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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the
heading “Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be
obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers.html.

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-uc=, a.»
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standw:ds
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through o
consensus development process, approved by the American National Standards Institute (“A.T3I" ;. which
brings together volunteers representing varied viewpoints and interests to achieve the final procuct. [EEE
Standards are documents developed through scientific, academic, and industry-based te-hnical working
groups. Volunteers in IEEE working groups are not necessarily members of the Instirte and participate
without compensation from IEEE. While IEEE administers the process and establis. es ruis to promote
fairness in the consensus development process, IEEE does not independently eva. ate. :est, or verify the
accuracy of any of the information or the soundness of any judgments contai e 1. its standards.

IEEE Standards do not guarantee or ensure safety, security, health, or er vironmental protection, or ensure
against interference with or from other devices or networks. Implem:n === and users of IEEE Standards
documents are responsible for determining and complying swith o'l appropriate safety, security,
environmental, health, and interference protection practices and.all »opl cable laws and regulations.

IEEE does not warrant or represent the accuracy or contew® ot ‘he material contained in its standards, and
expressly disclaims all warranties (express, implied ad siatutory) not included in this or any other
document relating to the standard, including, but not limitcu to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any an @.al. condcitions relating to: results; and workmanlike effort.
IEEE standards documents are supplied “AS TS ana “WITH ALL FAULTS.”

Use of an IEEE standard is wholly vetunuw wv. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, 1 eas re, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Fu. thermore, the viewpoint expressed at the time a standard is approved
and issued is subject to chan/e r rougnt about through developments in the state of the art and comments
received from users of the stai. «arc.

In publishing and mal-i: 7 it. standards available, IEEE is not suggesting or rendering professional or other
services for, or on bealf ¢ f, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity tu another. Any person utilizing any IEEE Standards document, should rely upon his
or her own jrde, endent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, su=k tue advice of a competent professional in determining the appropriateness of a given
IEEE standa. .

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
LXEmI LARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PRCCUFEMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
C® BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard is translated, only the English version published by IEEE should be considered the
approved IEEE standard.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lecturcs,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather thon tho>
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any intercsted harty regardless of
membership affiliation with IEEE. However, IEEE does not provide consu'tng .~firmation or advice
pertaining to IEEE Standards documents. Suggestions for changes in docume. ‘s shuld be in the form of a
proposed change of text, together with appropriate supporting comments. Since .=EE standards represent a
consensus of concerned interests, it is important that any responses t¢ o aments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE 2na ‘he members of its societies and
Standards Coordinating Committees are not able to provide 2n in ‘'tant response to comments or questions
except in those cases where the matter has previously been‘ada. »sscs for the same reason, IEEE does not
respond to interpretation requests. Any person who would 'ike ‘o participate in revisions to an IEEE
standard is welcome to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standard . Rcard
445 Hoes Lane
Piscataway, NJ 08854 T:S 2,

Laws and regulations

Users of IEEE Standards doc rner ts should consult all applicable laws and regulations. Compliance with
the provisions of any IEE ? Standards document does not imply compliance to any applicable regulatory
requirements. Imple ne. ters of the standard are responsible for observing or referring to the applicable
regulatory requiremer.‘s. I _EE does not, by the publication of its standards, intend to urge action that is not
in compliance with appli»able laws, and these documents may not be construed as doing so.

Copyrights

IEEE c-aft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
yhey art made available by IEEE and are adopted for a wide variety of both public and private uses. These
inciode Foth use, by reference, in laws and regulations, and use in private self-regulation, standardization,
a. the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.
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Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission
to photocopy portions of any individual standard for educational classroom use can also be obtained
through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any t:me
by the issuance of new editions or may be amended from time to time through the issuance of amendi ~nts,
corrigenda, or errata. An official IEEE document at any point in time consists of the current editior: of e
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten
years old and has not undergone a revision process, it is reasonable to conclude that its cc 1tents, although
still of some value, do not wholly reflect the present state of the art. Users are cauucod to check to
determine that they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and ~heti.>r it has been amended
through the issuance of amendments, corrigenda, or errata, visit tie IEEE Xplore at
http://ieeexplore.ieee.org/ or contact IEEE at the address listed previcusl /. For more information about the
IEEE-SA or IEEE’s standards development process, visit the IEEE-SA " cusite at http:/standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed n tk= IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users «ic encouraged to check this URL for errata
periodically.

Patents

Attention is called to the possibility that . ~iple mentation of this standard may require use of subject matter
covered by patent rights. By publicctio. of this standard, no position is taken by the IEEE with respect to
the existence or validity of any paten rignts in connection therewith. If a patent holder or patent applicant
has filed a statement of assurziuc> via an Accepted Letter of Assurance, then the statement is listed on the
IEEE-SA Website at http://s ~iida ds.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Suc mitter is willing or unwilling to grant licenses under patent rights without
compensation or unde. 1 aso.:able rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimina.on 1) applicants desiring to obtain such licenses.

Essential Pateat Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsibl~ fo. identifying Essential Patent Claims for which a license may be required, for conducting
inquiries intc the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
sgrcements are reasonable or non-discriminatory. Users of this standard are expressly advised that
de.>rmin, tion of the validity of any patent rights, and the risk of infringement of such rights, is entirely
Aeir own responsibility. Further information may be obtained from the IEEE Standards Association
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Introduction

This introduction is not part of IEEE Std 352-2016, IEEE Guide for General Principles of Reliability Analysis of
Nuclear Power Generating Station Systems and Other Nuclear Facilities.

This document is basically tutorial and has been prepared to provide the user with the basic principles that
are needed to conduct a reliability analysis of safety systems. It is not expected or intended that any
individual or organization would need all of the principles that are presented. For example, an organization
may be concerned with quantitative analysis and mathematical modeling as discussed in Clause 6. The very
important problem of failure data is discussed in Clause 7; the material on probability distributions,
estimation, and confidence intervals may be used by those who are concerned with analysis and eval. atio.:
of failure and repair rate data that will be accumulated as nuclear power generating station operaing
experience is accrued. The material on established data programs may be of more immediate use to .~os¢
who make reliability or availability predictions on current safety system designs.

This document was originally prepared to provide a common and consistent means of re iability analysis
for protection systems covered by IEEE Std 279™-1971, IEEE Standard: Criteria for J=ot ction Systems
for Nuclear Power Generating Stations. In the intervening years, IEEE Std 279 has “een tuperseded by
IEEE Std 603™, and in March, 1984, IEEE Std 279 was withdrawn. This standarc has oeen expanded in
revisions since 1971 to include many technical areas as they have become ‘tapo.‘ant. In accord with the
current version of IEEE Std 603, it has been generalized to apply to safety syste.2s

The general principles presented in this document, and further infori.s (e given by the references, are
sufficient to conduct the reliability/availability analyses of safe’y systcms, but not every analysis will
necessarily employ all of the general principles that are presentec.. Frithermore, the principles contained
herein are not necessarily limited to nuclear power plant .afe.: systems. They may be applied to the
analyses of other facilities and systems by selecting thesc par.z of the principles relevant to those other
facilities/systems.

The current revision of this document contains m.:ch undated information and clarification, but adheres to
the general principles put forth in previous editi s,

8
Copyright © 2017 IEEE. All rights reserved.



https://www.stdhive.com/standards/ieee-352-2016-pdf/

Contents

L. OVEIVICW .ttt ettt ettt ettt et e st e et e bt e bt e et e aee e et e ea e e bt e m st em e e esteeseease e st amseemseemeeeneanseenseenseenseeneennean 12
L G 13T 1 PRSPPI 12
BT o TP PSRRPRRPRIN 12
1.3 PUIPOSE .ottt ettt ettt ettt e et e et e et e e tb e e ebeesbeeasae e sbeensaeesssaesseessseesseessseensseenssaensseesseansseenes 13

2. NOTMALIVE TEITEIICES. ...c.veeutieuieeiee it ettt ettt ettt ettt e s bt et e bttt e st sbeesb e e bt et e enteea b e eaeesbeesbeenbeenbeenaeeneesaee 13

3. Definitions, acronyms, and abDIrEVIALIONS ...........cccccierrieriieriiecieeiesieseesieereeeeseeeseesseesseesseessesssesseesseenns 13
3.1 DEINILIONS ..ottt eb et eh et ettt b e bt eb et et e be st e e bt sbeebt et et enaenteebeeaeeneeneens e 12
3.2 Acronyms and aDDIEVIAtIONS ..........ccvieevirierierieeriieteeteetestesteesseeseeseessesseesseesseessesssesssesseesseessesienns 15

4. Objectives and MEhOAS. .......ccvieriiecieiiieieieeee ettt enseensessnesseenser | tenseein .15
AT OVEIVIEW ...ttt ettt ettt ettt ettt ettt e s bt st s bt bt e bt et et e st e ste s bt sbeebeeatensensesenbesseebeeneent heensenne 15
4.2 Consideration of the human factor............ccooiiriiiiiii e eeeeee e 15
4.3 QUAlItatiVe ANALYSIS. . ..eeeuiertieitieieeie ettt ettt ettt ettt sttt enesenens VST 16

4.3.1 Objectives of a qUalitative analySiS.......cceeruerriirierierieieie et eees e eeeneeeneeeaeas 16
4.3.2 Steps in a qualitative analysis .........cooceiieiriieiieieere e e et 16
4.4 QuantitatiVe ANalYSIS......ccevuerierieriirieie et ese s etee ettt 17
4.5 Applications of reliability methodolOgY .........couiriiiiiiiiieieeee s e 17
A.5.T OVEIVIEW ...eiienieiieieniieteeieeitete et ste sttt ettt testestesbesaeesee Shannes] bteabesbeebeesteatentenbesbesbeebeeseenseneeneas 17
4.5.2 Failure modes and effects analysis (FMEA) ........ccooieiievieis et 17
4.5.3 LOZIC ITCCS..cuveeureeereerierrieriereereesesseesseesseessessesseesseesseesd aesesssess ireesseessesssesssesseesseessesssenssesssessees 18
4.5.4 System modeling...........ccveeveeierienienieeee e e e et trerr e e e ranees 18
4.5.5 ReaDILIty tEStINE ....uvevieiieiieieeiiesiiesterieesteetesee st etees D teteseaesseesseeseenseensesseesseenseenseensesnsessnensees 19

5. Qualitative analysis PrifCIPLES......c.ecvuerierieiieiieieeieee et teeieeteeee st e st e teeeesneesseesseesseenseensesnsessnenneas 20
5.1 OVRIVIEW eeutiiiiiieiie ettt ete ettt et e et e e bt e e bt e esbeeesteeesseesssaeesseesssaeassaesnsaaessaesssaeassaesnsaenssesssseeasseesnsaennses 20
5.2 Failure modes and effects analysis (FIMEAJ ........coooiiiiiieeeee e 20

5.2.1 Purposes of failure modes and effec s-atialysis (FMEA) ......oooiiiiiiiiieeeeeeeeeee e 20
5.2.2 Timing of a failure mode and effects cnaiysis (FMEA).......ccocoiiiiiiiiiieeeecceeeee 23
5.2.3 Issues addressed in a failure nod_ and effects analysis (FMEA) ........ccooiiiiiiiniiiceeee 23
5.2.4 Preparatory steps for a failere \2od¢ and effects analysis (FMEA).......ccoooiiiiiniiiiiiieee 24
5.2.5 Procedure for a failure mde . nd effects analysis (FMEA) ........cccciviiiievienieieeeeeeeeen 24
5.3 FaUlt tre€ @NalYSIS ...eeuviees il ettt ettt ettt et e st ste et e e b e e b e etbesta e be e be e beenaeerbeereeeaeeseenreans 25
5.3.1 Functions and ber efit, of tault tree analysis ........ccoccveeerierieniesiee e 27
5.3.2 Representation of « 7er.s and operations in a fault tree.........ceccvevvereierciercienienieeee e 28
5.3.3 Procedure for constructing a fault tre€ ........ccvevvieeiieieeieciecieeee e 30
5.4 Reliability block a:agram (RBD).......ooiiiiiiiiee ettt 31
5.4.1 Reliability ek diagram (RBD) CONSIIUCHON ......ooveeeieiiieiiieiieiieie et 32
5.4.2 Reliohility blusk diagram (RBD) redUCHON .......eeeveeeieiieciieiceieee e 32
5.4.3 C mpa.ison of fault tree and reliability block diagrams (RBDS).........cccereieninencnieieeeee 32
TR 25 € TR o) <O 33
5.5.1 Description of a typical reactor trip fUNCHON .......eeeeeiieieieiesese e 33
55.2 Failure mode and effects analysis (FMEA).........cccoooiriiiiiiieice ettt 33
00 3 FaUlt 1@ ANALYSIS ...vecvviiiiiieiieie ettt ettt et e st e e e teesbeesbesrteeteesseeseenbeenbeenbeesaenraenaeas 33
5.54 Reliability block diagram (RBD) .........ccceoiiiriiiiiiiiieiieiecieseee ettt saees 33
5.6 Extended qualitative analysis for common-cause failures............ccoocveveierienieniieieeeceseee e 34
5.6.1 Extended failure mode and effect analysis (FMEA) ........ccooovvieiiriiiieeeeeeeeee e 38
5.6.2 Extended fault tree analysis ........coceeierierieniieiieie ettt ettt sttt ente e ssaennees 39
5.6.3 Termination of the analYSES ........cccceeiiiiiriiriee ettt ettt seees 39

6. Quantitative analysis PIINCIPIES ......ccueeiuiiriieiieet ettt ettt ettt et e et e st et e e eneeeneeeneeeneas 40

9

Copyright © 2017 IEEE. All rights reserved.


https://www.stdhive.com/standards/ieee-352-2016-pdf/

6.1 OVEIVIEW ..ottt e e e e e e e ettt e e et e e eaaeeeeeateeesenaseeesaaeeeennaeeesennneessneeesanrreeesnnes 40

6.2 MiSSION AEIINTEION .....eeuieiiitiitieteit ettt ettt ettt b e sbe bt et e et bbbt et e e e e 40
O ) 21 0311 2RSS 40
6.2.2 Availability (StEAAY-StAC) .......ccceereirierierieiee ettt ettt ettt et e naeenaenneas 42

6.3 Mathematical MOAEIINE ......cceerieiiieiieieeieciere ettt ettt et eeste s e sseesseeseensesnsesseesseenseensenns 43
6.3.1 Manual CalCULAtioN .......cc.eiiuiiiieie ettt ettt ettt ettt et eneennean 44
6.3.2 For computer CalCUlation ..........ceeiiiiiiiieiieii ettt ettt 57

6.4 Tabular reference to popular l0gic cONfigUIatioNS............cocveruierieiiieieeie e 60

6.5 Trial CAICULALIONS ....eniiiiiiiieiiee ettt ettt b et e bt et st e et e saeenbeenteens 61
6.5.1 Manual CalCulAtIONS .........ooviiiiiiie ettt ettt eae ettt e 61
6.5.2 CompPULEr CAICUIALIONS. ... .ccviiiiieeiieeiieeiee ettt et e et e e teeebeeebeessbeessbeeesseeensaessseesnseennses 61

6.6 Credibility Check Of TESULILS ......c.iiiiieiieiiciecieceee ettt ste e sbe e beesbesseesaeesseensaenseens 61
6.6.1 Comparison With Prior @NALYSIS ........c.cccuerierrieriieiiieieeteseeseeseesteeeesteeeesaeesseeseesseessesssessaessees 61
6.6.2 SENSILIVILY ANALYSIS...ecuieitiertieitieieeiteetestestest et eteetesstesseesseesseeseesesssesseesseeseenseenseansesssesseesses 61

7. Guides for data acqUISTtION ANA USE.......eervieiuieiieieeieriierii et et eteetesee st esseeteeeesneesseesseesseenseensesssessnensens 63

T L OVETVIBW ..ttt sttt ettt b et b et et e a e st b e e bt bt et et e b s bt b e sbeeut et et et e st e ebesbeeet et ensenee 63

7.2 TOPUL PATAIMCLETS ....veneeeiieeiieeeieete et et ettt et e bt e bt ete e et eaeesatesseaseenteenseesseeseesseeaseeseensesneesneesneenseanseans 64
0 B 11113 (o 1< TSSOSO 64
7.2.2 Mean time to repair (IMTTR) ...cc.ooiiiiiiieiee ettt 64
7.2.3 IMISSION TIITIC. c...eetetietietiett ettt ettt ettt et et e et ea e et e s bt e bt e bt embeeatesateebeesbee bt enbeenbeenteeseenbeensean 65
7. 2.4 TS INTEIVAL ..eiiiiiiiiiiet ettt e bttt et st e s bt e st et e et enteeateeaeesbeenbean 65
7.2.5 TSt SCHEAULL. ..ottt ettt st ettt ettt et e e sbeenaeas 65

7.3 Probability distributions, parameters, and eStMAtiON ............cceeveerveecveriveniesiereesreeseeereseeseesseeseens 65
7.3.1 Exponential diStriDULION ........c.eecviieiiiiiiiesieeiteie ettt sie e ebe et st e e saeesseesbeesseessesssessnesseas 67
7.3.2 POISSON AISLIIDULION . ..c..etiiiieiieiiitite sttt sttt et et b e st besae bt et enseeens 70
7.3.3 Binomial diStriDULION .......c.cetiriiriiriirinieteietetes ettt ettt bbbt neens 71
7.3.4 WelbUIL diStrIDULION ..c..euviiiiiiiiiitiiesicetcetcteee ettt ettt st et neen 72
7.3.5 Combining and updating data ...........cceeeeerierieriieiieieee ettt nnees 73

7.4 Established data PrOGIaImS .........coouieiieiieiiei ettt ettt s ettt este et seeesaeesneeneeeneeens 73
7.4.1 Failure Rate Data Program (FARADA) ..ottt 74
7.4.2 Government-Industry Data Exchange Program (GIDEP).........ccccoooiiiiiiiniiiieieeeeeeeeen 74
7.4.3 Nonelectric parts reliability data (NPRD=1).......ccciiiiiiiiieieeeceeeee e 74
7.4.4 Energy Technology Engineering Center (ETEC) ......cccoiiiiiiiiiiiiiiiiineeeeceeeeee e 75
7.4.5 United Kingdom Atomic Energy Authority Data Program (UKAEA), National Center of
Systems Reliability (SYREL) .....cooiiiiiiiiiiiiieciieie ettt ite st sta e b e seesaesaeesnaessaeseenseens 75
7.4.6 Nuclear Plant Reliability Data System (NPRDS) ........ccccoeiiiiiiiniieiicieceeeeeeeieeee e 75
7.4.7 Generating Availability Data System (GADS) ....c.oocvveieiierieeee et 76
7.4.8 LIiCENSEE CVEINL TEPOTLS. .. .eevierienreeeeeetesiesteeteeteeseessessaesseesseesseeseessesnsesseesseesseenseensensesssessaessees 76
7.4.9 Operating Units Status Report (NUREG-0020).........ccceiierieriieiiieieeie e 77
7.4.10 Reactor Safety Study, WASH-1400 (NUREG-=-75/01 4) .....ceceiiriiieieieeeeeeeee et 77
7.4.11 Failure Incident Report Review (FIRR).......ccciiiiiriiiiiieieee e 77
7.4.12 IEEE Survey of Industrial and Commercial POWer SyStems ..........ccccoeeeevienieniesieeeeieeeeeenn 77
7.4.13 Nuclear POWET €XPETICNCE TEPOITS.....ccvvirreerreerieriereerreieeseesseesseeseesseeseesseesseesseesseesesssesssessees 77
7.4.14 IEEE Nuclear Reliability Data Manual—IEEE Std 500™ [B22].......ccccoceiininieninieieceeene 78

7.5 Developing field data Programs..........ccooiveiiiieieee ettt ettt et st eae st e 78
7.5.1 FaIlUI® ANALYSIS ...veeuveeiieiiesiieieeieeieeiteetesteesteesseesbeessessaesseessaesseesseessesssesseesseesseenseessenssenssenseesses 79
7.5.2 Failure data analySiS.........cccueeierieirieiieiiesiesteeieeseeeteeetesteesteesseesseessesssesseesseesseesseessesssenssessesssees 81

8. Application of reliability MEthOAS .........ccviiciieiiiiiiieeee ettt eesaeesreesseenseens 84

8.1 INITOUCTION ..ttt ettt st b ettt bbbt e bt et et et et sae e bt eaeeate s ennen 84

8.2 NUMETICAL GOAIS .....eeeuiieiiieiieeiieit ettt ettt e e st e st e st et e enaeesbesseesseesseenseensesnsesseesneensennsenns 84
8.2.1 Basis for establishing numerical GOals............cccveeuiriieiiiiieiieeee e 84
8.2.2 SPECITIC OAIS ...ttt ettt ettt ettt ettt ettt et e et e eneennean 85
8.2.3 PIOCEAUIES .......eeueeeiieetieetie ettt ettt ettt et ettt et e e st e e b e e sb e e bt enbeemeeemeeeseeeaee st enteeneeenseeneesneennean 86

8.3 Selection of the Modeling tEChNIGUE. ..........eouiiieieieie e 86

10

Copyright © 2017 IEEE. All rights reserved.



8.3.1 MOdE] FEQUITEIMENLS ......veevieiiieerieiieetieiteesteeteeteeeteseeesteesseesseesseessasssesseessaesseessesssesssesseesseessesssenns 86

8.3.2 MOl LIMILALIONS .....evieeieiieieierie sttt ettt sb e sttt ettt be bbbt ente e e ee 86
8.4 Fault tree tECHNIGUES ......eiieieeiieiieiicie ettt ettt et e st ettt e e esaessaesseesseeseensesnsesseesneenseenseans 87
841 CHATACLETISTICS ..cuveuventeteeieeiteitet ettt sttt ettt et e b e st b e bt et et et e bttt e bt ebeebt et et e st e st e e besbeebeeneensentens 87
8.4.2 RECOMMENAEA USES....c..eoveuiiuiiiiiiienieeteeiteitetet ettt ettt et ettt eat et e et st b saeebeeseenneneens 88
8.5 The Markov process as a reliability model...........coccooiiiiiriiiiiieeeee e 88
8.5.1 Constant failure and repair rate COMPONENLS........c.eeoveerierierierieeieeee e eee et eeeeee e seeeseeas 91
8.5.2 Constant repair or switching time COMPONENLS ..........ccuerieiieiierieeie e 91
8.5.3 Constant success/failure on demand ..............occooiiiiiiiiiiieiee e 92
8.6 Monte Carlo tEChNIQUES .........couieiieiiciiciecte ettt et ettt e b e e b e e eae s taeste e beenseeneeenns 92
B.0.1 CATACEETISLICS .. .veuveeeetieuieuiete ittt et ettt et e bttt e teea e et e e st e et e ebeebeebeemeense s e teebesaeeneeneanseneeneenes 92
8.6.2 RECOMMENAEA USES.....coueeuieniiieiiitietieiteitetet ettt ettt ettt b e st eb ettt be st ebe i ens et e e e 93
8.7 Equipment and SYSTEM tESTINE .......ccvirveiieriieriieiiieieeteetesteesteesteeaeseeseeesseesseessessseessessaesseessesssenssesses 93
8.7.1 AcCeptance SAMPLINE .......ocvieiuieiiiieeie ettt et ete ettt et et e e aesstesseesseeseenseenseensesnsessaensees 93
8.7.2 INTtial tESt INTETVALS. ...cueetieiiiitiieitirtesteete ettt sttt ae sttt eanenaens 98
8.7.3 In-service adjustment of test INEIVALS..........ceecuieiiirieiieiee e 100
Annex A (informative) BibliOgraphy .........cooioiiiiiiiiie e 101
Annex B (informative) Illustration of concepts and methods of reliability and availability analyses........ 104
S 20 O 633 (oo 1 (o1 e o U PSSR 104
B2 PIOCEAUIE ...ttt ettt ettt ettt e et et bt bt ebeemten b e e e b e ebeeaeeseeneensesenbeaaesneeneenean 104
B.2.1 System definition. . ...ccueeuiiiiiieniieiieieee ettt ettt sttt et 104
B.2.2 Failure mode and effects analysis (FMEA) (qualitative analysis)..........cccoceeeerienenenenencnnennes 105
B.2.3 Common-cause-failure analysis ...........cceecveriirieniieriieiieiecieseesie ettt ae e sre e 105
B.2.4 Reliability/Availability prediction (QUANTIEAtIVE) .......ccveeverieriierieeie e eeeeieesie e ere e eeee e 105
B.3 THUSHIrAtiVE EXAMPLES ...evvievieevieiiieieeieete e eee et eteeteesbeesaeetaesteesseeseesseesaesssesseesseesseessenssenssesseesseesses 105
B.3.1 SyStem defiNitiOn......ccueecuieiieieeiiesiieie ettt ettt te s et esseeae e aeeseesseeseenseenseenaeesaenseennes 105
B.3.2 Qualitative analysis—failure modes and effects analysis (FMEA)........ccccccoevveviecenienvenenne. 107
B.3.3 Common-cause-failure analysis ...........cceecveeierierieniieiieieeee et 127
B.3.4 Quantitative QNalySis .......ceceeuerieiieriieie ettt ettt ettt et et a ettt teeneeereesneeneas 131
Annex C (informative) Mean time to repair (MTTR) PIrOCESS.......ocuirierieiieieieeie e 148
(O B 533 (oo 1 (o1 Te) o U PSSR 148
(O3 0 11 o 1 OSSOSO S PP 148
CLLL2 BIIETINE .ttt ettt ettt b e b e bt ettt ea e e ebe e bt e bt ea e eatesbeesbeenees 148
C1.3 ACCESS COMIIOL ..ttt ettt et et b e s bt bt s e s et et e s besbeebe b enee 148
C.1.4 Establishing prerequisite CONAItIONS.........c.civerrierrieriieiieteseeseesteesteeeeeesesseesseeseessessessaesseesns 148
C.1.5 TrOUDIESNOOTING ......eevieiiieiiieiieiiesieeie e ete et e et e bt et e et e etaestaesseesseesseesseessesseesseessesssenssesssesseenses 149
C.1.6 SPAre Parts ACQUISTEION. ... .e.ueeverreestierteeteetestesteenteeteestessaessaesseesseesesssesssesseenseensesssesssesseesseeses 149
C.1.7 Pre-CONTIGUIAtION. .....cuieiieieeeieeiiesiteie ettt et et et e e e saessaesseeseesseesseeseesseenseenseensesssessnenseenss 149

C. 1.8 DiSASSCIMDIY .....eviiiieiieiiieie ettt ettt sttt ettt e e sae st e st e esseenseenseessesseenseenseensesnsessaenseenns 149
(O B A T 11 o) | USSR 149
(O B L0 0T TS 10 4 1SS 149
C.1.11 POSt-CONTIGUIALION ...ttt ettt ettt et e ee et e et eeseeste et e enteeneeeneesneennes 150
(O 0 B T OO TS U TSRS 150
C.2 Systematic mean time to repair (MTTR) estimation method............ccccooeiiiiiininieieeec e 150
C.3 A sample mean time to repair (MTTR) €StMAtION ......ccveeriieriieiiieeie e e 152

11

Copyright © 2017 IEEE. All rights reserved.



IEEE Guide for General Principles of
Reliability Analysis of Nuclear Power
Generating Station Systems and Other
Nuclear Facilities

1. Overview

1.1 General

This guide was prepared to provide the designers and operators of nuclear power plant safety systems and
concerned regulatory groups with the essential methods and procedures of reliability engineering that are
applicable to such systems. By applying the principles given, systems may be analyzed, results may be
compared with reliability objectives, and the basis for decisions may be suitably documented.

The quantitative principles are applicable to the analysis of the effects of component failures on safety
system reliability. The principles are applicable during any phase of the system’s lifetime. They have their
greatest value during the design phase. During this phase, reliability engineering can make the greatest
contribution toward enhancing safety.

These principles may also be applied during the preoperational phase or at any time during the normal
lifetime of a system. When the principles are applied during either of these two phases, they will aid in the
evaluation of systems, in the preparation or revision of operating or maintenance procedures, and in
improving test programs. Although not inherently limited, these principles are intended for application to
systems covered in the scope of IEEE Std 603™ [B24]."

1.2 Scope

This guide contains general reliability and availability analysis methods that can be applied to structures,
systems, and components (SSCs) in nuclear power generating stations and other nuclear facilities.

'"The numbers in brackets correspond to those of the references listed in the bibliography in Annex A.
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