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Introductory Session
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Opening Address
W. Ulirich

Gesellschaft fiir Reaktorsicherheit (GRS) mbH, Cologne, FRG

Ladies and Gentiemen,

it is a pleasure for me to welcome you on behalf of GRS to the OECD/BMU-Workshop
on "Special Issues of Level-1 PSA".

With the increasing use of complex technologies there is a growing need to evaluate
their safety. From a practical engineering point of view the engineer would say, we
take care of somé engineering precautions. The risk expert, however, would say,
nevertheless, it should be necessary to quantify on a broad full scale of quantitative
risk assessment. The methodology of probabilistic safety analysis allows its predictive
valuation. Nuclear engineering has been in the forefront of the development and ap-
plication of this method. For example in the Reactor Safety Study on US Nuclear Po-
wer Plants published in 1975 the risk of an entire technology was investigated sy-
stematically and quantified for the first time.

When the Rasmussen Study was published there was an intensive and to some
extent also a controversial discussion on the use of probabilistic methods for quanti-
fying safety aspects or respectively quantifying contributions to risk resulting from
various technologies.

How to quantify risk, may be an open question. Nevertheless the Rasmussen Study
was a milestone introducing PSA methods on a full scale for quantifying safety levels
for nuclear power plants.

Meanwhile the methods have continuously been improved and applied to nuclear
power stations.
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Risk assessment has also been performed in other sectors of industry; for example,
for process plants. It can be expected that risk studies will be applied more and more
to support decisions on the use and further development of technologies with large
hazard potentials.

The main objective of the earlier risk investigations like WASH 1400 or Phase A of the
German Risk Study was to assess the risk which is associated with accidents in
nuclear power plants.

However, the practical experience gained with plant engineering analyses, mainly in
the last decade has shown the great benefits of PSA for technical safety assessment.
The practical experience gained from the application of PSA methods to plant sy-
stems engineering analyses, and the confirmation of PSA results on the basis of ope-
rating experience, have shown that today PSA is an efficient tool for technical safety
assessment.

Therefore, today PSA - compiementing the deterministic approach - primarily is used
to review the safety design of a plant and more generally to further develop the overall
safety concept of nuclear power plants.

At present, about one hundred probabilistic studies - mostly of level 1 - for plants in 23
countries have either been completed or are under way. There is a noticeable
tendency towards unifying the boundary conditions and scope of the analyses as
reflected for example by the corresponding guidelines in several countries. These
guidelines are substantial parts in programmes of periodic safety reviews which in
some cases have already led to the so-called living PSAs.

A wider use of probabilistic analyses for decisions on proposed accident-management
measures for the prevention of severe accidents or the mititgation of their consequen-

ces is foreseeable in the near future.

However, there still remain a number of topics which require closer attention, because
the state of the art is not yet fully satisfactory. Among them, especially to be noted,
are
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-~ common cause failure analysis
- human error

- time dependence

- treatment of uncertainties.

This workshop is devoted to these issues and we feel that progress may best be
achieved if there is an international approach.

We very much appreciate that the OECD and our ministry have asked GRS to organi-
ze this meeting. We wish all of you a vidid exchange of opinions and hope that you
will have benefits from this meeting. You may get an overview of the activities in PSA
in different countries and useful suggestions for your own work. ‘

We are grateful to both speakers and participants for making this event possible and
hope you'll find the effort of this workshop worthwhile.
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OECD / BMU WORKSHOP

Special Issues of Level 1 PSA
Cologne, May 27. - 29. 1991

The Activities of the OECD / NEA

in Risk Assessment
- An Overview -

P.M.Herttrich
Chairman of OECD-NEA Principal
Working Group 5: Risk Assessment




-16 -

OECD Nuclear Energy Agency

Committee of the Safety of Nuclear Installations

Five Principle Working Groups (PWG’s)

PWG 1: Operational Experience and
Human Factors

PWG 2: Transients and Breaks
(Prevention and Control of
In-Vessel Accidents)

PWG 3: Primary Circuit Integrity

"PWG 4: Source Term and Environmental
Consequences (Confinement of
Accidental Radioactive Releases)

- all established in 1981

PWG 5: Risk Assessment

- established in 1983

- 9 meetings (annual budget 2 - 4 days)

- some nationally sponsored workshops:

Brighton: PSA for Safety management
Hamburg: Living PSA '
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Principal Working Group 5
Risk Assessment
Terms of Reference

e Technology and methods of
identifying factors contributing
to risk and assessing their
importance

® Input from the other PWG’s to

develop common understanding of
different current PRA-approaches

Particular worthy of pursuing:

- dominant contributors to risk
(operator, experience)

- calculational methods
(initiating events, failure prob.)

- particular PRA aspects,
e.g. external events

- sensitivity to uncertainties

- PRA in decision making
(research priorities, safety
improvements)

- national efforts to develop
quantitative safety goals
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| List of PWG 5 Tasks

Tasks Already Finished before 1988

Task 1: Critical Review of Level-1 PRA
Task 2: Survey of PSA Applications
Task 3: Role of Human Intervention in

the Prevention and Mitigation
of Severe Accidents

Tasks finished in 1989

Task 5: Human Reliability in Probabilistic
Safety Assessments, Use of
Operating Experience |

Task 7: PSA as an Aid to NPP Safety
Management
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List of PWG 5 Tasks (cont’d)

Current Tasks

Regular Task:

Task ‘4:

Task 8:
Task 9:

Task 10:

Current Status of PSA
Programmes in Member Countries

Consideration of Quantitative
Safety Guidelines in Member
Countries

PSA of LWR-Containment
Systems Performance

State-of-the-Art of Level-1
PSA Methodology

Fundamental Principles of
Living PSA for NPP Management
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List of additional PWG 5 Tasks

Task 11:

Task 12:

Technical Specifications

- approach under development
- related to CNRA-activities
Data Collection and Analysis
to Support Living PSA

- detailed task plan, working group
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WORKSHOP ON LIVING PSA APPLICATION
HAMBURG, 7th - 8th MAY 1990

Living PSA Applications

- Reasons for performing PSA
* Regulatory requirement, targets
* Corporate requirement, targets
* 8’.{1'1;ety related activity priorisation
* er

- Logistic of Living PSA management

+ Corporate management involvement

* Decision making levels and guidance

* Plant level involvement

* Required personnel commitment

* Frequency and extent of requantification
of PSA

* Types of safety/risk parameters to be
monitored

* Quality assurance on maintaining

- Living PSA

- Examples of application
* Experiences of application
= State of Living PSA/e.g. all accident
involved
* Details of component level involvement
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WORKSHOP ON LIVING PSA APPLICATION
HAMBURG, 7th - 8th MAY 1990
(cont’d)

Tools for Living PSA

- Data collection systems and codes
= Source and type of data collected
* Probabilistic parameter quantification
* Interface to basic event data
+* Data code systems

- Living PSA codes
+ Event and fault tree data
base management
+» Data storage and retrieval
= Graphical presentations of ET/FT

- Special support codes
+ Automated fault tree construc’non
*» Human reliability quantification
+ Uncertainty analysis

PROCEEDINGS:
CSNI-REPORT
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CSNI Workshop on PSA Applications

and Limitations - Santa Fe

Conclusions and Recommendations covered
by PWG 5 tasks

® Living PSA task 10
Definition - Uses - Approaches

® Limitations / Special topics

- Human factors >

- Uncertainties task 9

- Non full power operation

- Data task 12

® Uses / Special topics

- CET-Potential Uses for
different approaches task 8

- Technical Specifications fask 11
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STATUS OF PSA-PROGRAMMES IN
MEMBER COUNTRIES

Status of PSA-Programmes in Member
Countries

- CSNI-Report 172
Country by country

- programme development
- status and outlook
- tables of studies performed
- plant
- analysing team, dates
- methods used/procedure guide
- goal/insights and results/application

Continuously Updated as Required:

Current Extensions:

- formal requirements or committments
as the basis of PSA programmes in
Member Countries

- references how to perform and
review PSA’s
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TASK 4: CONSIDERATION OF QUANTITATIVE
SAFETY GUIDELINES (QSG’s) IN
MEMBER COUNTRIES

CONTENT OF PROPOSED CSNI-REPORT-177

Definitions and Categ‘ orization of QSG's

- Legal/formal status, i.e. acceptance
criteria or targets to strive for

- Level of consequence addressed
(according to PSA-levels)

- Comprehensiveness (different degrees
of completeness)

- Types of QSG’s

Quantitative Safety Guidelines in
OECD-Countries
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TASK 4: CONSIDERATION OF QUANTITATIVE
SAFETY GUIDELINES (QSG’s) IN
MEMBER COUNTRIES

(contd.) . |

References to QSG’s currently used
in (deterministic) regulations

Demonstrating Compliance with QSG

- Problem Area: Definition of terms .
(f.e. core melt/degradation), boundary
conditions e.g. human interventions;
state of PSA-methodology, use of
expert opinion, cut-off-techniques,
uncertainties, level of detail

Observations
New ltem:

Discussian of the role of quant’itative
PSA-Results in NPP Safety decision making




-27 -

TASK 8

PSA of the Containment System Performance

Purpose

Discussion and comparison of methods:
containment

- sufficient complexity to make adequate use
of available information on severe accident
phenomena

- how to factor this information into a PSA

Product

Interim Report available
Draft Report 1991
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TASK 8 (cont’d)

PSA of the Containment System Performance

Scope

Specification of typical event sequences
representative for challenges or failures
of the containment system

Examination of recent PSA’s, guides,
handbooks and review guides

Common technical understanding of
approaches that can be used for

- plant specific containment systems
analysis

- factoring in phenomenological and
source term knowledge
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TASK 9: STATE-OF-THE-ART

OF LEVEL 1
PSA-METHODOLOGY

1. Analysis of Dependencies
- first draft

2. Human Errors
- first draft

3. Time-Dependent Phenomena
- first status report

4. External Events
- general approach
- seismic analysis
- fire analysis
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5. Uncertainties
- first draft

6. Non full power NPP-operation,
shut down conditions

" THIS WORKSHOP CONTRIBUTES TO
THESE TASKS

Draft Report 1991
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Task 10: DRAFT REPORT ON LIVING

PSA FOR SAFETY MANAGEMENT

1.

INTRODUCTION
ELEMENTS OF A LIVING PSA PROGRAMM

REVIEW OF EXAMPLES IN MEMBER
COUNTRIES

MOTIVATIONAL FACTORS BEHIND A
LIVING PSA PROGRAM

PROGRAM CHARACTERISTICS
IMPORTANT TO SUCCESS

PROGRAM STRUCTURES AND
REQUIREMENTS

TOOLS FOR LIVING PSA
DATA ACQUISITION AND EVALUATION

PSA DOCUMENTATION AND QUALITY
ASSURANCE

10. CONCLUSIONS AND RECOMMENDATIONS
11. SUMMARY OF RESPONSES TO LIVING

PSA QUESTIONNAIRE
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Observed Applications of living PSA-Prvograms

® Monitoring safety systems performance
against set reliability targets

e Optimization of Technical Specifications,
maintenance, and testing of equipment

e |dentification and optimization of critical
operating procedures ("human factors”
management)

¢ |dentification of design weaknesses
e Design optimization during construction
e Screening of proposed design changes
e "Systems engineering” applications

® ’|Issue-balancing” integration of plant
or modifications

¢ Prioritization of critical activities

e Modifications to allowable outage times
to support continued operation

e Justifications for continued operation

® Sensibilizing management to risk dominant
plant issues

e Prioritizing resourc_és for a given plant and
among plants within a Utility

® Training Optimization
e Support of Accident Management




-34.-

Benefits Recognized by Users

® Plant Design and Design Process
- identification and resolution of plan
vulnerabilities
- integration capability (multiple safety
concerns, design alternatives)
- safety evaluation

e Plant Operations
- = improvements of procedures and
technical specifications
- improved equipment availability
- improvements in operator performance

e Internal Decision Process
- prioritization of plant modifications

- elimination of ineffective changes
- operational strategies

e Communications with Regulators
- Support of regulatory interaction
- modification of ineffective requirements
- enhanced credibility

Support to the resolution of the continuous
tension between objectives of economic
power production and safety
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Program Structure and Requirements

PSA-model requirements

PSA to model:

- plant configuration

- plant response under different
conditions

Level 1, perhaps abbreviated Level -2:

- plant specific

- plant specific data
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Program Structure and Requirements (contd.)

PSA model maintenance and update program
e Significant plant design impacting event- and
fault tree models

e modifications of operating procedures,
incorporation in event/fault-trees

e surveillance procedures:
modifications of test intervals and test result

e Bayesian update of initiating event statistic
e Bayesian update of component reliability data
® Modification of emergency operating
procedures with impacts on operator
action models

e PSA-model improvements by more refined
models or additional sequences

e PSA model requantification

e PSA summary document update
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Follow up activities

Task group reviews comments,
proposals, progress

- applications
- tools

- documentation
- quality assurance

Task 11:

Technical Specifications
- Working plan in 1991

Task 12:

Data Acquisition and
Evaluation
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Task 12: Data Collection and Analysis
to Support Living PSA

Obiectives: Assistance in
e Establishment of
plant specific failure
data collection systems
® Sharing of failure data
® Analysis and application
of such data
Task Force

Schedule Report until Oct. 91
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Task 12: Data Collection and Analysis to
Support Living PSA

Activities

® Collect information on existing plant
specific data collection systems to
support PSA

® Dafa collected: component failure events,
maintenance events, test related outages,
durations, human error events, initiating
events, common cause events

® Process of collection

® Organizational units and extent of
efforts envolved

® Structure of data base, computer
hardware and software used

® Component grouping used
® PSA input parameters calculated

® Methods for updates and quality assurance
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Summary and Conclusion

!(DSPl‘ powerful and useful investigative
00

Plant specific PSA-application necessary
for adequate understanding and manage-
ment of NPP safety and risk

Uncertainties and specific methodological
issues need further development

Necessary

Pragmatic, practicable PSA applications
Logic and engineering first, numbers later !
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SATEILYTURVAKESKUS

(STUK1 ~ Stralsokerhetscentralen OECD/CSNI Workshop
Finnish Cenire for Rodiation and on Special Issues
Nuclear Safety - Helsinki Finland of Level 1 PSA
Reino Virolainen Cologne, May 1991

OBJECTIVES AND STATUS OF WORK OF PWG 5/TASK 9, "STATE OF THE ART OF LEVEL
1 PSA METHODOLOGY" .

1 Introduction

During the annual meeting 1989, PWG 5§ discussed the most
problematic areas of Level-1 PSA and outlined the contents
of possible new Task. Several PSA methods were still
regarded to be at issue such as analysis of dependencies,
human errors, time-dependent phenomena, external events and
analysis of uncertainties. Based on this discussion PWG 5
decided set up Task 9, "State of the-Art of Level 1 PSA
methodology”. Because of the broad expertise needed, the
task was divided in five subgroups according to the afore-
mentioned topics.

As a general objective eagh subgroup was expected to make
a review of the use and maturity of the present methods and
to take a glance into the foreseeable future on the subject
making remarks on challenges of the expected evolution and
on the direction to go. Most of the topics in Task 9 are
already "old ftiends". The analysis of dependent phenomena,
however, is a topic which is not generally applied in
present PSA studies. Therefore this subject is more into
future looking task giving more flexibility to the group
and possibilities to pilot work.

2 Subtask 1: Analysis of dependencies

This Task is to review the present CCF methods used in PSAs
and evaluate their maturity and needs for developments.
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Present status of dependent failure analysis is ambiquous.
Functional and causal dependencies can be analyzed by mature
qualitative and quantitative methods such as walk- and
" think-trough analysis, fault trees and computer programs
where attributes can be set for dependency factors e.g.
common support systems, common rooms, common maintenance,
same types of components, similar environmental circumstan-
ces ‘and so forth whichever can be recognized. causing
dependencies between components.

Instead, the analysis of subtle statistical and probabilis-
tic correlations is still in dispute. Statistical and
probabilistic correlations are e.qg. hidden shortages in
components inherited often from past actions affecting the
components  such as design, manufacture, installation,
leading e.q.’wrong tolerances, wrong materials, flaws in
materials, different environmental sensitivities and several
others unforeseeable failure causes which need usually harsh
circumstances to be realized as failure. Hidden shortages
(often called trigger event) may expose the components to
failures and if correlation is strong (coupling mechanism
exist), it can increase ‘the failure rate of components
simultaneously.

This is a mental picture of the evolution of CCFs. To
realize this picture, several parametric and few non-
parametric CCF methods have been developed.

A common difficulty in parametric CCF methods is that the
data is to be interpreted in a semi-deterministic way such
that correlation between failures is zero or unity. This
leads e.q. to an inevitable conclusion that only tiny credit
can be given for additional redundancies of safety systems.

Parametric CCF methods raise also other questions such as
how to assign correlation between CCF parameters in uncer-
tainty gnalysis, how to analyse high redundancy structures
(e.g. séf'efywz"elieyf“ systemsinBWRs) and how to credit
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physical separation of trains. Last but not least problem
is the interpretation of sparse data in distinquishing
between potential and real CCFs.

Non-parametric methods are an option to the parametric
models but a few existing methods are so far in minor use.
Interesting non-parametric methods have developed Hartung
(1981) and Db&rre (1989).

An inevitable problem in context of CCFs is that those are
highly plant specific and adequate analysis would require
the use of plant specific parameters which is difficult due
to sparce data base.

Two major schools of thought on how to deal with dependent
and CCFs exist such as

- dependent failures are explicitely treated in fault
trees without applying special CCF methods other
than qualitative screening of CCFs (IREP and NREP
PSA procedures Guides and IPE)

- dependent failures should be dealt with using
combination of explicite and parametric methods
(IEEE/ANSPRAProcedurésGuideNUREG/CR—ZéOO,IAEA
Guidelines for PSA, NUREG-1150).

A simple solution would be to use explicite fault tree
analysis of dependent failures supporte_d by worldwide direct
CCF estimates for systems as given in report EPRI~-NP 3967.
Such kind of procedure is used e.g. in Loviisa PSA.

The major objective of Task 2 is to assess the maturity of
methods frequently used in PSAs for dependent and common
cause failure analyses as well as to give recommendations
for most urgent development needs.
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3 Task 2, Human errors

Analysis of human errors is still an unresolved issue in
PSA. This is due to sparse data available for Human Reliabi~-
lity Analysis as well as due to difficulty to cover all kind
human errors by existing methods.

According to consensus definition the human errors can be
divided in three categories such as

- errors prior to an accident e.g. in maintenance,
calibration, testing

- errors causing an accident initiator e.g. human
error results in transient

- errors in response to an accident initiator e.g.
misdiagnosis of accident initiator or response
needed, error in response action.

Two first steps can fairly well be analyzed from plant
specific data but human actions during accidents still
provide difficulties.

An inherent issue in human performance is its ambiquity.
Human interactions provide both beneficial and detrimental

- contributions to safety. Detrimental actions typically
increase the unavailability of plant systems or result in
an initiating event. The beneficial actions such as corrext
diagnosis of initiating event and implementation of recovery
of systems decrease the potential to accidents.

A methodological difficulty of human error analysis is
inherited from the special nature of human mind. As far as
assumption can be made that human errors are only slips or
errors in following correct procedures, the present methods
cover the possible errors made. If other types of errors
(errors of commission) are included, less acceptable methods
are available.
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The available PRA Procedures guides recommend the use of
methods as follows

- THERP method is recommended by IEEE/ANS Guide,
IREP Guide

- SHARP procedure with various HRA methods is
recommended by NREP Guide

- ASEP HRA method is recommended by NUREG-1150
- SHARP procedure is presented in IAEA guidelines
- use of simulator based TRCs for diagnosis and

recovery actions are suggested by IPE Guidelines.

An interesting approach amongst the HRA methods are those
based on expert judgement. SLIM-MAUD is an example of these
methods. It makes use of both expert judgement and simulator
based time reliability curves (TRC). Expert judgement is
mentioned in brief in context of HRA in NREP, EWAT, IAEA
PRA guidelines and IPE. Expert judgement is mentioned in
SHARP Procedure as well.

The contemporary human error analysis suffers from two main
unresolved issues such as- sparse data base on all human
activities and shortage o’f methods for dealing with errors
of unplanned tasks. 'I'hé sparse data on human activities such

" as diagnosis errors and other human actions during accident
sequence can to the proper extent be replaced by using full-
scale plant specific simulator. Instead the treatment of
unplanned operator measures is still at early development
phase.

Task Force 2 has prepared a detailed content of the report
but not yet completed the first draft report.

4 Task 3, Time-dependent phenomena
Time dependent phenomena are an evolutionary topic in PSA.

Only a few time dependent phenomena are modeled in PSA
studies e.q. time dependent succes criteria in long term
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accident sequences (French PSAs). Several time dependent
phenomena such as aging of component, time dependent
unavailabilities (test intervals, latent failures, repair),
time dependencies of accident sequencies (time dependent
succes criteria, time dependent operator actions, <time
dependent physical phenomena) are usually treated in
averaged way in PSAs.

In some US PSA studies time dependency of emergency diesel
generator mission unavailability from the recovery of
offsite power is considered. In Loviisa PSA study trend
analysis (aging, learning) of failure rates has been made.
Without saying that the examples given above be unique, it
is evident that the contemporary PSA procedures tend rather
to reject time dependent models than to adopt them. This
.is evident due to the model complexity and time consuming
calculation routines which make the time dependent models
rather less attractive.

A major incentive to introduce time dependent models in PSA
studies is the extension of PSA towards Living PSA use and
short term decision making. In order to deal with increasing
or decreasing trends of phenomena e.q. time delays existing
for recoveries and competition between degrading system
function and decreasing residual heat production, mdre
subtle models are needed.

The time dependency issue is, however, not the most burning
problem in PSA but it can be regarded more as a matter of
mid-term development and is expected to be introduced in
due course with enhanced use of Living PSA.

5 Task 4, External Events

Subgroup, external events, of accident initiators has
frequently given a significant contribution to NPP risk.
Typical external events such as seismic events, fires and
flooding (external, internal) are vital parts of recent PSA
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studies. All these accident initiators are of clearly
distinct nature as compared with dinternal initiators.
External events are rather predecessor of accident ini-
tiators than initiators themselves. This makes the analysis
of external hazards different from that of internal events.

The contribution of external events to risk is separately
site and plant specific. Quite large contributions of
external risks to older plants are plausible and closely
argued because of the vulnerable or non-existing physical
protection and separation in older designs. In new designs,
however, components qualification to stand for harsh
environments, adequate physical separation and risk averse
lay-out are expected to diminish the risk significance of
external events significantly.

An inherent methodological feature of contemporary methods
is large uncertainty. Statistical uncertainties engaged
in the results are in range 100 to 1000, expressed in terms
of error factor. Large uncertainties involved in external
risks make it difficult if not impossible to combine these
results with those of intérnal events.

The methodological maturity of external event analysis is
still partly poor. Especially the fragility analysis of
components in seismic analysis need still development as
well as the fire development analysis, too. Especially
concerning the last mentioned methods a vital development
trend is underway.

A number of fire development analysis models are available
and development of several new models is underway. Multicom-
paftment calculation codes are not yet well validated.
Therefore, great care should be taken to understand the
underlying fire phenomena when using these models for
systems composing of complicated or big compartments. When
properly used these programs offer even now an invaluable
tool for fire development assessment. o
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The intensive model development associated, e.g. with recent
HDR fire experiment program in Germany, give quite promising
possibilities for future fire simulation of reactor contain-
ment buildings containing real fire loads found in nuclear
reactors, such as pump oils and electrical cables. Although
much development work is still needed, it is clear that
already in the near future there are available validated
fire simulation models running on peréonal computers or
workstations, which can be used for quantitative fire risk
estimation and mitigation of critical points of nuclear
installations.

Task Force 4 has submitted the third draft report for review
and only some minor efforts are needed to complete the final
draft.

6 Task 5, Uncertainty analysis

Uncertainty analysis in PSA is to give a realistic picture
of credibility of analysis containing usually number of
uncertain features such_ -as reliability data, modelling
assumptions e.g. succes criteria, systems interactions,
dependent failures and CCFs and expert judgment. The
uncertainty in reliability data reflects on one hand the
stochastic variability and on the other hand the lack of
knowledge. The modelling uncertainty is usually called
incompleteness, reflecting the inability to deal with all
phenomena or accident possibilities in the model.

It is often said that technical complexity is the decisive
point for incompleteness issue. To certain extent this is
true. In practice, however, the crucial issue seems to be
not the complexity but the lack of design based and physical
protection and isolation between vital safety systems,
support systems and redundancies and lack of diversity. If
the design based physical protection of components and
separation between systems and trains are adequately
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provided, it implies that reasons for dependencies, interac-
tions and CCFs are cut down and to large extent systems and
trains are independent of each other. This facilities the
modelling and lessons the exposure of the plant, systems
and component to several external and internal initiators
and complex dependent failures.

Even though statistical uncertainty analysis is well-known
and mature part of PSA, it still contains some less discus-
sed issues. Problems arise as dependencies are concerned.
Dependencies between minimal cut sets are a problem for
analytical methods (e.g. moment propagation and DPD).
Dependencies between components (dependent and CCFs) raise
a question of correlation between parameters of CCF methods.
The reliability data itself creates dependencies between
otherwise independent components. Pooling of plant specific
data makes underlying correlation between parellel identical
components and extends the uncertainty of systems signifi-
cantly.

Uncertainty analysis is a vital part of PSA and it is used
to ease decision making whether design of new ﬁlant,
backfitting of operating plant, operating strategies or
other Living PSA uses and compliance of PSA results with
safety criteria etc. are concerned. ‘

Task Force 5 has already completed the first draft version
for review.
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State-of-the-Art of Level 1 PSA.

W. F. Werner
Gesellschaft fiir Reaktorsicherheit (GRS) mbH

Forschungsgelinde
D-8046 Garching

OECD/BMU Workshop von
Special Issues of Level 1 PSA,
Cologne, FRG

May 28-30, 1991
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1. Introduction

A Level 1 Probabilistic Safety Assessment (PSA) for Nuclear power plants (NPP)
determines frequencies and modes of severe damage to the reactor core. Such results
cannot be derived directly from statistical observations. Therefore, the analyses are
based on the identification of representative sets of conceivable accident sequences
in the reactor system. For this purpose models of the technical systems and their
components are developed and analysed. Accident sequences in plant systermns are
represented by event trees, which in a simplified way describe the potential effects
of accident initiating events depending on the functioning or failure of the safety
systems required for their control. The probabilities of failure of the systems are
estimated by fault tree analyses. The use of these probabilites in the event trees then
permits the estimation of the expected frequencies of occurrence of core damage.
Further investigations are made to determine the mode of core damage. The analyses
provide :

+ - the topolgy of accident sequences;

+ quantitative descriptions of the event sequences and estimates of their
expected frequencies of occurrence;

« the event sequences which contribute significantly to the risks;

+ insights into the adequacy of plant design and operational modes by
determining those plant components and modes of operation which
contribute most to the expected frequencies of the dominating core
damage event sequences.

This forms the basis for judging
+ the level of safety of a plant;

+ the safety relevance of new scientifié and technological results or of
specific-incidents during plant operation;

+  promising approaches for the improvement of safety.

The insights gained from level 1 PSA can be used for

« eliminating vulnerabilities;

»  identifying additional possibilities for improving plant safety;
« improving operational procedures;

- - improving the training of operators. .- -
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In recent years numerous PSAs were completed and their results published. All were
successful in at least one of the above listed aspects. The discussions in this paper
are mainly based on the methodology used and the results obtained in the following

studies

Phase B of the German Risk Study on Nuclear Power Plants (DRS-B)

/1/. The analysed plant is Biblis B, a 1300 MWe pressurized water

reactor (PWR) with 4 main coolant loops in a large dry containment,
built by Siemens-KWU.

NUREG-1150 "Severe Accident Risks, an assessment for five US
Nuclear Power Plants” /2-16/. In this study nuclear power plants of
different designs are analysed:

Sun'y Power Station Block 1, a 788 MWe 3-loop pressurized water
reactor of Westinghouse design, in a subatmospheric containment.

Zion Nuclear Plant, Block 1, a. 1100 MWe 4-loop pressurized water
reactor of Westinghouse design, in a large dry containment.

Sequoyah Nuclear Power Plant, Block 1, a 1148 MWe 4-loop pressurized
water reactor of Westinghouse design, in an ice-condenser containment.

Peach Bottom Atomic Power Station, Block 2, a 1150 MWe boiling
water reactor (BWR-4) of General Electric design, in a Mark I
containment.

Grand Gulf Nuclear Station, Block 1, a 1250 MWe boiling water reactor
(BWR-6) of General Electric design, in a Mark III containment.

"Etude Probabiliste de Stireté des Réacteurs a Eau sans Pression du Palier
900 MWe" (EPS 900) /17/. The analysed plant is a standardized 900
MWe 3-loop pressurized water reactor of Framatome design, in a large
dry containment.

Etude Probabiliste de Siireté d“une tranche du Centre de Production
Nucléaire de PALUEL (EPS 1300) /18/. The analysed plantis a
standardized 1300 MWe 4-loop pressurized water reactor of Framatome
design, in a large dry containment.

"Probabilistic Safety Assesment for Typical Japanese BWR Plant". The
analysed plant is a 1100 MWe boiling water reactor (BWR-5), in a Mark
I containment /19/.

"Probabilistic Safety Assesment for Typical Japanese PWR Plants.”
The analysed plant is a 1100 MWe 4-loop pressurized water reactor in a
large dry containment /20/.
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2. Steps of Level 1 - Probabilistic Safety Assessments

2.1. Generalities
A complete level 1 PSA comprises three tasks:

1. Collection of basic plant data
2. Identification of initiating events
3. Event sequences and reliability analyses

In the first step basic information on the plant and on the operational procedures is
collected. The following two steps are concemed with potentially dangerous event
sequences inside the plant, including the estimation of expected frequencies of
occurrence of such event sequences The nature of the information and data required
in steps 2 and 3 depends on the scope of the analysis.

2.2 Selection of Accident Initiating Events

The selection of accident initiating events depends on the scope of the study. The
most important distinction to be made is between plant internal and plant external
events. Examples of plant internal events are mechanical failures of active -
components, malfunctions or failures of measuring or control devices, loss of energy
and media supply, and human error. A further important distinction within the
category of internal events has to be made with regard to different states of the
investigated plant, for example:

- state of power generation, which is investigated in all level 1 PSAs

'+ lTow power and shutdown states, which are investigated only in the
Frenctistudies EPS900 and EPS 1300

» common cause initiating events which may simultaneously
compromise a number of safety systems, for example:

- internal flooding, which is considered in DRS-B,

- fire, which is considered in DRS-B and in NUREG-1150 for the
plants Susry and Peach Bottomn

Among plant external accident initiating events the following are
- investigated:

« earthquake, which is considered in DRS-B, in NUREG-1150 for the
plants Surry and Peach Bottom, and for the Japanese 1100 MWe
BWRs and PWRs of latest design.
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« Aircraft impact, which is considered in DRS-B

+ High wind, which is considered for the Indian Point plant in the
United States.

The frequencies of accident initiating transients were determined by plant specific
operating data in all studies discussed in this paper.

For the accident initiator frequencies of the various categories of loss of coolant
accidents and for accidents caused by steam generator tube rupture the analyses for
all the above mentioned plants rely on generic data. In DRS-B the initiator
frequencies for large and medium breaks in the main coolant pipes were obtained
from a combination of zero events statistics and findings of probabilistic fracture
mechanics analyses.

The spectrum of initiating events considered in recent Level 1 PSAs and their
frequencies of occurrence can be taken from Table 1.

2.3 Event Sequence Analysis

An initiating event can be coped with by various combinations of functions of
operating and safety systems. The relevant combinations of operating systems and
safety systems are determined by the simulation of the plant response to the
accident initiator. This includes the determination of the required number of
redundant system trains of the individual safety systems (minimum success criteria).
If the minimum success criteria are violated the initiating event may lead to core
damage.

In an event sequence diagram (event tree) /21/ every possibility is considered which
may lead to core damage. Event paths are constructed by tracing the sequences
from the initiating events to specified end states. Event trees contain branch points
for every required system function. At each branch point a path splits into two paths,
one of which corresponds to success, the other to failure of the respective system
function. Thus, a large number of paths are obtained which either lead to a safe state
or to specified states posing a hazard to the reactor core (hazard states). With the
exception of DRS-B, hazard states are indentical with core damage states.

In order to quantify the availability respectively unavailability of the corresponding

system function branching probabilities are being associated with each branch point

in the event sequence diagram. The availabilities are conditional probabilities (under

the condition caused by the initiating event and the event sequence). In the
development of the event sequence diagram mutual dependencies of system

- functions as well as secondary failures are considered. o
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2.4 Reliability Analysis

In order to quantify the probabilities at the branch points in the event sequence
diagram the failure behaviour of the respective.system function has to be estimated.
Observations which permit to determine the failure behaviour of the system function
directly from operating experience are often not available due to the high relability
of operating and safety systems in nuclear power plants. However, the failure
behaviour of components used in large numbers in the systems can be obtained
from the operating experience. Therefore, the failure behaviour of system functions
is reduced to the failure behaviour of its components.

In safety analyses for nuclear power plants the customary approach for this
reduction is fault tree analysis /21/. Given an undesired event (for example loss of
cooling) a systematic search is performed for all possible causes leading to this
event. In general, this results in a large number of failure combinations of various
components or subsystems. The analysis permits a clear representation even of very
large technical systems. Independent failures, dependent failures, and human errors
are to be included.

Practically, the analysis is performed by means of computer programs. Basically,
simulation methods and analytical methods are to be distinguished. Simulation
methods can be used for direct simulation of system reliability parameters or for the
identification of the minimal cut sets of the fault tree. Analytical methods are also
used for the determination of the minimal cut stes.

Simulation methods directly determine the reliability parameters by Monte Carlo
simulation of the system behaviour. For large systems it may be extremely costly to
obtain sufficiently accurate results.

Simulation methods are also used to determine the minimal cut sets of a system. In
this way only the system structure is obtained which avoids the high computing time
requirements of direct calculation of reliability parameters. With a practical number
of trials Monte Carlo simulations do not find all minimal cut sets of a system, but
only those which significantly contribute to system unavailability. This may be
desirable if a system has a large number of numerically significant cut sets.

Analytical methods find all minimal cut sets of a system. In contrast to simulation
methods, they do not require information on component failure behaviour in order
to obtain the minimal cut sets. Component failure data are only needed for the
calculation of the failure probability of the system, once the minimal cut sets are
determined. For fault trees with a large number of minimal cut sets it may be
necessary to apply cut-off criteria.

Direct simulation is a flexible method for the analysis of complex systems. Different
maintenance and repair strategies, or the activation of standby systems can be easily
accounted for. They are easy to use, but may impose a high demand on computing
capacity for analysing highly reliable systems.
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Methods based on cut sets provide deeper insights into the structure of the system.
However, they are less flexible than direct simulation. For systems with a large
number of cut sets, they may also pose computing time problems.

Experience suggests that both methods should be available: simulation methods for
large, strongly intermeshed fault trees with not to "small" values of the reliability
parameters, and analytical methods for all fault trees with "small” values of the
reliability parameters, where the borderline to "small” depends on computing
capacity. Presently it is at about 10,

2.5 Data Base

In all state-of-the-art studies the data for the frequencies of initiating events, for
independent as well as for common cause component failures, and for human
failures are described in terms of probability distributions. The uncertainty ranges
characterized by the distributions vary in origin. If an estimate is based on
plant-specific data, the range should be characteristic of the statistical uncertainty of
the data. If an estimate is generic (or non-plant specific) the range should be
characteristic of those factors which may affect the failure properties of the
component in uses and enviroments different from which the data for the estimate
have been gathered.

The following probability distribution functions are found in level 1 PSAs:
+ lognormal distribution, which is used in all recent stﬁdies,
-« Gamma and Weibull distributions which are used in DRS-B,

+ maximum entropy distribution which is used, for example, in
NUREG-1150.

If in a plant specific analysis plant specific datd are of insufficient quality they are
sometimes combined with available generic data by means of Bayes' Theorem. In
this case a prior distribution is determined by generic data, which is combined with
the available plant specific data in order to obtain an a posteriori distribution to be
used for the plant specific analysis. This process is used for example in DRS-B, in
NUREG-1150 for the analysis of the Zion plant, and in EPS 900 and EPS 1300.
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The sources for data for independent failures of components used in recent studies
are compiled in Table 2

- Table 2. Sources of Component Failures Data for Independent Failures

Plant specific data Generic data
DRS-B 31/ /32 - 34/
NUREG-1150 LER, OLB* /3/
EPS 900, EPS 1300 /30/
Japan Japanese operating /3/, Japanese operating
- experience experience

*) LER: Licensee Event Reports for US Commercial NPPs.
OLB: Operator log books

Uncertainties of failures data: :

The error factors (95% quantile: 50% quantile of the lognormal distribution) vary
between 1.03 and 11. The error factors for plant specific data usually do not
exceed 5.

In NUREG-1150, the Japanese studies; and in DRS-B the differentation with regard
to location and operating conditions of components is more detailed than in EPS 900
and EPS 1300. On the other hand, the data base in EPS 900 and EPS 1300 is much
larger (200 reactor years for the standardized 900 MWe plants and 10 reactor years
for the standardized 1300 MWe plants, which all have indentical components) than
in any other study. Accordingly, the error factors are considerably smaller for many
components i EPS 900 and EPS 1300.

2.6 Dependent failures

Besides independent failures of system functions, so called dependent failures may
occur. Their consequences may be severe if they simultaneously compromise the
function of redundant components or subsystems. Distinction is made between
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+ failures of two or more redundant components or subsystems caused
by functional dependencies.

+ Failures of two or more redundant components or subsystems as a
result of a single previous failure; such failures are called secondary
failures.

+  Failures of two or more redundant components or subsystems due to
an unspecified single shared cause; they are called common cause
failures (CCF).

Usually dependent failures and secondary failures are explicilty treated in the fault
trees. Then there remain the common cause failures which, for example, may be due
t0 a common construction or maintenance error.

In the highly reliable systems of nuclear power plants common cause failures are
extremly rare. Therefore they can normally not be quantified on the basis of
operating experience. Instead, recourse must be taken to models which have evolved
from insights of past PSA studies and from the evaluation of operating experience.

Most of the common cause failure models used like the Beta Factor Model (BEM)
and the Multiple Greek Letter Model (MGL) have no causal structure.

The parameters of these models are free parameters to be fitted to the available data
on observed single (potentially common cause), double, triple, etc. failure events.
The Binomial Failure Rate Model (BFR) has an underlying causal structure.
Mechanisms, called shocks, are considered, which affect all components in a
redundancy. The probabilities of muliple failures are described on the basis of the
frequencies of the shocks and according to the assumption that the numbers of failed
components are binomially distributed.

The success of quantitative common cause failure analysis depends primarily on the
quality and quantity, as well as on the interpretation of realiability data. Since data
on multiple failures are extremely scarce, significant improvement in the
quantification is not to be expected soon. With presently available common cause
failure probabilities some PSAs show very large contributions to the core damage
frequency from common cause events. '

In recent PSAs the following common cause failures models are used:

The BFM-mode! with modifications accounting for failures of triple or higher
redundancies /22/ is used in NUREG-1150, in EPS 900 and EPS 1300, and in the
Japanese studies of 1100 MW BWRs and PWRs.

An error factor of three is used to describe the uncertainty about the common cause
failures for all degrees of redundancies.

The BFR-model /22/ is used in the Biblis B analysis. Error factors of five, seven,
respectively twelve, based on engineering judgement, are used to express
--uncertainties for common cause-failures.-of two, three, respectively four -
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redundancies. For the analysis of common cause failures in the scram system of the
Biblis B reactor the uncertainty distributions are consistently obtained from
uncertainties for single failure, shock rate, and binomial parameter.

The resulting error factor for the mean unavailability of the rods required according
to the minimum succes criterion (failure of > 7 rods out of 61 rods) is about 500.

To reduce the large influence of common cause failure rates on the analysis result, it
is desirable to

. systematically inspect observed single failures for potential common
cause mechanisms in order to enlarge the common cause failure data
base.

« to introduce more diversity in the systems design as a defence against
the influence of common cause failures on highly redundant
components or systems.

2.7 Human Factor
Two kinds of human errors are to be considered in PSAs.

+  Error of omission (an operator does not fulfill a required task) which
is treated in all recent PSAs. The standard method used for its
quantification is the THERP method /23/, and in some cases SLIM
124/.

+  Error of commission (acts by operators outside of procedures, caused
by vague procedures, misleading instrumentation, simply errors on
the side of the operator).

Errors of commission are not comprehensively treated in PSAs for
nuclear power plants. However, recent evaluations of operating
experience and theoretical analyses indicate that the influence of
errors of commission may be significant, in particular in low power
and in shutdown states.

In all PSA's the influence of the human error on the analysis results is significant,
- see tables 4,6 ‘
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3. Uncertainties and Limitations

Uncertainties and limitations are inherent to all PSAs.
® Quantifiable Uncertainties

Quantifiable uncertainties are an integral part of every PSA. They result
from the uncertainties about initiating event frequencies, reliability
parameters, the actions of the operating team (parameter uncertainties)
and from uncertainties related to the physics of the evolution of the
accident (modelling uncertainties). The latter are sometimes formally
expressed as parameter uncertainties by introducing wheighted sums of
model alternatives.

The standard technique to quantify parameter uncertainties is to perform
Monte Carlo sampling from the probability distributions describing the
various uncertainties and propagating the samples through the steps of
the analysis, thus generating a mapping from the parameter uncertainties
“to the uncertainties of the results of the analysis.

Monte Carlo sampling is either done directly, which permits to quantify
the sampling error by tolerance limits, or it is done by Latin Hypercube
sampling which is sometimes numerically more efficient than direct
Monte Carlo sampling, however, at the disadvantage of not providing a
mechanism for quantifying the sampling error.

The influence of the parameter uncertainties on the analysis resuits is
shown in all studies but EPS 900.

No published Level-1 PSA contains a comprehensive treatment of
modelling uncertainties

® Limitations of scope

PSA results are limited to certain classes of issues that can be readily
included in the structure of PSA models. The scope of accident
sequences analysis is generally limited to component failures of specific
types and operator errors to correctly perform prescribed actions. The
consideration of initiating events is also limited in scope. It is important
to be aware of the potential implications of such limitations.

Today, PSAs exclude a large number of very low probability events,
because of their anticipated unimportance, or the difficulty of modelling
them, For example, errors of commission are often excluded simply
because there is no generally accepted modelling approach.

Many PSAs produce core damage frequencies between 10 and 10 per
reactor year. In that situation it is reasonabie to neglect accidents that
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occur with frequencies two or three orders of magnitude below the core
melt frequency.

However, the insights from PSAs have served to drastically reduce the
contribution to the core damage frequency from those failures and events
that are generally modelled.

In some recent PSAs core damage frequencies lower than 106 per year
result. With the core damage frequency being so low the quantitative
results may be questioned, as there is no technical basis for concluding
that events outside the scope of the PSA would not contribute at least at
that level. :

Uncertainty analyses conducted for recent PSAs provide realistic
characterisations of the quantifiable uncertainties. However, issues whose
uncertainties are not quantified, because they are outside the scope of a
PSA may become significant. Some of these are discussed below:

Accidents occurring at low power and shutdown conditions

Until recently, virtually all PSAs for nuclear power plants were
performed for full power conditions. This was considered to be a
conservative approach, based on having the maximum amount of energy
available in the core, which maximizes the system response requirements
and minimizes the time available to prevent core damage. However
recent PSAs and pecursor events indicate that accidents occurring at
conditions other than full power may be significant contributors to the
core damage frequency.

Some of the reasons for these findings are:

+ Major maintenance activities related to safety are often carried out
during shutdown. Depending on the particular shutdown mode
technical requirements for safety systems may be minimal. Thus the
redundancy usually required at full power may not exist.

-+ Siifficient decay heat is still present to lead to core damage.

+  The operators' response can be expected to be less proficient in
shutdown conditions. Emergency operating procedures are limited for
shutdown conditions; the plant's state is often not clear due to the
large number of maintenance activities under way, and the control
room staff may be less attentive.

+ The integrity of the primary cooling system may be compromised as
a result of ongoing operations. With the primary system '
depressurized and partially drained down in some cases, the boil-off
time is reduced and the effectiveness of retention of radionuclides in
the primary system may be degraded.
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+  Containment integrity may be compromised during shutdown. Thus,
the likelihood of radionuclides being held in the containment is
reduced and offsite releases may be expected to occur within minutes
after the onset of core damage.

The analysis of low power and shutdown accidents is difficult. Within
different plant operating modes, different technical requirements apply
and therefore different plant configurations are possible, requiring
separate analysis. A larger number of usually more complex human
interventions may be required. This poses problems of quantification.

Design and construction errors

In a PSA it is generally assumed that all components in the plant are
properly constructed and designed. These assumptions are only
confirmed in cases where components are correctly tested under the same
conditons that will be present during an accident. Unfortunately, many
safety systems do not fall in this category along with non-safety systems
that could be used as alternative coolant injection sources such as
firewater systems.

Currently, the technical basis for comprehensively estimating the
importance of design and construction errors is weak. However, such
errors could dominate results of PSAs which exhibit low core damage
frequencies.

Operator errors of commission

Operator errors of commission are acts by operators outside specified
procedures. They can occur as a result of vague procedures, misleading
instrumentation, or simply errors of the operators. Including such errors
in PSAs is extremly difficult, because the number of possible actions to
be considered is almost unlimited. Even if such actions can be identified,
quantification remains difficult.

However, with a few exceptions, such errors are not considered for the
postaccident phase. Yet, analyses of events observed during recent years
indicate that serious errors of commission in the control room which
could bring a plant into a deteriorated state with regard to safety systems
could have frequencies of occurrence comparable to the frequency of
occurrence of technically initiated incidents /25-29/. Therefore, the
investigations in the studies may not be balanced between the analysis of
accident sequences caused by technical failures and the analysis of
sequences caused by errors of commission.

Common cause failures affecting multiple systems

All recent PSAs consider common cause failures of indential components
within a system. The effect of some common cause failures, such as
faulty maintenance is not limited to components within a particular
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system. However, such failures between systems are not generally
included in PSAs.

Sabotage

Sabotage differs from an operator error of commission in that it implies
willful damage to the facility. Sabotage frequencies are generally not
quantified in PSAs for several reasons

-+ Sabotage is not an accident and is usnally considered to be inherently
different from the events normally included in PSAs.

+ The frequency and character of the sabotage events are very difficult
to determine.
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4. Numerical Results of Level 1 PSAs

The numerical results of level 1 PSA are obtained in terms of probability
distributions, (cf. Fig. 1). In tables exhibiting PSA results, point values
characterizing the distribution function are usually shown, e.g. the median or the
mean. Frequently, the lower 5% and upper 95% quantile are also shown.

The results of accident sequence analyses explicitly refer to
+ core damage and additionally to
* intermediate states reached prior to core damage.

Intermediate states prior to core damage are introduced in NUREG-1150 and in
DRS-B. Their definition, however, is different in the two studies.

In DRS-B the intermediate states are defined by the failure of those functions of the
engineered safety systems and actions of the personnel according to the operating
manual which are needed to cope with the initiating event. Such failures lead to
insufficient decay heat removal from the core. The conditions are called "hazard
states" in DRS-B. Without appropriate measures to restore heat removal capabilities,
hazard states will finally lead to core damage. (These measures are called
"anlageninterne NotfallmaBSnahmen” which translates as “plant internal accident
management measures” in the DRS-B study). All modifications to hardware and
procedures found appropriate during the analysis, also future ones if already decided
upon, are accounted for in the estimation of frequencies of the hazard states.

The hazard states are further differentiated with regard to characteristics like
pressure in the reactor coolant loop, failures on primary side and/or secondary side
systems, and the time intervals available to perform accident management measures.
End points of the systems analysis event trees, respectively, top events for the
associated fault trees are the hazard states (not core damage).

By plant internal accident managemient measures the plant can be returned from a
hazard state to a safe state. If all plant internal accident management measures
applicable to a given hazard state fail, core damage will resuit.

With regard to hazard states the DRS-B study explicitly presents:
+ the expected frequencies of occurrence of the various hazard states

« the contributions of unavailabilities of system functions to the
individual hazard states and to the sum of the expected frequencies of
all hazard states, (Fig. 2)

- the constributions of groups of initiating events to the sum of the
expected frequencies of all hazard states.
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In NUREG-1150, EPS 900, EPS 1300 and the Japanese studies, the level 1 results
refer to core damage. In NUREG-1150, intermediate states analogous in a way to
the hazard states in DRS-B are considered in the analysis. Their frequencies can be
obtained from the study.

Accident management measures which, in principle correspond to the plant internal
accident management measures considered in DRS-B are incorporated into the event
trees and the fault trees in all other recent studies. In NUREG-1150 they are called
"recovery actions". They are not always directly comparable to the plant internal
accident management measures accounted for in DRS-B. For example, some of the
recovery actions considered in NUREG-1150 for the termination of accident
sequences caused by steam generator tube ruptures are applied in the area of design
basis accidents.

The EPS 900 and EPS 1300 studies consider accident management measures called
H- and U-procedures.

The combined numerical effectivness of accident management measures applicable
to event sequence classes is explicitly given for all event sequence groups in DRS-B,
and for the majority of event sequence groups in EPS 900-and EPS 1300 in terms of
reduction factors between core damage frequencies without and with consideration
of accident management measures. In NUREG-1150 such figures are not explicitly
shown, but can be derived from the quantified event trees.

All studies discussed in this paper present the sum of the relative frequencies of core
damage caused by plant internal initiators, and show how the individual groups of
initiating events contribute to this sum (Figs. 3-8). .

Fig. 9 compiles the total core damage frequencies obtained in recent studies, and the
“associated uncertainty ranges (from 5% to 95% quantiles), if available.

Other typical results are the importance, according to one of the commonly used
measures, of component failure rates (single or common cause), systems
unavailabilities, and of human failure rates (Tables 3-6).
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5. Summary

The strengths of the PSA methodology arise from both the integration of different
techniques of analysis and from the integration of the various aspects of design and
operation of a NPP. Integration of systems analysis, probability models, human
reliability modelling and models to describe the physical phenomenology of
accident scenarios into one coherent framework enables one to manage a much
wider range of accident scenarios in a single analysis than can be handled by
alternative approaches. In doing PSAa this give a picture of the safety or risk profile
of a nuclear power plant that is more comprehensive and balanced than other
‘approaches to reactor safety assessment.

A PSA is different from a traditional deterministic safety analysis in that it has
better chances of being complete in indentifying accident sequences that can occur
from a broad range of initiating events, and it involves the systematic determination
of accident frequencies and consequences.

. However, the accuracy and the robustness of the results of a PSA are limited by our

-overall state of knowledge. PSA is only a model for collecting and treating the
available body of knowledge. This knowledge is expressed in accumulation of data
and in models for system behaviour and for physical and chemical processes. Any
set of PSA results therefore reflects the limitations in the database as well as the
limitations and simplifications of the modelling approach that result from our state
of knowledge.

Despite such limnitations, the principal benefit in using level 1 PSAs to increase
insights and to support decisions concerning reactor safety is to take advantage of
the power of PSAs to give a comprehensive, realistic and balanced picture of reactor
safety without becoming vulnerable to misconceptions arising from the many
substantial uncertainties involved. The fact that PSAs provide a' mechanism for
displaying the causes and magmtudes of uncertainties (more so than do conventional
deterministic analyses) is actually the strength of PSA rather than evidence of a
weakness of the PSA methodology, because it can provide additional qualitative and
quantitative perspectives on the overall importance of uncertainties.

The most valuable products of PSA are the insights gained and the actions taken to
address those insights. Additionally, the results are considered to be of importance
in assessing the significance of safety issues, and to support and promote allocation
of resources to the resolution of these issues.

This is illustrated by the following list of reported successful uses of level 1 PSAs,

® Uses for Optimisation of Plant Design and Operation
+ conceptual or detailed plant design;

-+ supplementary analyses during licensing procedures;
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plant-specific evaluation of operational experience or other new
information;

evaluation of plant modifications from a safety viewpoint;

evaluation and assessment of management and operational policies in
shutdown and startup conditions;

evaluation of accident management policies;
evaluation of maintenance and testing activities;

evaluation of precursor events as a measure of performance to desired
goals; '

living PSAs;

prioritization of competing research needs

Regulatory Uses

guidance to regulatory standards development;

spéciﬁc applications of determinstic principles (classification of
design basis events according to their expected frequencies);

demand of periodic reassessment of plant safety on a probabilistic
basis using plant-specific "as-operated” data;

supplementary information for licensing purposes;

establishing probabilistic "safety assessment principles” or
quantitative design or safety goals;

aiding in the determination of whether or not backfits should be
required;

emergency planning;

demonstrating compliance with safety goals.
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Table 1.1

Initiating Events and Frequencies Used in the Surry PSA

Description Mean Frequency (per year)

Loss of Offsite Power 7.7E-2
Transients with Loss of Main Feed Water MFW) 9.4 E-1
Transients with MFW Initially Available 7.3

Non-Recoverable Loss of DC Bus A 5.0E-3
Non-Recoverable Loss of DC Bus B 5.0E-3
Steam Generator Tube Rupture 1.0E-2
Large LOCA, 6" - 9" 5.0E-4
Medium LOCA, 2" - 6" 1.0E-3
Small LOCA, 1/2" - 2" 1.0E-3
Very Small LOCA, less than 1/2" 13E-2
Interfacing LOCA 1.6 E-6 .
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Table 1.2

Initiating Events and Frequencies Used in the Grand Gulf PSA

Desription Mean Frequency (per year)
Loss of Offsite Power (LOSP) transient 0.11
Transients with Loss of Power Conversion System 1.62
(PCS)
Transients with PCS initially available 4.51
‘Transients ‘involving Loss of Feedwater (LOFW)
but with the steam side of the PCS initially 0.76
available
Transient caused by an Inadvertent Open Relief 0.14
Valve (IORV) on the reactor vessel
Transient caused by Loss of Instrument Air 8.1E4
Large Loss of Coolant Accident (LOCA) 1.0E-4
Intermediate LOCA 3.0E-4
Small LOCA 3.0E-3
Small - small LOCA (recirculation pump seal 3.0E-2

LOCA)
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Injtiating Events and Frequencies used in the EPS 900

Main Frequency
Family sub-inltiating per reactor
events .year
LOCA Large breaks 1x104
Imtermediate breaks ) RHRS disconnected 3x 104
Small breaks ) 2x103
Breaks with RHRS connected 5x 10
SSLB Large SLB inside containment 1x 104
Small SLB in any location 7x103
Smail FWLB 1x 103
SGTR and SSLB Rupture of one steam.generator tube 6x 103
+SGTR Rupture of two steam generator tubes 5x 104
Less of Systems Loss of water intake 75x10°5
RRYSEC (H1) Loss-of CCW/SEC in two engineered safe 15x10°%
. feature trains i
Large leak in one CCW train 1.3x 102
Loss of steam Loss of the MFW 1.92
generator feedwater | Loss of the AFW in shutdown on the AFW 6.9x 104
supply (H2)
Power blackout (H3) | RHRS disconnected 41x 104
RHRS connected 53x 105
ATWS Total loss of the MFW (power > 30% nominal) 1.8x 10°5
without scram
Partial loss of the MFW (power > 309 nominal) 38x 106
without scram
Total or partial loss of the MFW (power < 30% 85x 106
nominal) without scram
Primary system Spurious safety injection 0.32
transients Spurious heater demand 4.1x102
Progressive spurious dilution (all states) 3.5x 1072
Dilution by water front (hot shutdown) 1.1x10°6
Secondary transients | Total loss of secondary load 8.7x 102
Closure of one main steam valve 0.1
Loss of electrical Main off-site supply 0.3
power supplies Otf-site supplies 29x102
Bus LH(6.6kV) 1.9x 1073
LC (48 V) 23x103-
LDA (30 V) 1.1x102
Loss of compressed air | Loss of System SAP (compressed air production) 28x 103
Loss of System SAR reactor building emergency 6.1x 104
supplied-section .
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Table 1.4

Initiating Events and Frequencies used in DRS-B

Frequency (1/a)

Initiating Event Leak Cross |Initiating Triggering
Selection Event Event
(cm?)

leaks in reactor coolant piping.

large and medium leak <200 <107

small leak 1 80 - 200 9,0x10s

small leak 2 50 - 80 7,5x105

small leak 3 25 -50 7,5%10%

small leak 4 12-25 1,4x10+

small leak 5 2-12 2,8x103

leaks at pressurizer
small leaks at pressurizer caused
by transients -

loss of main feedwater 20 1,4x101 3,2x10°
loss of main heat sink 20 1,4x10! . 3,3x10
other transients 20 5,3x10 1,2x10+
small leaks at pressurizer due to 40 k 2,0x102 8,5x10+
inadvertent opening of safety

valve

leak in connecting line to annulus | 2-500 - .| 102 to 10%] < 107
steam generator tube rupture

small leak 1 6-12 1,0x10+

small leak 2 1-6 6,5x10°
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Table 1.4 Continued

Initiating Event Frequency (1/2)

operating transients

loss of preferred power 0,13

loss of main feedwater with power conversion 0,15

system available (long-term)

loss of main feedwater and power conversion 0,29

system

loss of power conversion system without loss 0,36

of main feedwater

large leak

- inside containment 1,6x10+

- outside containment 4,8x10+

medium leak

- inside containment . 2,7x10°

- outside containment 1,1x10+
rating transients with failure of r T

scram (ATWS)

ATWS during loss of main feedwater 4.7x10%

ATWS during loss of power conversion 3,4x10¢

system

ATWS during loss of main heat sink and 7,5x106

main feedwater

ATWS during other transients 2,3x10°
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Initiating Events and Frequencies used in the PSA for Japanese 1100 MWe PWR

Occurrence
Initiating Events Frequency Comment
(Mean, 1/RY)
Large LOCA 4.8x10° - upper bound of small LOCA is
. obtained assuming occurrence of one
time
Medium LOCA 1.5x 10+ - 554 RY is used, which is operating
years of Japanese and US PWRs
Small LOCA 4.8 x 10+ - ratio among large, medium and small
LOCA from WASH- 1400
SGTR 2.5x10° - lower bound from US PWR experience
Secondary side break 24x10°3 - mean value from US PWR experience
Loss of offsite power 1.0 x 102 - occurrend three times (experience
of Japanese PWRs and BWRs)
- operating years of Japanese plants
PWR: 136 RY, BWR: 154 RY (till
March 1988)
Loss of PCS 3.7x10? - operating experience of Japanese
PWRs
Other Transient 2.1x 10!
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Table 1.6.

Initiating Events and Frequencies used in the PSA for Japanese 1, 100 MWe-class

BWR

Occurrence

Initiating Event Frequency Remarks
(Mean value)
(RY)

Large LOCA (A) 8.0x 103 - The small LOCA is assumed to
have occurred once and taken as
the upper bound.

Intermediate LOCA (S)) | 2.7 x 10+ - The 508 reactor years of Japan
and U.S.BWR operation
experiences is used.
148RY (Japan) + 360RY (the
U.S.A):

(up to December, 1978)

Small LOCA (S,) 8.0 x 10+ - The proportions of large,
intermediate and small LOCAs
are determined according to
WASH-1400 evaluation method.

Transient with the PCS 0.47 - The domestic BWR experiences

initially available (T,) are used. :

154 reactor years (up to March,

Transient with the PCS 0.078 1988).

initially unavailable (T)

Loss of Offsite Power 1.0x 102 - Occurred three times.

(T - The domestic plant experiences

are used.
154RY (BWR) + 136RY (PWR):
(up to March, 1988)
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Results of Sensitivity Study in which Common Cause Failures were eliminated from

Fault Trees, (NUREG-1150).

Plant

Surry

Sequoyah

Peach Bottom

Grand Gulf

Table 4

Base Case
Analysis

4.01 E-5
5.72E-5
4.50 E-6

4.05E-6

Sensitivity Study Percent

No Common
Cause Failures

3.08 E-5

4.57 E-5

4.07 E-6

3.10E-6

Reduction

23

Core Damage Frequencies with and without human Errors of Ommission,

(NUREG-1150)

Plant

Grand Guif
Peach Bottom
Sequoyah

Surry

Core Damage Frequency

Base Case

4.1E-6

4.5E-6

5.7E-5

40E-5

No Errors

6.2 E-7

9.5E-7

25E-5

L.1E-5

Factor of
Reduction

6.6

4.8

3.5

3.8
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Contributions of Common Cause Failures to Hazard States at Biblis-B

Event Sequence Commeon Cause Contribution
in %

Loss of Offsite Power 80

Loss of Power Conversion System 80

Loss of Main Feedwater 65

Main Steam 50

Line Break

Table 6

Contributions of Human Errors of Ommission to Hazard States at Biblis-B

Event Sequence Human Error Contribution
in %

Loss of Offsite Power 15

Loss of Power Conversion System 50

Loss of Main Feedwater 50

Main Stearn 5

Line Break
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1.0 7 95%
0.9 4 /
0.8
. Mean
0.7 1

0.6
05 1 Median

0.4 1
0.3-
0.2 -
0.1 5z

-~

<L——r—m>»woITT M<——H>rczcCo

0.0 y 2
1E-6 1E-5 1E-4
CORE DAMAGE FREQUENCY

Fig 1

-

1E-3

Probability distribution of the expected frequency of core damage at the

plant Surry (from/S/)
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Leaks in

50%
reactor coolant loop

Pressurizer lezks in-
duced by transients
and inadveriant open-
ing of satety valves

)
n
0
R

Fire,

o,
internal flooding 14%

Earthquake-induced :Jz_s%
transients

Others 1.2%
Fig. 3.1

Contributions of the principal accident sequences to the frequency of
core damage at low pressure (DRS-B)

Leaksin 7 o
reactor cooiant loop e

Pressurizerlezksin-

duced by fransients :l 6.7
and inadvertant open- e
ing of safety valves

Operational

transients 33%

Leaks from main
steam line :} 5.7%

External events
(seismic and 41%
aircraft impacts)

without scram- J%
(ATWS)

Anticipated transients ]
3.7

g 3.2

_.Contributions.of the principal.accident.sequences. to. the frequency of core.
damage at high pressure (DRS-B)
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Fig. 4.1

BWR principal contributors to core damage frequency (NUREG-1 150)

units of &35
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Fig. 4.2

PWR principal contributors to core damage frequency (NUREG-1150)
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SEQUOYAH SURRY

STANON BLACTUT

STM GEX TUEE RUPT.
INTERF. ST3T. LOCA ATWS

TRANSIENT

ZION

PEACH BOTTOM.
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w

ATws

Fig 4.3
Principal contributors to core damage frequency (NUREG-1150)
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PROBABILITY OF CORE MELTDOWN

Contribution of famlillies

Large breaks

Medium breaks

Smat and steam breaks
SLB and FWMLB

SGTR + comb.

H1

H2

H3

ATWS

Primary and secandary system transients
LOCA outside containment

R 1 K T I 0 1 N N

Eig.5.1
Contributions of the principal accident sequences to the frequency of core damage (EPS 900)
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PROBABILITY OF CORE MELTDOWN

Contribution of States

Siate A

|
B SttsB =
Stzte C
B sSteD
0 saeE 5% -
TATE DESCRIPTION
A Operating point (pressure and lemperature) above (P11/P12) (139 bar, 284°C),

carresponding to standard reactor states:

» reactor under power. with generator onding or not,
« reactor in hot shutdown,

* Upper part of intermediate shutdown range.

B Operating pdinl (temperature and.pressure) between (P11/P12), and RHRS canditions (30 bar,
177°C) ‘

c Shutdown on RHRS, primary system ful; closed and vertted:

D | Primary'system partially draified or open. _ . _
To ensure conservativeness; all state D condilions are equated with the hatf-full condition for

which the primary coalani mass is minimal. _
E Reactor cavity full with ‘at least one fuel 'elemen_i in the reackr vesseal.
F Any primary system state in which the fuel is cimpletely unioaded. This state orly relates to the

probabilistic safety assessment due to the fact i is not taken into consideration; it camesponds
1o hydraudic tests'and containment tests, operations with kops empty and all other work )
necessitating complete defuelling (reactor vessel inspection, work on lower internals etc.)

Fig. 5.2

" Definition of plant states and their contributions to the frequency of core damage (EPS 900)
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LOSS OF OFFSITE POWER
6.6x10-* /RY ATWS

(4%) 2.2x1071° /RY
SGTR (<1%)
7.7x10°* /RY

(5%)

SECONDARY SIDE BREAK
1.1x10-% /RY
(1%)

.....

4 SHALL LOCA
/ 9.1x10-* /RY

MEDIUM LOCA / (57%)

2.8x10° /RY  /
(18%) ‘

-TOTAL CORE DAMAGE FREQUENCY : 1.6x10-7/RY

Fig.7
Contributions of the principal actident sequences to.the frequency of core damage for
Japanese 1100 MWe PWR
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Station Blackout

Large LOCA
2.4 107 /RY 1.5X 107 /RY
(1.2%) (0.7%)
Intermediate LOCA Small LOCA
41.9x 107*/RY ————\ o 2.5X107'9/RY
(2.5%)

(0.1%)

Transients with

e PCS
Loss ¢f 0ffsite Power

Initially Unavailable

.3X 1074 /RY

T.TX107%/RY

(26.8%)

(39.0%)

Transients with the PCS
Initially Available
5.8%X 107Y/RY

(29.7%)

Eg8

Contributions of the principal accident sequences to the frequency of core damage for
Japanese 1100 BWR
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Analysis of Dependencies

Chairman: U. Hauptmanns
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U. Hauptmanns
Geselischatt fur Reaktorsicherheit (GRS) mbH
Cologne, FRG

ISSUE PAPER on Dependent Fallure

Dependent failures are a major concern in the safety analysis of nuclear power
stations because they thwar the benefits accruing from redundant design by leading
to the simultaneous unavailability of more than one of the redundant trains of a
system.

Three classes of dependent failures are genera‘lly distinguished: functional
dependencies, secondary or consequential failures, and common cause failures.
The first two classes are modelled directly in the fault trees. Their probabilities of
occurrence are obtained as follows:

- tfunctional dependencies (e.g. dependency on a common electricity or instrument
air supply): from the usual reliability data for independent failures

- consequential failures (e.g. rupture of a steam line due to impact from an adjacent
steam line): corresponding physical or chemical models constitute the bases of
the probability estimation

Both types of dependent failures can be treated satisfactorily.
This is, however, not the case for common cause failures, as explained below.

Common Cause failures are due to shared causes such as design, construction or
maintenance errors (e.g. unsuitable lubricants in pump bearings). They generally
make a major contribution to the unavailability of the systems destined to cope with
an initiating event, for example, the German Risk Study Phase B /1/ indicates con-
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tributions of up to 85 %. For the important sequence triggered by the initiating event
*Failure of the main coolant pumps and failure of the main heat sink* it amounts to
76 %. In NUREG-1150 /2/ contributions between 15 % and 25 % have been found.

Before common cause failures can be introduced into a fault tree their probabilities
of occurrence have to be estimated. This is usually done using parametric models to
evaluate the data base on multiple failures in nuclear reactor systems.

The models generally in use are:

Beta-factor model

Alpha-factor model

Multiple-Greek-Letter (MGL) model

Binomial failure rate (BFR) model
These are discussed in detail in reference /3/.

The Beta-factor model was originally developed for systems with two redundancies;
in the MGL model it is extended to systems with more redundancies. The Alpha-
factor model is similar to the Beta-factor model.

~ All three models require that simultaneous failures of a number of up to the redun-
dancies to be treated have been observed unless parameter estimation on the basis
of a zero failure statistics is accepted (e.g. upper 95 % centiles).

Unfortunately the number of multiple failures observed is very small so that plant-
specific evaluations of common cause failures must be regarded as impossible. At
most, they may make a small contribution to a data base, which is otherwise drawn
form general experience with nuclear power systems. This dearth of data and the
resultant uncertainty of failure rates is in marked contrést with the aforementioned

importance of common cause failures for many reactor systems. In addition; in ge-
neral the number of observation of simultaneous failures is smaller the higher the
number of redundancies affected. It is for this reason that the BFR model is usually
‘preferred when highly redundant systems are to-be treated. It allows one toconsi-
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stently extrapolate from the observed failures of fewer redundancies for calculating
the failure rate of a greater number of redundancies, if the assumption of an under-
lying binomial distribution is accepted. However, it is claimed that the pooling of se-
veral observed common cause failures to calculate the failure probability parameter,
p, may lead to over or underestimation of the failure rates of higher redundancies.

No matter which model is used for data interpretation, the essential task in common
cause analysis is the acquisition of the required failure data. These must be retrie-
ved from records on abnormal occurrences and collections of reliability data.

In this process a considerable amount of engineering judgement has to be exerci-
sed. In order to progress in the field, international co-operation is an imperative be-
cause data form all nuclear power stations should be available for review when com-
mon cause failure rates are prepared for a PSA study. |

In view of the foregoing exposition the following issues are considered worthy of dis-
cussion:

- which data bases on abnormal occurrences and reliability data are available in
the different countries and do they satisfy the common cause information require-
ments (cf. /4/)7

- what aspects should be takeén into account in judging occurrences of observed
failures as common cause?

- should single failures be included in common cause analysis?
(this would increase the number of occurrences available for parameter estima-
tion, but require more engineering judgement as an input)

- what are the criteria to be uséd for considering NPP systems as comparable for
the purposes of common cause analysis?

- what direction should further model development take?




-96 -

REFERENCES

M

12/

13/

14/

Deutsche Risikostudie Kernkraftwerke, Phase B

KéIn 1990 (English Summary: German risk study nuclear power plants,
phase B.

GRS-74, Kéin 1990)

Severe accident risks: An assessment for five US nuclear power plants.
Summary report-second draft for peer review.

Vols. 1 and 2.

NUREG-1150, June 1989

'Mosleh, A.etal.:

Procedure for Treating Common Cause Failures in Safety and Reliability
Studies.

Final Report NUREG/CR - 4870, Vol. 1 (February 1988), Vol. 2 (Decem-
ber 1988),

Parry, G.W. et al.:

Data Needs for Common Cause Failure Analysis in:

G. Apostolakis (Ed.):

Probabilistic Safety Assessment and Management, Vol. 2.
New York, Amsterdam, London 1991




-97-

This paper has been prepared for the
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WHY IS THE MARKOV METHOD NOT USED AS A STANDARD
TECHNIQUE IN PSA?

Enrico Silvestri
Ansaldo SpA, Nuclear Division, Genoa (Italy)

ABSTRACT

The Markov method is one of the most well-known and most
widely applied techniques for modelling and quantifying
a variety of problems of stochastic nature. This
method, owing to its great flexibility and versatility,
performs successfully in the divetse domains of system
modelling and reliability/availability quantification,
easily including common cause failure aspects, of
test/maintenance optimization studies, of stochastic
modelling of many physical processes, also including
operator actions. Contrasting with this versatility is
the relatively limited favour that the method finds in
PSA applications.

This paper aims at identifying the uses, the perspective
applications, the limitations of the method in the
context of PSA. In particular, it reviews its current
applications in PSA, and discusses its perspectives in
the various subdomains of PSA, like Markov vs. fault
trees in system analysis and Markov vs. event trees in
event sequence quantification, in both of which it is
deemed that combined use of Markov and fault trees or
event trees, respectively, would produce more effective
(and also more efficient) modelling; or the capability
of the method to deal with special topics, £f.i., human
reliability analysis and modelling of = certain
time-dependent phenomena. Finally, the paper attempts
at defining under what specifications can the Markov
method be made a standard gquideline in PSA.

INTRODUCTION

In the course of some years of practice in probabilistic
analysis the specialist has the opportunity to
appreciate the versatility and flexibility of the Markov
method to model and solve the most diverse stochastic
problems. The method itself is normally the next step
in reliability engineering appenticeship after the most
elementary models that produce the standard text
probability distributions. This contrasts with the
..observation__that _only rarely does _one come _across
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examples of the application of the method in PSA, as
results from consulting also'recent literature on the
subject. This brief note is intended only as a
digression to raise some questions related to the
relatively scarce use that is made of the Markov model.

The event tree/ fault tree approach has become the
established framework within which PSA is structured,
owing to its numerous advantages, among which:

- logical simplicity; ease of applications by
non-experts with limited training;

- ability to model systems of high complexity in a
manageable way;

- good degree of standardization, traceability and
verifiability.

This approach, however, has two basic limitations that
are relevant to PSA, namely:

- the basic events must be essentially independent;

- time factors cannot be explicitly modelled or
parametrized.

It is precisely when dependences or stochastic dynamics
are important in the analysis that the Markov method may
represent a valid alternative to more conventional
methods.

One briefly recalls the assumptions on which the method
is based.

l) The system to be modelled can be decomposed into
elements (“components"), each one being characterized by
a4 finite number of discrete "states" the element can
experience by undergoing "state transitions".

2) The combinations of all possible states of all system
elements determine the ensemble of system states in an
unambiguous way; the possible element state transitions
define as many system state transitions. The collection
of all system states and the transitions the system can
experience are a "stochastic process", which is
Markovian by virtue of items 4) and 5) below.

3) the "transition rates" are the conditional
probabilities of transition per unit time, given that
the system has reached the state from which the
transition depends, at a given time.
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4) the "transition rates" between any two connected
states depend only on the two states themselves and on
time computed from the beginning of the process. It is
not a requirement for a system to be Markovian that the
transition rates between its states be constants, as is
often held. If they do not depend on time, then the
process that = the system  undergoes is termed
time-homogeneous.

5) The probabilities of multiple transitions in a time
increment tend to zero as the time increment is made to
tend to zero.

Mathematically, the stochasic evolution of the system in
time 1is described by a set of 1linear differential
equations -whose solution is the vector of state
probabilities. ; :

The “applicability of the model, given its
characteristics, must be carefully checked against the
real situation to which it is adapted. Typically, a
process for which the transition rates do depend in any
way on the previously visited states ‘is not Markovian.
As an’ example, consider a system made up of components
. whose rates of existence in the "up"- and "down"-state
‘are constants. This is a typical Markovian system. The
~implication of the model is that each time a failed
component is restored to the nonfailed condition, its
failure characteristics are returned to the initial
condition. If this was not the case for certain
components, then the  failure rates for these would
depend on  the number of failure/repair cycles, and
consequently, the transition from the states describing
the failure of these particular components would depend
on which and how many other states have been visited
before the state for which the transition is considered.
" .Another example is given by the same system as above
when the component restoration times are not
exponentially distributed. In this case, the Markov
approximation may be kept for system unavailability
quantification, because the fraction of time each
component spends being repaired is small with respect to
its "up" state. In any case, an adequate state space
representation can. in principle provide - as good an
approximation through a Markov model as is required
(see, £f. i., refs. 1 and 2).

WHICH TYPES  OF PROBLEMS CAN BE MANAGED BY MEANS OF
MARKOV MODELLING AND HOW THEY STAND WITH RESPECT TO PSA

Basically, the versatility of the Markov method is
related to the fact that  the representation is
"""" presence of dependent events. All
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forms of dependences can be accounted for by defining
the appropriate state space and transitions.

Typical = dependence problems that appear in system
analysis are: ‘

- standby components in redundant systems;

-~ maintenance/repair dependences caused by personnel
unavailability for multiple parallel repairs;

- test interval/maintenance strategy/ repair procedures
interactions to determine system unavailability;

- common cause failures.

By definition, only the last type of dependence can be
treated adequately in the fault tree framework. Even in
this case, certain situations - where common cause
failures do not manifest themselves . in coincidence of
time, this conservative assumption must be made.

As to maintenance crew type of dependence, it can be
verified that if the repair rate is at least one order
of magnitude greater than the failure rate of the
‘components ‘in a cutset, then the error in the
unavailability is also small. For example, in the case
of two redundant parallel components with pu > 30A, the
error made in the assumption of independent repair is
only -3.2% (in the nonconservative sense). The error
increases dramatically, however, if the cutset order
increases. This means that significant errors may be
made in - the unavailability evaluation of highly
redundant systems (this is also the typical problem with
common cause failures in the same type of systems).

Test/maintenance schemes cannot at all be quantified
correctly with fault trees, as any event in the process
is conditioned to the outcome of another. The Markov
method can accomodate this case also.

Another c¢ase when a different approach from fault tree
is necessary in system unavailability/unreliability
evaluation 1is when operating (process) systems with
‘'standby redundancies and recovery/repair are possible
with the system in operation. 1In such case, dependences
exist through the standby/operate interaction eand
through the recovery processes. Again, as already said,
this is a case where the Markov approach is required.
In PSA this situation is found basically in two cases:

- unavailabilty of (continuously operated) support

systems;
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~ frequency of failure of continuously operated systems
that determine certain initiating events.

The first case is of particular relevance to PSA, as is
pointed out in ref., 3.

The Markov method can model the stochastic behaviour of
other systems than than .engineered systems made of
physical equipment; it serves to model also certain
physical processes. Of particular interest are the
applications to operator/system interactions modelling.
An interesting application can be found as an extension
of the Human Cognitive Reliability (HCR) model in ref.

4. In this application, very much in the spirit of ref.
2, where the method is applied in an entirely different
context, the distribution of operator time to act is
modelled as a discrete-state . transition model, where
each state represents an elementary step in the process
of human action. The idea 1is that such steps are
defined in a way that allows to obtain reliability data
from relatively simple experiments. A complete system
analysis including human errors is developed with the
Markov method in ref. 5.

Of particular relevance to PSA is the problem of

quantifying time-dependent accident sequences. The
event tree methodology has remained essentially
unchanged from its 1initial applications (e. 9.,

WASH-1400); for each 1n1t1at1ng event the safety systems
that need be operated to " perform the appropriate
functions to mitigate the consequences of the events are
- identified and used as headings in the event tree. The
various combinations of the states of the systems define
the event sequences generated by the 1n1t1at1ng event.
The sequence frequency quantification process is done by
multiplying the frequency of the 1n1t1at1ng event by
system unavailabilities, usually calculated using fault
tree methodology. In this way, system failure and
recovery, or.operator actions changing the course of the
events cannot be teadlly factored in; but it must
recognlzed that in major incidents like TMI or Chernobyl
this is exactly what happened, so it cannot be concluded
that this contributing factors are of minor importance
in determining core damage frequency. Several authors
have pointed out this fact, all basically arriving at
the conclusion that a state space approach with, in
general, nonlinear transitions best represents the
accident sequence stochastic timing. At the same time,
semi-markovian or Markovian approximations can represent
acceptable solutions to take account of dynamic factors
in event sequences. One wants to mention ref. 6 for an

application to . accident. . sequences ..  with __ human.
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“intervention, ref. 7 for an application to the
quantification of the accident sequence of core uncovery
-caused by the protracted 1loss of Offsite and Onsite
" Power event, and refs. 8, 9 and 10 for more general
considerations and methodological approaches.

In a similar way, although in a different application,
the Markov approach is being referred to for fire
growth/ fire suppression process modelling in the fire
risk analysis context (e. g¢., ref 1l1).

DISCUSSION AND FINAL REMARKS

The Markov modelling technique applied to reliability
analysis is an effective tool, whenever the stochastic
behaviour of a system is affected by dependent behaviour
in its constituing elements. ‘

What in effect represents an obstacle in its generalized
use in PSA is then to be found in the algorithmic
difficulties it presents. . :

Needless to say, a detailed decomposition of a system in
its components causes an exponential growth in the
number of system states, with the associated computing
difficulties in solving the stochastic equations. The
normal strategy is then to reduce the system to a
limited number of aggregate parts, or "supercomponents",
characterized by failure and restoration rates. This
can be accomplished by a more detailed analysis of the
' aggregate parts. Several systematic reduction
" techniques allow to deal with relatively large Markov
'systems (see, £. 1i., ref. 12).

It must be conceded that application of such reduction
strategies requires a very thorough understanding of
system behaviour and deep knowledge and experience in
the technique of Markov method. Thus it is not an easy
task for system analysts, also considering that usually
they are introduced to fault tree analysis without much
basis or experience in formulating and in modelling
problems of a stochastic nature.

As a starting point, referring to the fault tree/ event
tree matrix structure of today PSA, one suggestion is to
introduce the use of Markov methodology at the "bottom
level" and at the "top level® of the conceptual fault
tree that describes an event sequence. This means that
The method could be used in an integrated structure with
fault tree, both to deal with subsystems or component
aggregates at the detail level where certain types of
~dependences exist-—like those-described in-the previous
section, and at the system top event level in the event
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sequence quantification, where the physically possible
combinations of system top level states represent plant
states in a (semi)Markov formulation.

The first step, in particular, should not present
unsurmountable obstacles, to integrate Markov modules
along with elementary event descriptions in a fault tree
structure. This step would allow more precise modelling
and quantification of support system unavailabilities
and failure rates. :

The fault tree/ event tree framework represents a very
powerful reference in PSA, and presents undoubtable
advantages in its. simpicity, which is an asset when
considering the compex reality of a nuclear power plant
that must be modelled in PSA. It is also true that
certain "grey areas" exist in PSA, because of the
inability  of this framework to deal with certain
specific problems. But is is argued that these problem
areas are of no minor importance in today and future
PSA.

Thus it is argued that the limited, non-standard use of
the Markov method does not represent its inability to
treat adequately certain specific problems. Rather, it
represents the inability to move from procedures that
have become tradition by now.

It is not claimed that the use of Markov methods may
represent the panacea to all headaches in PSA, however
it is held that thinking in terms of this approach in
PSA would produce new ideas beneficial to the effect of
finding acceptable solutions in areas as those described
above, even if the algorithm-generating ability of the
method is still really to be tested for PSA.
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Abstract

The B-Factor-Method allows to model Common Causes Failures in fault trees in a relativly simple
way .

The f-Factor-Method is based on the simplified assumption that the occurrence of on CCF-Event
leads directly to the failure of all components of the system.

Tn general they think to be in the "sure region" with this assumption.

But that's not true in each case.

The following Benchmark-Exercise shall verify the statement that the appllcatlon of the B-Fac-
tor-Method for structural redundancies may lead to an undervaluation of the failure probability.
Above all this concerns systems in which the failure of two components already: leads to the
system failure or a hazardous situation.

The structural importance of the Dowble-Failure as a minimal cut of first order is very high
because of its high number.

And so it delivers a great contribution to the failure probability of the system notwithstanding
its small frequency of occurrence.

If such systems are treated with the B-Factor-Method now the frequency of the Double-Failure
will be added to the frequency of the complete failure of the system (lethal shock) the structu-
ral importance of wich is not so high because it only occurs solely.

This case leads to an undervaluation of the failure probability. of the system.
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1.Introduction

Common causes failures require special treatment within reliabi-
lity analysis /1/, /2/.

Therefore the simplest procedure is the p-Factor—-Method. The
basic assumption of the p-Factor-Method is that a fixed percen-
tage of all failures occurring are dependent failures.

This percentage (in general about 10 %) is represented by the p-
Factor. Furthermore it is assumed that the occurrence of one CCF-
Event leads directly to the fallure of all components of the
system.

Moreover this simplification should make the procedure especially
safe, i.e. it should avoid an undervaluation of the failure
probability of the system in each case.

The aim of this script is to demonstrate, that the application of
the B-Factor-Method, however, may lead to an undervaluation of
the failure probability of the system /4/.

In the following chapters the reliability of a fictive sample
system of four identical components will be evaluated for all
possible redundancy structures /3/ (1,2,3,4 of 4-systems).

By means of a definition of exact "system specific data" it is
possible to estimate directly the primary data of the fault tree
of the system (Basic-Parameter-Model).

This failure probability of the system determined in such a way
will be postulated as the so called "true value”. Then the failu-
re probability of the system will be estimated by means of the
simplifications necessary for the f-Factor-Method.

The absolute and relative deviations from the "true value" of the
results are shown in chapter 4.1..

By means of the minimal cut sets the structures of the single
systems are broken down and the deviations are motivated.

In chapter 5.0. the influence of data on the results is shown.
Finally it's possible to derive common conclusions for the model-
ling of CCF's.

2.Sample fault trees

The sample system consists of four components, in the following
called A, B, C and D for convenience. {fig.1l)

For example the components may be pumps and

at the 1 of 4-system each pump should have 25% of power

" 2 of 4-system 33%
" 3 of 4-system -"- 50% "
" 4 of 4-system -"- 100% " .

Here the k of n-systems refers to the failure of the system.
The Boolean Variables corresponding to the components are named:
XA, Xg, X¢ and Xp-

Eleven further Boolean variables representing the possibilities
of the corresponding failures due to common causes are necessary
for the complete modelling of CCF /1/.(fig.2)

With the B-Factor-Method only the complete failure of all compo-
nents (XABCD) will be modelled.

The faulttree reduces—itself-as follows:{fig:3)
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3. 'Used data

The fictive circumstances are: exactly 500 failures (N,) occured

at one component at 100,000 demands (N).

50 (10%) of these 500 failures were dependent failures (N,)

These dependent failures are divided into 15 Double—%allures
5). 5 Triple-Failures (Nc3) and 30 Quadruple-Failures (N 4).

Thus it is possible to determine the following characteristics:

Qe - total failure prgbab111ty of the component

Qy = Ny/N =5.0 %10 :

0y ~ 1independent failure psobability of the component
Q, = (N;-NJ/N = 4.5 * 10°

QC - probability of t?e occurrence of a CCF

Qe = N /N =5.0 %10

B - portion of the dependent failures (f-Factor)
B = No/Ng = Q./Q¢ = 10%

ng - probability of _the occurrence of a Single—Failure
Q1g = Qu = 4.5 * 107 '

ng ~ probability of thi occurrence of a Double-Failure
ng - 4Nc2/N = 1.5 % 10~

Q3g - probability of thg occurrence of a Triple-Failure
Q3g = Ng3/N = 5.0 * 10™ .

Q4g - probability of thz occurrence of a Quadruple-Failure
Q4g = Ngg/N = 3.0 * 10

It is necessary to investigate the following probabilities (P)
for the complete modelling of all components in the fault tree
(fig.2).

Therefore all components are assumed to have the same failure
mode.

= P(Xp) = P(Xg) = P(Xc) = P(Xp)
Q = A= Qu = 8.5 1oc?3 P
Qy = P(Xpp) = p(x = P(Xpp) = P(Xpe) = P(Xgp) = P(Xep)
221, Zpc) 2 PiXap BC BD cD
Q3 = P(X = P(X = P{Xpcp)
03 = 1/3"%P Q3 P .BqDs TorsTECD
Q4 = 04y = 3.0 * 1074

The following simplification will be used for the modelling by
means of B-Factor-Method (fig.3):

All occurring CCF's 1lead directly to the failure of all four
components in each case: )
Therefore: ch + Ng3 + Ngog = Ne

= Ng/N- =B *-Q¢=-5:0-+-1074

S(xABCD) Qc
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4 .Results
4.1. Interpretation of the calculation results.

The following table 1 shows the results of the calculations
carried out.

Column 1: System structure

Column 2: Qs - Failure probability of the system without inclu-
sion of CCF's

Column 3: Qge — Failure probability of the system with inclu-
sion of CCF's (true value)

Column 4: Q - Fallure probability of the system by means of
{88 p-Factor-Method

Column 5: A, - absolute deviation from the "true value®
Ay = Qgp Qg¢

Column 6: A, - relative deviation
Ap = (QSB Qs Q¢

To the 1 of 4-system:

It is not usual to include series sytems into CCF considerations.
It was done here only for completeness.

It becomes apparent, that the results of both methods don't
differ very much from each other. That, among other things, is
connected with the high failure probability of the series system
itself. .

A comparison with the failure probability of the system without
inclusion of CCF's shows, that they are even in the "sure region"
if CCF events are not modelled at series systems at all.

To the 2 of 4-system:

At this system the application of the B-Factor-Method unambigu-
ously leads to an undervaluation of the failure probability of
the system.

The relative deviation from »>20% into the negative region is very
important.

It will be demonstrated in the following chapter what this devia-
tion is due to.

But at present it can simply be stated as wrong to apply the B-
Factor-Method to such systems.

To the 3 of 4-system and 4 of 4-system:

At this system structures the B-Factor-Method involves an over-
valuation of the failure probability of the system.

Indeed the deviations from the "true value" are considerable.

At a deviation of about 70% (4 of 4-system) one has to consider
-how--"safe this-region-—shouldbe"to-beregarded as useful:
Finally it is possible to say, that the simple application of the
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p-Factor-Method is unsuitable (for this system of four compo-
nents) resp. it even leads to the “"forbidden" region (fig.4) at a
2 of 4-structure.

The reason for that and possibilities to carry out simplfications
which guarantee sufficiently exact results will be demonstrated
in the following chapter.

4.2.8tructural analysis

Now the minimal cut sets of the single redundancy structures will
be broken down with respect to kind, order and probability of
occurrence and this will be compared with the minimal cut sets
estimated under the conditions of the application of the B-Fac-
tor-Method. :

That makes it possible to find out the causes of the deviations
from the true value wich regard to the results of the pB-Factor-
Method.

The following abbreviations will be used:

n -~ number of the minimal cuts of the group
0 - order of the minimal cuts of the group
W - occurrence probability of the minimal cuts of the group

W%- percentage of the minimal cut sets of the group within the
complete failure probability of the system

A - kind of the CCF, i.e. Double (Z)-, Triple (D)- or Quadruple
(v)-ccF
E - single failure

To the 1 of 4-system:

The tables 2 and 3 show, that the difference of the Tesults of
these two methods is small because almost nothing but the inde-
pendent failures affect the failure probability of the system.

To the 2 of 4-system:

This system structure (tables 4 and 5) shows an enormous import-
ance (about 40%) of the double failures which make them equiva-
lent to the Quadruple-Failures.

The Triple-Failures make a considerable contribution (with nearly
10%) to the complete failure probability of the system too.

The Quadruple-Failure with its probability of occurrence of 3.0 *
1074 (abou& 40%) is not so important as at the B-Factor-Method
(5.0 * 107 % resp. 80%):.

However the accumulated number of the probabilities of all CCF's
is much higher and this makes clear, that the simplifications of
the B-Factor-Method are unpermissible here.

To the 3 of 4-system:

Here the Triple- and the Quadruple-Failures ( tables 6 and 7)

have the main share of the failure probability of the systen.

All other combinations can be neglected.
--However;the-importance—of--the-combination-Deuble-Failure/Inde-
* pendent-Failure (Z/E) may increase if the primary data are diffe-
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rent. The accumulated number of the CCF-Minimal-Cuts doesn't
reach the value of the complete failure if the B-Factor-Method is
used.

The permissibility of the overvaluation of the failure probabili-
ty wich regard to the P-Factor-Method can be discussed.

To the 4 of 4-system:

Regarding this "clear redundancy"” (tables 8 and 9) only the com—
rlete failure is important of course.

The combination Triple-Failure/Independent-Failure (D/E) may make
a very small contribution if the primary data are different.

The PB-Factor—-Method leads to an enormous overvaluation of the
failure probability of the system because it assumes the probabi-—
lity of occurrence of the complete failure with a much too high
value.

The most important information of the tables 4-9 are shown gra-—
phically in figure 5 again. .

5.Further regards
5.1.The variation of the total failure probability

The former calculations were carried on only for. certain system
structures and certain data.

Now it is important to recognize whether the given statements
refer only to the calculated results or are matters of principle.
To appraise the influence of the data the primary data were
varied.

Picture 6 shows the results if the total fallure probab; Qlity of
the components {Q¢) increases to the tenfold Q¢ =5*10 °) resp.
decreases to one tenth (Qt—5*10 4) of the former value.

The percentage of the dependent failures remains constant in each
case.

At the relativly high failure probability of the components
(Qp 5*10_2) the deviations A, from the "true value” of - the
results of the PB-Factor-Method decrease since the independent
failures or failure combinations increase in importance.

Strictly speaking, only the calculated importance of the indepen—
dent failures increases, whereas the structural importamnce re-
mains constant.

The decrease of Qt has opposite consequences of course.

Here the difference between the results of the B-Factor—-Method
and the"true value” increases since the importance of the inde—
pendent failures goes down.

5.2.The variation of the share of the Common-Causes-Failures im
the total failure probability

Here the probabilities of occurrence of the CCF's remain con—
stant.

—At flrst~thetvaluewofwthew1ndependentﬂfailurewprobabilitie5wwas
increased to the fivefold. Thus the value of the total failure
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probability of the components also increases to Qt=2.3*10_2.

The percentage of the CCF's decreases to f = 2.2%.

After that, the independent failure probability was r%Fuced to
one fifth and this corresponds to B=35.7% and Q;=1.4*10 (£ig.7)
It could be expected that the increase of the CCF share of the
failure probability of the component (decrease of the independent
part) also causes the increase of the deviations of the results
of the two methods from each other, wereas the decrease of the
CCF-percentage also decreases the deviations.

But on principle the formerly given statements do not vary.

Another possibility to vary the data is to vary the relations
between the single kinds of CCF's (Q5,03,Q4). The result is
foreseeable.

The more the probabilities of occurrence of the Double- and

Triple-Failures increase in relation to the Quadruple
(complete)-Failure the more the B-Factor-Method will deviate from
reality.

Vice versa the applicability of the B-Factor-Method increases if
the probability of occurrence of the Double- and Triple-Failures
is low in relation to the complete failure.

6.Proposal for a simplification concerning the CCF modelling

The realizations of chapter 4 and 5 offer possible simplificati-
ons of the CCF-Modelling of k of n-systems.

Thus only those kinds of CCF wich are important for the complete
failure of the system have to be modelled.

That means that only the CCF kinds from k to n occur as ba31c
events in the fault tree.

This essential simplification of the fault tree 1is obviously
(fig. 8 and 9). ’

If the (k-1)-Failure has an unexpectedly high probability of
occurrence it will also have to be modelled.

It forms minimal cuts of second order with the independent
failures.

By multiplication of the occurrence probabilities of the (k-1)-
Failure and the independent failure it is possible to appraise
the influence of this minimal cuts.

7. Conclusions

The results of the calculations carried on have shown, that the
B-Factor-Method 1is unsuitable for the modelling of CCF's at
higher redundancies.

At redundancy structures in wich small CCF-Combinations occur as
minimal cuts of first order, the B-Factor-Method 1leads to an
undervaluation of the failure probability of the system.

Redundancy structures of this kind resp. structures which due to
system meshings and subsequent failure connections cannot be di-
rectly recognized, should be treated with multiple parameter
models on principle.

At the CCF-Modelling of”k“of'n—éytems it ig possible to make
simplifications.
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Only those CCF kinds wich are important for the complete failure
of the system have to be modelled.

That means, that only the kinds of CCF reaching from kK to n occur
as basic events in the fault tree which leads to an essentlal
simplification of the fault tree.
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Table 1.

Results of the calculations
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Qs Qsc Qep Aa Ax
174 2,8 E-2 1.87 E—Z 1;85 E-2 -2,8 E-4 | ~1,1%
279 1,5 E-4 7,88 E-4 6,21 E—4 -1,67E—-4 —Zi,ﬂz
374 5,8 E-7 3,7 E-4 5,8 E4 1,3 E—4 35,8«
474 6,25 E-18] 3,8 E-4 5,8 E-4 2,8 E4 66,7«
Table 2.
"True value" (1 of 4-System)
Q.. = 1,687 =182
independent share CCF share
n 0 U /7ux n 0 A U/
4 1 i,8 E-2 6B 11 2 3.8 E41
96,424 1,61x% ;
4 1 D 6,67 E-5
8,362
i i y 3,8 EH4
1,61x
z = 6,67 E4
3,57«
Table 3.
B-Factor - Method (1 of 4-System)
Rgp = 1,85 #18 2
independent share CCF share
0 /W ” /oM
n i I ¥ /W n i L 1 fi I U Nz
4|1|1,asn—2 ”1|1| v ls,anq
1 97,38 A . . 2,8z
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Table 4.
"True value" (2 of 4-System)
Qg = 7,88 #1871
independent share CCF share
nIOIU/l)'a: nlolﬁ‘ I U rw
6 2 1,22 4 6 1 A 3,8 E+4
’ 15,48~ ) 30,87
4 b | D 6,67 E-S
8,64
1 1 v 3.8 E+4
38,87/
Z = 6,67 E4
84,5«
Table 5.
B-Factor - Method (2 of 4-System)
‘ nsp= 6.22 »x19—%
lndependerit share CCF share
n 0, vswe |l nop0, A WUk
sl 2 It,zer ” 1 |1| v Is.a-z—-&
Table 6.
"True value" (3 of 4-System)
Qe = 3,7 #1974
independent share CCF share
n 0 ¥ 7 W n g A v 7 ux
4 3 3,6 E-7 4 1 D 6,67 B4
0,69, . 18,02+
b 1 v 3,8 E-+4
81,88
15 2 z’Z 3,75 B0
. 5,81+
12 2 E’Z 2,7 E-6
0,72%
2= 3,69 4
99,9
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Table 7.
B—-Factor - Method (3 of 4-System)
Qgp= 5,8 »16-4
indepondent share CCF share
n 0, ¥z ﬂ“n"u A ¥ /e
4| 3|3,£.E—7 ”1 |1| v 5.8 B4
B,.B?Z m'm
Table 8.
"True value" (4 of 4-System)
_ Qsc = 3,83 =184
independent share CCF mhare
» 0 W n 4] A WL
1 4 | 4,1 E-18 1 | v 3,8 B4
8,88 99,99~
6 2 /D 1.67 E-9
8,88
3 4 are 7,5 EBE-9
8.882x
i2 2 2D 1,8 E-8
9,003
4 3 27272 5,8 E-13
8,88
4 2 E/D 3,8 E-7
9.38<
12 3 B/Z/Z 1,35 E-1iP
8,8
6 3 B/EZ 6.1 E-%
8,08
2 =3,083 E4
99. 99
Table 9. _
B-Factor - Method (4 of 4-System)
Ugp = 5,8 »19—4
independent share CCF share
R0 WM ““l"l“ v s
l 1,1 E-18 ” 1 |1| v 5,8 B4
8,08 59,99
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Increase of Q¢ to the tenfold :

Qs Qsc QSﬂ ﬁa ﬂ!‘
174 2,8 E-1 1,87 E-1 1,85 E-1 -2,8 E-3 -1,1»
274 L 1,5 E-2 1,88 E-2 1,71 E-2 -1,7 E-3 -9,8
374 5,8 E-4 4:31 E-3 5,36 E-3 1,85E-3 24,4
4/4 6,25 E-6 3,84 E-3 5,8 E-3 1,96E-3 64,5
Table 11.
Decrease of Q¢ to one tenth of the former value :
a’s Qsc QS’ ﬁa_ Ap
b ~ ss
1/4 ZJa E_3 1:87 E"3 1:35 E_3 _210 E—5 _1: 12
274 1,5 E-6 6.79 E-5 5,12 E-5 -1,67E-5 |-25,0:x
3/4 5;3 E"la 356? E"S 5;8 E—5 1;33E"5 ’ 36:82
4/4 6,25 E-141 3,8 E-& 5,8 E-S5 2,8 E5 66,7
Table 12.
Increase of the independent share (Qu) to the fivefold:
B = 2,2%)
Qs Qsc Qse Aa Ar
1/4 9!2 E—Z 9]8? E—Z 9;85 E_Z _Zpa E—4 3;22
2’4 3,17 E-3 3,7 E-3 3,54 E-3 -1,6 E4 4,3«
34 4,87 E-5 4,26 E-4 5,46 E-4 1,2 E4 28,8
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Table 13.
Decrease of the independent share (Qu) to one fifth
of the former value :

(B = 35,7%)

Qs Qsc Qsp fAa fir

174 5,6 E-3 | 4,27 E-3 4,1 E-2 | -1,7 E-4 }|-3.98«
274 1,18 E-5 6,72 E-4 5,85 E-4 | -1,67E-4 |-24.8«
374 1,1 E-8B 3,67 E-4 5.8 E-14 1,33E-4 36.2«
4/4 3,84 E-12| 3,8 E-4 5,8 E-4 Z2,8 E-4 66,7«
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Evaluation Criteria of Safety
System Unavailabilities for

Nuclear Power Plants
Hideaki MURAKAMI  (Tokyo Electric Power Company)
Singo ODA (Hitachi Engineering Co.Ltd.)
Takashi SATO (Toshiba Corporation)
Masaki MATSUMOTO (Hitachi,Ltd.)
Satoshi MIURA (Hitachi Engineering Co.Ltd.)
Abstract

Nuclear power plants have been installed a number of safety systems to make a safely
shutdown under the postulated designing basis accidents. Such a kind of safety system
has been designed to achieve a highly reliability and to get a large redundancy. Evenifa
multiple failure of safety systems takes place in same time, the safety systems have a
possibility to avoid a large core damage accident.

Probabilistic safety assessments(PSAs) have been developed as an analytical method
to evaluate the safety ability of nuclear power plants, quantitatively. ~ Also, the
improvement jtems for plant safety would be presented during the evaluation process.

From the level 1 PSA, in which core damage frequencies were evaluated, the
improvements based on prcvemion approach were assessed. But, the conclusions were
highly depended on the hypotheses on unavailability evaluation of safety systems or on
the reliability of base data.

In this paper, the results of level 1 PSA performed in Japanese boiling water reactor
(BWR) industry group were presented. And, the evaluation criteria and experience data
of safety system unavailabilities were assessed. Especially, TB sequence, which was
caused by the loss of all AC power, was analyzed, because the TB sequence was highly
depended on the Japanese data.

1.Results of BWR level 1 PSA in Japan
1.1 Outline of typical BWR plants
Figure-1 shows the comparison of safety system configurations of BWR-3, - 4 and

In Japan, four types of BWR(BWR-2, -3, -4 and -5) are operating. And, two types
of primary containment vessel(Mark-I and -II) were presented. In the level 1 PSA,
BWR-3 with Mark-I, BWR-4 with Mark-I and BWR-S with Mark-II were selected as
typical BWR plants. Because, the type of primary containment vessel(PCV) is less
etf'f;c‘t’;ﬁr 3the results of level 1 PSA, and the designing of BWR-2 is almost same as that
o -3.

Feature of typical BWR plants are described as follows.

(1) BWR-3 plant
Safety systems of BWR-3 are constructed with two diesel generators(D/Gs) for

emergency power supply, a turbine driven high préssure core injection system(HPCI),
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two motor driven core spray systems(CSs) and two isolation condensers(ICs) for core
cooling. Also, two shutdown heat cooling systems(SHCs) and two containment cooling
systems(CCSs) are installed for decay heat removal. .

(2) BWR-4 plant

Safety systems of BWR-4 are constructed with two D/Gs, an HPCI, two CSs, two
motor driven low pressure core injection systems(LPCIs, two pumps per each system)
and a turbine driven reactor are isolation cooling system(RCIC). Also, two residual heat
removal systems(RHRs) are installed. The pumps of RHR and LPCI are held in
common.

(3) BWR-5 plant

Safety systems of BWR-5 are constructed with three D/G, a motor driven high
pressure core spray system(HPCS), a motor driven low pressure core spray
system(L.PCS), three LPCI(one pump per each system) and a RCIC.  Also, two RHRs
are installed. The pump of RHR and LPCI are held in common.

1.2 Categorizing of accident sequences

A large number of accident sequences are described as a combination of initiating
events and failures of safety systems. But, these accident sequences are categorized into
- some typical accident sequences with same thermal-hydraulic transient. Typical accident
sequences are defined as follows. -

(1) TC sequence:  Transients or LOCA with failure of reactivity
control

(2) TB sequence:  Transients with loss of AC power supply
(Station blackout)

(3) AE,S1E,S2E: LOCAs without make-up water
sequences (A:Large LOCA, Sl:Intermediate LOCA,
S$2:Small LOCA)
(4) TQUYV sequence: Transients with failure of high and low
pressure core cooling systems

(5) TQUX sequence: Transients with failures of high pressure
core cooling systems and depressurization
systems

(6) TW sequence:  Transients or LOCAs with failure of decay heat .
removal

1.3 Comparison between BWR-3, -4 and -5

Figure-2 shows the comparison of core damage frequencies of BWR-3, -4 and -5.

Core damage was defined over 1200 °C, due to the maltifailures of safety systems.

Core damage frequencies of BWR-3, -4 and -5 were below 1.0x10-6/r.y.
(r.y.:reactor year). From the comparison of frequencies among each accident sequences,
the accident sequences caused by LOCAs were dominant for BWR-3 plant. Because a
number of core cooling system in BWR-3 was less than that in BWR-5. While, the
accident sequences caused by transients were dominant for BWR-4 and -5. Because
BWR-4 and 5 had only two high pressure core cooling systems, but BWR-3 had three(an
HPCI and two ICs).

The core damage frequencies by TC, AE, S1E, S2E and TQUYV sequences were

mainly depended on the safety system unavailabilides calculated with fault tree analysis.
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So, the result of above sequences should have some conservatism, because component
failure rates applied for fault tree analysis were based on the data from general industry.
The core damage frequencies from TW and TQUX sequences were mainly depended on
the human errors or human credits.  So, the result of TW and TQUX sequences should
have some uncertainty. Finally, the core damage frequencies from TB sequences was
mainly depended on the data from Japanese operating experience. The annual frequency
of offsite power loss, and failure rates of D/G and offsite power recovery were
determined by the Japanese data. In following section, the reliability of offsite power
based on Japanese operating experience would be discussed.

2.Reliability of offsite power in Japan
2.1 Feature of two physically separated transmission line trip

Operating experiences of two physically separated transmission line(over 187 kV
nominal voltage) trip were analyzed with the data from start of operate to 1987, due to
define the reliability of offsite power in Japan. 163 of two physically separated
transmission line trip had occurred until 1987. From this data, the frequency of two

physically separated transmission line trip was obtained to about 7.3 X10-2/100km/year.

(1) Causes of transmission line trip
Figure-3 shows the accident causes of offsite power loss.
Dominant cause was thunderbolt(82%of all). Almost of them was recovered within
5 minutes. Because, the transmission line trip caused by thunderbolt was temporarily
event, and was recovered in a short ime. On the other hand, the two physically
separated transmission line trip caused by snowfall or typhoon was in low frequency, but
continued in a Jong time.

(2) Topography of transmission line trip occurs.

Figure-4 shows the topographies occurred offsite power loss.

Dominant topography was mountains(77% of all). Almost of them was recovered
with in 10 minutes. In mountains, the transmission line trip caused by snowfall or
typhoon was in low frequency, but was required long time to recover.

(3) Time dependency

Figure-5 shows the frequencies of two physically separated transmission line trip.

In the early time of operation, about 1.0/100 km/year of transmission line trip was
occurred. But, decreased after 1962. Recently, the transmission line trip has been

decreased to about 5X10-2/100 km/year, because of the improvement to thunderbolt or
the application of rapid reclosing system.

2.2 Reliability and recovery profile of offsite power in Japan

(1) Definition of offsite power loss v

Figure-6 shows the power supplying system of nuclear power plants.

A loss of offsite power is defined as the event in which there is no way to supply the
power to safety system,except diesel generator. This is the event with the losses of
offsite power and of preferred power.

The offsite power was lost by the failure of external or internal equipment, and the
preferred power was avoided with the failure of switchover to start-up or auxiliary
transformer. :

The frequency of offsite power loss defined above was l.4x10'21r.y. for BWR.

There were 2 experiences of offsite power loss within 153.8 reactor years for BWR, In
these cases, D/G supplied power to emergency buses, and the offsite power was

recovered with in 30 minutes, actually.
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(2) Recovery profile of offsite power

Figure-7 shows the recovery profile of offsite power.

Usually, the loss of offsite power in nuclear power plant was occurred, when the
accident of transmission line was caused by external incident or by internal event.
So,the recovery profile of offsite power was closely depended on recovery of two
physically separated transmission line. But, the failure frequency of two physically
separated transmission line have been reduced after 1962.

In the level 1 PSA, the recovery profile of two physically separated transmission line
was assessed with the conservative method. At 24 hours after accident, once of
transmission line trip was assumed in actual trips. Thus, the recovery curve made some
over estimation up to 24 hours(a duration time of safety systems) .

3. Summary

_ Probabilistic safety assessments(PSAs) have been developed not only to evaluate the
unavailability of safety systems and the reliability of plants, but also to improved the
safety of plants. The level 1 PSA, which assesses the frequency of core damage or core
melt, are applicable to improvements based on prevention approach. In this paper, the
system unavailabilities used in level 1 PSA for typical Japanese BWR were discussed.
And,the reliability of dominant sequences was presented.  Finally,the reliability data of
offsite power, which are collected in Japan, were assessed. From this assessment, there
was a little experiences of offsite power loss in Japan. The large contribution of offsite
power losses in Japan was occurred by thunderbolt at mountains. And, such a kind of
accident was usually temporary event, and recovered in a short time.

BWR/3 BWR/4 BWR/S
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terbine

lurhine L] -
?ﬁi "Dé'““ §u:°; Turbine ' § ”::s
i () b ‘*-e wes { ]
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Figure-1 Comparison of System Configuration of ECCS/RHR and D/G
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BWR-5
: ii Uy LOCA
8.8E-7R.Y. 7.8E-TR.Y. 3.4E-TR.Y.
Figure- 2 Comparison of core damage frequencies
Percent of offsite power loss

0% 10% 20% 30% 40% 50% 60% 70%

5-10min

10-15min Salt Spray
B Snowfall

15-20min Typhoon
Thunderbolt

estigation Period : Start of operate to 1987(fiscal year)
estigation Object : > 187kV Nominal Power Lines

Figure-3 Accident causes offsite power loss.
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Percent of offsite power loss
0% 10% 20% 30% 40% 50% 60% 70%

\bay ol
20

5-10min

0 Unknown
, 10-15min B Plain
E '
2 K Seashore
% 15-20min N Mountains
3
a .

Investigation Period : Start of operate to 1987(fiscal year)
Investigation Object : > 187kV Nominal Power Lines

Figure-4 Topographies occured offsite power loss.

Data from start to 1987 with >187kY nominal voltage line
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Figure-5 Freauencies of two physically separated transmission line trip
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PSA Convoy
Influence and Modelling of Common Cause Failures

A.Feigel, JWenzel
Siemens AG, KWU
Erlangen, FRG

1. Introduction

For the realized PWR 1300 MW - Convoy plants a PSA on basis of a selected number of
initiating plant internal events (reference sequences) has been performed; external and
area events are not investigated. Moreover the valuation is accordant to the actual
German PSA-guide. The used efficiency conditions for the systems needed to cope with
the accidents are of best estimate character. Due to the current engineering with highly
redundant safety systems a high safety level is expected . Thus the contribution of
common cause failures treatment becomes important.

SIEMENS SIEMENS

PSA Convoy

Background
Influence and Modelling of Common Cause Fallures

- Different Common Cause Fallure models are worldwide used,
e.g.

Objective "+ simplified B - factor model
+ Muttiple Qreec Letter model (MGL)

+
- Probabllistic Valuation of Convoy Plants with actual Binomial Fallure Rate model (BFR)

data and methodology

: - Actual Trend towards BFR
- Application of *Stochastic Reliability Analysis Model (SRA)*
for Common Cause Fallure valuation

- Stochastic Reflabliity Model (SRA) uses BFR - formallsm with
quent stochastic Interpretation of p t behaviour

PSA Convoy wusemeas  PSA Convoy ro—
Fig.1: Objective Fig.2: Background
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2. Common Cause Faijlure Verification

in.the frame of Convoy PSA a new common cause failure approach was used. By long
during experience and cooperation to several panels the "Binomial Failure Rate Model
with Lethal Shock®(BFR) was developed to a "Stochastic Reliability Analysis Mode!"
(SRA). The detailed basis and justification of this approach is described in full detail in
various publications /1 - 4/. Therefore in the following only a short description of the
background of the SRA model is given mainly with respect to practical application.
Before explaining the SRA mode! the BFR approach is reminded, see fig.3:

SIEMENS

BFR Formallsm

a® muitiple fallure event frequency of fallure of exactly
i from k Identica! redundiant components
(for 1 2 2 dependent)

© Examples:

Q@ = Q

Q¥ = o + ppd + Q3

Q0 = up2(1-p) + Q2

“ Py w Q3 + 3G Q@ + (QyM)3

Disadvantage: ditficult fault tree handling for highty
redundant systems

Py - @& + wpl(1-p)kl + Qf

Ox=1 i (=K and =0 otherwlse (Kronecker deita)

w: frequency of lethal shocks, falis ali components
("coupling parameter” value po = 1)

W frequency of non-lethal shocks, falis > 1 component

p: non-ethal shock efficlency coetficlent (coupling parameter)
Qp ‘“independent" fallure rate / probability, falls only 1 component

PSA Convoy RE s
Fig.3: Binomlal Fallure Rate Model with Lethal Shock (BFR)

{Note: BFR model is created by simply adding another shell (u.p) to the B-factor model
thus now 4 independent parameters have to be determined from data).

This BFR approach means - as the other models too - establishing Common Cause
Failure as an extra phenomenon which has to be treated with extra methods in reliability
and data analysis. In reality dependencies do not result from Common Cause but from
different failure behaviour, that means by inhomogeneous populations. This requires the
use of stochastical models - SRA - which consider:
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- variability in failure behaviour in an inhomogenious population where besides of
normal failure behaviour outliers (enhanced failure rate without physical coupling)
and lethal shocks due to a stochastic process are implemented.

- connection to existing approach for modelling the behaviour of inhomogeneous
populations, e.g. thermodynamic populations.

The stochastic process which has to be considered in these models is expressed by a
discrete probability density function

n-1

f(x) =2 &8 (x-p)

i=0
where the factors g; of the n discrete shells (n subpopulations with the failure probability
pj) must be determined. The simplest sufficient flexible approximation involves 3 shells;
thus yields a model with 4 parameters:

f(x)

850 (x-1) + a1 (x-pg) + a8 (x-py)

as 1-80-31

The event "failure of exactly r from k redundant components” is described by

Prk = @00 + ag p1" (1 -po)KT + agpa’ (1 - po)kr

SRA formalism is shown in fig.4.

SIEMENS
SIEMENS
SRA Formalism
- Ger d Bi D Model
Faliure of gxactly r from k redy is described by

Prx = 80 + 81 pyT (1-pi)*T + 8z pa (1 - pa)is

Meening of SRA Mode! Parameters (version with 3 shells)

with  Oi=1 for r=k and =0 otherwise

- Population composition p & (‘global” p
- Sum nies
X 8, occumence frequency of “ethal* outllers
Zg=1 Composition completeness {Po = 1: "coherent fallure®, “superfailure®)
ZPy=1 Event completeness (sum from r=0 1o r=k} ay -occurrence frequency of "non-lethal” outllers
- Total fallure probabiiity ag freq y of "normal* p
behaviour
Q= <p> =Py = 8 + 81py + l2P2
- Fault tree representation - on fallure p p Clocal"
Failure of gt leagt r from k redundancles (r/k - gate) Is p1 "non-ethal® outfler fallure probabliity
quantified by :
pz2 “"nomal® (generic) fallure probabliity
Py = TPy (sum from i =r to k) )
- SRA directly ylelds Py

- BFR yields Py only indirectly via Basic Parameters Q;, e.g.:
Pasa = Q3 + 3 Q2 Q, () + (@ )3

PSA Convoy Wt e PSA Convoy

Fig.4: Stochastic Rellability Ansiysis Model (SRA) (1) Fig.5: Stochastic Reliabllity Analysis Model (SRA) (2)
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The valuation of the parameters is shown in fig.5t0 9.

Fig.5 contains the meaning of SRA parameters.
The 3 shells of the failure behaviour are:
- normal ("generic") failure behaviour with importance a, (relative part of the relevant

mode! population). Within this behaviour type independent failures occur with the
probability pa.

- "outliers”, e.g. by design failure or excessive operation conditions (importance ay,
typical in the range of few percent, independent failures with enhanced probability
P1)..

- physical couplings which cause coherent failure of all redundants. The condition for
coherent failure is the importance ao, the failure probability in this subpopulation is

Po=1.

Fig.6 shows a relational comparison between SRA and BFR parameters.
Fig.7 contains the valuation of lethal shock frequency a,,.

The parameter a, is valuated in a qualitative engineering judgement which identify

dependencies and missing barriers in a system. Rare multiple failures from worldwide
experience can contribute. This has to be taken into account but in general it can not be
transferred to the system to be valuated. Furthermore a, defines a limit up to that an

improvement of reliability by enhancement of redundancy grade is possible.

SIEMENS
SIEMENS Vaiuation of lethel shock frequency a,
- Preliminary tool
Approximate correspondance Recording of dependency - relevant features like
- - spatial separation,
.- of X
- Similarity -- &b of 1p activities,
by check list (non - numerical information)
ag ~ ® (direct comparable)
- Preliminary quantification
a .~ K {outliers versus non-ethal shocks) Typical for designs
108 < a5 < 104
- Different meanings - - Linear dependence on test Interva, as test Is efficlent

agalinst fallure accumulation, minimum value

pBFR) <—> p(SRA (experlence horizon"):

4weeks: go=1-108

p (BFR): ‘*coupling parameter’ Tyear  8o=13.10%

. - Every single dependency feature alone can make things bad
: babl|
PSRA probabilty (additive modet for compound effect of several features
Is preferred) ’
Soft imitations on Py
;s:s'c""w’y . SRASndBFR Rough compilance with muttiple fallure experience,

evajuated with in the vague CCF concept

PSA Convoy -t

Fig.7: Dependent Fallure Modelling - "Data Interface”
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The valuation of lethal shock frequency considers design features recorded in non -

numerical information, see fig.8.

The range of SRA paraméters is shown in fig.9.

SIEMENS

SIEMENS
* influence factor ¢ Independence * Dependence 5 Explanation
: Cosponent type  diferent D! sase [
i tconstruction) D idiverse . H
: manufacturer D diiferent 0 same L
i Location i diféerent 0! sase 0
: i roows i rooe :
+ Control . separate 0! cosson 0
H : i partly cos. 0 :
1 Power wpply i saparate D i comson 0:
i : ! partly cos. 0!
thuxaliary  Alignamt ! separate 0! cosson Q2
! systems:  Fower supply ! separate Q! comson 0
i External  Earthquake i secured 0! not sec. 0:
i iepacts:  Arcraft crash | securad 0 not sec. 91
: Expiesion i secured 0 not sec. 0!
H Extress shwath. ! secureq 0. oot sec. 9t
!internal  Comson fire i mxcluded 0 possitle 0
¢ ispacts:  Comson #lood | excluded 8 possible 0
: Extrear clisate! no influence 0 | possidle and.D |
: Wrong sanipula, : excluded 0 possivle 0 ¢
: Test Intervali———— ' ditferent persons/! sase parson/ !
: [t teaas/ 0! tesas 0:
H : shifts i shidt H
i Mainten. tnterval: i difterent i sue i
H ! teass 0! tess [
! Departaent: Nase: Tel.: Date:
PSA Convoy v Eamna
Fig.8: Check list for ding dependency - rel;
features

8o = Lethal Shock Occurrence Frequency
- Quantification bagls is the worldwide experience

- 0 - failure statistics delivers values of 106 ,,, 10-4 for
components with yearly tests

- plant specific test Intervals are consldered
ay = Outliers Frequency, Spactral Density of py
- Quantification basis is the plant specific statistic
- General approach: 1 ... 5% of the mean value
- Specific approach:

- - Spectral analysis of the observed failure
samplings, or

- - Fitting of a distribution function (e.g. fog normai)
1o the observed sampling of fallures

- In PSA Convoy: a8y = 5% p1=10p2
ap = Normal Component Faliure 8ehaviour

- Quantification: & = 1-84-8,

PSA Convoy
Fig.9: Determination of Occurrence Frequency

oy Earos e

A stochastic evaluation of f3 - factors in terms of SRA model parameters can be

performed:

8o O + a1 P1F (1 -PKT + agpa’ (1 - po)**

-8 + 81P1 + 82P2
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The fault tree structure of SRA model is shown in fig.10

SIEMENS
Failure of all
redundant
components
Red.1 Red.2 Red.3 Red.4
Component Component Component Component
failure failure failure failure
1
&1
oL
oo = mal v sl
i Siiliie)
P1(1) 1 . 1P2(1) § |P1(2) P2(2) | {P1(3) P2(3) g :P1(4)§ ‘P2(4)
i
‘g ¢,
i A
O : 4 +
AO H ]
O
A1
PSA Convoy WEER N
Fig.10: SRA: Fault Tree Model
The advantages of the use of SRA are summarized in fig.11:
SIEMENS
Advantages of SRA - Model: -
- Easy handling in fauit tree structure
- Transparency of p eters for p t failure behaviour

- Criterla for design influence of iethal shock are considered

- Chack of parameters in BFR - formalism and f - factor

approach with respect to plauslblity

PSA Convoy

Lt

Fig.11: Advantages of Stochastic Rellability Model (SRA)
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3. PSA Convoy

The PWR 1300 MW - Convoy engineering has been valuated on basis of selected
reference sequences most important for the design. These events are selected with
respect to :

- requiring all safety functions,

- relatively high occurrence frequency,

- requiring the safety functions in strongest efficiency conditions compared to simitar
events.

According to these general selection criteria the following reference sequences have to
be analysed in the PSA, see fig.12. '

SIEMENS

Scope of PSA Convoy

Probabilistic Vajuation (Leve! 1) of Convoy engineering
"Reference Sequences":

LOCA
- LOCA - Small (A <25cm?)

- LOCA - Small (A>25cm?)
- LOCA - Pressurizer (Safety vaive)

Steam Generator Tube Rupture
- Steam Qenerator Tube Rupture (<2 A}  (SGTR)

Iransients

- Emergency Power Mode (EPM)

- Loss of Main Feedwater  (LOMFW)

(- Loss of Main Heat Sink)  {LoMHS)

(- Loss of MHS and MFW}  (LoMHS + MFW)

Contributors of further sequences are estimated on basis of
the reference sequences analysls

PSA Convoy o Laawecson
Fig.12: Scope of PSA Convoy

In addition to the reference accident sequences the influence of further initiating events is
discussed with respect to system functions and possible contribution to safety level in a
qualitative way. The detailed analysis of the further sequences are under investigation.
The SRA model is applied in this. PSA, considering CCF effects for all active components.

The system efficiency matrix for the reference sequences in fig.13 shows the highly
redundant and partially diverse character of the systems required to cope with the
accidents. The analysis is basing on best estimate conditions.
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SIEMENS

System Efficiency Matrix

RHR Steam Feedwater
Sequence Scram {incl.cooling chain) Release Supply
LOCA (Plant shutdown)
®Small1(D=2-25cm2) X HaLP
® $mall 2(D = 25 - 80 cm?) x 114 HP/Recirc. . .
V¥ipriooding ()| Brmne 3 Main FW
1/3 LP/Recirc. (h) 2/2 Start-up Pp.

or
1/4 Relief Valve or
_______________________________ 2/4 Emerg. FW
# Pressurizer Safety Valve X ;ﬁthP

Fail open PORV (D = 40 cm2) 1/4 LP/Flooding

an
174 LP/Recirc.

Transients (hot, subcritical)

® Loss of Main Feedwater “ATWS" Main Steam Bypass | 1/2 Start-up Pp.
3-4/4 Extrabor. / o . or
3/3 Press. Valve b 1/4 Relief Valve | 1/4 gmerg. FW

_________________________________ | _2/6 FW-Supply $ia Safety Valve
® Emergency Power Mode "(A:.T;II\;S" “ 1/4 Relief Valve ;‘,{%;_s}f&j“.fgpp'
- ?/rd Safety Vaive ?;4 Emerg. FW
incl. Emerg. DG
PSA CONVOY (1/4 = 1 out of 4 trains) KWU E42
Fig. 13: System Efficiency Matrix O e

4. Results

Taking into account the detailed analysed reference sequences and the estimation of
further sequences the total frequency of events not coped with by operating and safety

systems resultsin F ~ 3 106/ a.

It should however be pointed out that this frequency is by no means identical with core
damage because a consideration and valuation of accident management measures is not
taken into account. In any case the core damage frequency will result in a value of less
than the above mentioned. :

The contributors of sequences and safety functions to the frequency of uncoped events is
shown in fig.14. The result indicate the high safety level of the design and the balanced
safety concept.
The remaining sequences are e.g.

- Large and Medium Break LOCA,

- Leaks at Pressurizer (due to transients demands),

- Interfacing System LOCA

- Steam and Feedwater Line Breaks,

- ATWS

- Fire, Earthquake
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Fig.18: Contributors of Seq and System Functi

The structure of Common Cause Failures in the results (lethal shock and non-lethal shock
contribution) can be shown only with this SRA model.

The result of the analysis is determined essentially by lethal contributors dependent on
the high grade of redundancy. The dominance of CCF to integral systems failure is
characteristic for "good" designed systems. Independent failures at components will be
compensated by redundancy in design and thus they are less relevant. The total
Common Cause Failure contribution (lethal and non-lethal) to the min-cuts is shown in
fig.15

The CCF-contributors of the sequences are with the exception of "Steam Generator Tube
Rupture” (SGTR) in the range of 80 - 95%. For coping with SGTR many functions are
necessary, thus failure at single components are still important and the CCF-contributor in
this case is only about 20%.
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The valuation of the PSA-result for Convoy-design is summarized in fig.16.

SIEMENS

Vatuation of PSA result for Convoy design

+ The advanced design of Convoy plants resuits in a high
safety love|
- - Integral Frequencies for uncoped sequences: £ ~3.106/a
- - not considering accldent management procedures

+ Contributors from Leaks and Transients are In the same
order of magnitude, thus the design is balanced

+ Balance of design also reflects the contribution of system functions

+ The high safety lavel is extremely shown by high contributors

of CCF. The llablitty of high redundant sy is typ
dominated by CCF. independent component fallure will be
compensated by redundancy

PSA Convoy [LYT——

Fig.16: Valuation of PSA - Result
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The investigation of safety level and balance of systems in a nuclear power plant with
advanced engineering like the realized German Convoy - plants can be performed
adequate using the SRA mode! within the PSA. The limit of systems unavailability
improvement by enhancement of redundancy can be interpreted using SRA model which

* is an adequate tool taking into account design features also. The improvement of systems
reliability up to 4 redundancies is reasonable also from commercial point of view.
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UNCERTAINTY ANALYSIS
" An issue paper to be presented at
OECD/BMU Workshop on "Special Issues of Level-1 PSA"
May 27th — 20th, Cologne, Germany

Urho Pulkkinen
Technical Research Centre of Finland VIT

1 Problem description
The uncertainties of PSA are inherited from to several sources. A part of the
uncertainty originates from the random phenomena and mechanisms of the
component failures. The other uncertainties are due to simplifying assumptions
and incomplete understanding of the phenomena and the nuclear power plant
under analysis.
The basic types of uncertainty are usually divided in to two gategories:

— uncertainty due to stochastic variability of the quantity of interest

— uncertainty due to lack of knowledge on phenomena modelled in PSA

The objectives of an uncertainty analysis in PSA are:

~ to identify the uncertain assumptions, modelling principles and
parameters applied in the PSA model

— to evaluate the signifigance of the identified uncertainties in the results
of PSA
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— to provide quantitative and qualitative information and proper
interpretation on the impact of uncertainties

— to measure the credibility of the results of PSA

— to provide methods for decreasing the uncertainty and to give basis for
decision making.

The problems of uncertainty analyses connected to the above issues are both
methodological and philosophical. The latter are closely related to the
interpretation of the results of the uncertainty analyses and the concept of
probability. The methodological problems are related to the quantification of
uncertainty contribution, selection of uncertainty distributions and identification
of uncertain issues in the PSA—model.

2. Documents stating the state of the art

In the following some references dealing the uncertainty analyses in PSA are
listed. The list is not intented to be complete, and some important references may
be missing. The references listed here are selected mainly form the practical point
of view. The references are listed in alphabetical order.

LIST OF DOCUMENTS

1. Analysis of Core Damage Frequency: Internal Events Methodology. (1990)
NUREG/CR—4550, vol. 1, Rev. 1. U.S. Regulatory Commission,
Washington, DC, January 1990.
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Apostolakis, G.E. (1989) Uncertainty in Probabilistic Safety Assessement.
Nuclear Engineering and Design, 115, pp. 173—179, North-Holland,
Amsterdam, 1989.

Chhibber, S., Apostolakis, G., Okrent, D. (1991) On the Quantification of
Model Uncertainty. Proceedings of the International Conference on
Probabilistic Safety Assessment and Management (PSAM), Beverly Hills,
CA, U.S.A. pp. 1483-1488. February, 1991.

Hirshberg, S., Jacobsson, P., Pulkkinen, U., P6rn, K. (1989). Nordic
Reference Study on Uncertainty and Sensitivity Analysis. PSA89 —
International Topical Meeting on probability, Reliability and Safety
Assessment, Pittsburgh, Pensylvania, U.S.A,. April 2-7, 1989.

Iman, R.L., Helton, J.C. (1985) A comparison of Uncertainty and
Sensitivity Analysis Techniques for Computer Models. NUREG/CR~-3904,
SAND84—1461. Sandia National Laboratories, Albuquerque, NM, U.S.A.,
1985.

Iman, R.L., Hora, S.C. (1990) A Robust Measure of Uncertainty
Importance for Use in Fault Tree System Analysis. Risk Analysis, Vol. 10,
No. 3, pp. 401-206.

Iman, R.L., Shortencarrier, M.J. v(1984), Fortran 77 Program and User’s
Guide for the Generation of the Latin Hypercube and Random Samples for
the Use with Computer Models. NUREG/CR-3624, Sand83—2365, Sandia
National Laboratories, NM, March 1984.

Iman, R.L., Shortencarrier, M.J. (1986) A User’s Guide for the Top Event
Matrix Analysis Code (TEMAC), NUREG/CR-4598, SAND86—0960,
Sandia National Laboraratories, Albuquerque, NM, August 1986.
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9. Oconee PRA (1984) A Probabilistic Risk Assessment of Oconee Unit 3.
NSAC—60. The Nuclear Safety Analysis Centre, Electric Power Research
Institute, California and Duke Power Company. 1984.

10.  Oyster Creek Probabilistic Safety Analysis (1982). Plant Analysis update.
PLG—0253. Pickard, Lowe and Garrick, inc. 1982

11. PRA Procedures Guide. (1983) NUREG-2300, U.S. Regulatory
Commission, Washington, DC, January 1983.

12.  Reactor Risk Reference Document. (1987) NUREG-1150, U.S. Regulatory
Comimission, Washington, DC, February 1987.

13.  Seabrook Station Probabilistic Safety Assessment (1983) Pickard, Lowe
and Garrick, Inc. Rev. 2.
3. Areas with well established and validated methodology

In the following the areas with well established and validated methodology are
listed.

the methods for uncertainty propagation and sensitivity analyses, including
computer tools

the statistical methods for determining the uncertainty distributions for
failure model parameters (failure rates, failure probabilities per demand)

The development of uncertainty analysis methods was started first for the above
mentioned issues. The recent methods are rather user friendly and several
computer codes exist for these areas.
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4. Areas where improvements are necessary
The traditional uncertainty analysis consisted merely on the propagation of
uncertainties. However, the uncertainty analysis can be seen from a broader
perspective, which reveals some need for further develoment. In the following the
most important areas are listed:
the methods for identification of uncertain assumptions of PSA
the evaluation of incompletenesses of PSA
the analysis of modelling uncertainties
the determination of uncertainty distributions for dependent basic events
(including the most complex knowledge dependencies and the methods for
expert judgements (for example in human error analysis)
the uncertainty analyses in living PSA -
the interpretation and presentation of the uncertainty analysis results
the use of "uncertain" PSA in safety related decision making
the uncertainty importance analyses
In the above mentioned ares lot of research has been performed. The results are

still in rather impractical and theoretical form. Further work is needed in order to
make practical applications possible.
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Uncertainty study in probabilistic risk
assessment for TVO 1I/II nuclear power plant

Jan Holmberg
‘ Technical Research Centre of Finland
Laboratory of Electrical Engineering and Automation Technology
Otakaari 7 B, SF-01250 Espoo, Finland

Risto Himanen
Teollisuuden Voima Oy, SF-27160 Olkiluoto, Finland

ABSTRACT

The level 1 probabilistic risk assessment (PRA) for the TVO I/II nuclear power
unils is ¢ ulility driven effort to identify and prioritize accident sequences that can
lead to a core damage. The main report of the level 1 PRA consisting of a study of
internal initiators was submitted to the Finnish requlatory body for review in the
end of 1989. It included e study of uncertainties of risk models and methods. The
objective of the uncértainty study was to identify the major uncertainties, to assess
their importances, and to demonsirate their impact in results. The methodology of
the uncertainty study mainly based on earlier uncertainty studies in PRAs.

Uncertainties were studied both qualitatively and quantitatively. In the quali-
tative study the uncertainties were identified and classified following the hierarchy
of the PRA models. The qualitative mapping out of the uncertainty factors turned
out to be a useful way to plan effective quantitative studies. It also served as an
internal review of the assumptions made in the PRA.

In the quantitative study the importance of the most significant uncertainties
were verified by sensitivity calculations. The impact of statistical unceriainties was
demonsirated by performing unceriainty range propagation for core melt frequen-
ctes in all initiator classes as well as for the total core melt frequency. The Monte
Carlo méthod was chosen as the propagation method.

The most significant uncertainties were related to the modelling of human
interactions, dependencies and common cause failures, loss of coolant accident
frequencies and containiment response. However, given the boundary conditions
and limititations of the PRA, no major issue dominated as an uncertainty source
because of the great detailness of the TVO’s models.

Paper to be presented at the CSNI Workshop on Special Issues of Level-1 PSA, 27-29 May

1991, Cologne, Germany
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1 Introduction

The Olkiluoto nuclear power plant, located on the western coast of Finland, is oper-
ated by Teollisuuden Voima Oy. The plant consists of two identical ASEA-ATOM
(nowadays ABB-ATOM) BWR units, TVO I and TVO II. The net electrical power
of a single unit is 710 MW.

TVO I/II PRA was initiated in 1984 by the utility. The main report con-
taining level 1 PRA study for internal initiators was submitted to the Finnish
regulatory body (STUK) for review in spring 1989. It was completed with an
uncertainty study by the end of 1989. Identification and prioritization of those
human interactions and dependences which are most important to the core melt
probability were among the main goals of the PRA study. In the uncertainty study
these topics were proved to have most significant sources of uncertainty, too.

As a part of the PRA-project uncertainties of risk models and methods were
systematically studied in order

o to identify uncertainties in models and parameters,
e to assess their importances, and

o to demonstrate their impact in results.

Uncertainties originate from limitations of methods and models in PRA as
well as from the subjectivity in the estimation of basic probabilities and initiating
event frequencies. Therefore uncertainties are usually divided in completeness,
modelling, and parametric uncertainties. In our uncertainty study we have con-
sidered completeness uncertainties to be modelling uncertainties and interpreted
them as boundary conditions of the models.

The methodology of the uncertainty study was based on earlier uncertainty
studies in PRAs [1-7] and on a retrospective study of the methodology made by
U. Pulkkinen, K. Kuhakoski and T. Mankamo (8]. Uncertainties were studied both
qualitatively and quantitatively. We put much effort in the qualitative phase since
we considered it more instructive and fruitful than mere evaluations of uncertainty
measures.

The qualitative study which was the preliminary phase of the uncertainty
study contained identification of uncertainties and qualitative assessments of their
importance. The PRA was introduced and identified assumptions and uncertain-
ties behind the models were documented. Meanwhile, the most significant uncer-
tainties were selected by importance measures or other calculations based on the

PRA’s models for further quantitative studies.
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The quantitative study contained sensitivity studies and propagation of un-
certainty ranges. In the sensitivity studies uncertain assumptions or parameters
were varied in order to illustrate the sensitivity of the models. The propagation
‘of uncertainty ranges demonstrated the joint impact of uncertainties and gave un-
certainty measures. Also the possible benefits from some plant modifications were
assessed using the sensitivity studies.

There is a list of characteristics of both the qualitative and the quantitative
study in the table 1.

TABLE 1

Comparison of qualitative and quantitative studies

QUALITATIVE STUDY QUANTITATIVE STUDY
Goals e ideniificalion ® assessment of importance
® description ® demonstration of impact

e assessment of importance

Treeiments ® check lists ® sensilivily studies
® comparison belween different ® uncertainly range propagation
uncertainiies
Description e verbal ® numerical
of e classification (large/small ® importance measures
uncertainties uncertatniies, over- or ® uncerlainty distributions
underestimating)
Benefits (+) -+ flezible to cope with all kinds <+ provides comparable measures
an of uncertainties — difficult 1o ireat modelling
limitations (—)  — uncertainties from various unceriainties
sources cannol be combined — interpretation problems

2 The qualitative study

The uncertainties were identified and classified following the hierarchy of the PRA
models. The hierarchy consists of several modelling levels being characteristic
to the PRA beginning from general assumptions and methodological limitations
down to basic failure probabilities. The hierarchy of the modelling levels or the
submodels of the PRA described in fig. 1. These submodels can be classified in
logical and data models.

Logical models present how single failures or errors together can break down
systems. Models mostly rest on functional schemes of the plant. Data models are
methods by which probabilities of faults or errors and their combinations are esti-

mated. Probabilities are parameters of logical models. Other quantitative models
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(e.g. success criteria) were considered as assumptions behind models. Uncertain-

ties in logical models are modelling uncertainties and in data models parametric

ones.

L PRA I
( INITIATING EVENTS |

([(INIT.EVENT FREQUENCIES i

_ri?CA] I EVENT TREES |
1 1
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Legend: LOCA, TiT{Te

Initiating event class frequencies and corresponding event trees:
loss of coolant accidents and transients

Categories of event sequences or safety functions, e.g. C =
hydraulic scram

CCF, ... , SOKEA = Categories of basic events, e.g. CCF = Common Cause Failures
of 4-redundant components

C, DODY, .., N

Fig. 1 The hierarchy of the PRA’s models

The identification work began with common assumptions of the PRA and
continued towards more specified models and issues. In the various levels the

following details were peered:

1) PRA
e definition of the risk and core damage
o limitations of PRA’s methods
o restrictions of the project
2) Initiating events
o definition of the initiating event categories

e completeness of the categories
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3) Initiating event frequencies
¢ estimation method
o validity of the data
4) Event trees
e core melt criteria
e success criteria of the safety functions
5) Sequence quantifications
¢ system failure criteria
e interpretation of most important minimum cut sets and components
o modelling of dependencies
6) Basic event probabilities
¢ estimation method
o common cause failures (CCFs)
¢ human errors.

The analyst identified uncertainties by interviewing the PRA-modellers and
by studying PRA-reports including the failure mode and effect analyses (FMEA)
performed for the systems modelled. On the other hand, the analyst had to get
familiar with the functional behaviour and the structure of the plant where the
Final Safety Analysis Report (FSAR) was an important document [9]. In addition
to the TVO’s documents, earlier PRA studies were useful material for comparing
models and assumptions. The most important reference PRA was the Swedish
Forsmark 1/2 safety analysis [10].

Identified uncertainties were documented on model forms (fig. 2). A model
form contains the name of the submodel, participants in the uncertainty identifi-
cation team, source documentations, description of the modelling methods and a
list of assumptions. If an assumption was considered to be of minor importance
with respect to the associated submodel, it was reasoned here.

Significant uncertainties were analyzed further in uncertainty forms (fig. 3)
which were used in the documentation of rank and impact. Significance of an
uncertainty was categorized as large, moderate or small, and the bias as overes-
timating, unidentified or underestimating. After the preceding notes room was
reserved for presentation of the quantification methods and remarks about depen-

dencies with other uncertainties.

3 Quantitative study

The object of the quantitative study was to assess comparable uncertainty mea-

sures so that a joint impact could be evaluated. Both sensitivity. calculations and
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TVO XI-IT/PRA MODEL FORM

Code:3-LOCA
Author(s)/Date:JHo/24.01.89 l Participants:RPH, J.Fieandt

Model:10CA initiating event frequencies

Modelling method:The frequency estimates of pipe leakage or

break in a study of TVO's pipings/ Fieandt, Ramé, "Pipe

-{Leakage Frequencies in TVO I/II NPP in LOCA-classes". VTT/SAH
Research Report 25/87./

ASSUMPTIONS
Description Reference
1) Leakage freq. is constant per pipe length and 3~-LOCA-1

time in each class.

2) The LOCA class of a leakage is determined 3-LOCA-2
according to the pipe dimension.
=> Large LOCA = large leakage in main steam
lines

3) Only leakages in the primary loop (inside the 3-10CA-3
containment) have been considered.

Notes:

Fig. 2 The model form

propagations of uncertainty distributions were performed.
3.1 Sensitivity studies

In sensitivity calculations the sensitivity of the models was studied by varying

uncertain parameters and assumptions. Sensitivity studies involved

selection of reasonable calculations,

assessments of input data and model variations,
requantification,

calculations with reprocessed models, and

interpretation of results.

First a ranked list of the topics to be studies was generated. It was mainly
based on the qualitative part of the uncertainty study, partially on the Fussel-

Vesely importance measures of the basic events and partially on the most impor-

tant minimal cut sets.
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TVO I-IX/PRA UNCERTAINTY FORM

Code:3-1OCA-1

| Author(s)/Date:JHo/14.03.1989

Model:LOCA initiating event fregquencies

Uncertainty:Pipe leakage frequency is constant per pipe
length and time in each leakage class.

Contribution Impact:small _ Bias:overestimating _
moderate _ underestimating _
large X not identified x

Description of the contribution:
Pipe aging, inspections, servicing and
restorations are ignored.

-~ The most likely leakage places are pipe joints and
components in pipings. Constant existence ratio is assumed
for these places. .

- Data reference plants are older.

- Only frequencies per time and piping are given in
most of the references.

- There is a great variation between estimates of the used
references.

Quantitative treatment:

- Uncertainties will be treated in the uncertainty
distribution propagation

- The uncertainty distribution for each class will be
assessed according to estimates in other PRA's. See
3-LOCA-2

Dependencies with other uncertainties:
3-LOCA~-2

Fig. 3 Uncertainty form

The needs for data and model variations were identified in the qualitative part
of the study. In addition to the realistic variation range of model and data, also
risk increase and decrease were studied for the basic event probabilities 1 and 0,
respectively. This variation showed the maximun benefit gained if the basic event
is removed and the maximum risk increase if it always occurs.

The calculations were simple and straightforward. Three methods were used:

o the Fussel-Vesely importance measure,

e boundary changes of a basic event, and

e model variations.
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The relative impact of the change of the probability of a basic event on the
core melt probability was simply estimated based on the Fussel-Vesely importance

measure:
Af(CM) Lo(X:) - APr(X;) 0
Faom(CM) ~ 7V TP

where Pr(X;) = nominal probability of event X;,

APr(X;) = variation of the probability of event X;,
= Prvaried(X:) — Pr(X3),
Ii_y(X;) = Fussel-Vesely importance measure of event X; on the,
nominal probability Pr(Xj;),
= 5" Pr(min cut sets containing X;)/ > Pr(all min cut sets),
fnom(C M) = the nominal frequency of Core Melt
Joew(CM) = the varied frequency of Core Melt
Af(CM) = fneW(CM) - fnom(CM)'

The impact of uncertain phenomena included in a basic event probability
was estimated by removing/adding the frequency of conservatively/optimistically
estimated phenomena from the initating event frequencies. The relative impact
on the core melt frequency is estimated as the ratio of fupew t0 from- Event trees
were modified in cases where the propagation of an event sequence was uncertain.

In these cases complete event trees had to be requantified.
3.2 Uncertainty range propagation

The impact of the statistical uncertainties of the basic event parameters were
demonstrated by the uncertainty range propagation. In this treatment the un-
certainties are described with probability distributions (fig. 4). A fractile of a
distribution characterize to which confidence we believe the parameter value to
be below the fractile. The 0.05- and 0.95-fractiles are often used for describing
the range of uncertainty. A common measure is the error factor (EF) originating
from logarithmic normal distribution. Thé fraction of the upper fractile and the
median of a logarithmic normal distribution equals the fraction of the median and
lower fractile and it is called the error factor
Aso _ Ags

250 _ 2% _ pR 2
Yo Jeo @)

where Ag5 = 0.95-fractile, Pr(Asp < ) = 0.95,
Aso = median,
Aos = 0.05-fractile.
Uncertainty ranges were propagated by Monte Carlo simulations like in the
Forsmark 1/2 safety analysis [8].. Because the TVOQ’s fault tree models contain
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Fig. 4 Uncertainty distribution, its fractiles, mean and 90 % symmetric range

thousands of basic events, we could include only the most important minimal cut
sets in the uncertainty range propagation which had the following phases:

1) Selection of the most important cut set in all event classes.
2) Coupling of state of knowledge dependent variables.

3) Assessment of the distributions.

4) Simulation runs.

5) Interpretation of the results.

One problem from the uncertainty quantification point of view was that the
basic event probabilities were originally estimated as point values. Only in the
case of the transient initiating event frequencies, a Baysian approach had been
applied. Therefore a simple strategy had to be developed in order to consistently
generate uncertainty distributions for the rest of the basic event probabilities or
parameters.

Firstly, a beta or lognormal distribution was selected as the uncertainty dis-
tribution type. Secondly, the mean value of the uncertainty distribution was set
equal to the PRA’s point value. Thirdly, the width of the distribution was sub-
jectively defined by choosing a fixed distribution parameter (e.g. EF = 3,10 or
30 for lognormal distribution).

The state of knowledge dependence was described as explicitely as possible.
Only a total coupling was considered.

Simulations were performed by MONTEC-program [11] which runs in a micro-
computer. We used the maximum allowed sample size, 16,000 laps, which seemed
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to be enough at least for estimating the fractiles.

The modelling uncertainties studied individually by means of the sensitivity
study were simulated as independent uncertainties, too. The following equation
for the core melt frequency simulation was generated on the basis of the following

equation

f(CM) = faom(CM) - H E;(assumption ;), 3)

where E; = frew(assumption i;)/faom is the random variable getting the values
generated by the equation (1). The probability of each value of E; is determined
by the confidence Pr(assumption 7;) which were assessed subjectively.

The resulting frequency in the equation (3) might be strongly biased due to
the fact that the values of E;s are dependent on each others. The dependency of
importance measures on each other can be reduced by introducing the importance
measures of component groups. However, in the case of complete event tree re-
quantifications one should evaluate the varied event trees separately in order to
properly treat their effect on the equation (3)

The aim of the simulation of the modelling uncertainties was mainly to obtain
a coarse view of their impact in the total core melt frequency. As a consequence
of very detailed fault and event tree models, explicit use of various minimal cut
set equations would have exceeded the capacity of the simulation program with-
out strong simplifications in the equations. Therefore, an approach based on the
simulation of the equation (3) was adopted.

According to our experiences, the sensitivity studies provided the most useful
information of the impact of identified uncertainties. Even though the uncertainty
range propagations seem to be an attractive way to demonstrate the joint impact
of the uncertainties, the difficulties to express the uncertainties coherently and
exhaustively leave a lot of room for interpretation. Table 2 summarizes the benefits

and limitations of the quantitative treatments of uncertainties.

4 Results

The sensitivity studies showed items in the procedures, where the assumed level of
operator performance is adequate, but any reduction would lead to catastrophic
increase of the core melt frequency. One example is the additional water to the
Auxiliary Feed Water system {AFW) after the water in the containers has depleted.
If the additional water supply always would succeed, the core-melt probability



-158 -

TABLE 2

Benefits and limitations of the quantitative treatments

TREATMENT BENEFITS LIMITATIONS
Sensitivity -+ simple ~ suils only for studying single
studies -+ natural extension of uncertainiies

qualitative study — not necessarily based on estimation

of upper and lower limits

Uncertainty -+ atlempls to display the joint  — distribution is kard to undersiand
range tmpact of unceriainlies for uncertainties are not only
propagalion 4 obeys the rules of probability caused by randomness;

calculus and stalistics which distributions have both frequentist

makes it disciplinary and subjectivist inlerpretation

— difficult to model state of
knowledge dependency

would decrease only by 6 per cent. However, if the operators would never succeed,
the core melt probability would increase by factor of several hundreds.

The estimation of the distribution of the modelling uncertainties allowed us
to study the effect of conservative assumptions. Small probabilities were assessed
to the normally conservative Final Safety Analysis success criteria as opposite to
the success criteria used in PRA study. The resulting distribution was bimodal,
since most of the distributions were discrete..

Although the results from the uncertainty range propagation showed that the
uncertainty in e.g. the LOCA frequences and in core melt after a LOCA was high
— error factor even 100 — the final error factor due to statistical uncertainties
for the core melt frequency was only 4. On the other hand the error factor due
to modelling uncertainties was still smaller, less than 2. All in all, no major issue
dominated as an uncertainty source because of the great detailness of the TVQ’s
fault tree models.

5 Conclusions

The qualitative mapping out of the uncertainty factors turned out to be an effective
way to generate a plan for an effective quantitative uncertainty analysis. At the
same time it served as an internal review of the assumptions made in the PRA
study. When performed for the almost finalized study it helped to correct coarse
modelling errors and it forced the analysts to check the base of the assumptions
‘and simplifications. The sensitivity studies were perhaps the most advantageous
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part of the quantitative uncertainty analysis, because they allowed an individual
analysis for the effect of each of the uncertainty sources identified.

The most significant uncertainties were those involved in modelling human
interactions, dependencies and common cause failures (CCFs), loss of coolant ac-
cident (LOCA) frequencies and containtment respdnse. Common background for’
these models is the use of expert knowledge and subjective estimates due to a
lack of proper data and plant experiénces. The qualitative study of uncertainties
gave a picture that statistical uncertainties would be negligible compared with
uncertainties originated from modelling assumptions and the lack of knowledge.
However, the number of those having significant impact on core melt frequency
was very limited and it was possibe to assess them by means of sensitivity studies.
In the same context sensitivity study was used to compare alternatives of system
modifications. A coarse simulation of the modelling uncertainties produced a more
narrow distribution than that simulated from the statistical uncertainties.

Uncertainty study was found to be a suitable tool for a systematic and crit-
ical method of assessing uncertainties in a risk analysis. The usefulness of this
study depends on the decision-maker (power company) since uncertainty study is
primarily made to support decision making under uncertainty.
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1. Introduction

The "classical" approach within the PSA framework is to
assume exponential i.e. constant ageing behaviour for basic
events in fault or event tree analyses. The required
statistical input data for these basic events are often
derived from operating experience. These "raw data" however
are mostly not analysed in depth concerning potential ageing
informations. This step to check the validity of
exponentiality is .mostly (and often intentionally) neglected
because the exponential model is easy in its application to
estimate failure rates and to quantify fault or event tree
structures.

This paper will describe a mainly graphical approach of life-
time data analyses with the main aim to reveal non-constant
ageing trends in data. This graphical approach is chosen be-
cause it allows a quick and comprehensive insight in data
informations not only for the statistician but especially for
the engineer as main user of statistical results.

2. Impacts of ageing effects

It is a trivial fact for engineers that a constant failure
rate must be an oversimplification of the real failure
behaviour of components. That becomes (at least implicitly)
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obvious if engineers e.g. talk about "preventive maintenance
or exchange activities", "problems with component wear out",
"detection of material fatigue effects", "burn-in of
electronic components before use in operation" or "increased
spare parts provisioning due to observed higher part
consumptions". All these problem areas would be irrelevant if
the failure rates of affected parts were really constant.

Therefore the engineer using statistics (especially for
safety predictions within the PSA-framework) or the involved
statistician should somehow try to at least find a weak
justification for exponentiality in data. The "classical"
argument that the bathtub-shaped failure rate model is
generally accepted but that only the flat part of the bathtub
can be observed in (nuclear) operation is a weak hypothesis
which can easily be disproved by many available data sets
(see e.g. discussions in /1/ or /2/).

Beside the technical and economic aspects of ageing it must
also be asked how a more realistic modelling of ageing
behaviour might influence PSA-results. The exponential model
will either over- or underestimate the real non-constant
failure rate at a certain time point. The overall error in
PSA-results however can be large (see e.g. /2/ for ptopaga-
tions of errors in fault tree quantifications).

3. Description of ageing properties

In technical applications the statistical ageing behaviour is
mostly described by the failure rate h(t) = f£(t)/R(t) as
goutient between distribution density f(t) and survival
function R(t). h{(t) dt describes the conditional probability
that a component which has survived until t will fail in the
time interval t+dt.

For the exponential distribution h(t) becomes a constant

value.
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Increasing failure rates (IFR) can formally be described by
the differential conditiond h(t) / dt 2 0, decreasing
failure rates (DFR) respectively by d h(t) / dt < 0 (see left
side of figures 1 or 2).

"Trend changes" in the ageing behaviour are represented by
failure rates with (at least) one local extreme in the time
interval 0 < t < o,

For example a bathtub-shaped failure rate can be charac-
terized by one local minimum on 0 < t < « which describes the
trend change from a strictly decreasing to ‘an increasing
failure rate.

It is the task of a statistical analysis to estimate the
failure rate function (or any other measure statistically
describing the informations contained in data).

4. Graphical tools for ageing analysis

The use of graphical representations in data analyses are
beside the documentation function a valuable way of
"communication" between statistician and engineer. Therefore
it is meaningful to derive ageing informations not only by
relatively abstract statistical methods (e.g. maximum-
likehood-estimation of distribution parameters and "proof" of
fit by the Kolmogoroff-Smirnov-test).

This chapter shortly introduces some graphical represen-
tations which are useful to analyse the validity of or
departure from the exponential model. These representations
can . be easily generated and allow a very quick and
comprehensible assessment of the ageing informations in data.
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A "naive" estimator h(t)" for the failure rate could e.g. be
.defined by

hit)~ =  £(t)~ /' R(t)~ = £(t)*/ [ n(t) / n )
= n(t)-* [ n(t) - n(t +56t) ]/ st ,

where n(t) denotes the number of components which survived t
(with n(0) = n) and &t denotes a small time interval.

A graphical representation of h(t)~ over t however does not
allow a profound analysis of the ageing trend as h(t)" is a
unsteady step function at each failure time t,. Between
successive failure times h(t)~ is constant.

Therefore other graphical representations which also allow
the assessment of the ageing behaviour (and thus implicitly
the failure rate) should be used for data analyses.

4.1 Empirical plot of cumulative distribution func¢tion

The empirical plot of the cumulative distribution function
(CDF-plot) is widely used  as one (and often only)
representation of a data set (example of CDF-plot in figure
3).

Let t. , ... tn be an ordered sample of failure times of size
n from a lifetime distribution F(t). Then the graphical
representation of Famp.(t)

£ (ts < t)
Famp.(t) =

n
ji=1,..., n
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is called empirical CDF-plot. Here "L" denotes the number of
of failure times t; less than or equal to t. Famp.(t) is a
step-function with Jjumps over the j’th ordered value of the
sample. Very often however it is not represented as a step
function, especially when the sample size is large.

The empirical CDF-plot provides an exhaustive graphical
representation of a lifetime data set. For large samples
Femp.(t) converges towards the true but unknown F(t), the CDF
of the underlying distribution.

- The major advantages of the empirical CDF-plot are:
- the empirical CDF-plot is very easy to produce and gives an
comprehensive overview concerning location and spread of

data,

- it does not depend upon assumptions concerning an
underlying parametric distribution model.

If the sample is sufficiently large (at least n > 10)

- it may provide a rough information concerning ageing
classes in a data set; IFR-data will show an S-shape in the
empirical CDF-plot whereas DFR-data will show a concave
shape,

- it serves as a sensitive goodness-of-fit representation of
Femp.(t) versus an assumed F(t).

Some disadvantages are:

- the empirical CDF-plot does not allow a profound identi-
fication of parametric models (including the exponential

- distribution),
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-~ because of the monotonically increasing behaviour of the
empirical CDF-plot local variations in a data structure (e.g.
trend changes in ageing) will tend to be masked,

- the informality rapidly decreases with small sample sizes.

Thus the empirical CDF-plot must be regarded as a more
qualitative tool for documentation purposes of a data set and
of the results of an analysis within a goodness-of-fit
representation.

4.2 Probability plots

In practice it is often difficult to judge subjectively the
goodness-of-fit between the (above described) empirical CDF-
plot and a hypothesized distribution due to the shape of both
curves. The probability plots transform this problem to a
judgement concerning the deviation of a data set from a
straight line. By suitably transforming (at least) the
vertical scale of the empirical CDF-plot with respect to a
hypothesized distribution, the data set will produce a
straight line if it is a sample out of this distribution.

Within life time data analysis especially the probability
plots based on the Weibull- and lognormal- distribution are
widely spread.

Within these probability plots the slope of a (more or less
straight) data "cloud" is a function of the shape parameter
of a distribution. Thus these probability plots allow
parameter estimation of the shape parameter (via the slope)
and the scale parameter (via quantiles of Fame.(t)).
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4.2.1 Probability plot of the Weibull distribution
The Weibull-distribution with shape parameter B and scale

parameter o has a CDF

F(t) =1 - exp[~-(at)”] 0

IA
ct
IA
8

(*)
and a failufe rate
h(t) = B a2 te-2 |

Obviously the exponential distribution is a special case of
the Weibull-distribution for f = 1.

The probability plot of the Weibull-distribution is based on
the following transformations:

Taking twice the loga;ithm of (*) provides:
In 1n (1 / ( 1-F(t) )) = .B Int - B 1n (1/a)
Let
y=1lnln (1 / (1-F(t) )) , x=1lnt , c=-f81n (1/a)
then the linear relation
y = Bx + ¢
is obtained. Here the shape parameter B becomes the slope of

the line. The time transformation x = 1ln t forms the
horizontal axis of the probability plot.
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To construct the vertical axis of the plot F(t) is replaced
by Famp.(ts) which is e.g. estimated by

F-mp.(tj) = (j - 0-3) /(n + 0-4) j = 1,-., n .

For further details (ranking theory) concerning the plotting
position Of Fame.(t) see e.g. /3/, /4/.

'To estimate the scale parameter a in (*) the relation
F(t*) =1 - exp (-1) = 0.632

with a = 1/ t~ is used. So an estimator of 1 / o can be
found on the logarithmic abscissa below the crossing of the
data cloud (respectively the fitted line) with the horizontal
axis of the 0.632-quantile. The fitting of straight lines can
be done “"manually" but also e.g. by using simple least
squares regression.

The estimator of f§ can be found by defining a suitable
vertical scale with a slope indication.

The Weibull-distribution 'is a very flexible distribution
modelling IFR- (DFR-) behaviour for 2 1 (f £ 1). For g = 1
the Weibull-distribution models the exponential distribution
with constant failure rate a. Thus Weibull probability plots
are widely spread in technical applications as they serve as
a sensitive tool in discriminating between constant (exponen-
tial) and IFR-(respectively DFR-) ageing.

Convex shapes in a Weibull probability plot might indicate an
underlying distribution with a trend change from DFR~- to IFR-
behaviour (bathtub-shaped failure rates). Concave shapes in a
Weibull probability plot might indicate an underlying
distribution with a trend change from IFR- to DFR-behaviour
(inverse bathtub-shaped failure rates e.g. modelled by the

—lognormal-distribution})-
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The major advantage of probability plots is the option for
model identification by a relatively simple vispal assessment
whether a data set provides a linear trend in the correspon-
ding plot. The identification is however .restricted to one
parametric distribution model in a plot. After identification
of a suitable model the parameter estimation can be easily
performed either by manually fittig a straight line or
performing a regression analysis. Care must however be taken
to avoid misidentifications due to the logarithmic scaling of
the plots. It must be realized that the probability plots
contain a graphical representation of the empirical CDF which
is in general monotonically increasing. This increasing shape
often "pretends" to be also linear on logarithmic paper. To
reduce the risk of  misidentifications especially the
linearity of a data cloud at the left tail should be checked.

4.3 Mean residual life plots

The term "mean residual 1life" m(t) describes the remaining
life time expectation after survival up to the age t.
Formally it can be written as the conditional expectation

m(t) = E [X-t | X > t] .

The mean residual life plot is achieved by plotting

m(t;) = ; tsy / (n-i) - ta

gL+

over t:, where t: denotes the i-th failure with i = 0, 1,...,
n-1. m{(0) is the 1life expectation of a new component. For
further details see e.g. /5/ and /6/.
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For the exponential distribution m(t) is constant with
m(t) = 1/a (o as failure rate of the exponential distributi-
on). Thus the graphical representation of exponential data
would produce a more or less horizontal plot. Increasing
failure rates lead to a decreasing mean residual life whereas
decreasing failure rates lead to an increasing mean residual
life (see simplified correlation between failure rate and
mean residual life in figure 1).

Bathtub-shaped failure rates show a first increasing then
decreasing mean residual life function. Thus the data trend
in a mean residual 1life plot is also a sensitive indication
concerning the deviation from a constant ageing behaviour.

4.4 TTT-plots

Since Barlow and Campo /7/ presented their publication on the
total time on test (TTT) transform and the empirical TTT-plot
the TTT-concept has proven to be a valuable graphical tool in
data analysis and model identification (especially departures
from exponentiality).

Some introductory aspects to the TTT-transforms and plots
(for details see e.g. /7/ or /8/) shall be mentioned here:

The TTT-transform of a CDF F(t) is defined by

F-* (u)

IA
e
A
[
.

H-2(u) = [1 - F(t)] dt 0

F-1(u) means the inverse function of u F(t).

The expectation of a random lifetime X can be written as

E(X) = H-*(1) .
A S} \-4-)
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The quotient
H(u) = H-*(u) / H-2(1)

is called scaled TTT-transform with H(u) = 0 for u = 0 and
H(u) = 1 for u = 1.

The scaled TTT~-transform of the exponential distribution
provides H{u) = u. Thus the exponential distribution can
graphically be represented as diagonal in a unit square (so
called TTT-plots) of H(u) over u (see figure 2).

The empiric counterpart of H(u) allows the representation of
data in a TTT-plot (for details see e.g. /8/). For a failure
time ty the empirical TTT-transform is defined by

3
z tm + (n— j) ts

U,y =

with j=1,..., n and Uo = 0, U = 1.

The correlation between the failure rate h(t) and the TTT-
transform is given by

d/du H-*r (u) 1/ h(t) . (**)

u = F(t)

Thus the empirical TTT-plot (plotting U; over j/n) can be
used as a sensitive graphical instrument to identify
deviations from a constant failure rate. TTT-plots are scale
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invariant, monotonically increasing plots in a unit square

.with the diagonal representing the scaled TTT-transform of
the exponential distribution family. Due to relation (**)
TTT-plots above (below) the diagonal in the unit square
indicate "increasing (decreasing) ageing properties" in a
lifetime data set (see figure 2, for more details see again
/7/ or /8/).

A bathtub-shaped failure rate is represented by a TTT-
transform once crossing the diagonal in the unit square from
below and having exactly one turning peoint on 0 < u < 1.

5. Application to empirical data

The use of the above mentioned graphical tools 'shall be
demonstrated at a set of data reflecting failure times of a
(sufficiently homogeneous) group of condensate pumps (sample
size n = 32). The first data set provides the times of the
first external leakage, the second data set the survival
times after this first failure until the next external
leakage occured. The empirical distribution function for both
data sets is shown in figure 3.

It shall be analysed whether the 1life expectation or the
ageing behaviour after the first repair is (statistically)
the same as at the start of operation after the delivery from
the manufacturer.

The scale-invariant TTT-plot for both data sets is shown in
figure 4. The data of the first leakages provide a slight
IFR-trend due to the nearly concave TTT-plot.

The data set of the survival times crosses the diagonal
several times and stays then closely to the diagonal. An
exponential behaviour for the survival data however seems to
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be an incorrect assumption as the TTT-plot significantly lies
above the diagonal for H(x) < 0.3. Thus the crossing with
the diagonal from below and the change from a convex slope to
a following IFR-behaviour might indicate a trend change from
a nearly constant DFR-behaviour to an approximately IFR~
ageing .

The use of any classical distribution (not especially
discussed in this paper) such as Weibull, gamma or lognormal
does not provide an acceptable fit to the relative survival
data. Especially exponentiality as potential conclusion from
the TTT-plot should be excluded due to graphical arguments.
This is shown in figure 5 in Weibull-probability plots. The
data provide a convex curve.

Therefore it is interesting to derive some more graphical
results.

Figure 6 shows the mean residual life plots for both data
sets.

This figure shows a decreasing trend of the mean residual
life. So the plot would suggest an IFR-behaviour. The
expectation of 1life after first repair m(0) = 3114.22 gives
an indication that the 1life expectation has decreased after
the first failure compared to a new component with
m(0) = 5016.28.

5.2 Interpretation of results

A potential interpretation of the revealed non-constant
failure rate from an engineering and statistical point of
view is that some repairs of leakages did not provide a state
of "as good as new" for the pumps. These pumps failed in an
“infant mortality phase due to bad repair" shortly after
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restart of operation providing a DFR-trend of the failure
rate. Those pumps which were repaired successfully returned
to their ‘*inherent" ageing behaviour which is of IFR-
character. ’

6. Summary and conclusion

The exponential ageing model plays a dominant statistical
role in the PSA-framework. The experience with many data
analyses however shows that the arbitrary and uncontrolled
acceptance of <this model might produce strongly biassed or
even meaninglless statistical results (e.g. in fault tree
quantifications). Therefore this paper has recommended some
graphical "checks" which as well provide a data documentation
and a validity assessment concerning constant ageing. The
practical construction and interpretation of these graphical
representations do not require a large amount of statistical
theory. Therefore they can serve at least as basic analyses
for further investigations and ' decisions if significant
ageing properties were detected.

RWE intends to incorporate these graphical analysis options
within a statistical software package for data analyses.
These tools shall support the data analyses in PSA-studies
and shall also serve as a decision support concerning
technical or logistic activities.
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8. Notation & Nomenclature

X .
£(t)
F(t)
R(t)
h(t)
H-2(u)

t:.' tz, --tn

DFR (IFR)
In

exp[t]

non-negative continuous random variable
probability density function

cumulative distribution function
survival function, 1 - F(t)

f(t)/R(t) failure (hazard) rate

total time on test transform of F(t)

ordered sample of size n

decreasing (increasing) failure rate
natural logarithm

exponential function e®
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Figure 1
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Figure 2
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Figure 3

O

$19S elEp JO Suojoun} uopnqisip jeapidws

aibsouz IMY

(0001 X sinoy) }
gL al 1 oL 6 8 A 9 g

obeyea) 1541 0} sauwily

s\\hmnﬁ 1841 19))E

- - v\\

sawi} |eAIAING

80

L ()4




Figure 4
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Figure 5
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Figure 6
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ABSTRACT:

The objectives with this report are to describe the basic principles of time dependent modelling
in LPSA. Practical recommendations has been generated on what to include in the models and
how to avoid unnecessary model expansions. It is possible that detailed time dependency
analyses require too much resources to be included in the standard PSA. Some of which are
typical for Living PSA applications and must be included. It is foreseen that a LPSA model
must treat time dependencies in a much more complete way than a conventional PSA model
used for risk verification. Many important aspects on plant risk are time dependent. If the
LPSA failure models are compatible with the operating experience this leads to a greater con-
fidence of PSA results.
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TIME DEPENDENCIES IN LPSA MODELS

1

INTRODUCTION

The objectives with this report are to describe the basic principles of time dependent
modelling in LPSA. Further, practical recommendations has been generated on what to
include in the models and how to avoid unnecessary model expansions.

A LPSA model must treat time dependencies in a much more complete way than a
conventional PSA model used for risk verification. Many important aspects on plant risk
are time dependent therefore is it necessary to include these aspects when developing
the LPSA model to enable a more flexible use. If the failure models are compatible with
the operating experience this leads to a greater confidence of PSA results.

The recommendations in this report discuss different development aspects, for models
and codes, for further development in the SIK-1 project.

TIME DEPENDENT FEATURES IN LPSA MODELS

The basic features in LPSA models has been generated through a survey of a number
of references dealing with this subject. The overall outline for this section is based on
work done within the RAS-470 project. (ref. 1). The outline has been expanded
1o take additional time related aspects into account. In Table 1 the overall outline is
summarized.

2.1 Time dependent failure rates.

Time dependent failure rates has effects on the component failure probability and initia-
ting event frequency.

Usually the time dependency of failure rates of individual components does not have a
very strong impact on the core damage frequency, but the failure rates of a set of

~ components may increase simultaneously which might strongly affect the final result.

The ageing mechanism (and the learning mechanism) can be monitored for components
with short megn time between failures. Other components , e.g. piping, have rather long
life length is much harder or impossible to monitor because the operational failure event
experience is missing.

Different mechanisms can be identified in operational data analysis the main problem

is to identify deteriorating components as early as possible.

Ageing.

The ageing process is slow (years) compared to other types of time dependencies in the
LPSA. Operating experience and data trend analysis must be used to identify the failure

__mechanism, It is not necessary to treat this in the LPSA other than to give priorities to
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Table 1 Time dependent categories.

= not always modelled in PSAs
- effects also on CCf-probabilities
- models rather complicated

pendet start un-
avail.

TIME DEPENDENCY MODEL FEATURES LPSA TREAT- PARAMETRIC REMARKS
CATEGORY (ref. 1) MENT MODEL
/APPROACH
Time dependent failure rates. 1. Ageing. The ageing pro- . Operating ex-
cess is slow (ye- *perience and data
- effects on the component failure ars) compared to rend analysis.
bability and initiating event other dependen- Lead diesel.
%uenq cies below. Indicator and integ-
- different for components with rated use.
short and long life lengths - - -
- different learning mechanisms 2. Learning. Considered for Excl of first I-book methodol
initiating events. vear experience or | can also be used for
J-book methodo- | other purposes.
logy.
Time dependent component unavail- | 1. Test interval depen- Included in com- G + A"t Improved comp.o-
abilities. dencies. ponent model. nent models. T-
gp=Time inde- book HI data

Agp=Stand-by
tasnlf. rate
2. Test amrangement de- | Test arrangement = The test In the case of sys-
pendencies. modelled in fault erride unavail. 1em reconfiguration

trees as a failure
to by-pass the test

Prob. that the by-

arrangs in
the case of a
demand.

pass of the test
arrang fails
inthecase of a
demand during
the test.

for test.
Improved compo-
nent models.

»

Latent failures not
revealed in tests.

Test efficiency
can be expressed
as a fraction of
testable failures.

g(l)(: 2,.4(q9 +

a",b l= Test ef-
n'clgncy

No data for test ef-
ficiency modelligg.
§9AS-4'50 RPC 89-

&

. Repair unavailabiti-
ties (critical failures).

Included in .com-
ponent model

Latent critical failu-
res revealed at test
and Monitored
eritical failures.

w

Test introduced fai-
lures

Introduce a spec.
failure mode

The proba-
E“;v for a test
caused failure.

o

. Stand-by equipment
operational farlures.

Specitication of
mission time.

Ag%
Lg=Bp.'faiL_me
m=mission time

only three trains
in operation ?

7. Normally operating Monitored com- Agq*mitr Batteries. busbars
(non stand-tw) equip- | ponents treated as elc.
ment unavailabilities. repairable.
Time dependent svstem unavailabi- 1. Test interval depen- See F172. Three different
in (E_E ‘models). dencies in CCF mo- CCF models sug-
dels. %)esled in PK-1
- not modelled in PSAs . The problem is
- requires code development 10 avoid conser-
vatism and 1o allow
non symetric test
arrangements.
2. Component status de- | Using quadruple Factor 4 conser-
pendent CCF models. | model even if vat.iv error § la

Gunsell when doing
nothing

w

. Test arrangement de-
pendencies.

Test schemes
represented in
component mo-
dels.

Time to first test.

F

. Repair unavailabili-
ties (non critical
failures) according to
LCO.

LCO d

: P
in system models.

LCO rep d
with not logic in
system models.

pes
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TIME DEPENDENCY MODEL FEATURES LPSA TREAT- PARAMETRIC REMARKS
CATEGORY (ref. 1) MENT MODEL
[APPROACH
Time dependencies of accident 1. Time dependent suc- | Fased mission Development area.
sequences - cess criteria. modelling.
Worst case event
- eflect both on level 1 and 2 PSA .tree models (not
results L TD). Long term
- one of the unceriainties of PSA success cniterias as
- different models exist a function of resi-
- treatment with sensitivity studies dual heat.
2. Timing of emergency | Svstem timin, Development area.
system operation. modelied in ET.
Sequence mission Timing of recovery
time affect com- actions.
ponent models.
3. Timing of operator Improved ET. Development area.

actions.

One apﬁroach is to
model Hl on ET
level.

4. Time dependence of
operator error proba-
bilities.

HI time windows.

bl

Time dependent
physical phenomena.

Residual heat
dependencies.

The increase of statistical evidence.

- problem of living PSA
- possibility 10 take several factors
into account in PSA failure data

-

. Time dependent ope-
rating experience eva-
luation. Time depen-
dent trend follow up.

Importance or
sensitivity analvsis
(ageing. learning).

Development area,

1o

Time dependent
uncertainty estimate.

Decision under
uncertainty. The
process is siow
(vears) compared
10 other time
dependencies.

As time dependent
as the data source.

Time dependent plant status know-
Iedge

- requires code development

. Test inerval depen-
dencies.

-

Plant status
mode] manipu-
Jator.

Svstem or com-
ponent specific
setting of base

line nsk.

Development area.

Model manipulator
to introduce extra
1ests and real de-
mands according to
operations.

*

Absolute represen-
tation of status infor-
mation.

Absolute setting
(0.1) of unavai-

lable equipment.

Development area.
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which components or set of components to monitor closely.

Differences in accumulated operational time, e.g. lead diesel, is one way to get early
indications of a deteriorating trend.

Learning.

The learning process must in some cases be considered to eliminate conservatism in
failure data or initiating events frequencies.

This has been the case for initiating event frequencies, e.g. in swedish PSAs exclusion of
first year experience.

In a paper by LK. Vaurio 1986 (ref. 2) an application example is given concerning
learning from reactor accidents. In the I-book (ref. 3) initiating event data book,
a baysian approach to handle the learning process has been developed based on the
concept suggested by Vaurio. The I-book methodology can also be used for other pur-
poses.

2.2 Time dependent component unavailabilities.

The modelling of time dependencies must not be to complicated and must be compatible
with the available operating experience and failure data. The models depends on
operational procedures (operation, testing, repair, maintenance) which also constitute a
kind of time dependency.

Time dependencies has not always been modelied in PSAs the unavailability of stand-by
components has usually been evaluated as mean unavailabilities. One important aspect
on LPSA is the need to be exact (calendar) time dependent.

Time dependent component unavailabilities effects also on CCF-probabilities, this is
further discussed in section 2.3.

One large problem are that time dependent models can become rather complicated one
objective with this work is also to show how to simplify the models.

As a initial step in this mode] survey time dependent modeling in the Frantic code
(ref. 4), component modeling for optimization of technical specifications
(ref. 5) and the user manual for the Fault Tree code Risk Spectrum (ref. 6)
has been studied. In Table 2 the time dependent modelling in these reports are
summarized.

Test interval dependencies.

Test interval dependencies, Figure 1, are usually included in the component model which
—is-even-mean-unavailability-models-are-test-interval-dependent.———————— -
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The recommended component - )
model are: Test interval dependencies

q(t)= qo + (1-exp(-Ay,*t))

0.00015
where

qo Time independent start un- | omowl”

availability.
Ay Stand-by failure rate. —w
i 0.00005 - - - g0
[} 4 8 2 1
Improved component modelling, Homea) ——

using this model, is now possible by
_using the new T-book III data (ref. 7) Figure 1 Test interval dependencies.

Test arrangement dependencies.

Test arrangement can be modelled in component models as a failure to by-pass the test
arrangement in the case of a demand.

q, The test override unavailability. The probability that the by-pass of the test arran-
gement fails in the case of a demand during the test.

If the tested system are reconfigurated this parameter must be considered. As shown in (ref. 8)
the test influence on systems and components are important and significant. The survey
of test influence show that a number of test need reconfiguration with hand maneuvered
test sequences that disallow automatic actuation of system or train function.

The test duration come into play as

a contributing parameter in the case '&;t‘;:tewaledepemy;s
of reconfiguration of the tested o ’ T
component/train. 00020

Handling of these aspects requires | oooos| ; | |
both model and code development. ; :
p - / / ! / |

Available fault tree codes do not | .t -7 T T

allow modelling of test override un- —a

availability in a acceptable way. As @
; : ©.00005 - L L

shown in reference 8 the analysis o « . 2

work to identify the test influence to)

are fairly large.

Figure 2 Test override unavailability
Latent failures not revealed at test.

Test efficiency can be expressed as a fraction of testable failures.

9(t) * aen(qo + A,(+-TD))

a, Test efficiency
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No data are available for test efficiency modelling (ref. 9), further analysis in the
Diesel Generator pilot project (ref. 10) may result in test efficiency data for diesel-
generators.

The time independent start unavail- - -
ability, qq, presented in the T-book Test interval dependencies
can be interpreted as partly an o With test eficiency.

average measure of test efficiency. | *™*

Repair unavailabilities (critical fai. | oot . ) /
lures). 3 // p 7 /l/ (/1« /

0.00010

Repair unavailabilities for critical Urteuci
failures are included in the basic | ¢omes . —
component models, i.e. latent cri- ° ' - *

tical failures revealed at test and 1 A demand.

monitored critical failures (Risk ki
spectrum will be corrected). Figure 3 Test efficiency dependencies

Test introduced failures.
Model development with introduction of a specific failure mode
Py - The probability for a test caused failure.

This failure mode have almost the same impact on the model as q, and may be
excluded.?

Stand-by equipment operational failures.

Stand-by equipment operational failures can be treated as non-repairable failures with
a specified mission time.

q(t) =1-exp(-i4™t;,)

A4 Operational failure rate
t, Mission time

Normally operating (non stand-by) equipment unavailabilities and monitored stand by
components.

Monitored components treated as repairable are included in the basic component
models.

q(t) =1-exp(-i *mttr)

Batteries, busbars etc.




-194 -

2.3 Time dependent system unavailability (CCF models).

Time dependent system unavailabilities (CCF models) are not modelled in conventional
PSAs. The stand-by system unavailabilities are dependent on test arrangements this
mode] aspect requires code development.

Test interval dependencies in CCF models.

Three different CCF models are suggested in Vattenfall Report PK-168/90
(ref. 11), Table 3. The problem is to avoid conservatism and to allow non sym-
metric test arrangements. Model 3 allow non-symmetric test arrangements but are not
possible to use in the available fault tree codes. In the report "Optimization of test
interval for 327 testing at O3" (ref. 12) a model approach is suggested which give
a correct estimate of the mean unavailability for a time period considerably longer than
the test interval. But for certain time points the unavailability estimate can be incorrect.

Table 3 Three CCF models.

Time dependent CCF-models (ref. PK-168/90)

CCF Parametric description Features
model
Aritmetric  Qecpy=(q,()+q5M)(1R2)B The model behave OK and can be used with small
average Qccr3=(q,()+9p(1)+q.1)(13)By variations in failure data. but not when reaching ext-
model Q=00+, (1) +q. 1)+ {D)(1/4)py 8 reme values such as 0 or 1.
Possible 10 mode! explicit in fault tree. This model is If one component fails the model become time in-
used in F1/2 and R1 PSA. ' dependent (constant). as a result of the dominating
contribution of the failed component.
Geometric  Qerepa=(a,(1)+qpM)(1/Q;, d1)B The mode! has a unstable behavior. it can be used with
average Qecrz=(9,(0)+9p(1) +9,())2/Q42)BY smal} variations in failure data. but not when reaching
model Qccrs= Qa0+ 9510 +9,()+94(1))(1/Q;,43)P Y8 extreme values such as 0 or 1.
Possible to mode! explicit in fault tree. If one component ta-ils the result are approximately a
factor of 10 higher compared 10 the other two modelis.
Minimum Qccpa=min(q,(1).95(1))B This model is probably miost appropriate to reflect the
common OCCF3=m?n(qa(l).qb(l).qc(l))ﬂy reality.
cause Qe crs=min(q,(1).95(1)-9.(1).q4(1))Bv8 o
model The mode] has a accepiable behavior. it can be used
Not possible 10 model explicit in fault tree. requires with both small and large variations in failure data.
code development. The results are always lower than the other two mo-
dels.

Component status dependent CCF models.

To represent a failure situation correctly the CCF model must allow that one or more
components are unavailable.( Using quadruple model even if only three trains in operati-
on give a factor 4 conservative error.) The only model studied here that allow this in a
correct manner is mode! 3 in reference 11.
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Test arrangement dependencies.

Test arrangements and test schemes can easily be represented by introducing time to first
test in the component model.

Repair unavailabilities (non critical failures) according to LCO.

Repair unavailabilities generated from non critical failures, Table 4, must be considered
in accordance to Limiting Conditions for Operation (LCO). LCO can be represented in
system fault tree models with not logic. Table 4 give definitions of functional failure
modes of stand-by component (ref. 13).

Table 4 Failure criticality categorization.

Revealability

Component state at fault oc-
curence /detection

Functional consequence

Critical
Prevent component operation
directly

Non-critical
Prevent operation only under
active repair

Failure during operation

Normally operating

Failure to operate, critical
FO)

Failure during operation, non-
critical (FN)

Repairable according to LCO

Failure during operation

Mission period operation

Failure to operate, critical
(FC)

(Non repairable in LPSA
model)

Monitored failure in stand-by,
failure detected via instrumen-
tation, walkarounds, etc

Monitored critical (MC)

Monitored non-critical (MN).

Repairable according to LCO

Latent failure in stand-by,
detected via test

Testable latent critical (LC)

Latent non-critical (LN)

Repairable according to LCO

Latent failure in stand-by,
detected only at real demands

Un-testable latent critical (UC)

(Non repairable in LPSA
model)

Failure (in stand-by) introdu-
ced at test

Test related, critical (TC)

(Non repairable in LPSA
model)
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2.4 Time dependencies of accident sequences

Currently worst case event tree models, not time dependent, are presented in the PSAs.
Treatment of success criteria as a time dependent function of residual heat generation
are only considered in a simplistic manner. This effects both level 1 and 2 PSA results
and contribute both to the uncertainties and to the conservatism of a PSA. Sensitivity stu-
dies has been used to estimate the impact of these limitations and to identify areas for
model improvements.

Time dependent success criteria.

Phased mission modelling, Mankamo 86 (ref. 14), discuss various approaches
in which also operational decisions can be included. Further, some quantification
approaches are suggested based on conditional unavailabilities or projected unavaila-
bilities.

Long term success criteria as a time dependent function of residual heat generation are
only considered in a simplistic manner. This type of time dependency are considered as
a development area and will be further analyzed within the SIK-1 project.

Timing of emergency system operation.

System timing are modelled in event trees but are dependent on the degree of detail in
the event trees. A model improvement within this area are related to phased mission
modelling, to enable a more detailed sequengce model. Sequence mission time affect com-
ponent models and are today handled by mission time specification within the component
model, but in the case of a sequence dependent variation of the mission time the models
use are not dynamic enough.

Timing of operator actions.

Different conditions for operator action during accident scenarios can be defined more
clearly by improved event tree modeling. One approach are to develop event trees that
only use operator objectives/actions in the event tree headings and consider hardware
event only as support to the operator objectives/actions. This type of development should
require extensive model work but should address the operator situation much better, e.g
timing of recovery actions.

Time dependence of operator error probabilities.

The operator error probabilities are dependent on the time available for the operator
to understand the situation and take necessary measures. In PSA this is handled by
definition of human interaction time windows which are evaluated using time-reliability
curves and so called cognitive reliability models.

Time dependent physical phenomena.
Phenomena that come into account are those how can aggravate the situation after a

--certain-time -or-after--certain -conditions-are-fulfilled.-One-example-is-the. back-flush..
operation in older ABB BWR design.
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2.5 The increase of statistical evidence.

A problem and use of LPSA is to give a support in decision making using relevant back-
ground data and experience. The LPSA allow the possibility to take several factors into
account such as failure experience, plant operations, design e.t.c.. This experience
change/grow as time pass on and this time dependency must be treated to a certain
extent. The process is slow (years) compared to other time dependencies but many small
changes can accumulate and become significant.

Time dependent operating experience evaluation. Time dependent trend follow up.

As suggested in section 2.1 operating experience and data trend analysis must be used
to identify time dependent failure mechanism. It is not necessary model these mechanism
explicit in the LPSA but to give priorities to which components or set of components to
monitor using importance or sensitivity analysis.

Time dependent uncertainty estimate.

It is essential to structure a given decision situation by identifying decision alternatives
and model limitations at the same time. With a relevant decision model available;decision
making under uncertainty is possible. With this as a background the decision model will
also emphasy the most significant limitations in models and data,and time dependent
uncertainty estimates will come into account.

2.6 Time dégendem plant status knowledge.

Failure modes can be categorized into a few classes which are treated differently
depending on our knowledge (ref. 15). In current PSAs the plant status is repre-
sented by probabilities and test intervals. By using these para-
meter one can express an average risk for mainly risk verifica-
tion purposes. When trying to expand the PSA model into risk
follow up and risk monitoring the need for an more flexible way
to represent plant status increase, e.g. due to the fact that you
just know that a component works after performing an extra | ¢ evident
test. ® hidden

Knowledge cate-
gories:

The main categories are evident and hidden events. The state events.
of an evident event are known but the state for a hidden event
could be uncertain and represent what we usually model as
basic events in PSA.

Test interval dependencies.

A plant model manipulator that allow system or component specific settings of extra tests
and real demands according to operations.
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Absolute representation of status information.

Absolute setting (0,1) of evident events, available or unavailable equipment.

‘SUMMARY AND RECOMMENDATIONS

It is possible that detailed time dependency analyses require too much resources to be
included in the standard PSA. However, a detailed review of PSAs can lead to
recommendation to include time dependency analyses of some specific issues. Some of
which are typical for Living PSA applications. A LPSA model must treat time
dependencies in a much more complete way than a conventional PSA model used for
risk verification. Many important aspects on plant risk are time dependent. If the failure
models are compatible with the operating experience this leads to a greater confidence
of PSA results.

Different mechanisms can be identified in operational data analysis the main problem
is to identify deteriorating components as early as possible. Differences in accumulated
operational time, e.g. lead diesel, is one way to get early indications of a deteriorating
trend. In the I-book initiating event data book, a baysian approach to handle the learning
process has been developed based on the concept suggested by Vaurio. The I-book
methodology can also be used for other purposes. -

Test interval dependent component modelling is possible by using the new T-book III
data. Test arrangement can be modelled in component models as a failure to by-pass the
test arrangement in the case of a demand.

The time independent start unavailability, q,, presented in the T-book can be interpreted
as partly an average measure of test efficiency.

The probability for a test caused failure, p,;, have almost the same impact on the model
as q, and may be excluded.

To model test interval dependencies in CCF models, the problem is to avoid conser-
vatism and to allow non symmetric test arrangements. Model 3 allow non-symmetric test
arrangements but are not possible to use in the available fault tree codes.

Component status dependent CCF models are required to represent a failure situation
correctly and must allow that one or more components are unavailable.

Limiting Conditions for Operation can be represented in system fault tree models using
not logic in the system modelling.

Time dependent success criteria can be modelled using phased mission modelling various
approaches can be used in which also operational decisions can be included. Timing of
emergency system operation requires model improvements that are’related to phased
mission modelling.
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Timing of operator actions can be defined more clearly by improved event tree modeling,
by developing event trees that only use operator objectives/actions in the event tree
headings and consider hardware event only as support to the operator objectives/actions.

Time dependent uncertainty estimate. With a relevant decision model available decision
making under uncertainty is possible. Such model will also reveal the most significant
limitations in models and data and time dependent uncertainty estimates will come into
account.

Treatment of time dependent plant status knowledge requires that failure modes can be
categorized into classes which are treated differently, i.e. evident and hidden events. The
state of an evident event are known but the state for a hidden event could be uncertain.
A plant model manipulator are required to allow system or component specific settings
of extra tests and real demands according to operations. Further, this manipulator must
allow absolute setting (0,1) of the evident events, i.e. the test outcome (available or
unavailable equipment).
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ISSUE PAPER

Subject: Human Errors
1) Problem description

The safety of Nuclear Power Plants is influenced by human
errors in various manner, as operating experiences and real
accidents have shown. Therefore an adequate consideration of
human errors in Probabilistic Safety Analyses (PSA) is essen-
tial. On the other side the specific possibilities of the
operators - compared to safety systems - cause specific PSA-~
problems, as well regarding completeness as in respect to
guantitative assessement.

2) Documents stating the state of the art

- Comparison and Application of Quantitative Human Reliability
Analysis Methods for the Risk Program (RMIEP)
NUREG/CR 4835, 1989

- A.D. Swain
Comparative Evaluation of Methods for Human Reliability
Analysis
GRS-71, April 1989, ISBN 3-293875 21-5

- Models and Data Requirements for Human Reliability Analysis
IAEA-Tecdoc-499, 1989

- P. Humphreys (Editor)
Human Reliability Assessors Guide, SRD, RTS-88/95 Q,
Oct. 1988

- Poucet, A.
Human Factors Reliability Benchmark Exercise (HF-RBE), Final
Report I; summary of results and conclusions
_P.E.R. 1482/88; Commission of the European Communities,

Joint Research Centre Ispra, 21020 Ispra (Va), Italy, 1988
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- Reliability Engineering and System Safety (Special Issue on
Human Reliability Analysis)
vol. 29, No. 3, 1990

3) Areas with well established and validated methodology

Strictly spoken there is no PSA-relevant area concerning human
factors for which the methods are established and validated
(compared for instance with the methodology of failure trees).
In respect to both the gualitative and quantitative assessment
of operator actions, the identification of possible human
failures in the course of planned actions (that means during
normal plant operation and accident control) seems to be rela-
tively practicable. Indications of such error-likely situations
are essentially a result of the systematic procedures which a
PSA generally makes use of.

4) Areas where improvements are necessary

Compared with the identification of error-likely situations in
the course of planned operator actions the frequency guantifi-
cation of operator errors is less validated. Even the great
number of operator models is a clear indication of methodologi-
cal deficiencies. Often ‘these models include only partial
aspects of human reliability, and none of the models covers all
of them. On the other side there is a lack of sufficiently
validated reliability data regarding to operator actions. Even
though basic data are available, there is still the problem to
quantify so-called performance shaping factors which depend on
specific situations. These deficiencies cannot be redressed
easily by simulator experiments; the main reason is that simu-
lators not reflect thé real world conditions, and. the raw data
from training siumlators have to be modified. Another method,
éxpert judgement, has often a relative characteristic and needs
calibrations using ‘hard’ data. Therefore it is necessary to
collect such data furthermore (at the best by evaluation of
operating experiences) and to develop criteria for comparison

and transference.
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An additional and essential problem lies in the subjectivity of
the analysists using operator models. The related uncertainty
margins are in the same order of magnitude than those caused by
the application of different models. Possibly this- situation
can be improved by using expert systems which standardize the
model application and make the decision process verifiable.

Analyses of beyond-design accident sequences (including acci-
dent management measures) have shown substantial deficiencies
regarding the assessment of necessary operator actions. These
‘problems of qualitative quantitative assessment are caused
mainly by the unsufficient knowledge about the specific acci-
dent situation. Therefore the operating crew has to recognize
and decide in a stronger extent than in the course of exactly
planned action. In addition there may exist possibilities of
diverging goals. In such cases the range of action which have
to be identified and assessed is relatively wide, and there is
a need to develop criteria for identification of risk-relevant
situations, to formulate performance shaping factors and to
quantify such factors. This seems not possible without using
psychological approaches.

In view of the need for improvements the following issues
should be discussed:

- How can operating experiences used to provide a better data
base?

- How can rough data from training simulators be modified to
reflect real accident situations?

- What is the best way to deminish the subjectivity of analy-

sists?

- If current operator models do not sufficiently address the
cognitive and psychological aspects specific to human opera-
tors, what is a practicable way to get improvements?
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Annex 1
Problem Description

The safety of nuclear power plants depends in various ways on
the human factors related to plant design, construction and
operation. During operation human errors can influence the
plant safety

- as initiators of unwanted events
- as an incorrect accident control action

- by turning a trivial sequence into one with

serious consequences

- latent as errors during maintenance of stand-by
components, surveillance tests and calibrations.

Therefore human errors have to be concidered in Probabilistic
Safety Analyses, and from previous experience human errors
contribute essentially to the unavailability of systems and to
the overall plant risk.

Related to the gquantitative asseésment, failure during design
“and construction are included in reliability data of components
and systems.

Concerning the identification and quantitative assessment of
operator action during operation, a classification into
'planned’ and ‘unplanned’ seems to be useful. Planned actions
are expected to be carried out by the operators during safe
operation and in the course of accident control; therefore
planned actions have been written down (such as test- and
maintenance procedures or measurements during design basis
accidents). Planned actions are associated with rule- or skill-
based behaviour.

In opposition to this, a desired human action can be called
‘unplanned’, if there is a need peculiar for cognition and
decision making in the case of an accident (knowledge-based
--behaviour)-.
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Regarding to the guantitative assessment of human errors needed
in PSA's, the knowledge of all relevant influences on human re-
liability is important. Typical ’'performance shaping factors’
are training, control room quality and design, stress, avail-
able time, personal redundancy, dependencies between different
tasks and personal dependencies.

There are several models for human reliability analysis (HRA)
which have been used in PSA/PRA mainly concerning planned
actions. Such HRA methods provide useful techniques to idendify
the potential for important human errors and to design complex
systems considering human factors.

In view of the quantification of error probabilities the uncer-
tainties are still extensive, and the possibilities to consider
all relevant aspects of human behaviour (especially the cognl—
tive and psychological aspects) are under discussion.
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A SLIM-BASED APPROACH IN ANALYZING OPERATOR COGNITIVE ACTIONS

1 Introduction

1.1 A pre-study

A study is in progress in STUK to analyze most important human
actions identified in level 1 PSAs. A pre-study was first made
to prepare for the actual analysis. It included a review of
the existing methods used in HRA. Another part of the pre-
study was an interview of six shift supervisors from both the
V0 and Loviisa nuclear power plants aiming at recognizing
the most contributing factors to the behavior of control room
operators in disturbance and accident situations. Other issues
dealt with in the pre-study are described in Ref. 1.

1.2 Selection of methods

A wide range of techniques exists for quantitative human
reliability assessment. The validity and the qualitative
usefulness of the method were considered the most important
criteria in evaluating the methods. Qualitative usefulness
was rated high because of the large uncertainties still
present in quantitative results and also because qualitative
results can be used to further enhance the safety of the
plant. The effective use of resources was not regarded
critical because only selected operator actions are studied.
Instead, in comparing different methods based on expert
judgment the acceptability to the experts was regarded an
important factor.

Because of the sparsity of relevant empirical data, expert
—opinion—-is—frequentlyused—in-HRA—-to-assess—frequencies—of-
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human failures. The use of expert judgment in probability
assessment has been widely studied. In Ref. 2 a thorough
review of subjective probability assessment and psychological
scaling methods is presented. One recommendation is that the
event to be judged must be completely defined and structu-
red. Also training of experts is stressed. The study presen-
ted in Ref. 3 critically reviews several representative
applications 6f expert opinion in the field of risk analysis.
One of the key findings is that when unaided by formal
‘methods, people are poor processors of information. In spite
of many negative findings, the authors state that they have
found several efforts confirming that expert opinion can in
fact be used well in practical settings.

Based on review and comparison of methods it was decided to
use SLIM- and TRC-based methods in the quantitative part of
the analysis. This paper deals with the analysis of operator
cognitive actions at TVO plant using & SLIM-based approach.
A detailed description of the methods used and the results
is presented in Ref. 4.

2 SLIM-based analysis
2.1 Success Likelihood Index Methodology

Multi-Attribute Utility Theory (MAUT) provides a formal basis
for Success Likelihood Index Methodology (SLIM). The rationale
underlying SLIM is that the likelihood of an error occurring
in a particular situation depends on the combined effects of
a relatively small set of performance shaping factors (PSF).
SLIM assumes that the Success Likelihood Index is a sum of
the products of the normalized PSF weights and ratings /5/.

2.2 Selection and training of experts
Four experts were chosen for the first session. Two of them

were from STUK, one from the VTT and one from the utility.
Different fields of expertise were covered. All the experts
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have a long working experience on nuclear field and are well-
known specielist on their own fields. In the second session
three experts from STUK took part.

The Success Likelihood Index Method was desct}bed to the
experts at the beginning of the session using some earlier
studies as examples. A procedure had been prepared and given
to the experts earlier in which the scales of weight and
rating assessments were explained and guidance was given
concerning the use of these scales. The definitions of PSFs
were also presented in the procedure.

A number of biases have been observed in the expert judgments.
Training of the experts has in some studies been observed to
improve the quality of the judgments. For this purpose a
summary of different types of errors affecting subjective
judgments was prepared and presented at the beginning of the
session. The summary was based on References 6 and 7. For
example, to avoid overéonfidence in their judgments, the
experts were asked to try to actively search for evidence
contrary to their original opinion.

One of the most difficult issues in analyzing operator actions
in an accident situation is the evaluation of stress and its
effects on operator behavior. Only very few studies exist
concerning the stress in particular of nuclear power plant
operators in emergency situation. At the beginning of the
first session the chairman (the author) presented a brief
review of Ch. 17 of the Handbook /8/ which deals with stress.
Also, a summary of References 9 and 10 was presented.

2.3 Qualitative analysis

A very important part of the analysis is a thorough qualita-
tive analysis of the operator actions in question. This was
done by first studying the plant behavior based on accident
analysis. In some cases new analyses had to be done. The
operator actions were preliminary modelled based on plant
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behavior and symptom-based EOPs of the plant. Descriptions
of event sequences were written where main plant parameters
and supposed operator actions were presented.

These event sequences were then discussed with six shift
supervisors of the plant. This was done in connection with
the pre-study interviews described in Ch. 1.l. Each shift
supervisor evaluated the sequences using a talk-through and
a walk-through method. For some actions an execution time
was measured for quantification purposes.

2.4 Selection of PSFs

In this study the human factors analyst made a preliminary
selection of the PSFs based on a literature review and the
pre-study. A detailed definition of each factor was formula-
ted. In the session this selection was presented to the
experts who accepted it for use in the assessment. In the
second session two least important factors were left out for.
practical purposes. The factors used in the second session
were quality of information.on plant state, diagnosis comple-
xity, decision making burden, stress, training/experience and
emergency operating procedures. The two additional factors
in the first session were task complexity and organizational
factors.

2.5 Expert session

The first expert session was held at the power plant. After
the training described earlier, the session chairman described
the accident sequence and the particular operator action to
be evaluated. The related EOPs were then presented and discus-
sed. The accident sequence and the execution of all the
related operator actions was then demonstrated to the experts
in the main control room. The positions of different measuring
and control equipment were also shown to the experts. Diffe-
rent error possibilities were discussed during this walk-
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through. The assessment of this particular operator action
was done right after this demonstration.

Nominal Groups Technigque (NGT) was adopted for the first
session. When the first estimates of weights end.;:at_ings were
drawn up, each expert briefly went through his assessment
giving some basis for it. After that the experts had a
possibility to make questions to each other. Finally, the
assessments were revised without any subsequent discussion.

2.6 Weight assessment by AHP

In the first session weights were determined using the
original method of SLIM. It is stated in Ref. 11 that the
decomposed weights are relatively uniformly distributed across
the attributes, whereas the optimal statistical weights are
much more heavily concentrated on but a few factors. A
subjective evaluation of the results of the first session
indicates that possibly too much weight had been given to some
less important PSFs in some cases.

New methods to evaluate weights were searched to .improve the
weight assessment and the Analytic Hierarchy Process (AHP)
of Saaty was taken in use in the second session. The AHP is
a pairwise comparison method developed for modelling unstruc-
tured problems in the economic, social and management scien-
ces. A scale of numbers from 1 to 9 is introduced with
qualitative explanations for pairwise comparisons /12/.

If we denote by w,,...,w, the weights of the factors the
pairwise comparisons may be represented by a matrix which
has positive entries a, = w,/w;. If A is a nxm matrix of
pairwise comparisons, in order to find the priority vector,
.we must find a vector w which satisfies Aw = A, w, where
Aax 15 the largest eigenvalue of the matrix A. A is consistent
if and only 4if A, = n. Since small changes in a;, imply a

small 'change in A the deviation of the latter from n is

nax !
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a measure of consistency. The consistency index is defined
as ( A,,,-n)/(n-1).

In the second session three experts from STUK evaluated, using
AHP for weight assessment, the same operator actions that had
earlier been evaluated with the original SLIM. Two of the
experts had taken part also in the first session. The third
expert was the human factors analyst, who had also made the
assessments using the original SLIM, but not presented them
in the session. The results obtained by of these three experts
were compared when using these two methods and this comparison
is presented in Ch. 3.2.

2.7 Conversion of SLIs to Probabilities

The SLIs generated in SLIM-session are relative measures of
the likelihood of success of each task considered in the
session. In order to transform these to human error probabili-
ties, it is necessary to calibrate the SLI scale for the tasks
considered. In SLIM the calibration is based on a logarithmic
relationship between SLIs and human error probabilities. In
this study concerning the TGO plant the calibration was done
using the HCR/ORE correlation /13/, Swain screening model or
by expert judgment in the cases of high stress. Although the
calibration is quite essential in SLIM it is not dealt with
in detail because the main focus of this paper is on the
method used to produce the SLI estimates.

3 Evaluation of assessment procedure
3.1 Group assessment methods

SLIM was found a practical method to analyze nuclear power
plant operatér actions. It was used to analyze the cognitive
actions in six accident sequences at the TVO plant. Only four
of these sequences were totally separate from each other and
the results presented are based only on those four. The
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average SLI values with their standard errors produced in the
two sessions are presented in Table 1.

In aggregating individual judgments & NGT type interaction
was used. Some experts expressed afterwards satisfaction
with the method. The effect of this group process was to
improve the consistency of the weight assessments as is
discussed in Ch. 3.2. Also some important qualitative observa-
tions came up in this phase. In the second session a Delphi
type interaction was used.

Based on this study a group interaction like the NGT seems
to be useful but time consuming. Some way to gather qualitati-
ve findings of the experts should be organized, if this kind
of ‘method is not used.

3.2 The assessment of weights and ratings

In the second session the AHP was used in weight assessment
as described earlier. For each matrix the largest eigenva-
lue, the consistency index and the consistency ratio were
calculated. The largest consistency ratio produced in this
study was 0.10. According to Ref. 12 this value is still
acceptable.

To compare the two ways of assessing weights, the Kendall
coefficient of concordance W was calculated for different
cases. To calculate the coefficient the values of different
variables are replaced with their ranks. The value of W can
be calculated from the formula presented in Ref. 14.

In the first session all the values of W are significant at
least at the 5 per cent confidence level showing that the
judges are applying essentially the same standard in ranking
the objects. In the second session all the values. of W except‘
for the case 3 are also significant at the 5 per cent level.
The Kendall coefficient of concordance W was also calculated
for the first session without the two least important factors
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that were left out in the second session. In this case the
values of the second session are clearly higher except for
the case 4.

The Kendall coefficient of concordance can also be used to
see how the consistency of weight assessments improved when
using the NGT method in the first session. In Table 2 the
values of W are shown for the first and second estimates of
weights for different cases. The effect of the structured
group process can be clearly observed in the first three
cases.

In some studies the weights have been assessed only once and
used for all the operator actions analyzed. Looking at the
average weights across experts clearly shows that weights
should be evaluated for each case separately.

To compare the SLI-values achieved by the two methods Table
3 was produced. It shows the SLIs of the three experts, who
used both methods in all the four cases. It is interesting
to note that differences between the highest and lowest
values are slightly larger while using the AHP. The distincti-
on is, however, not statistically significant.

3.3 Interjudge consistency

The consistency across experts was examined also by a two-

way analysis of variance (ANOVA). An ANOVA was conducted for

the SLI-values of the two sessions. The results of these .
analyses are presented in Table 4. In both sessions, the !
effects of both events and judges are significant when the
ANOVA is conducted for SLI-values, but at different levels

of confidence.

It is suggested in Ref. 15 that the interjudge consistency
should be evaluated by carrying out an ANOVA using the
individual log HEPs as the dependent variable. This was also
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done for the results of both sessions, and the results
indicated that the effect for judges was not significant.

4 Some quantitative results

The first cognitive action analyzed was an ATWS-situation
related with &2 loss of condenser transient. The failure of
the reactor hydraulic scram was postulated to be caused by
a common-mode failure of relays in the reactor protection
system. In this situation the operators have the possibili-
ty to trip the reactor by initiating the hydraulic scram by
some manual actions at the relay cabinets. The total available
time is 5 min and the manipulation time 2 min provided that
the actions in the relay cabinets are done before the éctuati-
on of the boron system (or simultaneously).

The second operator action was a refilling of the tank from
where the auxiliary feedwater system takes its suction.
This is necessary in some medium LOCA sequences, where either
reactor depressurization is not possible or the low pressure
emergency cooling system is not available. After the low
level alarm of the tank there is about one hour's time to
initiate the refilling, which is done by the fire brigade
using the fire fighting system.

The third action analyzed was the initiation of manual reactor
depressurization. In the accident sequence that was analyzed
in the SLIM session one of the safety relief valves of the
reactor was stuck open (case 3.1). The SLI values obtained
this way were used also in the base case where all safety
relief valves function as designed (case 3). The initiator
of the accident sequence was a loss of all the main feedwa-
ter pumps because of a low suction pressure. A common-mode
failure in the auxiliary feedwater system prevented its use.
The times available for the initiation of manual depressuriza-
tion are 37 min and 25 min in the two cases, respectively.
They are based on analyses made in STUK using a RELAP code

/16/.
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The manual depressurization of the reactor was later tested
at the simulator by the utility and the times of initiation
were measured for all crews. On the basis of these measure-
ments, no changes were necessary in the manipulation times
assessed in the qualitative analysis. Only a small correction
was made in the diagnosis time based on expert judgment.

The fourth operator action analyzed is related to a station
black-out sequence, where none of the diesel generators have
started but at the neighbouring unit at least three of them
are running. In this situation there is a possibility to
‘loan' orie of the diesel generators of the other unit.

In all these four cases only the cognitive part of operator
action was analyzed. Operator failure probabilities based on
the first session are presented in Table 5. The results are
calculated as a geometric mean of human error probabilities
based on SLI values of each expert.

In Ref. 15 uncertainty boupds are determined based on the
variances of the log HEP estimates across judges. In this
study + 2 s.e. uncertainty bounds were given to SLI values
and an EF = 10 was assumed for the boundary conditions uéed
in the calibration. The results indicate that the uncertainty
is to large extent caused by the uncertainties related with
the boundary conditions of the calibration.
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Table 1. Average SLI values

The first session The second session (AHP)
Case 1 6,14 + 0,34 5,95 + 0,18
Case 2 5,33 + 0,49 3,59 + 0,22
Case 3 6,43 + 0,45 6,16 £+ 0,19
Case 4 5,63 £ 0,46 5,24 + 0,38

Table 2. The effect of NGT on W in the first session

Case First estimate Second estimate
1 0.62 0.76
2 0.60 0.70
3 0.49 0.64
4 0.98. 0.98

Table 3. Comparison of the SLI values using the two
methods

Case 1 Case 2 Case 3 Case 4

J3 Session 1 5.25 4.33 5.88 4.49
Session 2 5.60 3.47 5.83 4.55
J4 Session 1 6.03 4.66 6.04 5.95
Session 2 6.04 4.01 6.47 5.87
J5 Session 1 5.98 4.27 6.31 5.44
Session 2 6.20 3.28 6.19 5.29
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Sources of Sums of Degree of Mean F-ratio
Variation Squares- Freedom Square

First session

Events 2.99 3 1.00 4.0 (5 %)
Judges 6.96 3 2,32 9.3 (1 &)
Residual 2.25 9 0.

Second session

Events 12,26 3 4.09 51.1 (0.1 %)
Judges 1.08 2 0.54 6.8 (5 %)
Residual 0.48 6 0.08

Table 5. Operator error probabilities (first session)

Case HEP Remarks

Case 1 8.0 E-2 Two response patterns combined
Case 2.a 3.6 E-2 Base case

Case 2.b 5.7 E-3 Calibration: Swain screening model
Case 3 4.6 E-2 Base case

Case 3.1 1.9 E-1 Safety relief valve stuck open
Case 4 9.5 E-2 Base case
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Abstract: This péper describes an approach to the estimation of
the probability of non-response in the detection, diagnosis, and
decision making phase of operating crew interactions following a
plant trip. The approach is based on the results of the EPRI
funded Operator Reliability Experiments project, and employs two
complementary methods. The first uses response time data to
generate response time probability distributions. The second uses
a cause based decomposition as a framework for subjective
estimation.

1.0 INTRODUCTION

The Electric Power Research Institute (EPRI), as part of an effort
to advance the state-of-the-art in Human Reliability Analysis (HRA)
and its applications, launched a human reliability program in 1982.
A major compohent of this program was the Operator Reliability
Experiments (ORE) project‘".. The primary purpose of the ORE
project was to collect and analyze daﬁa on operating crew responses
from full-scale nuclear power plant control room simulators. The
data was to be used to test the hypotheses hehind the Human
Cognitive Reliability (HCR) cOrrelation‘z’, conceptualized in 1984
as a means to estimate operating crew reliability for use in PSaAs.
In addition, guidance was to be formulated for the application to
the evaluation and reduction of risk during plant operation of the
HCR model and other lessons learned from the ORE data analysis.
This paper discusses the application of the results of the ORE
project to PSAs, and in particular, the use of data, from simulator
exercises similar to those carried out under the ORE project, for
the estimation of human error probabilities.

A PSA will include many human error events, and they may be
classified into three main groupsm. Type A events represent human
-errors that occur before the initiating event and whose effect is
to leave equipment in an (unrevealed) unavailable state. Type B
_events relate to.t:.hc initiating events themselves. Type C events

represent human errors or failures that occur after the initiating
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event. Motivated by the differences in approach to quantification,
Reference 3 further subdivided them into two groups; type CP,
which represent failures in procedure guided actions, and type CR,
which represent failures to perform scenario specific, non-
procedure driven innovative recovery actions. Since simulator
exercises are primarily focused on in-control room procedure based
operator actions, the domain of applicability to a PSA of the data
that can be collected is the modeling of operating crew responses
following a plant disturbance, or the type CP events. Other
aspects, such as the analysis of ex-control room actions,
maintenance errors, and the integration of an HRA into the PSA, are
addressed elsewhere in the EPRI program.

The paper discusses the approach, formulated on the basis of the
results of the ORE program, for using simulator data to quantify
human error probabilities. There are two complementary methods.
The first relies on curve fitting to represent the distribution of
crew response times and using this fit to evaluate non-response in
a specified time. while this approach has some appealing
properties, it is clear that it is not, in itself, sufficient,
since it relies heavily on an extrapolation technique; which cannot
have unlimited applicability. Therefore, a complementary approach
is proposed, to identify the possibility, and estimate the
probability, on a scenariavspecific basis, of failure to initiate
correct responses that result from causes that are expected to
occur rather infrequently. This approach is strongly influenced by
the analysis of errors detected in the ORE program, and consists of
_identifying various mcdes and causes of error, and constructing,
for each mode, a decision tree that identifies the factors that
influence the likelihood of that error mode. Because of the lack
of applicable data, the estimation process is necessarily
subjective. Therefore, the approach is tailored to provide
structure to the process and provide a means of documenting the
assumptions made.
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Simulator exercises can provide much more information than mere
numerical results. For example, in addition to measuring crew
response times, the ORE program, as indicated above, also collected
observations on crew errors, their impacts, and their causes. 1In
this way, simulator exercises can help in the identification of
potential weaknesses with EOPs from both the structural point of
view and from the point of view of their ease of interpretation,

and can point to potential improvements in training, human factors
and man-machine interface aspects. Consequently, it is strongly

believed that the worth of simulator exercises should not be
- measured on the basis of providing the response time data alone.

An overview of the approach to the estimation of type CP event
probabilities is presented in Section 2. Section 3 describes the
method for using simulator data, and Section 4, the complimentary
method. Section 5 is a summary.

2.0 OVERVIEW OF AN APPROACH TO QUANTIFICATION
OF TYPE CP EVENT PROBABILITIES

This section presents an overview of the approach to the quantifi-~
cation of type CP logic model HI event probabilities. Current PSA
practice is generally to construct the plant logic model in such a
way that accident sequences are developed to represent the
consequences of performing a type CP interaction correctly, and
also the consequences of not performing it at all. However, what
the crew might have done instead, i.e., an error of commission, is
not. often modeled. Hence, type CP HI logic model events generally
are modeled as if they were errors of omission. However, their
probabilities are taken to include all the ways in which the crew
might fail to perform the required function and this includes both
true errors of omission and all errors of commission, and thus may
be characterized as probabilities of incorrect response.

Because its major objective was to validate the HRC corrilation“’,
the focus of the ORE program was on the cognitive aspect of the
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operating crew response. To reflect this, the contributions to the
probability of incorrect response is separated into those from
fajilure to initiate timely correct response, and those from failure
to execute the required response correctly.

This representation (Figure 1) is, in principle, similar to the
expanded operator action tree presented in Reference 2, and the OAT
approach“’, in that: the human interaction is subdivided into a
cognitive (detection, diagnosis and decision making) part, and a
response, or manipulative, part. An earlier version of this
representationm identified two specific mechanisms by which a
correct response might not be initiated, namely, a failure to
formulate the correct response, and taking too long to initiate the
response. However, as discussed below, making a clear distinction
between these mechanisms, and J:herefcre, between the parameters p,
and p, of the representation given in Reference 3, which

parameterize these two failure modes, is difficult.

NO NO
FAILURE IN FAILURE IN
INITIATING CARRYING
CORRECT our
RESPONSE REQUIRED
ACTION
Success
Pe
Pc

Figure 1. Representation of Type CP HIs.
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Figqure 2. Conceptual Representation of Complementary
Repsonse Time Probability Distribution

2.1 The Probability of Failure to Initiate Timely Correct Response

For most of the Type CP HIs modeled, there is a time window within
which the required function must be completed. Thus, time is an
important element in the analysis of many human interactions. Aas
implied above, untimely initiation of the response may arise
because of slow cognitive processing, or of errors on the part of
the crew, such as failing to choose the correct procedure. It is
stressed that the term error is not intended to imply that the
operators are necélsarily at fault; in many cases, the situational
factors conspire to produce errors.
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The ORE experiments showed that crew response times, measured up to
the point of initiation of correct action are, not suprisingly,
variable, and given there is no ocutlier behavior, i.e., -one or more

_ crews responding considerably earlier or later than the others, the
variability can be adequately represented by a lognormal
distribution. The causes of, and the factors that determine, the
variability were not determined, but it is not unreasonable to
suppose that some of it may be due to errors that are made
initially, but recovered in a timely manner. In this way, the
response-time curve, fitted to a set of response times, would
potentially already account for the effect of some errors.
However, what the ORE program also showed was that there was a
possibility of outlier behavior, which prevented a smooth monotonic
fit to the response data in some cases. While some ‘ou,tlier
behavior could be interpreted as arising from significant errors
which were not‘recovered,in the time available, in other cases, it
could be interpreted as being due to crew specific problems, such
as slow reading. Thus, the impact on response time of errors, and
of variability in the rate of cognitive processing, are not clearly
separable, at least in part because of the dynamic nature of human
interactions which allows mid-course corrections to be made by the
operators as time passes. These effects conspire to produce a
response time curve, a conceptual picture of which, drawn as a
complementary distribution, is given in Figure 2.

In principle, the probability required for the PRA model can be
estimated by determining the absissa of the response-time curve,
Figure 2, at the value of the argument corresponding to the maximum
time allowable. When there is no outlier behavior in a sample of
response times, it is tempting to use the HCR/ORE lognormal
distribution fitted to these data as the representation of the
response time distribution. In some certain circumstances, this
method of estimating the probability entails extrapolating the
fitted curve to a significant extent, and can result in véry low
estimated probabilities. This is illuptrited by the second of the
two cases, in Figure 2, where the allowable time is T.. This is
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to be contrasted with the first case where the time window is T,.
However, as discussed above, there exists the possibility that some
response times could be very 1long, albeit at ‘a low enough
probability, that in the small sample obtained, they have not been
observed. In this case, the extrapolation using the lognormal
curve could be extremely optimistic as illustrated by the case of
the time window TJ in Figure 2. Therefore, while the main thrust
of the EPRI approach is to use fitted response time curves (the
HCR/ORE correlations) to estimate the probability of failure to
initiate response, it is supplemented by the complementary
" approach, described in Section 4.

In keeping with standard PRA methodology, the parameter p, is
intended to predict the 'average' crew behavior. 1In the same way
that PRA methods are not intended to identify poor performance for
a specific pump in a population of like pumps, the method discussed
here is not intended to identify crew specific problems. As
discussed elsewherem, the use of simulator exercises, however,
does facilitate this and is, perhaps, as strong a motivation for

performing these exercises as is their usefulness for PRA purposes.

2.2 The Probability of Failure to Execute the Required Response

The second parameter of the representation of Figure 1, pg,
represents the probability that the crew makes an error in
execution which is not recovered in the available time. The ORE
program did not address this issue in detail. Approaches such as
THERP'® are proposed for its evaluation. There is an important
consideration that directly impacts the estimation of p,, however,
and that is that if the time needed to execute the response is
significant, it will impact the time available for the detection,
diagnosis, and decision making phase, which 'is a critical
parameter.
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3.0 ESTIMATION OF THE PARAMETER p. USING SINULATOR DATA

In Reference 2, the HCR correlation was proposed &s a way of
characterizing the operator response time distribution. The HCR
correlation was expressed as a function of normalized time, a
dimensionless unit which is the ratio of real time to the median
crev response time.  The form of the correlation was chosen to be
a Weibull, with the shape parameter being a function of whether the
type of cognitive processing could be classified as being skill,
rule, or knevledge based, and other performance shaping factors
were assumed to modify the median response time, but not the shape
parameter.

As discussed in Reference 1, the ORE program did not support the
original HCR hypothesis that normalized time response curves fell

- into one of these three categories. However, it was demonstrated
that for individual human interactions, the response time data
could be fitted by a lognérmal distribution, which has two
parapeters, T,,, the nmedian response time, and o, the logarithmic
standard deviation of normalized time. With these two parameters,
the probability of crew non-response in a time T is given as:

"""n"'u‘l

p, = Probd (T >T,)=1- Ql p

-1

where ¢ (.) is standard normal cumulative distribution, T, is the
allowable time window, and T, is the time of response. This curve
will be referenced to henceforth as the HCR/ORE correlation. The
appropriate time window, T, , is the time window for detection,
diagnosis, and making a decision. It will, therafore, generally be
different from a time vindew based on thermal hydraulics
consideration which will include the time to both identify and
perfora the action.

As with the original HCR formulation, it was felt that it ivould be
advantageous if the correlations for the differsnt HIs could be
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grouped in some way, so that a small number of correlations could
be established, with the different HIs within each.group being
distinguished by variations in the T,, parameter. An approach
based on the cue-response structure®™ showed some systematic
differences between the average ¢ values for the different cue-
response types, but with considerable overlap of the distribution
of o within a type. It would appear, therefore, that while one
factor in determining o has been identified, there are other, HI
specific factors, which have not. In the absence of such
predictability, it is strongly recommended that HI specific data be
gathered whenever possible.

3.1 Estimatjon of the Parameters T,,. ¢ of the HCR/ORE Correlation

Three different approaches are proposed in order of preference.
The first is the use of simulator exercises to gather -data on
' response times. This has the major advantage that the impact of
many of the principal performance shaping factors will be implicit
in the collected response times. In addition, by designing the
simulator exercise, the analysts can obtain data which matches as
closely as possible the scenario developed in the PRA. '

In situations where it is not possible, or convenient, to perform
the necessary experiments, structured interviews with instructors,
operators, and other knowledgeable persons can be a valuable
alternative to obtaining estimates of T,, and o. The purpose of
performing the interviews is to get either direct or indirect
estimates of ranges of response times. It is unlikely that, except
for a few prompt actions, such as placing the mode switch in
shutdown, plant personnel will have a reliable feel for the time
taken directly. However, it is likely that, for one or two key
plant parameters, they may have a very good idea of the range of
values within which they might act. This will probably be
particularly true of training personnel who are focused on these
key parameters:. The ranges of values can be converted into ranges
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of times using the same thermo-hydraulic calculational tools that
were used to estimate the time windows.

The third alternative is to use a generic data compilation. The
ORE project has collected data on more than 40 scenarios, resulting
in about 1,100 data points associated with more than 100 HIs. That
is an average of about 10 data points per HI. The data can be used
in several different ways. The most appropriate way is to choose
a data set that most closely matches the scenario specification and
HI definition of interest. Another factor of importance is that,
to be completely compatible, the plant design and operational
practices should also match as closely as possible. It is possible
to determine the former from the information in the ORE report“’.
It may not, however, be so easy to compare designs, or particularly
opérational practices, particularly as the plants from which the
data are collected are not identified. An alternative then is to
use aggregated data as discussed in Reference 3.

4.0 A COMPLEMENTARY CAUSE-BASED APPROACH TO THE ESTIMATION OF p.

The approach involves the identification of situation-specific
error conducive factors, and was guided by an analysis of errors
ocbserved in the ORE and elsewhere. The approach is one of
decomposition, consisting of identifying potential error-causing
mechanisms and, for each 4mechanism, evaluating the impact of
certain performance shaping factors on an HI-specific basis, and
~also allowing for potential recovery mechanisnms. This is
essentially an analytical approach, as opposed to the empirical
approach represented by the use of HCR/ORE curves. Available time
is considered primarily in the application of the recovery factors,
whose impact is considered to be time dependent.
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4.1 Decomposition

To facilitate the identification of the potential causes of error,
a decomposition is first made into two high-level failure modes
which can be characterized as:

1 - Errors associated with the plant information-operator, and
2 - Errors associated with the operator-procedure interface.

Each of the high-level failure modes may, in turn, be decomposed
into contributions from several distinct error-causing mechanisms.

The way in which this decomposition is made is clearly subjective
and to some extend, arbitrary. It depends on the analyst's
experience and biases as to what he thinks are the most important
mechanisms. The decomposition developed by the authors of this
report is summarized below.

Interface: Four mechanisms are identified for this failure mode.
pea. The required data are physically not available to the
control room operators.
p. The data are available, but are not attended to.

Pcc. The data are avajilable, but are misread or
miscommunicated.

Pd. The available information is misleading.
Failure Mode 2: Failure in the Procedure-Crew Interface: Given

that the existence of a possible cue state has been recognized,
four ways have been identified in which the crew may fail to reach
the correct Iinterpretation (for Type CP HIs, “correct
interpretation® means execute an action or proceed to the next
appropriate instruction as contingent on the cue state).

pce. The relevant step in the procedure is skipped.

P.f. An error is made in interpreting the instruction.
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pg. An error is made in interpreting the diagnostic 1logic
(this is a subset of p.f, but is treated separately for
convenience).

pch. The crew decides to deliberately violate the procedure.

This particular decomposition is based on an assumption that the
procedures are, in their intent, correct. However, incorrect
procedures could clearly be a cause for failure.

The approach proposed for the evaluation of p, is, for each failure
mechanism, to construct a decision tree, which incorporates
questions concerning the principal factors that are felt to
influence its probability of occurrence. Two example trees that
were constructed as part of the work reported here are presénted in
Figures 3 and 4.

The decision trees presented here are not intended to be
definitive, either in the ochoice of branch points or in the
probabilities used. They are provided as a demonstration of the
application of the thought process. Individual analysts are
encouraged to bring their own judgement to bear on what are the
important issues, and how to assess the probabilities. However, it
should be stressed that the establishment of the trees and the
elemental probabilities must be done at the outset of ‘the HRA, s0
that all the type CP HI events are evaluated consistently.

Given that an initial estimate of the probabilities of each
mechanism has been obtained, the possibility of recovering from
that mechanism, within the time allowable (T,) is allowed for by
correcting the initial estimates of the p.a through pch.

4.2 Recovery Analvsis

The failure mechanisms embodied in the decision trees can be
partitioned into two categories on the basis of the predominant
levels of cognitive processing that influence the outcomes.
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Figure 3. Decision Tree Representation of pb,
Failure of Attention

Faflure Mechanism b, Data not attended to
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vs, Hi Workload. Do the cues critical to the HI occur at a time of

gh workioad or distraction? Workload or distraction leading to a lapse
of attention (omission of an intended check) s the basic failure
mechanism for p.b, and it interacts with the next two factors.
Check vs, rgnigg . Is the operator required to perform a one-time check
of & parameter, or {$ he required to monitor it until some s?ecified
value is reached or approached. The relatively high probabilities of
failure for the monitor branches are included to indicate a failure to
monitor frequently enough to catch the required trigger value prior to
its being exceeded, rather than complete failure to check the parameter

occastonally,
F k 1. Is the indicator to be checked displayed on the
ront panels o e main control area, or does the operator have to leave
the main control ares to read the indications? If so, he is more likely
to be distracted or to simply decide that other matters are wore
pressing, and not go to look at the cue immediately. Any gostponelent in
attending to the cue increases the probability that it will be forgotten.
1 v Al . Is the critical value of the cue signaled by an
annunciator $0, the operator 1s wore 1ikely to allow himself to
check 1t, and the alarm acts as a preexisting recovery mechaniss or added
safety factor. For parameters that trigger action when a certain value
1s _approached or exceeded (type CP+2 and CP<3 HIs), these branches should
only used 1f the alarm setpoint 1s close to but anticipates the
critical value of interest; where the alarm comes in long before the
value of interest is reached, it will probably be silenced and thus not
effective as a recovery mechanisa.
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Decision Tree Representation of p.g,

Misinterpret Decision Logiec
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lex logic involving a

Practiced Scengrio. Has the crew practiced executing this step in a

scenario similar to this one in a simulator?
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Failure mechanisms a, 4, f, and g are strongly influenced by the
operators' training (specific knowledge) and his ability to draw on
it to solve problems, whereas mechanisms b, ¢, and e are more
completely determined by easily observable physical aspects of the
situation with which he is dealing, and the errors involved may be
categorized as slips or lapses rather than errors of understanding
or intention. Deliberate violations of the procedure, pch, do not
fall into either of the above categories, but are assumed to be
recoverable if the crew so chooses.

For both kinds of errors, the basic recovery mechanism is
revisitation, either by the individual who committed the error, or
by a second party. For the individual, this mechanism is much more
effective in the case of slips than it is in the case of failures
of'interpretation or memery, largely because the latter reflect a
characteristic of the individual instead of a more or less random
occurrence that is potentiated by situational characteristics that
may be momentary (e.g., worklead or distraction).

Examination of the recovery factors identified makes it clear that
recovery potential is also a fuhction of time, because the factors
proposed require time to come into play. In this way, the value of
Pc is not fixed at its initial value, but is itself a decreasing
function of time, providing a different slope (or a stair-step
slope) to the curve describing the probability of non-success,
rather than a clearly demarcated asymptotic value.

4.3 gSynthesis

The probability of non-response, taking all this into account, may
be written as:

P = Zi-u Z;"ﬁ":r
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Where p;; is the probability of mechanism j of the mode i occurring
initially for the HI, and the pm" is the probability of non-
recovery from mechanism j in mode i. This formalism recognizes the
fact that different error mechanisms may have different recovery or
compensating factors. The formula, representing the value of p. as
the sym of the probabilities of an error resulting from each of the
constituent mechanisms implies that the mechanisms are considered
to be independent. This is a conservative assumption.

5.0 SUMMARY

This paper has presented an approach to the estimation of the
probability of failure of an operating crew to make a timely,
correct response as required by emergency or abnormal operating
procedures. ‘The work reported here has concentrated on the
detection, diagnosis, and decision making phase of the response
rather than the execution ‘phase. This is largely for the
historical reason that the current work has grown out of the ORE
project, where the focus was on that tirst phase of response. To
accommodate this, the failure mode is split into two contributions,
the failure of the operators to initiate correct, timely response,
and the failure to execute the response correctly, as discussed in
Section 2.

The use of simulator exercises to provide both qualitative and
quantitative data on operating crew response is recommended. In
this way, as long as the simulator is a faithful representation of
the control room and provides a faithful representation of the
plant response, many of the important performance shaping factors
are implicitly addressed. Of course there can be arguments about
whether the stress in the simulator is comparable to that in a real
accident. However, the use of simulators. undoubtedly provides a
basis for apsessment that is more firmly anchored in reality than
-arbitrary theoretical models.
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A type of time reliability correlation, called the HCR/ORE
correlation 1is proposed to use response time data for the
evaluation of the probability of failure to initiate timely action.
The use of plant specific data to calibrate the correlation data is
clearly to be preferred, but as an alternative, the data collected
in the ORE project“’ can be used.

The use of the time-reliability curves to estimate the probability
of untimely response requires in many cases that the HCR/ORE
correlation be extrapolated into a region far beyond where response
-time data was collected. In this case, since there is no
theoretical basis for the functional form of the response time
curve, extrapolation is suspect. Furthermore, the approach does
not immediately lend itself to identifying the causes of failure,
which may be important if corrective actions are warranted as a
result of the PSA evaluation. Therefore, an alternate
complementary approach to the evaluation of the probability is
proposed. The approach proposed is based on identifying
significant failure mechanisms, and, for each failure mechanism,
constructing a decision tree whose branches represent the most
important influence factors, to help subjectively assign failure
probabilities. Recovery is also allowed as the scenario permits.

While an example decomposition is presented in this paper, it
should be realized that this is only one of many possible
'decompositions, and is almost certainly not complete. For example,
while the particular decomposition may help identify the potential
for outlier behavior that results from situational or procedural
factors, it will not, in its present form, identify specific crew
behavioral problems nor indeed is it intended to , as discussed in
Section 2.

The approach is, however, an ideal format for representing the
basis for an HRA analyst's assessments, making the assumptions
visible in such a way that the analysis can be eagily reviewed.
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This approach also enforces a degree of self consistency which
would not be so easy to achieve with less formal or less systematic
approaches.
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ABSTRACT

Sensitivity studies based on Probabilistic Safety Assessments (PSAs) for a
pressurized water reactor and a boiling water reactor are described. In each
case, human errors modeled in the PSAs were categorized according to such factors
as error type, location, timing, and plant personnel involved. Sensitivity
studies were then conducted by varying the error rates in each category and
evaluating the corresponding change “in total core damage frequency and accident
sequence frequency. Insights obtained are discussed and reasons for differences
in risk sensitivity between plants are explored. A separate investigation into
the role of human error in risk-important operating events is also described.
This investigation involved the analysis of data from the U.S. Nuclear Regulatory
Commission (NRC) Accident Sequence Precursor program to determine the effect of
operator-initiated events on accident precursor trends, and to determine whether
improved training can be correlated to current trends. The findings of this
study are also presented.

INTRODUCTION

In recent years it has become increasingly clear that the risk associated with
nuclear power is strongly influenced by human performance. Although human errors
have contributed heavily to the two core melt events that have occurred at power
reactors, effective performance during an event can also prevent a degraded
situation from progressing to a more serious accident, as repeatedly shown in

the U.S. operating experience. Two studies were sponsored by the NRC over the
last three years in an attempt to quantify the potential impact of human
performance on risk and to derive insights on how to limit risk. The first study
investigated the sensitivity of risk to human error using the probabilistic
safety assessments for several nuclear power plants. The second study involved
an analysis.of recent risk-significant operating events in U.S. reactors to
determine the role of human error in these events and to identify whether
improved training can be correlated to current safety trends. The results of
these studies are the subject of this paper. While significantly different in
character, the findings of both studies confirm the importance of human error,
and support a regulatory strategy of reducing human errors and improving the
likelihood of success for recovery actions through increased emphasis on emer-
gency operating procedures, accident management preparation, and operator
training.
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SENSITIVITY STUDIES
Background

In 1980, Brookhaven National Laboratory performed a study for the NRC on the
sensitivity of risk parameters to human error rates using the WASH-1400 model for
the Surry plant (Westinghouse pressurized water reactor). This model included
treatment of approximately 100 human errors, most of which were pre-accident
errors, e.g., calibration errors and failure to properly reposition valves. The
study confirmed the risk significance of human error and provided additional
insights into risk important sequences and categories of human actions at Surry
(Reference 1).

The insights from the Surry study were considered by the NRC to be of potential
value in guiding licensing and inspection activities. The results, however, were
plant-specific and influenced by assumptions and level of detail in the human
reliability analysis (HRA). Notably, this early PSA did not model operator
recovery actions. Accordingly, an effort was initiated in 1987 to update and
expand the insights from the original study to reflect advances in HRA techniques
and additional nuclear steam supply system designs. The program involved the
conduct of extensive analyses of the sensitivity of risk to human error based on
the PSA for a pressurized water reactor (PWR), followed by similar analyses using
a PSA for a boiling water reactor (BWR). These studies are described in detail
in References 2 and 3, respectively. Most recently, similar sensitivity analyses
have also been performed by the NRC for several of the plants studied in NUREG-1150.
These analyses are not discussed in this paper.

Approach

The level 1 portions of the PSAs for Oconee, Unit 3 (Babcock & Wilcox PWR) and
LaSalle, Unit 1 (General Electric BWR/5) were selected as the basis for detailed
sensitivity studies. The Oconee PSA was performed by the Electric Power Research
Institute for Oconee, Unit 3 and published as NSAC-60 in 1984 (Reference 4).
This PSA was selected because it included the most detailed treatment of human
error in a PWR study at that time. As an example, the Oconee PSA includes over
500 individual human errors, of which over 200 remained after truncation. The
LaSalle PSA used was a 1988 the NRC Risk Methods Integration and Evaluation
Program. The LaSalle study was selected for analysis because it was considered
to be a state-of-the-art BWR study and unique in its extensive use of simulator-
based human error rate data.

A human error categorization scheme was developed to allow insights to be drawn
from the sensitivity studies. Human errors modelled in the respective PSAs were
then categorized according to such factors as timing (pre-accident or during-
accident), location (inside or outside control room), and personnel involved

(e.g., licensed reactor operator, non-licensed operator, and maintenance personnel).
A profile of the types of human errors in each PSA is presented in Figure 1. Major
differences are (1) a larger number of human errors in the Oconee PSA, due in part
to the representation of numerous individual human errors in the LaSalle study by
"generic" errors, and (2) the presence of only a limited number of pre-accident
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errors in the screened cutsets of the LaSalle PSA in contrast to a nearly equal
number of pre-accident and during-accident errors in Oconee.

Sensitivity calculations were conducted by varying the human error probabilities
(HEPs) for all errors and for individual categories of errors, and investigating
the corresponding changes in total core damage frequency (CDF) and accident
sequence frequency. HEPs were generally varied by multiplicative factors over
ranges which depended on the type of error. The largest range extended from 1/30
up to 30 times the base case value of the HEP (without exceeding a maximum HEP of
1.0). Such variations in HEPs on a global basis are considered hypothetical, and
for practical purposes, smaller variations around the base case probabilities may
be of more interest. A summary of the more significant results are provided below.

Sensitivity of Total Core Damage Frequency

Total core damage frequency for both Oconee and LaSalle was found to vary signifi-
cantly as all HEPs were varied simultaneously over their full range (Figure 2).
The Oconee CDF variation is over four orders of magnitude, compared to less than
two orders of magnitude for LaSalle. For both plants, the bulk of the change in
CDF occurs within a factor of 3 to 10 from the base case.

The Targe difference in sensitivity between Oconee and LaSalle was investigated
and was found to be due to a combination of factors, the most important of which
include: (1) the presence of multiple HEs in cutsets of the dominant sequences
of Oconee, (2) a larger number of HEs in the Oconee PSA, and (3) higher base
case HEPs in the LaSalle PSA. Both plant design differences (such as a Standby
Shutdown Facility and an Emergency Feedwater System at Oconee which require
manual actions) and PSA/HRA modelling differences (such as a decision to not
include calibration errors in the LaSalle PSA) contribute to these factors.

The significance of multiple human errors in the dominant cutsets is illustrated
in Figure 3, which shows that by only doubling the HEPs, cutsets with multiple
human errors begin to dominate the risk profile.

Sensitivity of Accident Sequence Frequency

Certain sequences are dominated by cutsets involving multiple human errors and
exhibit strong sensitivity to changes in HEPs. An example for Oconee is the loss
of instrument air sequence which includes a failure to provide feedwater within
30 minutes combined with a failure to recover instrument air in one hour. Other
sequences are hardware dominated and less sensitive to changes in human error
rates, such as large break LOCAs that progress rapidly and provide little oppor-
tunity for operator intervention. The sensitivity of the dominant sequences for
Oconee is depicted in Figure 4. The curve for total core damage frequency is
influenced by different sequences at each extreme. As HEPs are increased,
sequences dominated by human actions define the curve, whereas when HEPs are
reduced, the curve is defined by hardware-dominated sequences.




-245-

Pre-Accident Versus During-Accident Errors

Sensitivity analyses for both Oconee and LaSalle suggest that actions taken during
the course of an accident (e.g., operator errors and recovery actions) have far
greater impact on risk than errors made prior to an event (e.g., failure to
restore a valve to the proper position after maintenance). Resuits for Oconee
are shown in Figure 5 and are similar to those for LaSalle. While consistent
with intuition, these results should be interpreted cautiously, recognizing that
PSAs do not offer a complete treatment of pre-accident activities and errors,
and that the sensitivity analysis did not explore the impact of human error on
initiating event frequency. Nevertheless, the sensitivity evaluation highlights
the importance of emergency operating procedures and training in mitigating
important accident sequences.

Personnel Type

Calculations were also performed to investigate the sensitivity of core damage
frequency to errors committed by various categories of personnel. Results of
these evaluations indicate that core damage frequency is most sensitive to
activities (and associated errors) which are the primary responsibility of the
licensed reactor operator. Due to the significance of during-accident errors
and the Tlicensed reactor operator, additional evaluations were conducted for
those actions involving coordination between the licensed reactor operator and
other personnel, and those actions carried out solely by the reactor operator.
Results of these analyses (Figure 6) indicate that actions involving coordination
between the licensed reactor operator and non-licensed operator have a greater
influence on core damage frequency than actions involving any other categories
of personnel. These results point out the importance of communications, team
training, and the non-licensed operators themselves.

Simulator-Based Human Ervor Probabilities

Approximately 70 percent of the human errors represented in the LaSalle PSA were
quantified using data collected on the LaSalle plant-specific full scope simu-
lator. This included essentially all of the errors associated with activities

in the control room. As shown in Figure 7, despite the extensive use of simulator
data, "simulator-based" human errors did not have a dominant effect on core damage
frequency. Instead, core damage frequency for LaSalle was found to be most strongly
influenced by human actions/errors which would be taken outside the control room and
which could nat be readily simulated. In particular, these errors were associated
with recovery of offsite AC power and repair of the emergency diesel generator.

This sensitivity evaluation illustrates that not all important human actions can be
simulated in a standard control room simulator, and that for such errors alternative
types of training may be beneficial. The potential role of training in reducing the
incidence of human error was investigated in a separate study as discussed below.

ROLE OF HUMAN ERROR AND TRAINING IN RECENT OPERATING EVENTS
Background

The Accident Sequence Precursor (ASP) program at the NRC is an ongoing activity
in which operational events that occur at light water reactors are screened for
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precursors to more significant accidents based on risk significance. The results
from the ASP program, including estimated conditional core damage probabilities
for accident sequences of interest, are used to identify potential problem areas
and emerging trends in the incidence and severity of precursor events.

In 1990, the NRC undertook a study of the ASP data to determine the effect of
operator-initiated events on the general trends identified in the ASP program,
and in particular, to identify whether improved training can be correlated to the
current improving trends in the risk significance of precursor events. A summary
of the approach and findings is provided below.

‘Approach

The NRC staff, supported by Brookhaven National Laboratory, reviewed the licensee
event reports (LERs) for all precursor events during 1984 through 1989 and
identified and characterized human errors that occurred in these events.
Recognizing that the classification of a human action as an error can invoive

a significant amount of judgment, the validity of this assessment was confirmed
by comparison with the human error classifications reported in the annual ASP
status reports (Reference 5). To provide additional verification, a human error
_identification protocol was applied to precursor events for 1989. This protocol
is currently undergoing further development for systematically searching the
computerized nuclear documents database (NUDOCS) for LERs involving human error.

Each identified human error was evaluated by a three-member panel to determine
whether nuclear power plant training programs should be effective in preventing
the error. Specifically, for each error the panel determined whéther "training,
as it exists today in the nuclear industry and as it would reasonably be expected
to develop over the next few years, could be effective in preventing the error."”
However, while the panel may have determined that training could be effective in
preventing a specific error, such a determination does not indicate that training
would absolutely prevent an error from occurring. Many factors can contribute to
an error, and training is but one.

Finally, this additional information was sorted in various ways to identify any
correlations between improving trends in the ASP data and major improvements in
industry training programs implemented over the 6-year period; specifically, the
INPO-managed accreditation of utility training programs and implementation of
plant-specific or plant-referenced control room simulators required by 10 CFR
55.45(b).

Results

Of the 184 precursor events reviewed, 93 involved one or more human errors. The
93 LERs with human errors had a total of 165 human errors; about half of these
errors occurred prior to the event, about 25% initiated the event, and the
remaining 25% occurred during the response to the event. Of the 93 events
involving human error, 57 (slightly more than half) were judged to be affected
by training programs. (A precursor event was considered to be affected by
training if at least one of the human errors occurring in the event was judged
to be affected by training.)
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Figure 8 shows the distribution of the events involving human error over the
6-year period in terms of the number of LERs and cumulative conditional core
damage probabiiity (CCOP). On average, nearly half of the cumulative CCDP is
due to events invoiving human error. The risk that is associated with those
events related to human error and training appears to be decreasing slightly
by visual examination, however, this trend is not statistically significant.

Human-initiated events account for about 20 percent of the ASP events, with
nearly equal contributions from licensed operators, non-licensed operators, and
maintenance technicians. The number of human-initiated events has remained
relatively constant from 1985 to 1989. With the exception of the Davis-Besse
event in 1985, these events did not contribute appreciably to the cumulative CCDP.

In Figure 9a, the total number of human errors occurring in the ASP events is
presented broken down by personnel type. The types of personnel considered are
control room operators and senior reactor operators (CROs/SROs); non-licensed
operators (NLOs); electrical maintenance, instrumentation and control, and
mechanical maintenance technicians (EMTs/ICTs/MMTs); and technical staff and
management (TSM). No significant trends in the number of errors committed by
any of the four personnel types are apparent. However, an interesting pattern
emerges when the effect of training on the types of errors committed by each
category of personnel is considered. As shown in Figure 9b, most of the errors
committed by licensed operators could have been affected by training and,
therefore, might be further reduced through improved training programs. Figure
9e presents the opposite trend for technical staff and management, where most
of the errors occurred in procedure writing and other areas not easily rectified
through technical training. Results for non-licensed operators and maintenance
technicians (Figures 9¢ and 9d) are between those for operators and the manage-
ment/technical staff, and indicate that training can affect slightly more than
half the errors committed by these personnel.

The strongest argument for a 1ink between industry training programs and pre-
cursor data trends is provided by comparing the frequency of operator errors in
the precursor events as a function of the status of the licensee's operator
training program and the availability of a plant-referenced simulator at the time
of each event. Table 1 provides the results of this assessment for control room
operators and senior reactor operators. These results indicate a notably lower
frequency of training-sensitive errors at plants that have both an accredited
training program and a plant-referenced simulator.

Caution should be used in interpreting and applying the results of this assessment
because of the limited nature of the precursor database and the multiplicity of
factors that influence the observed trends.

CONCLUSIONS -

The sensitivity evaluations performed for Oconee and LaSalle and the analyses of
accident sequence precursor events together provide valuable insights into the
role of the human in plant risk and means by which risk might be reduced. Most
importantly, the sensitivity studies confirm the significance of actions taken
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by operators in response to an event, and the importance of activities which
involve coordination between licensed reactor operators (inside the control room)
and non-licensed operators outside the control room. These findings support a
regulatory strategy of reducing human errors and improving the Tikelihood of
success for recovery actions through continued emphasis on emergency operating
procedures, accident management preparation, and operator training.

The reduced frequency of operator errors at plants with both accredited training
programs and plant simulators provides evidence that training may reduce the
incidence of error and that this strategy is already paying off. As the sensi-
tivity evaluations indicate, however, control room simulation cannot address all
important events and recovery actions, and training for certain actions may need
to be accomplished through other means. Accordingly, this is an area that will
be specifically addressed in future activities under the accident management
program.
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Table 1. Correlation Between CRO/SRO Errors and Training/Simulator Status

Training/Simulator Status No. of CRO/SRO Errors
at Time of Event Affected by Training
per 100 Reactor Years*

d. Ko accredited CRO/SRO training; no plnnt-referenced simulator 17.8
2. WMo accredited CRO/SRO training; plant-referenced simulator 5.6
3. Accredited CRO/SRO training; no plant-referenced simulator 4.8
4. Accredited CRO/SRO training; plani-referenced simulator 5.4

*Normalized to reflect the number of operating reactors in esch training/simulator status
category in the year of the event
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Figure 1 Breakdown of Human Errors in the Oconee and LaSalle PSAs
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FIGURE 8.a - Number of LERs Involving Human Error

Cumulative CCDP

- 0.007

0.008

0.005

0.004

0.003

0.002

0.001

86 87
Year

I Total ™S Human Error T Affected by Training

FIGURE 8.b - Cumulative CCDP for LERs Involving Human Error,
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FQUANTIFICATION ERRORS IN LEVEL-
PSA IN NUPEC/JINS

M.Hirano, M.Hirose, M.Sugawara and T.Hashiba
Japan Institute of Nuclear Safety ( JINS )
Nuclear Power Engineering Center ( NUPEC )

Tokyo, Japan

ABSTRACT on PSA.

This paper presents the human error 2. Human Factors of NPPs

evaluation method which is applied to

level-1 PSA of typical Japanese NPPs The human error factors of nuclear

by NUPEC/JINS.

THERP method is mainly adopted to
evaluate - the pre-accident and post-
accident human error rates.

Performance shaping factors are
derived by taking Japanese operational
"practice into account.

Several examples of human error rates
with calculational procedures are
presented, The important human inter-
ventions of typical Japanese NPPs are
also presented,

1. Introduction

NUPEC/JINS has been conducting,
sponsored by the Ministry of Inter-
national Trade and Industry ( MITI ),
level-1 and level-2 PSAs for typical
Boiling Water Reactors ( BWRs ) and
Pressurized Water Reactors (PWRs) with
an aim to provide the regulatory
authorities with the useful proba-
bilistic information,

We are mainly assessing both 1,100
MWe-class BWR-5, MARK I type plant
and 1, 100MWe-class 4-loop, PCCV type
PWR plant as the typical Japanese
commercial power generating plants.

The human error probabilities of level
-1 PSA studies are basically assessed
by means of THERP method ¢!’ .

It may be convenient to use ASEP human
error data, but THERP method is useful
in case the detailed analyses of human
interventions are indispensable to

investigate their nature and effects

kTypical

power plants are categorized in pre-
accident ones and post-accident ones,
examples are as follows:

(1) Pre-accident Human Errors

+ Miscalibration of instrumentaticns

- Failures to restore the equipments
following maintenance outage/ test

(2) Post-accident Human Errors

Typical human errofs are associated
with following manual operations,

a) BWR

- Start of standby liquid control

system ( SLCS )

- Manual depressurization (DEP) at
transients

+ PCV venting

- Switch of cooling water sources at

LOCA
+ Change of the operating modes of
residual heat removal system (RHR)

b) PWR ]

+ Primary feed and bleed operation

« Secondary cooling through MSRVs

- Isolation of ruptured SG

+ Isolation of AFW from broken side $G
- Emergency boration

3. Human Error Evaluation Method
THERP ( Technique for Human Error Rate

Prediction ) method was developed by
A.D.Swain and applied to Rasmussen
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Report (WASH-1400). This method has
 been updated and applied to many PSAs.
The manual of THERP ( NUREG/CR-1278 )

contains comprehensive and detailed
explanations of human reliability
analyses.

So, THERP method is useful in case

the detailed analyses are indispensa-
ble to investigate the nature and
effects of human intervention on PSA.

THERP procedure is outlined in Fig.l.
The procedure is composed of 4 phases
as follows:

Phase 1:
Review plant information and identify
human factors important to PSA.

Phase 2:

Clarify the operational procedure and

develop HRA(Human Reliability Analysis
) event tree.

Phase 3:

Assign nominal HEPs , estimate the
relative effects of PSFs ( Performance
Shaping Factors ) and calculate the
total HEPs.

Phase 4:
Incorporate the total
tree or fault tree.

HEPs to event

4, Assumptions to Bvaluate HEPs
4.1 Treatment of Diagnosis HEPs

Diagnosis is operator judgement pre-
cedent to operator actions to counter-
act the post-accident plant behavior,

Diagnosis HEPs are derived using the
time dependent diagnosis error curve
(Swain curve) as shown in Fig.2. The

curve is composed of three elements,
namely wupper bound, lower bound and
nominal.

Guideline to use the
follows:

curve is as

(1) Use upper bound if:
(2) the event is not
training,

covered in

or

(b) the event 1is covered but not
practiced except in initial
training of operators for
becoming licensed,

or

(¢} not all the operators know the
pattern of stimuli associated
with the event,

(2) Use lower bound if:

(a) the event is well-recognized
classic (e.g., TMI-2 incident )
and the operators have practiced
the event in -the simulator
requalification exercises,

and

(b) all the operators have
verbal recognition of the
relevant stimulus patterns and
know what to do or which written
procedures to follow,

(3 Use nominal HEP if:

(2) the only practice. of the event
is in simulator requalification
exercises and all! operators have
had this experience,

a good

or

(b) none of the rules for use of
upper or lower bound apply.

Operators are well trained
the stringent qualification test. So,
we use the lower bound as a median
value except some dynamic diagnoses in
very rare accident sequences such as
PCV venting. after -large LOCA and

and passed

interfacing system LOCA ( ISLOCA ).
Allowable diagnosis time 1is mainly
obtained from the thermal hydraulic

analysis,
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4.2 Determination of PSFs

In assessing total HEP for human

intervention, various kind of factors
such as experience level, stress level
are taken into consideration to deter-
mine PSFs. PSFs are applied to pickup
HEP for each operator action from
ggng .data base and evaluate total

The PSPs considered are
levels and dependencies
Section 4. 3.

following
listed in

(1) Experience Level of Operators

The experience level of operators are

classified into two categories, i.e.

"skill” and "novice”.

All operators. are assumed to be skill
“because of good and stringent operator
education and training system,

(2 Stress Level of Operators
The stress level of

classified into four
follows,

operators are
categories as

+ Very low

« Optimum

+ Moderatery high
» Extremely high

Following stress levels are selected.

+ "Optimun” for pre~accident HEPs

« "Moderatery high” for post-accident
HEPs

@ Task Level

The type of task 1is classified into
step-by-step task and dynamic task
in accordance with the complexity of
required operational procedure.

All the pre-accident tasks are deemed
to be step-by-step tasks.

The post-accident tasks that require
higher  degree of man-machine inter-
action such as. -decision-making and
controlling several functions are

classified into dynamic tasks, PCV
venting of BUR and some operator pro-
cedures to mitigate ISLOCA fall into
this category.

Other post-accident - tasks that are
routine and procedurally guided tasks
are classified into step-by-step
tasks.

Estimated HEPs are modified by consid-
ering the effect of stress, experience
and task levels as shown in Table 1.

(4) Tagging Level

Three levels of tagging are considered
as follows.

» Level 1:

A specifically numbered tag is is-
sued for each job. A record is kept
of each tag. This record is checked
every shift by the shift supervisor,
An operator is assigned the job of
tagging controller, For restoration,
the numbers on the removal tags are
checked azgainst the item numbers in
the records. ( Use lower UCBs --
UnCertainty Bounds)

Level 2:

Tags are not accounted for ‘individu-
ally -- the operator may take an
unspecified number and wuse them as
required. In such a case, the number
of tags in his. posession does not
provide any cues as to the number of
items remaining to be tagged. For
restoration, the record keeping does
not provide a thorough checking for
errors of comission or selection,
Even if an operator is assigned as
tagging controller, the position is
rotated among operators too frequen-
tly for them to maintain adequately
controlled tags and records.

(Use nominal UCBs)

Level 3:

Tags are wused, but record keeping
is inadequate to provide the shift
supervisor with positive knowledge
of every items that should be tagged
or restored. No tagging controller
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is assigned,
(Use upper UCBs)

We assess that the tégging level is
level-1 because of good operation and
pmaintenance management. The lower U(CBs
are used as median values,

4.3 Treatment of Dependencies

(1) Dependencies Within Dperating
Personnel

The level 6f dependencies within

operating personnel are classified
into 5 levels and the conditional
failure equations won Task "N", given

the failure (HEP) on previous Task
"N-1" are presented as follows:

+ 2D : Zero Dependence
F = HEP

« LD : Low Dependence
F=1{(1+19 x HEP ) /20

+ MD : Moderate Dependence .
F=(1+ 6xHEP) /T

- HD : High Dependence
F=(1+HEP) /2

-+ CD : Complete'Dependence
F=1.0

A shift supervisor, an assistant shift
supervisor and several operators are
necessary to operate the plant 1in the
control room, Each operator is usually
assigned specific tasks. There is no
hierarchy within them. So, the depend-
encies are limited within a shift
supervisor, an assistant shiftsuper-
visor and an operator. We assessed
the level of dependencies within them
as follows:

- HD between operator and assistant
shift supervisor:

The cooperation between them are
routine. So, HD is assumed.
+ MD between

shift supervisor and

operator/assistant shift supervisor:

The shift supervisor involves in
operation only when abnormal situa-
tion occurs. So, MD is assumed.

(2) Dependencies within Tasks

The level of dependencies within tasks
are classified into 5 levels, which is
just the same as those within opera-
ting personnel. )
We assessed the
tasks as follows:

dependencies within

(a) Pre-accident Human Error

- MD within Miscalibration of Redun-
dant Instrumentations:

The nature of task is to calibrate
the sensors that measure the same
process variables and are used for
the same purposes, The task is
performed by one maintainer or one
group of maintainers. The miscali-
bratoin HEP of first sensor |is

independent from other task. The
miscalibratoin HEPs of remaining

sensors depend upon the miscalibra-
tion HEP of the first sensor. The
task is step-by-step- in accordance
with the calibration manual under
optimum stress level, So, the
dependencies are assessed to be MD
«+ZD for Failure to Restore After

Maintenance/Test:

The typical task is represented as
to re-open the pump inlet and outlet
valves that were previocusly closed.
Both valves should successfully be
restored. So, ZD is assumed for
conservative purpose,

(b) Post-accident Human Error

Post-accident human interventions are
classified into the task performed in
series and the task performed in par-
allel, Success criteria of the task
performed in series is "All.the tasks
should be accomplished to attain the
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criteria of the
parallel is "At
redundant tasks
to attain the

objectives”. Success
task performed in
least one of the

. should be accomplished
objectives”.

We conservatively -assume 2D within
the tasks performed in series, Most of
all tasks fall into this category.

within the tasks
performed in paralell are assumed to
be CD. The tasks that fall into this
category is the diagnosis to start the
systems manually that are simultane-
ously failed to start -automatically
due to the failure of the common
initiating signal.

The dependencies

Typical example for
nosis to manually start the high

pressure core spray system (HPCS) and
reactor core isolation cooling system
(RCIC) when reactor water low (L2)
signal failed to generate.

BWR is the diag-

Typical example for
nosis to manually
pressure injection system (HPI) and
low pressure injection system (LPI)
when safety injecton(SI) signal failed
to actuate these systems.

PWR is the diag-
start the high

4.4 Recovery of Human Error

Bven if an operator fails to operate,
recovery actions by other operating
personnel in the control room can be
expected. ( Note that the recovery of
diagnosis error is not applicable,
because the time dependent diagnosis
error curve--Swain curve-- represents
the diagnosis error of all the operat-
ing personnel in the control room.)

(1) Recovery of Pre-accident Human
Error .

The recovery model by the inspection

checker is applied. The inspection

items and activities are as follows:

+ Miscalibration of Instrumentation:
Functional tests are performed after
the calibration in order to detect

miscalibration,

» Failure to Restore After Maintenance
/Test
The status of equipments such as
valves are examined by a checker.

(2) Recovery of Post-accident Operating
Action Error

The recovery of operator action error
by an assistant shift supervisor and a
shift supervisor is considered

The recovery model (conditional equa-
tion ) is the same as that descrived
in dependence model.

4,5 Derivation of HEP Mean Values and
Error Factors (EFs)

The HEP data in THERP hand book are
median. So, mean values are derived by

considering corresponding EFs
We obtain point estimate total HEP
mean values firstly, then obtain

corresponding EFs by referring to

Table 2. ,
5. Typical HEP Values

Pre-accident HEPS and post-accident
HEPs are derived by applying above-
mentioned method and assumptions.

Typical pre-accident and post-accident
HEPs are shown in Table 3 and Table 4.

The detailed calculational
of the following HEPs
in the calculation sheet.

procedure
are presented

« Instrument calibration error (BWR)

- Failure to initiate reactor depres-
surization at transient events (BWR)

- Failure to initiate primary feed and
bleed operation (PWR)

6. Important Human Interventions
PSA results show that following human

interventions are important to
minimimize core damage frequencies.
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BWR (1,100 MWe , Mark T PCV )

* Reactor depressurization at tran-
sient events.
This human error causes the fail-

ure of core
BCCS.

cooling by low pressure

» Initiation
system
+ PCV venting

of residual heat removal

PWR (1,100 MWe, 4-loop . PCCV )

+ Calibration of RWSP(Refueling Water

Storage Pit) level sensors,

This human error causes the failure
to transfer from the emergency core
cooling injection mode to the
recirculation mode,

- Isolation of auxiliary feedwater
to the broken side SG.

+ Primary feed and bleed.
7. Conclusion

Human error probabilities are derived
based on THERP by taking Japanese
operational practice into account,

Typical examples are presented. Also
presented are important human inter-
ventions to minimize core damage

frequencies for typical BWR and PWR.

HRAs of important human interventions

with THERP method provide us with
useful informations regarding to the
following items.

(a) Pre-accident Human Intervention,
Importance and effects of the error by
the maintainer, recovery by the check-
er and the operator,

(b) Post-accident Human Intervention.
Importance and effects of diagnosis

error, operation error and recovery
by the assistant shift supervisor and

the shift supervisor.

These informations are useful for the

maintenance management and operator
training.
Both governmental research institute

and nuclear power industry are con-
ducting human factor research. We are
going to update our PSA by applying
these outputs in a timely manner,

REFERENCES

(1) A.D.Swain, et al. , "Handbook of
human Reliability Analysis with
emphasis on Nuclear Power Plant
Applications”, Sandia  National
Laboratories, NUREG/CR-1278, August
1983.
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Table 1. Modifications of estimated HEPs for the effects of task,stress
o and experience levels !
Human Task level Stress Modification for mean HEPs
intervention level
Skilled Novice
(Note 1) - (Note 1)
- Test Step-by-step| Optimum HEPX 1
+ Maintenance (Note 2)
« Calibration
- Operations at Step-by-step | Moderately HEPX 2 —_—
accidents (Note 2) high
« PCV venting at Dynamic Moderately HEPX5 _—
other than (Note 3) high
large LOCA
« PCV venting at Dynamic Extremely 0.22 (EF=5) —
large LOCA diagnosis " high (Note 4)
+ Operation at Dynamic Extremely 0.3 (EF=5)
ISLOCA diagnosis high (Note 5)

(Note 1) A skilled person is one with 6 months or more experience in the
tasks being assessed. A novice is one with less than 6 months or
less experience., Both levels have the required licencing or
certificates.

{Note 2) Step-by-step tasks are routine, procedurally guided tasks, such
as carrying out written calibration procedures.

(Note 3) Dynamic tasks require a higher degree of man-machine interaction,
such as decision-making, keeping track of several functions,
controlling several functions, or any combination of these.

(Note 4) This is the actual HEPs and NOT modifiers, and different from
THERP table. Namely, the total mean HEPs for all control room
personnel are presented including diagnosis error rates.

(Note 5) Same as above except for the experience level. Novice is selected

because

plant simulator.

operators are not trained

counteract ISLOCA by using
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Table 2. Gggeral guideline for estimating uncertainty bounds for estimated
s
Human Task procedure and Stress Estimated HEP Error
intervention circumstances level value (Mean) Factor
- Test Step-by-step - Optimum HEP < 0.001 10
- Maintenance procedure conducte
- Calibration under routine 0.001 <HEP £0.01 3
circumstances .
HEP > 0.01 5
» Operation at Step-by-step Moderately | HEP < 0.001 10
“accidents procedure conducted | high -
under nonroutine HEP & 0.001 5
circumstances
+ PCV venting Any task performed | Extremely HEP = 0.2 5
at large LOCA| under extremely high
- Operation at | high stress . (Note)
1SLOCA circumstances

(Note)

HEP for "PCV venting at large LOCA” within this range.

This value is smaller than that in THERP table in order to include

Table 8. Typica! pre-accident human error probabilities ( total HEPs )

Human intervention B W R P W R
HEP EF HEP EF

Restoration of one manual 6.7X10 ~° 10 6.7X 10 ~° 10

operatiox_t valve

Restoration of one motor

operated valve (MOV) 4.4%X10 % 10 4,4X 10 -°® 10

( manual position holding

is not required )

Instrument Single 6.4X10 4 10 2.8X 10 ¢ 10

calibration | Instrument (Analog type) (Digital type)
Parallel 1.8X10 ~* 10 1.8X10 -% 10
Instruments ( 1 out of 2 ] [2 out of 4)

twice logic logic
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Table 4~a Typical post-accident human error probabilities (total HEPs)

(BWR
Initiating event and mitigating Allowablie Total HEP EF
operation diagnosis (Diagnosis )
time error
1) At small LOCA and transients
- Depressurization 20 min 2.8X10 -3 5
(2.7X 10 -3)
2) At ATHS
« Manual SLCS start 10 min 5
2.8X10 -2
(2.7X 10 -2)
3) At residual heat removal stage
a) RHR mode
+ Transfer from LPCI mode to SPCS 12 ~24 hr 8.8X10 -¢ . 10
mode at LOCA and transients (Negligible)
+ Start SPCS mode at transients 12 ~24 hr 1.4X10 -3 5
(Negligible)
b) PCV venting
+ PCV venting at large LOCA 2 hr 0.22 5
0.2 )
+ PCV venting at intermediate/small 24 hr 2.2X 190 -* 5
LOCA and transients (Negligible)
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Table 4-b Typical post-accident human error probabilities

(total HEPs)

(PWR) _
Initiating event and wmitigating Allowable Total HEP EF
operation diagnosis (Diagnosis )
time error
1) At medium LOCA
- Secondary cooling through MSRVs 30 min 6.8%X10°* 10
(2.7X10 ~%)
2) At small LOCA
« Primary feed and bleed 30 min 1.6X 10 -3 5
(2.7X10 —%)
. Secon.dary cooling through MSRVs 30 min 6.8x10 ~* 10
(2.7%X 10 -*).
3) At SGTR ’
+ Isolation of ruptured $6 ( 1 action) 30 min 6.8x10 -* 10
(2.7X 106 ~*)
* Primary feed and bleed 30 min 1.6x10 -3 5
(2.7X 10 %)
4) Secondary side break
- Isolation of AFW from broken side SG 30 min 6.8xX 10 ¢ 10
' (2.7X10 -%)
- Primary feed and bleed 30 min 1.6X10 - 5
(2.7%10 %) .
5) At ATWS
- Boration 10 min 2.8X10 - 5
(2.7x10 ~2)
+ Primary feed and bleed 30 min 1.8x 190 -° 5
(2.7X10 ~%)
6) AFW water source transfer 80 min 4.4%10 ¢ 10

(2.8X 10 ~*°)
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Fig. 1l Outline of a THERP procedure
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NOMINAL DIAGNOSIS MODEL
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Fig.2 Model of Estimated HEPs and UCBs for Diagnosis Within Time T of
One Abnormal Event by Control Room Personnel (From THERP )

(Note) We use "LOWER BOUND, JOINT HEP” as a standard value.
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CALCULATION SHEET
The detailed calculational procedures of the following HEPs are presented.

+ Instrument calibration error (BWR)
- Failure to initiate reactor depressurization at transient events (BWR)
- Pailure to initiate primary feed and bleed operation (PWR)

S1. Instrument Calibration Error (BWR)
(1) Human Brror Probability (HEP) Considered

We consider the miscalibration of process instruments automatically to activate
BCCS, etc. At first, the HEP of single instrument is considered. Then, the
HEP to disable the automatic activation of ECCS, etc. is considered taking
activation logic (I out of 2 twice ) into account,

(2) Assumptions

+ Task is performed in accordance with the procedure written in calibration
manual,

- The calébration manual consists of no more than 10 items and checkoff space is
provided.

» The calibration manual is assumed to have no mistake.

+ Task is step-by-step and corresponding stress level is optimum,

+ PSFs for the instrument are as follows.

- - Analogue type
+ Failure of selection 1is neglected because the instrumept is used for only

one purpose.

+ The calibration is performed by a maintainer. The task is checked by a checker
with check list, Additionally, the task is checked by an operator at the end
of the task, ’

(3) Task Table

STEP | Equipment Action Seri/Para

A Instrument | Calibration | Parallel
Rec Recovery

(4) Potential Error List

STEP T A
Equipment : )
Action ¢ Calibration

ERROR Branch : Al
ERROR Type : EOM (Error of omission )
Check list is used. But one item is carelessly omitted.

BRROR Branch : A2
ERROR Type : ECOM (Brror of comission )
Misread the display indication.
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(5) Recovery Factor
The recovery factor by a checker is 0.16 from THERP table No.20.
Combined recovery factor by a checker and an operator is { 0.16 )*.

(6) HEP Calculation for Single Instrument

HEP TABLE
ERROR THERP T-NO. NHEP EF STRESS BHEP MHEP RECOV
Branch  {Item No.) /TASK LEV FACT
Al 20.7(1) 0.001 3 1 0.001 0.0013 0.182
A2 20.10(1) 0.003 3 1 0.003 0.0038 0.16
Rec 20.22(1) 0.1 5 1 0.1 0.16
0.0013 - Rec(0.16%)
Al r — F(3.33x10 %)

EOM | 0.9987

0.0038 Rec(0.18)
A2 r F(6.07x10 ~*)
ECOM | 0.9962

Total Fr = 6.4 x 10 ~¢
(7) HEP to Disable the Automatic Activation of ECCS, etc.

Activation logic is 1 out of 2 twice. This means that the actuation circuit

is composed of the series combination of two parallel circuits,

Moderate Dependense is considered for the parallel circuit and factor 2 is
gultilied for the series combination. Thus, the HEP for 1 out of 2 twice logic
circuit is as follows,

F=Frx (1+6xFr)/7Tx2=1.8=x10""
EF = 10 ( From THERP TABLE 20.20 Item 1 )

S2. Failure Manually to Initiatr Reactor
Depressurization (BWR)

Manual reactor depressurization is necessary to activate low pressure ECCS when
all the high pressure BCCS are unavailable at transients.

(1) Diagnosis

Crew should diagnose the occurrence of transients, subsequent failure automat-
ically to activate high pressure ECCS and the necessity of core depressurization
in order to activate low pressure ECCS. They should determine the core depres-
surization by either manual start of ADS ( Automatic Depressurization System )
or manual opening at least 5 out of 18 safety relief valves (SRVs).
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The allowable diagnosis time is 20 minutes. The diagnosis error is obtained from
THERP table or time dependent diagnosis error curve ( Swain curve ). Namely,
HEP = 0.00! (Lower bound, joint HEP)
EF = 10
Mean HEP = 0.0027

(2) Assumptions at Operation

+ The operator acton is rule-based one that is written in operational procedure.
« The shift supervisor gives the operator appropriate order.
+ The ADS activating switches are push button type. So, it is not necessary to
consider the operation error of switches. The SRV opening swiches are
dual direction type. So, operation error should be considered.
The arrangement of switches on control panel is functionally grouped to preven
.oprational confusion.
- The layout of switches is mimic.
- The type of switch is commonplace and familiar to operators.
- The task is step-by-step under moderately high stress.
+ The recovery actions of both an assistant shift supervisor and a shift
supervisor are considered.

(3) Task Table

STEP | Equipment Action Seri/Para
A Diagnosis

B Cont, SW Operation Series
Rec Recovery

(4) Potential Error List

STEP A
Equipment :
Action : Diagnosis

ERROR Branch : Al
ERROR Type ¢ EOM (Error of omission )
Failure to diagnose the plant status and what to do,

STEP : B
Equipment : Switches
Action : QOperation

- ERROR Branch : Bl
ERROR Type . EOM
Operator fails to recall the oral instruction to initiate
depressurization.

ERROR Branch : B2
ERROR Type ; ECOM (Error of comission )
Operator fails to correctly select ADS controll switches.
ERROR Branch : B3
ERROR Type ¢ ECOM (Brror of comission )

Operator fails to correctly operate ADS controll switches.
ERROR Branch : B4
ERROR Type ¢ ECOM .(Error of comission )
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Operator fails to correctly select SRV controll switches.
ERROR Branch : B5

ERROR Type ¢ BCOM (Error of comission )
Operator fails to correctly operate SRV controll switches,

(5) Recovery Factor

HD is assumed between an operator and an assistant shift supervisor. »MD is
assumed between an operatopr and & shift supervisor. Total recovery factor is
as follows.

“Rec.= (1 + HEP)/2 x (1 + 6xHEP)/7 (=0.07, if HEP 1.0 )
(6) HEP Calculation

HEP TABLE
ERROR THERP T-ND..  NHEP EF STRESS BHEP MHEP RECOV
Branch  (Item No.) : /TASK LEV : FACT
Al 20.3(20min)* 0.001 10 0.001 0.0027

Bl 20.8(1) (c) 0.001 3 2 0.002 0.0025 . 0.07
B2 20.12(4) 0.0005 10 2 0,001 0.0027 0.07
B3 _— 0 : 0 0

B4 20,12(4) 0.0005 10 2 0.001 0.0027 0.07
BS 20.12(8)(5) o0.0001 10 2 0.0002 0.00053 0.07

( Values for B4 is applicable to one SRV operation)

¥ Or time dependent diagnosis error curve ( Swain curve ) is referred.

0.0027
Al r — F( 2.7x10 ~* )
EOM | 0.9873 i

0.0025 Rec(0.07)
B1 ro— F( 1.8x10 %)
EOM | 0.9875 :

0.0027 Rec(0.07)

B2 ro— 0.0027  Rec(0.07)
_ECOM | 0.9973 ; B4 r— F( 3.7x10 -°)

ECOM 0.9973

0 1.3x107% Rec(0.07)
B3 t————— 1 —— F(0) B5 r —
ECOM | 1 : ECOM (Note)

F(.1.8x10 ~'°)

(Note) The value represents the failure probability of more than 5 out of 18
SRVs manuvally to open. HD is assumed for each SRV opening operation
failure.
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2.8 x 10 -°

Total F
B 5 (From THERP TABLE 20.20 Item 5 )

S3. Fajilure to Initiate Primary Feed
and Bleed Operation (PWR)

This operation is necessary to cool the core when both main feedwater system and
auxiliary feedwater system are unavailable at small LOCA, SGTR and secondary
side break.

After confirming that high pressure injection system (HPI) pump is operating, a
operator opens the pressurizer relief valves to depressurize the primary system
.in order to inject the coolant into the core by HPI.

(1) Diagnosis

“Crew should diagnose the occurrence of initiating events and subsequent announc-
jators to notify the failure of main feedwater system and auxiliary feedwater
system, They should decide to depressurize the primary system by opening the
pressurizer relief valves ( 2 out of 2 valves).

Allowable diagnosis time is 30 minutes after the announciation of feedwater and
auxiliary feedwater system pump trip or 10 minutes after the announciation of
low SG water level status,

The allowable diagnosis time is assumed to be 30 minutes only. The latter
announciation is conservatively neglected as a backup information. The diagnosis
error is obtained from THERP table or time dependent diagnisis error curve
( Swain curve ),

HEP = 0,0001 ( Lower bound , joint HEP )
f =10
Mean HEP = 0.00027

(2) Assumptions at Operation

Operator is assumed to operate under the directions of shift supervisor, In this
case, HPI is assumed to be successfully operating. So, the confirmation of HPI
status is not the critical action. Operator action to open the pressurizer
relief valves ( 2 out of 2 valves) is considered to be one set of action.
Assumptions related to this action are as follows,

- The task is step-by-step under high stress.
- Operator is enough experienced and skillful.
- The shift supervisor appropriately order the operator to open relief valves,
+ The PSFs of relief valve controll switches are as follows.
- The switches are dual direction type. So, the operation is easily performed
by one action.
» There exists no operational inconvenience caused by stereotipical defects.
- The layout of switches is mimic.
- The recovery actions of both assistant shift supervisor and shift supervisor
are considered.
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(3) Task Table

STEP | Equipment Action Seri/Para
A Diagnosis

B Cont. SW Operation Series
Rec Recovery

(4) Potential Error List

STEP Y\
Bquipment :
Action ¢ Diagnosis
ERROR Branch : Al
ERROR Type : EOM (Error of omission ) :
Failure to diagnose the plant status and what to do.

STEP : B
Equipment : Controll switch
Action : Operation
ERROR Branch : Bl
ERROR Type : BOM (Error of comission )
Operator fails to recall the oral instruction on primary
system depressurization.
ERROR Branch : B2
ERROR Type : ECOM {(Error of comission )
Operator fails to correctly select RV controll switches,
ERROR Branch : B3 -
ERROR Type : ECOM (Error of comission )
Gperator fails to cotrectly operate RV controll switches.

(5) Recovery Factor

HD is assumed between an operator and an assistant shift supervisor, MD is
assumed between an operatopr and & shift supervisor. Total recovery factor is
as follows.

Rec = (1 + HEP)/2 x (1 + 6xHEP)/7 (=0.07 if HEP €1.0 )
(1) ( MD)

(6) HEP Calculation

HEP TABLE

ERROR THERP T-NO. NHEP EF STRESS BHEP MHEP RECOV
Branch (Item NO.) /TASK LEV FACT
Al 20.3 (30min) * 0.0001 10 0.0001 0.00027 ’
Bl 20.8(2) (c) 0.006 3 2 0.012 0.015 0.07
B2 20,12(4) 0.0005 10 2 0.001 0.0027 0.07
B3 20.12(8) 0.0001 10 2 0.0002 0.00054 0.07

% Or time dependent diagnosis error curve { Swain curve ) is referred.
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0.00027
Al r - F( 2.7x10- -4
EOM | 0.99973
0.015 Rec(0.07)
Bl r F( 1.1x10 -3
EOM | 0.985
0.0027 Rec(0.07)
B2 r - F( 1.9x10 -*
ECOM | 0.9973
0.00054 Rec(0.07)
B3 r . F( 3.8x10 -*
ECOM | 0.99946
S
Total F 1.6 x 10 -3

s
e
non

5 (From THERP TABLE 20.20 Item

~

~

5)
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IMPROVED MAIN CONTROL BOARD WITH
A BETTER MAN-MACHINE INTERFACE

TOSHIHIRO OSHIBE

NUCLEAR POWER PROJECTS DEPARTMENT

THE KANSAI ELECTRIC POWER CO;, INC.

Abstract

Conventional MCB is composed of
reactor control board and T/G
(turbine/generator) control board.

This division is made in accordance
with the location of plant facilitice.

As compared with this, the improved
MCB is partitioned by its function, in
other words, by the operational mode
for which each board is used. This
functional partition gives the
configuration that is divided into main
controcl board, reactor auxiliary
control board and T/G auxiliary control
board.

At the same time, we also adopted
extensive use of CRT and the operator
can monitor mainly by CRTs.

These two improvements achieved the
reduction of the operator's workload
and human errors, because the operator
can monitor the whole related
parameters and can manipulate from the
same place almost everytime.

Main control board is used for
monitoring and control during the plant
‘condition between HSD (Hot Shut Down)
and HFP (Hot Full Power). This board
is also used to get the trigger to move
to the operational mode of transient or
accident.

The other two boards are used during
the plant condition between HSD and CSD
~(Cold~Shut-Down);-and-for

operation in post-trasient/accident.

It has confirmed quantitétively
using THERP (Techniques for Human Error
Rate Prediction) that this partition
and extensive use of CRT realizes the
reduction of operator's workload and
human errors by comparison with that of
the conventional MCB.

The primary function of alarm system
misgiving a trigger to decide the next
action, so an presentation form with
vhich the operator can g}asp the
condition at a grance is very useful.

For this reason, we adopted the
dynamic priorities alarm system, which
can indicate the time-variant
importance of each alarm by the color
of alarm window. This system uses
three colors, red, yellow, and green,
for the alarm windows, Red alarm is
used as "alarm information", yellow as
“caution information" and green as
"normal status information". The
operator can select the suitable
operation only with the "red"” and
"yellow" alarms, and the total number
of the red and yellow alarms taken
place is reduced to about one-fifth of
It is
confirmed that this alarm system can
greatly reduce the human errors at an

that of the conventional system.

abnormal plant condition.

+h 1.4
whe-pecuilar
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1. INTRODUCTION

In Japan, 18 PWRs are now in operation and 5 others are under
construction. The operating plants are keeping relatively high
availability factor and low unplanned cutage rate. This is
attributable to high operation and maintenance quality in addition
to high equipment reliability. On the other hand, those under
construction have been developed for achieving the optimum
functional allocation, which enables the man and the machine to
play their maximum roles, and to enhance plant reliability and
safety. And such plants incorporate a broad consideration of
human factors into plant operation and maintenance as well as
upgrading the reliability of equipment.

In this paper, the designs adopted to OHI unit 3 and 4 (1180MWe)
which are under construction are summarized. 1In addition, Advanced
PWR (1350MWe) plant under planning is presented.

2, MAIN DESIGN FEATURES
2.1 Improvement of Main Control Room [1]

It is necessary to provide a comfortable working space to the
operators in order to reduce their stress, thereby allowing them to
constantly exhibit their maximum ability. From this point of view,
the shape, color coordination and illumination of the main control
room were optimized, in addition to the improvement of the main
control board which play the main role of man-machine interface.
First, the faworite images of experienced operators were extracted.
Then, several alternative designs ware evaluated by a Quantitative
evaluation method using the SD method which is used to evaluate

subjective feelings. The final design was determined as follows.

* Shape Convex type The ceiling is higher on the

center portion than on the peripheral
portion
* Color Coordination : Warm natural (use beige as a basic color)
* Illumination The combination of the louver illumination

and the spotlights illumination

.
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2.2 Reduction in the Operator’s Workload
2.2.1 Functional Partition of Control Board

The conventional control board was composed of reactor and
turbine/generator boards. The control switches and monitoring
indicators on each board were laid out by the system to which the
relevant pieces of equipment belong. While the new type control
board is divided into main control board and auxiliary control
board. The main control board is used for monitoring and operation
during normal operation mode, while auxiliary control board is used
for start-up, shutdown and post transient/accident operations.

With this control board layout, the operator need not to move
around control boards in order to verify the plant status before
and after the control actions. Therefore, the workload of
operators has been largely reduced. The shape and function of each
control board are shown in Fig.l.

Switches and indicators are arranged by the system to which they
belong, and are coded by shape and color in addition to labels.
They are furthermore designed from the viewpoint of ergonomics
(e.g., height, viewing angle).

2.2.2 Automation
(1) Extent of The Limits of Automation

One of the aims of automation is to enhance the plant
reliability and safety by reducing operatior's workload and human
errors, in which the machine {computers) works what it is good at.
Automation system is designed for facilitating frequent monitoring
and control actions, urgent control actions and diversified control
actions. The operation during the period from 15% power up to full
power have already been automated.

The following items related to the start-up and shufdown
operations in which frequent monitoring and control tasks are
required, have been newly automated in recent design by introducing
digital control system extensively.

(1) RCS heat up and cool down
(2) Main turbine/generator start-up (rolling-up, on-grid and load-
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(3) Main turbine turning
(4) Feedwater pump turbine start-up
(5) HP turbine steam extraction for cutting in HP heaters
It has already been confirmed that the frequency of monitoring
and control actions has been largely reduced by the automation
systems mentioned above. ;

(2)  Consideration in Designing Automation System

In designing the automation system, ‘it is important to minimize
any effect on the plant caused by the single system failure,, and
to be able to be rectified easily. Therefore the control system
should be constructed to be dispersed, hierarchal and redundant.
Another important point is to give every consideration to the
operators. Breakpoint and sequence monitoring systems are
incorporated so that the operators may not excessively rely on the
automation system, such systems allow the operators to verify the
plant status and make their own judgments before proceeding to the
next step, and thereby keep maintaining the operatof's competence
as well as preventing the alienation of man from the'machine
(automation system). In additioh, a countermeasure against the so-
called blackbox problem inherent to the automation system is
adopted. It is a system, in which the operators can be informed of
the on-going automation process being displayed on CRTs, plus voice
announcement. The operators can always monitor the on-going status
of automation process with Ehese systems (Fig.2).

23 Improved System for information Presentation to Operators

2.3.1 Utilization of CRT

CRTs are designed to improve the information display format,
which helps the operators to easily recognize the on-going plant
status ‘as well as to form an adequate judgment on plant control.
The operators can easily select a display format commensurate to
his work from this CRT system. For example, the relevant
parameters can be integrated and presented as a function of time in
addition to discrete values. This function is particularly useful
when an alarm occurs.
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During the post trip operation period, the operator has to
survey much information for grasping the plant status, the computer
surveys the plant status and abnormal components are displayed with
red color on CRT. For example, the status of components designed
to be automatically activated in the case of plant trip is
displayed on one CRT, and failed components which should be started
are indicated with flashing for the purpose of calling for the
operator attention.

Such improved information display method will be significantly
reduced human error rate.

2.3.2 |Improved Alarm System [2]

The primary function of the alarm system is to inform the
operators of abnormal conditions quickly and exactly. The maximum
of about 100 alarms may occur at a time of accident. In order to
easily grasp the plant status in such an occasion, a system adopted
is capable of changing the color of alarm windows to one of three
colors (i.e., red, yellow and green) in accordance with the
importance of alarms. This dynamic categorization is carried out
by prioritization logic which is based upon a simple physical
and/or logical rules. The operators can easily identify the
important alarms even in unexpectéa transients.

Three categories and required operational actions are as
follows. '

(1) RED : "Alarm Information™
The most important information at a given time, indicating
the occurrence of process anomalies or component/system
failures. When the "Alarm information" is given, the
operator is required to certain operational decision that
normally lead to operator's interventions.

(2) YELLOW : "Caution Information"
Information indicating that an automatic component/system
action is demanded. When the "“Caution Information" is
given, the operators have to check the relevant
component/system.

(3) GRREN : "Normal Status Information®
The least important information at a given time to which the
system does not need to attract operator's attention but

S wh:.choperatorsmaymonltorvo T B B
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It appeared from a dynami¢ verification test using a real-time
plant simulator that a total number of red and yellow alarms was
reduced to about one-fifth of the conventional alarms (Fig.3).

Operators can respond to transient and accident conditions,
focusing their attention on the red and yellow alarms. Human
errors will then be reduced.

2.4  Improvement of Maintainability
2.4.1 Redundancy and the Self-diagnostic Function of Reactor Control System

A large number of micro computers are adopted to control the
system. Each control system is redundant and switched over from a
normal system to a back-up system by the self-diagnostic function
of micro computers. And, the plant is designed such that when both
normal and back-up systems are failed, the operation is
éutomatically transferred from automatic control mode to manual
control one. The introduction of these systems has.achieved highly
reliable control system. When a print card is failed, the failure
mode and the card address are digplayed on a plasma display in the
control cabinet. The trouble shooting and repair can be done
easily within a short period of time.

2.4.2 Introduction of Visual Maintenance Tool

Visual maintenance tool 'is prepared for the maintenance of
digital control system (Fig.4). For example, the confirmation of
data and program processing or the correction of the program can be
performed by using this tool. The logic of program displayed on
CRT is formatted exactly the same as the I&C block-diagram. '
Therefore, the contents of processing of analog and sequence
operation can be confirmed with the same feeling as the
conventional I&C engineering. And maintenance staff need not to
read and translate the program with the programming language and
symbol.

2.43 Improvement of Reactor Protection System

In order to avoid unnecessary plant trip during the in-service

surveillance test, complete d4-channel and 4=train.system.and . ... .
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automatic bypass control logic are adopted. The reactor trip logic
is based on 2 out 4 logics during normal operation. When one
channel is in bypass mode for repair or test, the reactor trip
logic consists of 2 out of 3. Unnecessary reactor trip during the
test can be protected by this improvement and the trip rate is
greatly reduced.

The introduction of automatic test eguipment largely saves a
time for testing I&C equipment during the annual inspection outage,
in addition to monthly surveillance test, with resultant in the
well improvement of maintainability.

3. STEPS TAKEN FOR INTRODUCING IMPROVED CONTROL SYSTEM

In order to ensure the operating experiences feedback into the
design engineering of such automatic control systems, many well-
experienced operating and maintenance staffs contributed at each
stage of development, design and verification/validation (Fig.5).

These improvements have been made by the following steps.

{1) In development stage, needs were identified by interviewing
with well-experienced operating and maintenance staffs and the
evaluation of effects on plant operation and maintenance after
the design change was performed for the purpose of reflecting
the operation experiences.

(2) In design stage, the evaluation of equipment reliability,
failure effects and the effects after the design change was
performed.

(3) In verification/validation stage, new control system and main
control board were connected to a real-time plant simulator at
a factory and the function and performance were confirmed by
well-experienced operating and maintenance staffs.

4, THE FUTURE TRENDS OF DEVELOPMENT

Human factors considerations for the plants under construction
are summarized above. Much more improvements of man-machine
interface for advanced PWR are under way.

The advanced and fully computerized main control board is one of
many improvements being made. Almost all the conventional
instruments (e.g. switches, lamps) are planned to be replaced by a
‘wsoftwgontzolwsystem,bywutilizingWCRTsMandwothetwcomputezrdriven
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interface devices. This will allow more compact control board. and
closer interaction between monitoring and control tasks and
resultant reduction in human errors.

In additicn, knowledge-based operator guidance system [3] is
being developed. This operator guidance system supports the
operators in monitoring, judging and making decisions during /
abnormal transient and accident. 1In this system, a dedicated
computer stores the knowledges about operation and machine,
diagnoses the cause of abnormal symptoms with these knowledges and
displays the guide for operation.

The automation of the control rod control at lower power is
being studied for field application.

To keep enhancing the plant reliability and safety, we will make
best efforts to improve the man-machine interface continuously.
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CSNI WORKSHOP ON "SPECIAL ISSUES OF LEVEL 1 PSA METHODOLOGY"
Cologne, FRG, May 27th - 29th 1991

Issue paper on "External Events"
(CSNI/PWG5 subtask 9.4)
prepared by
Carlo Zaffiro, ENEA/DISP, Rome, Italy

1. Problem description.

In PRA. studies for nuclear power plants, external events are those
potential accident initiators that are produced on site by. natural
phenomena or by hazardous activities in the nearness. These events have
the common characteristic to threaten in the same time both the plant
structural integrity and system operability. Therefore, because of their
common cause effect, they might significantly contribute to the estimated
risk, being the contribution strictly dependent on the nature and
strength of the involved phenomena and also on the plant response to
possible consequent accidents.

Methods for assessing accident sequences initiated by external events
have been attempted since the WASH-1400 Reactor Safety Study. 1In
practical applications, however, they have resulted of difficult
interpretation in the outcomes, due to the uncertainties of the analysis.
Uncertainties exist for both the not exhaustive understanding of the
physical phenomena associated with the events and the lack of experience
on the plant behavior during the accidents.

The past experience on PRAs has shown that, whatever accident initiators
have been considered (internal or external events), core melt frequencies
are less sensitive to uncertainties than other probabilistic indicators
(such as those referred to containment failure, large releases, external
sanitary consequences and damage to property). However uncertainties are
generally larger for external events than for internal events. That
requires much attention be paid when considering the importance of the
external events contribution to the assessed core melt frequencies.

Estimates of the external events contribution to the frequency of core
melt accidents are currently made in Level 1 PSAs. The methods of
analysis , 1in principle, are similar for all events. They require
investigations to determine the on site hazard to the plant, as well as
several specific analyses to develop data bases and success criteria for
assessing the plant vulnerability and quantifying the probabilities of
core melt accidents provoked by the events.

Indeed, because of the uncertainties in the analysis, the treatment of
external events in Level 1 PSA is not as complete nor as definitive as in

..the treatment.of.  internal.events... In..addition..the..current..studies..and.-

research programmes on the physical phenomena to be examined for the
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various events have not reached the same development status, and are
still in progress. Therefore differences exist in data banks and methods
of analysis depending on both the severity and recurrence period of the
concerned event. In order to exploit at best the available knowledge in
this field, recent applications have used a structured and formalized
elicitation process of expert opinion, like in the analysis for the less
known severe accidents phenomena. Uncertainty analyses using stochastic
techniques (1ike the Monte Carlo methods and the Latin Hypercube Sampling
algorithm) were also made for assessing the degree of the core melt
frequency variability generated by the uncertainties of both the used
data and assumptions adopted in the models.

At present an attempt to review the status of the art on the treatment
of external events in Level 1 PSAs is being carried out in the-ambit of
the CSNI/PWG5 activities. As result of the work performed so far, a
preliminary report has been drafted. The report examines the methods
currently used for the seismic, the flooding and the fire events, that in
past PRAs were treated more extensively than other events (internail
fires are usually considered in PRAs as external events because of their
similar characteristic to provoke common cause effects).

The present "issues paper” briefly summarizes the main conclusions of
the CSNI/PGW5 report. It also addresses the areas that need of more
investigations.

2. Documents stating the status of the art.

In the CSNI/PGWS5 draft report on the “Status of the Art of Level 1 PSA"
concerning “External Events"references are made to documents that are
available in the literature. The references are subdivided according to
the following three topics:

- the seismic analysis;
- the analysis of accidents resulting from external floods;
- the fire risk analysis.

The long list of documents indicated in the above mentioned report,
shows that the external events have been matter of interest for many
studies and PRA applications. However, the most complete and updated
analysis, including an extended uncertainty analysis, 1is the one
contained in the NUREG 1150 final report. The reference document of this
report is: :

- NUREG 1150 "Severe Accidents Risk: An Assessment For Five U.S. Nuclear
Power Plants". Vol.1, Final Summary Report, and Vol.2 ‘Appendices A, B
and C; U.S. Nuclear Regulatory Commission, December 1990.

A detailed description of the procedures used in this report for the

external events analysis is contained in the following document:

- NUREG/CR 4840 - SAND88 3102 "Procedures for the External Event Core

Damage Frequency for NUREG 1150" by M.P.Bohn and J.A.  Lambright;

1600

~eeeee-Sandta-NatTonal—taboratories;November-1990-

The final version of the NUREG 1150 report follows the publication of
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two previous drafts and incorporates comments of two peer review groups,
sponsored by the U.S. Nuclear Regulatory Commission and the American
Nuclear Society respectively. Some comments, in particular, are dedicated
to seismic events and are reported in the following document:
- NUREG 1420 "Special Review Committee of the Nuclear :Regulatory
Commission on the Severe Accident Report (NUREG 1150}" U.S. HNuclear
- Regulatory Commission, August 1990.
A complete risk analysis from fires, always limited to the above plants,
is also included in the NUREG 1150 report, whereas the analysis of
waccidents induced by external floods has been considered only on a
qualitative basis through bounding evaluations. However, the best status
of the art on this topic may probably be found in the following document:
- NUREG/CR 5042 - UICD 21233 "Evaluation of External Hazards to Nuciear
Power Plants in United States" by C.Y. Kimura and R. J. Budnitz;
Lawrence Livermore National Laboratory, December 1987.
In that report a review is made on methods to. assess the reference
design basis and to estimate the frequencies of the major accidents
induced by external events, as performed in some existing PRAs.

3. Issues on the seismic analysis.

3.1 Status of the art..

Chapter 1 of the CSNI/PGW5 draft report on external events contains a
short review of the basic approach to determine the core melt frequency
of accidents provoked by earthquakes. Here following are summarized some
considerations made 1in that report on the status of the art of the
analysis.

1) Hazard evaluation.

The seismic hazard is a curve correlating the intensity of the
earthquakes, expressed in terms of on site peak accelerations, with their
frequency of occurrence. Usually the hazard is determined through a
statistical treatment of  the available data supported by
geo-seismotectonic investigations and theoretical studies. The analysis
is affected by considerable uncertainties since the available data and
information are not sufficient for fully understanding the physical
phenomena. invelved during earthquakes and thus for developing reliable
models. In this regard expert judgments are often used, if necessary, to
postulate hypotheses and assign probabilities. Large uncertainties could
make the results of difficult interpretation and possible misuse. Less
uncertainties, however, exist and more valid results are obtained for
sites located in regions with more seismic data, especially if data are
referred to longer periods of the seismic history.

Accounting for the uncertainties, various values of the on site peak
~.accelerations.are-obtained,-especially-in-the-field-of-large-earthquakes:-
Thus families of hazard curves may -be produced. That is the case of the
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NUREG 1150 report which considers two families of curves, provided by
the LLNL and EPRI respectively (see ref.11 and 12 in chapt.1 of the
CSNI/PGW5 draft report). The large spreading of the probability values in
the lower part of these curves underlines the difficulties to assess the
hazard from very strong earthquakes.

‘The review of methods to assess the on site seismic hazard points out
that Tow probability numbers associated with large earthquakes might not
be significant. The meaningfulness level, however, should not-be the same
in various regions of the world with different seismicity, since the
available seismic data and information could have a different
consistency. For instance, because of the brevity of historical records,
the probability of large earthquakes in U.S. could be judged to be not
significant below values of the order of 10-3#10-4 per year, whereas in
some European countries {e.g. Italy} the meaningfulness level of the
estimated probabilities could be extended down to values of about
10-4410-5 per year. In general the events associated to the lowest but
still significant probability values are considered in the regulations
for defining the Safe Shutdown Earthquake (SSE).

ii) Fragility analysis.

The seismic fragility analysis provides the failure probability
functions for the plant structures, systems and components under various
seismic Joads. In such analysis the seismic loads are usually expressed
as peak ground acceleration, and fragility data represent the medium
values of the acceleration capacity to withstand the loads. Fragility
functions, therefore, account for the variability of the seismic response
in a given structure, system or component, due to the uncertainties on
how the ground motion appears at the plant basemat and propagates from
the subsoil to the various part of the plant.

Fragility functions are usually developed through the treatment of data
and information obtained from:

- observations during earthquakes;

- seismic qualification tests according to usual standards;

- tests on shaking tables simulating actual or theoretical earthquakes;

- calculations with theoretical models.

The treatment is in general a statistical comb1nat1on of the above data
and information supported, if necessary, by expert opinions.

Fragility data have been developed and collected in the past by several
scientific organizations, as documented in the available literature (see
the ref.i3, 14, 16 and 17 in chapt.l of the CSNI/PGW5 draft report).
Generic data, used in some past PRAs, are in particular provided in the
NRC document "PRA Procedure Guides" (see ref.2 in chapt.} of the
CSNI/PGW5 draft report). An updated list is contained in the NUREG/CR
4840 report mentioned in par.2.

iii) System analysis.

The seismic system analysis calculates the frequencies of accident
sequences, plant damage states and core melt at various ground motion
~-levels-selected-from-the-site-setsmic—hazard.~Fhe-method-is—-conceptually--
identical to the traditional and well established method of the fault
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trees and event trees analysis used for internal events. ‘There are,
however, some differences due to the features of the seismic events that
act as common causes of failure of the various part of the plant, to be
combined sometime with other non seismic failures.

In the system analysis the failure modes and probabilistic failure
criteria for important safety systems, structures and components, are
mostly determined using the current fault tree techniques and fragility
data. The plant response to the site ground motion is also assessed in
order to determine the seismic loads in the various part of the plant
where the above systems, structures and components are located. The used
models should represent the seismic structural behavior of the plant,
including the soil structural interactions. Iterative calculations at
various levels of the ground motion intensity are usually made, implying
increasing and high variable results for the highest less probable
values. The variability of results mainly comes from the uncertainties in
the hazard analysis and in the failure (seismic and non seismic) rate
data, dincluding human errors. Sensitivity studies and uncertainties
analyses are made at last to didentify dominant contributors to the
estimated core melt frequencies and assess the variability range of the
final results.

Results from some past PRAs have shown that the seismic core melt
frequencies might represent a significant contribution to the global core
melt frequency (see table 1 and fig. 5 in chapt.l of the CSNI/PGW5 draft
report). In addition the uncertainties in the estimated values are
considerably large and overlap the uncertainty range of results from the
internal events analysis.

3.2 Areas where improvements are necessary.

The review of the status of the art confirmed that much work is still
needed - for decreasing the uncertainties of the seismic analysis,
especially in the field of the hazard evaluation. Here following are
mentioned the main areas to be investigated for improving the confidence
Tevel of the final results.

i) Hazard evaluation.
Current methods for determining the site seismic hazard should be
improved in the following areas:

- identification of the seismic sources and determination of the
recurrence freguencies for strong earthquakes;

- assessment of the propagation phenomena from the seismic sources to the
site for developing realistic and update relationships between site
‘ground motion and relevant earthquake parameters (e.g. peak
accelerations vs hypocentral distance, magnitude, etc.);

- evaluation of the site ground motion features that are relevant to the
plant response analysis (time histories, response spectra etc.).
Instrumental data and observations should be extensively collected

during actual earthquakes in order to improve and convalidate theoretical

models and empirical correlations.
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i) Determination of the flooding frequencies.

Methods for determining frequencies of various on site flooding levels
rely on the development of the Probable Maximum Precipitation (PMP),
" given that, in general, a severe local precipitation is the controlling
event on all the concerned sites (see ref.1 in chapt.2 of the CSNI/PGW5
draft report). For “the rarity of the events, however, PMP can be
realistically evaluated within the range of the available historical
records. A period of about 100 years, corresponding to a frequency value
of about 0.01%, is the return period generally used if data are
consistent. For larger return periods calculations become difficult and
uncertain, especially when, during the flooding, a number of rare
phenomena are expected to affect the site and must be correlated
together. Statistical methods may be used to treat the available data and
information, and expert Jjudgements are often needed to support the
analysis. Currently, bounding calculations based on conservative models
and hypotheses that are judged to be acceptable by the experts, are used
for quantifying defensible frequency values. Moreover, some methodology
is available to perform calculations in a formal sense (see ref. 13 in
chapt.2 of the CSNI/PGWS draft report). A1l analyses, however, do not
avoid the uncertainties due to the lack of data and correlations among
the involved phenomena.

Site flooding might also occur because of upstream dam failures.
Although realistic dam failure probabilities in extreme conditions cannot
be easily determined (for the difficulty of accounting of all the
involved factors, such as dam location, construction, design capability,
etc,.), data on dam failures that are available in the literature could
only justify values not grater than 10-3 per year (see ref. 12 in chapt.2
of the CSNI/PGW5 draft report). Little credit, however, is in general
given to failures of modern and well-engineered dams.

From the above considerations it results that at present methods to
assess the frequency of on site high flooding levels are valuable only 1in
the range of historical data. These methods are also used in the
regulations to determine the Design Basis Flooding Level (DBFL).

ii) Plant system analysis.

The plant system analysis intends to estimate the probability that,
given a flooding event large enough to cause a damage on the plant, core
damage accidents will occur. To this purpose the analysis requires the
development of plant event trees with the use of probabilistic failure
data for relevant plant safety functions at various flooding levels. In
practical applications these data, also referred as to flooding
fragility data, cannot be easily obtained, since at present a realistic
world data base does not exist, nor theoretical models are available for
assessing the system and component behavior during exceptional
inundations. In place of theoretical calculations, expert judgements may
be used for making conservative assumptions in bounding analyses, and for
estimating probabilities as well.

In the PRA literature there are a few cases in which core melt accidents
..produced by external floods.have been. extensively .treated,. mostly..in_ a....
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Particular care should be taken when estimating probabilities for large
earthquakes, willing to ascertain to what extent these unlikely events
may be considered still conceivable, without impairing the meaningfulness
of the analysis.

ii) Fragility analysis.

The effort to collect further and updated fragility data should continue
especially in the field of the high accelerations, taking also into
account relevant ground motion parameters (soil features, frequency
spectra, etc.) The aim is to make available an enlarged and exhaustive
Tist of generic data to be used in PRAs. Current methods, in particular,
should provide improved failure data on :

- - electric components (including relay chatter and circuit breaker trip);

- piping at various plant locations;

- interbuilding piping (caused in part1cu1ar by soil failures and
liquefaction).

Methods should provide the uncertainty range within wh1ch data have been
actually developed.

iii) System analysis.

System analysis should be improved in the determination of the seismic
failures modes of structures and components for various ground -motion
Tevels. At the present status of the art the following areas need of more
investigation:

- soil structures interactions;

- damping levels beyond design basis;

- models for specific seismic events . (different time histories and
response spectra etc.);

- combination of failure modes (cascading failures of piping supports,
simultaneous failures due to correlated responses, induced fires
etc.);

- human behavior during earthquakes.

Research should provide updated methods for generating realistic and
best estimate values of the seismic loads in various parts of the plant
where relevant systems, structures and components are located. The loads
should represent all aspects of interest for the failure modes of such
systems and components or supporting structures, accounting for the
uncertainties.

4. Issues on the flooding analysis.

4.1 Status of the art.

In chapter 2 of the CSNI/PGWS draft report on external events a short
review is made on the probabilistic methods to assess the core melt
frequency of accidents caused by external flooding. Here following are

some considerations on the status of the art regarding this analysis.
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bounding way. The results have shown that the assessed core melt
frequencies are in general very Tow and sometimes insignificant (see
table 1 in chapt.2 of the CSNI/PGWS draft report). These applications,
however, do not contain uncertainty analysis. Uncertainties, mostly
coming from the on site flooding hazard, could be consistently high and
could cause doubtful results, especially if used for comparison purposes
on different sites.

4.2 Areas where improvements are necessary.

Although past PRAs have shown that the contribution to core melt
frequency from flooding events is very 1low, some additional
investigations could be still needed, especially in the field of the more
complex and rare natural phenomena. Here following are reported some
considerations regarding the areas of concern.

i) Determination of the flooding frequencies.

In general all exceptional natural phenomena that may provoke high site
flooding levels (severe precipitations accompanied by water run- off from
rivers and lakes, storms, strong winds tides, etc.), are surveyed by
national -and worldwide meteorological organizations. Expert panels
usually review the status of knowledge on the above phenomena, and
suggest studies for previsional models. For PRA app11cat1ons, therefore,
expert judgements are continuously updated by these ongoing activities.
Additional investigations could be requested only in some specific case
because of the features of the concerned site.

i1) Plant system analysis.

The limited applications of the approach to calculate the core melt
probability in case of exceptional site flooding (beyond DBFL) do not
allow to identify particular areas of investigation. On the other hand
bounding calculations have demonstrated that enough capacity to achieve
safe shutdown conditions could be still available also in case of the
total loss of equipment and structures threatened by a severe inundation.
With the exception, perhaps, of some particular case, at the moment no
additional investigations seem to be necessary.

5 Issues on the fire risk analysis.

5.1 Status of the art.

Chapter 3 of the CSNI/PGW5 draft report on external events, contains a
review of methods currently used to assess the contribution of fire
events to both the core melt frequency and the containment failure

..probability. Here following..are..summarized..some--considerations.—on—the

status of the art of the analysis.
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i) ldentification of relevant fire zones and determination of fire

frequencies.

Relevant plant areas that are sensitive to fire, and existing barriers
separating various plant rooms and compartments, are usually identified
on the basis of a comprehensive examination of plant layout drawings
validated by specific plant visits. Fire areas of concern are those which
have either safety related equipment or power and cables for that
equipment.

In past PRAs fire freguencies were determined from data that are
available from the operating experience on nuclear plants. The few
available data were vreviewed and treated with current statistical
techniques. Fire frequencies in specific areas and small rooms contained
in large compartments were obtained through partitioning methods of the
available fire frequencies of the compartments. Theoretical models on
- fire propagations and Bayesan estimations were used to support the
analysis and assess the uncertainties (see ref.5 and 6 in chapt. 3 of
the CSNI/PGW5 draft report).

Generic fire frequencies in important rooms and compartments of LWRs
plants were provided by Kazarian and Apostolakis (see ref.7 in chapt.3 of
the CSNI/PGW5 draft report). Some past PRAs produced different fire
frequency values because of the special features of each plant (see
ref.9,11 and 12, and tables 2, 3 and 4 in chapt.3 of the CSNI/PGW5 draft
report). An extensive fire analysis was also performed in the ambit of
the risk studies for the NUREG 1150 report. The event data table reported
in the NUREG 4840 report (mentioned in par.2) is an exhaustive list of
fire events used in that report.

ii) Fire accident analysis.

In general, current regulations on fire protection have made available
suitable techniques and equipment for extinguishing fires in nuclear
power plants.

In PRAs studies specific analyses are performed for plant rooms and
zones where relevant safety systems and electrical supporting equipment
are located. The aim is to clarify which kind of fire can develop and
propagate in a dangerous way so to provoke accident sequences potentially
leading to core damage. The analysis is very plant specific, depending on
various circumstances including fire place, duration, propagation and
extinguishing modalities. Current fault tree and event tree techniques
are used to assess relevant failures and identify various fire
propagation paths. In this regard data on the in plant fire barriers
failure rate are also needed for determining the failure rate for
specific equipment or components. Probabilities of accident sequences are
calculated with the available PRA methods (for instance the one of the
SET computer program) in which fires are regarded as common cause of
failure. Alternative methods include dependencies between fire and
components, room interconnections, location of cables and other plant
features that are relevant to the analysis (see ref, 3, 4 and 12 in
chapt.2 of the CSNI/PGW5 draft report).

Fire induced core damage frequencies were Calculated in the fire risk




-302 -

analysis of the NUREG 1150 report. In this report the results are
presented with the uncertainty range and compared with results estimated
for other events (see fig.3 and 4 in chapt. 1 of the CSNI/PGW5 draft
‘report). The comparison confirmed that uncertainties may be significant,
as also pointed out by some previous PRAs (see ref. 20 and fig 5 in
chapt.1l of the CSNI/PGW5 draft report).

iii) Fire development analysis.

In the fire development analysis best estimate methods are used to
assess the fire growth, the damage on relevant structures and equipment,
and the effects of fire extinguishing actions (see ref.13 in chapt.3 of
the CSNI/PGWS draft report). The aim is to estimate the flashover time
‘that is important to most fire -prevention and mitigation measures
(flashover time is the time when all flammable surfaces catch fire in the
whole area that has been considered and temperatures reach nearly steady
state values determined by the oxygen flow into the area). These measures
have a high probability of success before flashover conditions are
reached, and after flashover must be addressed- to limit the fire
spreading since all the content of the concerned area is lost.

Various simulating methods have been developed to perform the analysis.
This requires that a barrier failure analysis be also performed to
determine fire vulnerability data and damage times of plant fire barriers
{such as fire doors, security doors, water tight doors, penetration seals
and so on}. Vulnerability data should include the effects of fire
propagation and of heath and smokes transport on the barriers. In
addition a recovery analysis is also required to estimate times to detect
and suppress fires through the available in plant fire fighting measures.
In this regard, data on fire suppression as function of the time are
available in the 1literature for estimating, 1in conjunction with
calculations, the probability that fires are suppressed before flashover.
Numerical computer codes using deterministic, stochastic or empirical
techniques are available to make calculations (see the list of table 5 in
chapt.3 of the CSNI/PGWS draft report).

5.2 Areas where more investigations are needed.

The frequency uncertainty range that has been assessed for the fire
induced core melt accidents, underlines the need of more investigations
to reduce the uncertainties. Uncertainties are mainly generated from the
fire development analysis because of the unknowns in the understanding
the fire growth phenomena and the plant response to fire occurrences and
recovery actions.

Here following are mentioned some areas of major concern.

i) Determination of the fire frequencies.
The process to assess the fire frequencies is strictly dependent on the
available data on in plant fire events, and must also rely on the
capability of the used partitioning methods to account for all factors

(such as the amount of electrical components and cables, fire loading,

&,

®
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fire zones occupation, and so on) that are relevant to the fire “ignition
and propagation in small rooms or buildings from large compartments.
Computer codes used to partition fire frequency within a particular fire
zone should therefore be improved in order to increase such capability.

i1) Fire development analysis.

Computer codes used to simulate the processes of the fire development
and propagation from an enclosure to relevant areas of the plant (such as
the various versions of the COMPBURN code) should be improved so to
reduce errors and conservative assumptions usually made in the analysis.
In this regard typical areas to be more investigated are:

- models to predict hot gases layer temperature;

- radiative heath transfer to targets above the flame;

- convective heath transfer for objects enguifed in the flame;

- heath conduction of objects in the flame and thermal response of
barriers;

- mass burning rate of burning objects;

- ignition of insulation cables and damage failure criteria;

- manual fire fighting effectiveness (including smokes control);

- equipment survival in fire environment;

- control systems interactions.

The improvements in the above areas should increase the code capability
to predict the time to dignition or damage for critical cables and
components, as well as of times to fire suppression through available
fire fighting means (including the intervention of fire brigades).
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EXTERNAL EVENTS ASSESSMENT FOR AN LMFBR PLANT
K. Aizawa, R. Nakai and A. Yamaguchi

Power Reactor and Nuclear Fuel Development Corporation
Sankaido Bldg., 9-13, 1-Chome, Akasaka, Minato-ku, Tokyo, Japan

ABSTRACT

External events assessment was conducted for a typical loop-type liquid metal cooled
fast breeder reactor (LMFBR).

The quantitative screening analyses which identify dominant sequences on the
following location-dependent failures were conducted: leak of water/steam/freon,
leak of sodium, inadvertent actuation of water sprinkler system, high energy line
break causing pipe whip, HVAC fan missile, and fire. The result, which is obtained
from conservative evaluation under the assumption that the susceptible components

fail, indicates the effect of fire is the largest among those external "events.

The quantitative seismic event analysis has also been conducted. Seismic hazard
curves and spectral shape have been evaluated using the seismic activity data
around the LMFBR site. The design analysis and the testing data for design basis
seismic events were used to quantify seismic fragilities of the structures and
components.  Generic fragility curves were also evaluated based on the fragilities
which were used in the precedent seismic probabilistic safety assessments (PSAs).
Parametric studies for the probability of seismic failure on the plant level were
conducted using site-specific seismic hazard and fragility curves. Several seismic
event trees were developed by systems analysis for seismic event. The component
failures due to a seismic event were modeled using a Boolean transformation
equation technique. Then the seismic induced core damage probability from
representative sequences was quantified and the critical components for
carthquakes were identified.
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1. INTRODUCTION

The Power Reactor and Nuclear Fuel Development Corporation (PNC) is constructing
a prototype LMFBR, Monju. In support of its development effort, a probabilistic
safety study has been performed since November 1982. The objective of this study is
to construct a probabilistic model to be used in evaluating the overall safety of the
LMFBR plant. The result of this PSA study will provide an optimum allocation of
limited resources to various safety research programs and basic information useful
for the development of a basic policy for safety design and evaluation of future
commercial LMFBRs.

The level-3 PSA with respect to internal events was completed in 1990. The level-1
PSA with respect to external events is being conducted for Monjﬁ(l)v(z). A
quantitative location-dependent failures analysis and a preliminary seismic risk
analysis were conducted. In order to evaluate efficiently the effect of the external
events for an LMFBR plant, PNC has been developing an systems analysis code
network. As for the location-dependent failure analysis, the SETS code(3) is utilized
as a main code. Analysis codes have also been developed for. the evaluation of
seismic fragility and common cause failure of.the redundant system considering the

partial correlation.

The plant studied is a loop-type LMFBR plant. Cooling of the nuclear reactor core
during normal operation is accomplished by three heat transport system loops. Each
heat transport loop consists of a primary heat transport system (PHTS) loop, an
intermediate heat transport system loop, and a water and steam system loop.
Maintenance of the reactor sodium .level is necessary 1o ensure coolant circulation
paths, which transport decay heat away from the core. This function is
accomplished by the overflow/makeup system and the PHTS guard vessels. Decay
heat removal in this plant is - accomplished by either the intermediate reactor
auxiliary cooling system (IRACS) or the direct reactor auxiliary cooling system
(DRACS). The IRACS can remove decay heat successfully through one-loop operation
immediately by either forced or natural circulation following a reactor shutdown.
The DRACS can successfully remove decay heat following a reactor shutdown.
Reactor power reduction is required to make the reactor subcritical and reduce the
power generated in the core to decay heat levels. This function is accomplished by
the reactor protection system.
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2. LOCATION-DEPENDENT FAILURE ANALYSIS
2.1 QUANTITATIVE SCREENING ANALYSIS

A location-dependent failure is defined as an event in which two or more
components fail either as a result of some harsh environmenis or because one
component failure results in a harsh environment which causes other components
to fail. The types of dependent failures of interest in an LMFBR are those which
affect system redundancies or diversities. A comprehensive list of potential harsh
environments was first prepared considering the characteristics of LMFBR. In order
to limit the location-dependent failure task to a manageable and yet significant level,
it was decided to concentrate on the harsh environments deemed potentially most
significanl.' Available sources on historical dependent failures and events which
were identified as having had the pdlemial for dependent failures were reviewed.
Over 4000 events(4).(5) were screened; 235 events were sclected as actual or potential
dependent failure events. The types of localion-dependeni failure events applicable
to an LMFBR are summarized as follows:

(1) Leak of water/steam/freon

(2) Leak of sodium

(3) Inadvertent actuation of water sprinkler fire suppression  system
(4) High energy line break causing pipe whip

(5) HVAC fan missile

(6) Fire

The SETS(3) location transformation analysis technique is used to solve accident
sequence cutsets in terms of combinations of random failures and zones.  The
resultant accident sequence cutsets are analyzed further to identify exactly “which
components within the zones must fail. The first part of the SETS analysis, solving
for accident sequcnce‘cutsels in terms of random failures and zones, is termed the
critical zone analysis. The second part of the SETS analysis, determining the basic

event cutsets within the critical zones, is termed the underlying cutset analysis.
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In the SETS critical zone analysis, each basic event in a fault tree is transformed into
both a random failure and a zone representing the location of the component. If A

represents the basic event, then the transformation equation is the following:

A=AX +/Z1, (H
where
AX = transformed representation for the random failure

fZ1 = zone in which the event A is located

The "X" is used to avoid circular definitions, which the "/" is used so that random
failures (AX in the example) and zones (Z1) may be distinguished. Such distinction is
required in order to be able to truncate cutsets both by the number of random events
and by the number of zones. Transforming all applicable basic events into random
and zone contributions and resolving the accident sequences with SETS, cutsets
involving random failures and rooms may be obtained. A cutset involving a single
zone indicates that there are components within the zones which, if failed, would
result in core damage. Similarly, a cutset involving a single random and a single
zone indicates that there are components within the zone -which, if failed and

combined with the single random failure, would result in core damage.

Once the critical zone cutsets have been identified with the SETS code,-the analysis of
underlying cutsets can be performed. For each critical zone identified, the basic

events within a location. only were transformed in the following fashion:
A=/AX (2)

The events are complemented to identify that they are within the location of

interest.

The methodology for evaluation of potential location-dependent failures resulting

from each initiator involves four steps:

(1) Identification and quantification of harsh environment sources
. (2) Screening analysis for initiator as -an initiating event

(3) Screening analysis. assuming initiator during the mission time
(4) Refined underlying cutset analysis as required
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The quantitative screening analysis is performed under the assumption that all the
susceptible components in the location fail. The screening process attempts to rule
out certain sequences and certain critical zone cutsets without detailed analyses of
harsh environment effects on components. The result indicates that the effect of
fire is the largest among the above external events and the further fire analysis is

required.

2.2 FIRE ANALYSIS

The methodology used in an LMFBR probabilistic fire event analysis consists of three
separate = tasks:

(1) Identification of all potential fire-initiated sequences (both sodium and
nonsodium) inducing failure of the decay heat removal system

- plant systems analysis

(2) Identification of critical areas containing the decay heat removal system

components - fire-hazard analysis

(3) Determination of core damage frequency as a result of fire-initiated failure of

the decay heat removal system - fire-propagation analysis

Compared with light water reactor (LWR), fire-induced loss of coolant accidents are
extremely wunlikely in an LMFBR design and are not analyzed. A fire can potentially
induce any of the random transients. The most likely transient would be a manual
scram initiated because of presence of the fire. Such a fire-induced transient is
important to risk only if it also fails mitigating system equipment. Therefore, for an
LMFBR fire study, a fire involving the decay heat removal systems or their support
systems is assumed to result in at least a manual reactor shutdown.

The identification of critical plant areas is accomplished using the SETS location
transformation analysis described before. The resultant critical area to fire event is
a room which includes electrical equipment and related cables for actuation and/or

control of the decay heat removal system.

Potential fire scenarios in the LMFBR are modeled using fire event trees. The event

trees consists of the following headings: ignition, detection, suppression,
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propagation, and recovery. The branches of the tree and their associated

probabilities represent a possible outcomes of the fire scenario.

The frequenciés of fires are obtained by the analysis of historical data. Because of
the lack of information on fire occurrences in LMFBRs and Japanese LWRs, the U.S.
LWRs data(6) is used in this siudy. The failure probabilities of the fire detection are
prepared for smoke / heat detector and detection by the plant personnel depending
on the location. The propagation of the fire is dependent on the characteristics of
the fire area. Fire growth and propagation analysis are performed using the
COMPBRN-IIl code(?). The thermal response of various targets in the fire scenario is
modeled to predict the threshold of the propagation in the fire size and the amount of
time required for the fire to damage or ignite critical equipment. The probability of
propagation is estimated based on the results of COMPBRN-III code. Recovery is
treated in a similar fashion as in the internal event analysis. The human reliability
analysis provides the probability of recovery based on the type of recovery and
grace time.

Dominant contributors to loss of the decay heat removal system are combinations of

the electrical component failures within the electrical panels due to hot gas layer.

3. SEISMIC EVENT ANALYSIS
3.1 SEISMIC HAZARD ANALYSIS

Seismic hazard curves and spectral shape have been evaluated using the seismic
activity data around the plant site. Two different methods are adopted for estiméting
the seismic hazard curves. One is based on Gutenberg-Richter's (G-R) relation
obtained from historical earthquake data and the other on the earthquake fault
activity from active fault data.

To utilize the historical earthquake data, six seismotectonic zones are identified
around the plant site. One can obtain the probability density function of
hypocentral distance, fxg(x) for each zone k. Annual frequency of earthquake
occurrence (vg) with the magnitude M; or above is calculated with the G-R relation

as follows:
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logvi=a- bM; (3)

where a and b are empirical parameters in the G-R relation and are determined
based on the historical record of earthquakes. Upper magnitude M, and lower
magnitude M are defined to evaluate of the parameters a and b. M is based on the
minimum earthquake recorded in the history which caused any damage. Potentially
maximum magnitude can be predicted from either the historical earthquake or the
characteristics of active fault. The greater value of them is assumed to be M, for
each seismic zone. The probability density function of magnitude fyg(m) is also

calculated using the G-R relation.

Attenuation of the peak ground acceleration (PGA) a is evaluated based on the
observation of the historical earthquakes in Japan. Six empirical equations out of
cighteen are selected to be appropriate for the rock site and the average value is
used in this study. However, in the phenomenological process of propagation and
attenuation of the seismic wave, PGA observed at the site is subject to uncertainty.
Thus a is regarded as a random variable having lognormal distribution, fa(a) with

the logarithmic standard deviation fS.

Combining these quantities, one obtains expected annual number of earthquakes

which PGA is equal to or greater than g, as follows:

via) = ;J

x

I vifalalm x)fue(m)fxe(x)dmdx
™ (4)

where k relates to the summation with regard to the seismic zones.

Next, a method to establish the hazard curves based on the active fault data is
described. More than 300 active faults are investigated which are located within 150
km distance from the site. The relations between the magnitude and active fault

length L and magnitude and slippage d caused by each earthquake are given by:

logL = 0.6m -2.9 (5)
logd = 0.6m- 4.0 (6)
respectively. Vi is evalualed using the annual mean slippage S, ie. vg=S/d.

Therefore, v(a) is calculated by:
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Ly
v(a) = 2[ vifalalm x)@L
e : N

where L is the length of the k-th active fault and the summation is performed in

terms of the number of active fault.

Now, assuming Poisson's process, one evaluates the annual probability of exceedance
(the probability that the PGA of an earthquake is greater than a specific value a), as
follows:

P(a)=1- exp{-v(a)} (8)

where P(a) is the annual probability that PGA of an earthquake exceeds a.

Important points in the discussion are the maximum PGA (that is upper cut-off
value) and the uncertainty of the PGA attenuation in terms of logarithmic standard
deviation 8. Since the research regarding this topics is under way and it is difficult
to make a judgement for point estimation presently, sensitivity analysis is to be
employed. In other words, two values for 8 (=0.5 and 0.7) and A, qx (=1,000 gal and
infinite) each are assumed. The value of A, ,x is determined based on both
phenomenological and empirical investigation. B is based on the results of the past
statistical analyses of PGA data observed in Japan. The sensitivity of the parameters
to the final results (such as annual frequency of core damage or systems failure) is

to be investigated by the systems analysis.as described in section 3.3.

It is a matter of course that neither data sets reflect the complete seismic sources.
However, what is important in the viewpoint of seismic PSA is to derive the best
estimate hazard curves and to employ the sensitivity. calculation in the area where
the physical models and the parameters are subject to uncertainties. In the present
study, it has been found that both hazard curves are in agreement with each other.
As long as both approaches give similar results, one may consider the hazard curves

analyzed arc the best estimate on the basis of the current state-of-the-art.

The spectral shape S4(T) as a function of period T is defined as the acceleration

response spectrum normalized by the PGA value.  Assuming that the probability
density function of S,4(T) is lognormal, the median and logarithmic standard
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deviation are to be evaluated. Since S4(T) is dependent on m and x, the following

equation was proposed:

InSa(T) = a(T)m - b(T)x + ¢(T) )

where a(T), b(T) and ¢(T) are obtained by regression analysis of earthquake motions
observed in Japan. Joint probability density function of x and m, f(m,x/a), when PGA
is given, can be obtained using fysx(m) and fxg(x). Therefore, the median and the

logarithmic standard deviation of the spectral shape are obtained by:

InS(Tla) = J

x

J InS(Tim . x)f(m xla)dmdx
" (10)

8%(Tla) = j

x

j {InS(T\m ,x)-lnS(TIa)}zf(m xlaydmdx
m (11)

3.2 FRAGILITY EVALUATION

The entire fragility curves, which represent seismically-induced failure
probabilities at each ground acceleration level, are developed for the major
buildings and equipment of the plant based on the safety factor method.(8) The

ground acceleration capacity A is given by:

A=Amér ey (12)
where A, is the best estimate of the median ground acceleration capacity. ¢eg and &y
are random variables with unit medians representing the inherent randomness
about the median and the uncertainty in the median value, respectively. The safety

factor F on PGA capacity above the reference level earthquake specified for the
design (S earthquake) is expressed as:

A=F As2 (13)

- where Ag2 is the PGA level for the Sy earthquake.

For structures, the safety factor can be modeled as the product of three random

variables:

F=FSF”FRS (14)
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where Fgis strength factor, F,is inelastic energy absorption factor, and Fgg is
structural response factor. For equipment and other components, the safety factor
is composed of capacity factor F¢, structural response factor Fgps and equipment
response factor Fpp. Thus,

F=Fc Fre Frs (15)

-The seismic fragility of structure or equipment is  defined as failure probability on
condition that an earthquake occurs. The fragility is a function of the intensity of
the earthquake and our degree of belief, ¢, regarding median capacity, A,. The
double logarithmic normal distribution model is widely used to describe the seismic
fragility curves. Using the PGA a as the intensity parameter, the seismic fragility is

expressed as the following equation:

Pra>AIQ) = w[Lz a \]
Br H(Amexp{-ﬁud"l(Q)}} (16)

where fig and By are variabilities of the fragility associated with randomness (eg)

and uncertainty (ey), respectively. @(+) is the cumulative normal distribution

function and @-I(s) is its inverse function. @ lies between O and 1.

Selected buildings for the structural fragility evaluation are the reactor building
where most of the heat transport system components are involvcd; the auxiliary
building where decay heat removal system and support systems are installed, the
diesel generator building, the containment vessel and the screen pump room which
provides the support cooling systems with the sea water as the ultimate heat sink.
The standard deviations of the floor response spectra are also calculated using Monte
Carlo simulation. The results are used in the seismic fragility (structural response

factor) analysis of the equipment.

Since the systems in the LMFBR plant differ significantly from those in LWRs, the
dominant contributors to seismic risk may not be typical of those most common for
LWRs. So the design analysis and the testing data for design basis earthquake were

used to quantify plant-specific seismic fragilities of the structures and equipment.

The numerous components are relating to the safety functions and are included in
the systems analysis model. Hence it is not practical to evaluate the plant-specific
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fragility for every component. Generic fragility curves are evaluated based on the
fragility parameters which were used in the precedent seismic PSAs. For the
equipment with less importance and/or common to that in LWRs, the generic
fragilities are used in principle. For some dominant contributors to the results,
however, fragility parameters were modified using a Bayesian methodology(9). This
approach is based on seismic experiences in non-nuclear industry or engineering
judgement derived from the comparison of the same equipment class of the LMFBR
and LWRs sited in high seismic zone.

In the LMFBR plant under seismic circumstances, it is noted that decay heat can be
removed by natural circulation if no boundary failure takes place. In the natural
circulation mode for decay heat removal, support systems such as AC power supply
and HVAC systems are not necessary except DC battery which supplies power to open
sodium valve and vane and damper of dumped heat exchanger when they are on
demand.  Therefore, the fragility of the coolant boundaries which compose decay

heat removal systems were focused on.

From this viewpoint, a methodology to consider the importance of multiple coolant
loop failures was developed by assessing the partial failure correlation between
three heat transport loops .(10) The resultant failure probability and the fraction of
the common mode failure at various acceleration levels which have been evaluated

are used as input for systems analysis to quantify the seismic risk.

Sensitivity studies for the annual frequency of seismically induced failures on the
plant or system level were conducted using the site-specific seismic hazard curves
and generic and plant-specific fragilities. From this simplified sensitivity study, the
important equipment is identified for which the fragility estimation is to be updated.
Based on the sensitivity study, equipment that needs further refinement of
structural response analysis and fragility evaluation has been identified. It has
been found that some structural components consisting the coolant boundaries and
decay heat removal system and electrical equipment such as batteries and electrical
panel are relatively sensitive. In accordance with the recommendations, current
efforts are centered on the ‘stochastic structural response analysis and fragility

evaluation of the functional failure of such equipment.
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3.3 SYSTEMS ANALYSIS

Seismic event trees are constructed taking into consideration for plant responses
given large earthquakes which exceed design-basis earthquake. In addition an
event which does not require the event tree is considered because it leads to core
damage directly. Such an event includes reactor vessel failure or core support
structure failure. The resultant event trees are reactor trips assuming loss of off-site
power, PHTS leakage within guard vessel, PHTS leakage outside of guard vessel, and
DRACS leakage. The event tree headings consist of essential safety features which
achieve the safety functions of the reactor power reduction, decay heat removal and

maintenance of sodium level.

The fault trees developed for the internal events analysis are used directly with
seismic transformation equation. If A represents the basic event, the

transformation equation is the following:
A=AX+AS, (17)

where
AX = rransformed representation for the random failure

AS = seismic induced failure

For an electrical component within electrical panel, the seismically induced failures
are modeled by the panel failure as well as the component failure. In addition a
structure or building failure event may be added as a seismic specific event, if

needed.

The probability of AS varies with the PGA. Sequence minimal cutsets are solved for
each acceleration level based on the system combinations identified event trees. The
quantification of accident sequences for each acceleration level is performed using
component fragility data. These accident sequences are the function of the PGA and
are de-conditioned by integrating each accident sequence over the hazard curve.
Recovery by the plant personnel is only taken into account for nom-seismic failure

events.
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The experiences show that inclusion of system success .is essential, since the
probability of system success decreases substantially as the PGA increases. In an
LMFBR the decay heat can be removed by natural circulation even in the sequence
of total blackout . Therefore the integrity of reactor coolant boundary and the safety

function for the maintenance of sodium level become more important.

4. CONCLUSION

A comprehensive external events analysis for the LMFBR plant has been conducted
in constructing probabilistic models in order to evaluate the overall plant safety.
The quantitative screening analyses which identify dominant sequences on the
following location-dependent failures were conducted: leak of water/steam/freon,
leak of sodium, inadvertent actuation of water sprinkler system, high energy line
break causing pipe whip, and fire. The seismic hazard analysis, the floor response
spectra analysis, the seismic fragility evaluation for LMFBR-specific
structures/equipment as well as the one for various types of structures/equipment

important 1o safety and seismically induced systems analysis were also conducted.

Useful insights are obtained from those analyses and will be utilized to establish
rationalized safety design policy for LMFBRs and optimized allocation of limited

resources (man power and fund) to various safety research programs.

PNC is continuing to improve modeling for evaluation of the effects of the external
events as well as to develop the relating database in order to reduce the uncertainties
in the analyses. Those efforts to minimize the uncertainties will enable better

utilization of the full scope PSA in the various areas.
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Possibilities and Limitations of Probabilistic Fire Safety

Analyses illustrated by Analyses in the German Risk Study

1 Introductions and Background

Actually in Germany and abroad a uniformed and harmonized approach for probabilistic fire
safety analyses for nuclear power plants is not available. For that reason the German
PSA-Procedure-Guide does not have any description for fire events. Due to this fact German
PSA-Studies carried out systematically do not include fire safety analysis up to now.

However, risk studies for nuclear power plants in USA show that the risk contribution due to an
intemal fire can be of importance. Therefore, probabilistic fire safety analyses are necessary
within the scope of PSA-Studies on principle. But there is a need for discussions to come to

an agreement for the procedure.

It is the aim of this paper to give a review about the problems in connection with probabilistic
fire safety analyses illustrated by analyses carried out in the German risk study /1/. Referring
to that possibilities and limitations of probabilistic.fire safety anaylses shouid be indicated.

2 Approach of the Risk Analysis

The effects of fires in a nuclear power plant may range from the usual conventional
consequences such as loss of production and loss of property to the release of radioactive
substances from auxiliary equipment to a core meltdown. Within the scope of Phase B of the
German Risk Study, only such fires are investigated as can initiate a core meltdown. As
compared with such events, it is possible to neglect the risk contritbutions resulting from fires
involving radioactively contaminated materials at the nuciear power plant.

For that reason it is to be sufficient for PSA-Studies to analyse only fires being relevant for the
reactor safety.

Furthermore, only fires with overlaping consequences for systems and redundancies can be
-regarded-significant.. That-means.that.a.local.fire.which.is.boundered.to.a.single.component,




-320 -

e.g. a smouldering fire at an electrical engin, has not to be considered. Such local fires are
implicated in the reliability anatyses by the components failure rates.

When analyzing the effects of fires, the first step is to determine the compartment areas where
major fire loads and safety-related systems are located. Apart from the actual fire
compartment, the determination also includes adjacent compartments if the fire may encroach
upon these.

For the compartments selected, the course of the fire is investigated by means of a fire specific
event tree analysis. For reducing the amount of analyses an additional reduction of the number
of compartments is necessary. With respect fo this, qualitative or quantitative procedures are
possible. In the German risk study both have been done.

For the fire specific event tree analyses, Fig. 1 shows a simplified event tree diagram. Based
on the consequential fire damage determined to have been caused to the safety-related
systems, and also based on the respective frequencies, the system-specific event tree
analysis is performed.

Because of the limited database available for the plant investigated, generic data were used
for the determination of the fire occurrence frequencies. {n this context, statements conceming
the frequency of fires in nuclear power plants are available as mean fire occurrence frequency
per plant and year and as compartment and building-specific fire occurence frequencies.

From a comparision of US literature on the mean fire occurence frequency per year and plant,
amean of 0.17 fires per year and plant is derived for US light water reactors /2/.

Special data for nuciear power plants in the Federal Republic of Germany are not available to
a similar extent because of the smaller number of plant operating years as compared with the
United States. However, the evaluation of the data available /3/ permits the conclusion that
there is not major difference in fire occurence frequencies in nuclear power plants in the
Federal Republic of Germany and the United States.

The Study used the fire occurrence frequency of 0.17 fires per plant and year which had been
determined. Furthermore, if was assumend that it will be possible to use the US
companment-specific data for nuclear power plants in the Federal Republic of Germany,
provided there is no major difference between the buildings and/or compartments as far as
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their functions and layouts, the types and quantities of combustible materials and the potential
ignition sources are concerned.

The fire-specific event tree analysis distinguishes between a pre-flashover phase and a
post-flashover phase. The intensity which a fire develops is determinded by the quantity, the
arrangement and the properties of the combustible materials as well as by the size and
ventilation conditions of the fire compartment. The ventilation conditions, in turn, depend on
the position of the ventilation and/or fire dampers and on fire doors at the beginning and in the
coures of a fire and on their fire protection quality (ventilation and compartment isolation).

The decisive factor for the actual development of a fire is the point in time at wich the fire is
detected by the operating personnel and/or by fire detection equipment in the fire compartment
(direct fire alarm) and the boint in time at which it is fought by active fire -extinguishing
measures (direct fire fighting). Even if the fire is afready extinguished during the pre-flashover
phase, systems accommodated in the fire compartment may fail. This will always be the case if
parts of a system are involved in the fire; or if the temperature limits to be adhered to by
system are exceeded.

A fire alarm may also be effected by fire detection systems in adjacent compartments or by the
detection of system failures (indirect fire alarm). However, this can only be anticipated during
the post-flashover phase. The active fire fighting measure during the posf—flashover phase
mainly aim the prevention of a further propagation of the fire and at the protection of vulnerable
systems in adjacent compartments (indirect fire fighting). Whether or not systems in adjacent
compartments will also fail mainly depends on the fire protection quality of the compartments
during a fire and on whether they will function properly (fire zone limitation). If compartment
and/or ventilation isolations such as a fire door are open, or if the fire restistance rating of
these structures is insufficient, the fire may encroach upon adjacent compartments if fire
fighting does not start in time.

The failure probabilities to be inserted at the various fire-specific branches of the event tree
diagram may depend on the time and on the course of the fire itself. The main aspects in this
context are the development of the temperatures in the respective compartment areas where
the safety-related systems are located and the temperatures which have to be expected there.

In this context, Fig. 2 is a schematic representation of the compartment temperature time
history and the fire-specific event sequence.
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Depending on the successfully isolation of the ventialtion (closing of dampers in the ventilation
system or of fire doors) at the time t,, two fire sequences | and !l are possible. Fire fighting may
start at different times. T, means the critical temperature of the safety related equipment.

The schematic representation of the fire sequences in Fig. 2 may be more complex in reality.
For this representation, the temperature increase and the expected temperature }evel in the
respective compartment areas have to be determined.

For that reason expensive codes with a more complicated fire modeling are necessary in
general. Depending on the variation of the possible boundery conditions (e.g. type, amount
and location of the fire load and the ventilation) the results of the calculations are different
temperature-time-histories with different consequences for safety related equipments. in
general, a correlation between the occurence frequency for a particular
temperature-time-history and the occurence frequency of a fire determined statistically can not
be found. Therefore the probabilities for the different temperature-time-histories have to be
estimated. The uncertainties of these determinations can vary.

With respect to the fire effects calculated, it should be examinded, whether an influence on
the failure behavior of the respective safety-related systems has to be dnticipated and, thus,
whether failure probabilities which depend on the fire sequence have to be taken into
consideration. Finally, the result of the fire-specific event tree analysis is the frequencies of
consequential fire damage involving a failure of safety-realted systems. In Fig. 1, the
consequentail fire damage is marked 1, 2 and 3.

The following event tree analysis in terms of systems engineering analyzes the infiuence of the
fire-related system failures on the overall behavior of the existing safety systems. In this
context, system failures which are independent of the fire are taken into consideration provided
the contribution to be anticipated cannot be neglected. This is the case, for example, if due to
fire-related failures there is only a single redundancy available of a system which is important
interms of safety.

In general, failures of components due to a fire lead to transients which will be usually
investigated in PSA-Studies. Therefore, the same event tree or fault tree diagrams can often
be used. However, has to be considered, that, due to the fire sequence a iot of components of
different systems and redundancies can fail and that these failures are correlated with the fire
sequence.
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For components and systems outside the fire areas, no fire-related influence, e.g. by
corrosion or temperature is postulated in the analyses of the German risk study. In particular
cases such influences could be important.

3 Results of the fire risk analysis for the NPP Biblis B
‘The results are:

* Frequency for plant condition not coped with by design safety systems (accident
management measures not considered) due to an intemnal fire:
1,7E-7/a

The figure 1,7 E-7/a represents a contibution of less than 1% to the total frequency of such
plant conditions analyses in the study (2,9 E-5/a over all events)

* Under consideration of accident management measure the core melt frequency due to an
internal fire is estimate to:

- high pressure conditions: 1 E-8/a
(represents a contribution of less than 2% of the total core melt frequency under this
conditions)

- = low pressure conditions: 1 E-7/a
(represents a contribution of 4 % of the total core melt frequency under this conditions)

4 Findings for possibilities and limitations of probabilistic fire safety

analyses

¢ Delimitation of fire areas have to be investigated in detail

It is necessary and convenient to reduce the amount of investigations in detail. Therefore,
an approach has to be made reducing the number of fire areas or fire compartments which
have to be analysed as far as possible.

In‘a'first step qualitative criteria ¢an be used:




-824-

amount of fire load
importance of the safety of the equipment

number of redundant systems and their
physical separation for fire

quality of fire protection
Findings from deterministic safety analyses are also helpful in this context.

The number of fire areas or compartments selected in that way can be reduced once more
in a second step by using representative areas for a lot of areas with simular fire
sequences and similar consequences on safety related equipments. However, in this
cases the number of the simular areas must be considered in the total evaluation.

In third step (or in case with start of the analysis) of reducing the numbers of fire areas
quantitative procedures are available (e.g. in /4/). Usually, that means simplified, rough
probabilistic analyses for the determination of fire spreading with simple estimations for the
fire effects and the reliability of fire protections measures.

Determination of the fire occurence frequency

For the analyses in detail, compartment-relafed data will be needed in general. In some
cases there is a need for plant specific data to evaluate a particular fire scenaric inside a
compartment. In practice, plant specific data are not available (due to the low number of
fire incidents). Compartment-related data are available on the basis of generic data. These
data can be used in general, sometimes however a modification is necessary. '

it there is a need for a fire occurence frequency for a particular fire scenario inside a
compartment, e.g. an oil fire depending on the volume of a oil leakgage, generic data can
be problematic. In this case an estimation by modeling the situation in the plant is better
for getting realistic data. But it is difficult to evaluate the uncertainty of such an estimation.

Detemmination of fire effects
On principle time-dependent values of

temperature

pressure
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concentration of corrosive
or toxic fire products

are necessary for the fire compartment or in case for adjacent compartments. But in
general, thermal effects cause the equipment failure. For that reason, the knowledge about
the possible temperarture-time-histories has to be mostly sufficient. For the probabilistic
evaluation it is important to evaluate the probabilty of the different possible
temperature-ﬁme-historiés.

The expense beeing necessary for the theoretical determiation of fire effects depends on
the kind of consequences. For a lot of fire events only the possibility for a fire spreading to
the next compartment is important. Therefore in general a calcuation with a relatively
simple "single-room postflashover fire model" is sufficient. If the fire speading or the local
distribution of temperature inside a compartment (e.g. cable spreading room below the
control room) or between rooms which are not separated (e.g. containment) are important
a more complex "multiple-zone or muitiple-room fire mode!" is necessary. Such models
have to describe the preflashaver phase of a fire, too. To some extent codes are still
under development.

Reliability data for fire protection measures
It is to differentiate between

structural fire precaution measures, e.g. walls; fire doors, dampers in ventilation systems
and cable or pipe penetrations through fire barriers,

Technical fire protection measures, e.g. fire detection systems, stationary fire fighting
systems and systems for water supply and

operational fire protection measures, e.g. manual fire fighting by plant personel or a fire
brigarde.

For the structural fire precaution measures statistical data for the fire resistance are

available resulting form standard fire experiments. With these data, the failure probaility for
reaching the nominal fire resistance can be determined. In the PSA the calculated
temperature-time-curves have to be transfered to the results form standard fire
experiments. Therefore one possibility is the transfer of the "time-integral”, of the real
temperature-curve to the standard-fire-curve for the determination of an "equivalent fire

resistance”
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For fire doors and fire dampers is to be considered that the reliability is also influenced by
other criteria (technical failures or human factors).

The reliability of technical fire protection measures can be determined by a special
fault-tree-analysis. An example is shown in Fig. 3. If no data from nuclear power plants are
available (e.g. only form conventional industry) the reliability will be estimated too iow in
general. To some extend plant specific data determined by the evaluation of results of
systematical checks of fire protection measures are available.

If stationary fire fighting systems will be actuated manually the reliability of the actuation
and the time delay from the fire detection time until the time of actuation mainly influence
the total reliability.

For the effectivity and the reliability of the manual fire fighting in nuclear power plant no
certain databasis is given up to now. However, operational experiences show that a lot of
fires have been fighted succesfulty in the ignition phase by the plant personel or in a later
phase by the fire brigade. On the basis of US data /3/ the non-availability of manual fire
fighting have been estimated with a value not bette: == -~ 3 E-1 per demand depending on
the time delay between fire detection and fire fighting by the fire brigade.

Failure criteria of safety-related equipments
It is to differentiate between

electrical equipments (e.g. cables, switchgears, instrumentations, electrical engines and
electronics) and

mechanical equipments (e.g. tanks, pipes, pumps, valves)

and for the mechanical equipments also between integrity and function. in German studies
/1,3/ the component temperatures have been used as a failure criterion. (Fig. 4). The
failure temperatures as shown in Fig. 4 are only rough values with many uncertainities. But
the experiences of the studies have shown that in most cases the component
temperatures determined differ from the failure temperature (above or below) of a large
difference. In these cases the uncertainty of the failure temperature does not have any
influence on the results.. In other cases, where the distance between the component
temperature and the failure temperature is very small, the uncertainty can be reduced by a
specific investigation of the component.
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Failure Criteria for Equipment
Failure Temperatures

Electrical equi :

for burning cables

Failure of cable insulation
temperature * 200 C

temperature 2 70 C
Failure of electronic _
equipment and switchgear temperature * 200 C
(for safety-related
equipment inside the
containment)®

hanical ipm
Loss of function, i.e. of Temperature # 400 C
drive units, valves
Leakages in seal membranes Temperature @ 400 C
Loss of integrity not relevant

)* designed for “Loss of coolant accident’
conditions

Fig. 4:
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SEISMIC ASSESSMENT FOR N.P.P. ACCORDING TO ITALIAN PRACTICE
S. D'Offizit, L. Magri2, F. Muzzi?

1 ENEL, Roma
2|SMES S.p.a., Roma

The definition of design seismic ground motions for antiseismic design can be
schematically subdivided into naturalistic aspects and engineering aspects.

At the base of the naturalistic aspects, which are essentially geological and seismological,
there are the following postulates, generally accepted by the scientific community and
present in all standards, technical guides and recommendations:

- earthquakes are the mainly due to the tectonic activity;

- the tectonic regime acting in a specific area does not change during the life time of a
nuclear power plant;

- the probability of the creation of a new seismogenetic structure or of seismic
reactivation of a dead structure in an area with no seismicity, without neotectonic
effects and not in agreement with the general kinematic model is so low that such
events are not taken into consideration.

A good characterization of the geological/seismological aspects can enable us to make
decisions of great importance, such as the exclusion of a particular area or the identification
of seismogenetic zones, even if it is not able yet to supply by itself numerical parameters
which can be used immediately by the engineer for design purpose.

As far as it concerns the engineering aspects, either the process of antiseismic design or
analysis or check out of a structure, natural and artificial slopes, foundation materials, is
fairly consolidated in its praxis, or to be more exact, the meanings of the various
hypotheses of schematization or of the levels of conservativism innate in each of them and
in the design process as a whole are quite well known.

Thus the most critical point in the process is the translation of the design earthquakes
defined in geological and seismological terms into engineering parameters.

One of the main difficulties lies in the fact that when the design seismic ground motion is
transformed into engineering terms, as it must be, the design process, which proceeds
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through analytical or numerical models of the structures in order to foresee their behaviour,
comes into account.

Therefore the transformation of the design seismic ground motion into engineering terms
cannot be made without considering on one hand the geological/seismoiogical
hypotheses which defined it, and on the other hand its adequacy to the schemes and the
engineering methods.

The conservativism of the antiseismic design of a nuclear power plant must be therefore
achieved by harmonizing the safety margins of the whole process, which proceeds from
the definition of the seismogenetic structures to the determination of the main stresses in
the structural elements, passing through the definition of the parameters of the design
seismic ground motions.

The process for the definition of the ground motion parameters may be either deterministic
or probabilistic. For safety purposes the methodology usually adopted is a deterministic
one, and till now few probabilistic approaches have been proposed.

The approach practiced in ltaly is a deterministic methodology specifically intended to face
above all the problems related to complex orogenetic coliisional and/or post-collisional
areas, as for instance the Mediterranean regions’ In fact, in the orogenic areas, the surface
structures could only represent an indirect sign of the dislocations and strains which involve
the crustal structures significant from the seismogenetic point of view. As a consequence,
the movements which can be reconstructed on the surface by the analysis of the strain
field, are generally the sign of deep dislocations which are not directly connected to the
surface tectonic evidences.

This approach has been applied for the study of nuclear power plant sites in ltaly, Belgium,
Pakistan, USSR.

The methodology practiced in Italy for evaluating the seismic ground motions for safety
purposes in N.P.P. sites can be summarized as follows (Fig. 1):

8)

le_of generatin rthquakes.
A reliable good structural model, connected with the most recent geological

evolution by the neotectonic model, can be the basis for a first correlation with the
seismic frame. This correlation allows us to determine the structures that can release
energy as seismic waves.

The location and delimitation of the structural units are carried out on the basis of the




b)

c)
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study of: sateliite imageries as far as it concerns the surface trend of the different
structures; geophysical studies (gravimetry, reflection and refraction methods, heat
fiow, magnetometry, etc.) for the definition of the deep trends of the structures;
geological studies to reconstruct the tectonic evolution of the area and to define the
rheological features of the involved rocks.

The neotectonics permits to relate the elements of the defined structural model with
the recent tectonic activity and to characterize its stress field.

Moreover, the definition of the kinematic model allows to define and delineate the
single elements of the system and to describe the trend of the movement during a
significant span of time, in order to foresee where the earthquakes may occur (even
with incomplete seismic catalogues), which are the spatial limits of the sources and
which is the seismic potential, and to give information about the stress field that
causes the earthquakes and about the source rupture mechanism.

Definition of the seismological setting, carried out by the historical research on past

seismic events, by the assessment of the macroseismic parameters, and by the
evaluation of the instrumental data, including those from local microseismic
networks, in order to compile a complete and reliable seismic catalogue, that is the
basis for the characterization of the seismicity in space and time.

Definition of the seismogenetic zones, on the basis of the structural and kinematic
geological models and of the seismological setting, that is of the zones whose

seismogenetic activity can cause significant vibratory ground motions at the N.P.P.
site.
Each zone is characterized by:

- name and reference to kinematic model;

- geometry, kind of kinematism and, if possible, velocity of the present
movements and nature or rheology of the rocks involved;

- maximum historical epicentral intensity and/or maximum magnitude
described in the seismic catalogue;

- maximum potential seismicity consistent with the kinematic model and, if
available, with nature or rheology of the rocks;

- average and minimum distance from the site;

- maximum historical intensity felt at the site;




-335-

- maximum macroseismic intensity computed at the site by the attenuation laws .
" and the maximum epicentral intensity;

- potential intensity computed at the site by using the attenuation laws and the
maximum potential seismicity.

d) Computation of the free-field surface peak ground motion parameters, on the basis

of the seismogenetic zonation, and applying the correlations available in literature
among magnitude, distance and acceleration and those between intensity and
acceleration, for each of the above outlined seismogenetic situations.

e)  Definition of the desian geotechnical profile, by detailed local geological survey and
geotechnical investigation, necessary for the study of the seismic response at the
site. This profile takes into account the soil characteristics and the geomorphological
conditions at the ground surface or near the ground surface.

Cross-hole and laboratory tests allow to obtain the variability of the shear modulus
and of the damping as a function of the shear strain.

f) Definition of the site specific response spectra for each seismogenetic zone, on the
basis of the seismogenetic zonation and of the design soil profile, considering the
maximum historical effects and the maximum potential ones, respectively used to
establish the operating earthquake and the design earthquake at free-field surface
conditions and at foundations level.

The representative strong motion accelerograms recorded woridwide in conditions
as much as possible similar to those considered to define operating and design
earthquakes are selected, the corresponding response spectra are computed and at
last smoothed site specific response spectra are evaluated by statistical analysis of
the spectral ordinates.

Our experience indicates that this step considerably improves the evaluation of the
vibratory ground motion at the site with respect to the use of the general purpose
correlations among seismological parameters and engineering vibratory ground
motion parameters available in the literature.

Of course, the more accurately the characterisiics of the significant seismogenetic zones
and the attenuation conditions between these and the site, and the N.P.P. site response
are defined, the less will be the conservative assumptions required by the process.

In Fig. 2, a schematic flow chart of a probabilistic seismic assessment is shown. The whole
process may be briefly described as follows:
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- geological and seimological studies lead to the definition of a seismotectonic
zonation, generally expressed in terms of seismic regions or provinces; the
seismotectonic zonation so obtained is usually performed at a larger scale
compared with the one necessary for a deterministic approach, that is seismic
regions so defined extend to very wide areas;

- for each defined seismic region the fundamental seismic parameters (occurence
rate, probability density function of magnitude or epicentral intensity, and maximum
potential magnitude or intensity) are evaluated;

- an attenuation mode! is assessed, using seismic data like intensity maps,
isoseismals, accelerograms;

- the seismicity at the site is at last computed, by combining at the site the probabilities
of occurrence of seismic events from every seismic region, attenuated by the
attenuation laws. The seismicity at the site is usually computed in terms of
recurrence mean times of intensity or acceleration at the site, or as hazard curves,
that is curves representing maximum horizontal acceleration at the site vs probability
of exceeding.

It is worthwhile noting that for a safety assessment the required probability levels are very
low, often of the order of 106. One of the most important consequences, is that the seismic
regions defined for a probabilistic assessment must be large enough to include a sufficient
number of earthquakes to perform reliable statistical analyses. Therefore all the detailed
information provided by an accurate geologic study could not be properly taken into
account.

The main reason is related above all to the difficulty in evaluating reliable parameters for the
seismicity of small areas. In fact, for instance, the nearly exponential shape of the
probability density function for magnitude or epicentral intensity imposes a very precise
determination, in order to avoid glaring errors in the high magnitude range, to which the
required low leve! probabilities correspond. A good definition of an exponential density
function needs a large sampling, namely provided by the earthquakes occurred in a large
areas during a long span of time. Similar considerations may be proposed for the
evaluation of the other seismic parameters. Moreover, as far as the occurence rate is
concerned, non-stationary processes in time should be taken into account for very long
period statistical analysis.

An other crucial point in the probabilistic process is related to the definition of the
attenuation model. In particular, for the evaluation of low probability values, the distribution
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of the statistical errors around a mean attenuation law, usually obtained by least-square
fitting method, is of fundamental importance. In fact, low probabilities of exceeding specific
accelerations or intensities just correspond to the outliers in the attenuation model. In the
standard practice the statistical errors are assumed to be lognormally distributed, basically
due simply to an evident asymmetry of the recorded data around the fitting line. This
assumption may be considered enough reliable at most up to one or perhaps two standard
deviations, but can lead to unpredictable results for more unlikely events.

Due mainly to these problems, even if the computational theory for the evaluation of the
probabilities at the site is a well established matter, in our opinion the present state of the
art of the probabilistic seismic assessment cannot be considered sufficient for safety
purposes, and particularly for N.P.P. sites, and further studies are necessary.

The deterministic approach based upon the above described methodology is to be
considered more reliable due to the fact that the seismotectonic mode! is the result of the
agreement among a considerable amount of data namely geology, geophysics,
seismology, geotechnics.

The present level of knowledge, on the contrary, recommends the use of the probabilistic
studies for assessing the seimicity expected during the operational life of a structure, and
anyway for periods of time comparable with the duration of the complete part of the seismic
catalogues.
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INTRODUCTION

In the licensing of the past generation NPPs ENEA requecsted
for all operating and under construction NPPs the performance
of Probabilistic Safety Studies <finalized to show the
compliance with established Safety Goals. The current ENEA
goals were:

a) Core Damage Frequency (CDF) in the range 1E-6 - 1E-5 ev/y
b) High Releases Frequency (HRF) in the range 5E-8 - 5E-7 ev/y
High Releases means ex-plant release of I-Cs > 0.1% of the
core inventory.

For two of the NPPs ( Caorso and Alto Lazio BWRs ) the PSS
[1,2] included also the evaluation of seismic contribution of
the LOOSP, which in current PRAs usually represents a dominant
event for Core Damage occurrence and external fission product
releases likelyhoods. This paper describes the experience
gained for the Carso Plant, being the application to Alto
Lazio conceptually similar.

THE PRA FRAME

The results of the first Caorso PSS review showed both CDF and
HRF were dominated by the LOOSF event, but while the CDF met
the probabilistic goal (6.42E-6), the HRF resulted higher than
the reference goal for the ex-plant releases (1.1E-6). The
interpretation of the results allowed the individuation of
specific items where design and procedure modifications could
allow the reduction of the HRF. Specifically the contribution
of the LOCSF was important for both the CDF value &and EFF; the
LOOSP, in turn, resulted dominated by the seismically induced
loss of external grid for 24 h: the importance of the seismic
LOOSP was 27% on CDF and 34% on HRF.

It is known the fragility of i) electrical insulators located
at ground level in the plant switchyard and ii) ceramic
insulators cf power trasmission lines, expressed in terms of
the median acceleration capacity to withstand seismic 1loads,
is rather low, let say the median value of such capacity is
about 0.2 g. Consequently it was assumed in the PSS that an
earthquake with a PGA (Peak Ground Acceleration) greater than
0.2 g as capable to induce a generalized failure on the
external grid, i.e. LOOSP, in the Caorso site.

The cumulative fregquency of the earthquakes capable to damage
the external grid (PGA > 0.2 g ) was roughly estimated as 2E-3
ev/y from the available seismic data of the whole Pianura
Padana. The recovery time of 24 hr was realistically assumed
on the base the experience gained during past Italian
destructive earthquakes, like the Friuli 1976 earthquake.

As far as the Caorso site is concerned, it has been recognized
by experte that the xite, even if placed inside the Pianura
Fadana, has a specific tectonic behaviour and the frequency of
PGA > 0.2 g could potentially result subtantially lower than
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the mean value applicable ¢o whole area ( the value used was
2E-3). So the a realistic seismic hazard analysics on the site
- not available at that time - was concidered necessary in
order to support Jlower figures. This work has been done by
ENEA in the frame of its activity on PRA review, using the in
house available expertise on seismic analysis.

The situation for Alto Lazio plant is similar to the Caorsc
situation, 1.e. a too high value of frequency for PGA > 0.2 g
was assumed while the local seismicity could promise a
substantially lower fregquency estimates,

In the next paragraph it is explained the approch used to
assess the seisnic hazard for the two above mentioned Italian
sites, which allowed the use of four times lower values, i.e.
5E~-4 for the Caorso Plant. Some conservative assunptions made
in the analysis provided a high level of confidence 1to
results, useful to protect the decisional actions against the
uncertainties associated with the basic data and the
methodology. The values can be compared with those derived
fronm the hazard curves used in NUREG 1150. The median
frequencies for the same event (PGA > 0.2 g) are: i) about
4E-5 in LLRKRL Surry Hazard curve ii) about 2E-5 in EPRI Surry
Hazard curve ( see respectively Fig. 3.3 and Fig. 3.4 of [3]).
The effects of the reassessed value on the FSS results were:
i) a 20% reduction on CDF (5.14E-6)

ii) a 25% reduction on HRF (B.20E-7).

The new seismic LOOSP value was not sufficiernt to meet the
Safety Gozl: other hardware and procedure modifications were
necessary to further reduce the CDF and to push the HRF value
within the 5E-B -5E-7 range. But the figures reduction coming
fromr the seismic LOOSP reassessment was of great relative
importance.

HAZARD ANALYSIS
The Seismic Hazard Analysis (SHA) provides ectimates of the
probability of future levels of the ground motion, using
earthquake hazard models which express assumptions regarding
the timing and size of events on the base of the physical
understanding of all earthquake processes and with the support
of a statistical treatment of the available data. SHA genersal
procedures involve the following steps:
- delinestion of the source of earthquakes and estimates
of their activity rates
- description of the activity by a recurrence relationship
- description of the attenuation of ground motion with
distance from the earthquake source
-~ evaluation of probability of exceedence for various levels
of ground motion at a site.

Following the above approach the seismic hazard €for the two
Italian NPPS sites (Caorso and Alto Lazio) was determined. As
first analysis step the seismic source zones were identified.
The Italian earthquake catalog is lengthy:. the CNR-PFG
catalog [4], that spans over almost 1000 years, reports about
27000 events, and historical manuscripts report even on
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B.C. destructive earthquakes. On the other hand the complex
tectonic setting of the Italian region does not allow to
establish a clear relationship between geologic structures
and earthquakes. The seismic sources 2zones used in the
PSHAs are then areas that share common tectonic and geologic
attributes. Areas boundaries were evaluated not only by
epicentral locations of historical seismicity but on geologic
evidence as well.

In figures 1 is reported the map of Italy with the indication
of historical epicenters taken fron the catalogue; the
location of the Caorso and Alto Lazio sites are also shown in
the map. Figure 2 shows a map that indicates the boundaries of
the selected seismic areas for the Caorso site, and the
historical epicenters contained therein. As far as the Caorso
site is concerned, for each seismic area it was assumed that
the spatial occurrence of earthquakes is uniform and the
yearly number of the expected earthquakes decreases
exponentially with increasing magnitudes. The assessment of
source seismicity mainly depended on the events taken from the
CNR-FFG catalogue for the areas under investigation. - This
database was analyzed in order to identify the time intervals
where it can be considered complete. Statistical analyses were
performed on the selected events to estimate variables of
earthquake magnitude recurrence model; available empirical
relationships were used to estimate the magnitude of
historical events. The probability distribution of earthquake
csize was represented with a €0 called double-truncated
exronential distribution. The upper bound magnitude .(ml)  of
each source was defined when ™ possgible relying on geologic
information. Otherwise ml was defined as the magnitude that,
in a linear Gutenberg & Richter occurrence relationship, has a
probability of exceedence lower than 10-3. Earthquakes with
magnitude below 4.0 were excluded from ©SHA, since small
earthquakes have little effects on engineered structures.

The selection of a suitable attenuation relationship is one of
the most critical elements in any assessment of ground motion
hazard. Attenuation model translates the hypothesis about
boundaries and seisnicity of a seismic source into estimates
of probability of exceeding a given. intencsity of ground
motion. Generally speaking, appropriate attenuation model
should be developed by strong motion records obtained in the
area under investigation or in comparable geologic,
seismological and local site conditions. Since 1976 many
earthquakes have triggered +the ltalian national strong-motion
network but very few accelerograms have been recorded in the
investigated region. Then the attenuation of ground motion had
to be estimated using relationships based on either national
or worldwide strong motion data.

Although response spectral values may be the most useful of
the parameters describing ground motion, most of the available
attenuation relationships deal with peak horizontal
acceleration. This parameter was the most important one in
carrying out PRA, as its goal was to assess the seismic
probability failure of electrical insulators located at ground
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level in the plant switchyard, and so the probabilty failure
of the external grid inducing LOOSP in plant accident.

At that time available attenuation relationships were mainly
developed using strong motion data recorded in western United
States, most of which in California, along the S.Andreas
fault. The most important relationships were developed
assembling with care a suitable database in order to avoid
unintentional biases such those arising from recording
instruments, record processing and multiple recordings from
one event.

Many problems arise in selecting the attenuation relationship
to be used in the SHA, mainly because of different parameters
used by authors in defining earthquake size, propagation and
site effects.

Referring to the earthquake size parameter the most commonly
used is magnitude and particularly the Richter local magnitude
M1, the surface magnitude Ms and the moment magnitude M, this
being, more then others, a very measure of <the earthquake
size.

The parameter comnonly used to characterize the attenuation
of ground motion, as it +travels from source to site, is the
distance source to recording station. Among +the distance
measures adopted in developing attenuation relationship, the
epicentral and hypocentral distances are the most readily
available for earthquakes. Some authors prefer distance
measures such as closest distance to rupture zone and closest
distance to surface projection of rupture zone as they claim
that site ground motion is mainly affected by the nearest part
of the fault rupture. In any case the attenuation relations
should be able to account for local geological effects that
has been recognized greatly anmplify the motion in selected
frequency range. At that time the relationship proposed by
Joyner and Boor (JB), [5] seemed to be the best choice but the
distance measure. Because of methodology used in defining
seisnpic sources these should be better considered as loci of
future epicentral location. Using data recorded by the Italian
strong motion network, relationships were developed using both
epicentral distance (SP_e) and, merely for conparison purpose,
the closest distance to the surface projection of rupture zone

(SP_f); the complete description of method can be found
elsewhere [6].

Fig. 3 shows two attenuation relationships using fault
distance. Comparing the above relations it is evident that JB
always estimates higher values of acceleration for distances
up to 100 km, with higher value at short distances, let say
below 15 km. Considering magnitude less than 6.5 there is that
the difference is even much higher. Moreover the JB standard
deviation is higher than SP_f ones. All these aspects have a
great influence on estimated site hazard: at Caorso, using JB
we have predicted acceleration values that on the average are
up to three times those obtained with SP_f relationship. A so
high ratio value can be also explained considering that, in
selecting the seismic sources, one of them, let say the less
credible one, was located at less than 10 km far away from the
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site. Looking at the hazard results it was evident that
plotting numbers of expected events versus acceleration, those
curves do not show any tendency to saturate even for numbers
of event less than 10-B suggesting that likely the sources
upper bound magnitude ml would have been overestimated.

Fig. 4 shows results of the hazard analysis for Caorso using
SP_e attenuation relationship, that for the consideration made
above seems to be more realistic than others. The same general
consideration applies when using SP_e relation, the curve
seens not to saturate, even if the estimated peak values are a
little bit higher than those estimated using SP_f.

The same approach was followed for estimating the Alto Lazio
hazard, except for using only the SP_e attenuation
relationship. Care was used in including seismic sources in
PSHA and in selecting the ml magnitude values., Sensitivity
analyses were carried out also to estimate the amount of
hazard that belongs to earthquakes having size greater than
the source historical maximum one. The results show that
appropriate selection of ml values greatly contribute to avoid

anomalous hazard estimation characterized by non-saturation
trend.

CONCLUDING REMARKE

The seismic hazard curve for the Caorso site shown in Fe.4
indicates that the frequency of PGA > 0.2 g is about 5E-4.
This value was obtained using a realistic assessment of the
site ground motion, but using conservative assumptions for the
strongest earthquakes. This conservativism was Jjudged to be
sufficient for encompassing the uncertainties of the analysis.
Introducing in the PSS a set of modifications the HRF resulted
within the range set in Safety Goal (1.1E-7) and the relative
contribution coming from the seisnic LOOSP reassessment had
an important role.

Also the CDF - even already inside the Safety Goal range -
benefited from the new analyses.

On the other hand the review of of the Caorso PSS was aimed at
reducing the probability of the LOOSP sequences (including the
seismic initiated onesg) that are dominant in the ascescsment of
the global CDF and HRF. No other seismic failures, therefore,
were considered to be significant for investigating other
accident sequences (as for instance LOCAs due to failures of
supporting structures, or transients due to equipnent
mulfunctions generated by seismic events). The uncertainties
affecting the whole process of generation and propagation of
the earthquakes to the site, and the plant response to the
site ground motion at the subsoil level, are so high that no
reliable predictions can be made for the seismic loads acting
on the various structures and safety systems of the plant. The
seismic failure rates for such structures and equipment are
determined with large uncertainties that could be also
qQuantified through available stochastic techniques. That leads
to conclude that the limited application for the Caorso PSS is
valuable for assessing the actual CDF and ERF values for
making decisions on the plant safety. Other resultes from a
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more complete seismic risk analysis could be wrongly
interpreted and not properly used for making decisions.
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Fig. 1 Map of the Italian historical epicenters
( from the CNR-PFG catalogue )




-348-

Fig. 2 Map of the Caorso seismic areas
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H. Pamme, L. Seyffarth, RWE Energie AG, Essen

Experiences with data collection, retrieval and interpretation for PSA pur-
poses

1. Introduction

One main activity within the PSA framework is the collection of plant specific
availability and reliability data. In the past however most nuclear power
plants had not focussed their technical data collecting activities directly
towards the generation of statistical reliablility data. Thus only “alterna-
tive" data banks are available which e.g. have stored technical data for
logistic, maintenance or management purposes. In order not to loose the
historic experience (beside significant events which are welldocumented) these
data sources must be analysed to reveal the "hidden" informations for the data
generation task in probabilistic assessments.

This paper intends to demonstrate this data retrieval and analysis procedure
within RWE nuclear power plants (RWE-NPP). The available technical data
sources and the combined use of various data banks will be described. One
example will show the retrieval, analysis and interpretation of failure
events.

2. Data flow and data bank structures at RWE-NPP

Figure 1 provides an overview of different data sources and data banks with
potential relevance for the generation of probabilistic data. The data banks
are decentralized and available at each. RWE-NPP in the same structure. The
vertical axis shows the time points of the (realized or intended) instal-
Jations.
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The most important basic informations concerning failure events is. contained
in the work orders. These work orders (as form sheets) are required for all
technical activities on all components within the plants. Their main purpose
however is up to now not the detailed description of failure events but the
planning, control and documentation of maintenance and repair activities. The
work orders are correlated to components by the use of a plant codification
system. Short text informations can genera11y be added to describe the failure
or deficiency.

Most informations of work orders are collected in the 1SIS-data bank (1S1s =
"Instandhaltungs-Steuerungs~ und Informations-System" = maintenance control
and information system).

The AES-data bank (AES = "Anlagen-Erfassungs-System" = plant inventory system)
contains component data and descriptions with a mainly logistic orientation
(e.g. manufacturers, parts lists).

The NOVA-system (NOVA = “"Nachweis des ordnungsgemipen Verhaltens der Anlage" =
documentation of regular plant behaviour) was originally installed as an
analytic tool to check and document the regular starting procedures and
sequences of safety systems after test and demands (e.g. transients). It
contains mainly binary signals of specific electronic 1imit switches, sensors
and breakers from the process computer.

The FRAU-data bank (FRAU = "Freischaltungen und Auftrige” = system isolation
releases) contains all informations concerning system or component isolation
activities (e.g. to allow repair or maintenance activities on safety systems)
within the plant. The release form sheets together with references to the
corresponding work orders serve as input informations to the FRAU-data bank.
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The ASS-3-data bank (ASS = "Anlagen-Schadensstatistik" = plant related failure
statistics) contains "improved" informations of failure events for . components
of important operational and safety systems. The ISIS-data for these compo-
nents are supplemented by codifications (e.g. concerning failure causes) and
further background informations of the failure event. These supplements are
prepared within the technical departments of the plant. The ASS-3-data bank
was installed as an information source mainly to optimize the availability of
the plants.

These described data sources must be combined to derive “task-specific"
reliability parameters. The term ‘“task-specific" here refers to a clear
definition and description of what has to be quantified (e.g. failure
probability for a sudden failure per demand or event rate for a specific
external leakage). It is obvious that the ASS-data-structure and the available
depth of information provides the easiest approach to start an enginéering
analysis of failure events.

3. Requirements for the statistical derivation of reliability data

The "task-specific" derivation of statistical reliability parameters requires
the definition of event conditions which caused a specific failure. Thus the
set of available component and event based informations from the different
data sources must be manually "filtered" until a remaining subset of suitable
events is revealed. This subset forms the "sample" for the further statistical
treatment.

With a combined use of the available data banks at RWE-NPP the ‘“environment"
- and conditions of a failure event can be reconstructed. The following table
gives some examples which informations can be derived from the various banks:
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Data bank: AES ASS-3 ISIS NOVA FRAU

Parameter:

Event descriptions

Time point of'eveqt
Unavailability times

Repair times

Repair activities 0
Startup-frequencies

Operating times

Component life times

Reactor status

"Sample size" X
System unavailabilities X

O O X O
o

2 X X X X X X X

The "X* shall indicate that the corresponding information is mostly available
in a good quality, the "0" indicates that a detailed analysis of raw data is
required to derive the "true" information.

4. Example

The available amount of historic information in the various data banks with
relevance for the generation of probabilistic data shall be discussed in the
following example.

The "global task" was the analysis of failure events of high pressure trans-
ducers (within the reactor protection- system) which indicate the reactor
pressure. The “specific task" was the analysis of events which led to a .(more
or less) sudden loss of a pressure signal during operation. The aim should be
the estimation of a failure rate for the sudden loss of a pressure signal in
the reactor protection system. The component boundary for the transducers was
the component housing including the electrical and pipework connections.
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4,1 Derivation of the sample size

The analysis of the AES-bank for the RWE-NPP (Biblis with 2 PWRs, Miitheim-
Kérlich PWR, Gundremmingen with 2 BWRs) revealed that all plants use trans-

ducers with a Bourdon tube mechanism for the reactor pressure measurement.
This type of transducers is also used ‘in other systems (e.g. feed water
system) but the sample was restricted to transducers with the described
function.

An overview of the operating experience is given in the following table:

Plant: Gundremmingen __ Biblis Miilh.-Kdrlich
Number of 2x9 2 x12 8
transducers

Operating experience 12.5 29 ~1

(in years)

Observed events 1 2 1
Observation period 12.5 10 1

(in reactor years)

The “"operating experience" is based on years with real plant operation {in-
cluding plant revisions). Here it is assumed that the "life consumption" of
transducers mainly takes place during phases with a pressurized reactor
vessel. The sample contains 50 transducers, the cumulated observation time
(for this example) is approximately 240 years.
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4.2 Event analysis

The observed 4 events with a (nearly) sudden 1loss of function were found
within 310 ISIS data bank entries. Most of these entries only document . pe-
riodic testing activities. This kind of transducers is up to now not included
in the ASS-3-data bank. One example of an ISIS-data set is shown in figure 2.
It becomes obvious that the detection and analysis of these data sets is a
necessary engineering task and effort.

Furthermore the experience has shown that pure data bank inquiries which are
only based on the use of codified informations can lead to incomplete or
irrelevant events in samples. Only a sufficiently "intelligent" access to a
data bank can reveal also those relevant informations which are available but
stored at a “partially wrong" place (e.g. produced by codification errors or
non-exclusive codification options).

The detected relevant events are shortly described in figure 3. Obviously the
failures with a sudden character are very quickly detected by the voting logic
of the reactor protection system.

Event number 4 is often cited in the German "nuclear community" as the "clas-
sical" common mode failure (CMF) for transducers. It must however be noticed
that this event with multiple failures did not influence the function of the
mechanical and electronic parts of the transducers under normal operating
conditions. Only a coincident LOCA-event might lead to humidity or water
ingress into the transducers and thus lead to potential malfunctions. However
due to the use of diverse components {2 groups of 2 transducers) within one
reactor protection redundancy (here 2 out of 4 voting logic) even these
multiple failure events under LOCA-conditions would not lead to an erroneous
pressure output signal of the reactor protection system.

Another interesting result of this event analysis was that also incipient
failures (within the tolerance of the voting logic) mostly had their origin in
the electric/electronic parts of the transducers (e.g. drift of resistors).
These incipient failures were all revealed within periodic tests.
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4.3 Quantitative assessment

The analysis showed that sudden failures of transducers were not observed up
to now coincidently with reactor trips (e.g. transients). Failures are de-
tected very quickly after their appearence (e.g. wrong calibrations within
revisions detected during warm-up phase) or failures are “self-annunciating”
due to the voting logic of the reactor protection system.

Due to this experience the failure rate for sudden failures of transducers is
estimated to be "around” 1070 /hour (assuming the exponential model). The
potential event rate for multiple coincident failures (CMFs) of transducers is
estimated to be significantly smaller.

4.4 Data limitations

The above discussed data bank structure and the example showed that the
historic experience since ~ 1982 can be revealed with an at least satisfactory
information quality.

The quantification however must mostly be correlated to (estimated) cumulated
operating times of a whole sample. Individuai 1ifetimes of components or parts
of components which are not contained in the ASS-3-data bank are very often
not available. Thus potential ageing effects of components can only (if at
all) indirectly be detected e.g. due to increased spare parts consumptions.

Additionally the "life cycle" (consisting of subsequent operation and repair
phases) of many individual components within the plant cannot be traced back.

These disadvantages will be solved for "PSA-relevant" components by the
development of a relational data bank system which is especially designed to
reduce the manual effort of data analyﬁes (as still shown in the example
above). Furthermore extensions in the ASS-3-bank will improve the data quality
and quantity.
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5. Conclusions

The available data bank structure which was originally not designed for the
derivation of reliability parameters allows the retrieval and analysis of
failure event data and operational data. Due to the varying quality and
quantity of raw data informations with respect to special reliability or
availability questions engineering and combinatorial effort is required to
reveal the partially hidden event history.

It also became obvious that not all data bank entries entitled as "failures"
(with given failure modes) are relevant with respect to a specific probabi-
listic question. This fact also emphasises the necessity for individual data
analyses which gain more insight in a component failure behaviour than the
simple acceptance of "generic" and abstract data from literature.

Thus a global complaint concerning the lack or scarcity of reliability data
(i.e. either failure or "success" data in case of no failures) is no Tlonger
justified. This statement seems to be valid also for other utilities because
comparable data collections are also available at other nulear power plants.

RWE has started a project to ease the combined access to the various data
banks at RWE-NPP. The result will be a relational data bank system which will
allow a centralized analysis of the component history. Additionally the
statistical treatment of qualitative analysis results will be possible.
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Frequencies of Leaks and Breaks in Safety Related Piping of
PWR-Plants
as Initiatig Events for lLOCAs.

by S. Beliczey
Gesellschaft fuer Reaktorsicherheit (GRS) Cologne, Germany

To be presented at the OECD/BMU Workshop on "Special Issues of
Level 1 PSA" Cologne (FRG) May 27-29, 1991.

Introduction

We are looking here at the frequency of leaks and breaks as far
as they are initiating events, not as caused by say external
events. The LOCA-relevant piping of the plant is that fraction
of all the piping that contains primary system coolant. It con-
sists of piping of various nominal widths ranging from 10mm (pip-
ing for instrumentation and control ) up to 800 mm (main coolant
recirculation line).

Piping is involved that retains the reactor coolant against an
atmospheric environment, but also piping that separates the pri-
mary coolant from the secondary steam system (inside the SG).
This indicates a large range of possible leak sizes.

The analysis of the effects of LOCA events shows, that there are
various ranges of leak rates that are to be distinguished corre-
sponding to the capabilities of systems that are directed to as-
sure the safe condition of the plant (1. slide). The actuation
and subsequent operation of these systems is a further barrier to
prevent core damage.

Other ranges apply for the steam generators.

The frequency of some leak rates will be dominated by inadvertent
or faulty opening actions of valves.

Some LOCA-relevant leak rates however are mainly caused by wall-
penetrating cracks or a break of a pipe. These damages in the
walls of the primary coolant retaining system and their frequen-
cies will be discussed here.

Description of the system considered

The systems to be considered are shown schematically in the

slides 2.-4. Slide 2. is a view of the primary coolant loop.

The nozzles are to be seen, where the surge line and the RHR sys-

tems are connected to the recirculation lines.

ilide 3. shows the primary Coolant Volume Control System schemat-
cally.
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Finally, slide 4 shows the Residual Heat Removal System. This
system is operated at pressure levels different from the pressure
at normal power operation.

In addition, leaks or breaks of the primary coolant retaining
system inside the steam generators, i.e. of the SG-tubes, are to
be considered.

Distinctions are to be made with respect to the location of the

leak for at least two reasons:

- To make a probabilistic statement on a LOCA it is necessary to
know whether the leak can be shut off from the reactor circuit.
If yes, there is an additional barrier existing before a LOCA.

- The effect of a leak is not necessarily confined to the loss of
the coolant. In some compartments it can cause the flooding  of
equipment that is necessary for the actuation or operation of
important machinery.

Methodology

Now the question arises, how operating experience and theoretical
considerations can be used to determine fregquencies of various
leak rates in various sections of the piping to be considered.

First, structures have to be identified that are liable to fail-
ures. Experience shows, that cracks occur mainly at the vicinity
of discontinuities such as wall thickness changes, branchings,
junctions and turns. Usually such structures are manufactured by
applying welds. The frequency of failures in straight pipe
sections can be neglected in comparison with failures in the
structures just mentioned.

Using these ideas, we come to the conclusion, that the frequency
of failures is not determined by the length of the piping, but
rather by the number of structures liable to failures. We call
such structures risk relevant (or leak relevant) structures.
Thus, operating experience and the statistics drawn from it is
not being related to a plant or a group of plants, but to the
amount of risk relevant structures of various sizes that are
present in all plants that are considered as data basis.

Now some remarks on the possible sizes of leaks: For piping de-
signed and manufactured to the very stringent standards of the
primary system of a PWR and at the stress level given in such a
piping, fracture mechanics considerations show, that the maximum
. leak size to be reasonably taken into account - apart from a
total break of the guillotine type - is at about 2 per cent of
the pipe total cross section. ( slide 5 ). This slide displays
all cross sections to be taken into account in the primary cir-
cuit.

Slide 6 shows the amount of leak relevant structures.
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To use statistical evidence, not obtained but from operating ex-
perience with the plant considered, can lead to an extremely pes~
simistic estimation of frequencies and even to contradictions.
Even additional experience with similar plants does not improve
the situation satisfactorily.

For safety related piping in a PWR not only the number of leak
and break occurences is low, but also the amount of operating ex-
perience compared with that of other technical systems. The sta-
tistics that can be drawn from this situation yields very large
uncertainties with respect to the frequencies that should be as-
signed to leak and break occurrences. Further if no additional
mathematical models were used, a zero occurences statistics for
both a leaking crack and a break within the same diameter cate-
gory would mean the same frequency for both kinds of failure, of
course within the uncertainties given by such a statistics.

I am taking an example:

The statistical evidence "In 100 years of operating experience no
occurrence of a break of a main coolant recirculation 1line."
would lead to an interval estimation of the frequency:

The 95% quantile of the frequency distribution of a break of such

a line is Aac = A.%x/io'l/)/ear
the mean value being S = 5a AD‘B / Vear
This uncertainty in knowledge is rather useless!

Another example:

The statistical evidence: "In 100 years no occurrence of even a
smallest leak in a line of nominal width in the range DN 100
=150." would yield the same estimate for the frequency of a leak
as found in the previous example for a break.

Engineering judgment would suggest that the freguency of such a
small 1leak in a piping of less stringent quality assurance must
be much larger than that of a break in a 800 nominal width pip-
ing!

The results of the two statistics mentioned, do not contradict to
this statement, though they cannot confirm it because of the
great uncertainties involved.

So what is to be done in such a situation?

If zero occurrences (faults) statistics apply for an event, a
precursor of the event should be identified if possible.

The statistics of this precursor may consist of more occurrences,
or may still be based on zero occurrences.

Anyway, the frequency of e.g. a break could then be estimated
from the statistics of a precursor e.g. of any 1leak, multiplied
by the conditional probability that a leak is caused by a break
given that any leak has occurred.

Though a representative distribution of the number and the size
of flaws and a statistics of the activation of crack generating
mechanisms is not known, a rough estimation of the ratio of the
frequency of a break to that of any leak‘}n/)k has been tried.
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Considerations made at the estimation of this ratio are displayed
on slide 8.
Ooperating experience with PWR primary circuit piping shows that
for DN 25 piping (DN ...nominal diameter in mm), taking‘)a/j =0.1
is of the right order of magnitude. ¢
Probabilistic fracture mechanics calculations for large diameter
PWR-piping e.g. /1/ (DN350 -800) show /g -values that are by
about six orders of magnitude 1less than the corresponding
7q,-values. For BWR-piping 3 differs from AL by threée or more
orders of magnitude. However the assumptions of these calcu-
lations are not satisfactory, the flaw distributions being taken
from weld samples too little.
These considerations and the intention of being conservative with
the Ap/ ) -values led us to a simple ansatz for the dependency of
/ on the nominal diameter of the piping considered.

We take the relationship:
A /)Ltz\)'—g-.

valid for the diameter range 25 to 200 mm.

In primary circuit piping in the range of DN 80 to DN 150 there
had been no occurrences of leaks even of the smallest size. For
piping DN 50 three small leaks have been experienced. There have
been no breaks.

Now we face the difficulty of having some piping of nominal width
that is present only in a very small amount. Applying zero fault
statistics to such small amounts would again lead to results con-
tradictory to the values obtained from piping of a similar but
not the same nominal width, but of a greater amount.

For piping in the range DN 50 - DN 150 it was desirable therefore
to regard them as a common sample, to avoid too small reference
samples for zero leak occurrences. Though the diameters are dif-
fering, the potential leak causing mechanisms are quite similar
due to similar loadings and manufacturing criteria.

Considerations on the conditioning of leak-frequency on piping
size /2/ yield relations shown on slide 9. The relation:

- L. D

A= o
is applicable if the stress level is kept konstant.
L can be interpreted as the length of the piping as has been done T
in some statistics, or as the number of risk relevant spots, as %
we have done it
t is the wall thickness
C a factor of proportionality that can be determined from the
overall statistics.
The exponent x can be determined on the basis of different hy-
potheses but also from failure statistics of extended piping sys-
tens.
In our study the D/t-ratio of the piping in the range of DN 50 -
DN 150 has been constant D/t=10. The exponent was chosen 2, based

on /2/.
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The weighting of the piping of different diameters for the 1leak
frequency from statistics has been performed with formula (2
(slide 9)).

Piping with nominal width equal or greater 250 mm within the pri-
mary circuit meets the break exclusion considerations.

The description of the conditions needed for break exclusion
would need some more time than available now.

However if statements in terms of probabilities are needed, we
cannot set the frequency of a break zero.

Worldwide probabilistic fracture mechanics calculations show re-
sults for the frequency of a break of such piping that are much
below 10**-g/year.

Because of some reservations with respect to the assumptions of
those studies we restrict our statements to:

"The frequency of breaks of a piping of nominal width equal or
greater 250 mm is less than 10%#*-7/year."

We regard this as a conservative statement.

Now 1let me outline the considerations that have been made to de-
termine the frequency of leaks in the steam generator:

Different ranges of leak rates are to be distinguished here as
compared to the piping considered so far. The reason is, that
primary coolant leaking out through the steam generators is get-
ting outside the containment and therefore lost for emergency
core cooling.

Experience with SG-tube deteriorations shows that no mechanism is
to be expected that causes the break of more than one tube simul-
taneously, except for the impact of the break of one tube on one
of its neighbors. Thus the break of one tube can be regarded as
a precursor of a multiple break. The probability of a breaking
tube to cause the break of a neighboring one is considered to be
little, but of course not zero. )

For the frequency estimation of the break of a single SG-tube, a
zero faults statistics, derived from the experience with KWU-type
PWRs has been used. The statistics is based on an experience of
about 90 years of operation.

The frequency of a simultaneous break of two SG-tubes has been
calculated by a Monte Carlo simulation of the impact of a break-
.ing tube on its neighbors.

Before showing the results, some general remarks on the method to
determine the frequencies should be made.

The results are distributions that say what we currently know
about the frequency of the events we are interested in (e.g. a
break).

We try to find some generic data, to form a prior probability
distribution for the unknown failure frequency. This distribution
is to be updated or specialized by specific statistical evidence
using Bayes’ theorem.

To get generic data turned out to be difficult owing to the very
specific operation conditions of the primary system of a PWR.
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et us have a look once again at the large diameter piping of the
primary system: ,

The prior distribution of the frequency of a leak, that must be
taken from some reasonable consideration lies at values, that are
by some orders of magnitude smaller than the distribution that
can be derived from the statistical evidence.

In this situation Bayesian inference shows, that the importance
of statistical evidence for the large diameter piping is 1little.
It is confined to the statement:

wThe statistics is in no contradiction to the frequency, that has
been determined from general considerations". ,

glide 10. summarizes the methodologies used with piping of dif-
ferent diameters in the primary systenm.

The results

The results, except for the steam generators are shown in slide
11.

The table shows the most fregquent mechanism, that causes a leak
in the given leak range.

Leak areas less than 2 cm2 do not require actions of safety di-
rected systems, thus they are not relevant for our pursuit.

The frequency of the leak category 2-12 cm2 is by a good order of
magnitude higher than that of the next higher category.

The frequencies of leaks greater than 200 cm2 may be regarded as
the probabilistic expression for the exclusion of such leaks.

Slide 12 shows the results for leaks in a steam generator.
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Leak cross System functions required
section (cm?) [y —
igh Accumulator {Low pressure {Low pressure {Admissible  |Feedwater
pressure |injections injections recirculations |delay of supplies
injections
side
) 5 cooldown(min)
H > 500 - - 1 1 © -
N200-500 | 1 - 1 1 o -
N300-500 - 2 1 1 d =
: 3or 4 - 2 2 0 -
Y| 80-200 2 - 1 1 60 1
7 1 - 1 1 30 main
feedwater
2 - 1 1 60
50-80 1 3 1 1 60 | SuPPY
9 1 - 1 1 30 or
_ 2 - 1 1 80 2
f 25-50 1 - 1 1 60 aux./emergency
feedwater
1 - 1 1 >120 i
2_25 ! " 1 1 30 supplies

large leak
medium leak
small leak

Minimal Requirements for the System Functions
for Emergency Core Cooling and Residual Heat

Removal in Case of Leaks in a Reactor Coolant Loop

Eig. 1
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(Quelle: KWU)
VIEW OF PRIMARY COOLANT LOOP

Fig. 2
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Fig. 8
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5
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— can be shut off doublefold
— can be shut off once
— cannot be shut off

ECCS AND RHR SYSTEM
Flg. 4
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——<__ ) DN 50

DN 25
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DN 80

DN 100
DN 800 € /

H DN 25 Volume Control
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critical
leak area

ECCS and RHRS

Main Reactor Coolant System

NOMINAL DIAMETERS OCCURRING
IN DIFFERENT PRIMARY COOLANT
CONTAINING SYSTEMS

Fig. &
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Risk Relevant Areas
Number of Spots of Potential Leak N (DN)

within out of
contalnment contalnm
nom. | operation leak can not | leak can be shut off
dia. conditions be shut off |once twice
DN 1A 2A 1A 1A iA -
800 POWER 0 64 - - -
400 RHRS - - - - 48
350 POWER 10 0 - - -
300 RHRS - - - 64 115
250 POWER 28 0 - - -
250 RHRS - - 148 40 40
150 POWER 18 0 - - -
125 RHRS - - 32 84 20
100 POWER 12 0 38 - 34
100 RHRS - - 64 - 28
80 POWER {16) (16) 4 24 36
80 RHRS - - - 24 -
50 POWER 32 16 - - 12
50 RHRS - - - - 48
25 POWER 435 0 24 - 20
25 RHRS - - - 48 48
15 POWER 74 [t} 12 8 18
15 RHRS - - 82 - 80
DN... in mm
RHRS... residual heat removal system ( during refuelling )
{ ). depending on valve opening condition
1A... leak from one side
2A... leak from both sides

“FEig. 6
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Tendency of conditions with increasing diameter:

Piping manufactured of the same material and designed
for the same pressure duty

loadings due to vibrations not taken into account
at the construction and the design are of decreasing
influence

= transient loadings from liquid flow (e.g. closing actions
of valves) are taken into account at the design for larger
piping

the number of layers of weld beads is increasing,
thus the influence of faults of a single weld-bead are
decreasing

= conditions at the manufacturing can be better monitored
and prescriptions on supervision are more stringent

additionally to general plant operation-supervision the
number of recurring inspections is increasing

the reliability of leak detection in an early phase is
increasing due to the larger amount of leak

Elg. 8




Fig. 8
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Leak frequency vs. piping size
(same stress level, same material)

C: ——— ' (1)

length of the piping with diameter D
or number of "risk relevant” spots

dlameter

‘wall thickness

exponent,2s x= 3.5

A ) .

operating time
number of occurrences
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PRIMARY CIRCUIT PIPING
three different sets of conditions and corresponding
approaches to the determination of leak frequencies.
DN < 50
© operating experience used:

statistics of leaks from cracks

7 statistics of leaks from breaks
© determination of leak frequencies:

statistical inference

50 < DN < 150
@ operating experience used:
statistics of leaks from cracks
© determination of leak frequencies:
overall statistics, specified by
formulas for the dependence of crack and break
frequencies on nominal bore, and
ratios of frequencies of breaks to those of wall-
penetrating cracks in dependence of nominal bore

DN > 250

® operating experience does not yield more than the
statement:
“no contradiction to results drawn from fracture
mechanics considerations”

© determination of leak frequencies:
consideration of results of fracture-mechanics-based
probabilistic analyses performed on piping of high

-~ quality standards

Flg. 1
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frequency/(plant-year)
leak  |major parame-|leak that|leak that|leak that
area  |contribution ters of |cannot |canbe |canbe
cm? confi- |be shut |shutoff [shut off
dence |off once double-
interval fold
wall Asy 14E-1|14E-2|6.3E-3
> 0.05 |penetrating Ae 15E-1|15E-2|74E-3
crack As |27E-1|28E-2|1.6E-2
A 24E-3|8.7E-4|6.6E-4
0.05-2 |sev DN Ae 54E-3|1.1E-3|85E-4
Aes 21E-2|27E-3|22E-3
As 22E-3/14E-3|3.0E-5
2-12  |sevDN A 28E-3|1.8E-3|8.0E-5
Ao 7.3E-3{48E-3|3.0E-4
A, 3.1E-5 - -
12-25 |sev DN 50 A 14E-4 - -
X 6.0 E-4 - -
sev DN 50 (2A)| A, 39E5(17E-5|25E-5
25-80 |sev DN 80 (1A)| A 15E-4|82E5|1.1E4
sev DN 100 (1A) | A 6.7E-4 | 3.5E-4|45E-4
A 2.3E-5 - -
sev DN 80 (2A) %0 ) ) )
80-200 ooy DN 150 (1A)| )¢ |SSE>| - )
o .
As, <1 E-7|<1 E-7|<1 E-7
200-400{sev DN 250 Ae | <t E7)<1 E-7 /<1 E7
Aes <1 E-6|<1 E-6|<1 E-6
, Ay | <1 E7] - [<1 E7
> 400 |sev DN > 300 A |1 E7) - <1 E-7
Aes <1 E-6 - <1 E-6

sev... severance, DN...nominal value of diameters in mm
1A... leak from one side, 2A... leak from both sides

_LEAKAGE FREQUENCIES INSIDE CONTAINM.(PWR)

Fig. 11




Leak Frequencies of Steam Generator Tubes (DRS-B)
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Operating Experience
( SG's of KWU-Type, ~ 16.000 Tubes incoloy 800 )

used for statistics: ~ 90 plant-years until 12/88, FRG only
degradation phenomena observed:

wastage, mostly one sided (864), fretting (157)
pitting {2), denting (0)
stress corroslon cracking (0-1)

5 leaks through wastage weakened areas, all A << 0.02A

wastage corrosion rate nearly stopped with
*All Volatile Treatment® (AVT) (A~ 3cm?)

Leakage Areas, Determination Method, Results

(A = freq. / plant-year, A, = mean val,, Ays = 95% confidence limit )

leakage area method ( ;‘\fs )

0

<A, =0.02 A statistics of small leaks and 6 E-2
assumption of several small (2E-1)
leaks simulaneously through
wastage weakened areas due to
pressure transient { KWU exper. )

0.02A<A, s2A  zerofallures statistics, 6.5 E-3.
no large leak occured (25 E-2)
2A <A, S4A  zerofallures statistics, 1E-5
no breaks occured, (1E-4)
assumption:

one break triggering
an addltional one

For leakage areas > 4 A no meaningful scenario found
Flying plugs not Included in working scheme at that time

Flg. 12
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1. Introduction

The safety of nuclear power plants during shutdown and low power operation is an
area of concem in nuclear business today. Regulatory bodies and other responsible
organizations all over the world show a high'interest in the investigation of the
shutdown risk after first preliminary results of U.S. and French studies. Decay.heat
removal must be ensured during any operation mode, but the requirements on the
respective systems are often reduced in the shutdown modes. Some of the safety
systems or their components may be inactivated for inspection and maintenance,
automatic interlocks will be switched off. However, the time availiable after an event to
perform manual recovery actions is comparatively long. Results from former PSA
cannot be fully applied to shutdown mode because of the different status of significant
safety systems during power operation and the time available for recovery actions.

The operation of PWRs with reduced inventory in the reactor coolant system (RCS)
was perceived as a particulary sensitive condition by operating experience. Another
area of concern is the unintentional! criticality during shutdown. In PWRs unintentional
criticality can occur as a consequencé of boron dilution in the RCS.

The results of the French PSA back the need for a carefu!l and detailed evaluation of
plant safety during low power operation and shutdown. The core damage frequency
during these operation modes contributes substantialy to the overall core damage
frequency in French PWRs.

Although operating modes like reduced inventory in the RCS or boration and dilution
of the RCS are specific for PWRs, there are other areas which can affect both PWRs
and BWRs, such as complete loss of AC power or loss of coolant during shutdown.

2. GRS - Study on Shutdown Risk

2.1 Scope of the Study

The results of the French PSA initiated a study for German PWRs (sponsored by
BMU) which is performed by GRS. Our study shall investigate the applicability of the

French findings on German PWRs. The reference ptant for the study was Biblis, Unit
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B, because this plant was also the reference plant for the German risk study. The
study which is performed in co-operation with the utility is divided into two parts:

- In phase one a qualitative assessment of the applicability of results of the French
PSA and of foreign events related to non-power operation should be performed.
This phase of the study includes the investigation of existing measures (hardware,
design, administrative) to prevent such events and to cope with them,
respectively. The possible consequences of those events should be assessed.
Finally, relevant sequences should be selected for an indepth analysis in phase
two of the study. In addition the assessment should show whether there are event

sequences, which require short term corrective actions.

- In phase two of the study, selected event sequences from phase one will be
investigated more detailed using both PSA methods to assess the contribution to
core damage frequency as well as thermal-hydraulic and neutron-kinetic codes to
evaluate the consequences of such events. Phase two shall provide
recommendations for possible improvements if necessary.

Phase one of the study was finished in April 1991. The foliowing event sequences
were investigated: ‘

- loss of decay heat removal
- loss of coolant
- inadvertent dilution

- loss of vital AC power.

Following the qualitative assessment two of these events were evaluated in more
detail: loss of decay heat removal and inadvertent dilution. These events will be
discussed in this paper.

To assess the impact of these events on plant safety, the existing countermeasures
have to be taken into account. These include the prevention of the initiating event and
the ability to cope with the event if it has occurred (recovery actions). The
countermeasures contain hardware measures like interlocks, instrumentation and
control as well as administrative measures. The adminstrative measures include e.g.

requirements on the availability of RHRS-trains in different plant operation modes and
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procedures in the operating manual. Additionally, feasible accident management (AM)
measures have been considered.

2.2 Lossof Deday Heat Removal During Mid-Loop Operation

As the coolant inventory in the RCS is rather small in mid-loop operation, a loss of
decay heat removal may result in a fast increase in temperature up to boiling in the
core depending on the time period since shutdown. Two sequences may result in a
loss of shutdown cooling in this mode:

= loss of Residual Heat Removal (RHR) function because of air binding of the RHR
pumps (figure 1)

- loss of RHR function because of component unavailability.

For these two scenarios the probabiiity of a loss of decay heat removal during
mid-loop operation was estimated for the reference plant. With respect to loss of RHR
because of air binding the procedure for lowering the RCS level from full to mid-loop,
the existing level monitoring, the automatic measures to prevent pump cavitation and
the recovery actions after possible loss of RHR pumps were evaluated. Figure 2
shows the mid-loop level monitoring of the reference plant. It consists of two level
transmitters with different measuring ranges. The mid-loop level monitoring device is
permanently installed, but it is not active during power operation. Before lowering the
level in the RCS the level monitoring has to be taken into service by manual actions.

The provisions to prevent a loss of RHR at mid-loop operation because of air binding
can be summarized as follows:

- redundant loop level instrumentation,

- exact procedure to take the loop level instrumentation into service and to verify its
proper operation,

- exact procedure for level reduction in the RCS,

- automatic reduction of RHR pump flow before entering the reduced level
operation,

- automatic isolation of letdown fiow if loop level decreases below mid-loop,
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- possibility for leve! restoration by one LPSI train if the two operating trains of the
RHRS are lost.

Remark: In German PWRs the RHRS is a four train system which it is also used as a
Low Pressure Safety Injection System (LPSIS). During mid-loop-operation at least two
trains perform the decay heat removal. Additionally, by procedure one train must be in
stand by for the injection mode.

A loss of all RHR trains during mid-loop operation because of component failures had
also been taken into account. First probabilistic assessments indicate that the
contribution of these two event sequences to the core damage frequency may be

significant.

Therefore, event sequences in different plant modes during shutdown with the loss of
decay heat removal will be investigated in detail in phase two of the study.

2.3 inadvertant Boron Dilution

Within cold shutdown mode the subcriticality of the reactor core of a PWR cannot be
achieved by control rods alone. The RCS must be borated. In the reference plant a
boron concentration of > 2 200 ppm is required for cold shutdown.

The injection of non-borated water into the RCS can result in an unintentional
criticality of the reactor. The French PSA showed event sequences which could lead
to a fast deboration in the core.

The worst scenario involves starting a reactor coolant pump (RCP) in a loop which
contains an unmixed plug of non-borated water. This non-borated water enters the
bottom of the reactor core and a rapid decrease of the boron concentration within the
core happens. The event could result in a prompt criticality with high neutron flux and
possible fuel element failure. A postulated séquence for such a scenario would be a
loss of offsite power (LOP) during plant startup, continued ditution of the loop during
LOP (figure 3) and finally restart of a RCP after power return (figure 4).

__The consequences of unintentional deboration depend on_the amount of .
demineralized water which had been released into the RCS and the intensity of mixing
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of the plug of water on its way from the loop to the reactor core. In phase one of the
study a variation of these parameters has been performed to determine the amount of
water, which would make the reactor critical. Assuming low intensity of intermixture
the investigation showed that the injection of even a quite small amount of water
would result in prompt criticality.

The probability of a water slug scenario was estimated for the reference plant.
interlocks in the control system exist, which will stop dilution following a LOP, i.e. if
none of the RCPs is running. However, no procedures were found for shift personnel
guidance to stop dilution of the RCS in the startup mode after LOP.

For the reference plant it was found that the automatic supervision is of high quality,
as it is redundant and each redundancy closes the valves in both trains of the boron
and demineralized water make-up system (Figures 5 and 6). The failure rate of this
supervision, which stops dilution when ali RCP are switched off, was estimated and
the resulting core damage frequency was assessed essentially lower than in the
French PSA. Nevertheless, due to the potential severe consequences the scenarios
of fast deboration will be investigated comprehensively during phase two of the study.

3. Conclusions

The preliminary findings of phase one of the study require no immediate corrective
actions or immediate improvements for the reference plant, however, a priori the
contribution of low power and shutdown operation to the overall risk is not negligible.
Therefore, a broader review of initiating events and a systematic evaluation of
resulting event sequences are necessary. During shutdown, requirements for the
availability of safety systems are reduced and automatic actions to recover from
shutdown events are either limited or even disabled. But, in this mode of operation
more credit may be taken from manual actions than during power operations due to
the time available. ‘

A comprehensive investigation of all relevant seduences will be performed in phase
two. This includes a classification of all relevant modes of operation and the
investigation of significant initiating events as well as their potential consequences.
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The evaluation of the operating experience is another important area of interest.
German and foreign events will be analysed thoroughly.

The PSA methods can be used and should be used for the assessment if existing
procedures and system requirements are sufficient or if additional improvements are
necessary to assure a high safety level during shutdown operation. The assessment
of risk must also include human performance. Its quantification will be a high
challenge for PSA studies on this field.

Phase one indicated some possible areas of improvements, which depend on the
design of the NPP. These areas include:

- Availability of at least one steam generator during hot shutdown and cold
shutdown with the RCS closed, to provide decay heat removal after a loss of the
RHRS. Even if the loss of RHRS happens during mid-loop operation with the RCS
ciosed, the SG would allow a reflux-condenser cooling that is sufficient for decay
heat removal according to first calculations.

- Additional water injection capacity from further sources to prevent boiling, when
the RHRS has been lost and the RCS is already open. This coolant water has to
be borated to avoid a dilution event.

- Prevention of boron dilution when the RCPs are not operating. This has to be
assured by highly reliable automatic measures, which will not only close valves in
the boron and demineralized water make-up system but also stop the make-up
pumps to prevent a fast dilution by a water stug after restarting the RCPs.

- Additional guidance for the shift personnel to make sure that no inadvertent
dilution has occured before starting a RCP.

Finally, phase two of the study will qualitatively discuss the applicability of the results
from the reference plant to other German NPP's. The risk of shutdown and low power
operation of BWRs will be investigated within the PSA for a German reference BWR.
This study has been started in 1988.
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INTRODUCTION

In 1988 the Italian Government established to postpone any
decision on nuclear power use until 1993; in the meantime
National Organizations concerned with Nuclear Fower, are
committed with the study of <the new generation of reactors
(vwhose safety is based on more intrinsic and passive safety
features) to be proposed for a future resumption of nuclear
power. Investigations are addressed to passive and
sirpplified reactors with enhanced containment capability.
Reference Criteria are still in discussion but the trend is
toward very stringent requirements, in order to get Plants
Licenseable with no need of a Preplanned Evacuation Emergency
Flan. Plants presently under study are:

. Simplified Boiling Water Reactor (SBWR) - General Electric
. AF600 - Westinghouse

. PIUS - ASEA Brown Boveri,

This paper describes the experience gained by some Italian
Organizations with PSS 1living use in support of SBWR decsign
cdevelopnent.

General Electric is currently developing the design of & new
€600 MWE BWR, based on the use of simplified and passive
systens and able to cope with” severe accident situations
without Operator Actions for 72 h.

The economic effort for the design development 4is supported
by DOE and EPRI and the balance is supplied, in terms of
manpower and testing of new equipments, by an international
Team of Japanese, Italian and Dutch Organitations. In this
frame two Itelian contributors are involved in Pss
activities: i) ENEL, the Italian Power Generating Board, is
corrnitted in the PSS implementation and ii) ENEA DISP, the
Italian Regulatory Body, performs the PES Feer Review. Fhase
1 PSS has been corpleted and reviewed, while a Phase 2 PSS is
currently under way. A basic requirement of the PSS
methodology must be its ability to interact, in an almost
real time, with the design while it progresses. To meet this
requirement the model must be easily accessed and modified in
order to follow the frequent design updates.

Living PSS approach was used, based on the practical ground
on a fast interactive workstation. Software used for
implementation and review was installed on PCs [11].

After the PSS Phase 1, done by ENEL [2]), ENEA DISP peer-
reviewed the study to assess the methodeclogy adequacy ([3]:
the integration of these activities proved a good interaction
with the design.
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PROBABILISTIC SAFETY GOALS POR PASSIVE SAFETY PLANTS

Qualitative Safety goals for a new passive BHWR plant are

based on the following concepts:

- a safety expressed in a way more understandable to the
public

- a safety less dependent upon operator behaviour

- preventive and mitigative design such that a Preplanned
Enmergency Evacuation Plan is not necessary.

Quantitative Safety Goals definition to support Qualitative

requirements are still not frozen; possible Goals could be:

~ cumulative frequency of event sequences leading to a
population dose exceeding the EPA PAG limit in short term
( 24 or 36 hr ) lower than a small value

- core damage sequences with sudden catastrofic failure of
the containment should be avoided by design or their
occurrence should be negligible.

- Land contanmination frequency mpust be negligible.

STUDY PHASE 1 IMPLEMENTATION

The Phase 1 PSS was conducted by ENEL at GE USA offices in

the second half of 1988.

ENEL has & 1long standing experience in PRA implementation,

see [4,5].

The SBEWR PSS case has some peculiarities affecting the

methodology:

2) need to demonstrate low conseguences with low frequency
of occurence

b) presence of epecific design features, with a lower
dependency upon support systems

c) data uncertainty for some new technology components

d) need to demonstrate that the plant safety level is 1less
dependent on Operator Actions than current plants.

This implies greater methodology effort than past generation

PSS in the following areas:

a) completeness of initiating event set, including i)
peculiar initiators of the new design, ii) all Plant
statesz, low power conditions included and iii) external
events

b) extensive Common Cause Failure treatnpent also among
identical components in different systems

c) systematic consideration of errors of Commission in Human
Reliabilty and Risk Sensitivity calculations with no
credit for Operator Actions

d) evaluation of sequences without core melting, potentially
leading to doses greater than the PAG limit, as in the
cases of LOCA with & failure in the containment is=solation.

In general terms the compliance with very low figures for

Safety Goals imposes additional effort, because deeper

analyses are necessary to discover low probability coupling

events, which could be negligible if the CDF goal is 1E-4 but
not in the case of & smaller frequency Goal. As the SEWR
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design is under development, the living PSS is articulated in

successive phases. The Phase 1 was performed in the early

design phase when only the conceptual design was available

and without systematic dedicated supporting analyses in many

areas (thermal-hydraulic analyses, external releases..),.

One of the purposes of phase 1 was the identification of the

thermal hydraulic analyses needed to support the final PSS.

Success criteria were based on engineering Judgement and

extrapolation of a few preliminary analyses. The design

details needed to perform the analyses but not yet included

in the design documents were assumed by the design engineers.

The software used for the study was based on a workstation

[1] installed on PCs which allowed fast interaction for the

current updating of the model.

Main study results showed the perspective +to meet the safety

goals with some design modifications and supporting analyses

in specific areas identified by the PSS.

At the prevention 1level, the contributions of the internal

events to the CDF was assessed very 1low except for the

failure of the overpressure protection in ATHS.

For the mitigative aspects the containment effectiveness to

prevent doses greater than EPA PAG limits could be enhanced

if improvements were mpade on:

i) long term cooling function failure

ii) pressure suppression function bypass

iii) ATWS (overpressure protection and failure to manually

inject boron).

For the items listed above, the PSS suggested the following

modifications able to satizfy the safety goals:

a) increase the number of Safety Relief Valves (which work
also in spring mode)

this makes negligible the econtribution from overpressure
failure in ATWS to the CDF

b) dedicated components for short term and long term passive
cooling functions - both functions were perfomed by the
Isclation Condenser; this modification enhances the
reliabilty of the long term containment cooling

¢) logic cards diversification; this makes negligible the
containment isolation failure

d) Boron Injection automatic actuation - this makes reactor
shutdown function more reliable than past manual actuation

e) automatic Feed Water Runback to 1limit reactor power in
ATWS

b), ¢), d) and e) have the potential to make negligible
the probability of a containment failure.

The PSS showed -~ with specific sensitivity calculations -
also the potential fullfillment of <the established Safety
Goal without Operator Actions for 72 hr.
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The above suggestions were recognized sound by the designer
and were i) directly transferred in the design or 1i) assumed
as basis for systems modification.

Also a seismic level 1 PSS was performed. The result is that
increasing the ability of the Isclation Condenser and of the
Reactivity Control System to withstand high Peak Ground
Accelerations in a seismic event and the using a realistic
site specific Seismic Hazard Curve, the contribution of the
Seismic event to CDF will be negligible.

ETUDY PHASE 1 REVIEW

The Phase 1 PSS review was performed by ENEA DISP in 1980.
ENEA DISP possesses experience in PRA review gained in past
licensing activities.
The review objectives were to assess:

- the adequacy of the methodology

- the Study usability in the Regulatory Process (10CFR52)

and to suggest design modifications

- give suggestions to the SBWR design.
For this review DISP worked on the original model - magnetic
support - using the same workstation software; <this can be
considered sound because <the computer code has been widely
validated by DISP in past uses. In positive terms this
approach gave the possibility to reach low level PSS items
and also allowed many sensitivity requantifications. This
fact gave effectiveness to the review because usually
requantifications are outside the scopes of a Peer Review.
No sistematic Fault Tree independent requantifications were
made.

Malin review findings. comments and susgestiions

Overall Comnents

SBWR Phase 1 PSS can be considered a good piece of work as
far as methodology is concerned.

In some areas the extent and the quality of the analyses can
even be considered as an improvement of the present practice,
specifically in its interactive and living usability.

As the Phase 1 PSS was conducted on the basis of sonre
assumptions based on engineering Jjudgement due to the lack of
supporting analyses, some uncertainties are present in the
quantitative results. ’

The quantitative effectiveness of the suggested design
changes should be measured with more accuracy in the
successive Phases of the =tudy; nevertheless the proposed
modifications can be considered sound on engineering and
qualitative bases.
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Detailed comments

Low level comments were addressed in the review; more

significant ones are listed belowu:

1) The accident prevention is based on i) Power Conversion
system, 1i) Passive Safety grade systems, 11i) Active non
Safety grade systems and iv) Operator Actions (OA). To
show Plant safety level adequacy without operator, the PSS
contains a sensitivity to no reliance on OA for 72 hours.

Systematic importance analyses were perforped for
individual non-safety system/components, such as diesel
generators. :

A sensitivity to no reliance at all on not safety grade
systems should alsc be done in order to show how much safe
is the Plant without the active systems operation.

2) Transients and LOOSP contribution to CDF is small 4if

compared with the results of the past PRAs. In the PSS
this low contribution is explained with i) the passive
Isolation Condenser effectiveness, ii) the design
requirement for low Transients Initiating Events
Frequencies, iii) <the Feed Water pumps equipped with
electrical motors and iv) the low dependency on Support
systems.
If their 1low contribution could be Justified by the
Isolation Condenser design, a very low value needs a more
careful attention to discover potential couplings among
redundant systens.

3) CDF is dominated by LOCAs Contribution ( about 90% ); this
result is different from past PRAs where often Transients
and LOOSP events dominate. The fregquency of a transient
event has less uncertainty than LOCA event because it is
derived by more extensive operating experience. A
sensitivity or uncertainty analysis could give more
confidence on upper bound ( 95% ) values.

4) Level 1 PSS part (Core Damage Model) appears more accurate
than level 2 & 3 parts ( Mitigations & Consequences ) as
the severe accident and radiological analyses were planned
downstream of the phase 1; consequently the suggestions to
the design given in PSS can be considered more valid when
addressed on items affecting CDF or items regarding
containment bypass due to system failure.

CONCLUDING REMARKS

The whole process of PSS implementation and review showed to
be effective in producing a well balanced Study.

A more accurate assessment of the benefits coming from the
suggested modifications - now incorporated in the design -
will alsoc be possible in the in progress Phase 2 of PSS,
which is based on more detailed design information and on
specific supporting analyses for Success Criteria, Severe
Accidents and External Releases.
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The authors like to stress the key role played by the living
approach, allowing easy and fast model updating which is an
inmportant feature in general terms, but becomes essential
when applied to a new design development where things are
often changed.

The ability of living PSS to give an integrated picture of
the plant will help to get more confidence on the Plants
safety level.

The communications among PSS world and SBWR systems designers
were effective with the help of the living study feature i.e.
showing potential risk reductions obtainable upgrading
specific design itens.

Some software enhancements are possible: workstation are now
powerful and accessible in cost terms; RISC based computers
are faster in calculations and allows the management of large
blocks of memory.

Living PSS based on powerful workstation will play an
important role in the development of next generation
NPPS with enhanced safety (preventive and mitigative).
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Summary of discussions

® Analysis of dependencies

There was general agreement that the treatment of functional and secondary de-
pendencies poses no major problems. Common cause failures, however, are a con-
cern. Data are so scarce that plant-specific common cause failure rates can hardly
be expected to be obtained. For this reason all possibly available data sources, i.e.
chiefly licensee events reports and reliability data acquisition projects must be made
use of. A procedural framework for the interpretation of such information should be
developed bearing in mind that it has to cater for the specific aspects of the different
sources. Single failures considered on technical grounds to be potential common
cause candidates should be included in the data base. Engineering judgement was
consicered an unavoidable element in the preparation of common cause data. The-
refore the possibility of establishing a framework which would lead to a more consi-
stent exercise of such judgement should be explored. Both activities aim at ensuring
a maximum of clarity about the genisis of common cause data.

A controversial discussion referred to the subject of the use of Markov methods. So-
me advantages were claimed for its application. On the other hand, the vast number
of equations resulting even for relatively small systems was considered a serious
drawback.

* Time dependent phenomena/Uncertainties

- Time dependence

More attention should be paid in preparing PSAs to the possibility that there may be
components whose failure rates are affected by "aging" or “learning". There is evi-
dence that at least in some cases this effect may be noticeable. However, it must be
kept in mind that the possiblé influence varies with the typé of component and its
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function inside the plant (e.g. operational or safety system) as well as the mainte-
nance regime. Therefore a plant-specific evaluation is indispensable.

- Uncertainty

Qualitative uncertainty analysis, i.e. the identification of uncertain assumptions and
parameters was considered an important task. Concerning the subsequent task, that
of quantifying uncertainties, there was general agreement that the uncertainties af-
fecting reliability data could be treated satisfactorily. However, considerable wea-
knesses in the handling of modelling uncertainties were recognized. An exploration
of the potential of possibility theory for treating uncertainties was deemed desirable.

® Human Error

In general, in PSA only errors of omission are assessed and to some extent errors
of commission. It is recognized that there is an urgent need for progress with re-
spect to knowledge based actions. This is especially so because the contemplation
of non-full power states and accident management measures requires more and
more complex human interventions to be quantified. Another important case for the
modelling of human interventions is the isolation LOCA. Despite quantification pro-
blems already the qualitative assessment of the conditions under which human in-
terventions have to be performed has considerable merits in that it generally shows
design and procedural weaknesses which can then be removed.

A very important aspect is the evaluation of operating experience and simulator ex-
periments for obtaining human error probabilities. The problem of transferring simu-
lator experience to real situations was believed to be solved to a large extent by
using experience gathered in examination situations.

The lack of data may be compensated to a certain extent by varying the probabilities
used for human error and assessing the impact on the PSA results. Expert judge-
ment is believed to also give good results in this context. Human error is still consi-

dered one of the areas which requires research in order to arrive at more reliable
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PSA results. In the meantime, doubts about the quality of human error assessment
should be catered for by using larger error bounds on the data of Swain than those
given by him.

¢ External Events

The presentations addressed the treatment of earthquakes and fires. It was general-
ly felt that the methods for analysing external events are not so mature as those
used in other areas of analysis involved in PSA contributions. Contributions from
many different disciplines are required. Uncertainties of resuits are still substantial.

For analysing the plant reSponse to seismic loads a lot of expert judgement is still
needed. Conservative assumptions are usually made so that earthquakes larger
than those assumed for the analysis are virtually impossible.

The view was held that the analyses should be limited to the loss of power induced
by earthquakes as an initiating event; on the other hand, there was some concern
that fires caused by earthquakes are generally not addressed.

The treatment of external events should be included in a PSA even if the analysis
were to be only qualitative, since it directs attention to possible weaknesses of the
plant. Due to the large uncertainties associated with the analysis of external events
in Japan different safety goals for plant internal and plant external events are used.

¢ Special Topics

The session covered a variety of different topics, viz.:
- reliabiiity data acquisition
- determination of the frequency of leaks and breaks in pipes

- low power and shut-down events
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- living PSA

It was considered desirable to establish generalized criteria for the acquisition of re-
liability data including topics like e.g. the component definition. If these criteria were
adopted internationally an intercomparison of data might become possible and there
would be a better guarantee that generic data, which have to be used in some cases
would really apply to the components under consideration. it was recommended to
place more emphasis on the acquisition of data on human error.

However, it was generally recognized, that "grey areas" are unavoidable in the field
of reliability data, whatever the effort invested in their acquisition.

The difficulties in generating reasonable reliability data for passive components were
recognized.

Given the preliminary results of the French PSA on risk contributions from non-full
power operation it was believed that this topic will be addressed in most future
PSAs. The belief was expressed that the French results are perhaps overly pessimi-
stic, a view which was somewhat supported by the preliminary investigation of the
Biblis-B plant. It should be kept in mind, however, that results on non-full power ope-
ration are even more plant-specific than those for full power operation. The possibili-
ty of problems from an excessive number of alarms complicating operation actions
in non-full power conditions was pointed out.









