should unless
direct evidence supports such a conclusion.

4.5.5.2 Example

The task analysis for the procedures in Figure 4-2 has been done in two
[ consecutive steps: (1) the tasks performed by the operators in the control

room and (2) the tasks performed by an auxiliary operator outside the control
room.

The table format used for this example is shown in Figures 4-5 and 4-6.
(The format used f or the task analysis is relatively unimportant; it can be
modified to reflect the type and the amount of informati.,n needed in later
phases of the risk assessment.) The step number from the written procedures
is included for easy reference to the procedures should any questions arise.
The actual items of equipment to be manipulated, read, or otherwise dealt
with are listed in the " equipment" column. The " action" column contains
the cocands given to the operator; they are usually the action verbs con-
tained in the procedure. T.s the " indication" column, the analyst notes the
cues (usually from visual dt. splays) that inform the operator whether the
action has been performed correctly and any restrictions on the operator's
actions. In the sample task analyses of Figures 4-5 and 4-6, many of the
indications are so obvious (e.g., turn switch to ON position) that no entry

| has been made. The physical positions of the equipment items are given in-'

the " location" column. The " notes" column contains any information the human-
reliability analyst believes will be useful in later parts of the analysis.
In Figures 4-5 and 4-6 these columns indicate whether the equipment items
of interest in the control room are on the ESF panel and whether locally
operated valves are isolated or part of a group. The " errors" column lists
the errors deemed likely for each task. They are discussed in detail for
each step, beginning with those in Figure 4-5.

' \
< im)
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EVENT
STEP EQUIPMENT ACTION INDICATION LOCATION NOTES ERRORS TREE

1

D.2 RCS pressure monitor CB4 omission (all) 1 )
reading 2 ;

RCS temperature monitor CB4 reading 3
heater switches maintain within curve CB4 reading 4

pres. A temp. on chart

omission (all))
D.4 4 HPI MOVs override A CP16, CP18 ESF 5

selection (1 6throttle
initiate Pl. Pr. 12 omission 7

cooldown

D.7.3 CV-7621,22,37,38 secure close switches Ventilation omission (all) 8

I (room purge Room selection 9,10,11,1
(each)dampers)

D. 7.4 DH pumps verify on indicator lamps CP16, CP18 ESF omission (for 13
#

4 MOVs too)
" selection 14

interpretation 15

MOV-1400, 1401 verify open indicator lamps CP16 CP18 ESF selection 16

interpretation 17

D.9 BWST monitor >6 feet CP14 omission 18

reading 19

MOV-1414,1415 verify open indicator lamps CP16 CP18 ESF selection 20
21interpretation

MOV-1405, 1406 open MOV switches CP 16, CP18 ESF selection 22

reversal 23

MOV-1407, 1408 close switches CP16, CP18 ESF selection 24

reversal 25

MOV-1616, 1617 close switches CP16, CP18 ESF selection 26
27reversal

Figure 4-5. Task-analysis table for actions by operators assigned to the control room. The numbers in the HRA event tree column do not usually appear in a task
analysis;they have been included for the reader's convenience. They refer to the error event numbers in HRA event trees starting with Figure 4-8.
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EVENT

STEP EQUIPMENT ACTION INDICATION LOCATION NOTES ERRORS TREE

D.7.1 MU-13 verify closed position stairwell only omission 2
outside MU valve
Pump Room

position outside DH omission (for 3D.7.2 DH-7A, 7B open
Pump Rooms all D.7.2)

MU-14, 15, 16, verify open position DH Pump Rooms
,
i & 17
O MU-23, 24, 25 verify open position DH Pump Rooms

& 26

0.7.3 ABS-13, 14 close position outside DH only omission (for 4

Room valve all D.7.3
here)'

watertight doors close locks in DH Rooms
place'

Figure 4-6. Taskenalysis table for actions by auxiliary operator outside the control room. The numbers in the
HR A event-tree column do not usually appear in a task analysis; they have been included for the
reader's convenience. They refer to the error event numbers in HR A event trees starting with
Figure 4-9.
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Step D.2. Monitoring and maintaining RCS pressure and temperature
within the curve is considered to be a unit task made up of three steps:
(1) reading the pressure chart, (2) reading the temperature from the digital
indicator, and (3) manipulating the heater switches to keep the above values
within the acceptable range on the pressure-temperature curve. As such, the
probability of an error of omission applies to the entire task: only by for-
getting to perform the task itself will the operator forget to perform any
element of it. The possible commission errors are those made in reading the
pressure from the chart recorder, the temperature from the digital readout,
and the curve, which is in the form of a graph. The feedback from manipulat-
ing the heater switches incorrectly is almost immediate, and therefore the
probability of making a reversal error in their operation is not considered.
All of these equipment items are located on one of the front control boards,
with the exception of a graph of the pressure-temperature curve, which hangs
off the CRT console immediately adjacent. This unit task is performed very
often under normal and emergency operating conditions. The equipment items
are functionally grouped and well labeled. Under these circumstances, errors
of selection were not considered. These steps are considered dynamic in that
they involve the continuous monitoring of the displays and the operation of
the heater switches.

Step D.4. Because their manipulations are called out in the same proce-
dural step and because of their close proximity (see Figure 4-3), the operator
views the throttling of the four HPI MOVs as a unit. Therefore, the proba-
bility of an error of omission applies to them all. Because on the actual
panel they are delineated with colored tape, a selection error for the group
is very unlikely. However, as Figure 4-3 shows, a similar switch is next to
the last HPI MOV control in the group. A selection error for that control ir
likely: instead of MOVs 1, 2, 3, and 4, the operator may throttle MOVs 2, 3,
and 4 and the other control. The operators have stated that, in initiating
cooldown, they probably would not refer to the other set of procedures. For
this reason, an error of omission is assigned to the entire task of perform-
ing that other procedure.

Step D.7.3. We have assumed that at this time three licensed operators
are available to deal with the accident. One of them is performing the ac-
tivities shown in Figure 4-6. Of the two remaining in the control room, one
will have to go two levels above the control room to secure the DH-room purge
dampers (close the switches). If he goes to perform this task, he will ma-
nipulate four MOV switches. (An error of omission is assigned to the manipula-
tion of all four switches because they are all in the same procedural step.)
Because of the poor layout of the ventilation room (no cues are provided as
to the location of functional groups), selection errors for each of the four
switches are assigned.

Step D.7.4. Verifying that the DH pumps are on and verifying that the
LPI MOVs are open are called out in the same procedural step. The equipment
items are all located on the ESF panel. An error of omission is assigned for
forgetting the task entirely. For the DH pumps, the wrong items of equipment
could be chosen or the indications on the correct items could be interpreted
incorrectly. For the LPI MOVs, the wrong switches could be selected or their
indications could be interpreted incorrectly. Two errors of commission have
been assigned to each item.
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1

Step D.9. Monitcring the level of the borated-water storage tank (BWST),
,

a dynamic task, cues the operator to perform the rest of this step. If he'

fails to monitor or if he monitors incorrectly, the other activities in this
; step will not be performed. An error of omission is assigned to.the monitor-
! ing task only. A reading error is also assigned to the monitoring task. For

the manipulation of the valves, errors of selection and interpretation or,

reversal are possible.'

The errors assigned for the operations outlined in Figure 4-6 were de -!

i termined in a slightly different manner. First, consider. the fact that the i

j auxiliary operator performs these actions in response to an order from the- ,

: senior control-room operator. If the senior operator fails to order these
} tasks, they will not be performed. In developing the HRA event tree for

this set of tasks (Section 4.5.6), this probable error will have to be con-4

sidered. Regarding the rest of these tasks, the auxiliary operator must
perform them on three different levels at the plant. He views his job at
each level as a unit task; therefore, errors of omission apply to each of
these unit tasks. If he remembers to stop at a given level, it is assumed(-

; that the operator will attempt all the tasks required at that level. Errors
of commission are discussed below.

,

Step D.7.1. Manual valve MU-13 is the only valve located in the stair-
,

well outside the makeup pump room. No selection error is possible. It is.

j not deemed likely that the operator will make a reversal error on a manual
i valve in this situation.

Step D.7.2. Valves DH-7A and 7B are outside the DH pump rooms, one on
i N each end of the hall. They are very large valves, and the only other valves

in that area are too small to be confused with them. Of all the valves inside'

the DH pump rooms, these are the ones that are located high on the walls of
.the rooms; the only other valves in the rooms are on piping lines that run4

along the floor. In none of these cases are errors of selection deemed
,

] likely.

.

| Step D.7.3. Valves ABS-13 and 14 are located under the grating outside
i the watertight doors. They are. the only valves there; likewise, there

is only one set of watertight doors at this location. Again, selection
errors were not considered likely.

! -

i

4.5.6 DEVELOPMENT OF HRA EVENT TREES
:

4.5.6.1 Discussion

|- In making a probabilistic statement as to the likelihood of human-error
; events, each error _ defined as -likely in the task analysis is entered as the

right limb in a binary branch of the HRA event tree. Chronologically, in the'

order of their potential occurrence, these binary branches fons the limbs of ;

the HRA event tree, with the first potential error starting from the highest,' point on the tree at the top of the page. An example of an HRA event tree is
| shown in Figure 4-7.

L
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Figure 4-7. An example of HR A event-tree diagram-
ming. Here A, B,and C are the first,
second, and third tasks that are
performed. Solid lines represent suc-
cess; broken lines, error.
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Any given task appears as a two-limb branch, with each left limb repre-'

senting the probability of success and each right limb representing the prob-
;

i ability of failure. (In a Ider phase of the human-reliability analysis, the
j human-error probabilities from the Handbook.will be entered into the tree.

See Section 4.5.7.) Once a task is diagrammed as having been completed suc-
cessfully (or unsuccessfully), another task is considered; the binary branch

j describing the probability of the success (or the failure) of the second ,

event extends from the lef t (or the right) limb of the first branch. Thus,
y
' eve.ry limb following the initial branching depicts a conditional probability. ;

The initial branching also represents a conditional probability in that the
| probabilities for that branch are based on the existence of a given situation.

However, it is defined as the starting point for the analysis, not as a con-
ditional probability, since the analysis does not investigate the probabili-,

!

ties of occurrence of the circumstances of the basic situation. (As described;

in Chapter 5 of the Handbook, the conditional probabilities are understood in'

the labeling scheme shown in Figure 4-7; for example, a limb labeled b actu-
ally means bla.)

Each limb is described or labeled, usually in a form of shorthand. Capi-
tal letters in quotation marks ("A") represent certain tasks themselves.
Capital letters (A) represent failure or the probability of failure on given

: tasks. Lowercase letters (a) represent success or the probability of success
on-certain tasks. The same convention applies to Greek letters, which repre-
sent nonhuman events, such as equipment failures. The letters S and F are ,,

exceptions to this rule, in that they represent system success and failure,
'

.

''p respectively. In actual practice, the limbs of an HRA event tree are some-
times labeled with a short description of the error itself. This eliminates

; the need for a legend at the bottom of the page that defines each event by
| its alphabetic denotation. The labeling format used is unimportant; the crit-
1 ical task in developing HRA event trees is the definition of the events them-

selves and their translation onto the trees. (Examples of labeling formats
are shown in Figures 4-8 and 4-9.)

1

) All the limbs of an HRA event tree are heavy solid lines in the diagram.
For illustration only, the limbs representing failure in Figure 4-7 are shown

1 as broken lines.. (See Chapter 5 of the Handbook for a nare complete discus-
i sion of the basics of HRA event-tree diagransning.)

In a probabilistic risk assessment, the analyst is usually interested in
.

determining the probability of error on a single task or in the probability
| that, for a set of tasks, none or all will be performed incorrectly. For the

first case, no HRA event tree need be developed unless performance on that'

1 task is af fected by other f actors whose probabilities should be diagranssed.
A description of the task and knowledge of the performance-shaping factors

|
are sufficient for entering Chapter 20 of the Handbook to determine a single,

j human-error probability. For the second case, in which we want to know the
! probability of all tasks being performed without error, a complete-success

path through the HRA event tree is followed (as discussed in Chapter 7 of
1 the Handbook). Once an error has been made on any task, a criterion for sys-

tem f ailure has been met. Given such a failure,.no further analysis along
that limb is necessary at this point. In effect, the probabilities of event

;[ success that follow a failure and still end in a system success probability
| \ constitute recovery factors and should be analyzed later,.if at all. Thus,
| as shown in Figures 4-8 and 4-9, there are HRA event trees that are developed
i

..
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a A

b B

''
c C .

I
i

l

i
'

I d D

,

Event

j A = Control-room operator omits
ordering the following tasks

B = Operator omits verifying the
k position of MU-13
1
.

j C = Operator omits verifying / opening
the DH valves

D = Operator omits isolating the DH
rooms

Figure 4 9. HRA event tree for actions performed outside the control room. |
|
.
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along the complete-success path only. This does not mean that we think this
is the only possible combination of events; it means only that, in the initial
analysis, we go no further once system failure has been met.

The development of the HRA event tree is the most critical part of the
quantification of human error probabilities. If the task analysis has listed
the possible human-error events in the order of their potential occurrence,
the transfer of this information onto the HRA event tree is much easier.
Each potential error and success is represented as a binary branch on the
HRA event tree, with subsequent errors and successes following directly from
the immediately preceding ones. Care should be taken not to omit the errors
that are not included in the task-analysis table but might affect the proba-
bilities listed in the table. For example, administrative-control errors that
af fect a task's being performed may not appear in the task-analysis table
but must be included in the HRA event tree.

4.5.6.2 Example

The HRA event trees shown in Figures 4-8 and 4-9 represent the task anal-
yses shown in Figures 4-5 and 4-6, respectively. Figure 4-8 (HRA event tree
of actions by operators assigned to the control room) uses a labeling format
that incorporates a short description of each event for its corresponding
limb. Such a format is very convenient for analyses in which large numbers
of events are diagrammed; referring back and forth to a descriptive legend
would be inconvenient. Figure 4-9 (HRA event tree for actions performed out-
side the control room) demonstrates that a format consisting of alphabetic
labcle and a descriptive legend can be used very effectively when a small
number of events are involved. The legend format has the advantage of allow-
ing a more complete description of the error events than does the short-label
format. As already stated, however, the actual labeling format is of little
importance as long as it is helpful to the analyst. Combinations of these two
styles can be used, or entirely new formats can be developed by the analyst.

Both of the HRA event trees shown here reflect the technique described
above and in Chapters 4 and 5 of the Handbook. The possible errors listed in
the respective task-analysis tables have been put directly onto the right limbs
of the branches. Only the complete-succesa paths are shown, as previously
explained. The first branch of Figure 4-9 represents the administrative-
control error identified in the discussion of that set of tasks. In the HRA

I event tree itself, no distinction is made between the error events that ap-

.
peared in the task-analysis table and those that were identified during other

I parts of the analysis.

1

4.5.7 ASSIGNMENT OF HUMAN-ERROR PROBABILITIES

4.5.7.1 Discussion

Now that the errors have been identified, der'ined, and diagrammed,
estimates of the probability of occurrence must be assigned to each of them.
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/ Since the analyst should be familiar with tha theories, models, and limita-

Q tions presented in the Handbook, he will be able to use Chapter 20 of that
document for most of these estimates.

First, the task itself must be categorized. The analyst determines
whether he is dealing with an operator manipulating valves, checking of
another's work, using a written procedure, or attempting some other type of
task. Errors are then considered on the basis of their being of the omission
or the commission type. The tables in Chapter 20 of the Handbook are orga-
nized to contalu groups of human-error probabilities (HEPs) that relate to a
given type of error (omission or commission) that may occur in the perform-
ance of a certain type of task.

The analyst should have " read" and should be familiar with the organiza-
tion of the llEPs found in Chapter 20 of the Handbook. The data are presented
in tables that c<uctimes duplicate their original appearance in the subject
chapters of the llandbook and sometimes represent condensations of data found
in several chapters. An analyst who becomes familiar with the organization
of Chapter 20 before trying to use it as a source document will save a con-
siderable amount of time. Furthermore, he will be able to establish before-
hand the cases in which he will need to estimate HEPs directly from the task
analysis since no such task is described in Chapter 20.

A description of each error identified for every task in the task anal-
ysis should be looked up in Chapter 20. That is, the description that most

g closely approximates the situation under consideration should be identified.
In some cases, the description in Chapter 20 will detail a scenario that dif-
fers slightly from the one in the analysis. If the dif ferences in specifics
are not great, the analyst may decide that they are too minor to affect mate-
rially the use of the HEP as is. In other cases, the actual situation and the
one described in Chapter 20 may reflect tasks that are basically the same but
are performad under different circumstances. The HEP must then be modified
to reflect the conditions of actual performance. Usually, this is dona during
the assessment of the performance-shaping factors acting on the task (Section
4.5.8). ,

If an HEP entered into the llRA event tree was not obtained from the
'landbook, its source should be recorded, along with the assumptions made
in its derivation. If Chapter 20 is the source of the HEP, the table number
and item number should be recorded. If an HEP from the Handbook was used
as a reference point for the derivation of an estimated HEP, its specific
source and the reasoning behind its modification should be noted. For easy
reference, this information can be added to the task-analysis tables in new
columns. This documentation is necessary for many reasons. Other analysts
may want to check the similarity of their solutions to other problems. Given
that the estimates of many of the HEPs in the Handbook are numerically identi-
cal, these other analysts must have some method for tracing the original anal-

1 ysis. The assumptions should be recorded to prevent the analyst's needing
; to reinvestigate a situation should he need to refer to that analysis again.
! Also, in the course of performing a series of analyses on a single plant,
I some sections of an analysis may be used several times. The analyst must,

[ )%
however, be able to demonstrate that the situations are indeed identical

( before reproducing part of one analysis without modification in another.

4-33

. . .



In the HRA event tree of Figure 4-10 and in subsequent discussions and
figures, results are shown to several decimal places merely to illustrate the
arithmetic. In practice, final answers are subjected to judicious rounding.

As mentioned in Section 4.1.3, one of the limitations of the HEPs tabled
in the llandbook is that nearly all of them apply to rule-based human actions.
For cognitive errors related to the evaluation of display indications, the
following interim guijeline that will appear in the 1982 issue of the Hand-
book is suggested: A generic estimate of .1 (.01 to .5) per operator should
be used for the f ailure to evaluate an accident properly unless there is
plant-specific infomation to the contrary--unless there is evidence that
such errors are not likely to be characterized by an HEP of .1. (In apply-

ing this rule, appropriate estimates of the levels of dependence must be
made to account for the presence of more than one operator in the control
room.) It will be a matter of judgment as to whether modification of the
generic IIEP of .1 is necessary. For some kinds of abnormal conditions, there
are plant-specific operating rules that, if rehearsed properly, will effec-
tively eliminate any initial indecision on the part of the operator when an
accident occurs.* In such a case, the main ef fort of the human-reliability
analyst will be to estimate the effectiveness of the provisions for in plant
rehearsal of these operating rules. This type of treatment reflects the
state of the art in human-reliability analysis and points to the need for
the type of NRC-sponsored studies mentioned earlier in Section 4.1.3.

4.5.7.2 Example

In studying this example, it is necessary to keep in mind the situational
characteristics that affect the performance of the tasks in quencion: the
actions of operators who are following a set of writter procedures. Any errors
are made in the context of using those procedures. Recovery factors are not
to be considered at this time. Even though there will be three licensed opera-
tors in the control room, this first analysis considers only the actions of one
operator.

In the first part of this example, each error and the source of its esti-
mated IIEP are discussed in detail. Later' in the example, errors that have
already been discussed simply have their source llEPs mentioned. Figures 4-10
and 4-11 are the llRA event trees diagrammed in Figures 4-8 and 4-9, but they
include the llEP estimates for each error. As shown, this can be done by add-
ing the HEP as part of the label for each limb or by including the HEPs in
the legend for the HRA event tree. Again, the method employed for displaying

| the llEPs on the HRA event tree is unimportant.

*For an example, see the case study described on pp. 21-11ff in the
llandbook.
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a = .99 A = .01

b = .99 8=.01

c = .99 C = .01

d = .99 D =.01

Event HEP Source

A = Control room operator omits .01 (.005 to .05) Table 20-22
ordering the following tasks (p. 20-31, item 1)

B = Uperator omits verifying the .01 (.005 to .05) Table 20-18
position of MU-13 (p. 20-28, item 3)

C = Operator omits verifying / opening .01 (.005 to .05) Table 20-18
the DH valves (p. 20-28, item 3)

D = Operator ornits isolating the DH .01 (.005 to .05) Table 20-18
| rooms (p. 20-28, item 3)
>

Figure 4-11. HR A event tree for actions performed outside the control

,

room, with original estimates of humanerror probabilities.
|
|

!

O
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's The first error * on the HRA event tree is the operator's failure to per-
) form the monitoring of RCS pressure and temperature. This is the first part

of step D.2. If the operator fails to do this part of step D.2, it is pre-''

sumed that he will fail to carry out the remainder of the step. The failure
to maintain RCS temperature and pressure was designated as a system failure
by the fault-tree analysts. Since we are dealing with the operator's follow-
ing a set of written procedures, we use an estimate of the error from Table
20-20 in the Handbook +** This table preJents estimates of errors of omission
made by operators using written procedures. In other words, these estimates
reflect the probability, under the conditions stated, of an operator's omitting
any one item from a set of written procedures. Since the procedures in this
example are emergency procedures that do not require any checkoff of steps
by the operator, we use the section of Table 20-20 that deals with procedures
having no checkoff provision. Looking at the procedures in Figure 4-2, we
see that more than 10 steps must be performed by the operator. This analysis
deals with fewer than 10 procedural steps, but the steps must be considered
in the context of their performance. The fact that only a few steps are
analyzed has no effect on the operator as he follows the set of procedures.
Given that this error occurs in using a long list of written procedures that
does not require a checkoff, its estimated HEP is .01 (.005 to .05), as given
in item 5 of Table 20-20. At this point in the analysis, the nominal value
of the HEP is entered into the HRA event tree.

The second error shown in Figure 4-10 is the operator's error in reading
the indicator for RCS pressure. This indicator is a chart recorder. Reading

-s errors are errors of commission and are found grouped in Chapter 20 according
[ ) to the type of information they display and to the type of indicator that makes
\_/ up the display. In this case, the operator is reading a numerical value from%

the chart recorder. Table 20-5 presents estimated HEPs for errors made in
reading quantitative information from different types of display. For the
chart recorder in question, item 3 from that table is used, .006 (.002 to .02).

The third error also involves reading an exact value from a display. The
display in this case is a digital readout; therefore, item 2 from Table 20-5
is used, .0C (.0005 to .005).

The fourth error is also a reading error, this time involving the
pressure-temperature curve. Since the curve is presented as a graph, the,

HEP for errors made in reading quantitative information from a g :ph is used,
item 5 from Table 20-5, .01 (.005 to .05).

Another error of omission appears as the fifth error limb on the HRA
event tree in Figure 4-10, that of the operator's not throttling the HPI
MOVs. For errors of omission, the nature of the task does not affect the
probability of the error. Therefore, the same HEP that was used for the
first error, .01 (.005 to .05), is used again here.

,

|

|

* References to error numbers correspond to the numbered events in all
f' related event trees and to like-numbered entries in the task analysis.
\ **All cited table and item numbers are from the October 1980 draf t of

the Handbook.
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A switch-selection error for the fourth of the HPI MOVs was identified
as likely in the tnsk analysis. It is the sixth of the errors on the HRA
event tree. Figure 4-3, which shows the layout of the control panels con-
taining the switches for the HPI MOVs, demonstrates that the HPI MOV switches

in similar positions on control panels CP16 and CP18. Surrounding themare
are several similar switches, one of which (to the immediate right of the
switches for HPI MOVs on CP18) is the switch most likely to be the target

of the selection error. An estimate of this error of commission is found
by looking in the tables in Chapter 20 that deal with errors made in the
manipulation of valves. Table 20-14 contains HEPs for errors of commission
in changing or restoring valves. Since item 7 most closely approximates
the situation described here, the HEP of .003 (.001 to .01) is used as the
estimate for this error.

The seventh error involves an omission on the part of the operator to
initiate cooldown by following another set of written procedures. As far
as we are concerned here, this is a case of his omitting a single step of
this procedure, so .01 (.005 to .05) is used again. It is also used for

the eighth error, that of omitting to secure the DH-room purge dampers.

The 9th, 10th, lith, and 12th errors are selection errors involving the
manipulation of the switches for four MOVs. The switches are probably close
to each other on a wall of the ventilation room, but we have no specific in-
formation about the ease or difficulty of locating the group. Since it is
not known whether the layout and the labeling of the switches in the ventila-
tion room help or hinder the operator in his search for the controls, we take
the conservative position of assuming them to be among similar-appearing items.
We use the same HEP as that used for the selection error associated with the
fourth HPI MOV (error 6), .003 (.001 to .01), for each ot these MOVs.

The 13th error is one of omitting a procedural step. The HEP of .01
(.005 to .05), discussed earlier, was used. If this procedural step is per-
formed (is not omitted), errors of selection for both types of components
mentioned (the DH pumps and the LPI MOVs) are possible. These selection
errors appear as the 14th and the 16th errors on the HRA event tree. We know
from Figure 4-3 that both of these sets of controls are part of groups that
have been arranged functionally on the control panels. They are very well

,

delineated and can be identified more easily than can most of the switches'

in the control room. There is no entry in Table 20-14 (commission errors
! in changing or restoring valves) that accurately reflects this situation, so

an HEP from Table 20-13 is used. This table consists of HEPs for consission
errors in manipulating manual controls (e.g., the hand switch for an MOV).
Item 2 in this table involves a selection error in choosing a control from

a functionally grouped set of controls; its HEP is .001 (.0005 to .005).
(Note: On page 20-19 of the Handbook, please insert the words " locally op-
erated" before the word " valves" in the second sentence. It is intended that
the estimated HEPs in this table apply to switches of all kinds, including
the control-room switches used to operate MOVs.)

Errors of interpretation are also possible for the DH pumps and the
LPI MOVs. Given that the operator has located the correct switches, there
is a possibility that he might fail to notice their being in an incorrect
state. In effect, this constitutes a reading error, one made in " reading''
(or checking) the state of an indicator lamp. No quantitative information |

1
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\ is involved, so Table 20-7, which deals with commission errors in check-
reading displays, is used. The last item on that page describes an error'

of interpretation made on an indicator lamp, so .001 (.0005 to .005) is used.
The 15th and 17th errors on the HRA event tree represent these interpretation
errors.

The HRA event tree's 18th error is defined as the operator's omitting
to respond to the level of the borated-water storage tanks (BWST). The same
omission HEP used previously, .01 (.005 to .05), is repeated here. Given
no such omission error, a reading error (19 on the event tree) could be made
on the BWST meter. Coing back to Taole 20-5 for commission errors made in
reading quantitative information, the HEP to use in considering an analog
meter is .003 (.001 to .01), the first term in the table.

Errors 20, 22, 24, and 26 involve selecting the wrong set of MOV switches
from sets of functionally grouped switches. As above, this HEP is from item 2
of Table 20-13, .001 (.0005 to .005).

The 21st error (interpretation) is made while checking the status of an
indicator lamp. An HEP of .001 (.0005 to .005) (as cited for the 15th error
above) is assigned.

The 23rd, 25th, and 27th errors are representations of reversals made
by the operator. Instead of opening valves, he closes them, or vice versa.
Since errors of commission for valve-switch manipulations are involved,

fx Table 20-13 is used. Item 7 most closely describes this error; hence, the
I HE9 of .001 (.0001 to .01) is used.(d

,

For the HRA event tree in Figure 4-11, we are analyzing actions performed
outside the control room. The first error diagranned is one of administrative
control and did not show up in the task analysis: the control-room operator
omits ordering another operator to perform this set of tasks. Since the order-
ing of the tasks is his responsibility, this constitutes a failure to carry out
plant policy. An HEP of .01 (.005 to .05) from Table 20-22, item 1, is used.

The second, third, and fourth errors shown in Figure 4-11 are errors of
omission by the operator who actually performs the tasks. These tasks call
for the manipulation of valves located on levels of the plant under the control
room. We assumed that the operator will not be working from a set of written
procedures (he will not take a copy of the procedures with him) but from an
oral instruction by the control-room operator. The model accounting for errors
of omission made in following a set of oral instructions will be followed. The
data for this model are found in Table 20-18. It was stated in the talk-through
section that the operator sees these as three distinct unit tasks, one to be
performed on each of the three levels he must visit. We therefore assume that
he must recall three tasks and use item 3 in the table, which shows an HEP of
.01 ( .005 to .05) for each of the tasks.

'

G
1
.
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4.5.8 ESTIMATING THE RELATIVE EFFECTS OF PERFORMANCE-SHAPING FACTORS

4.5.8.1 Discussion

A primary consideration in conducting a human-reliability analysis is
the variability of human performance. This variability is exhibited by any
given individual in the performance of tasks over time (from day to day,
from week to week, etc.). Variability also results from the performances
of different personnel (from man to man, shift to shift, or from plant to
plant). Variability is caused by performance-shaping factors (PSFs) acting
within the individual or on the environment in which the task is performed.
Because of this variability, the reliability of human performance usually
is not predicted solely as a point estimate but is detennined to lie within
a range of uncertainty. A point value HEP for the PRA can be estimated by
considering the effects of relevant PSFs for the task in question. The esti-
mates provided so far in this chapter apply to nonstressful, normal working
conditions. Modifications of these basic estimates can be made on the basis
of guidelines provided in the Handbook.

The nominal HEPs are to be used when the scenario outlined in the Hand-
book reflects the situation being analyzed. If the plant situation is worse
in terms of the PSFs or the response requirements than the one described in
the Handbook, the HEP for that task should be higher than the nominal value.
That is, if the analyst judges that the situation under study is more likely
to result in error than the one outlined in the Handbook, an HEP closer to
the upper bound than the nominal should be used. Likewise, if a plant's
situation is judged to be less likely to result in a human error, an HEP
closer to the lower bound than the nominal should be used. However, in a
safety analysis, one should generally avoid the optimism that results from
using a lower HEP.

In judging these effects, the analyst should first consider the error
events individually. For each error probability, a judgment must be made
as to whether the nominal HEP should be used. The analyst should examine
the performance situation for the factors that might affect each event.
For errors of omission, for example, the analyst should search for cues or
reminders that would make forgetting any item less likely or for po9rly
written procedures that would make forgetting an item more likely. For
errors of commission, it is necessary to identify the elements of the per-
formance situation that might af fect the actions themselves or the operator
as he performs them. For example, if the face of a display is such that
reading it is unusually uif ficult, an HEP higher than the nominal value for
reading errors for such a display should be assigned.

Next, the analyst should consider tha influence of PSFs that have a
global effect--that affect the probability of error for all or most of the
events in the analysis. Some models presented in the Handbook reflect the
influences of these overriding PSFs. The most commonly encountered ones
deal with stress and the operator's level of experience.

The data in the Handbook reflect by their organization the ef fects of
some PSFs. For example, for errors of omission in using a written procedure,
the distinction based on the availability of a checkof f provision is reallv

4-40
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/m' based on the quality of the procedure as a PSF. Whether an available check-
( list is used properly is an example of the PSF of administrative control.

Reading errors for displays are related to the difficulty of the reading
task. In these cases, the effecta (to some extent) of the PSFs have been
already determined for the analyst.

4.5.8.2 Example

For evaluating the effects of PSFs on the individual error events, in
' each case the scenario described in the Handbook is appropriate for the

imaginary plant of these examples, and therefore no modification of the
nominal HEPs in necessary.

Now we must consider the effects of overriding PSFs--those that will
affect all of the HEPs. It was stated in the original assumptions that the
operators are experienced. Since they are following an emergency procedure,
we will consider them to be under a moderately high level of stress. We see
from Table 20-23 that the HEPs for experienced personnel operating under a
moderately high level of stress should be doubled for discrete tasks and mul-
tiplied by 5 for dynamic tasks. Discrete tasks are defined as the tasks that
require essentially one well-defined action by the operator. Dynamic tasks,

are those requiring a series of connected (continuous) subtasks; an example
is monitoring an indicator over a period of time.

,

O
Figure 4-12 shows the HRA event tree for control-room actions with the

nominal HEPs of Figure 4-10 modified to reflect the effects of a moderately
high stress level. The only dynamic tasks in Figure 4-12 are those calling
for monitoring activities: the monitoring of the RCS temperature and pressure
indicators (tasks 2 and 3) and the interpolation of these values onto the
cooldown curve (task 4) and the monitoring of the BWST level (task 19). The
nominal HEPs for these tasks have been multiplied by 5; those for the other
events in this figure have been doubled.

Another rerriding PSF that must be considered, this time for the tasks
performed outside the control room, is the ef fect of the operator's having to
wear protective clothing. If protective clothing is necessary, we assume that
the operator is highly motivated to complete the task quickly because of the
heat in the working environment, his isolation, and the general discomfort
caused by the protective clothing. These fsetors combine to increase the HEPs
* *e tasks performed by operators wearing such clothing. This is discussed on-

pges 3-8 and 17-7 of the Handbook. On the latter pagu, it is stated that the
HEPs for such tasks should be doubled.

Figure 4-13 shows the events taking place outside the control room, with
their HEPs modified to re flect these PSFs. The first error (failure of adsrS- !istrative control) takes place in the control room. The HEPs for this ant r .

Ithese other events have been doubled to reflect the effects of the moderately
high stress level. The HEPs for the three tasks that actually take place out-
side the control room have been doubled again to reflect the effects of thej [sT operator's wearing protective clothing.

\j)s

|

|
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4.5.9 ASSESSMENT OF DEPENDENCE

4.5.9.1 Discussion

It has been stated earlier that, except for the first branch of an HRA
event tree, all branches represent conditional probabilities of success and
f a ilure. Dependence between events directly affects these conditional prob-
chilities. Some cases of dependence will be spotted during the talk-through,
which is a good time to make note of equipment similarities that contribute
to the level of dependence between actions performed on like items.

Dependence can occur between two performances with respect to errors of
omission, errors of commission, or both. If dependence is assessed because
two ections are called for in the same procedural step, dependence is likely
to affect HEPs for errors of omission. If components are to be manipulated
at different times in a given procedure, the dependence is likely to af fect
the HEPs for errors of commission, especially for selection errors. Common-
cause dependence is likely to affect the HEPs for all types of errors. In
effect, the overriding PSPs discussed in the preceding section are sources
of common-cause dependence in that they result in modifications to all HEPs.

Guidelines for assigning the level of dependence are found in the de-
pendence chapter of the Handbook. There are no cut-and-dried rules for this

kind of assessment, but it must be made only after a carefully detailed study
of the performance situation since it is highly situation-specific. The
dependence level should be assessed for every task performed in every pro-
cedure targeted for human-reliability analysis. This is necessary because
dependence may exist between one task considered during the analysis and
one that is not. Given the performance context of each analysis, the ef-
fects of such dependencies musc still h quantified.

A decision as to whether complete dependence or complete independence
applies to a given case can be made relatively easily. That is, it should be
obvious that one action is the causal factor for another or that two actions
are totally unrelated. Distinctions between the three intermediate levels of
dependence are more difficult to make. First, we must decide whether there
is any dependence at all-whether the actions are completely independent.
I f dependence does exist, we must decide whether complete dependence is ap-
propriate and, if so, under what circumstances it applies. If we decide
that the dependence is greater than zero but less than complete, an inter-
mediate level must be assigned. This judgment can be based on the relation
of the actual situation to zero and complete dependence. If we decide that
the dependence is much closer to zero than to complete dependence, a low
level of dependence is assigned. If, on the other hand, we decide that the
situation exhibits a degree of dependence that is very close, but not equal,
to complete dependence, a high level of dependence is assigned. If we cannot
make a definitive statement to the effect that either of the above is true,
a moderate level of dependence is to be assigned.

Another method of assigning an intermediate level of dependence is to
make a precise estimate as to the percentage of time the effects of zero or
complete dependence will be seen. That estimate is used to assign the inter-
mediate dependence level that most closely approximates it. For example, if
we make a judgment (perhaps on the basis of a frequency count from actual
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' / data or from our knowledge of the work situation) that task B will be per-
L- formed correctly half of the time, given that task A has already been per-

formed correctly, we have assigned a conditional probability of bla = .5.

It should be remembered that the dependence model in the Handbook deals
only with the effects and the quantification of positive dependence. If nega-
tive dependence is found to be appropriate to a situation, its effects will
have to be determined directly rather than by using the dependence model.
Furthermore, dependence is not necessarily symmetrical. The level of depend-
ence may not be the same for the success and the failure paths of an HRA event
tree.

The model presents some point estimates that can be used in lieu of the
exact. equations to determine the conditional probabilities of dependent events.
These ps!nt estimates should be used only when the basic human-error probabil-
ity (BHEP) is less than or equal to .01. In other cases, the equations should
be used.

4.5.9.2 Example

In the sample problem, several cases of dependence have already been
accounted for. For example, in the case of the four HPI MOV switches, their
physical similarity, their positions in the procedure, and their location in
relatively identical positions on the control panel resulted in our assumption
that, for errors of omission, they are completely dependent. In considering
dependence for the selection errors that could be made on these MOV switches,
the same factors plus the layout of the rest of this control board led us to
decide that the first three are completely dependent for selection errors
(none are considered likely) while the fourth is susceptible to such an error.
The nature of the tasks performed outside the control room and the operator's
perception of them (from interviews with plant operators, we determined that
the operator typically views each set of tasks performed on a plant level as
a single unit task) led to our considering them to be completely dependent
with respect to errors of omission.

The consideration of the role of more than one operator in a given loca-
tion constitutes a recovery factor. If we determine the effects of having
more than one operator in the control room during the performance of this
procedure, we are in f act quantifying a recovery f actor for the proce&lre.
However, since we will show t'.4L thare is some level of dependence amt ng the
operators in the control room, we will quantify these effects now as an illus-
tration of dependence.

According to Chapter 17 of the Handbook, one can assume that, after 20-
minutes into an incident, three operators are present in the control room,
with a moderate to high level of dependence between the two senior operators
present and a high to complete level of dependence between the most junior |

operator and each of the two others. We have modified these' assumptions to I

ref1'ect the actual situation.-

Since this procedure calls for the performance of several tasks outside
the control room and since these tasks require the wearing of protective
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clothing, we assume that one of the three operators will leave the control
room during the entire procedure to prepare for and then perform these tasks.
We assume that this will be the most junior operator in the control room
since the other two are more capable of handling the incident from the con-
trol room. Responding to the nature of the control-room tasks, we assumed
high dependence between the operators there. This assumption is based on
the fact that, at this time in the incident, one of the operators will be
involved mainly in directing the actions of the junior operator as he changes
the positions of locally operated valves. Telephone communication between
the two will call for most of this operator's concentration as he describes
the necessary operations. The other control-room operator will be involved
with monitoring the displays and performing the manipulations necessary at
the ESF panels. High dependence is assumed because we judge that the opera-
tor on the telephone will, for the most part, rely on the operator at the
ESF panels to perform those tasks correctly. Nevertheless, we judge that
despite his primary task of coordinating the junior operator's tasks by phone,
this operator will catch errors made by the other control-room operator about
half the time.

Figure 4-14 shows the HRA event tree of the actions performed by the
control-room operators, with the HEPs (already modified to reflect the effects
of PSFs) modified to reflect the effects of dependence. The probabilities of
error for both the available operators have been collapsed onto a singic limb
for each type of error. The numbers in parentheses (shown for illustration
only) are the conditional HEPs for the second operator's making the same
error as the first. The other numbers are the products of these conditional
HEPs and the basic HEPs of the first operators, and thus they represent the
probability of both oper1 tors committing each error. The actions taking
place in the ventilation room do not demonstrate any dependence between oper-
ators since we assume that one operator will be performing them. The only
event in Figure 4-15 that is af fected by dependence is the first. If the
senior control-room operator forgets to order those tasks, the other senior
operator or the junior operator himself may remind him of the necessity to
do th is.

4.5.10 DETERMINATION OF SUCCESS AND FAILURE PROBABILITIES

4.5.10.1 Discussion

| Once the human-error events have been identified and quantified individ-
ually, their contribution to the probabilities of system success and failure

,

must be determined. All paths in an HRA event tree should be defined as
I resulting in system success or failure in terms of their possible system

consequences, not in terms of the specific human errors leading to these
| consequences. The fault-tree analysts will have identified the human-system

interfaces to be analyzed in the human-reliability analysis, but errors made
in operating at these interfaces may not significantly degrade system reli-
ability or safety. For example, an error made in manipulating a system-
critical component may not result in system failure as defined by the fault-
tree analysts. The human-reliability analyst must point out potential human

for a given set of tasks and then must quantify the probability oferrors
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Figure 4-14 HFI A event tree for actions by operators assigned to the control room, with humanerror,
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Event HEP Source

A > Control-room operator omits
ordering the following tasks

B = Operator omits verifying the
position of MU 13

C = Operctor omits verifying / opening
the DH valves

D = Operator omits isolating the DH
rooms

Figure 4-15 Hila event tree for actions performed outside the control room,
with human-error probabilities neodified to reflect dependence.
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these errors; he does not, however, decide whether a given sequence through(ml the HRA event tree will contribute to system success or failure.
|

At this point in the human-reliability analysis, the fault-tree analyst
should examine the HRA event tree for discrepancies between his understand-
ing of the system and the human-reliability analyst's representation of it.
He should consider the implication. of each path through the HRA event tree,
and then he should label each end point of the tree as a system success or
failure. These end points should be quantified as probabilistic statements;

; the statements will be combined to formulate total system success and failure
probabilities.4

4.5.10.2 Example

Af ter deciding which errors contribute to system failure probabilities,
the fault-tree analyst made the following adjustments for Figure 4-14 (the
final analysis to this point of the actions performed by the control-room
operator): he defined the paths ending in error events 1, 2, 3, 4, 7, 18,
19, 22, and 23 as system failure and those ending in error events 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 20, 21, 24, 25, 26, and 27 as system success.
Since the implications of the accident at Three Mile Island Unit 2 have
great potential impact on error events 5 and 6, they were removed from the
analysis at this point, to be considered separately. The case study is pre-
sented elsewhere (Bell and Swain, 1981).

'

Q For the HRA event tree of Figure 4-15, a similar decision was made by
the fault-tree analyst. He decided that all of the paths terminating in a
human error constituted contributions to system failure.

Once the paths that result in system failure have been determined, total
, system success and failure probabilities can be quantified in either of two
i ways. The first method is the simpler, requiring no redrawing of the HRA

event trees. In it, the end points of the limbs on the existing HRA event
tree are simply labeled as success or failure. All of the terminal success

probabilities are sununed to reach the total system success probability. The
failure probabilities are obtained by the same method or by subtrrcting the
total system success probability from 1.

The second method is more complex and requires that the HRA event tree
be redrawn. When error on a human task does not contribute to system fail-
ure, both limbs representing this task on the HRA event tree contribute to

the probability of system success. Algebraically, a probability of 1 is be-
ing imittiplied by the system success probability since the results of paths
going through both limbs are combined into the system-success probability.
In effect, that error has no influence on system failure. Therefore, we need
not even consider it since we are concerned with estimating the probability
of system failure in a risk assessmeat. The branches that represent events
whose outcomes do not contribute to total system failure probabilities can
be deleted from the HRA event tree altogether. The tree should be redrawn,

g diagramning only the events that have soine effect on the probability of system '

.g s failure. Figure 4-16 shows how the HRA event tree for actions performed byQ*
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p) the control-room operators is changed when this second method for quantifying(V total system success and failure probabilities is used.

4.5.11 DETERMINING THE EFFECTS OF RECOVERY FACTORS ,

4.5.11.1 Discussion

Comp 1 te analyses are performed for the dominant sequences that show up
in the computer modeling of the fault trees. To save time and effort in the
human-reliability analysis, the ef fects of recovery factors are not considered
until it is determined that a given analysis is part of a potentially dominant

i sequence. The probability of system failure due to human error will certainly
be higher when recovery f actors are ignored than when they are included. If i

the situation being analyzed does not appear as a potentially dominant sequence
'

when this inflated system failure probability is used, there is no need to
analyze it further. In fault-tree terms, the frequency of an accident se-
quence can only be decreased by considering recovery factors.

To decrease the actual number of human-reliability analyses that must be
performed for each plant, it is reconsnended that recovery factors not be in-

i cluded in the preliminary analyses. Once potentially dominant sequences have
' been identified, recovery factors for each can be added to see whether a com-

plete representation of the system as it operates will eliminate the potential
\ dominance. The incorporation of recovery f actors can be done in stages, the[(j purpose being to decrease the amount of time required for each analysis. If

there are five recovery factors for a given scenario, the human-relialdlity
analyst may choose to model only two of them at first. If the inclusion of
these results in that sequence's ceasing to be potentially dominant, no more
work need be done at this time. If this scenario still shows up as one of
the system's potentially dominant sequences, the other three recovery factors
should be analyzed.

Some recovery factors are highly situation-specific, while others can
be applied generically. Alerting cues for recovery actions for any given
incident will always depend on the specifics of response requirements for
that incident. However, when analyzing recovery factors operating after
maintenance activities it will sometimes be possible to generate HRA generic
event trees that can be applied without modification to every such case for
that plant. This is possible because, in many plants, a single procedure

. dictates the steps to be followed in restoring components af ter maintenance.
| In either case, the recovery factor can take the form of a point value (an
| HEP) or of a separate HRA event tree. The point value or the total success

probability of the recovery HRA event tree should be inserted onto the asso-
ciated error limb of the main HRA event tree. The probability of error for
that limb is then multiplied by the success probability of the recovery HRA
event tree and by the probabilities of the other events in that path to ob-
tain the probability of recovery from the error. The end point of the orig-
inal system failure path for that error is multiplied by the failure prob-

| 'A ability for the recovery factor to obtain the probability of an unrecovered
1 error.

Id

|
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4.5.11.2 Example

As mentioned earlier, human redundancy as a recovery factor has aircady
been analyzed for this problem to demonstrate the quantification of the ef-
fects of dependence. We can now consider situations in which the operator
could catch his own errors or in which another operator working at a later
date could catch his errors. An example would be an inspection process like
the walk-around (see Chapter 8 of the llandbook). Since this problem deals
with responding to an emergency, however, it is not appropriate to use the
walk-around as a r,ecovery factor. It is also possible for the operator to
catch his own errors when the situation provides some additional alerting
cue either to the action that should be taken or to the error itself.

In this problem and from the procedures in Figure 4-2, we see that the
operator should respond to the BWST level's falling to 6 feet. Ilis response
is cued from two sources: if he is following the written procedures cor-
rectly, he will be monitoring the meter indicator of the BWST level; if he
is not using the written procedures, there is still a possibility that the
low-low-level alarm (annunciator) will remind him that he needs to perform
the follow-up actions. We will treat the alam as an additional alerting cue
and analyze its effect as a recovery factor. From Chapter 20 of the Hand-
book, we need to find an estimate of an HEP for response to an annunciator.
Table 20-4 lists HEPs for failing to respond to one of any number of annun-
cinting indicators. We have no exact information on this, but assume that
at this time into the incident 10 annunciators are alarming. The probability
of the operator's failing to respond to any one of these 10 is .05 (.005 to
.5). Figure 4-17 shows the diagramming for this recovery factor. Note that
its inclusion in the analysis increased the unrounded probability of total
system success from .91846 to .92746. If this is an adequate increase (if
the sequence does not prove to be potentially dominant when the success
probability is .92746), no more recovery factors are analyzed.

4.5.12 SENSITIVITY ANALYSIS

4.5.12.1 Discussion

At times during the course of a human-reliability analysis, the analyst
will want to determine the effects of manipulating the values of one or more
of the elements analyzed. He may do this because he has some reservations
about the assumptions he made, because the data he used are very uncertain
(e.g., estimates of diagnosis errors by control-room personnel), or because
he has not been able to obtain detailed information about some set of PSFs
he judges are important determiners of the reliability of a task he has to
analyze. Changing the assumptions of the analysis or changing the values
of certain parameters may af fect the probabilities of system success and
failure. It may be of interest to manipulate these values to determine the
effects of changes in design or procedures before such changes are made.

If the probabilities of some errors in an analysis stand out with
respect to those of others, the analyst may want to see what etfeet lower
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prcbabilities for these errors would have on total system success and fail-
ure probabilities. The HEPs can be decreased by the action of recovery fac-
tors (see Section 4.5.11) or by changing the characteristics of the task
to reflect a less error-likely situation. These changes can be accomplished
by improving man-system interfaces, by increasing feedback adequacy, or by
upgrading the quality of associated procedural steps. The new, lower HEPs
can be entered onto the HRA event tree, and the resulting differences in
total system success and failure probabilities evaluated. Sensitivity analy-
ses are extremely useful in tradeoff analyses of proposed design changes and
in pinpointing areas of potential system improvement.

In performing best- and worst-case analyses for a PRA, a bounding
analysis can be executed, as described in detail in the appendix to NUREG/
CR-2254 (Bell and Swain, 1981). For this exercise, two sets of HEPs are used
and the results of the two analyses compared. The upper and lower bounds of
the nominal HEPs for a given situation can be used, or two sets of assump-
tions and PSFs relating to the situation can be defined. The results of
these two analyses can be evaluated by entering them onto the appropriate
fault tree to see how sensitive some part of the PRA is to the two sets of
HEPs. If there is very little difference in outcome, the analyst may decide
to select the more conservative set for inclusion in the final PRA, at least
as a temporary measure. If the difference in outcome is considerable, he
should take steps to obtain better data.

4.5.12.2 Example

In this problem, the two most important errors, in terms of their prob-
abilities, are errors 2 and 4, reading errors on the RCS pressure chart re-
corder and the graph of the pressure-temperature curve. Suppose we want to
find out, as a design tradeoff comparison, whether changing either or both of
these tasks to result in lower task HEPs is worthwhile in terms of system suc-
cess probability. The simplest change involves changing the nature of the
displays themselves to make reading errors less likely. For RCS pressure, the
display could be a digital meter instead of a chart recorder. From Table 20-5,
we see that this would change the basic HEP for that task from .006 (.002 to

.02) to .001 (.0005 to .005). This new HEP of .001 must be modified to .005
(.0025 to .025) to reflect the effects of stress and then modified again to
reflect the effects of dependence, becoming .0025 (.001 to .01). Using the

i .0025 instead of the .01545 for this HEP results in a total system success
' probability of .9396 as opposed to .927.

If we tuake the same sort of adjustment for error 4, we might redesign
the graph so that it is comparatively easy to read. If we now use the lower
bound of the HEP in Table 20-5, item 5, instead of the nominal value, we|

have .005 (.002 to .02). This becomes .025 when modified for stress and
.0128125 when modified for human redundancy. Modifying only this graph
results in a total system success probability of .9402.

For a larger increase in the total system success probability, we could
analyze the effects of both changes. An HRA event tree with these new values
is shown in Figure 4-18. The total system success probability becomes .95262.

4-54



- -- --- - - - - - - _ _ _ - - _ _ . . - . - - - - - . - _ _ . . . - . . - - . - - . - . - - _ - - - - - . - - -

S

.

O
r
.

Perform Omit '1
,

monitoring monitoring
,

.9898 .0102 |
!

Reading F, = .0102 l2error on
pressure !prm,,
corroctty gg f

.999

. Reading Fg=.0009898 3Read error on
temperature temperature

correctly .0025
'

.9975 Readog
error on

F = .00247 4curve 3Red .

.02625
curve

correctly
.995

Omit F, = .00493

initiate E"i''i"9 - fc oWown'

cooidown ,,

I .9898 .0102 |
I9 Omit ps=.01 18 i

Respond '''P0"d'"9 |
to BWST to BWST ;

.9898 .0102 |

,

Reade)\
Fail toNotice 19 & RF iRead

BWST error ANN I" " * '

on DWST \95
AN

;correctly
'.9924 .0076 05

' ' "
F p = .0075 . S = .0095 - Fs =.00052. rr r n 22

MOVs 1405,06
MOVs 1405,06

Icorrectfy
999

Reversal F =.00097 nOperate error on
MOVs 1405,06 MOVs 1405,06

conectly .001
.999

F = .00097g

S=.972-
T

Figure 4-18. HRA event tree for actions by operators assigned to the control room, with tasks
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Whether the new estimate of the probability of system success is large enough
to warrant the incorporation of both changes is, of course, a management
decision.

4.5.13 SUPPLYING INFORMATION TO FAULT-TREE ANALYSTS

4.5.13.1 Discussion

All of the information used in performing the human-reliability analysis,
especially the assumptions made and the modified HRA event trees, should be
presented to the fault-tree analysts. The human-reliability analyst should
then go over his analysis with them to ensure that there are no misunder-
standings--no unresolved conflicts between the two concepts of the operat-
ing system. The fault-tree analyst should be familiar enough with the basic
principles of HRA event-tree diagramming that he can use the HRA event tree
itself to obtain the necessary inputs for his fault trees. He should be able
to use the total system success and the failure probabilities or an HEP for
a single item of equipment or for a single error for a given piece of equip-
ment. These values can be entered directly into the human-error blocks of
his fault trees. The sources of the HEPs may be of interest to the fault-
tree analysts, but are not strictly necessary. Section 4.6 discusses the
method for formatting this information so that it is usable.

Any dependence found by the human-reliability analyst should be specifi- ^

cally indicated to the fault-tree analysts, especially in the case of depend-
ence between different items of equipment. When dependence exists because of
two operators performing the same task, combined HEPs representing the perform-
ances of both are entered into the human-error block of the fault tree--no
change in the system fault-tree model is necessary. When dependence exists
between performances on different items of equipment, the fault trees must
be modified to re flect this common-mode failure. Identifying where and be-
tween which system elements the dependence exists will enable the fault-tree
analyst to modify his models accordingly.

4.5.13.2 Example

If the f ault-tree analyst needs an HEP for the entire procedure out-
lined in Figure 4-18, he should use the total system success probability,
.962. If he needs a value for all possible. human errors made in operating
MOVs 1405 and 1406, he must consider all three of those diagrammed: the
error of omission for the entire step (18), the selection error (22), and
the reversal error (23). In effect, the combination of these errors repre-
sents a small HRA event tree. The fault-tree analyst must use the product of
the success probabilities for each error event, .988, as the probability of
success on those components. If the fault-tree analyst were only interested
in the likelihood of an error of omission when dealing with MOVs 1405 and
1406, he would use the HEP for that specific error, .0102.

The human-reliability analyst should point out to the fault-tree analyst
that MOVs 1405 and 1406 are completely dependent for all errors considered
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[ ) in the analysis. They (as a single item of equipment) are also dependent
i ,j/ on the monitoring task (18): an equipment failure of the BWST meter woulds

result in an error on HOVs 1405 and 1406.

4.6 METHODS OF DOCUMENTATION

The results of the human-reliability analysis go directly into the
fault-tree analysis as probability statements. The only HRA data that are
used in the rest of the risk assessment are the HEPs for given error events
or for total system success and failure probabilities, and the information
on dependence (where and what kind). The most important part of any final
HRA report is the cataloging the HEPs by item (of equipment) or by procedure,
depending on the level of detail in the fault trees and the pinpointing of
existing dependence. Other information included in the final report is not
necessary as an input to the analysis itself, but is instead necessary as
a reference on the performance of any particular human-reliability analysis.

Other human-reliability analysts must be able to trace through the
analyses and to understand them fully. To obtain the necessary information,
they must have access to the material on which the analysis was based. The
analyst should therefore provide in the final HRA report a set of the written
procedure analyzed or of his written version of the " standard operating pro-

C'5
) - cedure," along with the assumptions made in defining the situation under
j which the procedure would be performed. These assumptions will have been'' made during the visit to the plant and during the talk-through of the pro-

cedures with plant personnel. A copy of the final HRA event tree resulting
from the analysis should be included. The basic HEP for each limb and its
source as well as the source for any modifications (PSFs, dependence) should
be included. This information can be added to the table of the task analy-
sis; this is a clear, concise method for presenting a definition of the error
events found in the HRA event tree. If recovery factors were considered or a
sensitivity analysis was performed, the outcome of these should be included.

In short, the final report should include all information necessary for
the fault-tree analyst to check his assumptions about the performance situa-
tion against the human-reliability analyst's. It should also include suffi-
cient information so that another human-reliability analyst could analyze the
same scenario and arrive at a similar result.

i

4.7 DISPLAY OF FINAL RESULTS

As mentioned in Section 4.6, the most ef ficient method for displaying
the results of a human-reliability analysis is to use the task-analysis format
shown in Fia4res 4-5 and 4-6. These tables can be expanded to include the
other information necessary for a complete documentation. This was done

/' for the example that was worked in this chapter in Figures 4-19 and 4-20.( ,)|
,/ With these_ tables and copies of the HRA event trees, the fault-tree analysts

'

should be able to take information in any form or at any level needed for '
,

l
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EVE NT
ST[P EQUIPf(NT ACTION l'in t C A T IfPt LOC ATIDst NOTES ERRORS TREE HEP T,1 Finat

D.2 . RCS pressi.re monitor CM omission (all) 1 .nl 20, 5 .0102
reading 2 .006 5. 3 .01545

RCS temperature monitor r_p.a reading 3 .001 5, 2 .0025
heater switches maintain within cerve CB4 reading 4 .01 5. 5 .02625

pres. A temp. en chart

D.4 4 HPI MOVs overrida 4 CP16. CPIR ESF
omission (all))

5 .01 20, 5 .0102
selection (1 6 .003 14, 7 .003throttle

initiate Pl. Pr. 12 omission 7 .01 20, 5 .0102
cooldown

.01 20, 5 .0102
D. 7. 3 CV.7621.22. 37. 3R secure close switches Ventilation omission (all) 8

.003 14. 7 .006
(room purge Poom selection 9.10.11.12

(each)dampers)

D. F.4 DH ptrms verify on indicator lamps CP16. CP18 ESF omission (for 13 .01 20. 5 .02
MOVs too)

f selection 14 .001 13, 2 .002
vi interpretation 15 .001 7. 9 .002

MOV.1400, 1401 verify open indicator laNs CP16. CPIR ESF selection 16 .001 13. 2 .002C

interpretation 17 .001 7. 9 .002

D.9 RWST monitor >6 feet CP14 omission 18 .01 20, 5 .0102
reading 19 .003 5. 1 .0076

,

MOV-1414.1415 verify open indicator lamps CP16. CP18 E5F selection 20 .001 13, 2 .001
interpretation 21 .001 7. 9 .001

MOV-1405. 1406 open MOV switches CP 16. CP18 ESF selection 22 .001 13, 2 001

reversal 23 .001 13. T .001
MOV-1407, 1408 close switches CP16. CPIB ESF selection 24 .001 13, 2 .001

reversal 25 .001 13. 7 .001
MOV-1616. 1617 close switches CP16. cpl 8 [$F selection 26 .001 13. 2 .001

reversal 27 .001 13. 7 .001

Figure 4-19. Display of final results in a task-analysis table for actions by operators assigned to the control room. The numbers in the event-tree column do
not usually appear in a task analysis; they refer to the error event numbers in HRA event trees starting with Figure 4-8. The numbers in the col-
umn marked "T, I" refer to table and item numbers in Chapter 20 of the Handbook. In the last column. the nominal HEPs have been modified t

to reflect the effects of a moderately high stress level and (in some cases) high dependence between two operators.
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place

Figure 4-20. Display of final results in a taskenalysis table for actions by auxiliary operator outside the control room. The numbers in the event tree
column do not usually appear in a task analysis; they refer to the error event numbers in HRA event trees starting with Figure 4-9. The
numbers in the column marked "T,1" refer to table and item numbers in Chapter 20 of the Handbook. In the last colema, the nominal
HEPs have been modified to reflect the effects of a moderateit high stress level, protective clothing, and high dependence between two
operators.
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input into the fault trees. The expanded task-analysis tables, HRA event
trees, list of assumptions, and copy of the procedure should provide suf fi-
cient docementation for a human-reliability analysis.

4.8 QUALITY ASSURANCE

To ensure that the quality of any given human-reliability analysis is
maintained and that the quality of the several analyses is constant, a pro-
gram plan for the performance of these analyses should be developed. This
plan should be developed by the director of the human-reliability analysis
in conjunction with the PRA team leader. It ir assumed that the services
of an independent quality-assurance group will not be necessary and that
the role of the PRA team leader calls for his checking on the carrying out
of the human-reliability analysis.

To meet internal quality standards (those relating to any given human-
reliability analysis), the plan should provide for scheduling the various
stages of the analysis, integrating it into the entire PRA, and monitoring
its progress. To this end, dates, places, personnel, and expected results
should be identified. Working from the task flow chart in Figure 4-1, tables
or charts should be set up itemizing each task; the elements necessary for
its completion (including personnel); its relation to and/or interfaces with
other PRA groups; the date, time, and place of its expected performance; the
expected results; and the method of its documentation.

To meet external quality standards (those relating to human-reliability
analyses performed for several plants), the plan should provide for cross-
plant comparisons. This implies that the team leader for a new PRA should
be familiar with the HRA program plan implemented in earlier PRAs, using this
information to ensure that his control and documentation of the ongoing analysis
is complete.

.

O
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'~'N Chapter 5

DEVELOPMENT OF A DATA BASE

7

5.1 INTRODUCTION

Two types of events identified during accident-sequence definition and
' system modeling must be quantified for the event and fault trees in order to

calculate frequencies of occurrence for accident sequences: (1) initiating
.

events (see Section 3.4.2) and (2) component ' failures, or . basic events (see'

. Section 3.5.3.1). This chapter describes how this quantification is
! performed.

,

The quantification of initiating and basic events involves two separate
; activities. First the reliability model for' each event must be established,
| and then the parameters of the-model must be quantified. The data needed to
' - complete the data analysis include component failure rates, repair times,

test frequencies, and test downtimes; common-cause probabilities; and uncer-,

tainty characterizations. The quantification will also involve various1

types.of data analysis (e.g., a statistical analysis of raw information),2

the use of generic and specific data, and, in some cases, the collection and
use of subjective data. .Furthermore, it will involve the quantification of
human errors, a subject not covered in this chapter because it'is discussed
in Chapter 4

The objective of the task described in this chapter is to quantify the
l' basic and initiating events identified in accident-sequence definition and

system modeling (Chapter 3) and to provide these quantifications to the task,

of accident-sequence quantification (Chapter 6). It is important to note
that the output of the - data-base development must be consistent .with the,

general approach chosen and the tools to be used in accident-sequencei

quantification. Before developing the actual data base, a decision will
have been made as to whether the PRA will use a classical or a Bayesian
f ramework for treating uncertainties. This decision will affect the way

; data are evaluated. In addition, the tools used in sequence quantification
will also affect the data analysis, in that the data must be in a form3

! compatible with the tools. For example, data analysis may yield probability.
distributions for reliability models that cannot be exactly represented by -

,

any defined distribution-(e.g., a gamma or a lognormal distribution), and
yet the quantification tools require that all inputs be described by one of
a set of predefined distributions. It will be the data analyst's job to

! make the data output fit this-quantification requirement,'by' finding the
"best" distribution to fit the actual result. and then to record any

i. uncertainty that is thus introduced in the data. Heuce, the data-analysis

task is closely linked with the tasks of Chapters 3 and 6.

O
I N
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5.2 OVERVIEW

The development of a data base for a PRA is a multistep process in-
volving the collection of data, the analysis of data, and the evaluation of
the appropriate reliability models. It produces tables that specify the
quantity to be used for each event in the fault and cvent trees.

5.2.1 STEPS IN DATA-BASE DEVELOPMENT

The steps that need to be addressed in developing a data base are out-
lined below, in the order the tasks would be accomplished. As in many en-
gineering analyses, the order may be modified as the work progresses, or
iteration may be required. It is also possible that time constraints, bud-
get constraints, or study goals may allow, or even require, some steps to be
shortened or bypassed. For example, instead of collecting and analyzing
raw data, it may be suf ficient to use data from a previous PRA. This could
save considerable time and cost, but it may diminish confidence in the
results.

While the task of data-base development may secm to lie between the
tasks of accident-sequence development and quantification (Chapters 3 and
6), it is most likely to be accomplished largely in parallel with accident-
sequence development.

Event Modeling. The data analyst must select several types of models
for event quantification: failure models, maintenance models, test models,
and initiating-event models. The factors to be considered in these deci-
sions are discussed in Section 5.3.

Data Gathering. Early in the FRA, the gathering of all information
that may be pertinent to events usually included in PRAs should begin. At
this point the accident sequences will not have been completed, and hence
tnis early information gathering must rely on previous experience. The in-
formas ton should include published data reports, data from other PRAs, and
availab'e information about the specific plant being analyzed. This task is
described in Section 5.4.

Estimation of Model Parameters. After the models are selected, their
parameters must be evaluated. Two approaches to parameter estimation, the
Bayesian and the classical approaches, are described in Section 5.5.

Model Evaluation. The models and the parameters must be combined to
determine the quantitative measure for each event in the accident se-
quences. This topic is discussed in Section 5.6.

Evaluation of Dependent Failures. It is generally recognized that
dependent f ailures may be significant contributors to system unreliability.
Section 5.7 addresses various methods available to estimate dependent-
f ailure contributions to system unreliability.
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1

,

-Uncertainties in Data. A major concern in a PRA is the issue of uncer-
,

tainty in the various evaluations. Section 5.8 discusses the factors in
5 data-base development that contribute to_ uncertainty.

i bocumentation. The results and the precess of data-base development
must be documented. . Guidelines for' documenting the data. base in a clear
and consistent manner 'are presented in Section 5.9.

Quality Assurance. It is very important that ~ the resultant data base {
be as accurate and as consistent as possible. . Procedures for ensuring that,

the data base is of the best possible quality are. presented in Section 5.10.

!
. .
' 5.3 EVENT MODELS

Before collecting and analyzing data, it is important to know what kind
of data are needed. The most general description is "the data needed to,

determine component reliability and initiating-event frequency." This, how-
ever, is not suf ficient to direct a data search.

!
I It is important to recognize that the events of interest are events

that occur randomly. In. general, they occur either randomly in time or
randomly at each challenge. Thus, for each classification of event, data

will be either x events in time T or x events in n trials (or demands).,

More specifically, if the failure of motor-operated valves to open when
i . needed is - a class of events to be evaluated, it will be necessary to search

data sources to determine the number of occurrences for this event and
either the number of demands or the time over which these events occurred.
It will also be useful to examine other data bases of this same event for

j possible usefulness of that analysis and result.

.

.

t

i
5.3.1 HASIC EVENT MODELS;

5.3.1.1 Time-Related Models [
1 i
! A number of probability discributions are used to model reliability as j

a function of time, the more common models being the exponential, the
"

: . , Weibull, the gamma, and the lognormal. Each represents a different type of [
failure process.

The exponential gives the distribution of time between independent :4

(- events occurring at a constant rate. The Weibull gives the distribution of

r ' time. between independent events occurring at a rate that varies in time. *

| The gamma gives-the distribution of time required for exactly ~k independent L

events to occur, assuming a constant rate of occurrence. An exponential ;

distribution is a gamma with k = 1. The lognormal gives the distribution of
{time to event occurrence when the time at the ntn occurrence is a random

portion of the time of the (n - 1)st occurrence.-''%

-v
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In most PRA studies, the exponential is the most commonly used time-
to-failure distribution. Its use is justified basically for two reasons:
(1) many reliability studies have found the exponential justifiable on
empirical grounds and (2) both the theory and the required calculations are
simple. It is important to note that, even though the time to failure is
not exponential over the entire life of the component, the in-use portion is
exponential. This assumes replacement by a component that is also in its
exponential-behavior time period. Iloweve r, the lognormal distribution has
been found to be a reasonably good model for the time to complete test or
maintenance activities at nucicar plants and the frequency of these events.

The validity of such assumptions underlying the choice of the exponen-
tial distribution can be examined by several methods. These methods are not
discussed here because most PRAs have not found it necessary to justify
their choices of reliability models before determining the model
parameters. Indeed, it is generally agreed that the choice of reliability
model will not significantly affect the result of the system analysis.
Should there be a need to examine the time-to-occurrence distribution, the

graphical methods described by Itahn and Shapiro (1967) and the analytical
methods described by Mann et al. (1974) can be used.

In this chapter the exponential distribution will be used to model the
time to component f ailure, and the lognormal distribution will be used to
model the time to complete maintenance and testing. The equation for the
exponential distribution is

f
~AU(t) = 1 e (5-1)

which represents the cumulative probability that the event has occurred by
time t. The parameter A is the failure rate and is expressed in units of
failures per unit time.

The equation for the lognormal distribution is

1 In t -(y p)

C(t) = a((2n) 0 ) exp dy (5-2)
2

This equation represents the cum lative probability that the event has been
completed by time t. The parame rs o and p can be expressed in other

terms:

y p= In M

In(EF)
"
tl.64

where the parameter M is the median time to completion and (EF), called the
error factor, is the quantity that, when multiplied by the median, gives the
tima of completion that is equal to or longer than 95 percent of all times
to complete the event.
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,Q 5.3.1.2 Demand Model

Another type of model for describing component f ailures is the demand
model. It is used to describe the failure of a component at the time of a

demand for its use. The probability of such a failure in n trials is des-
cribed by the binomial distribution, and the demand model is appropriate for
components that are in a dormant state until the moment of need, when they
are switched on. The underlying assumption is that at each demand the prob-
ability of failure is independent of whether or not a failure occurre- at
the previous demand. The demand model is mic that will be carried through
this chapter and has been commonly used in PRAs.

The equation for the binomial distribution is as follows:
r

Pr(x < r) = { (Q) p*(1 p)"-X (5-3)
x=0

*

lt gives the probability of r or fewer failures in n independent
trials, given the probability of failure in a single trial is p.

4

Note that the probability of exactly x failures in n trials is

i Pr(x)=(") p* (1 p)"-* (5-4)
4

/'''% of course the parameter needed in this model is p, the probability of
( ,/ failure.

_

4

5.3.2 INITIATING-EVENT MODELS
4

Initiating events are the occurrences that initiate an accident se-

quence. The desired measure for such events is frequency. A plant may
experience terma of these events per year or only one in 10,000 years.

Initiating events are assumed to occur randomly in time, and they are
usually assumed to occur at a constant rate. However, data on events that
occur more frequently indicate that the rate of occurrence may be higher
during the plant's first years than during subsequent years. There are in-
sufficient data to predict whether or not the frequency of these initiators
might increase in later life.

.

For purposes of this chapter it will be assumed that the model for ini-
tiating events will be based on a constant rate of occurrence.

,
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5.4 DATA GATiiERING

\

Tha objective of the data gathering task is to obtain the raw informa-
tion needed for estimating the event model parameters identified in the pre-
ceding ocction: (1) the number of f ailures and time on demands for failure
models; (2) the frequency and duration of tests for systems or components;
(3) the frequency and duration of maintenance on components; and (4) the
frequency of initiating events. The data may also be used to test the ap-
plicability of the event model. The sources of data may include plant
records, existing data reports, and previous PRAs. This section describes
the various sources of data that are available and their attributes; it then
discusses the process of data collection. It is strongly recommended that
representative existing data sources be closely examined to establish
clearly the type of data needed before plant-data collection begins.

5.4.1 EXISTING DATA SOURCES

As the data analyst proceeds to determine the appropriate reliability
data, he finds a spectrum of available resources. In some cases a clearly
appropriate source is available. In other instancee, however, there seldom
exists a data source whose content and format allow unambiguous selection.
The data source does not always specify what failure modes or mode is repre-
sented; whether the valve actuator or pump driver is included; what environ-
ment is applicable; or what the total population is. Often, additional
research may he needed to discover the information not available in the re-
ported data. Discussed below are the following sources that may be useful
in building a data base for a PRA:

1. A report (EPR1, 1982) on anticipated transients wittout scram.

2. A report (Science Applications, 1981) on diesel generator reliabil-
ity at nuclear power plants.

3. Data summaries of license event reports submitted to the U.S. Nu-
clear Regulatory Commission.

4. The Reactor Safety Study (NRC, 1975).

5. A data manual on electronic, electrical, and sensing components
(IEEE).

6. The Nuclear Plant Reliability Data System.

7 The National Electric Reliability Council.

A substantial number of other sources are summarized in Appendix B.

ATWS: A Reappraisal, Part III, " Frequency of Anticipated Transients,"
EPRI NP-2330 Published by the Electric Power Research Institute, this re-
port contains information on the type and frequency of initiating events
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.['~'N that lead to reactor scram. The information was gathered from about 60 per-

( - cent of the nuclear plants in the United States. Initiating events like

pipe bre :'- 4 are not included.'

Diesel Generator Reliability at Nuclear Power Pli.nts--Data and Prelimi-
nary Analysis, sal /SR-231-81-PA. Issued as a draft by Science Applications,
Inc., this report presents data, from a combination of sources, related to
emergency diesel reliability. The sources include plant records, utility ,

records, and licensee event reports (Leks) submitted to the U.S. Nuclear
Regulatory Commission. The data include both raw information and estimates
of event-model parameters. The report details failure to start, failure to

,

continue running, and repair times. This work was sponsored by the Nuclear
Power Division of EPRI, and a published EPRI report will be available in
1982.

'
Data Summaries of Licensee Event Reports at U.S. Nuclear Power Plants.

Published by the U.S. Nuclear Regulatory Commission, these data summaries
,

are available as six separate reports:,

1

1. Diesel Generators (NUREG/CR-1362; EG6G-EA-5092).

I 2. Pumps (hDREG/CR-1205; EG6G-EA-5044).

3. Valves (NUREG/CR-1363; EG6G-EA-5125).

4. Selected Instrumentation and Control Components (NUREG/CR-1740;
EG&G-EA-5388).

5. Primary Containment Penetrations (NUREG/CR-1730; EG&G-EA-5188) .

6. Control Rods and Drive Mechanisms (NUREG/CR-1331; EG&G-EA-5079).

They describe the results of analyses of component failures reported to the
U.S. Nuclear Regulatory Commission in licensee event reports. ' Component
f ailures are reported for individual plants, by reactor vendor, by failure
mode, and for all plants considered together. Included are failure rates
and some information on repair times. The estimates of event-model param-
eters, however, are based on estimates of population, demands, and exposure
time. Hence, the statistical analysis includes estimated information to- ,

i gether with actual plant data.

? Reactor Safety Study, WASH-1400, U.S. Nuclear Regulatory Commission,
1975. Appendix 111' of this report, " Failure Data," contains the failure
data used in the study, including raw data from 1972, notes on test time,
notes on maintenance time and frequency, the results of a human-reliability;

'
-analysis, aircraft-crash probabilities, estimates of the frequency of ini-
tiating events, and some information on common-cause failures. From the as-
sembled informatic this appendix also defines the " assessed range" for
each failure rate. fhe authors state, however, that "this data may not be
sufficiently detailed, general, or accurate enough for use in other quanti-
tative reliability models or in applications involving greater specificity."

f.

: G
i
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!IEEE Project 500 Data Manual, Institute of Electrical and Electronics
Engineers, Inc. This document contains data for electronic, electrical, and I

sensing components. The reported values are mainly synthesized from the
opinions of some 200 experts. Each expert has reported a low, a recom-
mended, and a high value for the f ailure rate under normal conditions and a
maximum value that would be applicable under all conditions (including
abnormal ones). The pooling of estimates was done by geometric averaging, a
method judged to be 9 better representation of expert estimates, which are
of ten given as negative powers of 10.

Nuclear Plant Reliability Data System (NPRDS), Southwest Research
Institute. The hPRDS collects f ailure data on safety-related systems and
components. The data are compiled and disseminated in periodic reports to
the partici,9 ants of the program. In addition, special searches of the data
base may be requested by the participants and others. Typical information
that NPRDS provides includes the following:

1. The plant operating mode (i.e., operating, standby, at.d shutdown).
2. The calculated in-service hours of the system. s3. Outage times.
4 Number of failures per million in-service hours.
5. Number of applicable tests.

The main disadvantage is the dependence of the NPRDS on regular partic-
ipant reporting. If no raport is received f rom a participant in a ceporting
period, it is assumed that no failures have occurred.

National Electric Reliability Council (NERC). On January 1, 1979, the
Edison Electric institute (EEI) transferred to NERC the responsibility for
operating its equipment availability data system--the prime utility-industry
source for the collection, processing, analysis, and reporting of informa-
tion on power plant outages and overall performance. The Unit Year Summary
computer program produces a report for each individual unit, including
statistics for the latest year and cumulative statistics for the life of the
unit. In addition, the Equipment Availability Task Force produces annually
a report on equipment availability for a 10 year period. Finally, the eel
has established a procedure for processing special requests for the analysis
of reliability data.

It is expected that other good quality data reports will be published
in the near future. Both EPRI and the NRC have data projects aimed at sup-
porting PRAa.

G
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'( 5.4.2 COMPONENT DATA COLLECTION FROM NUCLEAR POWER PLANTS

b
At present, no nuclear plant keeps records of component reliability for

the specific purpose of using them as date for risk assessments. The PRAs
tinat have been conducted to date have had to depend on other sources for
plant-specific data. These sources include many plant records and proced-
ures that may be available to the PRA analysts. The usefulness of a partic-.

ular source depends on the reliability models chosen to represent componentst

in system fault trees. On the other hand, the availability (or the absence)
of various data sources may affect the choice of models by a system anal-

; . yst. Table 5-1 lists the most common parameters used to represent compo-
nents, the data required to derive estimates of the parameters, and the
potential sources of such data at plants. How these sources can be used to
extract needed information is briefly explained below.

Table 5-1. Sources of plant data

Data Potential
Parameter requirements sources

1. Probability of a. Number of failures Periodic test reports
failure on demand Maintenance reports

Control-room log

('s b. Number of demands Periodic test reports

( ) (successes) Periodic test
procedures4

' Operating procedures
Control-room log

2. Standby f ailure rate a. Number of f ailures See la above

b. Time in standby Control-room log

3. Operating f ailure rate a. Number of failures See la above

b. Time in operation Control-room log
Periodic test reports
Periodic test

procedures

4. Repair-line distribu- Repair times Maintenance reports
tion parameters Control-room log

5. Unavailability due Periods of component Maintenance reports
to maintenance and maintenance and Control-room log
testing testing Periodic test

- procedures,

!

!
, s_ -
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5.4.2.1 Periodic Test Feports and Procedures

Periodic test reports and procedures are a potential source of data on
tailures, demands, and operating time for components that are tested period-
ically. fest reports for key components or systems typically contain a de-
scription of the test procedure and a checklist to be filled out by by
tester as the steps are performed. For example, in an operating test of an
emergency diesel generator, the procedure may call for starting the diesel
and running it for an hour. The record of a specific test would report
whether or not the diesel started and whether it ran successfully for the
entire hour. Another example is a test of emergency system performance, in
which the procedure calls for the tester to give an emergency signal that
should open rertain flow paths by moving some rotor-operated valves and
starting one or more pumps. The position of the valves and the operation of
the pump are then verified, giving records of whether the valves and pumps
responded successfully to the demands. As shown by these examples, records
of periodic tests provide a self-contained tally of demands on some
components, as well as the failure (and success) of the component given
these demands.

When f ailures are reported in periodic tests, however, the fatlure mode
should be examined carefully, if possible, before the failure is .ncluded in
a failure parameter estimate to be used in system f ault trees. 'a the
diesel generator example, the report may note that the result o. the test
was unsatisf actory because the diesel tripped on a signal of low oil pres-
sure, high oil temperature, or the like. Since many of these trips are dis-
abled by a IACA signal, such an event should not be counted in deriving a
tailure parameter estimate for a fault tree that is part of a LOCA sequence,
even though the test report indicated an unsatisfactory performance by the
diesel generator. Similarly, a test report on diesel generator operability
may log an unsatisf actory result due to an air-compressor failure. Such a
iailure would cause a diesel generator failure to start only if it occurred
in conjunction with a leak in the diesel air tank. In this instance, the
test report indicates a failure even though no actual demand was placed on
the diesel.

11 the records of actual periodic tests are uot readily available, the
test procedures can be used to estimate the number of testing demands or the
operating time during tests for a component over a period of time. To do
this, the number of demands or the operating time of a single test can be
multiplied by the frequency of the test and the pertinent calendar time. Of
course, this approach is valid only if it is assumed that the tests are con-
ducted at the prescribed frequency. In some cases, tests may in fact be
conducted at more frequent intervals than those stated in the procedures.
Plant personnel should be interviewed to determine what adjustments are
necessary.

If this approach is used, a count of failures must be obtained f rom
different sources (e.g. , maintenance reports). Since these sources may not
indicate clearly which failures occurred during the periodic tests consid-
ered, f ailure parameter estimates derived by this approach are probably con-
servative. In order to correctly match f ailures with demands or operating
time for a component, the number of demands or the duration of operating
time occurring outside periodic tests must be obtained. Such information is
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''''g usually much more dif ficult to extract from typically available data4

j sources.
s

!

5.4.2.2 Maintenance Reports

Reports of maintenance on components are potential sources of data on
failures, repair times af ter failure, and other unavailability due to main-
tenance. These reports typically include the following:

.

1. A plant identification number for the component undergoing mainte-
nance and a description of the component..

2. A description of the reason for maintenance.

3. A description cf the work performed.

4 An indication of the time required for the work or the duration of
the component's unavailability.

'
The report may indicate that maintenance was needed because the compo-

nent failed to operate adequately or was completely inoperable. Such an
event may then be added to the count of component f ailures. The maintenance
report of ten gives information about the failure mode and mechanism as well
as the amount of time spent on repair after the failure was discovered.fsg

'

( ; Such information must be interpreted carefully, because the actual repair
\/ time may cover only a f raction of the time the component was unavailable

,

between the detection of the failure and the completion of repairs. In ad-
dition, the repair time is of ten given in terms of man-hours, which means,

that the actual time spent on repair could be shorter, depending on the size
of the ' work crew; the use of recorded man-hours would therefore lead to a
conservative estimate of repair time. The complete out-of-service time for
the component can, however, be derived, because the maintenance record of ten
states the date on which the failure was discovered and the date on which
the component was made available after repair.

Maintenance reports that record preventive maintenance can be used to
estimate the contributions of these actions to component unavailability.

*
Again, the report may show that a component was taken out of service on a

; certain date and restored some time later, giving a sample of the duration
of maintenance activities. The f requency of these events can be derived>

! f rom the number of preventive-maintenance reports in the calendar time

j considered.

i
| Unfortunately, not all maintenance reports present all of the informa-

* ion listed above. Often, the descriptions of a component's unavailability
(- 'the work performed are un< lear (or micaing altogether), requiring guess-
work as to whether an unf ailed component was made unavailable by maintenance
or whether the maintenance was the result of component failure. An addi-
tional problem that has already been mentioned is the difficulty in matching

('~)h
up the failures recorded in maintenance reports with the demands or operat-'

( ing times reported in other documents.
,,
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5.4.2.3 Operating Procedures

Operating procedures can be used to estimate the number of demands on
certain components in addition to demands occurring euring periodic tests.
This estimate is obtained by cultiplying the number cf demands imposed on a
component during a procedure by the number of times the procedure was
carried cui during the calendar time of interest. Unfortunately, the latter
number is nct always easily obtained. For procedures followed during plant
startup or shutdown, the number of times the procedure was perf ormed should
be readily obtainable, but for procedures followed du ring operation, this
inf ormation will be available only f rom the control-room log.

5.4.2.4 Control-Room Log

Many of the gaps in a component-reliability data base compiled from
test and maintenance records can be filled by examining the control-room
log, which is a chronological record of important events at the plant. For
example, the log has records of demands made (e.g., pumps and diesel
generators) at times other than periodic tests. It notes the starting and

stopping times for these components, thus supplying operating-time data.
The log also notes the initiation of various operating procedures, thus,
adding to the information about demand. Furthermore, it records periods

when certain components and systems are out of service, and in this, it is
often more accurate than the maintenance reports.

'

There is, however, a problem witb using the control-room log as a
source of component data: all events in log are listed chronologically,
without being separated by system, type of event, or any other category.
The analyst must therefore search through many irrelevant entries to find
those needed for the data base. The additional accuracy that is supplied to
the estimates of component-failure parameters by data from the log may not
be worth the ef fort needed to search through several years of the plant

history recorded in the log.

O
5-12

.__ -



/'~'N 5.5 FST1MATION OF MODE!, PAPAMETERSi
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\ |
%J

After model selection and data gathering, the parameters of the models
can be estinated. Two methods of estination are described in this chapter
and are conplemented by the relevant methods in Chapters 6 and 12: (1)
classical methods and (2) Bayesian methods.

In a Rayesian analysis the available data may be augmented by quanti-
fled personal opinion. The analyst quantifies his belief about the param-
eters (unknown constants) in the nodel, exclusive of the information in the
data, by a probability distribution; that is, he not only models the occur-
rence of accidents probabilistically but also develops a probability model
for his beliefs about such occurrences. The data analyst should be aware

that this may be dif ficult to do, and it will be even more dif ficult to con-
vince the community at large to adopt his degree of belief as their own.

In a classical analysis, knowledge and expertise also play a role, but
less formally, in general serving only as aids in choosing probability
models and relevant data. For example, data obtained under normal operating
conditions may or may not be applicable to accident conditions. An under-

standing of the situation is needed to resolve this question. Once such
questions are resolved, a statistical analysis lets the data " speak for
themselves." The users of a statistical analysis must be aware that limited
data can lead to imprecise estimates. Though the introduction of a quanti-

I fled degree of belief can improve the apparent precision of risk estimates,
) it may be useful and informative to do both a Bayesian and a statistical
/ analysis, thus allowing the reader of a PRA to separate the data and thesm-

belief components of the results.

5.5.1 Cl.ASSICAL ESTIMATION

5.5.1.1 Point Estimation

Reliability and availability models involve a variety of parameters,
such as component-f ailure rates and expected repair times, that need to be
estimated in order to estimate the probability of specific accident se-
quences. Choosing a point estimate can involve a variety of considera-
tions, depending on the information available. If data are available and it
is desired to obtain estimates that are strictly functions of the data,

!
then, for the models commonly used in risk analysis, point estimators are
well established. The point estimators generally used for the binomial,

|
Poisson, and lognormal models, and appropriate data, are given below.

Binomial Distribution. The data, parameter, and estimate for binomial

models are as follows:

Data: f failures in n demands. The number of demands is known; the

,

outcomes,' success or failure, are statistically independent; and

|['~'N the failure probability is constant across these demands.

V
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Parameter: p, the probability of failure on demand (dimensionless).

Estimate:
1

*p = f/n

Poisson Dist ribut ion. For Poisson nodels, the data, parameter, and
estimate are the following:

Data: f failures (or occurrences of an initiatine event) in T time
units. The quantity T is known; failures occur independently
and at a constant rate in time and across different items, which
may be combined to obtain the data.

Parameter: A, the failure rate (number of failures per unit time).

Estinate:

A* = f/T

I.ornormal Distribution. The data, parameters, and estimates for log-
normal models are as follows:

Data: n independent positive observations, Xj, X , ..., X , such2 n
as repair times, whose logarithms are modeled as being normally
distributed.

2Paraneters: p, the expected value of t = lor (X) and c , the vari-e
ance of t.

Fstinates:

n tg _

for the sanple nean}. __ =p* =
t

"i=1

[(t t - t)2 22*
o = = s for the saeple variance

n- I t

All the estimates riven here are unbiased, which means that, on the
a ve r.tre , in n repetitions from the assuned distributions, they equal the

2* are maximun-likelihoodparaneter be iny estinated. Mo re ove r , all but c

estinators; they maxintze the probability of the observed data. Additional
details pertaining to these estinates are available in a text by Mann
et al. (1974), which also provides statistical estimators for other models,
such as the Weihull and vanna distributions, and other situations, such as a
fixed number of failures /randon operating-time estimates of the failure
rate A.

Statistical point estinates are attenpts to identify single parameters
no .* * strongly indicated by the data. As such, they are data sunmaries, and
information is necessarily lost in the sunnarization. The loss is serious
in the case .-f point estimation because the amount of data goine into the
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[ \ estimates in lost. For example, one failure in 10,000 hours yields the same
\

- point estimate of a f ailure rate as do ten failures in 100,000 hours, but
clearly more information is present in the latter case. If this information
in ignored or not comnunicated, an incomplete analysis results. Two statis-
tical methods by which the anount of information pertaining to parameters of
interest can be conveyed are standard errors and statistical confidence in-
tervals.

5.5.1.2 Standard Frrors
!

If the data-yielding process described above is repeated, the parameter
estimates will vary; that is, in another n demands or T time units, the num-
her of failures will vary (in a manner described by the probability models'

used to analyze those data). Furthermore, future collection of n repair
times would differ from the observed. The variance over such repetitions
of the estimators described above provides a measure of the information con-
tained in the point estimates obtained. The larger the variance, the less'

reliable the point estimate. In general the variance of an estimator is not
known, but it can be estimated in these cases. The square root of the esti-

mated variance of an estimator is terned the " standard error of the esti-
mate." For the parameters considered in the preceding section, the standard
errors (s.c.) are as follows:

f] Binomial:

*(1 p*)~ 1/ 2p(p*)s.e. =

- _

poisson:'

s.c.*(A*) =

; T
i
'

Iognormal:

(u*)s.e. =

n /2I

(o * ) = a * - 2 j/22 2s.e.
.n - l}

; (The information contained in an estimated variance is usually conveyed by
reporting the degrees of freedom, n - 1 in the case considered here,- rather

than a standard error.)
4

One way in which standard errors are used is to obtain approximate
i- statistical confidence limits on the parameter of interest. For example,
I the point estimate plus or minus twice its staedard error provides a crude

95 percent confidence interval on-the parameter. Thus a large standard

/'''N error, relative to the point estimate, indicates that the data do not

( ) provide a very clear indication of the parameter. If only a point estimate
,

| 1s given, this information about the data is lost, and an unwarranted and

|-
|
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misleading nura of precision may result. Without standard errors, any
comparison of point estimates, say for the purpose of ranking accident
sequences, may be mislending.

5.5.1.3 Interval Fatimation

A given set of data, say f failures in T hours, can occur in sampling
from a variety of poisson distributions. That is, many other values of A
besides A* = f/T can give rise to this particular outcome. Some values of
A, however, are more consonant with the data than others. This realization
is the basis for statistical confidence intervals, whose purpose is to iden-
tify ranges of paramt ter values that are consonant with the data to some
specifled extent. For example, suppose an upper 95 percent limit on A is
found to be A95 - 10-4 failure per hour. This means that, for A values
greater than 10-0, the observed data are in the extreme 5 percent of pos-
sible outcomes; the A values are not very consistent with the data. Values
of A less than 10-4 are less unconsonant with the data. Both upper and
lower confidence limits, at any specified confidence level, can he obtained,
and the interval between these limits is termed a " statistical confidence
interval."

As indicated above, approximate confidence intervals on a parameter can
he obtained from a point es t i rna t e and its standard error. For the three
distributions considered here, though, exact confidence limits or better
approximations can he readily obtained:

Binomial Distribution

The upper 100(1 - a)% confidence limit on p is obtained by solving

f

[ (") p*(1 p)"~*a=
x=0

for p. The lower 100(1 - a)% confidence limit on p is obtained by solving

a= p*(1 p)"~*
x-f

for p. Tables, slide rules, and computer programs are available for solving
these equations (Green and Bourne; Fald). A useful approximation for small
f, large n is

2p g3 _ g , x (2f + 2;l - a)
it 2n

"
p1,(1 - a) =

2n
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where P (1 - n) and Pg,(1 - n) are the upper and the lower 100(1 a)%I f3 U 2'

/ confidence linits, respectively .and x (m,y) denotes the 100 y percentile
-

of the chi-squared distribution with m degrees of freedom. The interval
between Pg,(a) and Pg(a) constitutes a 100(1 - 2a)% confidence interval.

Poiscon Distribution

The upper and.the lower 100(! - a)% confidence limits on A are obtained
by solving the following equations:'

I' ~1 (1 - a) = 1
U 2T

,

,

A (1 - a) = 1 x 2f;o)
1. 2T

Note that, mathematically, confidence limits on a f ailure rate A are similar
to those on a failure probability p, with time units replacing the number of
demands.

Lognormal Distribution

The upper and the lower 100(1 - a)% confidence limits on p are obtained
from

t i t(n - 1, 1 a)(o*/n /2)l

where t(f,y) denotes the y percentile of the Student's t distribution with f'

degrees of freedom.

2For the upper and the lower 100(1 - a)% confidence limits on a , the
f ollowing equations are used:

# "-U
f a (1 - a) = 1

2X (n - 1,a)

I

2(g _ ,) , g o D n - 1)g
2X (n - 1, 1 - a)

As already discussed, statistical confidence intervals supplement point
estimates as a summary of the data-based information about-the parameters of
a probability model. They also serve to provide guidance on the parameter

| ranges that should be covered in a sensitivity analysis (see Chapter 12).
i That is, if one is interested in the change in an accident-sequence proba-
| bility that results from a change in a component paraceter, confidence in-

tervals provide a plausible range over which the component parameter should
be varied.

Occasionally in PRAs, statistical confidence limits are misinterpreted
as percentiles on a probability distribution of the parameter. Because con-
fidence limits are derived under the assumption that these parameters are

g

y,)
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constants, not random variables , such an interpretation is unwarranted, ex-
cept perhaps as a Hayesian degree-of-belief distribution, given a noninform-
ative prior distribution. One reason confidence limits are given a distri-
butional interpretation is to provide input to probabilistic uncertainty
analysen (Chapter 12). One could view such an analysis as a mathematical
device for obtaining approximate statistical confidence limits on an
accident-sequence prohnbility, given data pertaining to the parameters in
the accident model, but better methods are available (Chapters 6 and 12).
One particular treatment of confidence limits that should be avoided is the
fittiny of loynormal dist ribut ions to stat istical confidence limits on fail-
ure rates or probabilities.

5.5.2 BAYESIAN ESTIMATION

In classical statistics, quantities like a failure rate or a failure-
on-demand probability (" parameters") are regarded as unknown constants.
point estimates and confidence intervals can be computed for them as shown
in the preceding section. Such interval estimates reflect the accuracy or
" precision" of the estimate and are affected by the randon behavior of the
observations. As more and more data are obtained, the interval width de-
creases toward zero, centering on an increasingly exact point estimate that
ultinately converges to the true value of the parameter.

The Bayesian approach is similar in that it yields "best" point esti-
mates and intervals around those estimates, the intervals representing
ranges in which, we are confident, the paraneter really lies. It differs in
bot h pract ical and philosophical aspects, though. The practical distinction
is in the incorporation of information beyond that contained in the observed
data; the philosophical distinction lies in treating the parameter not as a
fixed constant but as the value of a random variabic. The analyst's uncer-
tainty about this value is accounted for by assigning a " prior distributton"
to the parameter. It is this prior distribution that incorporates notions
regardinv the analyst's degree of belief about the possible values of the
parameter.

Such notions may have obj ec t i ve as well as subjective elements. For
example, in estimating component unavailabilities, the individual parameters
of interest (c.v., failure rates) are likely to vary randomly over the en-
tire population of camponents. This variat ion nay be due to such things as
plant-to plant differences, within plant and systen differences, operational
or environmental factors, and maint enance differentes. Distributions de-
scribine this variation may be referred to as " population variability
curves" and represent the probability that specific failure-rate values are
present in the population. The Reactor Safety Study (NFC, 1975) used log-
normal distributions for population variability curves. If all that is
known about a specific component, before observing any operational data, is
that it is a menber of the population, then an analyst could use the popula-
tion variability curve to represent the prior distribution. In this case

the prior dist ribution would embody a relative-f requency notion of
probability.
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/''';/ k'hether the analyst does or does not have such objective re la t i ve-

( frecuency data, he will often have other information based on engineerine
designs, related experience in similar situations, or the subjective judg-
ment of experienced personnel. These more or less subjective factors will
also be incorporated into the prior distribution--that is, into the'descrip-
tion of our prior knowledge (or opinions) about the paraneter.

The Bayesian method takes its nane fron the use of Payes' theoren and
the philosophical approach embodied in the 18th-century work of the Fev.
Thonas Payes (nodern reproduction, 195R). Hayes' theorem (see Section
5.5.2.1.1) in used to update the prior distribution with directly relevant i

data. Here the term "gencric data" will be used to refer to parancter-
,- related information which is nonspecific to any particular plant or applica-

tion and about which the prior distribution encompasses all of our knowledge
relevant to the parameter. A PRA for a particular plant, or course, re-
quires not generic data but rather estinates that are specific to the plant
or application. Bayes' theoren then updates the generic prior distribution
with plant-specific evidence and has the effect of " specializing" the prior
to the specific plant. The updated or specialized prior is called the
" posterior distribution" because it can be derived only af ter the plant-

I speelfic evidence is incorporated. The prior reflects the analyst's degree
of belief about the parametet before such evidence; the posterior represents
the degree of telief after incorporating the evidence. Plant-specific esti-
mates are then obtained Yron the posterior distribution as described in Fec-
tions 5.5.2.3 and 5.5.2.4

\v<
5.5.2.1 Essential Flcments of the Bayesian Approach

i

This section considers the essential elements of the Pavesian approach
to data reduction. It presents a brief discussion of Bayes' theoren, the
basic notions of Bayesian point and interval estimation, and a step-by-step
outline of the procedures for obtaining Bayesian estimates.

The nain benefit in using the Bayesian approach to data reduction is |

that it provides a formal way of explicitly organizing and introducing into
the analysis assumptions about prior nowledge. This knowledge may be based
on past generic industry-wide data ano experience, engineering judgment, ex-
pert opinion, and so forth, with varying degrees of subjectivity. The pa-
rameter estimates will then reflect this knowledge. A noteworthy feature of
the nucicar industry is that such prior information is often available to
the extent that it may cont ribut e nore to knowledge about the parameter than
does the more directly applicable (but sparse) plant-specific information.- '

|

,

1

i; \s- r
;

t
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5.5.2.1.1 Bayes' 1heorem

The fundamental tool for use in updating the generic prior distribution '

to obtain plant- or application-specific parameter estimates is Bayes' theo- 1

rem. If the parameter of interest is a failure rate A (number of failures
per unit time), Bayes' theorem states that

f(A|E)= (5-5)

[ f( A) L(E| A) dA
0

where f(A|E) is the posterior distribution, the probability density function
of A, conditional on the specific evidence E; f(A) is the prior distribu-
tion, the probability density function of A based on reneric information
but incorporating no specific evidence E; and L(E| A) is the likelihood func-
tion, the probability distribution of the specific evidence E for a given
value of A.

If the parameter of interest is the probability of f ailure on demand,
p, rather than a failure rate A per unit time, then A is simply replaced by
p in Fountion 5-5. However, the likelihood function will differ for the
different cases, as shown in Sect ions 5.5.2.3.1 and 5.5.2.4

In certain special cases, the integral on the right-hand side of Equa-
tion 5-5 can be done analytically to give a closed-f orm expression for the
posterior distribution. The term " conjugate prior" is used to describe the
prior-distribution f orm that will most conveniently simplify the integra-
tion. For example, if the likelihood function is the poisson distribution
(Section 5.5.2.4), then the gamma family represents the conjugate prior:
the posterior distribution will be expressible in closed form as another
ga mma distribution. Section 5.5.2.2.3 will discuss this in more detail. In

general, a cloned-form Intagration will not be possible, and numerical tech-
niques must be used; alternatively, the continuous prior distribution can be
approximated by a discrete approximation and the integral replaced by a
sum. An example of the latter approach has been given by Apostolakis et al.
(1980).

Numerical integration or a discrete approximation is often needed when
the generic data include a precise description of the prior distribution, so
that the analyst lacks the flexibility to choose a mathematically tractable
form for it. For example, if a lognormal prior distribution is generically
specified for 1 and the likelihood is the Poisson distribution, then the
posterior distribution cannot be obtained analytically in closed form. On
the other hand , if we are free to choose the family to which the prior dis-
tribution belongs (such as the gamma f amily in the above example), this

|

O
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[m\ choice can be made from the conjugate family of distribution (see Section
\s_,/ 5.5.2.2.3), which yields tbc mathematical convenience and resultant simplic-

ity of a closed-form exprension for the posterior distribution.

The discrete form of Bayes ' theorem is

f( A ) L(E| A )g j
f(A|E)= (5-6)

m

J f( A ) L(Ell )i i

1-1

where Ag (i = 1, 2, ..., m) is a discrete set of failure-rate values. The
prior and posterior distributions are approximated by the discrete functions
f( Ag) and f( Ag|F), respectively.

. The discrete f orm of Bayes' theorem is also useful when few or no
industry-wide prior generic data are available for a component of interest,
as might be the case for a newly designed component. In this case engineer-
ing judgment and experience may be used exclusively in determining a suit-
able prior. The discrete set of f ailure-rate values can be determined on
the basis of the design, and relative weights of importance can be assigned
according to the design specifications. Such weights are normalized to a

of values f(A ) constitutes a discretetotal weight of one so that the set i

probability density function.

\ The denominator of either Equation 5-5 or Ecuation 5-6 can be thought
\s # of simply as a normalizing factor that makes the posterior distribution

integrate or sum to unity. Thus Bayes' theorem can be stated verbally as
simply saying that the posterior distribution is proportional to the product
of the prior distribution and the likelihood function.

linal note concerns the interpretation of the notion of probability'

-embod*ed by both the prior and posterior distributions. Note that f( A) es -
bodies probability statements about the parameter A which are not subject to
experimental verificatien through repeated sampling. When we make prob-
ability statements on the basis of the prior distribution, we are therefore
using the notion of subjective degree of belief rather than that of relative
frequency. The distinction is especially pronounced when the prior distri-
bution is, based wholly on engineering judgment or expert opinion about A. A

-comparative discussion of these two interpretations of the notion of prob-
ability is given by Parry and Winter (1981).

5.5.2.1.2 Bayesian Point and Interval Estimation

'The prior distribution summarices the uncertainty in a parameter as re-
flected by the generie data sources on which the prior is based. Similarly,

z
the posterior distribution summarizes the uncertainties in the plant -
specific value of the parameter as reflected by the combined influence of ,

both the prior distribution and the likelihood function. In either case it I

| 1s frequently desired to obtain either a point or an interval estimate of I
,

/' ') the. underlying parameter. For the prior distribution, such estimates would
'

k ,/ le generic estimates; 'for the posterior distribution, they would be plant-y

specific estimates. '
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A Payesian point estimate is a single value that , in some precisely de-
fined sense, best estimates or represents the unknown parameter. Two com-
monly used point estimates are the mean the median (50th percentile) of the
prior or the posterior distribution. The mean of a distribution is the
Bayes estimate that minimizes the average squared error of estimation (aver-
aged over the entire population of interest), while the median is the one
that mininizes the average absolute error. Thus, either the mean or the
median of the prior distribution can he used as a point estimate of the un-
known generic parameter; likewise, the mean or the median of the posterior
dirtribution can be used as a point estimate of the unknown plant- or
application-specific paraneter. The properties of the two estimators are
discussed by Martz and Waller (1982). The mean or the median would be found
by conventional statistical procedures: using the prior distribution, the
mean of a failure rate A is given by

.

f Af( A) d A (5-7)u =g
0

while the median is the solution to

F(A) = 1 f f(t) dt .5 (5-8)=

0

F(A) denoting the cunulative distribution function. Using the posterior
distribution, the prior f( A) would he replaced by the posterior f( A|E) in
Fquations 5-7 and 5-8.

The Bayesian approach to interval estination is nnre direct than the
classical approach based on confidence intervals. Consider the problem of
obtaining an interval estinate for A, using either the prior or the poste-
rior distribution, depending on whether one is concerned with a generic or a
specific failure ra t e . Suppose we want a probability of (1 - y) that the
interval estinate really includes the unknown failure rate. (For example,
y= .05 for .95 probability.) We can obtain a synnetric 100(I - y)7
two-sided Bayes probability interval estinate of A by solving the two
equations

[ ' f(A) dl = 1 (5-9)
n 2

and

f f(A) dA = 1 (5-10)
Ap 2

for the lower endpoint An and the upper endpoint Ap. It follows inmedi-
ately that P(At<X<Ap)=1 y. Such an interval is of ten called a
"Mayesian confidence interval"; we avoid that tern here because it is not a
confidence interval in the classical sense. The coefficient (1 - y) is the

subject ively defined probabili t y that the interval estimate (AL,Ap)
contains A.
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-- For a Bayesian interval estinate of an unknown plant-specific failure

[s') rate, the posterior distribution f( A|E) would replace the prior distribution
\d f( A) in Equations 5-9 and 5-10. The interval estimate (Ay,,Ap) would

then be such that P( Ag, < A < Ap|E) = 1 - Y.

Analogous results I,ald when the paraneter of interest is a failure-on-
_

denand probability p rather than a failure ra t e A .

5.5.2.1.3 Step-by-Step Procedure for Bayesian Fstination (Data Peduction)

The PRA analyst goes through several steps in Bayesian data, reduction.
For estinating a paraneter like a conponent-f ailure rate or a failure-on-
demand probability, the- steps are as follows:

1. Identify the sources and forms of generic information to be used in
selecting an appropriate prior distribution for the parancter (see
Section 5.5.2.2.1).

2. Select a prior-distribution family if none has been specified as
part of the generic information (see Sections 5.5.2.2.2 and

5.5.2.2.3)..

3. Choose a particular prior distribution by reducing and/or conbining
the generic data from step I (see Sections 5.5.2.2.4 through
5.5.2.2.8).

/'~'h 4 Plot the prior and sunmarize it by determining its nean, variance,
( _,) and selected summary percentiles.

; 5. If generic estimates are required, determine then fron the prior as
in Section 5.5.2.1.2.

:

6 If plant- or application-specific estimates are requirt", * ken--

|

a. Obtain data representing operating experience with tie ape-
cific component. >

b. Identify an appropriate form for the likelihood function (see

Sections 5.5.2.3.1 and 5.5.2.4.1) .

c. Use Bayes ' theorem to get the posterior distribution (see Sec-

.

tion 5.4.2.1.1).
<

) d. plot the posterior distribution on the same page with the
[

prior and sumnarize the posterior in the same manner as in
step 4

.e. Conpare the prior and the posterior distributions to see the
'

effect of the specific data,

f. Obtain the desired estimates from the posterior distribution. L

sJ
.
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5.5.2.2 Determining Prior Distributions

A fundamental part of any Bayesian estimation procedure is the selec-
tion and fitting of a prior distribution. This section considers " generic"
data that can be used to determine a prior distribution, including sample
sources of such data, and then discusses some methods for reducing or com-
bining such data in fitting a prior. Subsequently, several classes of
priors that have been found useful in reactor applications will be intro-
duced. Particular emphasis is given to the class of noninformative prior
distributions, useful when there are few or no prior generic data. Log-
normal, gamma, and beta prior distributions are presented for possible use
when prior generic data are available.

5.5.2.2.1 Sources of Data for Use in Bayesian Estimation

Three types of information about the reliability parameter of interest
are often available: (1) engineering knowledge about the design, construc-
tion, and perform?nce of the component; (2) past performance of similar
components in similar environments; and (3) past performance of the specific
component in question. The first two types constitute the " generic" in-
formation (or data) and may include varying degrees of subjective judgment.
The third type, constituted of objective data, is the " plant- or
application-specific" information (or data).

Generic Data

Generic data may be available in many forms. The analyst may have raw
(unreduced) failure data, or reduced f ailure-rate data in the f orm of point
or interval estimates, percentiles, and so forth.

Two sources of failure-rate data that have been previously used (Apos-
tolakis et al., 1980) in nuclear plant PRAs are the Reactor Safety Study
(RSS) and the IEEE Std-500 Data Manual. THe RSS data have been updated in a
recent report (Murphy, 1980) that summarizes the generic (and some specific)
component f a i lu re-ra t e data that are currently available for nuclear plant

PRAs. The use of both of these sources is describcd by Apostolakis et al.
(1980).

Another nethod of using ras. ceneric data for determining a prior dis-
tribution is described by Kaplan (1981); it uses Bayes' theorem to determine
the prior distribution.

Plant- or Application-Specific Data

There are several sources of plant- or application-specific data that
can be used via Bayes' theorem to determine posterior distributions suitable
for application-specific estimates. Reliability data bases like the Nuclear
Plant Reliability Data System (NPRDS), the In-Plant Reliability Data System
(IPRDS), and the NFC licensee event reports (LERs), all of which report on
conponent populations and failure events, are good sources of plant-srecific
data. Such data are also of ten available in summary forn in secondary re-
ports derived from these basic sources.

5-24



'~' 5.5.2.2.2 Noninformattave prior Distributions

\''' A " noninformative" prior is one that is deliberately chosen to adnimize
the relative importance of the prior (compared with the data) in generating
a posterior estimate. Such priors are useful when little or no generic
prior information is available; they should not be used when there is such
information, lecause they deliberately downgrade its role in the estimation
process. Frequently, Bayesian estimates from noninformative priors are
identical with, or very close to, the usual classical estimates, a fact 11-
lustrating the versatility of the Bayesian method. However, interval esti-

mates generated by their use are probability intervals, not classical confi-
dence intervals. Section 5.5.2.3.2 presents the noninformative prior for r

f ailure-on-demand probabilities, and Section 5.5.2.4.2 does so for failure
rates. Since noninformative priors provide no generic estimates, it may be
preferable to avoid their use when even minimal generic prior daic are
available.

5.5.2.2.3 Natural Conjugate Prior Distributions

Naturel conjugate prior distributions have the property that, for a
given likelihood function, the posterior and prior distributions are hembers
of the same family of distributions. In such cases the posterior distribu-
tion has a closed-form analytical representation (at least to the extent
that the prior does), and accordingly the expressions for computing the
Bayesian point and interval estimates can usually be representable in closed
form. This will be seen in Sections 5.5.2.3.3 and 5.5.2.4.3. The param-s

i eters of such priors are of ten especially easy to interpret, playing the
s_s role of prior f ailure data entirely analogous to the specific data used in

the likelihood function. This will also be illustrated in Sections
5.5.2.3.3 and 5.5.2.4.3. Such families of priors are of ten rich enough and
flexible enough to permit the analyst to model reasonably a wide range of
prior data that may be encountered (Martz and Waller, 1982). Finally, there
are well-developed methods for fitting natural conjugate priors to generic
prior data. Some of these will be discussed in Sections 5.5.2.2.6 and
5.5.2.2.7.

For these reasons, natural conjugate priors have found application in
nuclear plant PRAs (see, for example, Apostolakis and Mosleh, 1979). Their
use is recommended (see, for example, Ahmed et al., 1981) whenever the exact
form of the prior has not been specified as part of the generic prior data,
but the data are sufficient determine a reasonabic member of the natural
conjugate family. If the prior information is fairly vague, as often hap-
pens, the analyst will have the flexibility to select the form of the dis-
tribution, and the conjugate prior is of ten the natural selection.

5.5.2.2.4 Using Generic Data Sources

I
'

The generic prior data must be reduced to a form that permits the se-
1ection of a specific prior distribution from a suitable family. For exam-
ple, if a lognormal family has been selected, the two lognormal parameters
must be determined from the generic data. If there are multiple sets of

,,,
! f s generic prior data, these must likewise he reduced to a common consensus

(_,,) prior.
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A Single Source

For convenience consider the case of failure-rate (per unit time) esti-

mation. If a two parameter prior distribution is to be fitted, such as a
lognormal or a gamma distelhution, the generic data must contain at least
two independent pieces of information. For example, the generic data may

consist of upper and lower limits on the failure rate. Each of these limits
is then equated to its theoretical counterpart derived from the prior family

considered. Since cach theoretical expression will be a function of the two
prior parameters, the two equations can be solved simultaneously for the
values of the two parameters.

Example 1. Given that a diesel generator starts successfully, its sub-
sequent hourly failure rate is given in the Reactor Safety Study as a log-
normal distribution with 5th percentile A , = 3 x 10-'* and 95th percen-

1

t i l e A p '- 3 x 10-2 For the lognormal distribution we have the pair of
equations given by

In(3 x 10-0) - E',
4

0
_ .

and

In(3 x 10-2) _ g
= 0.95,

o

where C and o are parameters of the lognormal family (Section 5.5.2.4.4) and
t(-) is the standard normal cumulative distribution function. Since
?(-1.645) = 0.05 and 4(1.645) = 0.95, we have

In(3 x 10-4 ) - ( = -1,64 5 a

and

In(3 x 10-2) - C = 1.645a

from which ( = -5.81 and a = 1.40 Thus the fitted lognormal prior based on

the RSS data becomes

f( A) = exp - (In A + 5.81) (0 < A < =)
1.40A /(2n) 2(t,49)2

_
,

An alternative technique is considered in Section 5.5.2.2.R.

Similar techniques can be used for generic data like means or medians.
However, if only a "best" point estimate is given (as in some of the IFFF
Std-500 casesi, there will usually be a need for some additional specifica-
tion by the analyst. First, he must decide whether to use the mean, median,
or mode of the distribution as the suitable central value representing the

"best" estimate. Second, the analyst may have to introduce a second param-
eter value in order to define a distributica without ambiguity. For exam-

plc, suppose one is to fit a gamma prior for a f ailure rate when the only
available datum is the mean of the generic rate. Since the mean does not
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( ) uniquely determine a gamma distribution, the variance could also be intro-
's / duced and treated as an unspecified parameter.

Of ten the prior data from a single generic source are inconsistent in
the sense that no common prior distribution can be fitted to the data.
There is no universally accepted method of rectifying such inconsistencies,
but any of several approaches could be taken. One would be to take the set
of all priors implied by the generic data and define some "most conserva-
tive" criterion to select a single prior from the set. Another would be to
consider the entire set of priors as representing multiple sources of ge-
neric data and employ the procedures suggested in the discussion that
follows.

Combining Multi _p_le Sources

Often, multiple sources of generic prior data must be reduced to a sin-
gle prior distribution that satisfactorily reflects and incorporates the
views of each source. The multiple sources might be generic data from two
or more studies (e.g., the RSS or IEEE Std-500) that report on the same ge-
neric component; they may consist of the opinions of several experts about
the same component ; or, as noted above, the multiple " sources" may consist
of the set of unrectified priors obtained from a single inconsistent source.

Two procedures are suggested for forming a consensus prior distribu-
tion, although several methods are described in the literature (see for~_

j example, Eisenberg and Gale, 1959); Brown and Helmer, 1964; Winkler, 1968;
y _ ,/ Winkler and Cummings, 1972; De Groot , 1974; Stone, 1961; and Morris, 1974,

1977). For convenience, consider a failure-rate estimation as before. If
each source provides both a point and an interval estimate, the first method
is to pool (combine) the estimates by means of geometric averaging
techniques:

n /n. .

A= H A3 (5-11)
i=1

This is equivalent in effect to forming the usual arithmetic average of
failure rates described by their logarithms. If the sources are unequal in
their contribution to the consensus prior, a weighted geometric mean could
be used with weights chosen to reflect the importance of each source. Such
a mean would be used both for the point estimate and for each endpoint of
the interval estimate.

This pooling method was used to synthesize the opinions of some 200 ex-
perts in developing the IEEE Std-500 data base. Martz and Waller (1978) ex-
amined the effectiveness of this approach in a simulation and concluded that

| the method produced good point estimates; however, the combined interval
! estimates generally tended to be too narrow and thus had less than the de-

stred assurance.

Example 2. The Reactor Safety Study reports lower 5th percentile and
'''N upper 95th percentile lognormal bounds on the failure rate of electric

| ) motors (failure to run) as At = 3 x 10-6 and Au = 3 x 10-5 per hour,
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respectively. The IEEE Std-500 gives corresponding bounds of AL=
6 x 10~0 and AU = 8 x 10-6 per hour. The IEEE standard does not spec-
ify an assurance level, but if we interpret these bounds as 5th and 95th
percentiles, then the pooled lower and upper bounds would be, respectively,

L = [(3 x 10-6)(6 x 10-8) }l/2 = 4 x 10-7A

and

U=[(3x10-5)(8x10-6)]I/2=1.5x10-5A

These bounds would then be used as 5th and 95th percentiles in fitting an

appropriate prior.

The second mthod yields a consensus prior that is generally more dif-
fuse (spread out) than that obtained by the method just described. This

,

| method, discussed by Winkler (1968) and Stone (1961), is of ten ref erred to
I as the wxture method. It involves fitting a suitable prior to each generic

source and then combining the individual prior distributions by forming a
mixture,

n

f( A) = [ wi f (A) (5-12)i

i=1

The coefficients wi are positive weights that sum to 1. Winkler (1968)
suggests several methods for determining the weights. In the absence of any

-1
reason for preferring one source over another, the selection wi = n is

an obvious possibility. An interesting feature of this method is that it
generally yields a non-unimodal prior distribution. If such a mixture is
used as a prior distribution, the corresponding posterior distribution from
Equation 5-5 will also be a mixture of the individual (component) posterior
distributions, namely,

n

f(A)|E)= [ w{ f (A|E) (5-13)i

i=1

where the new (updated) weights are

[ f (A) L(E|A) dAWi i

w' (i = 1, 2, ..., n) (5-14)=

i n .,

| [ wi [ f ( A) L(E| A) dAi

i=1 0'

Since this method generally yields a more diffuse consensus prior than does
geometric averaging, it provides more conservative interval estimates. For

this reason it is often preferred. However, it should be pointed out that
the mixture method is computationally more dif ficult; numerical methods are
f requently required for determining such quantities as the prior moments and
percentiles.

Example 3. Consider the mixture method applied to Example 2. The RSS

data yield a lognormal prior distribution with parameters E = -11.57 and
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Figure 5-1. Consensus prior distributions obtained by geometric averaging and the mixture method.
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t

o = 0.70, while the data of IEEE Std-500 (introducing the assumption of log-
normality there as well) suggest values of ( = -14.18 and a = 1.22. The
equally weighted consensus prior is thus a mixture of the two lognormal
priors:

I

(In A + 11.57)2~1f( A) - exp -
I

2(0.70) A/ (2n ) _ 2(0.70)2 ,

+ exp - (In A + 14.18 (0 < A < = )
2(1.22) A/(2n ) . 2(1.22)2 - [-

This prior is plotted in Figure 5-1. Also shown is the lognornal consensus
prior from Example 2, obtained by geometric averaging. Its parameters are
C = -12.92 and a = 1.10. Note that the mixture method does in fact yield a
more dif fuse consensus prior, evidenced especially by the heavy right-hand
tail.

Kaplan (1981) also describes a Bayesian method for combining multiple
sets of observed failure data on similar components in similar environments.

5.5.2.2.5 Using Expert Opinion J

Expert opinion is often used for a prior probability distribution when
other information is inadequate. If neither physical nor theoretical
modelt are available and relative frequency is unavailable as well, subjec-
tive assessment is the only alternative for obtaining a probability. The
practical feasibility of this alternative is supported not only by theoreti-
cal foundations that show judgments about uncertain events can be expressed
as probabilities but also by practical assessment procedures. Holloway
(1979) reviews the basis for these procedures and gives examples for several
assessment approaches. The following summa " of assessment procedures draws
on his book. Af ter this summary, well-known cautions and guidelines for in-
terpreting and reviewing expert opinions are presented to highlight the care

I

and caveats that must accompany the quancitative assessment. |

l

Assessment Lotteries |

An assessment lottery is a physical example of a random process. The
uncertainty represented by the lottery must be easily recognized by the ex-
pert and have definite, objective probabilities. Such a lottery is the ref-

- crence scale that measures an expert's degree of belief about the uncertain
event. The operational definition for subjective probability, then, is the
f raction of this reference uncertainty scale that makes an expert just in-
different between the assessment lottery and the feeling of uncertainty
toward the event being assessed.

One example cf assessment lotteries is an urn containing balls of dif-
ferent colors, some f raction being one color and the rest the other color.

3 Drawing a ball at random f rom the urn is supposed to provide a visualization
of an objective probability. Spetzler and Stael von Holstein (1975) devel-
oped and clinically tested another procedure that uses the spinning of a
reference wheel as the assessment lottery. Their experience has shown that
these probability wheels provide a strong visual image of an uncertain
process.
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f'~'N Assessment Procedures

Two approaches to subjective probability assessment are in practical
use, either the direct approach or the indirect approach. With the direct
approach, the expert. is asked to declare the probability number associated
with the feeling of uncertainty for the occurrence of an event. With the
indirect approach, an expert is asked to choose between a reference assess-
ment lottery and the uncertain feeling (the degree of hellef) in an opinion
or judgment. Until an expert has shown an ability both to form a knowledge-
able opinion and to assess, unaided, a probability for the degree of belief
associated with that opinion, the indirect approach is preferred. The
well-known dif ficulties in obtaining useful subjective probability assess-
ments are summarized in the section entitled " Accuracy of Expert Opinion."
These dif ficulties are magnified by inexperienced, unaided direct assees-
ments. The references in that section give some experience comparing the
two approaches.

The direct approach has the expert state a number that represents the
assessment of the probability. Some studies have shown it possible for peo-

ple to become better at assessing their own feelines of uncertainty as prob-
abilities (see for example, Stab 1 von Holstein, 1970; Lichtenstein et al.
1977). This improvement in direct assessment comes from specific training

*and guided practiced discipline rather than by trial and error. A good
direct assessment comes f rom one who is both an experienced expert in what ,

is known about a technical area (as well as how much is not known) and an
f s, experienced expert on how to express that judgment with little cognitive
f j bias. This is an uncommon combination of expertise.
\s /

Assessment lotteries are used in the indirect approach to disclose the
subjective probability. This external reference is used as a scale to meas-
ure the internal degree of belief an expert holds toward an opinion. Di-

viding the responsibility to provide both a well-founded, knowledgeable
judgment and an accurate representation of that judgment as a probability
between the expert and the assessors makes possible the use of expert opin-
ion in PRAs. Most technical experts are not practiced, good probability as-
sessors of themselves. Using the indirect approach ieproves the quality of
expert opinion over that obtained by unaided, inexperienced direct assess-
ment. Fischhoff et al. (1981) have shown that people qualified as technical

i experts are by no means qualified as probability assessors of that
expertise.

Assessment Models

The representation used to model the uncertain event, either intui-
tively or formally, is a significant part of obtaining a good assessment.
How the expert thinks about the problem of giving a judgment on the event
likelihood should be recorded (see the subsequent discussion on " Recording

Expert Opinion'). It is this representation that fashions the eventual

probability that is assessed. If disputes or questions arise in reviewing
the quality of the expert opinion, a brief description of the thought model

_

can focus the issue to a particular facet of that ~ judgment.i

/~~

('~') Often, the expert is letter able to provide a judgment by refining the
event description into underlying events or factors. This formal assessment

5-31

. -. - - . . -- . .



model can be subdivided until the expert finds it easy to examine each part,
provide an opinion conditioned on each one, and review the formally computed
probability of the original event for completeness and accuracy. This aid
to assessment relieves an expert from making logical, or procedural, errors
in combining the underlying knowledge. Reducing this source of error with
the use of assessment models allows the assessor to focus on revealing a
more subtle bias in the judgment.

Accuracy of Expert Opinion

The accuracy in a subjective assessment comes from two distinct parts:
the knowledge content provided by the expe; and the procedural process pro-
vided by the assessor. If the expert is playing both roles, then the dis-
tinction blurs, but it is still useful to describe the source of
inaccuracies.

The content factor is evaluated from the credentials provided by the
expert. Identifying who knows what and how much is a routine task for a
professional community. Even for a recognized expert, a peer review can use
the assessment model to judge whether or not all the significant factors
were included in the expert's opinion. Inaccuracies, disputes, omissions,
and limits to knowledge can then be examined to improve the accuracy of the

'
substantive, or content, portion of the probability assessment.

The procedural process is more dif ficult to evaluate. The judgmental
processes used by the expert, the effect the assessor has on rvpanding or
limiting the formation of the expert's opinion, the effect of misunderstand-
ings, and the natural cognitive limits on human information processes are
all hidden factors ir, a practical assessment. Clinical studies, however,
have examined these process f actors that affect expert opinion. These
studies provide a catalog of possible sources of inaccuracy due to bias and
the extent of their effect.

It is well known that various biases may accompany the subjectively
quantified assessments of an expert. Alpert and Raiffa (1969) found that
experts often everestimate the degree of certainty of their estimates and
claim too high a level of assurance. They observed that interval estimates
for which 98 percent assurance was claimed tended in reality to have about
70 percent assurance (i.e., to include the correct value 70 percent of the
time). Alternatively stated, interval estimates are of ten too narrow for
the claimed assurance Icvel. Tversky and Kahneman (1974) attribute such
bias in part to the phenomenon of " anchoring"; the expert tends to focus, or
" anchor," on an initial ,Tuess and is reluctant to deviate too far from that
guess in accounting for possible misjudgment. The results of such studies
suggest that the assurance associated with expert-supplied interval esti-
mates should be reduced f rom that claimed. For example, if a 90 percent in-
terval estimate is solicited, then the interval could perhaps be considered
a true 70 percent interval in fitting a prior.

It is also well known that the manner chosen to encode (solicit) the
subjective probabilities held by the expert is crucial and may significantly
affect the quality of the information (see, for example, DuCharme and Don-
nell, 1973; Winkler, 1967; and Seaver et al., 1978). Spetzler and Staul von
ilois t ein (1975) describe and recommend a structured-interview procedure and
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/'''N suggest a number of techniques for reducing biases in the quantification of j

k,,) judgment. !

Holloway (1979) finds two findings f rom these studies encouraging.
First, persons who are procedural experts in obtaining probability distribu-
tions are able to elicit consistent, well-founded judgments f rom substantive

experts by using a variety of assessment techniques. Second, substantive
experts, knowledgeable about the event being assessed, are able to learn
quickly about the significant procedural factors of probability assessment.

Recording Expert Opinion

The procedure used for assessing expert opinion and the assessment
model used by the expert to construct the judgment should be described in a
record of the expert opinion.

A subjective probability is an evaluation. The important procedural
and substantive factors in that evaluation should be recorded, like any
other engineering analysis, to permit a peer review to determine the quality
of that result.,

This record does not have a standard format; however, with time and
experience, one may evolve. Nevertheless, the probability number can be
meaningless without a description of how it was obtained and what were its
principal foundations.

S
1 5.5.2.2.6 Beta Prior Distributionsg

V
The beta family of prior distributions is the natural conjugate family

when f ailure-on-demand are estimated probabilities with a binomial likeli-

hood function (Section 5.5.2.3). To fit a beta prior, values of the two
prior beta parameters must be selected.

Martz and Waller (1982) present a table-lookup procedure, along with
two sets of tables, that can be directly used to determine the beta-
parameter values. Two situations are considered: (1) when the prior mean
and 5th percentile of the prior distribution of failure-on-demand proba-
bilities are specified and (2) when the prior mean and 95th percentile are
spettfied. The procedure then yields directly the two beta parameters, as
described by Martz and Waller with examples.

Mosleh and Apostolakis (1982) also describe a procedure for determining;

the beta parameter values corresponding to various combinations of 5th,
50th, and 95th percent 11es as well as the mean. Their procedure is to ap-

|
proximate the beta distribution as a gamma distribution and use correspond-

'

ing techniques for determining the game, parameters. Ahmed et al. (1981)
have developed a computer code, called .MRD, that finds the beta parameter
values corresponding to specified 5th and 95th percentile values.

1
1

5.5.2.2.7 Gamma Prior Distributionsi

[ \ The gamma family of prior distributions is the natural conjugate family( ,) when failure rates are estimated with a Poisson likelihood function (Section
,
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5.5.2.4). The gamma family is a two parameter family, and both parameter
values must be identified by specifying some two conditions.

Martz and Waller (1982) present a simple procedure for determining the
values of both parameters when two percentiles are given, corresponding to
tail areas of 0.5, 1, 2.5, 5, 10, 25, 50, 75, 90, 95, 97.5, 99, or 99.5 per-
cent. Mosleh and Apostolakis (1982) also present a procedure for determin-
ing the two gamma parameter values for specified pairs of values--the (5th,
95th), (5th, 50th), (50th, 95th), (mean, 5th), or (mean, 95th). Ahmed
et al. (1981) describe the use of the BURD code to determine the gamma pa-
rameter values for specified 5th and 95th percentile values.

5.5.2.2.8 1,ognormal Prior Dist ributions

The lognormal distribution is frequently used as a prior distribution
for failure rates, especially when the failure rates typically encountered
are so low (say, 10-6 per demand or per unit time) as to make a logarith-
mic transformation attractive. Apostolakis et al. (1980) make use of log-
normal nriors, as does the Reactor Safety Study. We consider here a simple
procedure for determining the lognormal parameters ( and a (see Section
5.5.2.4).

Suppose that two symmetrically located percentiles are specified for
and A _y, where 0 < y < 0.5. Thusthe lognormal, denoted by A ty

P( A > A _ ) = YP( A < A ) =
g

The geometric nean of the percentiles is defined as

M=(AAl-Y)Y

and the error factor is

FF = (A _ /A )l/2g y

Then the desired parameter values are

C = In M and a= In EF/z l-Y (5-15)

where zg_y is the 100(1 - y)th percentile of a standard normal distri-
bution. In this case the mean, variance, mode, and median of the fitted
lognormal distribution can be found from the parameters as follows:

2Mean: exp(C + a /2)

2Mode: exp(C + c )

Median: ex p( C)

2 2[exp(2C+a))(exp(c)_iJVariance:
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'

,

4

/'^ It is further observed that M is the nedit .: of the lognormal distribution

k _, l = M/(EF), inand that the two percentiles are A -y = (EF)(M) and Ay
accord with the notion of an error factor.a

i
!

Example 4. Reconsidering Example 1, where A0.05 = 3 x 10-4 and ?

A o,095 = 3 x 10-2, we find immediately that M = 3 x 10-3 and EF = 10. i

These are then substituted into Equation 5-15 to obtain ( = -5.81 and ,

,

j o = 1.40, for the latter making use of the fact that zo,95 = 1.645. .

; Equations 5-16 give for the mean, mode, median, and variance the values !.
8 x 10-3, 4 x 10-4, 3 x 10-3, and 4 x 10-4, respectively. [

t

Apostolakis et al. (1980) present a similar method for fitting a log- [
normal prior when, in addition to the two symmetric percentiles Ay and [
A g-y , the median is also specified. Their nethod requires resolution of j

,

the evident inconsistency when the geometric mean of the upper and lower [
1

{ percentiles is not equal to the specified median.
i

!

! 5.5.2.3 Estimating Failure-on-Demand Probabilities ;

1

5.5.2.3.1 Binomial Likelihood Function
'

The binomial distribution is the distribution of the number of fail-
ures, r, out of n independent demands, on each of which the component has a
constant f ailure-on-demand probability p. Given this statistical framework,' *

) the likelihood in Equation 5-5 is the binomial distribution, given by

"I #

L(E|p)= rl (n - r)! p (1 p)"~# (5-17)

|
for r = 0, 1, 2, ..., n and the parameter p between 0 and 1. If the

' parameter p is small (as usually happens in a PRA), then Equation 5-17 will
!usually be most conveniently approximated by the Poisson distribution, to be

discussed in a slightly different context in Section 5.5.2.4: ,

"

L(E|p) = (np)r exp(-np)/r! (5-18) i

t
! I

where, because the number of demands is so large in comparison with the num-'

ber of failures, r is treated as being able to assume any nonnegative ;

i integral value.
! '

| In the Bayesian approach, the parameter p is regarded as a random vari-
able with a specified prior distribution. Returning now to the general bi-

,

( nomial context, we consider three methods of generating a prior: (1) the
noninformative prior; (2) a natural conjugate beta prior; and (3) a log-

. normal prior.. The next three sections consider three priors, presenting in
the interests of conciseness only the major results and formulas required to -
compute appropriate moments and estimates. Details can be found in the text

(~b by Martz and Waller -(1982). .'(A,/s

,
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|

5.5.2.3.2 Noninformative Prior Distribution

The prior density is calculated from

(p(1 p)]-0.5 , (o g p g 1)7

The prior mean, median, and variance are at follows:

Prior mean: 0.5

Prior median: 0.5

Prior variance: 0.125

and the prior 100(1 y)% symmetric probability interval is obtained from

0.5F -Y/2(I . I)
~-

0.5 1,

, 1-Y/2(1,1)'0.5 + 0.5F1-Y/2(l'l)-0.5 + 0.5F

where F Y(a,b) is the 100(1 y)th percentile of an F-distribution with1

a and b degrees of freedom.

The posterior density, af ter r failures in n demands, is obtained from

P(n + 1) r-0.5 n-r-0.5g_ y (0 f p f 1)r(r + 0.5) r(n - r + 0.5)

and the formulas for calculating the posterior mean, median, and density are
as follows:

Posterior mean: (r + 0.5)/(n + 1)

Posterior median: r + 0.5

r + 0.5 + (n - r + 0.5) FO.5(2n - 2r + 1, 2r + 1)

(r + 0.5)(n - r + 0.5)Posterior variance:

[(n+1)2(n+2))

O
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'

t

( and the posterior 100(! - I)% symmetric probability interval is obtained'

from
.

~
! r + 0.5 ,

,r + 0.5 + (n - r + 0.5) F _yj7(2n - 2r + 1, 2r + 1)'
~ ~

3

(r + 0.5) F1 Y /2(2r + 1, 2n - 2r +1) .

n - r + 0.5 + (r + 0.5) F1-Y /2(2r + 1, 2n - 2r + 1).

# 5.5.2.3.3 Beta Prior Distribution

For the beta prior distribution, the prior density is obtained from

P(n0,

p0~I(1 p)"0" # ~ (0 f p f 1)# 0

j 0 I("O 0}P(r ~#

where the positive values no and to are parameters of the beta distri-
bution but may be interpreted as the numbers of demands and failures, re-'

spectively, in the prior data. The prior mean, median, and variance are ,

calculated as follows:

!

r !"OPrior mean: 0;
,

Prior median:
P

0) F0.5( "O - 2r , 2r )0 + ("Or ~#
0 0

t

0 ~Y
Prior variance:

n (n0+|
i

'

and the formula for the prior 100(1 - Y )% symmetric probability intervalis

- 2r ~

!1-Y /2( #0, 2n0 0
r r #~

0 0

F ' Y /2(2r , 2n0 0-- 2r )- r ) F _yj7(2n0 0 0 0 0+r0- 2r , 2r ) n -r- 0 * I"O#
l- 00 3

1

I

6

I

|O
.
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The posterior density is given by

' "
"O r+r 'I(1 p)"-# ~# -I

0 0 0 (0 f p f 1)p
f(r + r I(" ~ # + "O ~ 'O0

and the other formulas are as follows:

Posterior mean:

(r + ro}/(" + "O}

Posterior median:

r+r
0

_ _ _ _

o + (" - ' + "O - '0) F0.5 "O - #r+r
0' 'O + 0

"~ # #

Posterior variance:

(r + r } (" - # + "o - #0)o

(n + n } (" + "O + 1)0

Posterior 100(1 y )% symmetric probability interval:

- r+r
0

*

_ 0 + (" ~ ' + "O ~'O 1 Y /2(2n - 2r + 2n - 2r , 2r + 2rr+r F
0 0 0

(r + r ) 1-Y /2 ( 2r + 2r , n - 2r + 2n - 2r )0 0 0 0

0 0 + (r + r ) F1-Y /2(2r + 2r , 2n - 2r + 2n ~ #0 0 0 0)n-r+n ~#

5.5.2.3.4 Lognormal Prior Distribution

The lognormal distribution is often used as a prior distribution on p,
but its parameters must be so chosen that the probability density outside
the actual range of p--that is, above the value p = l-is sufficiently small
to be ignored or effectively truncated. Apostolakis and Kaplan (1981) dis-
cuss the effect of such a truncation. As noted earlier, the lognormal was
used as a prior in the Reactor Safety Study and in Apostolakis et al. (1980)
as well as in other PRAs.

The prior density is obtained from the formula
, _

1
exp [

2c
(In p - ()2] (p > 0)

1

op /(2n )

O
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j''} The prior moments, etc. , are given in Section 5.5.2.2.8, and the prior

( ,) 100(1 - Y)% symmarr' probability interval is calculated from

[exp((-E c); exp(( + z ))g_y j,j l-Y/2

The posterior distribution cannot be obtained in closed form. Ilowever, the
approximation given in Equation 5-6 can be used to approximate the posterior
distribution where f(pi) denotes the area under the lognormal prior over
an interval represented by p = pi and L(E|pi) denotes either Equa-
tion 5-17 or 5-18 evaluated at p = pi for the selected set of discrete
values pi (i = 1, 2, ..., m).

5.5.2.4 Estimating Constant Failure Rates

5.5.2.4.1 Poisson Likelihood Function

A common assumption in reliability models is that failure times are in-
dependent, with a common exponential (constant failure rate) distribution.
It follows that the distribution of the number of failures r in a fixed
total operating time T has a Poisson distribution. In this case the likeli-
hood function defined in Equation 5-5 is the Poisson density given by

m
/ ) L(E|A)=(AT)r exp(-AT)/r! (r = 0, 1, 2, ...)
\ /

where A denotes the constant failure rate.

We consider three cases: (1) a noninformative prior distribution;
(2) a natural conjugate gamma prior distribution; and (3) a lognormal prior
distribution on A.

5.5.2.4.2 Noninformative Prior Distribution

The formulas for this distribution are as follows:

Prior density: A-0.5 (an improper distribution) (A > 0)

T+* r-0.5
#

Posterior density: A exp(-AT) ( A > 0)
f(r + 0.5)

,

Posterior mean: (2r + 1)/(2T)
2Posterior median: x (2r + 1)/(2T)
0.5

2where X _y(n) is the 100(1 Y)th percentile of a chi-square distribution
with n degrees of freedom.

7
2( ) Posterior variance: (2r + 1)/(2T )

%.J
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Posterior 100(1 - Y)% symmetric probability interval:

[X (2r + 1)/(2T);)(2 (2r + 1)/(2T) }
Y/2 1 Y/2

5.5.2.4.3 Gamma Prior Distribution

The prior density is obtained from

su u -1og g
A exp(- 8 0l'( u0

where the positive shape parameter ug can be interpreted as the prior num-
ber of failures in 00 prior total operating time. (bo, also positive,
is the scale parameter.)

The other formulas are as follows:

Prior mean: u /d0 0

2Prior median: x (2u0)/(2s }0

Prior variance: u !00 0

Prior 100(1 - Y)% symmetric probability interval:

2 (2u0)/(2p0)}[X (2u )/(2n,);x
Y/2 0 V l r/2

Posturior density:

g + T) 0+r
u

(s
A o+r-1 exp[-(s0 + T) A } (A > 0)

u

I'( u0+#

Posterior mean: (u0 + #)!(00+ )

2Posterior median: x (2u0 + 2r)/(2s + }0

Posterior variance: (u0+# !(00 + T)2

0
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Posterior 100(1 - Y )% symmetric probability interval:

[X (20 + 2r)/(28 + 2T);X ( 20 + 2r)/(28 +2T)]
Y/2 0 0 1-Y /2 0 0

5.5.2.4.4 Lognormal Prior Distribution

The prior density is obtained f rom

exp-(In A - ()2/20)2 (x y o) p
oA /(28)

The prior moments, etc., are given in Section 5.5.2.2.8, and the prior
100(1 - Y)% symmetric probability interval is calculated as follows:

exp(( - z1-Y /2 )iexp(( + z1-Y /2 )

The posterior distribution cannot be obtained in closed form. However, the
discrete approximation in Equation 5-6 can be used to approximate the pos-
terior distribution. There f(A i) denotes the area under the lognormal
prior in the vicinity of A i and L(E|A i) denotes the likelihood (density
function) above evaluated at the chosen discrete set of values A - (i = 1,t

2, ..., m).

\

(Vi

5.5.2.5 Example: Failure of Diesel Generators To Start

This example is from Apostolakis et al. (1980). The frequency with
which diesel generators f ail to start (measured in terms of the failure rate
per demand) was assumed in the Reactor Safety Study to have a lognormal dis-
tribution with 5th and 95th percentiles of 10-2 and 10-1, respectively.
Thus, using the procedure outlined in Section 5.5.2.2.8, we find that ( =

3.45 and a = 0.70 are the two lognormal parameter values. The
median, and variance are then found to be 0.04,1.9 x 10-grior mean,mode, ,

3.2 x 10-2, and 1 x 10-3, respectively.

Suppose now that the evidence E from a certain plant consists of r = 5

failures in n = 227 test demands (see Section 5.5.2.3). Table 5-2 shows the
discretized lognormal prior and calculations required to compute the corres-
ponding posterior distribution by means of Equation 5-6; values smaller than

| 10-4 have been treated as equal to zero.

Figure 5-2 shows a plot of the discretized prior and posterior distri-

[ butions and gives a graphic illustration of the change in the generic prior
! brought about by the influence of the plant-specific evidence. The pos-

terior mean and variance are computed to be 0.025 and 8.2 x 10-5, respec-
tively. The efftets of the plant-specific evidence are, first, to shift the
distribution of the failure-to-start probability toward lower values and,!

i second, to reduce the dispersion.
. v
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Figure 5-2. Prior and posterior histograms for diesel-generator failure to start.
From Apostolakis et al. (1980).
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Table 5-2. Bayes' theorem: failure of diesel generators to starta 7
.

|- ;

I !

{ Failure (Prior) Poste- [
rate Prior x rior :.

*
. '

! (failure proba- Likeli- (likeli- proba-
,

j (to start) bility hood hood) bility. {
: !

! .0087 .0500 .0343 .0017 .0206 ;

; .0115 .0587 .0750 .0044 .0529 ;

i .0154 .0967 .1320 .0128 .1535
.0205 .1350 .1734 .0234 .2815 i4

.0274 .1596 .1544 .0246 .2963 [

i .0365 .1596 .0820 .0131 .1572
. .0487 .1350 .0218 .0029 .0353 i
' .0649 .0967 .0023 .0002 .0027

.0866 .0587 .0001 .0000 .00004

t .1155 .0500 .0000 .0000 .0000

Sum 1.0000 .0831 1.0000 ;

i !
; aFrom Apostolakis et al. (1980).
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5.6 MODEL EVALUATION

The event models and their parameters provide the necessary base for
quantifying each event in the fault and event trees. This section describes
how each individual event is evaluated once the parameters for the event
models are defined.

In general, for events involving components in safety systems, the
quantity of interest is the probability that the component cannot perform
its intended function when the initiating event occurs. This concept will
be expanded for each type of model, leading to the quantitative result
needed for sequence quantification (Chapter 6).

5.6.1 INITIATING EVENTS

The model for initiating events was described in Section 5.3.2. The
quantitative measure is given by a constant rate of occurrence. Since this
result is used directly in the quantification tasks, no further consider-
ation of initiating events is necessary.

5.6.2 FAILURE ON DEMAND

For events modeled as occurring on demand, the probability that the
component cannot perform its intended function when the initiating event
occurs is the parameter p of the binomial distribution. Thus, for failures
on demand no further calculations are necessary.

5.6.3 FAILURE IN TIME: STANDBY

Many components in a nuclear plant are in a standby mode; that is, they
are not used until needed or tested. Of ten such components are assumed to
fail in time while in this standby mode.

Standby components are usually subjected to periodic testing, which
occurs, for example, once a month or perhaps once a year. The test period,
then, is the length of time the component is exposed to failure without de-
tection, and hence the term "f ault-exposure time. " This time is often
designated by t. The fault-exposure time t is usually cetermined from plant
procedures, but some caution should be used when examining a systern for test
intervals. As an example, consider the system in Figure 5-3. This system
is tested in various pieces; that is, the logic is tested once a month, as
are the spray pumps.

O
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Sensors - Logic --. p

1 year -, +- 1 month -. +- 1 month -> l+-

_ 1 year _ Test i
- '

intervals

|: Never :

Figure 5-3. Test intervals for sample system. i

,

I

!
The sensors are calibrated once a year, and the sensors, through the

1
; logic, are tested once a year. However, the sensors through spray-pump

,actuation are never tested. This results, in this example, in a specific i

'

contact never being tested 'during the life of the plant. Figure 5-4 focuses !

on this situation.
{

4

| |

Pu.opg;g
start

Test n ;

Untested element

Figure 5-4. Interface schematic.

t

, The logic testing verifies that the coil is energized when the test '

| contact closes and the light is illuminated. However, the contact for pump
|

start is.not tested. The analyst then must decide on a value of T for this
!contact that is not directly tested during the life of the plant. 'Indeed,

it may be appropriate to assign a T of 40 years; however, in this case a
40 year value for T is inappropriate, because the contact is part of a relay '

that is tested in part and has an associated mean time to failure; thus, the
_

relay will be periodically replaced and the untested contact will be i

renewed. It is therefore suggested that the T for the untested element be
g the reciprocal of the mean time to _ failure of the tested elements in- the ;

relay combined through an OR operation. In the present example, assume that
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| the coil has a mean time to failure of 20 years and the tested contact has a
mean time to f ailure of 5 years. These can be combined by dding the
failure ra t e , defined to be the reciprocal of the mean tipe to failure, and

| then inverting the result; that is, t = [ (1/20) + (1/5)] = 4 years. Thus
it would be appropriate to use a i of 4 years for the untested contact.

Af ter determining an appropriate T for each component that is modeled
to fail in time during standby, it is necessary to define the unavailability
due to each component 's random failure distribution in time. The expression
for the unavailability of a component that fails in time over a period i is
given by the cumulative distribution function of the time-to-failure distri-
bution for that component. For example, if a component is found to have an
exponential failure density function (i.e., f( t ) = A e-A t) , then the un-
availability is given by

AU(t) = 1 - e t

Ilowever, the demand on the saf ety systems and components occurs randomly in
time. Thus it is necessary to evaluate the unavailability function during
the f ault exposure time T . If it is assumed that the demand can occur with
equal likelihood at any point in the t interval, as it usually does, the
unavailability that should be used is the average unavailability over the
time period t. Thus,

U = h- [I U(t) dt
'

0

or for the exponential considered above

U=1l'1-e dt
'O

I

1+ 7 (e~ - 1)=

At ( AT )2=- - + (x1)3- ...

2! 3! 4

At= - _ .
2

Note that the often-used approximation for the average component unavail-
ability assumes that (1) the f ailure density function is exponential and
(2) higher order terms of the exponential are negligibla. Before becoming
too concerned about the error in this approximation, note that the approxi-
mation is conservative. !

O
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-[ 5.6.4 FAILURE IN TIME: ANNUNCIATED

For some components, failure is detected immediately (e.g., an annun-
,

ciated failure). The probability that such a component is not available if
needed is related to the frequency of failure and the time needed to return
the component to service. This unavailability is given by

!

U=
1 + AT

where A is the failure rate and T is the total time to respond to the
failure, repair the component, and return it to service. Note that if AT
is much smaller than unity, the unavailability may be approximated:

U = ATj

5.6.5 FAILURE IN TIME AFTER SUCCESSFUL START

It is of ten necessary to evaluate the probability of a component's
starting successfully but failing in time before completing its mission.
The mission time is here designated T *. The probability that a component'

fails before T * is given by the cumulative distribution function. For the
i exponential case,

R(T *) = 1 - exp(-AT *)
= AT*

It should not be assumed that the failure rate A in this case is the same as
'

the f ailure rate in standby (Section 5.6.3). Indeed, in estimating the rate
for failures occurring after a successful start, the analyst must take into
account any adverse environment as well as recognize differences between the
rates of standby and operation failures.

!

5.6.6 TEST CONTRIBUTIONS TO COMPONENT UNAVAILABILITY

Some test activities render a component or group of components un-
available to the system should a demand occur. Such an activity should ap-
pear on the appropriate tree as a separate event.

\
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|

The probability that a component is in testing when a demand occurs is
simply the frequency of the test times the duration of the test, no-ms!-
ized. For example, if a test is conducted once a month and the test time in
hours is given by a lognomal distribution, L , thenT

, 1 test / month) (LT hours)(p
730 hr/ month

-&
5.6.7 MAINTENANCE CONTRIBUTION 'IU COMPONENT UNAVAILABILITY

A maintenance act is considered to be any unscheduled activity that
causes a component or system to be taken out of service. It may be expected
that repair takes place, but this may vary f rom the very simple to the very
complex.

The evaluation of the maintenance contribution is similar to that of
testing, except that the frequency is random in time, whereas for tests the
frequency is fixed. The Reactor Safety Study (NRC, 1975, App. III), for
example, found that the frequency of maintenance for all components could be
modeled by a lognormal distribution with 5th and 95th percentile points of I
and 12 months, respectively.

As with testing, the probability that a component is in maintenance
when a demand occurs is the frequency of maintenance t'.mes the duration cf
maintenance, normalized:

fLMMp ,

730 hr/ month

5.6.8 RECOVERY

It is possible that some events can be reversed in time to prevent core
damage. There are data that provide recovery times for the loss of offaite
power and emergency power. For accident sequences that are initiated by a
loss of offsite power and the subsequent f ailure of all emergency diesels,
recovery within a specified time can prevent core damage. ;

1

)
Such events can be broken into two parts: (1) frequency of loss or

failure, and (2) probability of recovery by time t, given loss or failure.
This process is illustrated by the example given below, using point esti-
mates. The data used in this example should not be taken for an actual

O
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] assessment ,- though the results should be comparable with those of an actual

as seta ment.j
t

Example! Total Loss of AC Power (Station Blackout)'

-

Ioss of offsite power

The distribution of the duration of loss of offsite power is given
below. The data were collected from 46 sites where 45 losses occurred in
313.03 site yearn, the rate of loss being .144 per site year.

Duration (heurs) Percentage of events

<2 70
2 to 4 3
4 to 8 15
>8 12

' Diesel failure
_

Data from 36 plants were used to determine the failure of diesel gen-
erators to start. If a configuration of three diesels is assumed and one
diesel is needed for an adequate supply of power, the relevant probabilities
for f ailure to st' art are as follows:

P(diese1I fails to start) = .261

P(diesel 2 fails to start |diesell has failed) = .234
P(diesel 3 fails to start |dieseis 1 and . have failed) = .552
P(all three diesels f ail to start) = .00337

The repair time probabilities are

P(diesel not repaired within 2 hours) = .66

P(diesel not repaired within 4 hours) = .47

P(diesel not repaired within 8 hours) = .23

Probability of station blackout given duration
i s,

{ First we define the following:

D = duration ob station blackout
-

-
*

. ,_,

l L = cfiration, of loss of station power
| &8 c - ~

,

-C b urath M of? diesel unavailability! k* il
, . - .y> s

S = event'' stat.idn blackout occurs' in a year
[ vs

,

N , .

q.3g,s, _ . -,

,
- V

.s ox c :-
'ykm w= *% Pa



Then for some period of time t,

P(D > t|s) = P(L > t and G > t|s)

= P(L > t|s) P(G > t|s) (assuming independence)

Let

FD = all diesels fail on demand

FL = loss of of f site power in a year

Then

P(S) = P(F ) P(F )9 L

Assuming independence between diesel and offsite power failures,

P(F ) = .144L
P(F ) = .0034D

and

P(S) = 4.9 x 10-4 yr I-

P(S and D > t) = P(D > t|S) P(S)

For t = 2 hours:

P(S and D > t) = (.30) (.66) (4.9 x 10-4)
= 9.7 x 10-5 yr l-

For t = 4 hours:

P(S and D > ) = (.27) (.47) (4.9 x 10-4)
( = 6.2 x 10-5 yr l-

1
i For t = 8 hours:

P(S and D > t) = (.12) (.23) (4.9 x 10-4)
= 1.3 x 10-5 yr-I

5.7 EVALUATION OF DEPENDEPTT FAILURES

Two different methods of evaluating dependent failures are presented.
Each has different data requirements because different parameters are cal-
culated in each method. Considerable research in the area of dependent
f ailures can be expected in the near future.
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[m] 5.7.1 BETA-FACTOR METHOD

U .

1975) can be used to account for de-
.

The beta-factor method (Fleming,
pendencies between dissimilar and not necessarily redundant equipment. In

practice, hcwever, it is most of ten applied to systems for which the most
data are available-systems with redundant and identical equipment. The
beta-f actor method models dependent failures of two types: intersystem
physical interactions (type 2C in Section 3.7.2) and human interactions
(type 2D).

The model assumes that A , the total (constant) failure rate for each
unit (a similar development is made for the probability of f ailure on de-
mand, U) can be expanded into its independent and dependent failure
contributions:

A=A i+A c

where A i is the unit failure rate for independent failures and A is thec
unit failure rate for dependent failures.

For convenience, a parameter, S , is defined as the fraction of the
total failure rate attributable to dependent failures:

(v 0"Q "

A i,

so that A c - BA and A i - (1 - 6 ) A and 0 f A f 1.

For a more general case of dissimilar units,' A and B, a dif ferent 8 and
A are defined for each unit:

' A c = SaAa = Sh bA

The above definitions can be used to derive expressions for the overall
reliability or failure probability of a multiple-unit system by modeling de-
pendent f ailures in series with independent f ailures, which are drawn in
parallel in a reliability diagram. Some reliability expressions for some
typical identical and redundant system configurations have been summarized
by Fleming et al. (1975). Markov-chain models can be used to develop ex-

| pressions for alternative configurations and for those involving repair.
! The system probability of failure on demand, Us, for a one-of-two system

subj ect to dependent failures is approximated by

U =[(1-8)] + 8 U - 6 (1 - B ) U (5-19)
s u u u u

|

where U is the unit total failure probability on demand and Su is the,

'

) dependent-failure fraction of unit total-failure probability.

-
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The first term on the right-hand side of Equation 5-19 corresponds to
multiple independent failures; the second term accounts for dependent
failures. For 8 and U on the order of 0.1 or less, the first and third
terms can generally be neglected. For systems with more than two units, the
beta-factor model assumes that all units fail if a dependent failure
occurs. Further model developments may wish to consider dependent failures
of two or three units out of a total system of n units. Note that, in
general, the beta factor for the f ailure rate of the system to run is not
numerically equal to the beta factor for the probabilicy of failure to start
on demand.

The strength of the beta-factor method lies in its direct use of ex-
perience data and in its flexibility. Like other dependent-failure models,
it is not applicable when few dependent-f ailure data are available or appli-
cable. This is especially true for systems with a large number of units,
such as the reactor-trip system. The beta-f actor method is most useful for
analyzing dependent failures in systems with limited redundancy, two or
three units. The model does not distinguish failure probabilities for de-
pendent failures of two versus three in a three-unit system. This approach
gives conservative results for one-of-three unit systems.

The beta-factor method can be used af ter the usual procedure for
f ault-tree construction or incorporated into it as an integral part. For

the latter approach, a separate primary event for just the dependent fail-
urcs of multiple units would be added; independent failures would be
assigned their own primary events. Minimal cut sets would then be deter-
mined, and those containing the dependent failures would be quantified by
using the appropriate beta factor. For fault trees constructed without
separate primary events representing multiple dependent failures, the beta-
f actor method can also be applied af ter the minimal cut sets are deter-
mined. The dependencies between primary events in a cut are then quantified
by using the equations of the beta-factor model. If only cut sets up to a
certain component order are to be quantified, components wi h dependent
f ailures are counted as a single component. When applied as discussed
above, at the component level, the beta-f actor method is used to describe
dependencies only between those coeponents where the existence of depend-
encies is indicated by data.

Example: PWR Auxiliary Feedwater System

Failure data for PWR auxiliary feedwater (AFW) systems have been col-
lected from licensee event reports (Atwood, 1980). For this collection, the
water supply (condensate storage tank) is defined as being outside the sys-
tem. Table 5-3 identifies the number and type (e.g., turbine driven) of
pumps in each train and the period of reported observation. Table 5-4 sum-
marizes the multiple-f ailure instances. The reported failures include
mechanical and electrical failures of pumps, valves, and strainers as well

as operator and maintenance errors.

Consider as a unit each train of the system, including the strainer,

the pump, and the associated valves. The beta-f actor method will be applied

O
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to determine a generic probability of AFW-system failure to start for sys-,
,

tems with more than one unit. Here " start" means that at least one unit
starts and runs for some short period of time. All of the incidents col-
lected by Atwood can be interpreted as unit failures to start. None of the
multiple-failure incidents were propagating failures. This is typical of
the experience of many systems. Table 5-5 summarizes the data from Tables
5-3 and 5-4. The beta factor is given by

A Nc/T Ne 24c = 0.26 (5-20)g.- . , .

Ac+A i (Nc/T) + (N /T) Ne + Ni 24 + 68i

The number of multiple-unit failures , Ne, is not used in determining
6. A common error is to substitute N for Ne in Equation 5-20.e

Table 5-3. Instances of multiple failures in PWR auxiliary-feedwater
systems

Number of failures Number of trainsa
Plant Date and failed train typea M T D

Calvert Cliffs Unit 1 5/76 2/T,T 0 2 0

n/ Haddam Neck 7/76 2/T,T 0 2 0
L Kewaunee Unit 1 8/74 2/M,M 2 1 0

10/75 2/M,T 2 1 0
11/75 3/M,M,T 2 1 0

Point Beach Unit 1 4/74 2/M,M 2 1 0
Robert F. Ginna 12/73 2/M,M 2 1 0
Trojan Unit 1 1/76 2/T,D 0 1 1;

. 12/77 2/T,D 0 1 1

| Turkey Point Unit 3 5/74 3/T,T,T 0 3 0

| Turkey Point Unit 4 6/73 2/T,T 0 3 0

aKey: M, motor-driven pumps; T, turbine-driven pumps; D, diesel-
driven pumps.
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aTable 5-4. Summary of PWR auxiliary-feedwater experience

Summation of number of systems times length 1874 system-monthsb
of service

Contribution to above by multiple-unit 1641 system-monthsb
systems

Summation of number of units times length 4682 unit-monthsb
of service

Contribution to above by multiple-unit 4449 unit-monthsb
systems

Total number of single failures 69
Number of single failures in multiple- 68, Ni
unit systems

Number of multiple-unit failure events 11, Ne
Number of unit failures in dependent- 24, Nc

failure occurrences

aNo distinction made between motor , turbine , or diesel-driven
pumps

bCalendar months.

Table 5-5. Summary of auxiliary-feedwater component categorizations

O
Number of components

Number of single- Number of multiple- failed in multiple-
Component failure instances failure instances failure instances

Pump 40 7 15

Valvesa 26 2 4

Strainers 1 2 5

aFor our discussions all valve failures are combined, although in

reality several different kinds of valve failures 9re included in the data.

Assuming one complete (i.e., all units) system demand for each calendar
month, the per-demand system failure-to-start probability for a one-of-two
system is given by Equation 5-19, with

+ N )/T x 1 = (68 + 24)/4492 = .02U = (Ni c

so that

=2x 10-4 + 5.2 x 10-3U ,2 = (1 .26)( .02)2 + (.26)( .02)s

- 5.4 x 10-3
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Note that data from both two- and three-unit systems were used to ob-f- g

( ) tain a failure probability estimate for a two-unit system. Moreover,
N- / partial as well as complete system failures were included in the nodel. For

a one-of-three unit system, the contribution from multiple independent
,

f ailures is negligible, so that the probability of failure to start is

Us,3 = 5.2 x 10-3

Table 5-3 shows that 6 of the 11 multiple-f ailure instances resulted in
total (i.e., all units) system failure. For the 1641 calendar months of
system experience, a per-demand system-f ailure probability can be estimated
to be

Us = 6/1641 = 3.7 x 10-3 (5-21a)

For two-unit systems alone, the data give point estimates of

U ,2 = 4/474 = 8.4 x 10-3 (5-21b)
s

and for three-unit systems, the per-demand probability of failure to start
is

U ,3 - 2/(1641 - 474) = 1.7 x 10-3 (5-21c)
s

For this problem the beta-f actor method gave e comparatively higher
failure probability for three-unit systems and a slightly lower probability
for two-unit systems than the values calculated directly f rom data.

With regard to the diversity of the AFW-system trains, the data show
three total failures in 1373 calendar months for diverse multiple-unit sys-
tems and three total system f ailures in 268 calendar months for identical
multiple-unit systems. These give per-demand s l b bilities
of 3/1373 = 2.2 x 10-3 and 3/268 - 11.1 x 10-3,ystem-fai ure pro arespectively.

The beta-f actor method does not provide for such distinctions. De-

pendent failures between dissimilar or diverse trains can be modeled, but
not if there are two of one type and one of another. However, the model can
be applied in two successive steps. In the first step, the two identical

components are modeled; in the second step, a "supercomponent" representing
the identical pair is modeled with the diverse train.

The beta-f actor method can also be used at the component level, rather
|

than at the train level discussed above. This allows the results to be ap-
plied to system configurations not represented in the data base by suitable
combinations of component values. There are two drawbacks to applying the
model at the component level, however. First, there is less failure data

! for separate components than for each train as a whole. This can be partly
circumvented by using data for the same components from other systems with
similar environments. Second, a larger number of dependent relationships
must be considered. For example, instead of the single dependency between
trains, by applying the model at the component level the analyst must con-

f'~'N sider dependencies between the valves, the pumps, and the strainers, as well
( ) as cross-component dependencies like those between the pump of one train and
% s'
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the valves of the others. In practice, these cross-component failures can
generally be neglected or included in the count of similar components.

The f ailures collected by Atwood have been assigned to one of three
categories- pump, valve, or straf t.er failures-for this example. Table 5-5
summarizes the categorization. The estimated per-demand total failure prob-
abilities for pumps, valves, and strainers (indicated by the subscripts p,
v, and st, respectively) are

U = (40 + 15)/4449 = .012p

U = (26 + 4)/4449 - 6.7 x 10-3y

U = (1 + 5)/4449 = 1.3 x 10-3st

The beta f actors for these components are

8 = 15/(15 + 40) = .27p

By = 4/(26 + 4) = .13

Bat = 5/(5 + 1) = .83

The minimal cut sets for a one-of-two system with each train containing
these three components are

VV,PPI 2. S St212

V P2. V SI2I

VP,VS2121

PSt 2. P S21

The total f ailure probability for a multiple-train system with each of
the above three components in each train is then estimated by the beta-
factor method to be, per demand,

U' =8A +BA +8 A + [(1 - 6p)U + (1 - 8 )U + (1 - Sst)Us t]s pp vv st st p v v

- 5.4 x 10-3 (5-22)

The last term in Equation 5-22 describes the fraction of independent
failures in the total system-failure probability. The first three terms
give the dependent-f ailure contributions. Note that for this example only
dependencies between similar components were modeled. As expected, the
final numerical result is the same as that derived earlier with the
beta-f actor method at the system train level.

O
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5.7.2 THE-MARSHALL-OLKIN MODEL AND ITS SPECIALIZATION
4

- v) . The' Marshall-Olkin model is based on failure causes. A system of m4

; units can f ail in 2m-1 ways, each represented by a vector 3 The model
assumes that each failure mode x has an exponentially distributed occurrence
time y;iven by

f (t) = A exP(-A t)x x x
n ~ ~

| where A is the failure rate associated with the vector x. Multivariate

i exponenhialdistributionsareusedtodescribetheobser7edcomponent-
|~ failure times. For a system of two identical units, the probability p that

both units will fail in time t is then approximately
,

! p = (A it)2 + A t (5-23)2

where A 1 is the single-unit failure rate, x = (1, 0) or (0,1), and A2
is the multiple failure rat e , 3 = (1, 1) .

! Note the similarity between Equations 5-23 and 5-19. In fact, the

Marshall-Olkin and beta-f actor methods have been shown to be identical for,

the system (Fleming and Raabe, 1978).

The Marshall-01 kin model has been specialized (Vesely, 1977) for appli-
cation when data are sparse. It is assumed that the system's units are
identical or at least similar, so that the failure rates A depend only ong,

*

.(. the number of units failed. Each unit can fail individually with a constant

4
f ailure rate A. A common-cause shock, exponentially distributed with a con-*

stant occurrence rate p , is assumed to be associated with each multiple-unit
failure.' The probability p of a unit's failure, given the occurrence of a,

! common-cause shock, is assumed to be equal for all units. Vesely calls this
specialization of the Marshall-01 kin model the binomial f ailure-rate (BFR)

; model because the number of failed units, given that a common-cause shock
; occurs, is binomially distributed with parameters m and p. The BFR model
; dif fers from the beta-factor model in that it _ distinguishes between the num-

J ber of multiple-unit f ailures in a system with more than two units. For ex-
ample, difforent failure rates would be derived for two out of three units

'
f ailing versus three out of three units failing. To accomplish this, how-
ever, the BFR model requires an assumption about the relationship between
the f ailure rates, so that three parameters, U, A , and p, neet. be evaluated,

j no matter how many units the system has. The applicability of the BFR model
i is tied to how well observed events can be simulated by adjustments to the

parameters p and p. The shock rate p is not-directly available from the,

| data, because it is assumed that single-failures from common-cause shocks
! are not distinguishable from single independent' failures.

Consider a system of m similar units. The failure rate for one unit,

{
of the system, A 1, is then given by

f A t = mA + p (mpq -1)m

where q = 1 p. The first term on the right-hand side gives the total
' ndependent-failure-rate contribution. The second term gives the rate ofj- i,

( _._,) single-unit failures resulting from common-cause shocks. A common-cause
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shock need not result in a multiple-unit failure or even a single-unit
failure. The f ailure rate for i units of the system is given by

i m-1A i=p pg for i - 2, m (5-24).

where

MI

(*i
__

.

i!(m - 1)!

Occurrences of multiple independent failures are neglected. Given some

| data, the parameters m and p are selected to maximize the probability of the
observed results.

Define the rate of dependent multiple failures

1

m

A+= [ A t = p(1 qm - mpqm-1) (5-25)
1-2

and let ni be the number of observations of Ni concurrent failures.
Define

m
'

N+ " l Ni
1-2

We wish to maximize the likelihood of the observed data:

PnN 1 = n t, N2 = n2,...,Nm""m!"P[N1=nt!P.pN+=n+) (5-26)l

P[N2 = n2,...,N ] = n N+ = n+m m m

Now the variables Ni and N+ have Poisson distributions with parameters
A T and A +T, respectively. Here T is the system operating time in thei
observed data. Maximize the likelihood of pi and p+ by the estimates

A 1 = n1/T and A + = n+/T

The factor P of Equation 5-26 follows a multinomial distribution. Pro-m
vided the independent unit failure rate A > 0, the equation that allows one
to find an estimate of p that maximizes Pm is (Atwood, 1980)

S = mry p( 1 qm-1 ) / ( 1 _ qm - mpqm-1 ) (5-27)
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't

where S is the total number of units failing in multiple-f ailure

,,/| occurrences--that is,
,

m

j S-[ ini
i=2

For the special case in which m = 3, Equation 5-27 can be solved directly:d

p' = 3( 5 - 2n,)/( 25 - 3n,) (5-28)
~

i

| With A 1, A+, and 'p, an estimate for p can be obtained from Equation
' 5-24.

i The above equations hold only for systems with m > 2. This is not a
serious drawback because systems with m = 2 can be handled easily by _ the

i general Marshall-Olkin model or the beta-f actor method. Furthermore, if in-
! dependent f ailures can be distinguished f rom single f ailures 'resulting f rom

common-cause shocks, expressions for systems with m = 2 can be easily
formulated.

Some of the deficiencies of the BFR model have been described by Atwood
! (1980). First, since p is assumed equal for all units, the model is not

strictly applicable to redundant systems with dissimilar units. Second,
common-cause shocks do not affect each unit equally, dependence on location-

| being a typical example. Not all shocks are of equal severity. One would
1 expect p to vary with the severity of the shock. Finally, the boundaries
; for the systems to which the common-cause _ shock may be applied are difficult
!' to define. For example, should high pressure coolant-injection pumps be in-

cluded with low pressure coolant-injection pumps as part of the same popula-4

| tion susceptible to common-cause shocks?

Example: PWR Auxiliary Feedwater System '

,

j Consider the PWR auxiliary feedwater system discussed earlier in this
! section. The earlier equations in terms of f ailure rates are converted to

failure-to-start probabilities, assuming one system demand per calendar
month. Equation 5-24 becomes

N1 68 Nt II,

1=Tx! = ---- = .0414 ; U+ =. U = .0067=

1641 Tx1 1641j
!
!

I

l'

i

,
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The total number of units failing in multiple-failure occurrences, S, is 24
for this example. Equation 5-27 provides for an estimate of p:

^

p = 3 [ 24 - 2(11)} /[ 2(24) - 3(11)} = 6/15 = .40 q 4 .60
^

Then the per-demand common-cause shock rate is estimated from Equation 5-25:

.0067 = i[ l - (.6)3 - 3( .4)( .6)3-1]

is = .0067/(1 .216 .432) = .019

Using these estimators in Equation 5-24, the per-demand system-f ailure
probabilities for two of the three units failing and then three of the three
units failing are obtained:

Us,2 = (.019) (.4)2 (.6) ~ = 5.47 x 10~2

U ,3 = (.019) (.4) (.6) ~ 1.22 x 10~=s

The tailure probability for two units is within 5 percent of the result
obtained by the beta-factor method. The f ailure probability for three units
is about 30 percent less than the estimate obtained directly from data
(Equation 5-2tc). Data from both two- and three-unit systems were used in
the calculation. Since the model has two parameters, in addition to the
independent-failure probability, it is not surprising that the model fits
the data for a three-unit system so well.

Example: Main Steam Isolation Valves and Controls

Consider a second application of the binomial failure-rate model to
main-steam isolation valves and controls (Vesely and Johnson, 1978). A pop-
ulation of eight valves was observed for a period of 2 years, in which 49
demands were assumed to occur. There was one instance of a multiple-valve
failure in which five valves failed. The estimated hourly rate of multiple
failures is

I
A+=b= 5.71 x 10-5-

T 2(365)(24)

!!y solving Equation 5-27 for the maximum likelihood of p, we get

p = .622

9
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| Then the value of p per hour is estimated from Equation 5-25:
;

f 5.7 x 10-5 - 6[ 1 - (.378)8 - 8(.622)(.378)7]

6 = 5.7 x 10-5 .994 = 5.73 x 10-5/
!

From Equation 5-24 the resulting failure probabilities are generated as
listed in Table 5-6. Note that in this example the predicted most probable
multiple-failure occurrence is to have two valves failing. This is

! disquieting since five valves were actually observed to fail in the only
| multiple-f ailure instance recorded.

i

| Table 5-6. Specific valve-leakage probabilities
~ (main-steam isolation and controls)

Number of
,

A o (per hour) gio (per demand)valves (i) l

2 2.22 x 10 5 7.99 x 10-3
3 1.38 x 10-5 4.97 x 10-3

4 3
'

4 8.60 x 10 3.10 x 10
5 5.35 x 10 1.93 x 10-34

| [
i 6 3.33 x 10 1.20 x 10-34

4 4
| 7 2.67 x~10 7.45 x'10

4 #
i 8 1.29 x 10 4.63 x 10

.

l

4

i

!

!
1

!

' C
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5.8 UNCERTAINTIES IN THE DATA PROCESS

The d at a-development process, as presented herein, includes both clas-
sical and Bayesian viewpoints of uncertainty in parameter estimation. While
these techniques treat, to some extent, the uncertainty that is related to
the amount of data and variability due to dif ferences between dat a sources ,
there are other uncertainties that are not treated at all. This section
briefly describes the potential sources of uncertainty and methods of
judging their effects. In addition, Chapter 12 should be consulted for an
overview of the treatment of uncert ainty.

<

5.8.1 SOURCES OF UNCERTAINTY

Before discussing sources of uncertainty, it is import ant to remember
what one may be uncert ain about. This chapter has so f ar presented methods
for estimating the following:

1. How random events occur in time.

2. The probability that components (or systems) f ail on demand.

3. The probability that components (or systems) are unavailable
because of testing or maintenance.

This estimation process first presented models and then ways of esti-
mating the par ame t e rs in these models. Thus, there may be uncertainty in
the models and/or the parameters.

Since the analyst first chooses a model for the data items, there is
obviously some uncertainty in that selection, as no physical occurrence
exactly fits a mathematical model. Next, there is uncertainty in the
Ph aneter of th at model, even given that the model is correct. The sources
for parameter uncertainty include (1) the amount of dat a, (2) the diversity
of dat a sources, and (3) the accuracy of data sources.

S.8.2 PROCEDURES FOR TREATING UNCERTAINTIES

The first source of uncertainty mentioned above is that of model
choice. The best way to determine the effect of this choice is to try
another model--that is, perform a sensitivity assessment. The difference in
the point estimate and confidence interval can then be reported. It is not
expected that this will be mi important contribution to uncert ainty, and
hence these extra evaluations need be done only for dominant events where

the model does not seem to fit well (see Section 5.2.1).

1

0
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/'''N Uncertainty in the data parameters is already treated explicitly in the
f ) data process for certain sources; that is, both the Bayesian and the classi-

cal methods include uncertainty due to the amount of data. In addition,-'

the Bayesian process can include dif ferences between sources of data. That
is, variability of an event's rate (or probability) of occurrence from one
f acility to another can be included in the prior (see Section 3.4.2). In

addition, the Bayesian process could be used to incorporate inaccuracies in
the data sources. Of course, judgment is likely to enter into the process
at this point. For example, in using data from licensee event reports, the
number of demands is of ten estimated. Instead of treating this estimate as

constant, the Bayesian could treat it as a random variate. The classical
approach could use sensitivity studies to determine the effect on the point
er.timate and interval of various values of this information.

5.9 DOCUMENTATION OF THE DATA BASE

An important aspect of developing the data for accident-sequence evalu-
ation is to document the various steps of the process. This includes not
only the final numbers but also the varicus assumptions and sources of in-
f o rmat ion. The reader should be able to trace each data item from the f ault
tree or event tree back to the source, with each assumption and calculation

apparent.

. (O, Documentation should include the output of the data process (i.e. , the
s/ numbers used in quantification) and the general data base used in the PRA.N

These two types of documentation are discussed below.

5.9.1 DOCUMENTATION OF THE GENERAL DATA BASE !

The general data base for the PRA includes all work from the source of -

data through the numerical results for the general types of events evalu-
ated. This documentation is equivalent to Appendix III of the Reactor
Safety Study (USNRC, 1975).

4

5.9.2 DOCUMENT /. TION OF DATA APPLIED TO EACH MODEL

The basic inputs to the task of accident-sequence quantification, and
the outputs of the data process, are the numerical representations for each
event. Forms like those shown in Figures 5-5 and 5-6 should be used to tie
the specific events to the general data base.

The first two columns, event name and description, come from the f ault
tree or the event tree. They give the alphanumeric code for an event and a
brief description. The third column, the failure rate or probability of
f ailure on demand, gives the data from the general data base for the type of
event modeled. Note that the type of distribution and the parameters are
included. The fault exposure time or mission time applies to events that

occur as a function of time (either f ailure in time af ter a successful start

I
,/
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BASIC EVENTS: HARDWARE

Failure rate or
Event failure-on-demand Fault exposure Data Quantification
name Description probability time or mission time (t) source model Comments

EVLV12 Valve fails to open Lognormal N/A WASH-1400 Distribution:
1 x 10-3 per demand lognormal

Error factor = 3 1 x 10-3 (3)
mean:
1.3 x 10-3

w
I EPM 12F Puap fails to start Lognormal N/A WAbh-1400 Distribution:

$ 1 x 10-3 per cemano lognormal

Error factor = 3 1 x 10-3 (3)
mean:
1. 3 x 10-3

EPM 12D Pump discontinues Lognormal 24 hr WASH-1400 Distribution:

running after start 3 x 10-5 per hour lognormal

Error factor = 10 7.2 x 10-4 (10)
mean:
1.9 x 10-3

ECL12D Clutch fails during Lognormal 24 hr IEEE-500 Distribution:

mission 1 x 104 per hour lognormal
Error factor = 20 2.4 x 10-5 (20)

mean:
1.3 x 10*

Figure 5-5. Example of data table for hardware.
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or f ailure in time during standby). This time, then, is the length of time
the component must survive to ensure success of the time between tests,
or f ailure in time during st andby). This time, then, is the length of time
the component must survive to ensure success or the time between tests.

The most important column in the tables is the quantification model.
This column is the output of the data section and the input to sequence
quantification. It includes the distribution and mean (or point es timat e
and interval estimates) for each specific event. Note that for time-
dependent events it is a function of T and the f ailure rate (see Section
5.5).

5.1. Ae ITY ASSURANCE

Quality assurance, as used here, refers only to the quality of the data
b ase that results from the procedures given in this chapter. Many factors
affect the quality of the data base, including the overall programming,
planning, and scheduling, as well as budget limitations; such items are dis-
cussed in Chapter 2, Section 2.3.3. The objective of this section is to
address the items that will enhance the data quality within the program
constraints.

The most beneficial activities to maximize quality are reviews and
checks. As each data quantity is produced, it should be checked against
other data bases. Major discrepancies should be justified. Other staff
members should review the event quantifications for their models, and cross-
compare with others with the same type of events. Finally, the team leader
should review the data, using his experience to look for unusual results.

Of course, outside peer review is an important part of the review process,
though feedback f or revision via this path is usually longer than within the
study.

Jocumentation is the key to the quality of the data base. The data
analyst should keep a notebook to document his decisions and assumptions.
This notebook will make final documentation easier and provide traceability
of the data from event results back to the source. It is also important to
:arefully document computer runs so that, if necessary, the runs producing
particular results can be found. Of ten a keypunch error can result in an
incorrect result.

O
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!. Chapter 6
j .

ACCIDENT-SEOUENCE OUANTIFICATION
i

!

| 6.1 OVERVIEW
,

!~
,

~6.1.1 INTRODUCTION!
4

This chapter describes the process of quantifying accident-sequence
frequencies. Section 3.4 described the event-tree procedure by which an

; initiating event is expanded into a set of accident sequences by considering
'

the success or the failure .of the relevant systems (or functions) in succes-
| sion. The success or failure of the event-tree systems is described by
j logic models. Quantification is the procedure by which the frequency of the

accident sequence is derived from the frequency of the initiating event and
the failure probability or unavailability of the primary events included in
the logic model. Actually, the quantification may address each individual

'

sequence or each of several groups of sequences, called plant-damage bins,
that have been identified on the basis of certain similarities. -Finally,
depending on the purpose and the intended use of the study, it may be desir -
able to estimate the uncertainty in the sequence or bin frequencies that

j results from the uncertainty in the frequencies and unavailabilities of the
! primary events.
i

| The quantification task uses combinations of primary-event probabil-
| ities and the Boolean expressions developed in Chapter 3 to calculate a se-

quence frequency. Two approaches to this task are outlined. The process
optionally includes the propagation of uncertainties about primary-event
values through the combination process to generate the probability-of-fre-

{ quency distribution, or uncertainty estimate in the frequency, for the
accident sequence.

It should be noted that the Boolean expression for the sequence nor-
| mally contains an initiating event and the subsequent failure of one or more
j safety systems. The system failures can represent combinations of faults
! undetected before the initiating event, failures of components or the .oper-
! ator to act on demand, failures of components to operate throughout a

specified interval, or component unavailabilities due to testing or mainte-
nance.- In each case the' component is functionally ineffective'and unable'or
unavailable to carry out its mission. Thus these types of fault are all
simply termed " unavailability" and treated as a probability in this chap-
ter.. The primary-event types and models for their treatment, including
means or other distribution parameters, are described in Chapters 4 and 5.
If ,the accident-sequence frequency is to be expressed as a point value, the
mean is appropriate for primary events -when the Bayesian approach is used

i (see Section 5.2.2), while the maximum likelihood is appropriate when clas-
j - sical techniques are used.

- The results of the accident-sequence quantification task may or may not
be the last task of the PRA study. In a level 1 PRA (see Chapter 2), where

6-1
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the objective is the quantification of core-melt sequences, the final prod-
uct is the frequency of the accident sequences, and there may be no need to
distinguish these sequences in more detail than by the occurrence of core
melt. In the more general case, in which containment failure, radionuclide
release, or of fsite consequences are to be analyzed (level 2 or 3 PRA), the
results of the accident-sequence quantification are used as input to the
containment analysis described in Chapter 7. In this case, the containment

analyst will provide guidance as to which sequences are to be aggregated
into the various plant-damage bins.

Besides the results generated for use in the risk assessment, the
f aul t- and event-t ree logic models can provide great insight into design and
operation. They can be used to obtain both quantitative and qualitative
information about systems. Quantitative techniques are available for using
fault-tree models to derive reliability parameters (Henley and Kumanoto,
1981) and importance measures (Barlow and Proschan, 1974; Lambert, 1977) for
systems and components appearing in the accident-sequence models. Qualita-

tively, the models have a great number of uses, from determining the minimal
cut sets for a system to using variable transformations to analyze common-
cause events (Worrell and Stack, 1980).

The remainder of this overview section discusses general approaches to

accident-sequence quantification. Section 6.2 identifies the inputs to

event-tree quantification: initiating events, component-failure values,
dependent failures, and system fault trees. Section 6.3 covers the steps in

accident-sequence quantification; it also discusses the treatment of multi-
ple sequences, which can be combin-d into plant-damage bins, and presents
the logic for minimizing the quantitication effort through screening and
truncating. Section 6.4 describes methods for treating uncertainties and

tracing their propagation through the accident sequences.

Section 6.5 discusses the computer programs that can be used for event-
and f ault-tree quantification or searches to identify potential dependent

failures. Finally, Section 6.6 summarizes documentation and quality-
assurance requirements.

6.1.2 APPROACHES TO ACCIDENT-SEOUENCE OUANTIFICATION

This section describes ways of evaluating the frequency of accident
sequences from the initiating event, fault-tree models of the systems, and
event-tree descriptions of the system failures making up that sequence. The
fault t rees are the logic models for combining faults within a system or
sequence; they are a set of Boolean expressions that can be reduced to mini-
mum cut sets via Boolean algebra. These minimal cut sets represent the
smallest sets of component failures that must exist simultaneously for the
system failure (or sequence) to occur. A probability expression for the top
event of the system f ai, lure or sequence can be determined from the minimal
cut sets and used to quantify the probability of the top event. Chapter 3
describes how the fault trees are developed to obtain Boolean expressions
for each sequence. Additional information regarding fault-tree development
and reduction as well as Boolean algebra can be found in the Fault Tree
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f ~N, Handbook (NRC, 1981) and Applied Boolean Algebra (Hahn, 1966). In the dis-

' (v) cussion that follows, it is assumed the reader is familiar with these
concepts.

At least two distinct approaches have so far been used to quantify the
frequencies of accident sequences. One consists of combining event-tree top
events that are not necessarily independent; the other consists of combining
event-tree tops that are all independent. The first approach automatically
takes into account intersystem dependencies within a sequence; the second
method involves two steps--the quantification of each independent top event
and the multiplication of the probabilities of those top events to get a '

sequence frequency. The quantification method chosen should correspond to
the method used to create event- and fault-tree models.

Fault-Tree Linking

This approach combines (" links") the fault trees for the event-tree
tops (system headings) with an AND gate to form a new top event that is the
accident sequence. Furthermore, if accident sequences are combined in
plant-damage bins, an OR gate may be used to combine the accident-sequence
fault trees into a single model for the plant-damage bin. The assumptions

' and ramifications of OP.ing the sequences in a bin are discussed in Section
6.3. A fault-tree reduction code is then used to find the minimal cut sets
of this new top event. Any dependencies in the way of shared components or
support systems are thus automatically accounted for in the Boolean reduc-
tion process, provided that unique identifiers have been assigned to these,- s

i ) components across the respective fault trees. With this process the quanti-
s_ ,/ fication takes place on the overall sequence cut sets as opposed to the

individual systems or subsystems.

Event Trees with Boundary Conditions

In this approach, dependencies like those between a " support system"
and two or more "f ront-line systems" are explicitly displayed in the event
tree. For each initiating event and for each event-tree top event in each
sequence, the logic model is quantified. This quantification can be made
with any number of tools. The front-line systems are, however, quantified,
with the various support-system states represented as boundary conditions;
hence the name for this approach. These events are combined within the
event tree by multiplication to obtain resulting best-estimate frequencies
or the frequency distributions for each sequence. The sequence frequencies
within each plant-damage bin are then summed to obtain a total frequency for
each bin.

6.2 INPUTS TO ACCIDENT-SEQUENCE QUANTIFICATION

|

The plant logic model consists of the event trees and f ault trees
developed in Chapter 3. It contains primary events whose values are repre-

'~'N sented as frequencies for initiating events and as unavailabilities for
) system failures. Solution of the plant logic model yields combinations ofg'-'' initiating events and systems f ailures that are evaluated to yield accident-

sequence frequencies. .
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Figure 6-1 shows the important elements in the quantification proced-
ure. This particular diagram illustrates the steps in the fault-tree-
linking approach. When event trees with boundary conditions are used, the
steps are somewhat different, as will be described in Section 6.3; however,
the inputs, as indicated within the broken lines, are similar.

14efore quantification begins, the logic models are defined and devel-
oped as described in Chapter 3. Consistent event trees and the fault-tree
models required by their top events (headings) are developed by the systems
analyst (s). These logic models go hand in hand regardless of whether
fault-tree linking or event trees with boundary conditions are used in quan-
tification. The fault-tree logic models identify the primary events in suf-
ficient detail for the data analyst to interpret them and provide models and
the associated parameters for their quantification, including unavailabili-
ties and frequencies and their distribution oarameters if uncertainty is to
be propagated. The quantitication process described here does not directly
involve time-dependent f ailure models , Markov modelc , etc.

Risk assessment for a nuclear plant involves a large number of systems
and components that interact in various sequences. The predominant interest
is to develop order-of-magnitude estimates of the risk of occurrence. In

view of this and the limitations in data accuracy, it is adequate to use an
approach that provides estimates of average occurrence rates rather than use
a time-dependent method whose additional complexity is not justified by
the data and models.

Table 6-1 describes the source for primary-event values in this :eport.

Table 6-1. Sources of primary-event values

__ _ ___.___ _ . _ _ . ___._-- _ .. _ _ __ _ _ __ - .__

Source
Prinary event Parameterd (section)

_ _.. . _ . _ _

Initiqting event Frecuency 5.5.1
Compr.ent failure

Failure on demand Unavailability 5.5.2
Failure in time (standby) tinavail a bi li ty 5.5.3

Failure in time (annunciated) Ifnavailability 5.5.4
Failure in time after successful start ifnavailability 5.5.5

Test unavailability ifnavailability 5.5.6
Maintenance unavrflability Ifnavailability 5.5.7

Recovery (i.e., nonrecovery) Unavailability 5.5

Dependent failures (beta factors) linavailability 5.6
Iluman errors finavailability 4

External events Frequency / 10
unavailability

- _ _ _ . - - - - - - . - -_ _ _-- -

" Initiating events are frequencies. The other fault types, termed

" unavailability," are treated as probabilit ies.
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

The data base (models and parameters) for hardware f ailure and test and
maintenance activities is provided in Chapter 5, while that for human errors
either in maintenance or during post-accident recovery proccdures is pro-
vided in Chapter 4. The analysis of external hazards is conducted as de-
scribed in Chapter 10, if that option is part of the study scope..

The event trees for each initiating event define the accident sequences
to be evaluated, including the definition of the set of system faults that
are included in each. The fault-tree models indicate the primary-event
faults and fault combinations that cause these system faults to occur.

The accident sequences are then evaluated by the process described in
Chapter 7. This process may or may not group the accident sequences into
plant-damage bins (PDBs). However, because of the similarities between.cer-
tain accident sequences and the amount of work involved in their analysis,
the accident sequences are usually so grouped. For our purposes a PDF can
contain one accident sequence (in which case the PDB and accident nequence '

are synonymous) or many accident sequences if the results of the contain-
,

ment analysis so specify. Basically, the binning process provides some g'
ability to combine and reduce the total number of sequences in quantifica-
tion, but binning is not a requirement for quantification.

Before describing general quantification procedures it is worth noting
that interf ace problems and inconsistencies can arise between the logic
modeling, data modeling, and cuantification tasks. The analysts performing
these tasks must therefore work closely, communicate about problem areas,
and expect some iteration. The discussion that follows illustrates two
problems that can give erroneous results if the quantification analyst
blindly grabs primary-event unavailabilities and plugs them into a fault-
tree logic model. These problems relate to (1) repair when a secondary

i fault exists and (2) the potential for simultaneous testing and mainte-
'

In both cases resolution can be obtained by requantifying a newnance.

basic event with a slight modification to the fault tree or pertinent cut
set.

Quantitative Analysis of Fault Trees That Do Not Represent Pepair Trees

Probabilistic risk assessment uses fault trees to model the system
failures represented in event trees. In cuantifying these fault trees, all
methods used in PRA computer programs assume the system fault trees also
represent the system repair trees; that is, if component A fails and causes
the system to f ail, then repairing component A repairs the system. All sys-
tem fault trees containing secondary failures of components, however, do not
represent system repair trees, and the system unavailabilities calculated by
means of these fault trees and standard methods are underestimated. (Sec-
ondary f ailures are causes of r.alfunction for which the component itself is
not accountable.)

O
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in fact, it is not. The malfunction occurs because the component is

defective or_ a secondary cause of failure occurs; the component is repaired
only when the component and the secondary cause of failure are repaired. In
such cases, appropriate measures must be taken to account for this differ-
ence in failure and repair loric. One methed for eliminating this problem
is to include all causes of component failure, including secondary causes,
in a single new basic event for that component. This must be imple.mented

befure the minimal cut sets are obtained. The data for this new basic event
should reficct the rate at which the component fails from any cause
(neglecting those accounted for in the common-cause analysis) and the rate
at which it and any secondary failure causes are repaired. The failure and
repair characteristics of the new basic event can be estimated directly from
fa!!ure and repair data (Chapter 5) or can be synthesized from the failure
loric and the f ailure and repair characteristics of the secondary causes of
failure.

Component Component Component
raalf unction malfunction malfunction

|

SecondaryOld Old Secondary New
cau ws

i basic basic | | failure I j basici

of fadure 1

event event event event

|

Figure 6-2. Procedure for synthesizing the failure and repair characteristics
of a new basic event.

The procedure for synthesizing the failure and repair characteristics
of this new basic event is the following (see Figure 6-2):

1. Identify each basic event in a systen fault tree that is affected
by secondarv fnilures. This requires examining each hasic event in
.i systen fault tree to deternine whether it will fail as a result
of other basic event failures in the fault tree. In Feneral, these

secondary causes of failure are logically OR'ed with the basic
event.

2. Calculate bv standard methods a failure rate and renair rate for a
fault event that represents the secondary failure. This fault
event can then be treated as a secondary-fal3nre basic event.
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e'- 3. Combine the old basic event and its secondary-failure basic event
f ,

( ) into a single new basic event. The f ailure rate for this new basic
\ ' event is the sum of the failure rates of the old basic event and--

the secondary-f ailure basic event. Plant repair policy determires
how to calculate the repair rate for the new basic event. For
example, if the old basic event and secondary failures are simul-
taneously repaired, then the repair rate for the new basic event is
given by

Unbe = min (pobes U sf)

where the subscripts nbe, obe, and sf stand for new basic event,
old basic event, and secondary f ailures, respectively. If the old
basic event is repaired af ter the simultaneous repair of secondary
failures, then

1 -I

u se - l 1 + _1n sHobe Dsf/

Other repair policies may dictate other appropriate methods for
calculating the repair rate for the new basic event.

Af ter transforming ali the identified basic events with this procedure,
the system fault tree will represent the system repair tree. The basic
events in this system fault tcee, however, are not necessarily independent.
This dependence among basic events results from common events in the devel-

f'''N opment of secondary causes of component failure for the various malfunctions
! ) appearing in the logic model. To guarantee conservatism, these dependencies
'~' must be accounted for if they occur.

Test and Maintenance

Before quantification, accident-sequence cut sets are screened to elim-
inate those that are inconsistent with the accident-sequence definition.
Thus, cut sets containing two or more tests and maintenance basic events
considered mutually exclusive because of noncoincident testing schedules or
technical specifications are eliminated from the list of accident-sequence
cut sets in a plant-damage bin. For the remaining cut sets that contain
test and maintenance basic events, these events are assumed to be random and
independent. If a cut set contains two or more test and maintenance basic
events, however, the probability that these basic events occur simulta-
neously will of ten be dreater than the value calculated by treating them as
random and independent. In this case, the cut-set frequency can signifi-
cantly increase because of the simultaneous occurrence of these basic
events.

Simultaneous tests and maintenance can occur for any of several rea-

sons. Components in separate systems may unknowingly be tested at the same
time because of coincident testing schedules. For example, a pump in system
A tested every 8000 hours and a pump in system B tested every 6000 hours
might be simultaneously tested every 24,000 hours af ter the first simultan-

,--s eous test, human error that results in simultaneous testing and maintenance
( ) in violation of technical specifications is another cause. These and any
\._,/ other causes of simultaneous testing and maintenance must be accounted for

to avoid underestimating the frequency of an accident sequence. j
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To illustrate the significance of simultaneous testing and maintenance,
suppose a cut set contains two testing basic events for two diesel genera-
tors. If testing is monthly and reauires an hour, then the estimated test-
ing unavailability of each diesel generator is 1.4 x 10-3, and the
unavailability contribution of the pair, assuming random and independent
testing, would be 1.9 x 10-6 If, however, the two diesel generators are
simultaneously tested once every 10 years in violation of technical specifi-
cations, then the simultaneous-teating unavailability of the pair is 1.1 x
10-5,

The following procedure can be used to account for the effect of simul-
taneous testing and maintenance:

1. Identify the cut sets in a plant-damage hin that contain two or
more test and maintenance basic events.

2. For each of these cut sets, repince the test and maintenance basic
events with a single new test and maintenance basic event that
represents the unavailability due to simultaneous testing and
maintenance.

The unavailability of the new simultaneous test and maintenance basic event
is simply the f raction of time the replaced testing and maintenance basic
events occur simultaneously. If the simultaneous testing and maintenance
results are in violation of technical specifications, then the unavailabil-
ity for this new basic event is given by the product of the probability of
violating technical specification through simultaneous testing and mainten-
ance and the unavailability of the replaced basic event with the shortest
average test and maintenance time. For example, if the probability of vio-
lating technical specifications is .001 and the unavailabilities of three
replaced test and maintenance basic events are .001, .0001, and .00001,
then the onavailability for the single new test and naintenance basic event
is 10-6,

If the simultaneous testing and maintenance is due to coincident test
schedules, then the unavailability of this new basic event is given by

_. min (T,y g ) P,
Anbe = Tperiod

where Tav,1 is the average annunt of time required to perform testing and
is themaintenance on each replaced basic event i in the cut set, Tperiod

time between coincident tests, and P is the probability the replaced basic
events are tested and maintained at the same time during the test period.

Consider, for example, the coincident test schedules of the two pumps
described above. If the average test and maintenance time for either pump
is 4 hours and testing is to be performed within a 72-hour period, then the

O
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7 ^3 unavailability of the new simultaneous test and maintenance basic event for
( ) these two pumps is given by

4 4's
-Anbe

"

24,000 72

9.3 x 10-6-

This assumes random testing of the pumps during the 72-hour period.

6.3 OUANTIFICATION OF ACCIDENT SEQUENCES

6.3.1 GENERAL PROCEDURE

Accident-sequence analysis begins with the identification of the acci-
dent sequences to be analyzed, usually followed by a grouping of accident
sequences into plant-damage bins (PDBs). Sequences that cause similar

physical responses in the plant are grouped into the same hin. The selec-
tion criteria for a PDB can be as coarse as " core melt" or "no core melt" or
so fine as to require a unique bin for each accident sequence. The accident
sequences in each bin may then be screened to eliminate those that will not
contribute significantly to the total frequency of the bin.

p
i ) Once the accident sequences to be quantified have been screened, a
\' '' probability expressien for each sequence is created from the solution of the

plant logic model and then used to combine probability characteristics for
initiating and primary events. The two methods described in Section 6.2.2
(i.e., fault-tree linking and the event trees with boundary conditions) dif-
fer in this part of the process. In fault-tree linking, the accident se-
quence is represented by a fault tree whose top event is an AND gate with
inputs representing the top gates of the system fault trees for each system
depicted in the accident sequence. System dependencies are explicitly
treated in the fault-tree logic. The resultant sequence fault tree can then
be analyzed by a number of available fault-tree reduction techniques. The
result of this step is a set of accident-sequence minimal cut sets (dis-
cussed in Chapter 3) whose frequency estimates dominate the frequency of the
accident sequence. The cut sets are then used to develop a probability
expression for determining the sequence or bin frequency. This frequency
can be characterized as a distribution or as an estimate.

If the analyst elects to use the other quantification method--event
trees with boundary conditions--cach branch of the event tree is evaluated,
with the appropriate boundary conditions reflecting the various states of
the " support systems" appearing in the path of the accident sequence. Thus
these support dependencies are treated within the event tree. Once all
branch point probabilities have been quantified, the accident-sequence fre-
quency is obtained by simply multiplying the probabilities of the branch

,a

s /,

,/
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points in the accident sequence. If uncertainty calculations are to be
made, the uncertainty for each branch point is derived and propagated
through the accident sequence.

Identification of Accident Sequences To Be Ouantified

The first step in accident-sequence quantification is the identifica-

tion of the accident sequences to be quantified. Of some help in this is
the concept of plant-damage bins (PDBs), which are generated during the con-
sequence analysis when accident sequences use the same mapping to release
categories. The resulting PDBs may contain one or more accident sequences.
When a PDB contains more than one sequence, the probabilities of the acci-
dent sequences can be summed to yield a PDB frequency that is mapped with
the release categories. Ilowe ve r, if the mutual exclusivity of the accident
sequences has been lost (i.e., success states were not modeled in the acci-
dent logic), a conservative result may be obtained when the algebraic sun is
used. This potential problem can be reduced by using a logical OR to com-
bine accident sequences that are not mutually exclusive, thereby eliminating
cut sets or sequences that are subsumed by others within the PDB.

Valuable information can be gained by examining the release-category
mapping for each PDB. This information can be used to establish the rela-
tive ef fects of each PDB on the analysis results and determine which ones
will have the most effect on the consequence results. This will allow the
analyst to ensure that low probability /high-consequence sequences will not
be left out of the analysis. Some analysts choose sequences without regard
to the PDBs, whereas others rely on the PDBs for guidance in choosing se-
quences for quantification. If accident sequences are chosen without regard
to PDBs, a small probability cutoff is used to elimintte sequences from con-
sideration. If that cutoff results in the elimination of all sequences from
the more severe PDBs, the truncation value is lowered until sequences in the
most severe PDBs appear. Care must be taken to ensure that all significant
contributions to bin f requency are taken into account, including the contri-
butions of large numbers of low-f requency sequences.

If PDBs are used to group sequences, a number of approaches for elimi-
nating accident sequences are available. If the frequency of a particular
PDB can be shown to be less than the frequency of other, more severe, PDBs,
the entire PDB and its sequences can be eliminated. A sequence can be dis-
carded if its bin is of no interest (e.g., a sequence not leading to core
melt).

Within a particular PDB chosen for quantification, some sequences can
be discarded for any one of several reasons. Boolean reduction, at the sys-
tems level, can eliminate several sequences in a PDB. It ray be possible to
estimate the f requency of some of the sequences and to eliminate those that

do not significantly contribute to the PDB frequency. Finally, sequences
within a PDB that a re identical except for their initiating events can be
modeled as one sequence, with a single initiating-event frequency repre-
senting the combined frequencies of the initiating events.

Boolean nanipulation of the accident sequences in the sane PDB cae gen-
erate a subset of sequences that can repince the_ original set of sequences.
For example, given accident sequences TABC and TABC where A, B, and C are
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I system fault trees identical for both sequences, the Boolean properties of
x,_/ consensus and subsuming terms allow us to perform the following:

TABC + TXPC = TARC + TIRC + TEC

= TPC
i

i therchy replacing two more complex sequences with one simple sequence. A

practical amount of sequence reduction at the sequence level can decrease
the number of sequences that must be analyzed.

1

Some systems represented in the accident sequences are sufficiently
similar to systens analyzed elsewhere that a reasonable unavailability
estimate can be used. In some cases, it may be possible to estinate the

'

probability of a sequence, keeping in mind the potential systems interac-,

tions. If an accident sequence has a very low probability estimate, in
comparison with the other sequences in its PDB, it can be climinated from
further analysis.

!

; 6.3.2 METHODS FOR EVALUATING ACCIDENT SEOUENCES

Poth fault-tree linking and the use of event trees with boundary condi-
tions result in point estimates for accident sequences or PDBs. Section

h 3.7, " Analysis of Dependent Failures," explains the basic premise of both
s_,/ approaches and the fact that both methods, when rigorously applied, will

result in equivalent sointions. However, since both methods apply some
approximations and assumptions in practice, the final results for any given
solution may vary if the assumptions used are not carefully examined.
Fault-tree linking and the event trees with boundary conditions are
described below in Sections 6.3.2.1 and 6.3.2.2, respectively.--

!

! 6.3.2.1 Fault-Tree Linking Method

This approach involves constructing accident-sequence fault trees,
solving these fault trees for dominant cut sets, generating a probability
expression from the accident-sequence dominant cut sets, and combining the
probability expressions for each accident sequence into an expression for
the entire plant-damage hin.

Construction of Accident-Sequence Fault Trees

The accident-sequence fault tree has an AND gate as its top gate. The
inputs to the top gate are as follows:

1. The initiating event.

2. The system fault trees for the system failures depicted in the ac-
| cident sequence. The minimal cut sets of the Boolean intersection

f'~'T of the system fault trees will be called the system-failure minimal
i ) cut sets.
%/
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3. The dual fault trees for the system successes depicted in the acci-
dent sequence. (A dual fault tree is a success tree--the comple-
ment of the normal fault tree.)

Inclusion of the dual fault trees used to rodel system successes will
eliminate system-failure minimal cut sets, causing the f ailure of a system
defined to be in a state of success. This will prevent system-failure cut
sets from appearing in multiple accident sequences. The inclusion of these
duas fault trees can greatly complicate the analysis and may not be required
to o tain the desired result. The elimination of accident-sequence cut sets
violating system-sucress states defined in accident sequences is discussed
later in this sectiou.

In fault-tree linking, there is a potential for the problem of the so-
called circu1 9r-logic loop. When a number of fault trees are linked to-
yether, certain types of dependencies can result in a situation where the
failure of system A causes the failure of system B and the failure of system
H causes the f ailure of system A. Any attempt to combine the two fault
trees for these systems will meet with dif ficulties unless one branch of the
circular logic is artificially cut off. Such problems would be revealed by
the fault-tree processing code. Should this situation arise, it should be
brouyht to the cttention of the feilt-tree modeler(s), who should modify the
logic in one of the fault-tree logic models accordingly.

Optinization of Fault Trees

The number of events in the system fault trees can be substantially
reduced by defining an equivalent system fault tree in which the independent
subtrees are replaced by developed events. The independent subtrees must be
independent with respect to all of the systems represented in the accident
sequence, including the initiating-event fault tree.

The concept of independent subtrees is relative to the top event of the
fault tree being evaluated. In a particular event-tree sequence, such as
S - Tg *T 2 * T , a subtree of Tg may be independent in fault tree3
Tg but may contain events that also appear in T . This implies that the2
subtree is not independent with respect to the event-tree sequence S. The
subt rees that are independent with respect to S are found by identifying the
independent subtrees of the following accident-sequence fault tree:

S

Fault tree Fault tree Fauh tree
for T for T for Ti 2 3

0
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[m) lloweve r , if this approach is taken for each event-tree sequence, then
(s_,/ the independent subtrees will have to be identified for each event-tree se-

quence. A more efficient approach is to identify the independent subtrees
relative to the intersection of all system failures represented in the event
tree. Then the independent subtrees will be independent for any sequence of
system f ailures and system successes. Some of the advantages of this ap-
proach are the following:

o Once the independent subtrees have been identified, they can be
used for any event-tree sequence.

o Ouantification and evaluation of the independent subtrees must be
done only once and apply to all event-tree sequences.

o The fault-tree analyst who wishes to verify. that the reduced fault
trees are equivalent to the original fault trees need become famil-
iar with only one set of independent subtrees that apply to all
event-tree sequences.

The concept of independent subtrees is very powerful, and they are a.lme t
always beneficial. The fault-tree analyst can frequently create modules
while coding his tree for computer analysis, although care should be taken
to ensure that only events appearing as a group are included in the module.
Because of the relative simplicity of the modules, a number of more sophis-
ticated analysis techniques, su h as time-dependent failure analysis, can be

'''T performed on the module and the results included in the accident fault tree

,/ as a basic event with an associated unavailability.y

Determination of Significant Minimal Cut Sets for an Accident Sequence

The accident-sequence minimal cut sets can represent the solution to a
very large fault tree because the accident-sequence fault tree is formed by
combining, under an AND gate, several system fault trees. Consequently,
there may be millions or even billions of minimal cut sets for a particular
accident sequence. In order to minimize the number of minimal cut sets at
this stags of the analysis, the dual fault trees representing system suc-
cesses are typically not included at this time. (Although their inclusion
would eliminate some system-f ailure minimal cut sets, it greatly increases
the size and complexity of the fault-tree model being analyzed.) To reduce
the number of minimal cut sets, a truncation value can be used to eliminate

cut sets that make a negligible contribution to the total sequence probabil-
ity. Note that truncation eliminates minimal cut sets that do belong to the
set of minimal cut sets of the accident sequence, whereas not including
system-success states may leave in, for the time being, sets of primary
events that appear to be minimal cut sets of the accident sequence but in
fact are not.

The truncation process eliminates minimal cut sets from the set of min-
imal cut sets for the accident sequence and thus is nonconservative. If a
suitably low truncation value is-used, the effect on the total accident-
sequence probability is slight. Since this process is nonconservative, care!

f-~s) must be taken to ensure that an appropriate truncation value is used. The
's_ / truncation value should be constant or increasing throughout the solution

process. The effect of the truncation value used should be bounded and
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shown to be insignificant. If at any time after truncation the point esti-
mate of a component failure is increased, the truncation is not valid, and
the process must be repeated with the new value.

One of the basic assumptions behind truncation is that the primary
events in the cut set are statistically independent and that all common-
cause events are represented. If the remaining cut sets are processed in
any manner that serves to increase their likelihood (i.e., the addition of
beta factors or common-cause human-error events), the truncation process is
invalid, because sore of the truncated cut sets could be increased in value
above the truncation point. When truncation is used, all primary-event com-
monalities must be explicitly represented in the f ault tree.

In truncating, the point estimate used for the primary events should
be the mean when a Bayesian framework for data is used or the maximum-
likelihood estimate when data are analyzed in the classical manner. These
parameters will best reflect the uncertainty in the data. Furthermore, when
these values are used to quantify the resulting Boolean expression, the re-
sult will be the mean for the Bayesian approach or the maximum likelihood
for classical analysis. Any other parameter will not yield a result that is
definable. The truncation value chosen should not contribute to the uncer-
tainty of the analysis result. Section 6.5 describes a method for estimat-
ing the contribution of the truncated terms to the result,

The cut sets that survive the truncation must then be examined to
eliminate those that are inconsistent with the accident-sequence defini-
tion. The cut sets are then inspected and modified to remove overly con-
servative assumptions about p ri ma ry-e ve nt data.

There are at least three ways for some accident-sequence minimal cut
sets to be inconsistent with the accident-sequence definition:

1. Some cut sets may violate the system success states in the accident
sequence.

2. Cut sets may contain mutually exclusive primary events.

3. Cut sets may violate technical specifications or plant management
policy.

These minimal cut sets can be eliminated cither manually or through the
use of f ault-tree models and computer codes.

The system success states appearing in the accident-sequence fault tree
can be accounted for by directly inspecting the minimal cut sets when there
a re few significant minimal cut sets. Unfortunately, a large number of
significant minimal cut sets may prohibit direct inspection. It is then
necessary to use a computer code, which can be done by either of two meth-
ods: list matching or the dual-f ault-tree approach.

The list-mr_tching approach is based on the fact that, if a minimal cut
set for the system-failure portion of an accident sequence will also cause a
success system to fail, this minimal cut set should be deleted. List match-
ing is performed by matching the f ailure cut sets of the accident sequence
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fm with the fault tree for system success. Any sequence-failure minimal cut

( ) set that is an implicant of a minimal cut set for a system success can be
'%/ eliminated.

The dual-fault-tree approach involves obtaining the set of minimal cut
sets of the dual fault tree and forming the Boolean conjunction of this set
with the set of minimal cut sets for the accident-sequence failures. This

process eliminates any terms that are products of an event and its comple-

me n t because P*P=4 To obtain the same form result as with list match-
ing, the complemented events are deleted, and the resulting cut sets are
simplified and reduced. Care must be taken to ensure that primary-event
definitions are consistent for the system fault trees and dual fault trees.

When multiple f ailure modes of components appear in the system f ault
trees (e.g., switch A fails open and switch A fails closed) without modeling
the mutually exclusive nature of these events, it is possible for minimal
cut sets to contain mutually exclusive primary events. Such minimal cut
sets should be eliminated, either through direct inspection or by using a
computer code and a transformation of variables to explicitly model the

_

mutually exclusive f ailure modes. Applying the identity P * P = ) will
accomplish this.

If system fault trees were constructed without modeling technical spec-
ifications or plant management procedures, some minimal cut sets may violate
these criteria. These can be identified by direct inspection by hand, or a
computer code can be used. In the latter case, list matching or the dual-

[s) fault-tree technique can be employed if a Boolean expression representing
\s_,/ the disallowed combinations of basic events has been developed.

If conservative assumptions have been made about component recovery
from failure or conservative screening unavailabilities have been assigned,
it may be desirabic to treat these conservatisnm in a more realistic man-
ner. Two methods are used to this end:

1. Some accident-sequence cut sets may contain events where repair or
recovery may occur before the time the component is required to
perform its function. This stems from a desire to simplify the
system models, or the fact that recovery f rom equipment failures
ran be dependent on other failures that have occurred. When the
system analyst has determined that credit for a recovery act can be
taken, that recovery act can be appended to the cut set as a basic
event with an associated probability, thereby reducing the
probability of the cut set,!

l

2. If a conservative probability estimate has been used in the cut-
set-screening process, more realistic estimates may be used if such
data are available.

| Note that if conservatism in the screening process has been excessive,
then a relaxation of the conservatisms may lower cut-set probabilities dras-
tically. This may necessitate additional fault-tree quantification since

('~*$ cut sets previously excluded in the truncation process may become relatively
( / significant.
v
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Ouantification of Accident-Sequence Cut Sets

The quantification of accident-sequence cut sets begins with the gener-
ation of a probability expression for the sequence minimal cut sets. This
expression is then used to qunntify the accident sequence by using the
best-estimate values for primary-event unavailabilities or unreliabilities
and initiating-event frequencies to yield a best-estimate value for the fre-
quency of the event sequence. The probability expression is also used as
the basis for the uncertainty analysis described in Section 6.4.

A number of techniques are available to generate probability expres-
sions for the minimal-cut-set representation of accident sequences (Barlow
and Proschan, 1975). They range f rom generating an upper bound by means of
the sum-of products rare-event approximation (often adequate in nuclear
plant risk analysis because of the small numerical magnitude of the meltdown
risk frequencies), using bounding techniques that generate both upper and
lower bounds , or generating the exact probability expression for the top
event. Where the sum-of products method yields an over-conservative expres-
sion for accident-sequence probability (e.g., system-success probabilities
and the failure probabilities of less reliable individual systems would have
cut sets that do not fit the rare-event approximation), one of the bounding
techniques or an approximation of the e <t expression can be used.

When an approximation other than the sum of products is used, it is
usually done by eliminating cut-set intersections that do no*. contribute to
the final result probabilistically. The approximation can te conservative
or nonconservative, but the effects on the final result must be shown to be
insignificant.

Generation of the probability expressions can be extremely dif ficult:
most computer codes that generate an exact probability expression are gen-
erally unable to handle more than a few hundred minimal cut sets becruse of
the required computer time and storage.

Two techniques used to Venerate, for accident sequences, Boolean ex-
pressions that can be more ef ficiently quantified are modularization and the
creation of mutually exclusive sets of cut sets. These techniques are
described below.

The use of independent subtrees or modules provides the analyst with
the capability of replacing a portion of the fault tree with a single
event. A probability expression for the module is then generated, and a
probability for the singic event is created. This process combines a number
of cut sets and greatly reduces the work cf constructing the probability
expression. Care must be taken, however, to ensure that a module is truly

,
independent with respect to all logic within an accident sequence. The
probabilities (e.g., unavailabilities) calculated f or the nodule may also be
tin? dependent for nonrepairable failures (see treatment of nonrepairable
events in Chapter 5) .

If a plant-damage bin containing multiple accident sequences is to be
quantified, the probability expressions for the accident sequences within
the bin must be combined. If the sequences have retained their mutual ex-
clusivity, the probability expressions can simply be summed. !! owe ve r, the
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fault-tree-linking method usually does not yield mutually exclusive
accident-sequence cut sets. The sequence probability expressions can bes

( ) summed to yield a conservative result in this case. If more exact results
s _ ,/ are desired, advantage can be taken of the fact that initiating events ares

mutually exclusive. The PDB cut sets can be put into mutually exclusive
groups by sorting the accident-sequence cut sets by initiating event. These
groups are mutually exclusive, and their probability expressions can be
summed to yield an expression for the entire PDB. Care must be taken to
ensure that the combined initiating events are identically defined.

Once a probability expression for a plant-damage bin has been devel-
oped, the f requency for the bin can be obtained by replacing the variables
in the probability expression with their best estimates and evaluating the
equations. If a distribution for the fregrency of the bin is desired, the
uncertainty analysis described in Section 6.4 can be used to propagate
primary-event distributions to obtain a probability-of-frequency
distribution.

Evalcation of Common-Cause Events

Fault-tree linking provides a structure that can be used to perform the
common-cause analycis described in Chapter 3. The beta-factor method and
the qualitative common-cause search can be applied to the fault tree di-,

rectly or to the minimal cut sets of the accident-sequence fault tree. The
approach taken depends primarily on the number of minimal cut sets generated
by the accident-sequence fault tree since the solution and enumeration of
large numbers of cut sets are impractical.,,_

/ \
( ,/ If the beta-factor approach is to be used for quantifying common-cause

_

events, there are at least two distinct methods for applying it. Typically
with small fault-tree models generating hundreds of cut sets, the beta-
factor method can be applied on a cut-set basis. This approach requires
that all the minimal cut sets for the fault tree be generated (i.e. , no
probability truncation) and that each cut set be individually examined to
determine whether a beta factor should be applied to increase the cut-set
frequency or probability. Since all the cut sets must be generated and
examined, there is a limitation on the total number of cut sets that can be

analyzed. While it may prove to be impractical to apply beta factors to all
the cut sets of the accident sequence, it may be possible to apply them to
the cut sets of independent subtrees within the accident-sequence fault
tree, since the independent subtrees are quantified individually and re-
placed by basic events within the accident-sequence fault tree. If the
fault tree has been modularized, care must be taken that - beta factors be-

tween modules are calculated and included.

For accident-sequence fault trees that generate too many minimal cut
sets for using beta factors on an individual basis, Chapter 3 describes a
method for introducing beta factors as primary events in the system fault
trees. This method uses solutions at intermediate gates of the accident-
sequence fault tree to analyze portions of systems and derive beta factors
from those solutions. The accident-sequence fault tree is then modified to
include new basic events representing the beta factors, at the appropriate

/"'N places. The nodified fault trees are then solved in a normal typical fash-
) ion (including truncation) to yield a result with beta factors included.
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Similarly, qualitative searches can be made for common-cause events on
the accident-sequence cut sets (Burdick et al., 1976; Rooney and Fussell,
1978; Worrell and Stack, 1979). As already discussed, if any cut sets were
eliminated during the f ault-t ree solution, the common-cause analysis is not
complete, and the results of common-cause searches may not include all
significant common-cause events. One way around this problem is to break
the accident-sequence fault tree into subtrees for which all the cut sets

can be obtained. The cut sets for each subtree are then searched for
common-cause modes within that subtree and the results propagated to the top
of the accident-sequence f ault tree (Wagner et al., 1977). In this manner
all the cut sets can be analysed.

Another approach to the common-cause search is to use a transformation
of variable technique to change the f ault tree to a form reflecting the ef-
fccts of common-cause events; it has been described by Rasmuson et al.
(1979), Putney (1981), and Worrell and Stack (1979). The latter two refer-
ences describe approaches that extend the scope of the common-cause analysis
to include multiple common-cause events and combinations of common-cause

events, a capability shown important in Fire Related Accident Sequences at
CRBRP (SAI, 1978).

6.3.2.2 Event Trees with Boundary Conditions

When the method of event trees with boundary conditions is used, alge-
braic expressions are (usually) implicitly developed for each plant-damage
bin by means of a stepwise process. This development process is implicit
because, unlike in the fault-tree-linking method, no single Boolean expres-
sion at the component level is defined for each bin--it is merely implied.
!!owever, after an optional initial screening for dominant sequences, either
method can be used to combine distributions in an identical way. The key
differences between the methods lie in how the dominant sequences are de-
fined and how the f requency for each plant-damage bin is arrived at. The
main steps in this approach are outlined below, followed by a discussion of
means to limit event-tree size.

Step 1--Event-Tree Development

The first step is to develop event trees full measure displaying all
the significant intersystem dependencies between the front-line systems
whose performance is pertinent for the initiating event of interest. These
result from common support systems and any other dependencies (human error,
environmental) judged to be important. The event trees include these

support-system operability states as well as those of the front-line sys-
tems. Section 3.7.3 illustrates the event-tree development. Note that the
pertinent dependencies between support systems are to be identified and dis-
played in the event tree. In addition, multiple branches (reflecting par-
tial success) rather than just binary (success or fail) branches are used
where this more appropriately describes the support-system states and facil- )
itates the quantification of the front-line system. For example, for the

,

electric power heading of the event t ree with, say, two buses supplying the |
safety systems, four branches would be included in the event tree to de-
scribe the availability of electric power. These branches would representg
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"both buses available," " bus 1 available and bus 2 unavailable," " bus I un- I*-

available and bus 2 availabic," and "both buses unavailable."

Step 2--Development of Systen Logic Podels

The next step is to develop logic models for evaluatinF the systems de-
fined in the sequences--for all the support-system states identified in the
event tree and for the f ront-line systems as well. Either fault trees or

reliability block diagrams can be used. These models of course must reflect
the preceding events in the sequence path; that is, they must be capable of
dealing with the specific conditions of the path. This can be accomplished

by developing fcult trees that are conditional on the preceding events.
Alternatively, for a front-line system with only success-or-failure states,
a single fault tree may well be adequate, providing it can be evaluated for
the various support-system states (e.g. , " house" events that can be used to
turn on or off conditions reflecting the support states or the capability to
switch boundary-condition probabilities to 0 or 1).

Step 3--Ouantification of System Logic Models,

The logic models are quantified from the primary-event unava11 abilities
and using the boundary conditions for that branch of the event-sequence
path. Basically at the completion of this step the probability of each

-~s support-system state is available as well as the conditional probabilities
of the front-line systems for those support-system states.

It is prudent to summarize results for each branch of the event tree as
they are developed. The system unavailabilities can be arranged in the form
of a cause (primary event) table, as described in Section 3.5. To make the
analysis systematic, the analyst searches first for causes of single fail-
ures, then double failures, and so on. The example shown in Figure 6-3 was

; developed for the second-order minimal cut sets (double failures) of a sys-
'

tem under the boundary condition of both electric power buses being avail-

able. The table shows the causes (event combinations) of failure and their
; probability as well as their ef fects on components, on the system, on other

systems, and on initiating events. This information alerts the analyst to
potential failure causes that can be common to more than one system and are
not exhibited on the event tree. Thus, besides its primary function of sum-
marizing results, the cause table is one means of looking for or checking
potential sources of dependency.

The causes for which the analysis is more or less standard (but - not
always straightforward) are the following:

1. Hardware failures. This is the standard treatment of " random inde-
pendent" failures of components.

2. Testing and maintenance. Since technical specifications do not
allow systems to be disabled during testing and maintenance, addi-

) tional failures must occur for the system to fail; that is, for

/ system failure, at least one cause .nust exist in addition to thes
; effects of testing or maintenance.

,
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Effect

|
Initiating

Cause Unavailability Components System Other systems events

Coincident
hardware failures 4.5 x 10-6 Mainly pumps Fails No effect No effect

i Testing 1 x 10-10 Pumps No effect No effect No effect
U

Maintenance and Pumps or
hardware failure 2.0 x 10-4 MV-8700A, B Fails No effect No effect

Human error and MOV-8809A, B closed
hardware failure on other
failure 8.2 x 10-9 side Fails No effect No effect

Other 4.6 x 10-5 Valves or pumps Fails No effect No t.ffect

Total 3 x 10-4

Dominant contributor = maintenance combined with hardware failure.

Figure 6-3. Example of format for a cause table for double failures (buses available).
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~~s 3. Iluman errors. The most common kinds are errors of omission and
commission, examples being forgetting to open or close valves af ter

-

tests or maintenance.

The failure rates and probabilities of these basic failures (human
errors, hardware f ailures, and the like) are determined from the available
evidence and expert opinion. Since there is always uncertainty in these
elemental frequencies, the analyst should quantify these uncertatuties.

Estimates are then made of the system's unavailability under various
boundary conditions. These point estimates are input to the accident-
sequence quantification process for a first iteration. Eventually, after
the important systems and their important boundary conditions have been de-
duced, final estimates and associated uncertainties can be obtained for
supercomponents and the entire system.

Step 4--Combination of System Unavailabilities

The last step in the event tree / boundary condition method is to combine
the system unavailabilities to calculate point-estimate accident-sequence
frequencies.

Each path through an event tree (accident sequence) is characterized by
the particular initiating event (or entry state to the tree) and by the
failed and partially failed systems in the path. Consider, for example, the

- simplified event tree shown below and the sequence

G
S = IABCD

This sequence, consisting of initiating event I followed by the success
of systems A and C and the f ailure of subsystems B and D, is represented by
the darkened line in the diagram (the lower branch at each node represents
system failure).

| Initiating A B C Devent

Node Bc g

I

I

a

''NIABCD,

~s

(
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The f requency of this sequence can be written in terms of conditional prob-
abilities as follows:

_ _

$(S)=&(I)f(A|I)f(B|IA)f(C|IAB)f(D|IABC)

where

$(S) = the frequency of accident sequence S

t(1) = the frequency of initiating event I

f( A|I) = the availability of system A, given that I has happened
(i.e., conditional probability for system A success)

f(5|IA) = the unavailability of system B, given that I has happened
and A has succeeded

f(C|IAI) = the availability of system C, given that I has happened,
A has succeeded, and B has failed

f(3|IABC) = the unavailability of system D, given I, A, B, and C

Event trees are not limited to nodes (see the preceding illustration)
with two branches. Therefore, to generalize the notation, let fnb denote
the conditional probability at node n that goes with branch b. With these
point-estimate unavailabilities established for each branch point, one can
calculate the frequency of each accident-sequence path as the frequency of
the initiating event times the appropriate unavailabilities at each branch
on the path; that is ,

$(S) = 4(1)f lbi f2b ***fnb ***2 n

= 4(I) f(S)

where bn is the branch chosen by the path at node n.

The term f(S) on the right-hand side, the product of unavailabilities
along a given path, tous has the meaning of " conditional probability"; that
is, for all the times initiating event I occurs, f(S) is the fraction of
times in which accident sequence S results.

In this way one can compute the conditional probability for each path
in the tree. These numbers thus characterize the tree itself, without ref-
erence to the frequency of the incoming entry state. Each sequence or path
culminates in a exit state (i.e., a particular state of operability-
f unctionability with respect to front-line systems).

Now let us focus attention on a particular exit state, say yj, and
let Sih denote a particular accident sequence going from entry state i to
exit state yj . By summing over all such sequences we obtain

mij f(Sih)=
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Vith the rare-event approximation, og9 is the conditional probability of
'

the sequence defined by exit state yj given that initiating event i has
('''N occurred; that is to say, for all the times entry state i occurs, mgj is
\ the fraction of times that exit state j occurs.

~

After quantification of the frequency of each sequence, the frequencies
of the sequences that go into each plant-damaFe bin are summed. In identi-
fying dominant contributors, the frequency of each sequence is compared to
this sum, and the sequences whose sum represents 90 to 99 percent of the hin
f requency are identified as the dominant accident sequences.

Using these dominant sequences, the analyst iterates on the model of
each syst em whose f ailure occurs in those sequences. One objective of this
iteration is to obtain assurance that no conservative approximation has made
the system part of a doninant accident sequence. If any approximation has,
an attempt is made to reduce the approximation.

.

Once the expressions for sequence availability and plant-damage bins
have been established, uncertainties can be determined by Bayesian or clas-
sical techniques.

6.3.3 APPROACHES TO REDUCING EVENT-TREE COMPLEXITY AND PROCESSING EFFORT

In order to keep the event trees manageable in size and the analysis
practieni, the analyst will need to make some assumptions and approximations-~

f

( ; that permit the omission of certain dependencies from the event tree. In
\s_/ addition, some iteration is to be expected between logic model development

and quantification; that is, to some extent the event tree may have to be
modified as quantification proceeds. Techniques available to assist the
analyst include screening, bounding, and the use of impact vectors.

Bounding

To simplify the event tree and quantification task, a conservative as-
sumption can be used, perhaps by not taking full credit for the provided
redundancy. For example, in the case of two highly reliable actuation sig-
nals, each of which initiates both of two safeguards systems, it may be use-
ful to assign and restrict one signal to each system, thus eliminating the
need to explicitly include actuation as a common support system.

A second example would be to assume that all selve motor control cen-
ters connected to a vital electric power bus are in effect a part of that
hus. Such an assumption would be made to avoid the necessity of multiple
additional electric power states due to elements of a distribution system
that could potentially be common to valves in tao front-line systems. This
par ticular example is related to the discretization of support states con-
sidered in the event tree.

! If no dominant impact results from making conservative assumptions, as
often happens, the assumption can be accepted. However, should such an as-,,_

[ \ sumption artificially yield a dominant impact, it may be necessary to re-
N ,,) examine and refine the event-tree model to reduce the impact.
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Screening

A study or an analysis can be made to examine the necessity of includ-
ing a support system. If it can be shown that the support system is ex-
tremely reliable , it may be possible to leave it out because it will have a

negligible impact. The basis for such an assumption should obviously be
documented.

Use of Impact Vectors

This technique, illustrated by an example in Section 3.7.3.3, is a
powerful logical apprcach. The support-system event tree is developed sep-
arately from that for the front-line systems. Then the impact of each
support-system state (success /f ailure combination) on the front-line systems
is developed in the form of an " impact vector" that describes the front-line
sys tems that fail as a result of support-subsystem failures. The sequences
can be collapsed down to the unique impacts that serve as the boundary con-
ditions for evaluating the front-line systems. This variant of the event
tree-boundary condition approach uses the quantification of the intermediate
support-system states. Since both frequencies and damage-level information
are available, it is possible to determine the risk-dominant support-system
states before quantifying the f ront-line trees. Support-system states not
significant to risk can be " pruned" at this step.

6.3.4 COMMENTS ON DIFFERENCES IN SEQUENCE-QUANTIFICATION APPROACHES

Two approaches to accident-sequence quantification--fault-tree linking
and event trees with boundary conditions--have been described. Both make
use of event trees in conjunction with fault trees. Both approaches require
some assumptiona and approximations to be practical--for example, the trun-
cation of cut sets or the elimination of some dependencies by making use of
approximations. In the fault-tree-linking technique, the event trees have
been constructed at a high level in terms of the function or system success
or failure definition: it is necessary to display only the f ront-line func-
tions or systems. The dependencies on support systems and subsystems are
accommodated entirely within the fault trees. The resultant linked fault
trees are thus large and complex. Their size and complexity are increased
even more when the dual fault trees representing system successes are in-
cluded. When the fault trees and event trees are large, the existence of
automated and efficiert computer reduction techniques makes analysis by this
approach relatively tractable in spite of the many cut sets that cea be gen-
erated for quantification.

In the other quantification method, which uses event trees with boun-

dary conditions, the more elaborate event trees are broken down to explic-
itly display the significant dependencies. The resultant fault trees (or
reliability block diagrams) for the event-tree top events are thus simpler
and independent, and can be analyzed by hand without resorting to computer-
assisted fault-tree reduction. Heavy reliance is placed on the analyst to
identify and separate the dependencies in the event-tree modeling. Consid-
erable care must therefore be taken to ensure that the significant depend-
encies in a sequence have either been identified and included as branch
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headings on the event tree or are otherwise accounted for in generating then,' conditional probabilities for the successive system fault (branch probabil-
\s / itics) along an accident-sequence path.

'

J

It should be noted that the use of event trees with boundary conditions
i generally yields many more sequences because of its evaluation for the var-

, tous mutually exclusive support-system states. Several such sequences would
'

combine to result in the same front-line systen configuration as that iden-
tified in fault-tree linking.

Overall, the basic conceptual difference between the methods is where
in the process quantification (conversion from symbolic representation to
numerical results) takes place: piecemeal throughout the process (for event
trees with boundary conditions) or as a step near the end (for fault-tree,

{ linking). Both methods can be successfully employed and have been used in
major studies performed to date. The advantage of piecemeal quantification
is a reduction in the need to carry through algebraic terms so that quanti-

i fication can be performed manually. The advantage of quantification as the
last step is that the symbolic representation allows computer searches for
dependencies as the last step before quantification.

.
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6.4 TREATMENT OF UNCERTAINTY

The probability or frequency estimates obtained by analyzing fault
trees or event trees will generally have considerable uncer;ainty associated
with them. The uncertainty comes f rom the following principal sources:

1. The specified models are incorrect. Basic assumptions about the
accident sequences, system-failure modes, and application of the
quantification formulas may not be correct.

2. Important f ailure modes have been overlooked (completeness
problem). The scope of the risk assessment may preclude the anal-
ysis of all initiating events, the analyst may not have all the
required information, or the quantification process may have trun-
cated large numbers of low probability events that sum to a signif-
icant probability.

3. The values of the input parameters are not exactly known. Data
limitations or uncertainties in component-failure rates require the
use of probability distributions or interval estimates to model
f requency for attiating events and unavailabilities for system
failures.

Although it may be possible to quantify the contribution to total un-
certainty made by each of these sources, in practice it is very difficult to
develop credible quantitative measures for all the sources of uncertainty in
t he analysis. It is usually more practical to perform additional analyses
to ensure that the modeling is correct than to try and estimet a particular
quantitative uncertainty. This section discusses these uncertainty sources
and describes a method for evaluating their contribution to total uncer-
tainty in the analysis.

6.4.1 SOURCES OF UNCERTAINTY

Table 6-2 1ists the uncertainties that can affect the accident-
frequency estimates as well as the sections of this guide in which these
uncertainties are discussed. The major sources of uncertainty that are
directly related to accident-sequence quantification are truncation schemes
that eliminate accident sequences or accident-sequence cut sets that are
determined to be insignificant. The errors they produce are nonconserva-
tive. Another source of error in quantification is the " rare-event approxi-
mation" used to develop a probability expression for the accident sequences;
it produces conservative errors. Accident-sequence quantification provides
the opportunity for assessing the effect of uncertainties in the input data
on the calculated accident-sequence frequencies.

O
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Table 6-2. Contributors to uncertainty in accident-
,

sequence frequency estimates

.

.

Uncertainty PRA Procedures
type Source of uncertainty Guide section

Model Event- and fault-tree models 3.9
'

uncertainties do not correctly account
for time-dependent compo- ,

; nent failures, component
'

dependencies, etc.
Important failure modes 3.9

,ioverlooked.

j Component-failure models may 5

| not be correct (i.e. , expo- i

nential failure model)
Approximations are used to sum 6.4

large numbers of cut sets |

! (i.e., rare-event approxi- |
i mation)

Completeness Event- and fault-tree models do 3.9 1

not contain important failure :
modes, i

'

Data base may not include all 5

| pertinent failures or

i experience.
'

Large numbers of low probability 6.4
accident sequences and cut
sets may have been eliminated

,

through truncation

*

Input parameter The mission time for the opera- 3.9
uncertainty tion of various systems may

i not be known exactly
,

There are data limitations or 5, 6.4
uncertainties in component-

,

failura rates f
o

?

i

I

$

T

!

f

!

I

f*%
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t
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6.4.2 RECOMMENDED PROCEDURES FOR UNCERTAINTY AND SENSITIVITY ANALYSIS

The uncertainty introduced through a properly performed accident-
sequence quantification should be small in comparison with that in the
accident-sequence logic models and the data base. Uncertainty can, however,
be introduced through the elimination of large numbers of low-f requency cut
sets or accident sequences whose sum contributes significantly to the PDB
frequency. In order to quantify this contribution, the cut sets must be
generated and quantified. Unfortunately, most truncation schemes used in
f ault-tree analysis have no capability for estimating this contribution.

One way to estimate the total contribution of many low-frequency events
is to use a direct-quantification code like WAM-BAM (see Section 6.5). The
direct quantification codes are very efficient and can use a much lower
truncation value because they do not have to perform cut-set manipulations.
Moreover, WAM-BAM has the capability to estimate an upper bound on the sum
total of the truncated terms. By comparing the result of direct quantifi-
cation obtained with a lower truncation value against the result of the
cut-set solution, the analyst can determine whether a lower truncation value
would significantly affect the result. In addition, the WAM-BAM output can
be examined to determine the upper bound probability of the terms eliminated
during the direct quantification. If the value is small, the use of trunca-
tion can be shown to have a smali effect on the cut-set solution process.

When trying to evaluate the uncertainty contribution from variations in
input parameters, the analyst can either perform a probabilistic importance
analysis to get a qualitative feel for the effect of input parameters on the
results or derive probability distributions or interval estimates for the
result.

Probabilistic importance measures are a means of estimating the con-
tribution of a component to the overall reliability of a system. There are
three principal types of measure: the Barlow-Proschan, Fussell"Vesely, and
Birnbaum measures; they have been defined and described by Lambert and
Gilman (1977). The Barlow-Proschan and the Fussell-Vesely measures are more
closely related to each other than to the Birnbaum measure. The exact
nature of the relationships among these and other measures is discussed by
Engelbrecht-Wiggans and Strip (1981).

The Barlow-Proschan and the Fussell-Vesely measures compute the proba-
bility that a component is contributing to the failure of a system and
therefore provide information on which components, if made more failure-
resistant through improved quality or redundancy, will most decrease the
probability of a failed system. The principal difference between them is
that the Barlow-Proschan measure allows the incorporation of time-dependent
failure distributions. Although the Fussell-Vesely measure does not allow
the use of time-dependent failure distributions, it does incorporate a sense
of contribution to failure in that it measures the probability that the
repair of a component will restore the system, a slightly different inter-
pretation than the Barlow-Proschan measure. In most commonly encountered
situations, the Fussell-Vesely and the Barlow-Proschan measures are the
same.
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The Birnbaum measure indicates the sensitivity of overall system reli-
ability to the reliability of an individual component. Thus, it measures

- the rate of change of system reliability to change in component reli a-
bility. The upgrading function, which is closely related to the Birnbaum

,

measure, can be used in many circumstances to help decide which components'
,

would contrib0te most to improving system reliability. (*

As described by Engelbrecht-Wiggans and Strip (1981), these measures
;

are intimately linked, and their dif ferences are quite subtle. It is there-<

fore difficult to recommend which measures are appropriate in different sit-'

untions. The choice between the Barlow-Proschan and the Fussell-Vesely
measures has meaning only if time-dependent-f ailure distributions are avail-
able; otherwise these measures are the same under the assumptions used to

i calculate them in most available computer codes. The choice between the
Barlow-Proschan/Fussell-Vesely and the Birnbaum measures is more difficult
because they measure slightly different aspects of system reliability, al-

. though frequently the former measures are more appropriate for measuring
' system improvement. However, Lambert (1975) demonstrates the use of the up-

grading function (a variant of the Birnbaum measure) for selecting compo-
i nents for change to improve system reliability.

|.

Chapter 12 discusses the various methods for propagating probability
i distributions and internal estimates by means of the frequency expression

.

derived from the accident-sequence minimal cut sets. These methods include [
| the following: *

Ba esian probability distribution [1. f
a. Monte Carlo
b. Discrete probability distribution;-

'

c. Method of moments

2. Classical confidence interval
a. Taylor series

| b. Bootstrap

| Section 6.5 discusses computer programs (e.g., S AMPLE) that can be used in
;

I the actual propagation. The manner in which the propagation is performed |

| should be consistent with the data used in the analysis. |
!

A consideration in the propagation of component-f ailure uncertainty '

I
*

through a top-event probability expression is the method of treating the un- _ i;
certainty distribution or interval estimates of two identical components.'

.

If their uncertainty parameters are considered to be correlated, terms of !

the form

X(1) + X(2) or X(1) * X(2)
,

where X(1) and X(2) represent the f ailure . probabilities of identical r

components 1 and 2, should be modified to

2X(1) and [X(1)]2,,

\ h

; i
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respectively, to properly reflect the fact that they have the same failure
probability. With independent components and distributions, the sums or
products of the means of the distributions for the individual components
will yield the correct top-event mean. In the case of correlated distribu-
tions, however, this will not happen if product terms are presdnt. Thus the
use of mean values can lead to nonconservative top-event mean probabilities,
whereas by appropriately carrying through the primary-event distributions
one obtains the top-event distribution from which the correct mean can be
calculated. This potential cause for error has been discussed by
Apostolakis and Kaplan (1981).

6.5 COMPUTER PROGRAMS

This section describes a number of computer codes currently available
for the qualitative and quantitative evaluation of system or plant logic
models. It is difficult to recommend a specific code for use in evaluating
plant or system logic models. A great many codes or code packages are
available, each code having some particular objective toward aiding or im-
proving the solution of complex o-dels.

Even for a particular function, it is difficult to reach a consensus on
a given code because many different factors--such as available computer
facilitics, staff expertise, and the specific objectives of the analysis--
affect the selection of computer assistance. Moreover, not all existing
codes are described here--only those for which suf ficient literature is
available or was provided by the developer.

Some comments can be made, however, on the basis of experience with
several of these codes. The code SETS, developed at Sandia National Labora-
tories, has wide applications in solving fault- and event-tree models as
well as searching for dependent failures. Being relatively sophisticated,
it may require a considerable amount of computer time and knoaledge of the
code if its substantial capabilities are fully exercised. The WAM series,
whose development was sponsored by the Electric Power Research Institute,
also has broad applications and may be readily usable.

The codes de .cribed here are divided into four groups by general func-
tion. Groups 1 through 3 are summarized in Tables 6-3, 6-4, and 6-5. Group
1 consists of codes that perform the qualitative evaluation of a f ault tree
(i.e., codes that compute minimal cut and/or path sets). Group 2 contains
codes for quantitative analyses. This group includes codes that require as
input the structural information embodied in the cut sets and those that are
designed to perform direct numerical evaluations of a system without the
computing of cut sets as a necessary intermediate step. It also contains
several codes that have special applications in quantitative analysis, in-
cluding those that can perform uncertainty analysis (i.e., provide confi-
dence intervals for point estimates). The codes in group 3 have been
developed to aid in the identification or analysis of dependent failures.
Finally groico 4 contains all codes developed to aid data and other anal-
yses. Becauae of their diversified functions, the codes in this group are

b-3;



_ _ _ _ _ _ -_ . _ . _ _ _ _ _ _ _ _ - - _ _ - - - - _ _ - . . . - . _ _ -_

1

O O O |
i,

* rI
i i
! t

;'

<

!
| .

1

Table 6-3. Computer codes for qualitative analysis |
i

| '

. 1

Lielt on Lielt an Type of
| Checkles numbe r numbe r Method et computer, j| of input of gates Typ+e of or site of generating ot her Fault -t ree Ct her lavaase, and
| Code input errers or events gat es cet set sa cut ses sa

p

out put s t runca t ion feat ures availabilit y
I
i ALLCt|T5 6-character alpha- Through auntliary Up to 175 primary AND tp to 1M cut Top-doom succes- Cut sets in specified Minimal cut sets. Faett-t ree plott- IBM 160/1/0

muneric manes, program BRANCH events and 42$ 02 sets een be sive Boolean probability range, probability ists optica CIE 760C
control 1sf or- sates calculated subs t i t ut ion cut set and tor- Fort ree IV' mation, basic event probability
event pr o b-

! ability, fault-
I tres description
| FATRMt 8-character alpha- Yes AsD Top-down sucessive Minimal cut sets up Minimal cut set s - CDC Cyber 7e
| numeric names. GA substitution =1th to specified orde f ort raa !Y
i cott rol informa- gate coaleecing available
| tion, f aut s -t ree option free t mI desc ription

Idaho
i FTAp 8-character alpha- Yes. very AND Top-down, bot t on- Minimal cut set s and Minanni cut set s Independent sub- I BM- UO .numerie manes, estensive Ok up and Welson prime implicant s t rees automati- CDC-7600
i

{ control infor- E-of-k method Qrime < ally found and Fort raa IV
j nation lault. McT top tic ant s) replaced by Available
j tree description ardule f ree

Ope r a t i one
gi

n esea. e m'
,, Center C.C. t

i g serbetey [w GRAF Interactive Yes t'p to W primary AND Similar to algo- prehebilities of Minimal cut sets On- t i mit tree CDC Cyber 750W graphice events or gates On rithe used is cut sets and top constrection be Fort ran 77 .

f ault-tree FTAP event int erac tive Available a
teput. failure

terminal from Sabcock !
rates

& hiilcos !MUCUS 8-character fea, eery AND Mialaal cut Top-doem succes- Fath sets Minimal cut sets Cut sets can be Inst 3no/ 370 r

alphancesrie ext ensive et sets of up sive toolean aut omat ically CDC-7600 I
names, control INHIBIT te order substit ut tom punched ort Fort ran IV !information. 20 can be cards or on- Availablef ault-t ree genersted line data sets f res Argonne
description for use by EITT software i

or 57FERFOCU$ Cent er
'

FL-MOD 79-charac t e r Yes mone; computer AND None Bottom up modular- Probability of top Minteel cut set s Option of not Ian 360/370
alphanumeric storage ca- 02 t e st ion and de- event, time- generating PL/1 jnames control paci t y 11at t- NOT composition of dependent charac- eintmal cut Availableinformation. ing f actor K-of-N f ault tree into teristics of top sets for from Argonne
f ault-t ree its finest event , minimal cut quant if yins Software
description, modular sets, uncertainty f ault tree Cent er

f'failure data representation for top event
pgEp 8-charac ter Yes very 2000 primary AND Minimal cut Combinatorial - 40 Minimal cut sets IBM 360-370 I

alphanumeric estensive events and OR sets of rp testina can be automat- CDC 7600
maaes. control 2000 gates 1NNIBIT to order (cally punched Fortran IV
i nf ormat ion. 10 can be on cards or on- Available
fault-tree generated line data sets f rorg Argonne
description for use in KITT Sof tuare

or SOFtRPOCUS Cent er

i

I
>
l

!
I

l

|

<
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Table 6-3. Computer codes for qualitative analysis |
,

Twpe afLielt on Li et t on
ICtec t i n g nu.be r nuese r wethod of -t er .

cf l o put of gates Types of or size of ge ne r a t i ng Ot her F ault-t ree Ot he r leerwase, and

Code input errers or event s gat es cut setse c.' set sa out put s t runca t ion f est earea ava11a>111tv
.

SETS 14-charac t er Yea , very 9tM10 event s AE hone Top-down toolean Probab111tv ef ein- Yes , based on automat t e f eelt- CDC-76T) !

alphaeuseric entenalve ( g et es and OR subst i t ut ion, taal cut sets, bot h cut-set t ree mergies Fort r an IV
names, caer's primary IW181T bu t user's pr ies top 11(ant s order and and plotting; Available

program, fatture event s PR IC91TY program can be probat t lit y on-line dat a f rom Argonne

set s, f ault-t ree together) Exc lu- designed f or ser.a can he Sof tware

descript ion stwe any ot her met hod stored on tapes Center

f er use leor
s pecial ot her rues;

i nde pe%en t sub-

t rees c an be
obt ained to
staplify c ut -

se t eener at loe

51F1 A 30-character Yes, very AE Mo cut sets Pat t ern-recogn i t ion New st ruc t ure of tree t sde penden t Trees with Nb i t.W I

alphanumeric entensive CR generated technteve to af ter reduction; branches of e.,ltiple top Awa11able from , |

maees, control K-of-M reduce st ructure probability of top t ree with events are Atoste Inergy
i

' inf orest ion , of tree; nume r- event smil prob- hand led ; eer g- Control Board,

! f ailure 4ata, ital staulat ion ability can ing of f ault Ott awa, Canada i
I

f ault-tree to calculate be truncate 4 trees pose 1ble;'

!
desc ript ion probabilit ies f ault trees can

y be plotted
g

y TREEL and 8-charac*er Tee, very AC Top-doom succes- Fath sets Mint oal cut M1nteel sets of CDC-ban i

e MISCOP alphanumeric en t ena l ve OR sive Boolean sets intermediate Fortran IV I

names, cont rol INHIBIT subst it ut ion gates can be Ave 11able from
det e rmined Operatsens Iinformatt w ,

Research rf ault-t ree
Center U.C. !

i desc ript ion
Berkeley

,

WAMCUT 10-character Yes, very 1500 p'imary AND Cp to 2000 Bottom up Boolean Probabilities of ein- Yes, based on Plot option; ein- CDC- 7 tur , 13M- 3 70 ,

and alphanumeric extensive everte and OR eintaal cut su bs t i t ut ion ; leal cut sets and both cut-set Anal cut set s Entended For- i

hAMCUT maaes, control 15/ J gates h0T sets of any WAMCl*T-11 f inds top event; first order and of intermediate tran IT avail- |

11 information, NOR order can independent sub- and second sneente probabillt ? Kates can be able from EfA1

f ailure data, MAC he gene r at ed trees, replaces of einimal cut sets gene r at ed i
'

f ault-t ree AFT t hem by pseudo- and top event

descript ton owT eoeponent, tben
'

R-of-N uses top-dein j

!Boolean
subetitution i

i

- h

'
i *9r prise topl ic oat s. r

I
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fable 6-4. Computer codes for quantitative analysis y

Type of computet, g.
'

Omantitative importance - ttocertainty / Other language, and ,

.Csee input calculatione calculat ion # analysts features , eve 11ab111ty 4 +,
, ,

''
tot kDS teduced systee eque- No he Tuo soments er minimal Multiple system functions 1RM %ar)4 '"

tions or ateinal cut > cut sets and top utth multiph data impet - Fortres IV , j
' Avattable freeevent calculated by descriptLan .an be #'sets, primary-event

fa11ere data mothematical approach headled; a paean-tere' W1A (
' distritwt h e can be .

*#- 3 (fitted ra tep event

DPD teduced system equa- No No C3abines tuo b1stegrams A Sevestan upsating of CIC 7600 ~

tion, primary-event , at a time re achte se capability'.allous dis- Fortres IV

failure data. ,- the histogramt los- tributions to be
,

Available free #

automatically ' .. ' ' " f( / ,' g p Fick.ard. I.eue', s normal con be handled updatedf 4
and Carrick. Inc., , j

FRANTIC Reduced system egea- Time-dependent calcu- ho l'ecertainty a. slyst. Human-errorfand dependeet- , 13M he/370

and tion or minimal lattee; nearepatrable, for fails,e rates la f attore cent eJ eet tias \ tortram It ,

FRANT!C F1' cut set s, primary- maattered. and period- conjenei ton with can be mode 14t IRANTIC* Available 'ross'- e

svent f a11ere data Scally tested primary time-depeed ot 11 can handle time- Argonne Software

events are headled ca'culation dependent fa11ere rates Center
*

and lacerporates ef fect
of renewa1 on asing

GO GO charte and fault- Only time-independent No No .
Cut sets for selected gates CDC 7WO

tree fatture data calculations for and probability trusce- Fortran IV
tion of cut sets m to available f reegates and top evert; 3 order 4 EPRI

*
- -
/

sonrepatrable or
periodteally tested
primary events are
handled

.

IMPORTANCE Minimal cut seta. Top-event point-estimate The following impor- No # Cut sets and primary events CDC 7600

gg primary-event probab!!!ty or tance erasures can - can be ranked on beats of Fortran IV
Ut failure data unavailability be calculated: '[ each importance measure Available from

Birnbaum. Argomee Softuore

criticality. - Center
upgrading

rp
sfunction.

Fussell-Vesely.
* ',,

't
Barlou-Proschan. ,a 9, ,' I* / ,|*
steady-state.

I

Barlou-Proschan, , ' , j. .

sequential ,,, , -'
contributory

KITT-1 Minimal cut sets Tier-dependent unavett- Fusse11-Vesely impor- No AITT-2 ell e each com- lad h0/ 370
CDC 7600 ,

and KITT-2 supplied directly ability'for primary tance calculations poewat,to have unique * Fortraa IV
or by MDCLIS or PREP; events, sintaal cet - for primary events time paases and thus

*
Available freeprimesy-event failure sets, and top event; and minimal cut fatture and repair to

data failure rate, es- sets vary f rom phase to phase Argonne Software

pected number of is11- , Center
ures and unreliabil- ,

sty for top event and
staimal cut sets

MOCAR$ Minimal cut sets or No Ne $1s11ar is method to Microfile plotting of out- CDC Cyber 76
'

redeced systes $ AMP 1.E, but handles put distributtee. Fortran IV
equation. primary. esponential. Caucky. Koleogorow-Sairnov tvallable free

*'
event failure data hie 11,u11. Pearson goodness-of-fft test on Argonne Software

type IV. and empir- output distribetten Center /
# I

tral distributions possible
'

PROSA-2 Reduced algebraic 15 0 No $1allar in method to loput parameters can be 18M 370

function for system $ AMPLE, but can also correlated; no sorting Fortran IV
handle any distribe- mecessary to obtain Available free

representation,
tion in the farm of top-event histogree Argonne Software

failure data
a histogram, trun- Center
cated normal, and
beta distributton

. . . . ..
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Table 6-4. Computer codes for quantitative analysis (continued)
Ty pe of coervter.

Uuantitat1se Imp rtance Oncertalaty Other language, aNf

Code innt c a l cu l et 1 o6.s calculat ten analysis festures e,silability
_

PCFD Reduced algebraic ho ho Dist r i but ion of primarv - CDC 7e&
Fortran IVevents propa,ated upfunction for systes

representation, fall- to top event, for A vaila b le frog

Ba bc oc k & bilcos=Sich nr a n , va r i a n c e .
ure data and t hi r d and f ourt h

m ments about the
mear are calculated

R.A LLY Fault-tree description, Average unavailabilities Code CFf5 SEX in RALLY CncertaintV analysis is Op to ISUC components and I&M M/ 370

control information, and failure frequen- can perf ers impor- possible by using 21"J gotes c4n he Fortran IV

[ failure data cies relculated for t a nt calculations minimal cut sets handled, winimal cut

| obt ained by RALLY. sets can be determinedtop event; time-
dependent calculation hrmal, loa,ormal, using eit her a slaula-

possible through use Johnson. , estreme tive or analytteal way ,

value-1, helbull,of minteal cut sets
ramma, and eu roaen-

tial distributions
are handled

RAS Fault-t ree description Time-independent No No Phased mission analysis CDC 7000
poss ble; if tault tree Fortran IV

or minial cut set s ; unavailability,
is input, mintaal cut Available from

failure and repair expected nuater of
sets will be calculated Argonne Software

rates failures, and fre-
Center

quency of top event

SAMPLE Minimal cut sets or No No Nnt e Carlo simula- Used in the Reactor Safety IBM N f370

tion. Three t ypes Study Fortran IV
reduced system Available fromof distributions canequation, primary-

be used for primary Argonne Software
event f ailure datay event: uniform, Center

| normal, and lognormal
LJ
@ SPASM Fault tree or reduceJ No No Siellar in nrthed to -- CDC 7e#

BOLNDS, but SPAS" can Fortran IV
system equation;

! work in conjunction Available from
component failure'

with WAMCUT EPRI
data

STADIC Reduced system equa- No No Similar in method to Up to 10 system equations PRIM

SAMPLE, but has an and up to 7$ different UNIVAC 1180
tion, primary- ef f f f tent method of variables can he used CDC 7600
event failure data

sort ing probabil- in each system equation Fortran IV

ities obt ained in Available from

each trial; can General Atomic
hand le normal, log- Company

normal, log uniform,

and t abular inrut
distribetions

SUPERPOCUS Minimal cut sets. T i me-de pe n d e nt unavail- Yes No Minimal cut sets a re ranked IBM 360/370
on the basis et impor- CDC 7h00

component failure ability, relia b111 t y,

data, time at which and expected number of tance; c ut sets can be Fortran IV

calculations are failures for minimal read directly from MDCLS Available from

or PREP 1re pt . of Nuclear
performed cut sets and top event

Entineering,
University of
Tennessee

WAM-BAM Fault-tree descri sion, Point unavailability No No E xtensive error checki ng CDC 7M)0
possible through WAM, Fort r an IV

primary-event allure calculation for
probability truncation Available from

data top event and inter-
of fault tree; sensitiv- EPRI

mediate gates; no
time-dependent anal- ity analysis possible by

using WAM-T AP preprocessorysis pos s i ble
instead of WAM

aA GO chart (see Section 3.6. 3 ) is a chart that resembles a schematic of eystem primary events and their relations via a set of 16 soolean operators.
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Table 6-5. Computer codes for dependent-f ailure analysis
.

Type of computer,
Method of common- Other langu age , and

Code Input cause analysis f e atures availability

BACFIRE Cut sets, component Cut sets are examined Has same features as COMCAN, IBM 360/370
susceptibilities, for possible common but allows use of multiple Fortran IV
location of com- generic causes or locations for basic events Available from
ponents, and links between all such as pipes and cables Dept. of Nuclear
susceptibility components in a cut Engineering,

domains set; cut sets that University of
are common-cause Tennessee <

candidates are
printed

COMCAN Cut sets, component Cut sets are examined Cut sets that are common- IBM 360/370
susceptibilities, for possible common cause candidates can be Fortran IV

T location of com- generic causes or ranked by significance Available from

$ ponents, and links between all of common-ceuse f ailure Argonne Software

susceptibility components in a output Center

domains cut set

COMCAN II Fault tree, S ame as COMC AN FATRAM is used to generate CDC 7600 <

component cut sets before common- Fortran IV

susceptibilities, cause analysis; other Available from

location of features are similar to Argonne Software
components, and those of COMCAN Center

susceptibility
domain

MOCUS-BACFIRE Fault tree, com- Same as BACFIRE Similar to BACFIRE, but IBM 360/370
ponent suscepti- does not need cut-set Fortran IV

bilities, loca- input: cut sets are gen- Available f rom

tion of com- erated by MOCUS and Dept. of Nuclear

ponents and automatically passed to Engineering, MIT

susceptibility BACFIRE
- domain
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Table 6-5. Computer codes for dependent-f ailure analysis (continued)

Type of computer,

Method of common- Other language, and

Code Input cause analysis features availability

SETS Fault tree Adds generic causes Can handle large f ault trees CDC 7600
and links to f ault and can identify partial Fortran IV
tree; cut sets that dependency in cut sets; Available from
include one or more attractive features of Argonne Sof tware
generic causes are SETS as cut-set generator Center
obtained and identi- justify use for dependent-
fied as common-cause f ailure analysis

candidates
WAMCOM Fault tree with Uses modularization Can identify common total or CDC 7600

susceptibilities and SETS to more partial links between com- Fortran IV

added effectively identi- ponents of f ault tree; can Available from
fy cut sets that handle very large f ault Science Applica-os

da are either cont ain- trees tions, Inc.
ing critica' events,
critical random
events, significant
common-cause events,
or to describe
common-cause sets for
each random failure

O O O
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3 not being presented in tabular form. A tabular summary or' the codes de-,
\/ scribed here and in other chapters of this guide is presented in Appendix C.

i

6.5.1 COMPUTER CODES FOR THE QUALITATIVE ANALYSIS OF FAULT TREES

This section deals with codes that compute the minimal cut and/or path
sets cf a fault tree or perform Boolean reduction for the' fault trees.
Minimal cut sets give all the unique combinations of primary-event failures
that cause system failure; minimal path sets give the smallest group of
primary-event f ailure that must not occur in order for the system failure
not to occur.

Minimal cut sets are used by some codes to evaluate fault trees. In

particular, minimal cut sets are used by some codes (e.g., KITT and
SUPERPOCUS) to calculate the probability, unavailability, or unreliability
of the top event. Some codes, such as SAMPLE and SPASM, use minimal cut
sets for sensitivity or uncertainty analyses. Minimal cut sets are also
uend in some codes to perform importance calculations (e.g., IMPORTANCE).
Finally, in dependent-failure analysis, some codes (e.g. , COMCAN) use mini-
mal cut sets for common-cause searching. The minimal cut sets themselves
provide much use ul information about the design weaknesses of the system.
Furthermore, minimal cut sets can be compared with the original tree to
identify possible errors in the fault-tree logic,p-

1t

\s_,/ Two methods of calculating minimal cut sets are used in computer
codes. One is deterministic; the other is a Monte Carlo approach. The de-
terministic method uses Boolean-algebra principles to sort through the
fault-tree structure, which must first be encoded in a suitable format. Al-
though accurate and rigorous, this method can be slow for large fault
trees. However, modern approaches like fault-tree modularization have made
its use for large fault trees very feasible. The Monte Carlo approach ran-
domly selects the events in the fault tree and combines them to test whether
the fault-tree logic is satisfied. If an event combination is selected that
does satisfy the logic, a cut set has been established. This method is less
accurate but sometimes faster than the deterministic method. Both methods
can be streamlined for more economical use by limiting the size of the fault
tree to be examined or by setting a limit on the size of the output minimal
cut sets. Further details about the methods for determining minimal cut
sets can be obtained from the Fault Tree Handbook (NRC, 1981).

One disadvantage of the minimal-cut-set codes is that the storage and
computer time for processing even medium-size trees can become quite prohib-
itive. The number of cut sets can increase drastically with a slight in-
crease in the number of gates or primary events. For example, one tree with
299 primary events and 324 gates had more than 67 million cut sets. How-

.'
ever, the number of gates and primary events is not the only indicator of
the complexity of the tree, whereas the configuration of the gates and pri-
mary events is an important contributor to its complexity. Therefore, a,

/'~'N fault tree with a smaller number of gates and primary events than another
( ) tree can contain more cut sets, simply because it has a different logical or

, '~'
| structural configuration. Thus, it is often difficult to predict the stor-

| age requirements and running time for a given tree.
l
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Several methods can be used to overcome or at least alleviate the prob-
lem of obtaining all the minimal cut sets. The most common is to eliminate,
during the processing, cut sets whose order (number of events in the cut
set) is larger than a preselected number or whose probability is less than a
specified value. In the Reactor Safety Study (NRC, 1975), for example, only
single- and double-event cut sets were recained; the higher-order cut sets
were analyzed only f or common-cause-f ailure potentials. Another method of
alleviating the problem is to reduce and simplify the fault tree before gen-
erating cut sets; for example, the WAMCUT-II method substantially reduces
the number of cut sets. Finally, tree modularization is sometimes used as
an alternative method of reducing the number of cut sets (e.g., the PL-MOD
method).

Presented below are brief descriptions of the qualitative-evaluation
codes, including purpose, method, input and output language and type of
computer, and special features. It should be noted that a number of
qualitative-evaluation codes have limited quantitative capabilities. These
capabilities are also discussed.

ALLCUTS

ALLCUTS finds minimal cut sets from fault trees with AND and OR gates
(Van Slyke and Griffing, 1975).

ALLCUTS uses a top-down successive Boolean substitution algorithm simi-
lar to that of MOCUS. An auxiliary program, BRANCH, can be used to check
the input and cross reference the gates and input primary events.

Required input consists of control information and description of the
fault tree, but the code allows the option of entering primary-event prob-
abilities. If these data are input, ALLCUTS can compute the top-event prob-
ability. Output f rom ALLCUTS can be printed. The cut sets are sorted, and
up to 1000 minimal cut sets in descending order of probability can be gen-
erated and printed. Cut sets within a specified probability range can be
obtained and printed.

The limited number of cut sets that ALLCUTS generates restricts its
use, especially for large fault trees. ALLCUTS handles up to 175 primary
events and 415 gate events. The code is very similar to MOCUS. If re-
quested, ALLCUTS performs a limited search of minimal cut sets to identify
common manuf acturer, common susceptibility to secondary f ailure causes, and
close proximity of primary events. ALLCUTS is written in Fortran IV for the
CDC-6600.

FATRAM

PATRAM is used to find minimal cut sets from fault trees with AND or OR
gates (Rasmuson and Marshal, 1978).

The FATRAM algorithm is very similar to that of MOCUS, but it uses less
core and less computation time. The reduction in core requirements is
achieved by (1) resolving OR gates with gate inputs and AND gates as early
as possible, (2) handling replicated primary events, (3) postponing until
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O last the resolution of OR gates with only primary-event inputs, (4) writingt 4

\s_ / out cut sets without expanding in core, and (5) eliminating supersets at
very early stages.

Required input consists of control information and a description of the
fault tree. Eight-cb sracter alphanumeric names can be used for the fault-
tree events. The output consists of minimal cut sets of up to a level spec-
ified by the user.

Most of the characteristics of FATRAM are similar to MOCUS. However,

because of the improved methodology, larger fault trees with more efficiency
can be' handled. FATRAM has an input-error-checking procedure. FATRAM is
written in Fortran IV for the CDC Cyber 76 computer.

FTAP

FTAP, used to obtain minimal cut and path sets (Willia, 1978), deter-
mines minimal cut sets of any order for fault trees with AND, OR, K-of-N,
and NOT gates.

The FTAP algorithm is based on one of three methods selected by the
user: top-down, bottom-up, and Nelson. The top-down and bottom-up ap-
proaches are basically akin to the methods used in MOCUS and MICSUP, respec-
tively; the Nelson method is a prime-implicaat algorithm that is applied to
trees containing complement events and uses a combination of top-down and

[ '} bottom-up techniques. FTAP uses two basic techniques to reduce the number
\,,,/ of nonminimal cut sets, thereby increasing the code's efficiency. The first

technique, used in the bottom-up and Nelson methods, is modularizing inde-
pendent portions of the tree; it is s<mewhat similar to the SETS algorithm.
The second technique, used in the top-down and Nelson methods, is called the
" dual algorithm." In this algorithm product of sums are transferred to sum
of products whose dual is then taken by using a special method. It is
claimed that the nonminimal sets appearing during the construction of the
dual "will always be less than the number of such sets in (the original
product of sums), usually many times less."

,

The input information required by FTAP consists of control information
and a description of the fault tree. Eight-character alphanumeric names are
used for the events in the fault tree. The output, which can be printed,
includes the list of minimal path and cut sets and, where applicable,~ti
list of prime complicants. |

The code is able to generate cut sets of high order with high effi-
ciency. Flexibility in the use of one of the three algorithms provides a
tool to more efficiently evaluate large fault trees. FTAP has an extensive
error-checking procedure. Written in Fortran IV and assembly language, FTAP
is available in CDC 6600/7600 and IBM 360/370 computers.

! GRAP '

|

' f' 's The GRAP (Graphical Reliability Analysis Package) code uses interactive
( ) graphics to automate reliability analysis. Interactive graphics construc-'' 3

tion of fault trees is combined with fault-tree analysis algorithms to pro--

vide a complete system for fault-tree analysis (Lynch, 1981). The code !

6-41

e

, - , _ - _ _ _ .
,I



package allows for the interactive graphics construction, cut-set
identification, and quantification of fault trees.

Fault-tree evaluation is performed by adopting the algorithm used in
FTAP. The algorithms have been modified and somewhat extended to include
the quantification of the fault-tree cut sets. Up to 600 gates and primary
events can be bandled.

The input to the code is the structure of the fault tree and basic
failure rates. The output is a list of all the minimal cut sets and the
probabilities of cut sets and the top event.

The use of interactive graphics allows for on-line computer storage of
the fault trees. Updating of fault trees and the investigation of proposed
design changes can be performed quickly. The use of interactive graphics
and immediate storage of the tree make the construction and the use of GRAP
very simple. GRAP is written in Fortran IV f or the CDC Cyber 750.

MOCUS

MOCUS is used to find minimal cut or path sets from fault trees with
AND, OR, and INHIBIT gates (Fussell et al., 1974). Written to replace PREP
as a minimal-cut-set generator for the KITT codes, it can determine minimal
cut sets of up to order 20 (maximum length specified by the user).

The MOCUS algorithm uses successive Boolean substitution, starting from
the top event and working down the tree until all gates have been replaced
by primary events. If the tree contains no replicated events, the end re-
sult of the substitution is minimal cut or path sets; otherwise Boolean
identification should be applied to minimize the cut or path sets.

Required input consists of control information and a description of the
fault tree. Optional input includes eight-character alphanumeric names for
primary events, primary-event failure rates, and primary-event repair times.

MOCUS output can be printed, punched on cards, or written to either a
temporary or permanent on-line set. The list of minimal cut sets can be
passed to the quantitative programs SUPERPOCUS or KITT-1 and KITT-2 from the
punched cards or from on-line data sets.

The computer time required by MOCUS is approximately a linear function
of the order of the cut sets desired. However, large fault trees require a
prohibitive amount of time to generate cut sets of high order (say four
events or more). Since it does not handle NOT gates and special gates,
MOCUS is somewhat limited in use, but it is very efficient in determining
low-order cut sets. In addition to the top event, the cut sets of interme-
diate gates can be obtained. MOCUS is written in Fortran IV for the IBM
360/370 and the CDC 7600. It has an extensive routine for checking input
errors and requires no external routine.

PL-MOD

PL-MOD directly obtains modular minimal cut sets of any length for
fault trees developed with AND, OR, NOT, and K-of-N gates (Olmos and Wolf,
1977). Modular minimal cur sets make fault-tree quantification very simple.
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,- s The PL-MOD algorithm is based on fault-tree decomposition and modulari-
) zation. A module is a collection of primary events that are independent of

(%/ the res, ult of the tree and can be replaced by a "supercomponent" (i.e., the
module). PL-MOD separates all replicated events from the rest of the tree,
modularizes the independent portion of the tree, and then finds Boolean re-
lations between the replicated events and the modules. This Boolean rela-
tion is reduced and presented in the disjunctive normal form that is the

,

'

modular minimal cut sets. The code MODCUT is used (Modarres et al., 1980)
to expand the modular minimal cut sets to obtain the minimal cut sets. MOD- |

CUT determines minimal cut sets of any length (meximum length specified by
the user).

Required input is control information and a description of the fault
tree; optional input includes up to 79-character alphanumeric names for the
primary events and the gates of the fault tree, primary-event failure rates,
repair rates, and average test length. The input is free in format. Output
f rom PL-MOD or MODCUT can be printed; it includes the list of modular mini-
mal cut sets and minimal cut sets as well as the probabilities of primary
events, modules, and gates.

An option of time-dependent analysis (the PL-MODT code) calculates sys-
tem unavailability at different times. Fussell-Vesely importance calcula-
tions can be performed for all primary events, modules, and modular cut
sets, and a Monte Carlo simulation option is available for uncertainty anal-
ysis. The Monte Carlo simulation subroutine is similar to SAMPLE, but,
because PL-MOD uses modular cut sets for quantification, the calculations

[\s_,}
are more efficient. Because PL-MOD is written in PL/I language, it has the

/ disadvantage of machine dependence (PL/I is not available in many computer
systems) and lack of tamiliarity with PL/I language among scientific users.
However, the use of the code is very simple and straightforward.

PREP

PREP obtains minimal cut or path sets from fault trees with AND, OR,
and INHIBIT gates (Vesely and Narum, 1970). It can determine minimal cut
sets up to order 10 (maximum length specified by the user).

PREP consists of two parts: TREBIL and MINSET. TREBIL (for " tree
build") takes the user's input description of a fault tree and builds a
Fortran subroutine of the Boolean equations representing the fault tree.
MINSET then uses the TREBIL produced subroutine to determine cut and/or path
sets. MINSET uses combinatorial testing to find the minimal sets. For ex-
ample, it systematically fails all single-primary events, pairs of primary
events, groups of three primary events, etc., to find which combinations
cause the top event of the fault tree to occur. The time required for the
analysis is an exponentially increasing function of the average length of
the desired cut sets.

Required input consists of control information and a description of the
fault tree. Optional input includes eight-character alphanumeric names for
primary events, primary-event failure rates, and primary-event repair

,

/'~'S times. Most of the PREP input is identical with the input to M0CUS. Out-
'

( ) put can be printed, punched on cards, or written to either temporary or
' ' ' permanent online data set. The list of minimal sets can be passed to the
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94quantitative programs SUPERPOCUS, KITT-1, or KITT-2 from the punched cards
or from online data sets.

The main disadvantage of PREP is that it requires a prohibitive amount
of computer time for large-order cut sets (more than, say, three events).
Moreover, NOT gates and special gates are not handled by the code which
makes the use of PREP somewhat limited. However, for obtaining cut sets of
low order (up to, say. three events), PREP is very efficient. The primary
events are assumed tr be independent; unlimited replicated events are al-
lowed; cut and path sets of intermediate gates cannot be generated. Written
in Fortran IV for the IBM 360/370 and the CDC 7600, PREP has an extensive
routine for checking input errors and requires no external routine.

SETS

The SETS (Set Equation Transformatio- System) code, developed by Sandia
National Laboratories, is a general program for the manipulation of Boolean
equations to find minimal cut or path sets (Worrell and Stack, 1978). It

finds cut sets of any length (the maximum length can be specified by the
user) for fault trees with AND, OR, NOT, or special gates (specified by the
corresponding Boolean equation).

SETS is run by using a user's program designed by the user. The user's
program must be so set up that the fault tree is evaluated efficiently, and
it largely determines the evaluation algorithm. In general, two major al-
gorithms are used. The first substitutes the Boolean equation of each for
the top to the lowest branches of the tree. The second identifies indepen-
dent subtrees, replaces them by a module, and then performs a simple substi-
tution of the Boolean equation from top to bottom. By manipulating the
user's program, these two algorithms can be applied first to intermediate
gates and continue to apply to higher order gates which causes a bottom-up
solution of the tree.

Required input consists of the SETS user's program and a description of
the fault tree. Input events (gates and primary events) can have up to 16
alphanumeric names. The input is free in format, which makes its prepara-
tion very simple. The output can be printed or stored on tape or disk for
further use. For example, if cut sets are obtained for an intermediate gate
and stored on tape, in another SETS run one can read the equation from this
tape to solve the Boolean equation of higher order gates. The list of mini-
mal sets can be passed to the SEP code (Olman, 1980) for uncertainty or im-
portance analysis. The SEP code gives a powerful quantitative capability to
SETS.

SETS has an option of logical merging for fault trees. This is very
useful when systems in the event trees (i.e., front-line systems) must be
merged with theit support systems. Steady-state probability calculations
are performed by SETS and make it possible to truncate the Boolean equation
by probability or cut-set order. SETS can handle up to 8000 events (gates
and primary events), which makes it capable of handling very large fault
trees. Its main disadvantage is that an efficient fault-tree evaluation is
highly dependent on a right setup of the user's program, which requires ex-
tensive knowledge and experience on the part of the user. SETS has been
used in several PRA studies (IREP, RSSMAP, etc.). A plot code can be used
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; ) to plot the fault trees on a Cal Comp plotter from the input fault-tree des-
\/ cription of the SETS output tape. SETS is written in Fortran IV for the CDC-

7600. An extensive routine for input-error checking is available.

SIFTA

SIFTA (Simple Fault Tree Analysis) performs logical restructuring and
reduction, and probability calculation on fault trees with AND, OR, and
K-of-N gates (Waddington and Wild, 1981).

The algorithm for evaluating fault trees is not based on the tradi-
tional generation of cut sets: a pattern-recognition technique "restruc-
tures" the fault tree by using relations between the laws of Boolean algebra
and ragrouping certain patterns of events. For example, if replicated event
C is input to two different OR gates A and B, and A and B are input to AND
gate T, then event C can be taken out from A and B and put directly into
gate T. Hence the restructuring makes the replicated event C a regular p:1-
mary event. Several other more complex patterns are recognized and changed
to a new reduced form. The numerical evaluation starts with the direct cal-
culation of independent branches, followed by a calculation of branches made
independent through the reduction of common events. If the structure of the
tree does not allow full reduction, the residual tree is processed by simu-
lation. Unavailability is simulated by failure in a proportionate number of
trial periods of 0.01 year. The simulation terminates after 10 occurrences
of the top event.n

[ \
\ ,,/ Input is very simple and free in format. Events in the tree can be in-

put by up to 10-character alphanumeric names. The output can be displayed
on the terminal and includes the new structure of the tree and the numerical
results.

SIFTA is a code that is simple to use and can handle trees with multi-
ple top events. Merging of fault trees is possible during interactive in-
putting of the fault tree. There is thorough error checking. Noteworthy is
the ability to untangle loops caused by errors in logic or by the misspell-
ing of event codes. SIFTA can plot the fault tree by first displaying it on
the screen of the terminal. The displayed tree can be edited and plotted
fully or partially by a multicolor plotter. The SIFTA method, however, is
highly dependent on the logical structure of the tree. It would be very
difficult for the code to handle large trees (1000 events and up) or trees
with a significant number of dependencies. SIFTA is written for HP-1000
computers but is being implemented on a CDC computer.

TREEL AND MICSUP

TREEL and MICSUP are used to obtain minimal cut or path sets from f ault
trees with AND and OR gates (Pande et al. ,1975). They find minimal cut
sets up to a specified order (maximum length specified by the user).

The algorithm is similar to that used in MOCUS, except that, working
/'~'N from the top event down, MICSUP (Minimal Cut Set Upward) starts with primary
( ) inputs of the lowest level gate and works upward to the top event. TREEL is
' a preprocessor that checks the tree for errors and determines in advance the

maximum number and order of the cut and path sets.
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Required input consists of control information and a description of the
fault tree; optional input includes eight-character alphanumeric names for
the primary events in the fault tree. The output can be printed. This out-
put includes the list of minimal path and cut sets.

In most of their characteristics, TREEL and MICSUP are similar to

MOCUS. However, because of the bottom-up algorithm used in MICSUP, the path
and cut sets of intermediate gates can be more easily bound. TREEL has an
extensive error-checking procedure. TREEL and MICSUP are written in Fortran
IV for the CDC 6400.

I

WAMCUT

WAMCUT is used to obtain minimal cut sets and to quantify probability
for the gates and top events of fault trees (Leverenz et al., 1978). It

finds cut sets of any length for fault trees with AND, OR, NOT, NOR, NAND,
ANOT, ONOT, and K-of-N gates.

WAMCUT consists of two parts: WM1 and CUT. WAM is a preprocessor that
reads the fault-tree description and checks for logic and syntax errors.
CUT is the cut-set finder routine, which takes the restructured input fault
tree f rom WAM and finds the cut sets of each gate, working f rom the bottom
to the top of the tree.

Required input consists of control information and a description of the
fault tree; optional input includes 10-character alphanumeric names for
primary events and gates, failure rates, and the number of cut sets to be
generated. Output includes a list of cut sets and the probability of each.
The cut sets can be saved for use in SPASM for uncertainty analysis.

WAMCUT is very easy to use. It can process large fault trees with up
to 1500 gates and 1500 primary events w3thout large expenditures of computer
time, but the number of cut sets per gate is limited to 2000. Probability
truncation of cut sets makes the code practical for PRA. Written in
Extended Fortran IV f or the CDC 7600 computer, WAMCUT has been used in
several PRA studies.

WAMCUT-II

WAMCUr-II, an advanced version of WAMCUT, is used to obtain minimal cut
sets and to quantify probabilities for the gates and top events of fault
trees (Putney and Kirch, 1981). It finds cut sets of any length and handles
the types of gates handled by WAMCUT.

WAMCUT-II evaluates the fault tree by restructuring the logic to obtain
and replace independent portions (independent subtrees) with pseudocom-
ponents and to optimize the tree, thus reducing the amount of processing.
Events that are input to several gates (replicated events) are moved up as
far as possible toward the top of the tree without violating Boolean-algebra
rules. After the tree is restructured, cut sets are obtained with a top-
down algorithm. The " fault-tree minimal cut sets" are in terms of the in-
dependent subtrees. This form of cut sets is advantageous for quantita-
tive calculations comparing to " regular minimal cut sets." However, if
requested, WAMCUT-II can incorporate the minimal cut sets of independent
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[' subtrees into the fault-tree cut sets so as to obtain regular minimal cut

( sets. In certain cases this process can be costly and may be unnecessary. :
,

Input to WAMCUT-II is the fault-tree description and, optionally, the
probability of failure for each primary event. The output consists of the

'

fault-tree minimal cut sets and failure probabilities for intermediate gates
and the top event.

WAMCUT-II is very similar to WAMCUT in its capabilities, but is usually
much faster. Tne process of restructuring the tree and removing the inde-
pendent subtrees can reduce the running time considerably. WAMCUT-II is !

written in Fortran IV for the CDC 7600; it is currently being converted to |
run on the IBM 370 computer. |

!

!

6.5.2 COMPUTER CODEE FOR QUANTITATIVE ANALYSIS
!

A variety of codes have been develooed for the quantification of acci-
'

dent sequences. Like the qualitative programs discussed in Section 6.5.1,
each one has its own uses, and which one is used depends greatly on the size
and complexity of the fault tree. Most of the quantitative programs dis-
cussed here are used to make point estimates of the probability of fault-
tree top events; several codes, however, have special applications or
characteristics.'

O)( Codes developed for calculating point-estimate probabilities indicate
\- ' the relative safety of the system by establishing a probability for the top

event. A point-estimate code should be capable of describing the relative
safety of the system with a numerical value, and it should provide a list of
probabilities associated with the dominant minimal cut sets or primarya

events that contribute to system failure. Other quantitative results that
are calculated by these codes cre importance measure for primary events,
minimal cut sets and modules of the tree, sensitivity, time-dependent un-
availability or reliability, and uncertainty analysis by either Monte Carlo
simulation or deterministic methods. The application of these calculations
is discussed elsewhere in this guide.

Computer codes that perform quantitative analyses can be divided into I

two major groups: those requiring minimal cut sets as input, and those able
to perform analysis without computing cut sets as a necessary intermediate ;

step. The latter are called direct-evaluation codes.

,

BOUNDS
,

BOUNDS is used to find probability intervals of system unavailability
(Lee and Apostolakis, 1976). Multiple system functions with multiple data
input descriptions can be processed in one run.

;

In the first step of the procedure BOUNDS computes, from primary-event
failures, the first two moments of primary-event unavailabilities.- Next it

\s_,-}[ uses the information on minimal cut sets to obtain the moments for the oc-
currence probabilities of the minimal cut sets. From this last step, it

|
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calculates the moments of the top-event probability. It matches these mo-
ments to produce the Johnson-type distribution that possesses the same
moments and then uses the fitted distribution to obtain the uncertainty
bounds of the top event.

In input and output BOUNDS is similar to SAMPLE. The code can handle
up to 1000 primary events. The number of input minimal cut sets is limited
to 500, and it is assumed that there are no more than 5 primary inputs in
any minimal cut set. BOUNDS is written in Fortran IV f or IBM 360/370
computers.

DPD

The DPD (Discrete Probability Distributions) program is a histogram-
convolution code that arithmetically combines two histograms at a time in a
multistage prccess to achieve a desired variable distribution (Kaplan,
1981). The input consists of variable histograms that are input directly
or generated internally if a continuous lognormal distribution is desired.
The output is a histogram for combining the input variables.

A Bayesian-update feature allows the use of any created histogram as a
prior distribution. The prior distribution can be updated by entering dis-
crete or continuous events and the number of ttials or time intervals from
the event history to yield a posterior (updated) distribution. The DPD code

,

is written in Fortran IV f or the CDC 7600 computer.

FRANTIC

The FRANTIC (Formal Reliability Analysis 4.ncluding Testing Inspection
and Checking) code computes the average and time-dependent unavailability of
any general system medel like a fault tree (Vesely and Goldberg, 1977). It

can be used to assess the ef fects on system unavailability due to test down-
times, repair times, test efficiency, test bypass capabilities, test-caused
failures, and different test staggerings. The primary events handled by
FRnNTIC are periodically tested, nonrepairable, and monitored primary
events; humc.n-error and dependent-failure contributions can also be modeled.

FRANTIC uses a system equation that represents the general system model
much as a fault tree does. The system equation must be formulated by the
user before the FRANTIC run. The primary events of the system equation are
assigned an exponential distribution to describe hardware failures. At dii-
ferent instants of time the unavailability of each primary event is calcu-
lated. A Monte Carlo version of FRANTIC can be used to input sampling
distributions for primary-event failure rates.

The input to FRANTIC consists of the system equation, primary-event
failure rates, and test and repair characteristics; other inputs include the
time period for the calculations as well as print and plot options. The
output consists of system unavailability at different instants of time and,
if requested, Cal Comp plots of the time-dependent system unavailability.

A second version of the code, FRANTIC II, has been developed to enhance
the capability to model the time-dependent unavailability of primary events
and systems over their total in-service lifetime (Vesely et al., 1981). The
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effects of the initial burn-in period, the time region of normal operation,

7 's and finally the wearout period can be modeled (the bathtub model). To do

\~/')
this, FRANTIC uses the Weibull distribution, which has a time-dependent(
failure rate. In addition, FRANTIC Il allows the investigation of discon-
tinuous changes in the failure rate as a function of the number of testa
performed. This is essentially a demand-related, rather " San a time-
related, burn-in and wearout model. FRANTIC II also incorporates the
ef fects of renewal on aging by introducing " good as new" or " good as old"
primary events.

The FRANTIC and FRANTIC II codes are very simple to use. There is es-

sentially no limit on the number of primary events in the system equation,
but the construction of a system equation for a large system containing a
large number of primary events is a nontrivial task. FRANTIC and FRANTIC II
are written in Fortran IV f or the IBM 360/370.

ES

GO (see Section 3.6.3) calculates the probabilities of all operating
and nonoperating states for a system (Gateley et al., 1968). It uses a set
of standardized functional operators to model physical primary events with
mathematical entities that are easily identified as primary events. The
modeling technique prode es the GO chart, which corresponds closely to the
physical layout, diagram, or schematic.

In the modeling procedure, 16 GO cperators are used. Some of them are
similar to fault-tree gates, but in addition to logic functions, time delays

p-~ ) and switches can be modeled as well as complementary events and mutually ex-g

(,_,/ clusive states. The development of the GO chart consists of selecting the
functional operators and connecting them with arrows to represent the flow
of information. The GO code performs the logical connections and generates
the minimal cut sets.

Required input is the GO chart and probabilities associated with the
possible operational modes of each primary event, which is analogous to ap-
plying f ailure probabilities for the primary events of a fault tree. The
output consists of probabilities for several output events in several oper-
ating states. In addition, cut sets of up to order 4 are generated.

Like WAMCUT, the GO code reduces storage requirements by eliminating
low probability paths at an intermediate stage of the processing and at the
same time keeps track of the total of the discarded path. Because of the
diversity and detail of the GO operator probabilities and the need to
include all system primary events, the modeling process is quite complex.
Furthermore, a change in probabilities often requires a complete rerun.
However, the GO chart can be useful for design and system engineering.

ICARUS

The code ICARUS (Vaurio, 1979) is capable of calculating the aver-
age unavailability, optimum test interval, and relative contributions of
testing, repair, and random failures for any one of three testing schemes:

/'''s random testing, uniformly staggered testing, and nearly simultaneous

( I testing.
-
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ICARUS is developed to handle only periodically tested primary events,
such as constantly unavailable, nonrepairable, or monitored primary events.
It is capable of calculating the average unavailability only in the asymp-
totic state. Consequently, the user must choose one of the three available
testing schemes rather than create a particular testing scheme through the
input. ICARUS evaluates the average unavailability analytically, and in
this regard it is capable of calculating the optimum test interval by direct
differentiation.

The input consists of the choice of the testing scheme and various
frilure rates, testing downtime, and probabilities of failure detection for
the primary events in the system under study. The output consists of the
testing scheme and failure-mode probabilities specified by the user and the
average unavailability, optimum test interval, and average unavailability at
the optimum test interval for the system. Also provided are average un-
availability contributions due to testing, repair, and random failures.

The advantage of ICARUS over a similar code like FRANTIC includes the
use of analytical treatment for calculating unavailability, which avoids any
inherent numerical error. It also includes three failure modes not found in
FRANTIC: failure to start due to true demand, failure to detect a failure,
and failure to repair a failure. Disadvantages include the ability to han-
die only periodically tested primary events and the restriction to only
three testing schemes. ICARUS is written in Fortran IV for the IBM 360/370.

IMPORTANCE

DIPORTANCE was developed to rank primary events and cut sets according
to various available importance measures (Lambert and Gilman, 1977). It is
capable of handling fault trees with time-dependent primary events under the
assumption that primary events are statistically independent and that their
failure and repair distributions are exponential in time.

The importance measures that are included in IMPORTANCE are as follots:

1. Birnbaum (Birnbaum, 1969)
2. Criticality (Lambert, 1975)
3. Upgrading function (Lambert, 1975)
4. Fussell-Vesely (Fussell,1975)
5. Barlow-Proschan (Barlow and Proschan, 1975)
6. Steady-state Barlow-Proschan (Barlow and Proschan, 1975)
7. Sequential contributory (Lambert, 1975)

The input is a list of cut sets and primary-event failure data. (The
cut sets generated by FTAP or SETS can be received directly.) Input events
can have up to 8-character alphanumeric names. The output consists of the
probability, importance, and ranking of top events, primary events, and cut
sets on the basis of one or more of the above-mentioned measures.

IMPORTANCE is written ir. Fortran IV for the CDC 7600. It has been used
in several PRA studi s.

O
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KITT-1 and KITT-2g ,s
f )
\s_/ KITT-1 and KITT-2 are used for the quantitative reliability analysis

of systems. They calculate time-dependent reliability characteristics for
primary events, minimal cut sets, and the top event. The calculated char-
acteristics include unavailability, failure rate, expected number of fail-
ures, unreliability, and importance.

The KITT codes calculate conservative approximations of the top-event
reliability characteristics or can be used to bracket these characteris-
tics. If the bracketing is carried to completion, the exact values are
calculated. KITT-1 assumes that the primary events have exponentially dis-
tributed times to failure and constant repair times (if the event is repait-

able). Inhibit conditions have a constant probability of occurrence.

KITT-2 assumes that the primary events have exponentially distributed
times to failure and repair (if the primary event is repairable). The
parameters in these distributions (failure and repair rates) can be changed
at times specified by the user. Primary events can also be assigned initial
failed probabilities if the assumption is not made that they are working at
time zero. Inhibit conditions have a constant probability.

Required input consists of control information, primary-event informa-
tion (failure rates, repair times, and optional names), time points at which
the characteristics are calculated, and the list of minimal cut sets. The
control parameters control the bracketing options and allow multiple-

J'"'}/
parameter runs to be performed. Each parameter run uses the same minimal

( sets, but if one or more of the primary-event failure rates or repair times
,

are changed, the reliability characteristics are recalculated. The output
from KITT-1 and KITT-2 consists of unavailability, unreliability and the
expected number of failures for primary events, cut sets, and u.e top event;
failure rates for minimal cut sets and the top event; and importance for
primary events and minimal cut sets.

KITT-1 and KITT-2 are written in Fortran IV for the IBM 360/370 and t...

CDC 7600. Some input-error checking is available. The cut sets can be in-
put directly from PP.EP or MOCUS. However, for large fault trees the use of
the KITT codes would be very limited. No external routine is required for
running these codes.

.

M0 CARS

M0 CARS is a Monte Carlo code for determining the means, the standard
deviation, and distribution for fault-tree models (Matthews, 1977). It is
essentially the same as SAMPLE, with added capabilities. The method for
Monte Carlo simulation is the same as that in SAMPLE, but MOCARS can also
handle the following distributions: exponential, Cauchy, Weibull, Pearson
type IV, and empirical.

Input is a system-unavailability function specified either in Fortran
j statements or in terms of cut sets. The output is similar to that of SAM-
'

-g PLE, but M0 CARS has the additional option of microfilm plotting with the in-

) terrated s aphics system and the ability to perform a Kolmogorov-Smirnov,

\s / goodness-of-fit test. This test shows whether the output distribution
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resembles a normal, lognormal, or exponential function. The probability
distribution for the top event of the fault tree can be plotted as an op-
tional output.

M0 CARS is no more complex to use than SAMPLE. Its extra capabilities
(e.g., plotted output) give it advantages. Because of the added capabil-
ities, MOCARS is considered applicable to PRA programs and could be more
useful than SAMPLE. It is written in Fortran IV for the CDC 7600.
PROSA-2

PROSA-2 is an advanced versie. of PROSA-1, which provides a response-
surface solution to probability ' stributions for the consequences of postu-
lated nuclear accidents (Vaurio, t?81). However, the code can be used for
uncertainty analysis by a direct simulation of general analytical functions.

The method for Monte Carlo simulation is similar to that of SAMPLE, but
PROSA-2 has a different selection of input distributions; it can handle
partially correlated ir put parameters and forms the top-event histograms
without the comparative sorting method used in SAMPLE. The following types
of distributions are available in PROSA-2: uniform, truncated normal,
e::ponential, beta, and lognormal.

The input data include the simplified system equation, failure data,
and the type of distribution used for the events in the equation. The out-
put includes the probability-distribution histograms for top events and the
statistical-crror estimates for the histograms.

PROSA-2 code can handle dependent (correlated) input parameters and can
calculate conditional distributions. The maximum number of variable input
parameters that can be analyzed simultaneously is 12. The correlations (if
any) between the input parameters are limited to linear correlations. The
program can plot the output histogram. PROSA-2 is written in Fortran IV for
the IBM 370.

PUFD

The code PUFD (Propagation of Uncertainty through Finite Probability
Distribution) propagates the uncertainties in the input data through the
fault tree, combining them with uncertainties in other failure rates to
arrive at an estimate of system unavailability and the associated uncer-
tainty (Ahmed et al., 1981).

Unlike a Monte Carlo simuletion, which uses sampling for uncertainty
evaluation, PUFD propagates the ..smplete distribution of primary events up
to the top event. It reads and evaluates a user-defined system algebraic
function representing the unavailability of the top event. This function
can include up to 10 independent variables. PUFD evaluates the function for
every combination of independent variables and calculates the probability
for that functional evaluation by taking the product of the associated prob-
abilities. It groups the probabilities associated with each functional

evaluation into user-defined cells based on functional value.
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f ') Input is the user-defined algebraic function and the values and proba-

N _- bilities for each of the variables in the function. Output consists of them

various values of the user-defined function, their probabilities, and the
mean, variance, and third and fourth moments about the mean.

The method used in PUFD is more ef ficient than the traditional sam-
pling. However, the limit of 10 variables for the system function makes the
use of PUFD for large fault trees very limited. FUFD is written in For-
tran IV for the CDC Cyber 7600 computer.

RALLY

The code package RALLY, developed by the Gesellschaft fuer Reaktor-
sicherheit (1978), is capable of evaluating fault trees with up to 1500
primary events and 2000 gates, including AND, OR, NOT, and K-of-N gates.

RALLY consists of the codes TREBIL, TIMBER, CRESSEX, FESIVAR, CRESSC,
CRESSCN, SLAP-MP, KARI, and STREUSL. TREBIL was based on the PREP processor
for fault-tree synthesis, optimization, and data acquisition for the other
programs of the RALLY package. TIMBER plots the fault tree. CRESSEX calcu-
lates the average unavailability and failure frequency by means of Monte
Carlo simulation. FESIVAR is similar to CRESSEX except that it is capable
of performing importance calculations. Minimal cut sets are calculated by
either a simulation method with CRESSC (or CRESSCN if the fault tree con-
tains NOT gates) or an analytical method with the programs SLAP-MP and

[,_,} KARI. STREUSL performs a time-dependant fault-tree quantification based on
( ,/ the minimal cut sets of the tree. The average unavailability and failure

f requency are calculated by the AVAGE, code, which is used in conjunction
with STREUSL. For uncertainty calculations the following distributions are
handled by AVAGS: normal, lognormal, Johnson-SL, extreme value 1, Weibull,
gamma, and exponential. RALLY was used in the German Risk' Study and is
written in Fortran IV for the IBM 360/370.

RAS

RAS is an integrated package of computer codes for the quantification
of fault trees (Rasmuson et al., 1977). It is based on MOCUS, POCUS,
KITT-1, SRTPAN, and COMCAN. The package can be used for an entire system
analysis with up to five system phases, or it can be used to do only one
section of the analysis, such as cut-set determination er fault-tree
reduction.

The amount of input required for RAS depends on whether all capabili-
ties will be used or if only one or two tasks will be required. Either the
fault-tree logic equation or the cut sets can be input. Failure-rate data
(exponential distribution assumed), repair rates, and mission times are re-
quired for calculating unreliability. If more than one mission is desired,
this information must be input for each pnase. It should be noted that the
phases refer to system phases; cut sets or fault-tree equations can be dif-

[ ferent for each phase. In this RAS differs f rom KITT-2, which allows ' the

g'~')) phasing of primary-event information only and cannot readily handle system
phases.(

V
|

|

!
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RAS output can be in printed, punched-card, or file-scorage form. The
input information is printed out, which allows for easy error detection.
The specific information output depends on the options called within the
program. The output from cut-set algorithms includes a fault-tree summary,
the number of cut sets of each size. A listing of the cut sets is obtained
by requesting it as an input option.

If KlTT-1 or POCUS is called, reliability characteristics--including
availability, expected number of failures, and failure rates--are listed for
the top event. This information can be output for the cut sets and primary
events by exercieing ar. option. POCUS also has the option of ranking the
primary events and cut sets by their unavailability importance.

When phased missions are required, the mission cut sets can be reduced
by a cancellation subroutine and micsion unreliability bounds can be option-
ally calculated. The output from the bounds calculation includes the time-
dependent upper bound on mission unreliability for each phase.

RAS is convenient to use because one package can perform a wide range
of options without additional input, and several codes that accomplish dif-
ferent functions are included. However, several of these codes have long
running times, and their use may not be justified. It should also be noted
that, ac these codes are relatively new, there is little actual operating
experi(nce, which could affect the overall practicality of their use. The
RAS package is written in Fortran IV for the CDC 7600 computer.

SAMPLE

SAMPLE calculates the mean, the standard deviation, the distribution,
and the probability bounds of a function. It was used in the Reactor Safety
Study (USNRC, 1975). It uses the Monte Carlo simulation method and allows
multiple system functions with multiple data input descriptions to be proc-
essed in one run.

The Monte Carlo simulation used in SAMPLE is performed by sampling
primary-event failure rates from their input probability distributions and
finding the system unavailability corresponding to this " trial." After many
trials the system unavailabilities are sorted and unavailabilities corres-
ponding to various confidence levels are obtained. SAMPLE can use primary
f ailure data with either a normal, lognormal, or log-uniform distribution.
Once selected, the same type of distribution is used for all primary events
throughout the problem. Af ter all these trials, results are sorted and the
accuracy is tested. Finally, median and 90th percentile confidence bounds
are calculated by using the sorted results.

Input includes a system-unavailability function representing the logi-
cal configuration of the primary events, primary-event failure rates, and
error factors. The output includes a listing of input data, the median
valte of the point estimates, as well as the system unavailability in vari-
ous increments and distribution confidence limits. The output distribution
is presented in terms of estimated empirical probability percentiles from
which the estimated median and upper and lower bounds can be easily read.
The output also includes the estimated mean and standard deviation of the
distribution and a tabular histogram of the system density function.
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' /'''N SAMPLE is inefficienc with respect to its sorting procedure for the un-

( _,/ availabilities calculated in each trial. Also, the provision of the system
unavailability function is a nontrivial task for large fault trees. How-
ever, it is very easy to use. SAMPLE is written in Fortran IV for the IBM
360/370 computer.

SPASM

i

SPASM (System Probabilistic Analysis by Sampling Methods) is an
uncertainty-analysis code designed to complement the WAM series (Leverenz,
1981). Its main purpose is to provide an approximation to the top-event
probability distribution f rom an input system model and primary-event proba-
bility distribution. While SPASM can be used in conjunction with WAMCUT, it
can also be used indeper.dently. When using SPASM with WAMCUT, the system
analyst chooses an option in WAMCUT that builds a system model for SPASM
from the fault-tree Boolean equation. The analyst then inputs the model to
SPASM together with the distributions for each event in the model.

The method used in SPASM is similar to that of BOUNDS. However, if '

SPASM is used in conjunction with WAMCUT, the process of preparing and in-
! putting the system equation is eliminated. This makes the use of SPASM very
j easy and practical for large fault trees. -

IInput is very simple, especially if SPASM is used with WAMCUT (the in-
put in WAMCUT stays essentially the same). Only the first and second

g'"'N moments of the fault-tree primary events must be input. If WAMCUT is not
used, the analyst should construct the system model in Fortran IV to replace
the cut sets generated by WAMCUT. The output consists of the first and -

second moments of the top event. SPASM is currently programmed for a CDC
6600/6700 computer, but conversion to IBM machines is in progress.<

,

STADIC _I
,

The SIADIC code uses a Monte Carlo simulation to generate pseudo-random
sample statistical distributions for user-defined output functions (Cairns ,

and Fleming, 1977). STADIC-II (Orvis and Frank, 1981) is an improved
version. SIADIC was used in the uncertainty analysis of the PRA study for ;

high-temperature gas-cooled reactors (General Atomic,1978).

STADIC-II uses a 'binning" procedure that eliminates the need to store L

and sort all of the sample (Monte Carlo trial) values generated for an out-
put function. It also uses a very af ficient algorithm for calculating nor- ,

mally distributed random variables. 'In the binning procedure the complete
range of output-function variability, from the Oth to the 100th percentile,
is partitioned into user-defined intervals called bins. The programmed de-
fault is 20 bins with intervals concentrated around the 50th and 95th per- >

icentiles. STADIC-II internally calculates bin boundaries in terms of the
output-function values corresponding to' the preselected percentiles. A

counter is established for each bin. As each random sample value of the
I output function is generated, it is compared with the bin boundaries, the
) ,s bin within which it belongs is identified, and the corresponding counter is

incremented by one. Up to 10 functions using up to 75 different variables(V) can be analyzed simultaneously.
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Input consists of the user-specified functions to be evaluated, the pa-
rameters of the selected statistical probability density function, and
the number of trials desired. The user can specify any of the normal,
lognormal, log-uniform distributions--or select an arbitrary tabular
distribution--for any of the variables. The input variables can have dif-
ferent distributions within the same functional expression. The output of
STADIC-II consists of a complementary cumulative distribution function and a
probability density function for each input function; the mean, variance,
standard deviation, coefficient of skewness, and coefficient of kurtosis;
and the Monte Carlo sampling error.

STADIC-II is considerably faster than SAMPLE because of the binning
procedure. Another attractive feature is the flexibility of using different
distribution functions for the variable of a given function. STADIC-II is
written in Fortran IV and is currently available on UNIVAC-ll80, CDC Cyber
7600, and PRIME computers.

SUPERPOCUS

SUPERPOCUS is used for quantitative reliability analyses (Fussell et
al., 1977). It calculates time-dependent unavailability, unreliability,
unavailability importance, and unreliability importance for primary events
and ranks the primary events by importance. For the minimal cut sets,
SUPERPOCUS calculates unavailability, reliability, expected number of
failures, unavailability importance, and unreliability importance. The
top-event characteristics calculated by SUPERPOCUS are unavailability,
expected number of failures, and failure rate.

SUPERPOCUS is very efficient because it uses a tightly bounding ap-
proximation method. The approximations always overpredict failure char-
acteristics. Primary events are assumed to have exponentially distributed
times to failure and repair (if the event is repairable). Inhibit condi-
tions have a constant probability of occurrence.

Input consists of control information, primary-event information (fail-
ure rates, repair times, and optional names), time points at which the char-
acteristics are calculated, and the list of minimal cut sets. The control
parameters can be used to edit the output. Any or all of the output infor-

| mation can be suppressed except the top-event information.

The SUPERPOCUS algorithm is superior to that of the KITT codes. It ac-
cepts the initial unavailability for primary events. It can read the cut
sets directly f rom MOCUS or PREP output. SUPERPOCUS is written in Fortran
IV for the CDC 7600 and IBM 360-370 computers. A routine for input-error
checking is available, and no external routine is required to run the code.

WAM-BAM

WAM-BAM, which calculates a point probability of the top event (Leve-
renz and Kirch, 1976), actually consists of four codes: WAM, WAMTAP, BAM,
and CUT. WAM and WAMTAP are input preprocessors for the evaluation code BAM
(Boolean Arithmetic Model). The WAM preprocessor is designed to ease the
input description of the fault tree and the event probabilities. If re-
quested, the input to BAM can be saved and subsequently modified by WAMTAP.
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WAMTAP allows the probability of single or grouped primary events to be
[ changed for sensitivity studies. The use of WAM-CUT has been already dis-,

\ cussed in this section.

The evaluation code BAM uses a combination of concepts from the GO
method and f ault-tree analysis: it uses the GO computational scheme but ,

models the operations as gates on a f ae't tree. The probability of the top'

i event is computed by forming a truth table, each line of which represents a
product term (P-term) event disjoint from all the other P-terms. The prod-

i uct of the probabilities of the event in each P-term gives the probability
of the P-te rm, and the union of the applicable P-term gives the probability
of the top event. Like the GO code, WAM-BAM keeps track of the total prob-
- ability of the discarded p.th during a probability truncation.

WAM-BAM is very easy to use. However, the new version of WAM-CUT is
f aster and more efficient for calculating top-event probabilities. WAM-BAM

'

is written in Fortran IV for the CDC 6600 computer.
|
;

i

6.5.3 CODES FOR DEPENDENT-FAILURE ANALYSIS

Dependent-f ailure analysis is becoming increasingly important in system
| reliability and safety studies, because it has been recognized that such

f ailures can of ten dominate random hardware failures. Dependent-f ailure
analysis attempts to identify the modes of system f ailure (i.e, minimal cut

O sets) that have the potential of being triggered by a single, more primary
common cause; the ~ minimal cut sets that need to be identified are those with-

two or more events, all of which are susceptible to . a single 'ccamon-cause
f ailure mechanism.

4

I- Programs developed to deal with dependent f ailures are basically track-
ing and sorting programs. They are essentially a first effort at providing

j a formalized method of approaching the difficult problem of identifying and
'

evaluating dependent f ailures. These codes are summarized in Table 6-5 and-

briefly described below.
,

BACFIRE

I BACFIRE is a computer program used as an aid in common cause f ailure
. analysis (Cate and Fessell, 1977). : ' Its objective is to' aid in identifying
! common-cause f ailures in a system and to point - out why this f ailure .

potential exists. To this end, each minimal cut set is -individually
searched for a commonality among all the primary events in that cut set. '

! BACFIRE uses exactly the same method as COMCAN. However, BACFIRE al-
lows the use of multiple locations for primary events involving componentst

i like pipes and cables. For example, if a cable passes through several dif-
ferent-susceptibility compartments, CONCAN can assign only one of these com-,

_

' - partments to the cable, but BACFIRE can assign different compartments. The
,

input and output characteristics of BACFIRE are similar to those of COMCAN.
'

;
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BACFIRE is written in Fortran IV for the IBM 360-370 and the CDC 7600
computers. There is an extensive error-checking routine, and no external
routine is needed to run the code.

COMCAN

COMCAN is used to identify potential common-cause failures in a system
or combination of systems (Burdick et al., 1976). It individually searches
each cut set of system failures for commonality among all the primary events
in that cut set.

A minimal cut set will be identified as a common-cause candidate by one
of two criteria. The first criterion is met when all the primary events in
a minimal cut set share a special condition that alone can result in the
simultaneous failure of all the primary events in the cut set. An example
of a common special condition is a common maintenance crew servicing all of
the primary events implied by the primary events of a minimal cut set. The
second criterion is met if all the primary events in a minimal cut set are
susceptible to the same secondary-failure cause and are located in the same
domain with respect to that failure cause. An example is a minimal cut set
with primary events that will all occur when the components involved in the
associated primary events get wet and no water barrier exists between them.

The input consists of secondary-failure susceptibilities and applicable
special conditions for primary events, domain maps for secondary-failure
causes, and the list of minimal cut sets. The output provides the analyst a
listing of minimal cut sets that have potential for dependent failures. The
number of these common-cause candidates can be limited to those that are
probably most important.

The method used in COMCAN does not provide partial common-cause de-
pendencies in systems under study. The inputting of cut sets (most often
minimal cut sets are numerous) is very difficult. COMCAN is written in
Fortran IV for the IBM 360-370 and has error-checking routines.

COMCAN-II, an improved version of COMCAN (Rasmuson et al. , 1978, 1979),
was developed to circumvent COMCAN's dependence on minimal cut sets that
must be obtained by other codes. COMCAN-II uses the q .tative code FATRAM
(discussed in Section 6.5.1) to obtain minimal cut se, afore COMCAN
analysis. This eliminates the cumbersome task of inputting all the cut
sets. COMCAN-II is written in Fortran IV for the CDC Cyber 76 computer.

MOCUS-BACFIRE

MOCUS-BACFIRE, obtained by coupling MOCUS and BACFIRE, is used to aid
in identifying potential dependent failures in a system directly from the
fault tree (Modarres et al., 1980). It eliminates the need for generating
cut sets before running BACFIRE and simplifies the input process.|

The method used in MOCUS-BACFIRE is the same as described for MOCUS and
BACFIRE individually. MOCUS-BACFIRE is written in Fortran IV for the IBM
360-370 computer. There is an extensive error-checking routine, and no ex-
ternal routine is required.

|
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The SETS code, described earlier, can also be used for dependent-

failure analysis (Worrell and Stack, 1978). The analysis is conducted in a
manner similar to that of COMCAN by inputting generic cause susceptibilities
for each primary event. A transformation of variables incorporates the
depender.t-failure susceptibilities into the Boolean equation for the top or
any intermediate gate of the fault tree, and a few simple manipulations al-,

low the user to display the cut sets that are dependent-failure candidates.'

The use of SETS for dependent-failure analysis has an advantage in that SETS
can handle very large trees, which other dependent-failure codes are unable
to handle.

,

WAMCOM

The WAMCOM package (Putney, 1981) is designed for the dependent-
failure analysis of large, complex fault trees. It can handle up to 2000-1
primary events (i being the number of gates) affected by the common-cause
events.

The WAMCOM dependent-failure analysis consists of model preparation and
computer analysis. Model preparation is accomplished in four primary steps:
the identification of potential common-cause events, fault-tree construc-
tion, the definition of individual common-cause events, and the creation of
a privary-event effectivity table. The computer analysis is based on a

e''g package of three computer codes: LEVEL, WAMCOM, and SETS. LEVEL generates a
( j solution structure for WAMCOM and SETS by partitioning the fault tree into
\- / subtrees, called " levels ," that are solved individually. LEVEL develops.a

scheme for rebuilding the tree by reintroducing groups of subtrees into the
main tree trunk. The WAMCOM program consists of a preprocessor and a SETS
user's program generator.

The SETS program generator writes a SETS user's program for each of
four computer runs called " modes." This user's program is developed from
the solution structure generated by LEVEL. Emch mode uses as input the
solution structure, fault-tree structure, and primary-event effectivity
table along with information generated from previous modes.

The input consists of the fault-tree structure and a primary-event ef-
fectivity table that identifies the susceptibility of each primary event to
a generic cause. The output consists of a listing of the fault-tree input
and level processing, the solution of the tree (top-down), and the output of
various modes. The output of mode 1 consists of all critical common-cause
events (a critical common-cause event is an event that can individually
cause enough primary events to fail to place the entire system in a failed
state) in the fault tree. Mode 2 output is a list of all critical random-
failure events, all combinations of two significant common-cause events, and
all combinations of significant common-cause events. (A significant common-
cause-event is an event that does not by itself lead to system failure but
can cause enough primary events to fail such that existence of a second

i event, either a dependent or a random failure, will place the system in af- ,s

( j failed state.)
\ /
v
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Mode 3 outputs combinations of significant common-cause events with
significant random-failure events affected by noncritical common-cause
events. The output of mode 4 provides descriptive cause sets for each
critical or significant commou-cause event input.

The advantages of the WAMCOM package include a f ast running methodology
for the dependent-failure analysis of the large trees and flexibility of-
fered by the code to an experienced analyst. The WAMCOM package is written
in Fortran IV for the CDC 7600.

6.5.4 COHPUTER CODES FOR OTHER RELATED PROBABILISTIC ANALYSIS

A variety of codes have been developed to aid in probabilistic analysis
of accident sequences that are not used directly for qualitative or
quantitative analysis of the sequences. Examples are codes that are used to
perform a Bayesian updatir.g analysis on failure data or codes that are used
to perform cause-consequence analysis (to identify common characteristics
rmong accident sequences). All of these codes are briefly discussed in this
s?ction. However, because of their variety and different applications, they
were not included in the tabulations presented at the beginning of Section
6.5.

BROLS

BROLS (Orvis and Frank, 1981) is a small, fast-running code that fa-
cilitates calculations associated with using Bayes' theorem. The code cal-
culates the posterior distribution given the prior and the likelihood
distributions.

The user can choose f rom eight analytical statistical distributions
programmed in the code, and different distributions may be selected for the
prior and the likelihood. The available distributions are the normal, log-
normal, Poisson, binomial, beta, hyperbinomial (or beta binomial), exponen-
tial, and uniform. An option allows the use to provide an arbitrary sta-
tistical distribution input as a discrete probability histogram. The
program makes extensive use of the International Mathematical and Statis-
tical Library (IMSL) routines.

The input consists of the choice of the prior and likelihood functions,
either one of the built-in functions or a user-specified histogram. The
output consists of a table containing the probability histograms for the
prior, the likeihood, and the posterior. The mean values of the prior and
the posterior are also printed. BROLS is written in Fortran IV and is
available for UNIVAC 1180, CDC Cyber 7600, and PRIME computers.

BURD

The code BURD (Bayesian Updating of Reliability Data) is based on the
Bayesian approach to data analysis (Ahmed et al., 1981b). Using the generic
data for a primary event, the program first calculates the parameters of
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f-~s three distributions (lognormal, gamma, and beta) and then converts the ge-

( 3 neric data to plant-specific data by using plant operating experience. The

\s_s/ program accommodates both failure rates (number of failures per hour) and
failures per demand.

Given the 5th and 95th percentile values of the generic or the
industry-wide data, the program finds the parameters of lognormal, gamma,
aad beta distributions. The prior distribution thus generated is made plant
ipecific by incorporating plant operating experience. The plant experience
for a primary event may be r f ailures in t plant-years of experience or
failures in n demands, depending on the failure mode of the primary event.
The posterior, or plant-specific, failure distribution is obteineu for
various combinations of prior distribution and likelihood functions. For
calcula'. c,3 the plant-specific failure rate of a primary event, BURD
considt - lognormal prior and Poisson likelihood function or a gamma priora

and P>. 4 son likelihood function. For the ple.nt-specific failure per demand,
the cofa considers a lognormal prior and binomial likelihood function, a
gamma p rior and Poisson likelihood function, and a beta prior and binomial
likelihood function.

The input includes control information and the generic or industry-wide.

data. The output consiets of parameters of the prior distribution and the
posterior distribution in the form of a continuous distribution. The con-
tinuous posterior distribution is also discretized into the desired number
of bounds. Bayesian updating can also be performed in the form of dis-
cretized prior distributions. This is very useful when the prior distribu-

[''h tion can best be obtained in the discrete form by the use of probabilityt

N,_,/ encoding, expert opinion, or Delphi techniques. BURD is written in Fortran
'

IV for the CDC Cyber 750.

ETC

The ETC (Event Tree Code) code draws and quantifies event trees and
identifies the dominant sequences in an event tree (Wheeler,1980). The
method used in this code is simple. First, the event tree is described at
each branch point by the two possible outcomes (i.e., failure or success).
Second, through a computer procedure, all the possible combinations of se- ,

quences are checked to eliminate those that are invalia as specified by the
user. Third, the sequences are quantified on the basis of the input data,
and the event-tree picture is drawn for the valid sequences. Finally, quan-
tified sequences are sorted and ordered by frequency in each plant-damage
bin.

The input is the event-tree structure logic, failure probabilities, and
'

conditional probabilities for the events. The output includes quantified
sequences, a drawing of the event tree, and a list of dominant sequences.

ETC allows for conditional unavailabilities to be used within the event -
tree. Multiple runs on the same event-tree structure are allowed, thus per-
mitting the consideration of various preconditions, such as the state of

; support systems. ETC is available in three different versions, ETC-3 being
'

[' 's the most advanced. ETC is written in Fortran IV for the CDC 7600.
I tt

x/ i

t
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EXCON

EXCON is used to aid in performing risk assessments of engineered
plants, facilities, or systems (Arendt et al., 1978). It is used in
conjunecion with cause-consequence analysis.

Required input consists of control information, consequence category
descriptions, accident-sequence specifications, and search specifications.
Searches can be performed to analyze the entire set of accident sequences or
any subset with the common characteristics specified in the search data.

The output information resulting from a search consists of the expected
occurrence frequency of accidents resulting in consequences within each of
the categories. A listing of major contributors to the expected occurrence
frequency, by category, is also printed. This allows the analyst to deter-
mine which accident sequences are inconsistently large contributors to
overall system risk. EXCON generates risk curves of the " Farmer" type.

EXCON is written in Fortran IV for the IBM 360-370 and the CDC 7600.
It has an extensive error-checking capability and requires no external
routine.

SEIS

SEIS is used to perform a probabilistic calculation of core melt and
release-category f requencies f rom an input of seismic hazard curves and
event f ragility f amilies (Pickard, Lowe and Garrick,1982) . The fragility
family for an event is a series of curves showing the f raction of times that
the event fails under a given effective peak ground acceleration.

SEIS combines the fragility families for an evert within a system in
accordance with the logic of the system to produce plant-level fragility
families. The plant-level fragility family is given in the form of a dis-
crete probability distribution that is finally combined with seismic hazard
(f requency of exceedence) curves produced by the seismic hazard analysis.
The result of this combination is another discrete probability distribution
showing the frequency of occurrence of a plant-level event (e.g., core melt)
induced by seismic activity.

The input consists of the fragility families of the primary events,
the logical relationship of events, and seismic hazard curves. SEIS has
capability to accept 15 scismicity families, each with 25 probability
curves, and 50 fragility families, also with 25 curves. The output is a
discrete probability distribution for the occurrence of a plant-level
failure. The code can produce up to 30 outpuc discrete probability
distributions. It is written in Fortran IV for the CDC 7600.

O
|
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6.6 DOCUMENTATION AND QUALITY ASSURANCE

The results of accident-sequence quantification are the frequencies or
frequency distributions of the plant-damage bins. These serve as inputs to
the consequence analysis and must be documented. In addition, the documen-
tation af the inputs and certain assumptions and intermediate results will
be an important part of the quality-assurance program.

The displayed results should include the significant accident sequences
that have been grouped into the various plant-damage bins as well as the
point estimates of their frequency and the bin frequency. If uncertainty
estimates have been propagated, the 90 percent uncertainty range on the
plant-damage-bin probability should be included. To assist the quality-
assurance effort, sufficient additional documentation should be included to
make the quantification process both traceable and repeatable.

This would include the initiating events considered and the event and

fault trees (or other logic models used), a tabulation of input failure fre-
quency or probability information (including the uncertainty-distribution
input used if appropriate), and the assumptions regarding cutoff levels or
other approximations used in screening for cut sets or sequences that could
be eliminated.

Intermediate results for the various systems should be documented, and
q the dominant contributions to bins, sequences, and systems should be identi-

fied and discussed. Pertinent sensitivities to primary event point estimate
jand uncertainty characteristics should be investigated and discussed. '

An independent party should review all steps to check the logic for
completeness and consistency. The analysts in the course of the quantifica-
tion should check that results are not sensitive to the cutoff parameters
employed. Dominant sequences should be reviewed to ensure that their sig-
nificant cut sets are appropriate and have been properly quanatified.
Finally, results should be compared to those from similar plants to note
whether they appear to be consistent, and if not, the reasons for the
differences.
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Chapter 7

(/ PHYSICAL PROCESSES OF REACTOR-MELTDOWN ACCIDENTS

7.1 INTRODUCTION

This chapter describes procedures for predicting the progression of-
core-meltdown accidents and the associated physical processes, developing

;

containment event trees, and quantifying nrobabilities for branches of the
'{containment event tree for each accident sequence. It discusses the various !

physical processes that must be analyzed in a risk study, the degree to which !

these processes are understood, unresolved issues, and available methods of
analysis. Because of the state of development of core-meltdown analysis, the
procedures provide for considerable flexibility in the selection of models.
The need for sensitivity studies is emphasized.

?

7.1.1 LIMITATIONS *

l

Although this chapter provides guidance for the analysis of physical |
processes, the procedures described here are not as prescriptive as those in
some other chapters of the Guide. It is the intent of this Guide to reflect
conunonly accepted practice, not to develop new procedures. The state of the

j art in this particular area is in a high degree of flux.

Although this section on physical processes provides procedures for use
in risk analyses, the analyst should recognize that experiene in the anal-
ysis of core-meltdown accidents is very limited and that improvements int

methods can be expected over the next few years. Very few risk analyses
that have been performed to date have attemptei to treat the analysis of
consequences in a complete manner. The princip.1 example of consequence
analysis in a risk study is the Reactor Safety Study (RSS) (NRC, 1975). At
the time of the RSS, however, the methods available for analyzing the physi-
cal processes of core-meltdown accidents were primitive. Considerable experi-
mentation and model development have occurred since the RSS, but the methods
of anatysis are for the most part not validated. There has also been veryt

little experience in the use of these corputer codes in risk analyses.

The analytical mechods currently used to describe in plant accident be-
havior are deterministic rather than probabilistic. A continuum of possible
plant conditions must therefore be characterized by a discrete set of initial
and boundary conditions, with a single outcome rather than a distribution of
outcomes determined by the analysis.

The state of the art of core-meltdown analysis is such that some sub-
jective judgments must be made in a risk assessment. Current PRAs, however,
show some substantial philosophical differences that are related to the de-

p gree of subjectivity of the analysis and can have a substantial effect on
( the approach taken in the treatment of physical processes. This is particu-
\._ larly true of the treatment of processes for which there are few data and
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I9the available models are questionable. Consider, for example, the size of
the hole to be used in analyzing accident consequences after containment
failure. There is very little experimental evidence on which to base the
selection of a hole size, and yet the size of the hole can have e significant
effect on the predicted consequences. After examining available data, per-
forming separate-e f feccs analyses, and performing sensitivity studies, the
analyst must nake a decision. From a completely subjectivist viewpoint, the
analyst would choose a set of hole sizes for which deterministic analyses
would be performed and use expert judgment to assign probabilities to each
hole size. The distribution of outcomes is then a statement of the expert's i

,

understanding of the risk. Since, in the subjectivist viewpoint, risk is |a personal statement of belief or understanding, terms like " conservative," |

" optimistic," or " realistic" have no meaning.

From a more traditional viewpoint, the product of a PRA is intended to
be an objective statement of accident frequencies and consequences. Recog-
nizing that the PRA will be reviewed by a critic (i.e., the regulatory agency)
who will be particularly sensitive to assumptions that tend to underestimate
risk, the analyst is more likely to make a conservative assumption (e.g., se-
1ect a large hole size) than to make a very subjective assignment of proba-
bility that is difficult to defend. Thus, the lack of an adequately substan-
tiated model can lead to conservatism in the analysis. On the other hand, it
should be recognized that not all the assumptions or approximations that are
made are necessarily conservative. There is a completeness question related
to physical processes (Parry and Winter, 1981), just as there is a complete-
ness question in the identification of accident sequences. The potential
exists for unanticipated processes or variations in accident scenarios to be
identified in future research. The traditional viewpoint therefore under-
takes a very challenging job in attempting to characterize the uncertainty
in risk in an absolute manner.

In the remainder of this chapter, there is very little discussion of the
differences between the subjectivist and the more traditional approaches to
PRA. The reader should recognize that there are fundamental differences in

the interpretation of the final product of the two types of risk analysis
and that these differences have a direct impact on the approach taken in
the analysis of physical processes.

The analysis of physical procecses described in this guide is restricted
to core-meltdown accidents. Two questions are frequently asked about such
accidents: "If these accidents are expected to be very unlikely, why is
there so much emphasis on their analysis?" and "Should not primary emphasis
be placed on understanding the consequences of accidents that are more likely
to occur?" The results of the Reactor Safety Study have indicated that the
consequences of core-meltdown accidents are potentially so much greater than
those of more likely accidents that the contribution from these accidents
dominates the predicted risk to the public (Hall et al., 1979).

This chapter discusses a number of physical processes that must be
evaluated in a risk study of core-meltdown accidents. The computer codes
that are available for performing these analyses are also described. The
analyst should recognize that these m,dels are continually being upgraded
and that other models are being developed by ongoing research. Because of

i
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these rapid developments in modeling, this Guide does not recmanend the usey
of any specific set of computer codes.

7.1.2 UNCERTAINTIES

Athough this section identifies a number of uncertainties regarding the
ability of models to predict physical processes, not all of these uncertain-
ties have a significant impact on the estimates of risk. Physical processes
affect the consequences of accident sequences only to the extent that they
influence the quantity of radionuclides .that are released to the environment
or the conditions under which the radionuclides are released. - The magnitude
of the release can be affected directly by processes that control the release
of radionuclides from the fuel, transport through the reactor-coolant system,
and transport through the containment--or indirectly by processes that in-
fluence the mode and timing of containment failure. The conditions under
which the radionuclides are released to the environment--such as flow from
containment, the elevation of release, and the heat content of the gases--
are also determined by physical processes.

Uncertainty analyses have been performed for the MARCH and CORRAL codes
to determine the effect of modeling and variable uncertainties on the uncer-
tainty in predicted consequences. Some of these results are provided in
Chapter 8.

'

_/'

| 7.2 OVERVIEW

|

Figure 7-1 shows the work elements involved in analyzing the physical
processes of severe core-damage accidents. As described in Section 7.5,
the activities performed in each of these work elements can differ with thei

| intended application of the PRA.
|

The first two subtasks involve the collection of data and the modeling
of the plant for analysis. These tasks requite a good understanding of the
plant, which can be obtained through close cooperation with the utility and
through plant visits. Modeling of the plant cannot be completed until af ter
the methods of analysis and the sp -ific sequences for analysis have been
selected. In the third subtask pc .ntini f1iture mechanisms for the contain-
ment and levels of f ai? ire would be investigated in preparation for the con-
struction of the containment event tree. The potential failure mechanisms
must also be re.ognized before the methods of analysis are selected.

As the output of the system event trees, accident sequences are provided
to the physical process task for analysis. To reduce the number of sequences
that must be analyzed, these sequences ate grouped into " bins" of similar acci-
dent processes. The bins are then provided to the quantification task for
determining the total frequency of sequences in each bin. A specific sequence
is selected to characterize each bin. These sequences are analyzed with the
core-meltdown code, and the results (accident timing, temperatures, flows,
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pressures, and leak rate from containment) are supplied to the radionuclide-
transpott task. Conditions associated with the leakage from containment are
also provided to the environmental transport and consequence-analysis task.-
Sensitivity studies are performed as required to quantify event-tree branch-
'ing probabilities and to estimate the contribution of uncertainties in physi-
cal processes to the uncertainties in the total risk.

Figure 7-1 does not show the iterative nature of the effort. The anal-
ysis of accident sequences, for example, may lead to the need to modify
assumed containment-failure mechanisms and the containment event tree. Sen-
sitivity studies may also indicate the need for different methods of analy-
sis. If sequence bins are not used, some iteration will be required with the
system analyr s to ensure that enough accident sequences have been analyzed.

7.3 METHODOLOGY

7.3.1 PHYSICAL PROCESSES

Most of the physical processes of core-meltdown accidents are analyzed I

by the core-meltdown systems codes, which integrate them with other processes.
Because of the limited status of research into core-meltdown processes and
the lack of validation of the computer codes in some areas, the computer codes

f cannot be used in a routine manner without understanding the limitations of
the models and thoroughly understanding the physical processes involved in
the progression of a core-melt sequence in the containment. This section
briefly reviews the physical processes and examines the status of current
knowledge about the underlying phenomena.

7.3.1.1 In-Vessel Behavior

Each of the core-meltdown codes that is described considers an accident
condition involving an imbalance between the power level in the fuel and the
availability of core-cooling water. The meltdown codes treat the initial
transient or loss-of-coolant behavior in which coolant is being lost from
the system very approximately. Specialized computer codes are available
for this phase of the accident. Parameters in the core-meltdown codes can
be adjusted to provide a reasonable simulation of this behavior, or the core-
meltdown codes can be initialized at the time of core uncovery.

As the core becomes uncovered and t' aal heats up, oxidation of the
cladding will occur. This provides not only a source of hydrogen but also
a significant additional heat source to the fuel. What follows is a very
complicated process of liquefaction involving fuel, cladding, spacer grid,
and control-rod unterial. Up to the point at which major changes in the
geometric configuration ocour, the heatup of the fuel and the oxidation of
cladding can be predicted with reasonable ac :uracy. After the initial
slumping or movement of the fuel, the models are based more on engineering
jidgment than empirical observation. By conserving mass and energy, these
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models can be followed through a variety of possible scenarios that provide
a spectrum of possible outcomes.

The mode in which the molten core material enters into the lower plenum
could have an important effect on the boiloff of water in the lower plenum,
the oxidation of unoxidized cladding and steel, the potential for in-vessel
steam explosions, and the attack on the reactor vessel. Listed below are
some scenarios th,t have been hypothesized; the first four are a report by
Wooton and Avci (1980).

|
1. Dripping of molten cladding or fuel material directly into the lower

plenum.

2. Holdup of a molten pool above the grid plate to the time of grid-
plate failure.

3. Progressive slumping of fuel into the lower plenum as regions
of the grid plate or different layers of the grid plate fail.

4. Failure of the core barrel and slumping of the intact core region
into the lower plenum.

5. The formation, from refrozen core di.bris in the lower half of the
core, of a crucible containing a molten pool of fuel and cladding
with sideward growth. Sideward drainout of the pool would be
followed by local melting of the outside rim of the core-support
plate (A. Torre, private communication, 1981).

The actual mode in which the molten fuel enters into the lower plenum may
depend on the specific accident sequence or plant design. Certainly the
open lattice of a PWR would differ in behavior from the canned assemblies
in a BWR. Current models do not account for these differences, however.

Depending on the effective surface area of the fuel material exposed to
water in the lower plenum, the rate of water boiloff would vary. Analyses
with the MARCH code have indicated that, during this stage, molten core
material would become solidified, but not completely quenched, and would
reheat after the water is gone.

One of the assumptions that is typically made in the analysis of physi-
cal processes is that, if significant heating occurs in the core, the pro-
gression of core degradation cannot be terminated. In the Reactor Safety
Study, the threshold of irreversible core damage was assumed to be 22000F,
which is clearly a conservative value. Existing core meltdown models are
not capable of determining the threshold of coolability for a degraded core
as would be required to properly account for the delayed operation of the
emergency core-cooling (ECC) system. The German code PAUKER (BMFT, 1980)
has been developed for this purpose, but it is not currently available in
the United States.

Some models of reactor-vessel attack assume that the core would remelt
in the laver plenum, forming a pool (Mayinger et al., 1974, 1980). Thermally
driven convection cells in the pool would result in a variation in the rate
of heat transfer to the wall. Whether such a pool would form before vessel
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O) failure would apparently depend on the sequence. Furthermore, it is unlikely
( that the idealized conditions of the convection cells would be established if
V the fuel did melt. Existing models examine the heatup of the gross vessel

wall material. In the MARCH code, for example, a one-dimensional analysis
of heat conduction into the wall is made (Wooton and Avci, 1980). The stress
in the lower head, induced by internal pressure and the weight of core mate-
rial, is compared with the tensile strength of the wall to determine the time
of vessel failure. The potential for the earlier meltthrough of control-rod
housings in BWRs or in-core instrumentations tubes in PWRc is not analyzed
in existing system core-meltdown codes but has been evaluated with separate-
effects analyses in the Zion and Indian Point PRAs. These analyses indicate
that this is the most likely mode of failure. Sensitivity analyses show that,
although the uncertainties in modeling this phase of the accident are large,
their contribution to uncertainty in predicting the release of radionuclides
from containment is comparatively minor.

7.3.1.2 In-Cavity Behavior

Immediately af ter head f ailure, hot and possibly molten core material
would drop or be injected under pressure into the reactor cavity. The design
of a particular reactor must be examined to determine whether for each se-
quence water would be expected to be in the cavity at the time of head fail-

If there would be water in the cavity or if the accumulators (PWR) wouldure.

3 discharge after head failure, rapid steam generation could ensue. The events

D) following head failure are considered to be critical to containment integrity
because a number of major loads could be imposed on the containment at this
time. These include pressure increases he to the relief of the reactor cool-
ant system, steam genera % , ~ hjdrogen combustion as well as the potential
for substantial vessel motion.

If water can be continually resupplied to the cavity, a coolable debris
bed might be established and attack on the concrete avoided. The conditions
required for coolability are currently being investigated. A significant
potential for retaining the core at this stage of the accident was assumed
in the Zion and Indian Point risk studies. If the core material is not cool-
able or if the water is eventually boiled away, the degradation of concrete
would follow. The rate of attack on the concrete can be predicted with com-

poter models that have been validated against experiments for the initial
quenching period. For longer time periods or different initial conditions,
the results are less certain. The time at which the containment basemat
would melt through, or indeed whether or not penetration occurs, has not
been found to have a major influence on the results of risk analyses in the
past, however. The principal effect of core-concrete interactions is the
production of gases and the resulting loading on the containment.

The behavior in the cavity may also differ substantially for sequences
in which meltdown occurs with a low reactor-coolant-system pressure and a
high cool ant-system pressure. Fuel material could be swept out of the reac-
tor cavity if the vessel head f ailed with the reactor-coolant system at ele-
vated pressure. This could enhance the contact between fuel and water in
the reactor cavity, resulting in the rapid generation of steam. It could

y", also disperse the fuel into a more coolable configuration in the containment
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building but result in an increased release of radionuclides as the result
of fuel oxidation.

Containment Temperature-Pressure History

During the in-vessel and out-of-vessel stages of core meltdown, gases
and heat are released into the containment building. The prediction of the
containment temperature and pressure response is particularly important be-
cause of the relationship of these variables to potential containment-failure
modes. Methods for analyzing the temperature and pressure behavior in the
containment are comparatively well developed.

Some of the phenomena that must be included in a core-meltdown contain-
ment analysis are the following:

1. Gas composition (steam, oxygen, combustible gases, and inert
gases).

2. Condensing heat-transfer coefficients to structures.

3. Temperature profiles in structures.

4. Sprays, coolers, and suppression systems.

5. Hydrogen combustion.

6. Heat-source redistribution.

The output of the containment analyses is required as input to the analysis
of radionuclide transport as well as for the prediction of containment-failure
modes. It is therefore necessary to have a multicompartment capability for
the analysis of containment conditions.

Containment Structural Response

(A section will be added to this chapter describing the structural
response of different containment designs for overpressure conditions.)

Steam-Explosion Response

One of the potential moden of containment failure considered in the
Reactor Safety Study (NRC, 1975) was a steam explosion in the lower head
of the reactor vessel, which was postulated to cause a slug impact on the
upper head of the vessel and the launching of the head as a missile. Steam
explosions could be important risk contributors because of the potentially
high consequences, even if their likelihood is low. Experimentation and
analysis conducted since the Study have indicated that this scenario of
events may be physically impossible (Corradini, 1981). At present, it is
not possible to give definitive advice to the analyst as to whether or not
steam explosions should be considered in a risk study. There is good evi-

'dence that steam explosions are suppressed at high system pressures. Obtain-
ing broad consensus that all steam-explosion scenarios are impossible may be

,

difficult to achieve, however. i

|
|
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A
( ) In considering steam explosions a number of different effects should 1,e
'V evaluated: the rapid generation of steam, missile production, major vessel

motioa, and (possibly) shock-wave propagation. In addition to the critical
time periods of grid plate failure and pressure-vessel meltthrough, it
should be recognized that steam explosions might be possible at other times
when large quantities of water and molten fuel can come into contact, as
could happen af ter a delayed actuation of the ECC system or accumulators.

Ilydrogen Burning

The systems meltdown codes model the quasi-steady pressure and tempera-
ture increase associated with a hydrogen deflagration or continuous hydrogen
burning but do not con ider the dynamic effects of hydrogen detonation: shock-
wave propagation, wave interaction, and the blast loading on the structure.
The methods used in the RSS for analyzing these phenomena have been shown to
be inadequate, (Sandia, 1975). Whether or not deflagration events can shock
up into detonations in confined regions of the containment is currently a
subject of discussion. The eff ect of local events on containment integrity
would be highly design dependent.

The quantity of hydrogen generated in a core-meltdown accident could be
very large. The rate of hydrogen generation in the primary system during
core meltdown and the rate of its release into the containment depend on the
seque*.cc and are sub jec t to modeling uncertainties. Once the hydrogen enters
the containment, the principal questions to be answered in the analysis are

[Vj whether it can burn (e.g., inerting) and when and how it will burn (e.g., in
a number of small events or in a single large event).

Containment-Failure Modes

The reactot containment building is a very effective safety feature.
If it remains intact, the offsite consequences of the accident will be
minor. Conversely, if the containment were to fail at about the time of
core me'tdown, current methods of analysis would predict major consequences
(NRC, 1011). For this reason, a risk estimate can be very sensitive to the
treatment of containment-failure modes. Table 7-1 lists the mechanisms that
might lead to containment failure, indicating which are typically considered
in risk s'udies.

Because of the potentially large consequences predicted for the steam-
explosion failure mode in the Reactor Safety Study, a significant research
ef fort has been addressed at obtaining a better understanding of steam-
explosion phenomene. These results indicate that the probability of this

v)
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Table 7-1. Potential contaimment-failure modes and mechanisms

a Core-concrete interactionDirect bypass
Failure to isolatea Basemat penetrationa
Vapor explosions Structural failure and tearout

Blast of penetrations
Missile generationa Blowdown forces
Quasi-static pressure risen Pipe whip

Overpressurization Vessel thrust forces
Steama Pressure-vessel burst

Noncondensable gases Missile generationa

Combustion processes (hydrogen, Meltth rough

carbon monoxide, methane) Direct contact of containment
Blast liner with fuel debrio
Missile generation
Quasi-static pressure rise a

aMechanisms typically analyzed in risk studies.

mode of containment failure is either small or nonexistent (Zion Risk Study;

Corradini, 1981). Failure by overpressurization, caused either by the build-
up of steam and noncondensable gases or a hydrogen combustion, is usually
found to be the most important type of containment failure since it can re-
sult in large releases of radioactive material. Such a failure is much more
likely than a failure caused by a steam explosion.

The manr.er and the location of containment failure can be very impor-
tant. If the size of the breach is small, more time will be available for

retention mechanisms to be ef fective before material leaks out or for radio-
nuclides to be retained along the path of leakage. The location of failure
can have a p articularly large ef fect on the predicted consequences of acci-
dents in pressure-suppression containments. A location that involves bypass-
ing the pressure-suppression device could involve substantir Lly larger
releases to the environment.

Two other failure modes that could be carefully considered are failure
to isolate the containment and a direct bypass of the containment. The latter
type of sequence was the single largest risk contributor identified for the
reference PWR in the Reactor Safety Study.

7.3.2 DEVELOPMENT OF CONTAI!; KENT EVENT TREES

By considering the success or f ailure states of active plant systems,
the event trees described in Chapter 3 trace an accident sequence from the
initiating event, through the onset of core damage, and to the point where
a stable condition with intact fuel is achieved or where the fuel will vver
heat and proceed to melt. The containment event tree is developed to describe
the progression of an acc* dent sequence from the start of core melt to the;
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j release of radionuclides after containment failure, with particular emphasis
4 on branch points that can result in containment failure or significantly
j affect the release of radionuclides. Typically, containment event trees
j follow f aos the final branch points of system event trees. In the Limerick
i Study (Philadelphia' Electric Company,1981) the concept of e -idge tree was

used for special accident sequences in which there was an inceraction between'

containment failure and subsequent core meltdown. The' final branch points of '

the containment event tree are referred to as accident sequences. The activi-
ties in performing a probabilistic risk analysis can be conceptually reduced-
to estimating the absolute f requency and consequences of all the sequences.: '

? l

In the Reactor Safety Study the headings on the containment event tree !

were taken to be events postulated to lead to containment failure. However,
'

if an event were to change accident consequences significantly without fail-
( ing containment, it might be appropriate to include it in the event tree.

7

j For example, if an accident pathway could result in the formation of a cool- '

] able cabris bed in the reactor cavity rather than attack on the concrete

| basemat, the consequences of the accident could be altered even if the modes
i of containment failure were unaffected. It might also be appropriate to |

| recognize the potential for a particular type of containment failure to occur
'

i at different times. Two important examples are steam overpressurization'and
hydrogen detonation. .In some sequences in a large dry PWR containment,~ the '

containment can be threatened by a rapid release of steam af ter the lower
head of the pressure vessel melts through. If the containment survives this
steam spike, it may be challenged many hours later by the longer term produc-

j tion of steam and noncondensable gases. The potential consequenced of:the
j . j later failure could be much less severe because of the time available for
! the deposition of radionuclides. Thus, two possible failure times should
i be included on the event tree.
!
: Hydrogen combustion is subject to similar uncertainties. As the con-
! centration of hydrogen in the containment increases, there could be a broad

time period during which a detonation could occur, dependi~ng on the availa-
bility of an adequate ignition source. The potential for containment failure
and the subsequent release of radionuclides would depend on the time of the
ignition. The analyst might therefore decide to include a number of possible

,

i failure times in the event tree. The containment event tree should not be
| expanded unnecessarily, however, because the number of subsequences that
i must be analyzed increases rapidly.

It is convenient to set up the containment event tree in a time sequence
because this allows logically nonsequential branches to be easily eliminated.
In the Zion and Indian Point studies, the event tree was first divided into
key time periods of interest; within each time period the key binary branch-
ing iccisions are provided (see Table 7-2). The specific binary decisions
will depend on the design of the plant and the use of the PRA. Binary deci-
slons that might be added to those in Table 7-2 are the following:

{ 1 Does an in-vessel steam explosion result in containment failure?
;

2. Does an out-of-vensel steam explosion result in containment failure?
i

!
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Table 7-2. Binary decisions for the containment event tree used
in the Zion Study

Node Nodal question

EVENTS BEFORE CORE MELT

A Is the containment pressure resulting from the initiating transient
before any core degradation within the containment pressure limit?

B Is sufficient hydrogen generated and released before core melt, and do
conditions for the ignition of this hydrogen exist?

C Is the containment pressure within the containment-pressure limit?

EVENTS RELATED TO IN-VESSEL PHENOMENA

D Does the postulated fuel melting progress noncoherently?
E Is the pressure generated by the core debris-water interaction inside

the reactor vessel within the pressure-boundary failure limits?
F Is sufficient hydrogen generated and released before vessel f&ilure,

and do conditions for the ignition of this hydrogen exist?
G Is the containment pressure within the contai mce.t pressure limit?
11 Do the conditions for in-vessel cooling of the core debris exist?
I Is most of the core debris forcibly ejected after vessel failure?

EVENTS RELATED TO OUT-OF-VESSEL PHENOMENA AFTER VESSEL FAILURE

J Is water present in the reactor cavity at the time of vessel failure?
K Is the basemat perforated immediately after vessel failure?
L Do the accumulators discharge, or does water return to the cavity after

vessel failure?
M Does the containment pressure from steaming alone exceed PO = 70 psia

in the transient immediately after vessel failure?
N Is the containment pressure from steaming alone within the containment

prtssure limit?
O Is sufficient hydrogen available immediately after vessel failure, and

do conditions for the ignition of this hydrogen exist?
P Is the containment pressure within the containment pressure limit?

EVENTS RELATED TO ULTIMATE DEBRIS DISPOSITION AND COOLABILITY

Q Does a coolable debris bed form initially?
R Does the containment pressure remain within the containment pressure

limit? _

S Is basemat failure prevented? !
|

|

|

O'
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3. Does pocketing of hydrogen result in hydrogen detonation and subse-
[] quent containment f ailure?
\ )
''' The location of containment failure can also be an inportant variable that c

,

i can appear on the containment event tree. This is prrticularly true for
f pressure-suppression containments, in which the effe.civeness of the suppres-

sion system (pools or ice beds) could be affected by the location of the
failure.

Special cases may be identified that cannot be conveniently fit into
the generalized containment event tree. An example is vessel rupture as
an initiating event or as the result of a transient. Such an event could
lead to missile generation and containment failure. This mechanism would
not appear on the event tree for most accident sequences.

Another srecial case is containment isolation after an accident. This
is an operation which would be expected to appear on the system event tree
but which corresponds to a preexisting failure of the containment. In the
Reactor Safety Study, containment isolation failure appeared explicitly in
the containment event tree. Indeed, for the BWR it was considered necessary
to identify two different leak sizes because of the dependence of the con-
tainment behavior on the size of the leakage. Another option, which keeps
the functions of the system event tree and the containment event tree separate
and more clearly defined, is to treat containment isolation as a separate
case with its own containment event tree.

I

, ~x The interfacing LOCA system sequence, in which the containment is by-{ ,

( ) passed before the meltthrough of the reactor vessel, is also a special case
x-' that can be assigned its own containment event tree.

I

7.3.3 ACCIDENT-SEQUENCE GROUPING

Chapter 3 describes the process of formulating the systems event trees
for various initiating events. The end point of the systems event tree
represents plant conditions that can lead to accident sequences. Frequently
these plant conditions are themselves referred to as accident sequences.
The term " accident sequence" is better reserved for the end points of the
containment event tree, however. For a given plant condition, the contain-
ment event tree describes the dif ferent pathways that the accident might
follow, particularly in terms of the physical processes that could Icad to
containment failure. A discrete pathway corresponds to a unique accident
sequence. The discussion that follows refers to the plant conditions as
system sequences rather than accident sequences in order to differentiate
between the two concepts. In a typical PRA, the number of system sequences
that are identified is very large, much too large for the physical processes
of each to be analyzed. "

Two approaches h1ve been used to treat this problem. In the Reactor
Safety Study Methodology Applications Program (Carlson et al., 1981), proba-
hitity screening has been used to reduce the number of system sequences for

/,__,} analysis. Approximately 5 to 10 system sequences are selected by using point
\v/ estimates to identify those with the highest frequencies. These are provided
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to the physical process analysts for evaluation. If the results of the anal"
ysis indicate that the spectrum of potential accident consequences is not
well represented (e.g., there are no sequences that fall into high release
categories), the level of discrimination is reduced and more sequences are

j analyzed. One problem with this approach is that it does require iteration
! and some judgment in deciding when the r cess is complete. It is consistent,

however, with an approach to atmospheric dispersion and consequence analysis
in which each dominant accident sequence is analyzed rather than grouped

; into release categories.

The other approach, which has been used in a number of recent studies,
[is to develop groupings of system sequences. The groupings are referred to c

4

as bins, plant-damage states, or plant event-sequence categories. The cate-
identified by the characteristics of the system sequence thatj gories are

! affect the release of radionuclides to the environment. All system sequences

| within a bin are assumed to have the same containmer.t event tree, in that
the branching probabilities are the same and the end points are assigned'

'
to the same radionuclide release categories.

Some of the characteristics that are used to define bins are listed in
Table 7-3 for a typical PWR. Other engineered safety features would, of
course, be considered for a BWR or an ice-condenser plant. In practice,
it is not necessary to consider a bin for each combination of these character-
istics. Most bins would be vacant. In the Zion study, the system sequences
were grouped into 21 plant-damage states.

O;

| Table 7-3. Bin characteristicsa
i

i

Initiating event Timing of core melt
i Small LOCA Early

Large LOCA Late4

| Transients (a number of Performance of engineered safety
j different types may be features
'

id ntified) No sprays or coolers
Interfacing LOCAs Coolers only
Vessel rupture Sprays only

aFor a typical large, dry PWR containment,

j The process of developing bins requires interactions among the analysts
'

involved in the activities described in Chapters 3, 6, 7, 8, and 9. The
systems analysts (Chapter 3) provide a description of the initiating events
and system faults of interest for the specific plant to the physical process
analysts (Chapter 7). After some preliminary analysis, the physical process
analysts identify the system-sequence characteristics that define the bins.
This selection must be done cooperatively or in consultation with the analysis !
of radionuclide transport (Chapter 8) and environmental consequences (Chap-
ter 9) because the ultimate criterion for grouping system sequences into
one bin is the pattern of radionuclide release to the environment. The system
acquences are then assigned to bins ano returned to the quantification task
(Chapter 6).
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7.3.4 QUANTIFICATION OF THE CONTAINMENT EVENT TREEm

| '\_ ') Detailed guidance cannot be provided for quantifying the probabilities
of the branches of the containment event tree. The state of knowledge of
many of the key physical processes is changing rapidly, and risk studies'

i performed in the next few years will need to keep abreast of developments.

Precisely what the branching probabilities are intended to represent
is subject to differences of opinion. In one viewpoint a branch point
may have been created purely out of ignorance. In the real world one of
the branches would be followed for all similar sequences. However, because
of our inability to model the process with confidence, we cannot say which'

path that would be. Thus, we must judge the likelihood of each path being
the correct one.

In the other viewpoint a branch point exists because of variability
in accident processes. For example, a specified composition of hydrogen
and air may be within flammability limits, but for burning to occur, an
adequate ignition source must be present as well. The availability of igni-
tion sources for practical purposes can be considered as a random process.
Thus, in some accident sequences burning may occur, while in other, essen-
tially identical, sequences, burning would not occur. By grouping accident
sequences in very narrow bins, some of the aspects of variability can be
minimized.

The manner in which branch probabilities are characterized depends on
[''\ the philosophical interpretation of branching. It branching probabilities

( ,) represent ignorance, then from a completely subjectivist orientation a single
value for the branch point probability is all that is required to represent
the viewpoint of the analyst. From the traditional orientation, however,
a confidence interval would better characterize the uncertainty in branch-

point probabilities.

From past risk studies, the most important branching probability has <

'

involved containment failure through overpressurization caused by steam gen-
eration, noncondensable-gas production, or hydrogen burning. The pressure
level at which f ailure would occur is quite uncertain. At the design pres-
sure the failure probability is near zero; at the ultimate strength the
probability is unity. In filling in the rest of the curve for failure

probability versus pressure, consideration must be given to the natural var-
iability in material properties and the possibility of construction defects.
The reader should refer to the approaches taken in the Reactor Safety Study
(NRC, 1975) and the Zion and Indian Point studies to see how different anal- 1

ysts have trtsted this problem. This is an area where significant advances
in understanding can be expected over the new few years.

Each of the other branching probabilities requires a subjective estimate
based on sensitivity studies and separate-effects calculations. The likeli-
hood of a steam explosion resulting in containment failure has been analyzed
by Corradini et al. (1981). Although the results are tentative, they repre-
sent the best current judgment. The coolability of the debris bed, hydrogen
combustion, and the penetration of the concrete basemat can each be analyzed's

(gv}
g

with separate-effects models. In each case uncertainties in the models or

:
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boundary conditions are large and require judgment on the part of the analyst
to obtain probabilities and confidence intervals.

7.3.5 AVAILABLE METHODS OF ANALYSIS

7.3.5.1 Transient and LOCA Thermal-Hydraulic Codes

The core-meltdown codes treat the initial phase of an accident simplis-
tically, either by the tabular input of mass and enthalpy leak rates or with
a single-control-volume approximation. In order to provide assurance that
the timing of core uncovery is not in significant error, it is advisable to
analyze the early time period with a system thermal-hydraulic code like RETRAN
(Moore et al., 1978), RELAP (Ransom et al., 1980), or TRAC (Los Alamos Na-
tional Laboratory, 1981). The results of these analyses can be used as input
to or initialization of the core-meltdown codes, or they can be used to ad-
just parameters in the core meltdown code.

Of the codes that are generally available for analyzing this phase of
the accident, RETRAN has the most detailed treatment of the secondary and
control systems. Some validation of the code has been made against mild
plant transients. RELAP and TRAC are quite similar to RETRAN, however, in
terms of the basic approach, strengths, and limitations. They all require
a significant amount of computer time to rin a typical transient or small-
break accident. A sizable reduction in computation time has, however, been
achieved with RELAP-5, the newest version of the code.

7.3.5.2 Systems Core-Meltdown Codes

There are three systems core-meltdown codes that are potentially avail-
aule for use in performing risk analyses for LWR plants: MARCH, KESS (Gulden
et al., 1980), and RACAP (EPRI, 1981). Of these, MARCH has been most widely
used and reviewed (hivard et al., 1981). The codes are very similar in
many models and capabilities.

This Guide does not recommend the use of any one of these codes over
another. However, d.ichever code or method is selected, great care must
be taken in its use. None of the codes have been validated against experi-
mental data. Because the codes are in a developmental stage, many versione
are in use. This can lead to ambiguity regarding the underlying assumptions
of the model. The NRC has established a process for freezing reference ver-
sions of MARCH, updating the code, and informing users of identified problems.

This section describes the principal features of each of the systems
codes. Because of the developmental status of the codes, the comments made
here about code limitations and capabilities may become rapidly outdated.
An in-depth examination and familiarity with the codes would be necessary
before their use. The codes should not be routinely applied without a con-
tinuing reevaluation of the applicability of models and assumptions for the
conditions under consideration.
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[m) 'The MARCH Code
4

*

;

,D'

MARCH, the Meltdown Accident Response Characteristics code (Wooton and
Avci, 1980), was written as a follow-on to the Reactor Safety Study. There
were three principal objectives in its development: '

,

1. To provide a consistent and integrated treatment of the stages of
{ core meltdown.
! !

Ij 2. To develop the capability to analyze transients and small pipe-
break accidents in addition to large pipe-break accidents. |

# 3. To develop generalized models capable of analyzing a variety of LWR
containment designs,

i'
MARCH was written to be compatible with the input needs of the CORRAL codes,

'

which predict radionuclide transport and deposition within the containment
building. Figure 7-2 shows the interfacing between MARCH and CORRAL II.

Subroutines in MARCH describe the major physical processes expected ini

a core-meltdown accident. These processes and the relevant subroutines in
| MARCH are illustrated in Figure 7-3. The analysis begins with the descrip-
1 tion of the hydraulic response of the system to the initiating event and

proceeds to core uncovery, fuel heatup, the oxidation of cladding, the li-
quefaction and slumping of fuel, the boiloff of water in the lower plenum,

T attack on the reactor pressure vessel, interactions between the molten fuel,

| / and coolant in the reactor cavity, and attack on concrete. During the stages
' " of core mel tdown, the transient temperature and pressure history of the con-

tainment atmosphere is predicted. If the pressure exceeds an input criterion,
containment failure is predicted to occur and the subsequent depressurization
is analyzed. Hydrogen concentrations in the containment volumes are also
followed, and the consequences of hydrogen combustion can be examined.

The MARCH code predicts the behavior of many complex physical processes.
It cantains, however, a number of well-recognized deficiencies. An examina-
tion of its limitations has been undertaken for the MARCH Users Group (Rivard
et al., 1981). Some limitations in the MARCH models arise from an inadequate
supporting-data base. In other cases model improvements are within the state
of the art but have not previously received high priority for funding.

| The MARCH code is available through the National Energy Sof tware Center
j at the Argonne National Laboratory.

; The RACAP Code *
!
; The RACAP code package (EPR1, 1981) includes modules for the analysis

of the physical processes of core-meltdown accidents, radionuclide behavior, !

and offsite consequences. Interactions between the routines are shown in ^

Figure 7-4. The INCOR part of RACAP corresponds to the MARCH code, and some
| of the INCOR modules are very similar to the subroutines in MARCH. The BOIL

!A
! be) *The description presented here will be expanded, and some comparison

\

j infomation may be available for the final version of this Guidu.
i

'
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'

|

i

input

! Reactor description
| Initial conditions

Safety-system characteristics

! MARCH
|
1 PRIMP BOIL FPLOSS HEAD
1

i

HOTDROP MACE INTER

!

!

Containment Accident Containment-;

| thermal event failure mode
{ hydraulics times probabilities
|
|
<

| KORALIN |
,

!

I
| CORRAL 11 |

Radionuclide3

! release to the
| environment
f

I

i

Figure 7-2. Flow diagram for MARCH / CORRAL analyses.
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'Figure 7-4. The R ACAP code network for accident <:onsequence analysis.
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routines in MARCH and RACAP are both derivatives of the Reactor Safety Study's'

BOIL code. The INTER code is the basis for cora-concrete interactions for
both code packages. To predict the containment temperature and pressure
transient, RACAP uses the CONTEMPT code, and its analysis of reactor-vessel
meltthrough differs from that used in MARCH.

No direct comparisons have been made between RACAP and MARCH, but, as
noted, many of the models are similar. The RACAP code can be obtained from
the EPRI Software Center.

The KESS Code

The KESS code package (Gulden et al., 1980) was developed in the Federal
Republic of Germany. KESS is designed on a modular basis, using an executive-
code management approach that allows for a number of modeling options and
close coupling between models at some expense in computation time. The two
levels of control and data transfer in the executive program are shown in
Figure 7-5. The computer codea currently available in the KESS system are
shown in Figure 7-6. In general there are alternative modules that can be
selected for each accident phase, a simple model and a more complex model.

Some of the models in KESS are more detailed than the analogous models
in MARCH. For exampic, the HELSIM model is more detailed in the description
of fuel slumping than the slumping models in BOIL. Similarly, the RAUHZ mod-
ute examines heat transfer from a pool in which natural convection is driven
by internal heat generation. This mechanism is not considered in the HEAD
routine of MARCH. Additional experimentation and analysis are required,

g
however, to determine which models are more appropriate under dif ferentN

conditions.

The KESS code has been made available in the United States through
information-exchange arrangements with the NRC and EPRI. The currently
available version has some significant limitations for use in risk analyses.
This version does not have the capability to analyze transients and small
pipe-break accidents, nor does the containment code have a spray or ice-
condenser routine. A number of additional modules are being added to KESS
by the German researchers, and more recent versions of the routines in KESS
should be soon available in the United States.

Separate-Effects Codes

The conditions that would lead to a containment failure by overpressuri-
zation are well beyond those that are analyzed in the design of the contain-
ment. However, a number of computer codes are available for analyzing the
behavior of the containment through the range of gross yielding. A few of
these codes that are generally available are HONDO (Key et al.,1978), ADINA
(Bathe, 1978), NASTRAN (MacNeal, 1978), and MARC (Marcal, 1975). Computer
codes of this type usually use finite-element methods and are capable of two-
or three-dimensional nonlinear analysis with complex materials like concrete.
Multipurpose shock-hydrodynamics codes are also available to evaluate the
impact on the containment wall of shock waves or missiles that could be gen-
erated in a steam explosion or a hydrogen detonation.

s.
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i

4

;

i
i The most advanced American code fo'r core-concrete interactions is CORCON
j (Muir et al., to be published). At present, CORCON is not included in any of
I the meltdown systems codes but could be used to make independent calculations.
l The principal camponents of the CORCON system are the concrete cavity, the
| molten pool, and the gas atmosphere and surroundings above the pool. CORCON

;

| considers mass and energy transport and conservation within this system.
j Analytical-models are provided for the pertinent physical and chemical inter- !

!i action phenomena, including the transfer, concrete ablation and changes in
the shape of the cavity, heat transfer inside the pool and from the surface
of the pool to the atmosphere and the surroundings, chemical reactions between

j the melt and gases, and decay-heat generation in the melt. The MOD 1 version
j is applicable only to the high-temperature phase of melt-concrete interactions,

when the melt is hot enough to be entirely liquid and to erode the concrete'

! at a relatively rapid rate.
1

(Some discussion of debris-bed models will be included in the final
! Guide.) !

I !
: i

!
'

}
.li

7.4 INFORMATION REQUIREMENTS j

!

! '

| A large amount of plant design information is needed to analyze the i

| physical processes of core-meltdown accidents. Since some of the output. |
N

i (compartment temperatures and intercompartment flows) is used as input for i
'

! the analysis of radionuclide release and transport, the two groups of,

| analysts must agree on the appropriate breakdown of the containment into
' control volumes.

|
The initial source of plant data is the final safety analysis report

: (FSAR). The FSAR will not contain all of the necessary information, however.
Liaison with the utility or the equipment vendor and architect-engineer musti

! be established to obtain detailed plant drawings and' specifications. At
|

1 east one plant tour should also be made at a point midway in the data-
j acquisition stage to confirm assumptions and' answer questions.
t
'

Table 7-4 identifies plant data that must be input to a core-meltdown
computer code. Some analysis is required to convert raw plant data into this
form. For the reactor-coolant system the following types of information are
required: fuel design, core power distribution, masses and quantities of
different materials, the design of the upper and lower internals, and the
design of the reactor vessel. For the containment it is necessary to know
the overall dimensions, air volume, the dimensions and material compositions
of heat sinks (noting whether heat sinks are one-sided or two-sided), and
interconnections between subregions.

Information is also needed about the engineered safety features (ESFs):
the number, capacity, net positive suction-head requirements, failure mech-
anir,ms, and the temperature of the source water. The analyst must know the
logic of ESF operation. What triggers their operation? Are there alterna-s

) tive operating modes? Does more than one system compete for the same water
/ source? Emergency operating procedures must be reviewed to determine how
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the operator will interact with the system for a particular accident situa-
tion. The analyst must remember that the intent of the analysis is realism.
The flow rates and water-source temperatures provided in SARs are frequently
conservative. The analyst must also decide what constitutes an operable state
for a system. If the energency core-cooling system is operational and two out
of three pumps must function for auccess, should the analyst assume that two
or three pumps are operating? In the Reactor Safety Study, a minimum safe-
guards assumption was made. This assumption does not necessarily represent
the most likely mode of operation, nor is it necessarily conservative. Emer-

gency operating procedures may provide guidance, but consideration should
also be given to sensitivity studies.

Tabic 7-4. Plant-data input to core-meltdown codes

System or component Parameters included

General containment data Total volume; number of campartments; volume
and dimensions of compartments; initial pres-
sure, temperature, and humidity

Heat sink Number and compartment location of heat-sink
slabs, materials in slab, including density,
heat capacity, and thermal conductivity; heat-
transfer area, thickness, and heat-transfer

coefficient for the lir.er-concrete interface
Ice condenser Mass of ice; temperature of ice; temperatures

(if applicable) of water drained fror ice bed; temperature of
gas leaving ice bed

Suppression pool Mass of water; temperature of water; water
(if applicable) volume; air volume

Containment floor (used Thickness, density, thermal conductivity, tem-
for concrete attack) perature, and composition of concrete con-

tainment floor

ECC tanks Pressure, temperature. and water mass of accumu-
lators and/or upper heat injection tanks

ECC pumps Start time, nominal flow rate, nominal and shut-
off pressure of all pumps, including high-
pressure injection, safety injection, low-
head pumps, and any additional pumps; minimum
temperature to avoid pump cavitation

ECC heat exchangers Heat-exchanger capacity; primary and secondary
flow rates and temperatures for ECC and con-
tainment-spray heat exchangers

ESF containment coolers Number and location of coolers; air-flow rate

(if applicable) and inlet temperature; secondary flow rate
and inlet temperature

ESF containment spray Flow rate, temperature, and spray-drop diameter
of containment-spray system

Auxiliary feedwater Flow, temperature, and start time of auxiliary
(if applicable) feedwater pumps

O
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] Table 7-4. Plant-data input to core-meltdown codes (continued)

System or component Parameters included

Water-supply parameters Mass of water in condensate storage tank; mass
of water in RWST; fractional value of RWST to

start recirculation of ECC and containment
sprays; minimum sump mass to avoid cavitation

Core Initial thermal power; total number of lattice
positions in core; total number of fuel rods
in core; active fuel height; liquid level; mass
of UO , Zirealoy, and miscellaneous metal; fuel-2
rod diameter; fuel pellet diameter; hydraulic
diameter; cladding thickness; density, conduc-
tivity, and heat capacity of core material;
peaking factors

Vessel Core diameter; flow area; cross-sectional area;
mass, heat capacity, temperature, and heat-
transfer area of internal structures; mass,
diameter, and thickness of bottom head

Primary system Volume of primary system; initial primary steam
volume; pressure; safety relief valve pressure
setpoint, and rated capacity

Steam generator Initial mass of water in steam generator; volume
of steam generator; setpoint of secondary-
steam generator relief valve

v)
7.$ PROCEDURES-

The depth at which physical processes should be analyzed in a risk as-
sessment depends on the use of the study. Procedures for two types of ansi-
ysis are described in this section. In order to support level 2, 3, and
4 PRAs, as described in Chapter 2, detailed analyses of physical processes
are required. The size of the effort is not particularly affected by the
level. For a reliability-oriented risk study, like those conduc*ed in the
Interim Reliability Evaluation Program, a more limited treatment of physical
processes is sufficient. This level of analysis will be referred to as IA
since it goes only slightly beyond a level 1 analysis.

The depths of analysis that are described are end points on a spectrum of
possibilities. The analyst must decide the appropriate depth of analysis for
the specific application. The major subtasks are illustrated in Figure 7-1.

b
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7.5.1 DETAILED ANALYSIS OF PHYSICAL PROCESSES: LEVEL 2, 3, AND 4 PRAS

Subtaak 1: Collect Plant Data

1. Review the FSAR. Collect data on system design, L3F operating
levels, etc., as required to provide the data listed in Table 7-4.

2. Establish liaison with utility staf f, the vendor of the nuclear
steam supply system, and the architect-engineer. Obtain plant draw-
ings and operating procedures. Provide a list of missing data (as
early as possible).

3. Make one or two plant visits to answer questions and verify assump-
tions about the plant layout (e.g., connections to the sump, flow
paths between compartments).

Subtask 2: Model Plant

1. Develop plant model to be used in core-meltdown analyses for each
accident sequence (e.g., MARCH analyses). This must be done in co-
operation with the radionnuclide release and transport task.

2. Develop models for separate-effects analyses (e.g., containment
structure, shock-hydrodynamic analysis of hydrogen detonation,
debris-bed coolability) as required. The level of detail in these
models will depend on the specific application and the requirements
of the analysis techniques.

3. Reduce plant data to the enginee-ing units required as code input.

Subtask 3: Determine Containment-Failure Mechanisms and Levels

1. Identify a comprehensive list of potential containment-failure
mechanisms (see Table 7-1 for example).

2. Perform structural analyses of the containment to determine the
steady internal pressure resulting in containment failure. Iden-

tify possible modes and locations of failure. The analysis should
recognize that a range of possible f ailure pressures could exist
from some level above the design pressure up to the ultimate
strength of the containment, including the potential for stress
concentrations and manufacturing defects. A density function for
failure pressure should be developed.

3. Perform separate-effects analyses for the other potential failure
mechanisms to determine (a) whether the mechanism is credible,
(b) the condition:: nich containment failure would result, and
(c) the likely locations and modes of containment failure.

Subtask 4: Develop Containment Event Tree

1. Divide the accident into major time periods of interest as in
Table 7-2.

7-26

i,



I
1

2. Select event tree headings. The nodal questions in Table 7-2 cans
\
j be used as a guide. Add or delete headings, depending on the

V special features of the plant.

3. Order event tree headings and describe the structure of the tree.
The size of the tree is affected by the order of events. In gen-
eral events should be ordered on the tree in the temporal sequence
in which they would actually occur. Unnecessary or meaningless
branches may be removed from the tree.

Subtask 5: Select Analysis Methods for Physical Processes

1. Identify analysis requirements. Consider the special features of
the reactor design that could require separate-ef fects analyses or
changes in existing codes.

2. Select core-meltdown analysis code (e.g., the MARCH code) and
separate-effects codes as necessary.

3. Develop models or modify codes as required.

Subtask 6: Develop Bins for Accident Sequences

1. Receive system sequences from accident-sequence definition and
system-modeling task.

2. Identify the initiating events, ESF states, and core-meltdown
characteristics that can be used to group system sequences (see
Table 7-3). This should be done in consultation with the analysts
of radionuclide release and transport as well as environmental
transport and consequences to ensure that the release categories
assigned to different sequences within a bin are common and that
the branching probabilities on the containment event tree are the
same.

3. Assign system sequences to bins and provide to the accident-sequence
quantification task.

Alternative Procedure

Receive from the accident-sequence'quantification task a small set
of dominant system sequences that have been identified by probabil-
ity discri=ination. Af ter release categories for these sequences
are determined, consider the need for analyzing more sequences.

Subtask 7: Analyze Accident Sequences

1. Provide preliminary assistance to the accident sequence definition
and system-modeling task in identifying plant conditions leading
to core melt as required.

2. Select a representative sequence for each bin.
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3. Determine the status of operating systems for the accident sequence.
This includes not only whether a system is operating but also the
level of operation (e.g., two out of three pumps at 150 gpm each).
Describe initial and boundary conditions.

4. Perform analyses to describe the transient power, thermal, and hy-
draulic behavior before core damage. Benchmark or tune the core-
meltdown code.

5. Identify the containment-failure modes to be evaluated for each
sequence. An accident sequence associated with each containment-
failure mode will be analyzed.

6. Analyze the physical processes for each accident sequence using the
core-meltdown code. Separate-effects analyses may be necessary to
determine the time and the conditions of containment failure. Pro-
vide the results to the analysts of radionuclide release and trans-
port as well as environmental transport and consequences.

Subtask 8: Perform Sensitivity Studies

1. Identify potentially sensitive parameters. In particular consider
parameters that could affect the likelihood or timing of containment
failure.

2. Perfom sensitivity studies by varying assumptions and values of
input parameters over the range of uncertainty.

3. Provide results to the uncertainty-analysis task.

Subtask 9: Quantify Event-Tree Probabilities

1. Develop a systematic approach to the characterization of branch-
point probabilities, with or without uncertainties, consistent with
the overall philosophy of the study.

2. Compare the predicted pressure profile for each sequence with the
distribution function for f ailure pressure to determine the prob-
ability of containment failure (including sequences with hydrogen
burning).

3. Based on the results of subtasks 8 and 9, use subjective judgment
to predict branch-point probabilities (and uncertainty bands).

4. Provide results to the uncertainty-analysis task and to the inte-
gration task (see Chapter 15).

.

O
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7.5.2 LIMITED ANALYSIS OF PHYSICAL PROCESSES: LEVEL 1A

Subtask 1: Collect Plant Data

Collect and review FSAR data on the design of the containment and the
nuclear steam supply system. Compare with analogous features from pre-
vious risk studies.

Subtask 2: Model Plant

1. Develop plant model to be used in core-meltdown analyses of selected
accident sequences.

2. Reduce plant data to the engineering units required as code input.

Subtask 3: Determine Containment-Failure Mechanisms and Levels

1. Identify containment-failure mechanisms by analogy with similar
pl ants.

2. Estimate the containment-failure pressure on the basis of code re-
quirements for the specific structure (e.g., a factor of 2 to 3,
depending on the type of design).

,

Subtask 4: Develop Containment Event Tree

Develop a containment event tree by analogy with similar plant designs.
-

Subtask 5: Select Analysis Methods for Physical Processes

Select a core-meltdown analysis code.

Subtask 6: Develop Bins for Accident Sequences

1. Receive system sequences from the accident-sequence definition and
system-modeling task.

2. Select bin characteristics.

3. Assign system sequences to bins and provide to the accident-sequences
quantification task.

Alternative., Procedure
s

Do not use binning approach.

Subtask 7: Analyze Accident Sequences

1. Idantify sequences for analysis. Sequences that are expected to
_

ha'ie small consequences or are comparable to sequences analyzed
p

-(', ".
'r
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previously in a similar plant would not be analyzed. The criteria
for the selection of sequences for analysis are as follows:

a. It is unclear whether the sequence leads to core meltdown, or

b. It is unclear whether the sequence leads to containment failure,
or

The sequence is substantially different from those analyzedc.

previously.r

2. Perf orm core-meltdown analyses or separate-ef fects analyses as
required.

Subtask 8: Perfom Sensitivity Studies

Sensitivity studies would usually not be performed in-this level of
analysis.

Subtask 9: Quantify Event-Tree Probabilities

Estimate event-tree probabilities by analogy with other studies or from
the results for the few sequences analyzed specifically for the plant.

7.6 METHODS OF DOCUMENTATION

The amount of documentation that is aquired for the physical processes
task depends on the purpose of the study. In general, it should not be nec-
essary to provide the information necessary to permit a reviewer to independ-
ently operate the computer codes to duplicate the calculations. It should be

assumed, however, that the risk analysis will be subjected to an extensive
review by peers. Some of the information that should be documented in the
report is listed below.

1. Identification of data sources.

2. Tables of plant-design data.

3. Identification of computer codes.

4. Identification of major model options.

5. Tables of sequence probabilities and uncertainties.

6. Tables of accident event times and containment conditions.

7. Figures illustrating containment conditions for selected sequences.

8. A list of all assumptions.

9. A list of all limitations of the study.
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10. Data documenting and justifying the containment event tree.

,11. A justification and description of the basis for branching proba-
bilities.

7.7 DISPLAY OF FINAL RESULTS

The outputs of this task are the thermal-hydraulic conditions for each
sequence as required for the analysis of radionuclide transport and the condi-
tional probabilities of sequences. If the meltdown code and radionuclide-
transport code are compatible (e.g., the MARCH and CORRAL codes), the interface
between the codes can be automatically determined--for example, by storing
the output files of the physical process analyses on tcpe for later use bya

' the radior.uclide-transport code. If there is no formal link between the anal-
ysis methods, close liaison between the radionuclide-transport task and the
physical process task will be necessary to ensure that the data are provided
in a convenient format. Since a limited amount of thermal-hydraulic data pro-
duced by the meltdown codes is used in the transport codes, care must be ex-
ercised in the interpolation or averaging of the thermal-hydraulic data to be
certain that the reduction process gives truly representative and reproducible
results.3

\ The probabilities of subsequences can be characterized by point esti-
mates or distributions, depending on the method selected for the propagation
of uncertainties.

i
1

7.8 QUALITY ASSURANCE

I

None of the currently available core-meltdown codes have been adequately
! validated against experiments. As the testing and validation of these codes

progress, it would be advisable to use controlled versions of the codes that
can be referenced. Since there are a number of available options in the melt--
down codes, the selected options should be documented. Before any analyses
are made it would be advisable to identify (list) all of the options available
in the code. A conscious selection of options should then be made and frozen.

,

If at a later time changes in options are advisable, they should be made with
the approval of the project management and not left to the j'udgment of the

'

analysts.

Computer output should be clearly labeled and retained for a period
specified by project management (e.g., 7 years). A formal quality-assurance
procedure should be established for checking code input and results. The
cose of review can be very high, and project management must decide the ex-
tent of review that is warranted. It should be recognized, however, that

} experience indicates that the incidence of errors in preparing cede inputg

|
is very high.
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r''s Chapter 8 j
i )

RADIONUCLIDE RELEASE AND TRANSPORT
,

8.1 INTRODUCTION

This chapter describes methods for the evaluation of radionuclide
releases to the environment during accidents. Overheating or melting of
fuel in such accidents can result in the release of radionuclides from the
fuel and their eventual release to the environment. Structural materials
f rom the core and primary system can _ also be released with the radionu-
clides and are likely to affect the behavior of radionuclides in the pri-
mary system and containment and thus eventual releases to the environment.

The methods discussed in this chapter include those used for estab-
lishing the initial radionuclide and structural material inventories in the
fuel and reactor, the analysis of radionuclide and structural material
releases from the core, and radionuclide transport, deposition, and release
in the reactor primary system and containment. .This step in a PRA is
usually preceded by an analysis of the physical processes that can occur
during accidents since the presently available radionuclide-behavior models
require input information on the timing of various events and thermal-
hydraulic conditions in the reactor. The analyses needed to obtain such-s s

') information were discussed in Chapter 7. The principal output of the'

s_j radionuclide release and transport calculations is a set of release
fractions to the environment. These express the quantities of radio-
nuclides released to the environment as a f raction of the core inventory at
the beginning of the accident. This information is required for analyzing,
as described in Chapter 9, the transport of radionuclides through the
environment and the consequences of the accident to public health and
safety.

p u'onuclides can be released f rom the reactor either to the air or to"

the gru ud. Release pathway , to the ground are likely to result in
significant attenuation of cost radionuclides during their passage through
soil, and thus accident sequences involving releases to the air are of much
greater radiological importance. If radionuclides contact groundwater,

however, they may dissolve and be transported much more readily. Only
cursory analyses of releases to the ground have been performed to date.
For completeness, a summary of the treatment of ground releases in the!

Reactor Safety Study (NRC, 1975) is given in Appendix G. This chapter

deals only with the evaluation of releases to the air.

-

;

s_ -

8-1

. - - --



_ _ - _ _ _ _ _ _ - _ _ _ _ _ _ - - - _ _ _ _ - _ _ _ _

8.2 OVERVIEW

The evaluation of environmental radionuclide releases that result from
severely degraded core accidents involves the four elements shown in Figure
8-1:

1. Radionuclide and structural material inventories.
2. Radionuclide and structural material source term from the core.
3. Transport, deposition, and release in the primary system.
4. Transport, deposition, and release in the containment.

Also shown in Figure 8-1 are the input needed from the analysis of physical
processes (Chapter 7) and the output provided for the analysis of environ-
mental transport and consequences (Chapter 9). The analysis proceeds in a
sequential manner, starting with the radionuclide and structural material
inventories. This involves the determination of the quantities of radio-
nuclides and structural materials that are present at the beginning of the
accident. The next step is the evaluation of the radionuclide and struc-

tural material source term from the core. This entails the determination
of the quantities of radionuclides and structural materials released from
the core to the primary system or to the containment. (Direct releases of
radionuclides and structural materials from the corium--the melted core and
structural materials--to the containment can occur in meltdown accidents
af ter the pressure vessel has melted through and the corium is interacting
with the concrete basemat.) This source term is then used in the analysis
of radionuclide transport, deposition, and release in the primary system.,

f The analysis considers the various deposition processes that can occur in
'

the primary system. The result is the source term for release from the

primary system to the containment; it is used in the analysis of transport,
deposition, and release in the containment. This analysis takes account of
the various deposition processes that can occur in the containment, and it
determines the quantities of radionuclides released from the containment to
the environment.

It should be noted that, although the primary objective of the radio-
nuclide trcnsport and deposition calculations for the primary system and
containment is the evaluation of source terms for releases to the contain-
ment and to the environment, respectively, the analyses can also provide
information on the distribution of radionuclides deposited in the primary
system and containment. This information may be of value for any cleanup
and decontamination operations that may be necessary af ter an accident.

The four steps in the analysis of radionuclide release and transport
are described in greater detail below.

8.2.1 RADIONUCLIDE AND STRUCTURAL MATERI AL INVENTORY

The starting point in the analysis of radionuclide behavior during
accidents is the determination of the inventories of materials that can be

8-2

_ _ _ _ _



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

i

(.
1

i
I

?

.,

}

i
~

>
e ,

'

!
1 .

!

4

i
(

}
!
t

I

i
'I

!
.

> _,y _ _ _ Input
.

I
i Event times

! Thermal-hydraulic
I conditions

i L________J
If

i

Radionuclide and & R*dib""'M' *W A
strudural matenal

f structural material wce terminventories from the core
.

i 1f
i

Primary system
transport, Q#

j deposition, and releasd 1p

! -

1 f;

1

| Containment
transport,

deposition, and re!=ese ,

1 f,

j r--- Output--- ,
I | __g

Radionuclide I
! releases to the I(
| environment |'

L________J .

t
.

'
| Figurs 8-1. Elements in the analysis of radionuclide 1:ehavior in the reactor.

,

8-3

;

,-- ,y ~ . , , , . . , - . r-,,n.,-,,, , , , , , , , ~ .+-,-n-n. .-n_,-,--....-- . . , . - - - - . . . . - . , ~ . , - - - ~ ~ - - - - - - - - - -



released to the primary system and containment. This includes radio-
nuclides, fuel, stable isotopes produced by the decay of radionuclides
during reactor operation, and structural materials like cladding, control
rods, core supports, and instrument tubes. Released structural materials
can have a significant impact on the behavior of radionuclides in the
primary system and containment, primarily by their ef fects on such aerosol
behavior as agglomeration. It should be noted that the transport and
deposition behavior of the stable isotopes of a particular nuclide is
indistinguishable from that of the radioisotopes of the same nuclide. It

is important to account for the effect of stable isotopes on mass-balance
calculations since their inventories can be greater than those at the cor-
responding radioisotopes.

Radionuclide and stable nuclide inventories can be determined with an
isotope generation and depletion code that accounts for fission, transmuta-
tion, and decay. Such codes need nuclear constants (cross sections, decay
rates, fission yields) and information on the initial nuclide inventory,
the percentage uranium enrichment, the specific power of reactor operation,
and burnup. Information on the quantities of structural materials pres-
ent in the core can be found in documents on the reactor design, such as
the safety analysis report and design drawings, or it can be obtained from
the utility or vendor.

8.2.2 RADIONUCLIDE AND STRUCTURAL MATERIAL SOURCE TERM FROM THE CORE

Releases of radionuclides from fuel can be expected to depend on the
chemistry of the radionuclides within the fuel (kinetics and thermody-
namics), the physical form of the fuel (e.g., cladding intact or failed,
fuel solid or molten, fuel surf ace-to-volume ratio), and the environment to
which the fuel is exposed (e.g., temperature, fluid composition, and
steam / water / air / hydrogen ratio). The specification of the source term from

the fuel should include not only the magnitudes of the releases but also
the release rates and the chemical and physical forms (especially particle
size) of the released materials. Releases can occur by a variety of proc-
esses. These release processes are classified here phenomenologically
rather than mechanistically since this is more consistent with the state of
knowledge of the subj e c t . The release processes presently believed to be
possible in degraded-core accidents are described below, it should be
noted that each of these processes may actually represent several mechan-
isms of release.

Cladding-rupture release. When the fuel-rod cladding ruptures, which
is usually considered to result from overheating, part of the radionuclide
inventory that accumulates in the fuel-to-cladding gap during normal reac-
tor operation is released from the pressurized fue' rod. Releases will
consist of the noble gases and the radionuclides thut are in volatile
form. There is also the possibility that any loose debris present in the
gap, such as fuel powder, may be entrained in the gases flowing out of
the rod. The cladding-rupture release can be expected to be a small com-
ponent of the overall source term in a meltdown accident, but it could be
an important contributor in other degraded-core accidents. It is usually
considered to occur instantaneously at the time of cladding rupture, but
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(

t'~'S some diffusion may continue over a longer time period. The-release does
( not necessarily occur for all fuel rods at the same time, as it depends on

I the heatup rates of individual rods. This release process was called the
gap release in the Reactor Safety Study (NRC, 1975).

Diffusion release. When the fuel is held at an elevated temperature
and the cladding has failed, radionuclides diffuse from within the fuel
matrix to the surf ace, where they are released. Such a release may occur,

for example, in an accident after the cladding fails and as the fuel is
heating up but before the fuel melts. This release process can be impor-
tant in degraded-core accidents where the core does not melt but stays at
an elevated temperature for a significant period of time.

Leach release. When water contacts the fuel, radionuclides in the
fuel are leached into the water. This process can only occur, of course,
after the cladding has failed. A release of this type may have occurred
during the accident at Three Mile Island.

Melt release. Occurring when fuel melts, this process involves the
diffusion of radionuclides from within the melt and their escape from its

surface. It is believed that significant amounts of structural materials
can be released with the radionuclides by this process. Release rates can

be expected to depend on the way the core melts down and will not be
uniform across the core.

Melt / concrete release. This can occur after pressure-vessel melt-s

fsI through, when the molten core and structural materials (corium) are in con-
ls_s tact with the concrete basemat in the reactor cavity. Gases from the de-N

composition of the concrete sparge the corium and can remove radionuclides
contained within it. Large quantities of concrete components can be ex-
pected to be released with the radionuclides. This release was termed the
" vaporization release" in the Reactor Safety Study. The process of vapor-
ization can, and does of course, occur at other times--for example, during
the melt release. *

Fragmentation release. Steam explosions that may result from the
contact of a mass of fuel with water either in the pressure vessel or in
the containment could result in the fragmentation of the fuel. (The like-
lihood of steam explosions is discussed in Chapter 7.) Other energetic
events could cause a similar fragmentation. For example, the forces
involved in pressure-vessel meltthrough may be sufficient for this pur-
pose. If such an event occurs in an oxidizing atmosphere, a release of
radionuclides f rom the dispersed fuel may occur either as a result of fuel
oxidation causing an increase in surface area and a greater opportunity for
the escape of radionuclides by diffusion or by-the oxidation of radio-
nuclides within the fuel. In particular, it has been suggested that there
may be an enhanced release of radionuclides that have volatile oxides (NRC,
1975), for example, ruthenium. (Molybdenum can also be oxidized by steam.)
This release process was called the " oxidation release" in the Reactor
Safety Study.

/'~'N It should be noted that the volatile radionuclides that are most
( ) likely to escape as a result of fuel oxidation may not be associated with

the fuel at the time fuel oxidation occurs, owing to their earlier release'-
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I

by other processes. The oxidizing atmosphere needed for this release

! derives either from air in the containment or air in the environment. It

is also possible that fuel dispersal into an inert or reducing atmosphere
| may occur. In this case, the relocation of the fuel and its contained
' radionuclides can be an important factor. This is also true of fuel dis-

persal in an oxidizing environment since not all radionuclides will escape
from the fuel, and the location and ultimate fate of the remaining nuclides
must be considered. If f ragmented fuel becomes immersed in water, radio-

i nuclides can be released by leaching from the fuel with its increased sur-
face area. For example, such a release could occur in the event of a steam
explosion in the containnent when there is water in the reactor cavity.

!

! It should be noted that release by ( 'dation does not require fuel
; dispersal in a finely divided form. Such release may take place if the

! fuel is held at a high temperature in the presence of an oxidizing agent,
I such as oxygen, steam, or carbon dioxide for a reasonable amount of time.
i Releases by this mechanism may contribute to some of the other release

groups described above, for example, the melt / concrete release.

The release processes discussed above represent those believed to be
possible during severely degraded core accidents. Not all processes will

necessarily cccur in every accident since their operation is dependent on
the particular conditions of each accident. Although this discussion rep-
resents current understanding of the release processes, it is also possible

,

that processes not discussed above may occur.i

In order to analyze radionuclide and structural material releases from
the core, information is needed on radionuclide and structural material in-i

lventories, the physical processes that occur, and physical and chemical
< data needed to model each of the release processes. Information on the

physical processes determines which radionuclide release processes occur,
provides data on the atmosphere in the primary system, describes the manner I

and timing of core degradation, and specifies the time at which various (
events occur (e.g., cladding failure, core-melt initiation and termination,j

' pressure-vessel failure),

t 8.2.3 PRD1ARY-SYSTEM TRANSPORT, DEPOSITION, AND RELEASE

The analyals of radionuclide transport and deposition in reactor pri-
mary systems must consider both chemical and physical processes that may
influence the behavior of the radionoclides. Radionuclides and structural
materials can be released from the fuel to the primary system as vapors or

particulates. Vapors can condense on primary-system surfaces, within the
primary-system fluid to form particulates, or on suspended particulates.

|
Particulates or condensed materials can also be vaporized if appropriate

temperatures are encountered. Particulates can also agglomerate to form i

-

larger particles. In addition, materials released from the core can react
3

j chemically with one another or with components of the carrier fluid (steam,
j hydrogen, and possibly air). Vapor materials can be removed from the pri-

mary system atmosphere by interaction wih water (e.g., injected emergency
,

] core coolant) or by natural deposition processes like sorption on sur-

faces. Particulate material can also be removed by interaction with waterj

l
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and by such natural deposition processes as diffusion, diffusiophoresis,,

thermophoresis,--impaction, and gravitational settling. It should be

recognized that deposited naterial can be resuspended. For example,'

particulates can be reentrained in ' the fluid flow, and deposited vaporc can
be revaporized.

'In order to perform such analyses, information is needed on the radio- ,

nuclide and structural material source sterms released to the primary system

(quantities . of materials, release ' rates, time dependence,~ chemical forms,
particle-size distribution, and particle composition),. physical conditions
in the primary system (e.g., pressure,. fluid' temperature, surface tempera-
ture, fluid flow rate . fluid composition, flow path), primary-system geom-
etry and material of surf aces, and the physical and chemical properties of-
the released materials (e.g., vapor pressures, chemical reaction rates).

8.2.4 CONTAINMENT TRANSPORT, DEPOSITION, AND RELEASE

The analysis of radionuclide transport and deposition in. reactor con-
tainments is similar in many ways to the analysis of radionuclide behavior
in primary systems. In principle, the processes that can occur in'the pri-
mary system can also occur in the containment. However, the conditions in
containments during degraded-core accidents are very different from the~
conditions in primary systems. This means that the actual behavior of
radionuclides in the containment is likely to be quite dif ferent from that

O,N in the primary system. Furthermore, material suspended in the containment
can be removed by various engineered safeguards, such as sprays, filters,
ice condensers, and suppression pools, depending on the design of the
reactor.

Input information needed for the analysis is of the same general type
as for the prinary-system analyses but also includes information on the
characteristics - and functionability of the engineered safeguards and infor-
mation on the mode and timing of containment failure.

.

8.3 METHODS

Severely degraded core accidents are rare events for which an experi-
mental data base on radionuclide releases consequently does not exist.
Therefore, recourse must be made to analytical methods in order to evaluate
radionuclide releases to the environment. Available methods are discussed
below for the four parts of radionuclide release and transport analysis
that were described in Section 8.2.

f. .
1
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8.3.1 RADIONUCLIDE AND STRUCTURAL MATERIAL INVENTORY

The ORIGEN computer code is of ten used to determine radionuclide
inventories in fuel (Bell, 1973; Croff, 1980). It analyzes fission, trans-

mutation, and decay. Cross secticns, which are averaged over ranges of
neutron energy, are used in predicting the reaction rates for fission and
transmutation. Standard descriptions of radioactive-decay chains and
accepted values of nuclear constants, such as half-life and fission yield,
have been incorporated into the code. ORIGEN cannot predict the spatial
distribution of nuclides within the reactor; it can, however, be used to
estimate either the average inventory in the reactor or the inventory in a
particular region of the reactor if the power generation in that region is
specified as a function of time. Predictions made with ORIGEN have been

! compared with the measurements of the inventories of actual fuel rods
(Croff, 1980). The agreement has been typically within 9pproximately 30

! percent of the measured value.

Input data needed by ORIGEN include the initial nuclide inventory, the
percentage uranium enrichment, the specific power of reactor operation, and
burnup.

Computer codes other than ORICEN are available for calculating radio-
nuclide inventories. Many of them are proprietary, but one that is in the
public domain is CINDER. It differs from ORIGEN in the technique used to

| solve the decay equations and in the data base. A comparison of CINDER and
| ORIGEN calculations is under way (T. England, Los Alamos National Labora-
i tory, personal communication).

8.3.2 RADIONUCLIDE AND STRUCTURAL MATERI AL SOURCE TERM FROM THE CORE

In order to characterize concisely the radionuclide source term from
the fuel and to facilitate analyses of radionuclide behavior, it is desir-
able to classify the large number of fission and activation products that
occur in reactor fuel into a small set of categories, each of which is
similar in physical and chemical behavior and can consequently be repre-
sented by a single nuclide. Such a classification was employed in the
Reactor Safety Study (RSS--NRC, 1975), and it has achieved a measure of
popularity. It is shown in Table 8-1.

At present, there is no generally accepted ccmprehensive method for
determining radionuclide releases f rom fuel during degraded-core acci-
dents. Iloweve r , several models are available in the literature. One of
the earliest models is that used in the FRCRL2 computer code (Ritzman and
Morrison. 1971). This code considers cladding rupture, diffusion, and melt
releases of radionuclides for a nodalized core (core divided into regions
from each of which radionuclides are released independently). It is based
on the earlier codes FRACREL and REGAP (NRC, 1975). These models and
available experimental data were used in the development of release frac-
tions in the RSS (see Table 8-2). The RSS source term has achieved some
popularity, but the validity of the release-fraction values has been ques-
tioned. Furthermore, the RSS source term considers only the cladding-
rupture, melt, vaporization, and oxidation release processes and does not
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#~'/N . Tabic 8-1. Radionuclide-classification scheme used

( / in the Reactor Safety Study-
_,

t

Noble gases .Xe, Kr
llalogens I, Br
Alkali metals Cs, Rb
Tellurium group Te, Se, Sb
Alkaline carths Sr, Ba
Transition metals Ru, Mo, Pd, Rh, Tc
Lanthanides and La, Nd, Eu, Y, Ce, Pr, Pm,

actinides Sm, Np, Pu, Zr, Nb

Table 8-2. Radionuclide release fractions from the
fuel--Reactor Safety Study

a b 0xidationbNuclid. Gap Melta Vaporization

Xe, Kr 0.03 0.87 0.1 0.9
1 Er 0.017 0.885 0.1 0.9
Cs, Rb 0.05 0.76 0.19 0

1.0 x 10-4 0.15 0.85 0.6'N Tec
Sr, Ba 1.0 x 10-6 0.1 0.01 O
Rud 0 0.03 0.05 0.9
La" 0 0.003 0.01 0

aFraction of initial core inventory released.
bRelease fraction applies to core inventory remaining' af ter previous

releases.
cRelease fractions also apply to Se and Sb.
dRelease fractions also apply to Ho, Pd, Rh, and Tc.
* Release f ractions also apply to Nd, Eu, Y, Ce, Pr, Pm, Sm,.Np, Pu,

*Zr, and Nb.

Table 8-3. Values of parameters in burst and dif fusion
release models for cesium and iodinea

Parameter Cesium Iodine

3 2a((/cm) +(g/cm)) 3.49 0.163
a 0.8 -0.8
C (K-l) 7.42 x 103 3.77 x 103

2o [(g tra/pm br) +(g/cm)-aj 1.90 x 103 1.22 x 102
y (K-l) 1.98 x 104 1.48 x 104

f aFrom Lorenz et al. (1980).
v
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!
! consider possible structural material releases. In addition, the RSS

cource-term model assumes that the release processes apply to the whole
core with no core nodalization.

!

| Available models for each of the six release processes discussed in
1 Section 8.2.2 are described below.

8.3.2.1 Cladding-Rupture Release

An improved model for the cladding-rupture releases of cesium and
,

iodine has been developed at the Oak Ridge National Laboratory (Lorenz et'

! al., 1979; 1980). Experiments were performed to measure radionuclide
|

releases f rom several types of damaged LWR fuel rods in steam over the
} temperature range 500 to 1200*C, and a model was fit to the collected

data. It was found that in the temperature range 700 to 900*C, this
,
"

release can be expressed by

,

OV (M /A)a exp[-(C/T)]MB" B 0

where

M3 = mass of radionuclide released in the burst (g). !
3V3 = volume of plenum gas vented at 0*C and system pressure (cm ).

| Mo = radionuclide inventory in the gap (g).
2

j A = internal area of the cladding associated with Mo (cm ),
|

T = temperature at ruptu re location (K).

J Values of the adjustable constants o , a, and C were obtained by fitting the

i model to the experimental data (see Table 8-3).

In addition to the burst release, a longer term diffusion release was

! measured in the experiments and fit, over the temperature range 500 to
; 1200*C, with the model

MD"M0[I-exp[-(Rot /Mo)]}

is the mass of radionuclide released by dif fusion (g), t is thewhere MD
time at diffusion temperature (hr), and Ro is the initial rate of release
by diffusion (g/hr), given by

Ro = o(W/P)(Mo/A)a exp [-(y /t )]

where W is the width of the radial gap (micrometers) and P is the system

pressure (MPa). Again, values of the adjustable constants o and Y were
obtained by fitting the model to the experimental data (see Table 8-3).
In general, the models were found to represent the data on which they were ,

,

'

f based within a factor of 3.

The models require knowledge of the initial radionuclide inventory in
the gap. This can be estimated on the basis of experimental observation or |

by using analytical methods. Several techniques were discussed in the t

Reactor Safety Study, including the use of the REGAP computer code. |
<

l
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< ~x The models were applied to the analysis of a loss-of-coolant accident'

' \s- -) found to be 5.3 x 10-4 and 2.5 x 10-4, respectively--one two orders of
| l (LOCA) for a typical PWR. Kelease fractions for iodine and cesium were

magnitude lower than the RSS release fractions. However, the cladding-
rupture release is a very small contrib" tor to the total source term for a
meltdown accident.

In using these models, it is necessary to recognize their limita-
tions. Their validity can only be ensured when applied to situations
within the range of the test parameters used in the experiments on which

| they are based. These experiments used short sections of fuel rods with
law gap inventories, but the authors of the model believe it is applicable
to full-length rods.

8.3.2.2 Diffusion Release

Classical models can be employed to model diffusion (Booth, 1957), but
a supporting data base of dif fusion coef ficients is needed. A computer
code called GRASS can be used for a mechanistic analysis of the dif fusion
of radionuclides from fuel to the fuel-to-cladding gap (Rest, 1978). .It
treats such processes as gas-bubble nucleation, diffusion, fuel micro-
cracking, and grain boundary dif fusion. The code does not treat radio-
nuclides other than the noble gases, however, but extensions are planned
(R. Sherry, U.S. Nuclear Regulatory Commission, personal communication).s

) The code was developed for steady-state conditions, but it has also been
applied to transients (Rest, 1982).

Some experimental data of a scoping nature have been developed for
irradiated LWR fuel heated to 1300-1600*C in steam. The tests simulated
fuel rods with ruptured cladding. Heating times were short (0.4 to 10
minutes), and the fuel was of high burnup (30,000 mwd /MT) and low initial
gap inventory (0.3 percent for cesium and iodine). The results showed a'

large increase 19 the release of noble gases, cesium, and iodine when the
|

fuel is heated uniformly to a minimum of 1350 to 1400*C. Within 2 minutes
at 1400*C, approximately 4 to 9 percent of the noble gases, cesium, and
iodine in the fuel rod was released. Releases at I- to 10-minute heating
times were estimated to dif fer by factors of 0.8 to 1.2, resp 2ctively, from
those at 2 minutes. At 1600*C, the releases in 2 minutes were about 17 to
25 percent of the total inventory. LWR fuel with different irradiation
histories can be expected to give dif ferent release results in the tempera-
ture range 1300 to 1600*C,

Experimental work in progress should provide more data at higher
temperatures (T. Kress, Oak k~idge National Laboratory, pe rsonal
communication).

Diffusion releases of radionuclides in degraded-core accidents have
not received a great deal of attention, because they have been viewed as
unimportant in meltdown accidents. Their actual importance depends on the

s accident sequence that is modeled, and it is quite possible that they may
) be significant contributors to the total source term for some accidents.

V
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8.3.2.3 Leach Releases
!

j

}
Leach releases have received little attention in analyses of

! degraded-core accidents owing to their perceived unimportance. Their
I actual importance depends on the details of the accident. The TM1 acci-

dent has helped focus attention on their possible importance.

Data on the leaching of radionuclides by water from fuel are sparse.
i

1 Some work on spent fuel has been done at the Pacific Northwest Laboratory
(Katayama et al., 1980). The 1 caching of cesium and strontium fron
corium-concrete mixtures has been studied by Johnstone and Braithwaite'

(NRC, 1978).

i

! 8.3.2.4 Melt Release
1

[ Experiments investigating the melt release have been conducted for the ;

past several years in the Federal Republic of Germany, in a KfK facility
called SASCHA (Albrecht et al., 1978, 1979). The experimental apparatus
consists of a high-f requency induction furnace in which corium is heated to
melting in a thoria crucible under air, argon, and steam atmospheres.
Materials released from the cotium are trapped in a collection train for
analysis. Experiments have been reported for small samples (30 to 150
grams) of corium and corium traced with fission products. The experiments

!
i are designed to determine the melt release of both radionuclides and struc-

j tural materials f rom the corium. Releases were generally found to increase >

' in changing the atmosphere from steam to argon to air. The release frac-
tions in air at 2700*C were found to be 0.004 to 0.007 for Fe, Cr, and Co |
and 0.04 to 0.11 for Sn, Sb, and Mn; for air at 2150*C, release fractions
in the range 0.2 to 0.4 were found for Se, Cd, Te, and Cs. Generally, the

melt temperature had the greatest ef fect on the releases, but chemical ;

reactions among the melt constituents and with the atmosphere also played a <

significant role. The most probable sizes of the aerosol particles formed
in air at temperatures in the range 1800 to 2700*C were less than 0.5
micrometer. Species of low volatility were concentrated in the larger

isized particles, while those of high volatility were concentrated in the
smaller sized particles. [

:
'

Recent experiments at KfK were performed with sample sizes of 150 to
250 grams (Albrecht and Wild, 1981). Release information was obtained for
a variety of species. More than 90 percent of iodine and cesium was
released when a temperature of 1700*C was maintained for 10 minutes. Since !

total radionuclide releases for actual accident sequences will be dependent
ion specific time / temperature histories, release rates expressed as percent

release per tinit time at a particular temperature were calculated where
possible for use in source-term evaluations.

The results of these experiments were compared with the melt-release
values of the Reactor Safety Study, and they indicate that the RSS melt
release values are underestimated for Te and Sb by a factor of 3 to 5 and ,

overestimated for Ba, Mo, Zr, Ru, La, Ce, Pr, Nd, and Np by a f actor of

about 10.

! 8-12
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The KfK release rates were also used to estimate the amounts of struc-
[wT tural materials that would be released in a core-melt accident for the
!Sh Biblis-B PWR. It was predicted that of the total fuel and structural
' material inventory of 181 metric tons, a total aerosol mass of 3.5 metric

tons would be formed before pressure-vessel meltthrough. Of this, 1.8
metric tons was estimated to come from control-rod silver and about 0.45

| metric ton each from UO2 and Fe/Fe0.
|
| In experiments planned at Oak Ridge National Laboratory, sections of

irradiated fuel rods will be heated to melting and material releases
measured (M. Silberberg, U.S. Nuclear Regulatory Commission, personal
communication). These experiments are extensions of the work that produced
the ORNL cladding-rupture release model described in Section 8.3.2.1.

The results of these various melt-release experiments will eventually
be used to develop a new model for this release process. However, such a
model is not presently available. In the interim, it is possible that the

presently available results can be used to provide some indication of

) appropriate melt-release fractions. However, any use of these data must

: consider their extrapolation to the actual conditions of full-scale core
meltdowns.

| A model that improves on the RSS model and accounts for diffusion and
melt releases was recently proposed (NRC, 1981). The model has the form

,

;

I
dM*CN = -k (T)M '

3 x

(V2 dt

,

where Mx is the mass of material x in the corium, kx is a temperature-
dependent release-rate coefficient, and t is time. This model allows the
radionuclide releases from the fuel to be related to core heat-up' time.
Release-rate coefficients were determined for several radionuclider by fit-
ting to a wide range of experimental data (see Figure S-2). Coe f fi-lents
for fuel, cladding, and other structural material were developed froa

SASCHA data (see Table 8-4). The fractional radionuclide-release rates of
Figure 8-2 and Table 8-4 were approximated by the equation

k(T) = AeBT

where A and B are constants determined by curve-fitting procedures (see

Table 8-5).

A comparison of results obtained with this model and RSS results for
the large pipe-break meltdown-accident sequence AB showed general agreement
for all radionuclides except Te and Sb, for which the above model predicted
considerably higher releases (NRC, 1981). The usefulness of the model
depends on the accuracy of the release-rate coefficients. The available
values are thought to be quite uncertain (NRC, 1981).

v)
|
|
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Figure 8-2. Release-rate coefficients for various radionuclides. From NUREG-0772
(NRC,1981).

Table 8-4. Release-rate coefficients
for inert materiala

i

Temperature Coefficient

| Material (OC) (1/m)
{

Fuel 2400 1 x 10-6
2700 1 x 10-5

Cladding 2200 1 x 10-6
2500 1 x 10-5

Structure 1800 1 x 10-6
2200 1 x 10-5

aFrom NUREG-0772 (NRC, 1981).

O
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l
i Table 8-5. Values of the constants A and B
| for release-rate coef ficients"
t

! 1000*C < T < 2200*C T> 2200*C
Element A B A B

; ._

10-14 0.00768 Same SameFuel (l>0 ) 1.0 x2,

! Clad (Zr, Sn) 4.6 x 10-14 0.00768 Same Same

Structure (Fe) 3.2 x 10-11 0.00576 Same Same

l ku 1.36 x 10-11 0.00766 8.49 x 10-7 0.00262 l
'

! Zr 8.3 x 10-10 0.00622 1.44 x 10-5 0.00173 !

I Ba 7.28 x IO-II 0.00677 6.40 x 10-7 0.00377
: Sb 1.0 x 10-0 0.006b7 1.55 x 10-6 0.00303 ,

i Te, Ag 2.96 x 10-8 0.00677 1.17 x 10-5 0.00404 I

Cs, 1 1.65 x 10-7 0.00667 1.89 x 10-5 0.00451
:

| aFrom f.UREG-0772 (hkC, 1981). ;
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8.3.2.5 Melt / Concrete Release

For the past several years, an experimental program has been under way
at Sandia National Laboratories to investigate the interaction of molten
corium with concrete. The principal objective of the program has been to
study the rate of decomposition of the concrete and the behavior of the
melt. Information has also been obtained on aerosol generation (NRC,
1980). It was found that the aerosol was composed mostly of nonfuel
material and that the multimodal particle-size distribution of the aerosol

was sharply peaked at a mean aerodynamic diameter of 2 micrometers. A
preliminary model has been developed for the rate of aerosol release from '

the surface of molten corium interacting with concrete. This model has the

form
dM

,

g = C AsVs '.a
~~?

t
'where

M = released aerosol mass (g). 2
Ca = aerosol concentration in the plume rising above the melt

3(g/m ), -
, ,

2(plume cross section) (m ), .A = melt surface areag
Vs = superficial gas velocity (m/sec).

'

t = time (sec). -

~ '

;r

The aerosol concentration, C, was related empirically to the melt tem- . ,ea
perature and the superficial gas velocity by ' '-

C *A0 exp(-E/RT) (d Vs+")a

where R is the universal gas constant = 1.987 cal / mole, T is the melt
temperature (K), and the empirical constants E,0, o, and Ao have the
following values: .

E/R = 19,000 .- i
'

24 }=,

i A 0 -=

-

In order to estf .nate the aerosol release, a knowledge of the geometric

configuration of the melt and a thermal analysis of the melt-concrete
interaction are needed. The WECHSL (Reimann and Murfin, 1978) and CORCON ,

'

(Murfin, 1977) computer codes are presently being developed to perform such
analyses. An example of the application of this model is provided by the

'Zion / Indian Point PRA (NRC, 1980).

It should be noted that the model does not provide information on the

release of radionuclide aerosols from the melt. It applies to materials
like the oxides of silicon, calcium, and aluminum, which derive from the
concrete. The model is also based on only a limited data base, and it
depends on the results of a therral analysis that are somewhat uncertain.;

It is likely that the model provides order-of-magnitude accuracy, but it i
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7
/ J becomes worse at low (<1700*C) and high (>2600*C) melt temperaturen
\j (p. Powers, Sandia National Laboratories, personal communication).

Experiments are planned in the Federal Republic .of Germany to examine
material releases that occur as a result of corium-concrete interactions

I (Albrecht and Wild, 1981).
1

\

! 8.3.2.6 Fragmentation Release
|
! Little information is available on the oxidation release that results
f from fuel fragmentation beyond that provided in the Reactor Safety Study.

A preliminary model has been published recently for the release of radionu-;

clides from damaged fuel rods in a steam environment (Cubicciotti, 1981).
The model describes a release that occurs as a result of fuel oxidation by
steam and the ensusng grain growth. It is based on the experimental obser-

vation that the rate of sintering of UO2 is significantly greater in a
steam atmosphere thau in an inert or reducing atmosphere and that the re-

[
1 ease of noble gases from heated UO2 fuel is enhanced in the presence of
steam. For the noble gases the model has the fora

1/2 -

1 - 41
H,l/2- -

4!r
1-4 -+ (8-1)F=1- ,

*
.

L"l . . . -

where
7

h ( )

Q' Fe fractional release of radionuclide.
~ 't = D t/L *

~

e
Dc = chemical diffusion constant representing,the netration of

2oxidant into the UO2 (m /sec): De = 9.9 x 10-';

I exp(-28,600/T), T being the temperature (K).
$- L = height (H) or radius (,.> of a fuel pellet (m).

L t = time (sec).

An extension of the model to handle volatile radionuclides has been/
, proposed (Cubicciotti, 1981),and it has been suggested that the factor

"

'

[1 - exp(-P /P )], where PT is the total pressure in the system andi T~

' ' Pi is the vapor pressure of the volatile radionuclide, be used for that
purpose. This fector is unity for the noble gases and highly volatile

I radionuclides. For less volatile materials, the factor depends on the
I vapor pressure of the chemical form of the material. Preliminary calcula-

,

tions indicate that releases in steam are one to two orders of magnitude
greater than releat.es'in inert atmospheres (Cubicciotti, 1981).

-.

8 . 3.'2. 7 inportant Issues and,Vork in Progress

s An experimental pi ogram has recently been started at the Oak Ridge Na-
t tonal Laboratory to study the release of material from fuel during heatup
to felting (T. Kress, Oak Ridge National Laboratory, personal communica-

-

p} tion). No results ace presently available, however. In a separate analy-;M tical, program at Battelle%' Columbus Laboratories, a computer code called'

START is being developed to predict radionuclide and structural material-
'

.

' ,
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releases during degraded-core accidents, including meltdown accidents,
using semimechanistic models. The code presently accounts for cladding-
rupture, diffusion, leach, melt , vaporization, and oxidation releases and
considers a nodalized core. It provides a detailed time dependence for
material releases. A paper describing a preliminary version of the code
has recently been writtca (Baybutt et al., 1981).

Little information is available on the chemical forms of materials
that may be released from the core or the sizes of particulates. The Reac-
tor Safety Study assumed that iodine is released as 12 in vapor form and
other radionuclides as particulates, but no information is provided on
particle sizes. It has been suggested, on the basis of recent experiments,

that iodine is released from fuel not as 12 but as cesium iodide
(Campbell et al., 1931). It is possible that this could significantly
change any resulting release of iodine to the environment. This issue is
discussed further in Section 8.4. Lack of knowledge of chemical forms
represents a significant uncertainty in the evaluation of radionuclide and
structural material source terms. Another major uncertainty is the timing
of radionuclide and structural material releases. This depends partly on
the timing of the physical processes that occur, especially the heatup rate
of the fuel, and partly on the chemical and physical properties of the
radionuclides and structural materials. It should also be noted that the
radionuclide release rates will affect the core-heatup rate. For a given
release process, it is quite possible that different materials will have
different release rates owing to their different properties. Little work
has been done to date to study such differences.

Since wide variations in physical conditions can be expected across
degraded cores, it is important in performing analyses of releases from the
core to partition or nodalize the core into regions within which the physi-
cal conditions are approximately uniform. The analyses are then performed
for each individual region. It is quite possible that different core
regions will experience dif ferent release processes at the same time.

8.3.3 TRANSPORT, DEPOSITION, AND RELEASE IN THE PRIMARY SYSTEM

The TRAP computer code is the only model that is presently available
to analyze rad lonuc lide transport and deposition in primary systems during
degraded-core accidents (Baybutt and Jordan, 1977; Jordan et al., 1979).
Analyses of the transport of radionuclides through reactor primary systems
were performed in the RSS (NRC, 1975) for both particulates and elemental
iodine, and it was concluded that, except in two special BWR cases, the
retention of radionuclides in the primary system would be minimal. How-
ever, the analyses were based on the thermal-hydraulics information avail-
able at the time, which was not detailed and did not consider the effects
of structural material releases on radionuclide behavior in the primary
system. The coagulation of structural material aerosols with radionuclides
could result in significant radionuclide removal.

|

The TRAP code models occhanistically the behavior of both radionuclide ,

vapors and particulates (Jordan et al., 1979). Models for vapor sorption
,

Ion surfaces. vapor condensation and evaporation onto and from particles and
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('"' primary system surfaces, particle deposition by diffusion from laminar and
t turbulent flow, inertial particle depoaition from turbulent flow, thermo-
' phoretic particle deposition, and Brownian and turbulent particle agglom-

eration are included in the code. The primary system is represented in the
code as a set of interconnected compartments (control volumes) within which
the thermal-hydraulic conditions are uniform at any. instant in time and the
radionuclides are well mixed. Radionuclide transport is superimposed on
the fluid flow between compartments without coupling to it. The control

; volumes can be connected arbitrarily by fluid flow, and a source term of
radionuclides can be placed in any volume. Radionuclide transport is
modeled using the concept of a radionuclide state in which a particular
physical form is associated with a radionuclide location (e.g., particu-

lates suspended in steam). The transport of radionuclides can occur
among the states of an individual control volume or between certain
states of different control volumes if these are connected by fluid flow.
Radionuclide-transport rates are modeled by using correlations for mass-
transfer coefficients in a system of differential equations.

4

Data required as input to TRAP include radionuclide physical proper-
ties, the geometric configuration-of the primary system and the material of
surfaces, source term from the fuel, the flow path through the primary
system, and thermal-hydraulic conditions. TRAP providas as output the
radionuclide masses present in each state within each control volume as a
function of time. This includes the amounts of radionuclides released to
the containment from the breach _in the primary system.

,

'( TRAP does not model gravitational agglomeration of particles, which
s _- can be important if, as is likely, large amounts of structural materialss

are released with the radionuclides. Also, it does not account for chemi-
,

cal reactions that may occur during the transport of radionuclides through'

the primary system, the sorption of vapors on particulates, radioactive4

decay, particle tcsuspension, or the interaction of radionuclides with
water in the primary system. The code was designed for accidents in which
there is no water in the flow path to the containment. The TRAP code is
being developed further in a continuing program at Battelle's Columbus
Laboratories (J. A. Gieseke, Batte11e's Columbus Laboratories, personal
communication). In particular, the processes identified above are being

j incorporated into the code.

|
To support the development of TRAP, experiments are being perf ormed at

Sandia National Laboratories to determine the vapor pressures of radio-'

can resultnuclide compounds and to identify the chemical compounds that
+ f rom reactions among materials released to the primary system f rom the

fuel and between these materials and the atmosphere of the primory system
(R. M. Elrick, Sandia National Laboratories, personal communication).

' Deposition velocities of radionuclide vapors onto materials typical of
prinary-system surfaces under conditions characteristic of accidents are
being measured in a project at Battelle's Columbus Laboratories (S. L.

; Nicoliri,Battelle's Columbus Division, personal communication). The
results of these experiments will be incorporated into the TRAP code as'

[ they become availahic.
!b
1
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8.3.4 TRANSPORT, DEPOSITION, AND RELEASE IN CONTAINMENT

There are several computer codes that describe radionuclide transport
and deposition in reactor containments. One of the earliest of these was
MIRA, which accounts for the removal of iodine by natural deposition, fil-
tration, PWR sprays, and scrubbing in a BWR wetwell (Ritzman, 1971). This
code was superseded by CORRAL, which was developed as part of the Reactor
Safety Study. CORRAL treats all radionuclides that can be released from
the fuel and employs the classification of Table 8-1. It assumes that
iodine is present in the containment as 12 or organic iodine (e.g.,
methyl iodide). Other radionuclides , except the noble gases, are assumed
to be present as particulates. Noble gases and organic iodides are assumed
to pass through the containment without attenuation. Models for the re-
moval of methyl iodide by charcoal filters and sprays were described in the
RSS but were not programmed in the CORRAL code.

Models for the removal of elemental iodine and particulates by both
natural processes and the operation of engineered safeguards are included
in CORRAL. These models are semiempirical and are based largely on results
obtained in the Containment Systems Experiments (Potsma and Johnson,
1971). Natural deposition of elemental iodine is modeled by natural con-
vection to the containment walls as a result of a temperature gradient be-
tween the containment atmosphere and walls. For particulates, natural dep-
osition is modeled by gravitational settling. Removal of both elemental
lodine and particulates by sprays, filters, and suppression pools is
modeled. The containment is represented in the code as a set of intercon-
nected compartments (control volumes) within which the thermal-hydraulic
conditions are assumed uniform at any instant in time, and the radionu-
clides are well mixed. Radionuclide transport is superimposed on the fluid
flow between compartments without coupling to it.

CORRAL places some restrictions on the time dependence of r.he source
term that is used. The cladding-rupture and fragmentation / oxidation re-
leases are assumed to occur instantaneously, the melt release is assumed to
occur in 10 equal parts spaced equidistantly over a time period specified
by the code user, and the melt / concrete release is assumed to occur in two
parts, each composed of 10 exponentially decreasing amounts characterized
by an empirical half-lif e. The size of the particulates is' assumed to de-
crease linearly from 15 to 5 micrometers over a period specified by the
code user. This behavior approximates results obtained in the Containment
Systems Experiments and is believed to represent the evaporation of water
f rom particulates on which water had condensed (Postma and Johnson, 1971).

Data required as input to CORRAL include containment geometry, source
term to the containment, flow path through the containment, thermal-
hydraulic conditions, the times of various events that occur during the
accident, and information on the operation of containment safeguards.
CORRAL provides as its principal output a set of cumulative radionuclide
release fractions for environmental transport analyses. It also pro-

vides information on the quantities of radionuclides deposited in each
compartment.

CORRAL does not model the behavior of any structural materials re-
leased to the containment, nor does it account for any chemical reactions
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/''' that may occur among released materials, or between released unterials and
k the containment atmosphere or materials in the containment. It does not

model explicitly the agglomeration of particles or the condensation of
steam on particles although, since the code is empirically based, their
effects can be considered to be included to some degree. Also, CORRAL does
not consider radioactive decay, phase changes of radionuclides, or the re-
suspension of deposited radionuclides. The removal of radionuclides in
ice condensers and during their passage through leak pathways in the con-
tainment to the environment is not specifically modeled, but can be
accounted for by using intercompartmental decontamination factors that are
supplied by the user. The removal of particulates by dif fusion, thermo-

phoresis, and dif fusiophoresis is not modeled, nor is the sorption of
vapors on particulates.

The accuracy with which CORRAL predicts the actual radionuclide
behavior that would occur in a degraded-core accident naturally depends on
how far the conditions in the containment during the accident depart from
those used in the Containment Systems Experiments on which CORRAL is
based. These experiments were performed in an isothermal environment, and
thus radionuclide deposition by convective flow and diffusiophoresis is
likely to be less than would be experienced under actual accideat condi-
tions. A limitation of CORRAL is that it is not designed to treat situa-
tions where airborne mass concentrations of particulates are high and
agglomeration becomes a controlling factor. The aerosol concentrations
employed in the Containment Systems Experiments were well below those that
can be expected for some degraded-core accidents. CORRAL is best suited

j for those cases where steam condensation on particles occurs in thei

D containment.

The RSS version of CORRAL was tailored specifically to the Surry and

Peach Bottom reactors. The version available from the National Energy
Sof tware Center is designated CORRAL-2 and has been generalized to accom-
modate other reactor designs. The radionuclide-behavior models do not
differ from the RSS version.

The NAUA computer code has been developed at KfK in the Federal Repub-
lic of Germany to describe the behavior of aerosols in containments during
core-melt accidents (Bunz and Schoeck, 1980; Bunz et al., 1981). The code
is based on first principles. NAUA treats the Brownian and gravitational

coagulation (agglomeration) of particles, the condensation or evaporation
of water vapor onto or from particles, and the deposition of particles by
sedimentation (gravitational settling), diffusion, and thermophoresis. The
code assumes homogeneous mixing of the containment atmosphere, which it
treats as a single volume. It can handle all possible particle-size dis-
tributions, such as lognormal, Gaussian, and monodisperse, with any time
dependence for the aerosol source term to the containment. NAUA takes into
account a size-dependent composition of the particles. The particle con-
tents of water and solid material are averaged over the size of each size
f raction but not over the whole size distribution. The radioactive non-
volatile nuclides are assumed to be homogeneously distributed over the
solid fraction of the particles. The possible reaction of volatile radio-,rs

( }
nuclides with the particles and droplets is not modeled, nor are the trans-

\ _ ,/ port and deposition of radionuclide vapors or the resuspension of particu-s

lates. Radionuclide decay is not modeled, nor is the removal of particles
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by engineered safeguards like sprays. Application of the code depends on a
detailed knowledge of the thermal conditions in the containment that
control steam condensation.

Data required as input to NAUA include containment geometry, thermal-
hydraulic conditione, and aerosol and steam source terms to the contain-
ment. Code output includes the mass and number concentration of the
aerosol as a function of time and particle size, and the quantities
released to the environment.

An experimental program in the Federal Republic of Germany is aimed at
providing data for the further development of NAUA (Bunz and Schoeck,
1980). Particular attention is being focused on water-vapor condensation
on particulates and walls. Measurements of condensation on particulates
have been made. Work is continuing on the examination of wall condensation
and latent-heat-transfer dynamics. Aerosol experiments are also being
performed in the NSPP facility at ORNL to investigate steam-condensation
effects (T. Kress, Oak Ridge National Laboratory, personal communication).

Other aerosol-behavior codes, such as HAARM-3 (Gieseke et al., 1978)
and OUICK (Gieseke and Lee, 1980), which were developed for the containment
analysis of liquid-metal fast breeder reactors (LMFBRs), have been applied
to LWR containments when steam condensation is not excessive (NRC, 1981).
HAARM-3 includes models for Brownian, gravitational, and turbulent agglom-
eration; gravitational, diffusional, and thermophoretic deposition on sur-
faces; particle removal by filtration; and leakage to the environment. The
code assumes that aerosol concentration is spatially homogeneous throughout
tne containment and that the aerosol-size distribution is lognormal. It

cannot handle multiple compartments, the behavior of radionuclide vapors,
or the condensation of steam on particles.

QUICK is similar to HAARM-3 in the process it treats, but no simplify-
ing assumptions are made regarding the aerosol-size distribution. An ex-
tended version of QUICK, called ZONE (Jordan et al., 1980), has the provis-
ion to treat the containment as three compartments interconnected by fluid
flow. In addition, a code called MSPEC, which is similar to QUICK but also
treats many chemical species, is under development (H. Jordan, Battelle's
Columbs.s Laboratories, personal communication). Other LMFBR aerosol codes
that are available include PARDISEKO (Jordan et al., 1974), HAA-3 'Hubner
et al., 1973), AEROSlM (Walker et al., 1978), and MAEROS (Gelbard, 1981).
However, not all of these codes have yet seen extensive use. Several of

them have been shown to predict reliably experimental results with aerosol
3 in volumeconcentrations of less than 30 g/m3 in vessels up to 850 m

(Reed et al., 1980). However, it is possible that local aerosol concentra-
tions higher than 30 g/m3 may occur in some accident sequences, and the
present codes have not been tested against experiments in this higher con-
centration regime. Consequently, care should be exercised in the use of
these codes when the aerosol concentrations depart significantly from those

fur which the codes have been validated.

The ability of engineered safeguards in the containment to remove
radionuclides is an important element in modeling containment radionuclide
behavior. Radionuclide removal by filters and PWR sprays is relatively
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f-~g well understood. Iloweve r , significant uncertainties exist for ice con-

( ) densers and BWR suppression pools.
L/

Experimental data for the removal of elemental iodine in ice beds have
been obtained by the Westinghouse Electric Corporation (Malinowski, 1970).
The fraction of air mixed with the steam was found to have a major

influence on the decontamination factor for iodine. The effect of dif-
ferent additives to the ice on the amount of iodine retention was also
investigated. There are no directly relevant data for particulate removal ,
however.

Presently, there are no detailed models available for BWR pool scrub-
bing, although the SUPRA code is under development (I. Wall, Electric Power
Research Institute, personal communication). It is also possible that
existing models for bubble rise in steam generators (Baybutt et al., 1980)
or LMFBR sodium pools could be adapted. Pool scrubbing is usually treated

with empirically obtained decontamination factors. Their values are very
sensitive to the conditions of the experiments. In particular, the extent
of radionuclide removal can be expected to depend very sensitively on
whether the suppression pool water is subcooled or boiling. More experi-
mental and model development work is needed. Recently, a program to per-
form measurements and develop models for decontamination factors was
started (J. C. Cunnane, Battelle's Columbus Laboratories, personal
communication).

The risk-dominant accidents of the Reactor Safety Study involved the
, ~3

; ) gross failure of the containnent providing a leak pathway to the environ-'

\s._,/ ment with a large cross-sectional area for radionuclide escape. For acci-

dents involving a containment leak path of smaller cross-sectional area, it
is quite possible that the leak could be plugged by condensing steam or
escaping material, or that some f raction of the escaping material would
deposit along the leak path. It should be noted that our present under-

standing of the structural response of the containmen building during ac-
cidents is not well developed and consequently represents a significant un-

certainty in modeling radionuclide behavio r .

In the Containment Systems Experiments, it was observed that leaks
plugged by condensed steam (Witherspoon and Postma, 1971). Measure-were

ments were made on the decontamination of radionuclides during passsage
through leakage pathways, and significant attenuation was found (Hilliard
and Postma, 1981).

A simple model for the plugging of ducts of circ flar cross-section by
aerosol deposits has been developed (Vaughan, 1978). Experimental data on
the behavior of aerosols passing through leaks have recently been compared
with this model. The comparison indicated that the model was valid for a
variety of aerosols over a range of duct diameters from 100 micrometers to
30 centimeters (Morewitz, to be published; 1981). In the process of plug-
ging leak paths, the aerosols attach to the walls or to previously depos-
ited aerosols. Some of the agglomerates can break off and be resuspended
in the air stream so that the sizes of aerosols exiting from leaks can be

[N increased (Morewitz, 1981).
r \

'

\ /
ss
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It should be noted that the model described above was developed for
idealized cracks. Most vessel cracks or leak pathways in a containment can
be expected to be irregular, and therefore the actual aerosol removal may
be higher than that predicted by the model.

A new code, HATADOR, that improves on CORRAL-2 is being developed at
Batte11e's Columbus Laboratories (Baybutt and Raghuram, 1981). The CONTAIN
computer code, which was developed for the analysis of aerosol behavior
during LMBFR accidents, is being extended at Sandia National Laboratories
to handle radionuclide behavior in LWR containments during degraded-core
accidents (Clauser et al., 1981). The TRAP code, originally developed for
the analysis of radionuclide behavior in primary systems and described in
the preceding section, is being extended to treat the containment.

8.4 CURRENT ISSUES IN RADIONUCLlDE BEHAVIOR

The phenomena that occur during degraded-core accidents are complex.
As a result, we do not have a complete understanding of the processes that
occur, and there are a number of questions about radionuclide behavior that
remain unanswered. As more research is performed, we can expect these
issues to be resolved, but it is likely that new questions will arise. It
is important that any analysis of radionuclide behavior take account of
unresolved issues--for example, by providing estimates of the uncertainties
they cause in the results of the analyses. This can, however, be a dif fi-
cult task.

Some issues that remain unresolved at present and their probable
impact on public risk are the following:

1. The chemical form of the radionuclide: high.

2. Aerosol generation from structural materials: high.

3. Agglomeration of aerosols: h'igh .

4. Verification and validation of computer codes: high to medium.

5. Radionuclide removal by water pools and ice condensers: high to
medium.

6. Radioactive decay: medium.

7. Resuspension of deposited radionuclides: medium.

8. Coupling of thermal-hydraulic and radionuclide-behavior modeling:
medium.

9. Hydrogen combustion: medium to low.

|
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10. Chemical reactions of radionuclides with materials in the,_,

( \ containment: medium to low.
),

\/
11. The presence of organic iodides: medium to low.

12. Radiation effects: low.

These issues are briefly discussed below.

Aerosol Generation from Structural Materials

A variety of structural materials are present in the reactor. They
include fuel cladding, control rods, core supports, and instrument tubes.
Some of these materials can be released to the primary system and contain-
ment with radionuclides. In addition, concrete components can be suspended
in the containment atmosphere as a result of the interaction between the
core melt and the concrete basemat. These released structural materials
can have a significant impact on the behavior of radionuclides in the
primary system and containment, primarily by their effects on such aerosol <

behavior as agglomeration.

Some data on structural material releases are available f rom fuel-melt
experiments (Albrecht et al., 1978,-1979, 1981). However, these are
small-scale experiments, and the extrapolation of the data to prototypic
reactor-meltdown conditions is questionable. Larger scale experiments,
currently in progress, may help to solve this problem.4

Limited experimental data on aerosol generation as a result of core-
's '

concrete interactions are available, and a preliminary model has been
developed (NRC, 1980). However, the model is accurate at best to within an
order of magnitude (D. Powers, Sandia National Laboratories, personal com-
munication). Its application also requires a knowledge of the geometric
configuration of the melt and a thermal analysis of the melt-concrete
interaction, both of which are subject to significant uncertainties.

Agglomeration of Aerosols

It is likely that aerosols with high number concentrations will be
generated in the primary system and possibly parts of the containment as
a result of the release of structural materials with radionuclides. Such
aerosols will agglomerate and form particles of much larger sizes. Such
particles will then be subject to more rapid settling by gravitational
(a position. In turn. this would significantly reduce the radionuclide
release to the environment.

Little experimental work has been done under conditions appropriate
for degraded-core accidents. However, some experiments are now under way
(T. Kress, Oak Ridge National Laboratory, personal communication).

The importance of agglomeration in the primary system has recently
been assessed with the QUICK code (hRC, 1981). For accident sequences with
low aerosol concentrations and residence times in the primary system, such,,_s

( ) as. AD, agglomeration and settling were found to result in less than 1-
q_,/ percent retention in the primary system of released materials. For other
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accident sequences with higher residence times and aerosol concentrations,
such as TMLB', 99 percent or more of the released materials was found to be
retained in the primary system. The importance of agglomeration as a con-
tributor to particle retention thus depends on the characteristics of
particular accident sequences.

Radionuclide Removal by Water Pools and Ice Condensers

Little information exists on the removal of radionuclides by BWR
suppression pools, PWR ice condensers, or water pools that may exist in
PWRs (e.g., in the pressurizer). If the radionuclides released from the
fuel do pass through water pools, significant radionuclide attenuation may
occur. Whether such attenuation occurs depends on the nature of the acci-
dent. Of particular importance are the radionuclide-flow pathway to the
environment and whether the pool water encountered is subcooled or boiling.

Some experimental data for the removal of elemental iodine in ice beds
have been obtained by the Westinghouse Electric Corporation (Malinowski,
1970), but there are no directly relevant data for particulate removal.
Existing information on the removal of radionuc1! des by water pools is
poor. A program of research to measure aerosol attenuation by pool scrub-
bing funded by the Electric Power Research Institute has just been initi-
ated at Battelle's Columbus Laboratories (J. C. Cunnane, Battelle's
Columbus Laboratories, personal communication). No data are available yet,
however.

A full understanding of radionuclide interactions with water pools
requires a knowledge of the aqueous chemirtry of radionuclides. The
aqueous chemistry of iodine has been si mmarized recently (NRC, 1981).

Resuspension of Deposited Radionuclides

Radionuclides that are deposited on primary-system or containment
surf aces can be resuspended. For example, particulates can be reentrained
in the fluid flow, and deposited vapors can be revaporized. Few analyses
of radionuclide behavior have considered resuspension. In principle, the
vaporization of condensed vapors is easily handled, and indeed the TRAP
code treats this process. However, little information is available on the
resuspension of chemisorbed vapors. Some data are available on the resus-
pension of particulates, but this process has not received attention in
analyses of radionuclide behavior.

Radionuclides that dissolve in water can also become resuspended in
the reactor atmosphere either by partitioning effects or by the flashing of
the water to leave the dissolved materials. Other than the equilibration
of 1 in the containment spray water, treated in CORRAL, these processes7
have not been modeled in analyses of radionuclide behavior.

Radionuclide Chemical Forms

The chemical form in which a radionuclide is released f rom the fuel
can be expected to influence its subsequent behavior in the primary system
and containment as well as the quantity that is eventually released to the
environment. (It is also likely that the chemical form may influence the
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j

[ behavior of radionuclides in the environment.) The properties that-exert
,

i \s ,,f an effect on radionuclide behavior include volatility or vapor pressure,

solubility, and chemical reactivity, which vary among the possible chemical
forms of a given radionuclide. At present, there is little information on
the chemical forms of the radionuclides released from the core, and thus

considerable uncertainty in analyses of radionuclide behavior can be intro-
duced from this source.

5 Over the past year or so, questions have been raised on the chemical
form of iodine released f rom fuel in degraded-core accidents.* For many
years it had beer, assumed that iodine is reicsaed in elecental form
(1 ). However, experiments at the Oak Ridge National Laboratory suggest'

2
; that the actual form is cesium iodide (Campbell et al., 1981). Thermo-

dynamic calculations performed in the Reactor Safety Study and morei

recently (NRC, 1981) support this conclusion. Some evidence has also been
found for the formation of cesium iodide deposits in the fuel-to-cladding

g
gap (Cubicciotti and Sanecki, 1978). However, the experimental evidence is

j not definitive, and thermodynamics conclusions alone . cannot necessarily be
' expected to determine chemical forms (kinetics is also important).

The Nuclear Regulatory Commission attempted to resolve this issue by
funding a study to examine the state of the technology of iodine behavior.
The results of the study have been recently reparted (NRC, 1981). The
report summarized and evaluated available information on radionuclide
release from fuel, the chemistry of cesium and iodine, and radionuclide

('"'}/
transport in the primary system and containment. The primary objectives

( were to determine, if possible, the most likely chemical form of iodine- and
,, to determine the effect of chemical form on the quantity of iodine released

,

to the environment. The report concluded:
|

l The current data base suggests that cesium iodide will be

! the expected predominant iodine chemical form under most ~postu-
i lated light water reactor ace,ident conditions. The current evi-

dence regarding the chemical form of iodine released f rom fuel at-
high temperatures (>l400*C) is inconclusive. However, thermo-

dynamic calculations predict that formation of CsI.should occur!

in the gaseous reducing atmosphere in the reactor coolant system'

following release from fuel even if iodine is not released from'

the fuel as CsI. The formation of some more volatile iodine spe-

cies (e.g., elemental iodine and organic iodines), however, can-
! not be precluded under certain accident conditions.
\

| The assumed form of iodine (either cesium iodide or elemen-
tal iodine) was not predicted to have a major influence on the'

estimated magnitude of iodine attenuation in the containment for
severe accident sequences with early containment f ailure in which

j

!

!
! *The interested reader can consult the following correspondence,'

available in the NRC Public Document Room: letter from W. R. Stratton, A.

P. tblinauskas, and D. O. Campbell to NRC Chairman J. Ahearne, dated August
;
' 14, 1980; letter from Chauncey Starr to NRC Commissioner J. Hendrie, dated

September 2, 1980; letter from Nuclear Safety Oversight Committee tos_-
President Jimmy Carter, dated December 21, 1980.
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there is little time for natural fission product retention
mechanisms to be ef fective. However, the assumed chemical form
of iodine can influence the predicted attenuation within the
reactor coolant system, where, in general, the attenuation factor
will be greater for cesium iodide than for elemental iodine
(i.e., less iodine will escape into the containment).

It should be recognized that, though these conclusions are based on the
current state of the technology, there are significant uncertainties in the
analyses and the supporting data base, and thus the conclusions cannot be
regarded as definitive.

Questions can also be raised about the chemical forms of other radio-
nuclides and their effects on radionuclide releases to the environment.
This is an area in which experimental research is badly needed. Some work
is in progress at Sandia National Laboratories to investigate the radio-
nuclide chemical forms that may be present in primary systems during
degraded-core accidents (R. M. Elrick, Sandia National Laboratories, per-

sonal communication). Some insights into likely chemical forms can be
obtained by consulting thermodynamics tables or performing thermodynamics
calculations with such computer codes as SOLGASMIX (Bessmann, 1977). How-
ever, these tables and codes do not contain data for all likely radio-
nuclide chemical forms. Moreover, thermodynamics considerations alone can-
not be used to predict chemical forms since chemical kinetics also plays an
important role. A summary of available information on the chemistry of
volatile radionuclides has recently been compiled (NRC, 1981).

Organic Iodides

It is possible that iodine will react with organic materials (e.g. ,
lubricating oils present in the containment), after it nas been released
f rom the fuel, and form organic iodides, such as methyl iodide. In the
Reactor Safety Study, for example, it was assumed that a small percentage
of the iodine in the containment is converted to organic iodides (NRC,
1975). Both radiolytic and nonradiolytic formation mechanisms were con-
sidered. The importance of this phenomenon is that organic iodides differ
from other chemical forms in their transport and deposition behavior. It

is also possible that volatile forms of iodine, such as HI and HOI, may be
formed. Some recent work has provided evidence for the existence of HOI
(C. C. Lin, General Electric Company, personal communication). The pres-
ence of such forms can have important implications for the trensport and
deposition of iodine and for the partitioning of iodine L tween water and
the reactor atmosphere.

The information base on this topic is quite sparse, and the estimation
of the quantities in which such materials may be formed is subject to large
uncertainties. More experimental work is needed to resolve these issues.

Hydrogen Combustion

During degraded-core accidents, hydrogen can be formed by metal-
water reactions or possibly by radiolysis under boiling conditions (see
Chapter 7). In the latter case, free oxygen gas can be liberated. Hydrogen
can burn or detonate in the containment if air is present, certain hydrogen
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( concentrations are reached, and an ignition source is present. If such an
event were to occur, it might affect the deposition rates and the chemicals- -

forms.of the radionuclides in the containment. No information is presently
available on such effects.

Chemical Reactions of Radionuclides with Materials in the Containment

The containments of light-water reactors contain a wide variety of
materials, from lubricating oils to paints _on containment surfaces. It is
possible that radionuclides released to the containment will react chem-
ically with such materials and thus possibly alter their behavior. The
formation of organic and other forms of iodine provides a specific ex-
ample. Little is known about such reactions.

Radioactive Decay

Most analyses of radionuclide behavior do not account for radioactive
decay because it has been assumed that decay would exert little effect on
the results, owing to the relatively short time periods involved. However,
for certain accidents, the time periods can be on the order of days, and
there are some transformations, such as that of tellurium to iodine, that
could be important. The treatment of radioactive decay is especially
important if short-lived isotopes are to be considered.

Radiation Effects

)
,/ lt is possible that the radiation fields in reactor accidents mays>

influence radionuclide behavior either by physical (e.g., charge) or chem-

ical effects. Studies of charging ef fects on aerosol behavior have con-
cluded that there is minimal impact (Reed et al., 1977). The formation of
organic iodides is controlled, in part, by radiolytic mechanisms (Postma
and Zavadoski, 1972). It is also possible, as discussed earlier, that the
formation of hydrogen and oxygen by the radiolysis of water may affect-
radionuclide behavior. Little other work pertinent to reactor-accident
conditions has been done.

Coupling of Thermal-Hydraulics and Radionuclide-Behavior Modeling

The present state of the art in modeling radionuclide behavior arti-
ficially decouples the evaluation of thermal-hydraulic conditions. The
computer codes that describe radionuclide behavior use information on
thermal-hydraulic conditions as input. Radionuclide transport ano deposi-
tion are superimposed on fluid flow. Although at present this approxima-
tion is believed to be reasonable, considering the level of sophistication
of current models, it is possible that, as the state of the art in radio-
nuclide behavior is advanced, an integration with the thermal-hydraulic
analyses may be warranted. The assumption of well-mixed, homogeneous con-
trol volumes, which is used in virtually all radionuclide-behavior codes,
may also need to be reassessed.

f''' Verification and Validation of Computer Codes

\ /
N/ It is important that computer codes for the analysis of radionuclide

behavior and the models they contain be verified (independently assessed to
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determine that they function as specified and there are no coding errors)
and validated (assessed to determine the accuracy of the analyses by com-
parison with experimental results). Few of the available codes have either
been verified or validated, in the latter case mainly owing to the lack of
experimental data.

8.5 INFORMATION REQUIREMENTS

This section discusses the information needed for analyses of radio-
nuclide behavior and describes where such information can be obtained.
Each of the steps in the analysis is addressed in turn.

Radionuclide and structural material inventories. Computer codes that
calculate radionuclide inventories require information on the operating
history of the reactor (Bell, 1973; Croff, 1980). Such information is
available from the utility operating the reactor. They also require a set
of nuclear constants; these are of ten incorporated in the codes as data
libraries. Information on the amounts of structural materials in the pri-
mary system can be found in documents containing design data, such as
safety analysis reports, or in design drawings, or it can be obtained from
the utility or the vendor.

Radionuclide and structural material releases. The analysis of the
release of radionuclides and structural materials from the core requires
information on the following:

1. Radionuclide and structural material inventories (taken from the
previous step).

2. The physical processes of degraded-core accidents (provided by the
analyses described in Chapter 7).

3. Physical and chemical data needed by each of the release models
(sources were discussed in Section 8.3.1).

Information on the physical processes of degraded-core accidents spec-
ifies which radionuclide release processes will occur, provides data on the
atmosphere in the primary system (e.g. , amount of hydrogen present), de-
scribes the manner and timing of core degradation, and specifies the times
at which various events occur (e.g., cladding failure, core-melt initiation
and termination, and pressure-vessel failure).

|

[ Radionuclide transport, deposition, and release in the primary
! system. This element of the analysis requires information on the

following:

1. Radionuclide and structural material source terms. Data on quan-
tities, release rates, time dependence, chemi<il forms, and
particle-size distribution and composition are needed. (Provided
by the previous step.)
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2. The geometric configuration of . the primary ' system andL the material -
of surfaces. -(Provided by data sources on-the reactor design,'],) - such'as safety analysis reports.)

i

3. Physical conditions.- Information is needed on fluid flow rates'

and flow paths, fluid composition, fluid temperatures, surface;.

temperatures, and system pressure, all as a function of time.
j g

j . (Provided by the analyses described in Chapter 7.)

i' S 4. Physical and chemical properties of radionuclides for the-
radionuclide-behavior models. (Sources were discussed in Section*

8.3.2.'),

h

Radionuclide transport, deposition and release in-containment.- The-
information needed for this task can be summarized as follows:'

,

i ~ l~ Radionuclide - and structural material source terms. -Data on.

quantities, release rates, time dependence, chemical forms, and
particle-size distribution and composition, are needed.. (Provided,

2

by the previous step.)
L

2. Steam source term. Data on the quantity and release rate are

needed. (Provided by the analyses of Chapter 7.)'

3. The geometric configuration of the containment and the material of
j

surfaces. (Provided by data sources on the . reactor design, such
g

| as safety analysis reports.)
- %| 4. Physical conditions.. Information is needed on fluid flow rates1

and flow paths, fluid composition, fluid temperatures,-surface'

temperatures, system pressure, and steam condensation, all as,
a function of time. (Provided by the analyses described in t
Chapter 7.)i

i
!-

j -5. Engineered safeguards. Information is needed on1their function-

|
ability (provided by the analyses described in Chapter 7) and ^

|
operational characteristics, such as spray flow rates and water-

|
droplet size, and filter efficiencies. '(Provided by data sources

; on the reactor design, such as safety analysis reports.) '
,

i
6. Containment failure. Information is .needed on. the timing and mode*

of containment f ailure and such leak path ~ characteristics as
length, cross-sectional areas, and tortuosity. (Provided by the

;
' analyses described in Chapter 7.)
:

7. Physical ano chemical properties of radionuclides for the
radionuclide-behavior models. (Sources were discussed in . Sec--

|
tion 8.3.3.)

:
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8.6 UNCERTAINTIES IN THE ANALYSIS OF RADIONUCLIDE BEHAVIOR

8.6.1 SOURCES OF UNCERTAINTY

Incertainties are present in both the data and the models used in
analyzing the behavior of radionuclides. Data may be imprecise or unavail-
able, and models may only approximate the processes they are intended to
describe. The omission of important processes because certain phenomena
are not completely understood or because they cannot be modeled represents
another source of uncertainty. Such sources of uncertainty were identified
in Section 8.3. The most significant sources are summarized in Table 8-6.

All these sources of uncertainty propagate through to the results of
the analyses. It is important for the assessment and utilization of the
results of a PRA that uncertainties in the results be fully quantified and

presented with the risk estimates. It is also important to represent the
sources of uncertainty and to present their contributions to the total
uncertainty since this information is of value in establishing priorities
for further work and providing insights into the results.

8.6.2 RECOMMENDED PROCEDURES FOR UNCERTAINTY ANALYSIS

Ideally, in a PRA, uncertainties should be fully quantified for the
actual analyses performed. The level of quantification can range from the
simple application of engineering judgment for the evaluation of bounds on
the environmental radionuclide releases to the development of input uncer-
tainty estimates and their propagation through the computer codes by one of
several available methods. Various techniques of uncertainly analysis are
described in Chapter 12. One method that has been developed for the
analysis of uncertainties in radionuclide behavior uses statistical design
and . response-surf ace methods (Baybutt et al., 1981). The response-surf ace
method is described in Chapter 12. Since relatively little work has been
done in this area, it is net possible to recommend any specific technique
of uncertainly analysis as most appropriate. Consequently, the analyst of
uncertainties in radionuclide behavior should select a technique from those
discussed in Chapter 12, based on the needs of the PRA being performed and
the methods used for the analysis of radionuclide behavior.

One simple way to estimating uncertainties in releases to the
environment is to use values that have been developed in other studies.

Obviously, care must be exercised to ensure that the selected values are
appropriate for the case at hard. The section that follows provides a
summary of such information that is available. |

|

9
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Table 8-6. Significant sources of uncertainty in the
analysis of radionuclide behavior s

1. Radionuclide and structural material inventories

No significant uncertainties

2. Radionuclide and structural material source term from the core

Mode of core degradation and core-melt behavior

Quantities of structural material released

Chemical forms of released radionuclides

Timing of radionuclide and structural material releases

Adequacy of experimental data based on releases

Validity of extrapolation of correlations based on small-scale experi-
ments to prototypic reactor-accident conditions

3. Transport, deposition, and release in the primary system,,

Source term from the core (magnitude, physical and chemical form,
timing)

Particle agglomeration

Chemical reactions

Water scrubbing of radionuclides

Thermal-hydraulic conditions

Vapor pressures of radionuclides

Validity of computer codes.

.

8-33

_ _ - _ _ _ _ _ - _



Table 8-6. Significant sources of uncertainty in the
analysis of radionuclide behavior (continued)

4 Transport, deposition, and release in containment

Source term from the primary system (magnitude, physical and chemical
form, timing)

Removal of radionuclides by ice condensers and BWR suppression pools

Thermal-hydraulic conditions, particularly steam condensation on parti-
cles and hydrogen combustion

Particle agglomeration

Radionuclide attenuation during passage through containment cracks
Chemical reactions

Validity of computer codes

O

,

O
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t i 8.6.3 AVAILABLE INFORMATION ON UNCERTAINTIES

d
Only beginning ef forts at the quantification of uncertainties in the

analysis of radionuclide behavior have been made. One such effort was a
project at Batte11e's Columbus Laboratories to develop and apply methods i

for evaluating uncertainties in the environmental radionuclide releases ;

calculated with the MARCH and CORRAL codes (Baybutt and Kurth, 1980). A ]
series of reports on this work is-in process. One paper has been published .j
containing some. of the results (Kurth et al., 1980). Tables 8-7, 8-8, and

8-9 show the results of uncertainty analyses for the TMLB'-4, ACDF-ot, and
TC r meltdown-accident sequences. Typically, standard deviations were 40 j

to 60 percent of the mean release f ractions. Both data and model uncer- |
tainties were considered, but only the variables and models that were ;

believed to be the dominant contributors were included in the analyses. '

Thus the actual uncertainties are likely to be larger. The results of the
calculations also depend on the variable and model input uncertainties that i

'
were used and the method of uncertainty analysis that was employed.
Furthermore, the analyses do not include uncertainties associated with the'

validity or completeness of the MARCH and CORRAL coden. These can be !

expected to be substantial; and, consequently, the results of Tables 8-7 i

through 8-9 should not be used as estimates for uncertainties in environ- |
mental radionuclide releases without modification to account for the addi-

'

tional sources of uncertainty.

Similar methods have been applied to the evaluation of uncertainties i

~''} in TRAP calculations of radionuclide deposition in the primary system |

g_,j (Baybutt et al., 1980). Calculations were ande for the BWR accident f
sequence TC"r with a source term containing 1 , Cs0H, and Pu0 . The >

2 2
results are shown in Table 8-10, where the standard deviation expressed as ;

a percentage of the mean deposition f raction is seen to range from 48 to 75 ,

percent. The qualifications given for the MARCH / CORRAL uncertainty [
estimates also apply to those for TRAP.

|

i.

8.7 RELEASE CATECORIES j

Ideally, in a comprehensive PRA, analyses of radionuclide behavior
should be made for all accident sequences of interest. However, this can

become prohibitively expensive, in order to circumvent this problem, it is *

possible to categorize sequences by their characteristics in such a way |
that members of the same category have similar radionuclide release f rac- !'

tions. A set of release categories is then defined such that all accidents -

fassigned to the same category are assumed to have the same set of release
fractions. It is then necessary to perform analyses of radionuclide i

behavior for only one accident sequence in each category in order to deter- I

mine the set of release fractions for that category. This is the approach |
that was used in the Reactor Safety Study for environmental radionuclide !

releases, and the release categories employed are shown in Table 8-11 as an [
example.

['~s'

<

\s- Such categorizations are likely to be dependent on both the design of ;

the reactor and the methods used for radionuclide-behavior analyses. !
t
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Table 8-7. Uncertainty estimates for the environmental'

radionuclide release f ractions of the TMLB' - 6PUR
meltdown-accident sequence a

Best-
i estimate Mean
; Radionuclide release release Standard

group fractionb fractione deviation

'
1 0.59 0.18 0.08
Cs 0.55 0.38 0.17
Te 0.18 0.35 0.16
Sr 0.07 0.05 0.03
Ru 0.02 0.06 0.03
La 0.003 0.01 0.006

aFrom analyses by P. Baybutt, D. C. Cox , and R. E. Kurth,
Battelle Columbus Laboratories (work in progress). Sec qualificationsi

in the text of Section 8.6.3 ca what these estimates do and do not-

include.
bObtained from CORRAL code with best-eatimate input data.
c btained from statistical analysis.o

.

Table 8-8. Uncertainty estimates for the environmental
radionuclide release fractions of the ACDF- aPWR

meltdown-accident sequencea

Best-
estima' Mean

. Radionuclide releam. release Standard
group fractionb fractione deviation

I 0.49 0.38 0.06;

Cs 0.36 0.38 0.16

Te 0.19 0.34 0.15

Sr 0.04 0.06 0.03

Ru 0.19 0.29 0.12

La 0.002 0.01 0.006

aFrom analyses by P. Baybutt, D. C. Cox, and R. E. Kurth,
Battelle Columbus Laboratories (work in progress). See qualifications
in the text of Section 8.6.3 on what these estimates do and do not
include.

bObtained from CORRAL code with best-estimate input data.
c0btained from statistical analysis.
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Table 8-9. Uncertainty estimates for the environmental

radionuclide release fractions of the TC-Y BWR
ameltdown-accident sequence

IBest-
estimate Mean

Radionuclide release. release Standard
group fractionb fractione deviation

1 0.04 0.08 0.05

Cs 0.15 O.25 0.11'

Te 0.11 0.27 0.11
I
| Sr 0.02 0.03 0.02 |
I l

Ru 0.01 0.05 0.03 {

La 0.001 0.01 0.006
,

aFrom analyses by P. Baybutt, D. C. Cox, and R. E. Kurth, ;

Battelle Columbus Laboratories (work in progress). See qualifi-

cations in the text of Section 8.6.3 on what these estimates |

do and do not include. !

f
' ' ' bObtained from CORRAL code with best-estimate input data.

| s ,/ c0btained from statistical analysis. |
| I
- !

'I

>

Table 8-10. Uncertainty estimates for primary. |
a of the TC-Y BWR |system deposition fractions

meltdown-accident sequenceb j

|

Mean deposition Standard
Nuclide fraction deviation

l 1 0.04 0.03

Cs 0.29 0.14

Pu 0.1 0.06

aDefined as the ratio of material deposited
to that released.

bFrom Baybutt et al. (1980). Sec qualifica-
tions in the text of Section 8.6.3 on what these''

estimates do and do not include.g
.

t

|
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l

.

; Table 8-11. Radionuclide release categories used in the Reactor Safety Study

Fraction of core inventory released
| Release Noble Organic

| category gases iodine I Cs Te Ba Ru La

PWR 1 0.9 6 x 10-3 0.7 0.4 0.4 0.05 0.4 3 x 10-3
PWR 2 0.9 7 x 10-3 0.7 0.5 0.3 0.06 0.02 4 x 10-3
PWR 3 0.8 6 x 10-3 0.2 0.2 0.3 0.02 0.03 3 x 10-3.

PWR 4 0.6 2 x 10-3 0.09 0.04 0.03 5 x 10-3 3 x 10-3 4 x 10 ''
PWR 5 0.3 2 x 10-3 0.03 9 x 10-3 5x 10-3 1 x 10-3 6 x 10-4 7 x 10-5
PWR 6 0.3 2 x 10-3 8 x 10-4 8 x 10-4 1 x 10-3 9 x 10-5 7 x 10-5 1 x 10-5

| PWR 7 6 x 10-3 2 x 10-5 2 x 10-5 1 x 10-5 2 x 10-5 i x 19-6 1 x go-6 2 x 10-7
PWR 8 2 x 10-3 5 x 10-6 1 x 10-4 5 x 10-4 1 x 10-6 1 x 10-8 0 0
PWR 9 3 x 10-3 7 x 10-9 1 x 10-7 6 x 10-7 1 x 10-9 1 x 10-11 0 0

i

! BWR 1 1.0 7 x 10-3 0.40 0.40 0.70 0.05 0.5 5 x 10-3
f BWR 2 1.0 7 x 10-3 0.90 0.50 0.30 0.10 0.03 4 x 10-3

T BWR 3 1.0 7 x 10-3 0.10 0.10 0.30 0.01 0.02 3 x 10-3
'

$ BWR 4 0.6 7 x 10-4 8 x 10-4 5 x 10-3 4 x 10-3 6 x 10-4 6 x 10-4 1 x 10-0
BWR 5 5 x 10-4 2 x 10-9 6 x 10-11 4 x 10-9 8 x 10-12 8 x 10-11 0 0

i

;
1

1
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i

|
4

Furthermore, their establishment and use involves subjective judgment. It

j h is possible that generic release categories applicable to several different
|

reactor designs could be developed.

Little work has been done on constructing release categories or estab-
lishing procedures for the development of release categories since the time
of the Reactor Safety Study. However, some work on this topic is being
performed as part of the Oconce PRA (W. J. Parkinson, Science Applications,

j Inc., personal communication).

i

!

| 8.8 PROCEDURES

A step-by-step set of procedures for analyzing radionuclide behavior

i in degraded-core accidents is provided below.
I
'

l. Determine level of analysis to be performed. This can range from

the simple use of environmental radionuclide release categories developed
j in previous studies to the use of the most sophisticated methods avail-

j able. The appropriate level of analysis is determined by the objectives of
j the PRA, available resources, and time constraints.

1

| 2. Select techniques to be used for analysis. Presently available

| methods are described in Section 8.3. The techniques selected depend on

D) the level of analysis to be performed, the availability of needed data, the5 g

| objectives of the PRA, resources available, and time constraints. The
j techniques selected may need to be adapted to the specific problem at
j hand. A determination should also be made that the methods include. con-
: sideration of all phenomena likely to be of importance. Any improvements
j made in the analytical techniques subsequent to the publication of this

Procedures Guide should be reviewed for possible inclusion in the work.,

1

[ 3. Collect needed input data. The information identified in Section
8.5 as needed for analyses of radionuclide behavior must be collected.

4. Determine radionuclide and structural material inventories.
Available methods are described in Section 8.3.1. Often the ORIGEN com-
puter code (Bell, 1973; Croff, 1980) is employed to determine the radio-
nuclide inventory in the core at the outset of the accident. Alternative
codes like CINDER should be considered for possible use. The choice
depends on how accurately the core inventory must be predicted, and thus a
determination should be made of the degree to which the codes considered
agree with experimental results. The quantities of structural materials
can be determined f rom data on the reactor design, such as safety analysis
reports.

5. Determine radionuclide and structural material releases to the
primary system. Available methods are described in Section 8.3.2. There

p are no generally accepted techniques. New methods are under development,

(V)
but until they become available, special assessments of radionuclide and
structural material releases will have to be made on a case-by-case basis,
using whatever information is available when the assessments are made.
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1

6. Determine radionuclide release to the containment. Available
methods are described in Section 8.3.3. The only computer code presently
available that perforns such analyses is TRAP (Baybutt and Jordan. 1977;
Jordan et al., 1979). However, this code does not include all processes

.

that are likely to be important for all accidents (see Section 8.3.3). If

necessary, for the cases to be analyzed, code modifications or special
assessments must be made to account for important processes not modeled in
TRAP. Aerosol processes like gravitational agglomeration can be modeled

with the QUICK or HAA codes.

7. Determine radionuclide release to the environment. Available
methods are described in Section 8.3.4. Several computer codes are avail-
able. CORRAL (NRC, 1975) has been used widely but has a number of defi-
ciencies. New codes are under development. In the meantime, codes such as
CORRAL and NAUA (Bunz et al., 1981) can be used, but an assessment must
be made of the validity of their results in light of their deficiencies or
processes not treated. The use of both CORRAL and NAUA may provide more
reliable results than either code does individually.

8. Determine uncertainties in radionuclide release to the environ-
ment. A procedure for uncertainty analysis must be selected and input data
and model uncertainties must be quantified. The procedure is then used to
propagate the input data and model uncertainties through the analyses of
radionuclide behavior to determine the uncertainties in the results of the
analyses, namely, the radionuclide releases to the environment.

9. Provide data to analyses of environmental transport and conse-
quences. The output of the analyses of radionuclide behavior is provided
as input to the analyses of environmental transport and consequences. This
consists of the magnitude of radionuclide releases to the environment as a
function of time, particle sizes and compositions, and chemical forms.

8.9 METHODS OF DOCUMENTATION

This section provides an outline of the information that should be in
a final report describing the results of the analysis. Sufficient detail
should be provided for purposes of peer review.

1. Introduction. The objectives of the radionuclide behavior
analysis should be described in light of the overall objectives of
the PRA being performed. The level of analysis should be speci-
fled, and any special requirements of the analysis for the reactor
design being analyzed should be described.

2. Overview. The elements involved in the analysis should be sun-
marized and a description should be provided of the procedure that
was followed. The quality-assurance methods used should be dis-
cussed.

O
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h 3. Analytical techniques. A description of the methods used should
y/ be provided with a justification for their selection. Details

should be .given of any -modifications made to existing methods.
t
,

4. Input data. References should be provided to the sources of input
data employed. A summary should be given of key data.

| 5. Assumptions. Any assumptions made in the analyses should be

! specified and discussed. |
i

6. Presentation of results. This section should discuss the particu-
lar accidents analyzed and present the results of each step in the-

; procedure. The final results presented should be those needed as
input to the analysis of environmental transport and consequences.

7. Summary. Any pertinent observations on the analyses or their
|
j results should be given here.

| 8.10 DISPLAY OF FINAL RESULTS
|

This section describes the format of the results of the radionuclide-
behavior analyses that are provided as input to the analyses of environ-

A) mental transport and consequences. The information that is needed consists.
of (1) the magnitude of radionuclide releases to the environment, (2) the

i physical form of the released radionuclides, and (3) the chemical form of

| the released radionuclides. The required format is deceribed below.

In preparing the results on release magnitudes, the radionuclide
classification of Table 8-1 should be employed or one that is compatible
with the analycical methods used for the evaluation of environmental trans-
port and consequences._ Radionuclide teleases should be expressed as a
fraction of the original core inventory at the beginning of an accident.
The time dependence of these releases should be specified.

f In presenting results on the physical form of the radionuclides, the
distribution of particle sizes and composition as a function of particle
size should be given. The chemical forms in which radionuclides are
released to the environment should be specified for each radionuclide.

8.I1 OUALITY ASSURANCE

Little formal work has been done to develop methods of ensuring that
PRAs are performed correctly. Consequently, this section presents only
some general suggestions on quality-assurance (QA) procedures for analyses
of radionuclide behavior.

o
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The OA function should be provided at three levels: the levels of the

analysts (people actually performing calculationes, the task leader (indi-
vidual directing the analysts), and the PRA program manager (individual
directing the overall PRA). In general, these persons should perform OA
activities appropriate to their level in the organization and check on the
execution of OA activities by their immediate subordinates. Quality-
assurance activities for analysts would include checking calculations and
input data to computer codes and maintaining a written record of all cal-
culations. The task leader would perform spot checks as part of his OA
activities, and the PRA program manager would review the results for any
inconsistencies or apparent errors. Review of results for their reason-
ableness is a valuable OA approach at all levels.

Part of the OA program must address the verification and validation of
any computer codes or other tools used in the analyses. In addition, when-

ever computer codes are implemented on a new computer, they should be thor-
oughly checked using test cases. Peer reviewers should also be used in the
OA program.

I The formal OA procedures described in Chapter 2 should be implemented
! f or analyses of radionuclide beha vi o r .

t

O
;
,

I

t

i

t

i
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