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FOREWORD

Probabilistic Safety Assessment (PSA) has proved to be a valuable tool
for improving the safety and reliability of power reactors and other complex
systems. It may also be applied advantageously to research reactors under
design, construction, or in operation, particularly those with long operating
histories and therefore subject to ageing. Research reactors usually are
simpler and therefore easier to analyse than large Nuclear Power Plants
(NPP). Thus a PSA study for a research reactor is easier to perform than one
for a NPP.

However, it is important to recognise that the research reactors are
more flexible, access to the reactor core is easier, and core configurations
may be changed very often due to experimental requirements. Therefore, human
factors play a more important safety role in research reactors than in power
plants although possible consequences tend to be significantly lower.

The experimental aspects of research reactors add a further dimension
to the application of PSA. According to the type and size of experimental
setups or irradiation facilities, the development of an additional PSA for
these special features may be required. A PSA may also lead to a better
understanding of the safety characteristics of the reactor. It may contribute
to improvements in inspection schedules and maintainance work and it may help
to base any backfitting on a cost-benefit analysis which would ensure that
only changes resulting in significant improvement to safety are made.

For these reasons, the IAEA decided to promote PSA development for
research reactors in Member States within the framework of a Coordinated
Research Programme.

The illustrative examples of the use of PSA for research reactors and
the experience gained can be found in the thirteen chapters published here as
an IAEA TECDOC. The three volumes of appendices (see ANNEX), contributed as
they have been by authors from eleven countries represent a very large volume
of data and information, which is available in three separate volumes as



appendices to the TECDOC. These appendices have been reproduced in a
different format as working material, and can be obtained on request to:

International Atomic Energy.Agency
Division of Nuclear Safety
Engineering Safety Section
Wagramerstrasse 5
P.O. Box 100
A-1400 Vienna
Austria

By utilising a reproduced format, it is ensured the necessary
information is made quickly available to workers in the field of PSA in a
style perfectly adequate for the illustrative purposes the appendices serve,
yet of a technical quality that should prove useful as illustrative of actual
studies carried out on PSA for Research Reactors.

The IAEA is grateful for these contributions and thanks the
participants from the various countries for conducting investigations and for
evaluating and reporting the results.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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INTRODUCTION

l. Background

This document has been prepared to assist in the performance of a
research reactor probabilistic safety assessment (PSA). It offers examples of
experience gained by a number of Member States in carrying out PSA for
research reactors. These examples are illustrative of the types of approach
adopted, the problems that arise and the judgements entered into when
conducting a PSA. The illustrative examples of experiences gained are
discussed in a series of thirteen chapters which address some of the issues
that arise in a PSA. The examples are not exhaustive and offer evidence of
how other analyses have approached the task of preparing a PSA, for their
particular plant. The principles should be capable of being utilised and the
various issues which are discussed should be translated into the needs of the
analyst. Bach PSA will make its own demands on the analyst depending on the
reactor and so the illustrations must only be used as guidance and not adopted
as published, without critical appreciation.

The majority of the case studies have been contributed by operators of
light water research reactors. However, the methods used are of course not
limited to a certain reactor type; in fact, PSA is being applied today in many
"conventional" areas also.

Characteristics common to all research reactors - in contrast to
nuclear power plants - are the experimental aspects to be considered in design
and operation and the strong influence of human factors in safe operation.

This compendium is structured into thirteen chapters together with
three volumes of appendices containing the contribution of the participants to
the Coordinated Research Programme.

As outlined in IAEA TECDOC-400 (Probabilistic Safety Assessment for
Research Reactors) the performance of PSA will not only result in
quantification of risk to the public by systematic evaluation of accident
scenarios but it may also be considered a tool for improving the operator's
understanding of reactor systems and working procedures.



Experience shows that this better insight often leads to readily
applied modifications or improvements even in the early phases of analysis and
even without accurate failure data being available.

The general goal of PSA, however, should be a more realistic quantified
study of the risk to the public. For this purpose, various probabilistic
acceptance criteria are evolving in many countries - usually not as a
substitute but as a supplement to the classic deterministic safety assessment.

2. Advantages likely to be obtained from the use of PSA

The methodology of probabilistic safety assessment offers a number of
potential benefits to designers, analysts and operators of research reactors
(RRs). These potential benefits are numerous and can be listed and detailed.
These benefits have been presented and discussed in various forms in other
documents and seminars but it is worthwhile to restate these advantages,
together with some of the disadvantages so that the value of PSA can be judged
before setting out on an assessment.

PSA offers the advantage of being an integrated technique which
incorporates in a systematic way many plant aspects into the methodology,
namely: design, operating practice, operating history, reliability,
availability, human factors, accident sequences, through to core damage and
the release of fission products, initially into the containment or confinement
building and then to the atmosphere.

The interpretation of the results of a PSA study are not to be taken as
absolutely correct but should primarily be used for comparative purposes, that
is to say, to evaluate how the likely order to risk compares with say a
criterion, giving a feel for the necessary extra work needed to comply with
the ALARA principle (As Low As Reasonably Achievable), for example.

It is desirable if possible to quantify the fault and event trees to
permit judgement to be exercised. If data are uncertain, relative judgements
can still be made. If available, the use of high quality data throughout will
add further confidence to the estimation of risk. Where there is uncertainty
the application of sensitivity analysis can identify where to concentrate on
accuracy. Even unquantified analyses can give valuable insights into the
initiation of risk and likely accident scenarios or sequences. The main
benefit from PSA, undoubtedly, is the strict rigorous discipline it offers to
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safety analysis. The process is likely to sweep up all the significant safety
issues in a structured manner, giving added confidence that the safety study/
overall, is sufficiently complete.

Whilst PSA can be taken to different levels (e.g. level 1 is core
damage probability) it need not necessarily be totally exhaustive for research
reactors. Indeed, it is likely to be uneconomic and unjustified in the case
of low power research reactors, to take the analysis below certain levels
since the consequences of off site release may be low or negligible.

3. Shortcomings in the use of PSA

In order to keep a sense of balance some of the limitations of PSA are
stated.

The completeness of PSA analysis depends on the analysts' capability of
predicting possible accident scenarios and reflecting them into the model and
therefore should not be elevated to the level of an infallible technique.

PSA is a complementary analysis method to the deterministic approach
which brings safety insights not depicted by any other means. The results of
PSA require the exercise of proper judgement.

The results of a PSA study require assessment by experienced analysts,
just as the construction of the PSA study itself demands qualified
professional staff. Furthermore, as a quality activity, the methods applied,
the data, the computer programs and the final data created by the PSA study
may require confirmation of validity by peer review.

The lack or incomplete knowledge that exists in the various elements of
the analysis is represented in the PSA in terms of uncertainties. Typical
sources are in the amount and quality of data relating to plant system and
component failure rates, unavailabilities etc. Efforts are being made to
create qualified data bases for research reactors. These are incomplete at
the moment. One particularly difficult area relates to human factors and data
on human reliability, and man-machine interfacing events. Whilst there are a
significant number of techniques for evaluating human reliability, which have
been used to varying degrees of success, no one technique can be said to have
been wholly substantiated or complete. Thus the incorporation of the human
factor into PSA remains more of an art than a science at present.



The data available in many instances are imprecise as discussed above,
and a source of uncertainty in the outcome of PSA studies. Sometimes the
error bands are appreciated and the magnitudes are estimated. Techniques such
as the Monte Carlo approach can be used to handle the problem but may not be
justified for Research Reactors. PSA is a best estimate type of analysis and
conservative upper bound values should be used only if nothing else is
possible or acceptable. A sensivity study can reveal how influential a
parameter may be in evaluating a consequence. The extensive use of upper
bounds to data for the initial PSA study may render the results hardly better
than those of a conservative licensing-type calculation.

With increasing use, the level of confidence in PSA may increase when
compared with actual plant performance and experience. The operators can
prove to be of great value to PSA by confirming (or denying) the validity of
the models and data. The passing of the years will tend to confirm the models
used in the PSA, both qualitatively and quantitatively. In this framework the
concept of PSA as a living document which can be updated or modified to
reflect actual plant experience is most important.

10



1. GENERAL APPROACH

Probabilistic Safety Assessment is a structured methodology for
assessing the public and facility personnel risks from the operation of a
complex installation like a nuclear reactor, a chemical plant, a toxic waste
repository or a space rocket. The use of PSA techniques, when applied properly
and comprehensively, has proven to be a very powerful tool for improving the
safety and the cost-effectivenes in the design, construction, operation,
modification, and management of such complex installations.

This document will summarize the techniques for performing PSA for a
research reactor facility. It is intended to update and supplement the IAEA
report on "Probabilistic Safety Assessment for Research Reactors," IAEA
TECDOC-400, published in 1986. (Ref. 1.1)

A large volume of information and experience has been accumulated in
the past decade from the application of PSA techniques to nuclear power
reactors. This information, in general, and the methodology for performing
PSA, in particular, can be very useful for expanding the level of knowledge of
research reactor PSA practitioners (e.g. Refs 1.2. through 1.6). Nevertheless,
because of differences between research and power reactors, the PSA techniques
used for power reactors must be carefully screened for applicability to
research reactors.

Therefore, it is the purpose of this section to outline the general
approach to PSA and to indicate areas of commonality and of difference between
the methods used for performing PSA studies for research and for nuclear power
reactors.

For the purpose of quantitative probabilistic safety assessment, "risk"
is defined as a function of the frequency of an undesirable event that impacts
safety of an installation and the consequence of such an event expressed in
term of a measure of harm to people within the facility (generally called
operating personnel), to on-site people, and to people located outside the
facility.

The general steps in the process of a PSA are shown schematically in
Fig. 1.1.
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FIG.1.1. General PSA elements.

Plant familiarization involves a review of the plant design and, if the
plant already exists, operation information including engineering drawing and
facility description and operation procedures reports. Plant inspection by
the PSA team is also usually required in order to acquire first-hand
information on plant systems and components appearance, layouts, and
functional relationships, and to ensure that engineering drawings reflect the
up-to-date plant configurations.

The plant familiarization task for a research reactor is similar to
that for a power reactor except that the systems and components may be
different and less complicated.

The initiating event identification and selection is the next important
task. Initiating events are events which trigger accident scenarios. In a PSA,
they are typically categorized as "internal" or "external." Internal events
are those related to malfunctions of plant equipment and systems or those
related to human (plant operation and maintenance personnel) errors. External
events are those related to natural phenomena or other activities that do not
stem out of plant operation. Examples are: earthquakes, fires, floods,
lightning, tornadoes, meteorite strikes, and aircraft crashes. Internal fires
and floods, i.e. fires and floods caused by internal plant failure (e.g.
electric overloads or pipe ruptures) are also considered to be external
events. Deliberate man-made threats, including sabotage, terrorist action or
other armed attacks are also external events but they are not usually included
in a PSA analysis except when special consideration of these acts is required.
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Because of differences between research and power reactor systems/
there are differences between important internal initiating events for the two
types of reactors. Therefore, standard lists of power light-water-reactor
(LWR) initiating events that are available in the literature to guide the PSA
practitioner should not be used indiscriminantly. If there is a desire to use
them, they must be screened for relevance and for relative importance.
Additionally, research reactors present a number of initiating events that do
not have counterparts among the nuclear power reactors. The most important
ones are directly related to the experimental activities that are conducted at
the facility. Others may have to do with the fact that most research reactors
have no containment but; instead, they have a confinement building or a normal
building. Also, many experimental reactors have open cores in the form of open
tanks or swimming pools. In addition, some research reactors have spent
nuclear fuel temporarily stored near the reactor. All these features are
potential sources of accident initiators.

After definition, initiating events are screened for relevance and
relative importance and grouped according to similarity in order to keep the
number of accident sequences manageable.

Accident sequence development is the next step in a PSA. It consists of
using logic tools to graphically represent the sequence of events starting
with the initiating event and concluding with the release of radioactivity
outside the reactor confinement to the reactor site and to the environment.

The most popular technique for representing event sequences is the
"event tree".

Logic models for evaluating system failure probabilities include "fault
trees" and "reliability block diagrams" as popular tools. The PSA task in
which system failure or success probability models are developed and
quantified in terms of basic components failure data is generally called
"systems reliability analysis".

The methods for event sequence definition, systems reliability
analysis, and event sequence quantification that are used in research reactor
PSAs are identical to those used for power reactor PSAs. Because of added
complexities, however, power reactor event and fault trees tend to be larger
than those for research reactors, and therefore, they often require use of
main frame computers instead of personal computers (PC). Nevertheless, the
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rapid development of PCs with increasingly large core memories in recent years
has made the use of PC-based fault- and event-tree programs possible for most
applications.

Plant response analysis deals with the physical phenomena inside the
reactor and the confinement leading to a radioactive release. This analysis is
very dependent on the specific features of the reactor and the confinement
configurations. It is also generally simpler than that necessary for a power
reactor PSA.

Radioactive releases are then evaluated and grouped as is the practice
in nuclear power reactor PSAs. The release mechanisms and times are generally
different for research reactors than for power reactors. Considerations of
radioactive material deposition inside the reactor building, that may
significantly reduce release, are generally reactor specific and require
careful consideration.

Radioactive release transport to the research reactor site and beyond,
into the environment, generally involves analysis techniques that are similar
to those used for nuclear power reactors. Considerations of topology,
meteorology and demography are important for this part of the analysis. Unlike
power reactors in the US which are placed within special exclusion area
boundaries (EAB) and low population zones (LPZ), research reactors are often
present in the proximity of larger population densities and generally lack the
facility access restrictions that are characteristic of power plants.
Therefore, it is important that an accurate "best estimate" evaluation be
performed for this part of the analysis. The emphasis on using "best estimate"
methods of analysis instead of highly conservative (often incredible)
assumptions generally sets PSAs apart from licensing calculations. This
emphasis is most pronounced in this phase of the calculation where radiation
transport into the atmosphere and subsequent human health consequences due of
operating personnel and nearby population exposure are evaluated.

Radiological health consequence evaluation methods for research
reactors are similar to and use the same biological effect conversion factors
as corresponding analyses in power reactor PSAs.

The final step in a PSA is the evaluation and representation of the
overall risk in the form of a frequency-consequence diagram, either for
individual accident sequences or as a complementary cumulative distribution
(CCD) of the frequency for exceeding a given consequence level.
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An important aspect of the PSA that is intrinsic to any complete
analysis is the evaluation of uncertainties. They are typically carried out
throughout the system models, the physical processes modelling, and the
consequence evaluation through the overall risk representation. Monte Carlo
techniques are available for accurately propagating all uncertainties through
the analysis models. Other less exact methods involving bounding estimates
exist but require care in order not to produce erroneous results.

It must be pointed out that quoting risk results without a statement
about their uncertainties generally represents incomplete statements from
which it is very difficult or often impossible to make a completely défendable
safety decision.

Although the evaluation and representation of risk and risk
contributors is stated above as the final step in the risk quantification
process, it is not the final step in a "living PSA". The main reason for
performing a PSA is to systematically and cost-effectively improve the safety
design and/or the safety performance of a facility. Insight from the study
will be used to draw conclusions, make decisions and initiate improvements.
This step is, therefore, the beginning of the use of a PSA as a management
tool.

REFERENCES

1.1 "Probabilistic Safety Assessment for Research Reactor",
IAEA-TECDOC-400, International Atomic Energy Agency, 1986

1.2 "Guidelines for Conducting Probabilistic Safety Assessment
of Nuclear Power Plants", IAEA document to be published

1.3 "PRA Procedures Guide", American Nuclear Society and
Institute of Electrical and Electronics Engineers,
NUREG/CR-2300, Vols. 1 and 2 (1983)

1.4 "Interim Reliability Evaluation Program Procedures Guide",
USNRC, 1981

1.5 "Probabilistic Safety Analysis Procedures Guide",
NUREG/CR-2815, Vols. 1 and 2, Rev. 1, USNRC 1985

1.6 "Probabilistic Risk Assessment (PRA) Reference Document",
NUREG-1050, USNRC, 1984
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2. ACCEPTANCE CRITERIA

It is most important, when starting a PSA, to clarify the purpose of
the study. Specifically, some quantitative goal is needed to guide the analyst
when deciding what sequences need to be studied. This goal may be specified by
a regulatory body, or it may be evolved in discussion between the analytical
team and the group for whom the study is being performed.

For example it was decided that the PSA described in Appendix I should
consider only accidents initiated by within-plant failures, and should examine
in detail only those sequences with potential to affect the public outside the
site boundary. This decision resulted in considerable saving of cost and time
as earlier deterministic studies had showed that certain accident sequences,
such as those initiated by loss of primary coolant flow, could be eliminated,
as they would not cause damage to the sealed primary circuit and therefore
would not affect the public.

Whilst acceptance criteria may be expressed in words, it is often
convenient to display them as lines on consequence/frequency diagrams. An
example is shown in Figure 2.1 by McGuigan (Ref. 2.1) in which the
consequences are expressed in terms of the Iodine-131 released to the reactor
building. Other criteria have been discussed in Ref. 2.2.

At an early stage in the analysis, the consequences and frequency of
each accident sequence should be estimated using approximate methods and
conservative data. In some cases earlier deterministic studies might be
available to reduce the work necessary. The estimates may be plotted on the
consequence/frequency diagram, and those sequences with estimates close to the
acceptable line, or exceeding it, would be selected for more detailed study.

Such detailed studies should preferably be performed taking into
account the variability and uncertainty in the data and the estimates should
preferably include measures of their variabilities. When plotted on a
consequence/frequency diagram along with uncertainty bounds the estimates for
some accident sequences might appear as shown in Figure 2.2. Sequences A and B
would probably be considered acceptable, needing no further analysis, whilst
sequence C would most likely be the subject of further analysis.
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The approach to sequence D will depend on the basis for the acceptance
criteria. It may be appropriate to apply the ALARA (as low as reasonably
achievable) principle/ whereby the risk should be reduced if this can be
achieved by an expenditure less than the benefit achieved. However, it is
arguable that for many research reactors the risks are initially so small that
the expenditure involved in even the smallest investigations is greater than
the benefit achievable.
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FIG.2.2. Example of comparison of accident sequence risk estimates against an acceptance criterion.

It should be appreciated, in this discussion of acceptability criteria,
that the Agency is not advocating that such criteria are required for
regulation purposes. This is a matter for each Member State to decide. The
purpose of the criteria discussed in this section is to guide the analysts in
limiting the amount of work necessary.

REFERENCES

2.1 McGuigan, J., A Frequency Dose Guideline for the Assessment of
Accidental Releases of Activity into the DIDO or PLUTO Reactor
Shell, October 1987, AERE N 3619

2.2 IAEA TECDOC-403, Siting of Research Reactors
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3. INTERNAL EVENT INITIATORS

This chapter will review internal initiating event development,
selection and categorization for research reactors. Since this is also the
first chapter discussing initiating events in this document, it will review
existing popular techniques to develop and screen initiating events. Some of
the techniques are also applicable in the treatment of external events to be
discussed in the next chapter.

Failure modes and effects analysis (FMEA) is a technique used for
deriving initiating events. The output of this analysis is a multi-column list
of systems and/or components and their failure modes and effects to these
failures. FMEAs also may contain an indication of the severity of these
failures as well as corrective actions for these failures. A technique
related to the FMEA is the hazards operability (HAZOP) analysis extensively
used in England and Australia.

Another powerful tool for developing initiating events is the "master
logic diagram" (MLD). It resembles a fault tree in that it has a top event
which represents the accident release and it contains the same type of logic
gates and deductive logic approach to derive initiators causing the occurrence
of the top event. Unlike a fault tree, it neither includes basic events nor
does it involve quantification. It is merely a qualitative logic tool to
derive initiating events.

The steps involved in the development of an MLD are shown in Fig. 3.1.
The MLD will be used here to illustrate the thinking process involved in the
selection and categorization of initiating events.

Identification of the sources of radioactivity is the first step in the
process. In a research reactor, there generally could be four sources of
radioactivity: the core, the experimental and irradiation facilities, the
reactor water system, the fuel storage racks etc., as shown in Fig. 3.2. These
represent the top level of the MLD.
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2) IDENTIFY BARRIERS THAT NORMALLY
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IN STEP 4 ACCORDING TO THEIR RISK

FIG.3.1. Master logic diagram development.
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Barriers that normally contain the sources of radioactivity are then
identified. They include: fuel element clad, test specimen containers for the
experiments, filter and demineralizer for the reactor water system, etc.

Identification of modes that fail these barriers is the next step in
the analysis. This is performed for each of the sources being considered.
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Examples for the reactor core and the experimental area releases are shown in
Figs. 3.3 and 3.4, respectively. The next level of detail in the MLD is shown
in Fig. 3.5 for the case of the reactor core radioactive release due to
thermal degradation. Similar detail is pursued for the other fuel release
mechanisms until a list of generic initiating events is obtained. These
generic events typically represent initiating event categories into which
detailed initiating events can be incorporated.

The final step in the MLD development involves ranking of the accident
initiators and their related scenarios in order to find out which are most
important to pursue and which may be dropped without significant penalty. This
screening process is very useful when a large set of initiating events is
obtained and the subsequent scenario development and quantification process
must be kept at a manageable level.

The main categories of internal initiating events in research reactors
are:
- loss of electrical power supply
- insertion of too much excess reactivity
- loss of flow
- loss of coolant
- erroneous handling or failure of equipment and components
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- reactor experiments related initiated events, and
- special initiating events that are characteristic to the given

type of reactor.

IAEA TECDOC 400 (Ref. 1.1) contains a list of such events (in its Sec
6.1) that can be useful to the PSA analyst at the beginning of this task. It
should be pointed out, however, that such a generic list is not complete and a
complete list of important initiating events must be developed by the analyst
for the specific reactor system.
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4. EXTERNAL EVENT INITIATORS

External events are initiators that are external to the normal
operating systems of the reactor facility. They include natural phenomena like
earthquakes, external fires, external floods, tornadoes, lightning, meteorite
impact etc. They also include internal fires and floods, i.e. those that
result from in-plant malfunctions like electrical overloads and pipe breaks.
Aircrash is also an external event that may be of interest when the plant is
near the take-off and landing strips of an airport or in a major commercial or
military air flight path.

External events are often labelled common-cause initiators since they
can cause the simultaneous failure of two or more systems or components.
Because of this, external events can be very important contributors to the
overall plant risk.

Generally, earthquakes and internal fires are the most important
external initiating events for nuclear reactor plants. In special cases, other
external events may be as important or more important than earthquakes and
internal fires depending on local conditions. For example, floods can be very
important if the reactor facility is in a flood prone area. Similarly,
tornadoes, hurricanes or landslides may require special consideration in
certain areas of the world.

The general analysis flow path for an external event is shown in Fig.
4.1. The analysis elements are general enough to apply to all or most external
events but the approach can be best understood if discussed in connection with
a specific external event, e.g. an earthquake.

The first element in the seismic risk analysis is called a seismic
hazard analysis (Ref. 4.1). First, earthquake sources that can affect the
reactor site must be identified. Then, the recurrence rate of the earthquakes
in this zone, expressed as the annual frequency of events exceeding a given
magnitude, is plotted against the earthquake magnitude. Next, the attenuation
(decrease in strength) of the seismic wave with distance from the epicenter of
the earthquake of a given magnitude is evaluated to determine the effect at
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FIG.4.1. Risk assessment elements for external events.

the reactor site. Finally, the seismic hazard is evaluated. It is given as the
annual frequency of exceeding a given effective peak ground acceleration as a
function of the ground acceleration. (See Fig. 17 of Appendix G).

Evaluation of the response of the plant, its structures and systems, to
the seismic hazard constitutes the fragility analysis expressed in terms of
the cumulative frequency of failure of the system or component as a function
the seismic «notion parameter, the peak ground acceleration.

Event trees and fault trees may be developed to model earthquake
induced scenarios leading to radioactive release. All systems and components
whose failure may lead to radioactive release are considered. Component
fragilities are combined to yield the system response. Correlations among
failures of different components must be treated including (Ref. 4.1):
- failure of one component caused by the failure of another,
- commonality of failure of two components under the same stress

level due to manufacturing commonality (same manufacturer),
and

- two components in proximity that can both be impacted by a gross
structural failure at that location.

Common cause failures must also be considered. For example an
earthquake may cause loss of off-site power as well as cause the failure of
several mechanical components (e.g. pumps) at the same time.
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The remaining steps in the analysis/ namely release frequency
evaluation, consequence analysis and risk evaluation, are similar to those
performed for internal initiating events.

Fire risk analysis is important because fires are common-cause
initiators. Fire can spread from one location to another engulfing
functionally independent as well as redundant equipment.

First (Ref. 4.2), a fire hazard analysis is performed by location
screening to determine the most important locations for fire. Then, the modes
and extent of the fire spread are evaluated. Physical models for modelling the
progression as well as the arrest of fire spread are used. Detection and
suppression models are important to include and they depend on human
interactions. This is an area where, frequently, reliance is made on expert
opinion. It must be stressed that expert judgement must always be exercised
with extreme care and be well documented in order not to introduce significant
errors in the analysis.

The plant systems analysis for fires proceeds, essentially in the same
way as that for earthquakes and other external events.

Although external-event initiated sequences are modelled separately
from the internal-event initiated sequences, they must be carefully integrated
when the overall risk is calculated. This integration is performed in several
places throughout the course of a PSA effort as shown in Fig. 4.2.
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FIG.4.2. Combination of risk from external events with risk from internal events.
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5. ACCIDENT SEQUENCE MODELLING

Accident sequence modelling is the process of identifying the sequences
of events that may arise from individual initiating events, plus
quantification of their consequences and frequencies. It includes the issues
of dependent failure analysis, human factor analysis, consequence analysis and
data acquisition and analysis, covered in Chapters 6 to 9.

Accident sequence modelling falls naturally into two parts, model
development and quantification. The first part depends critically on
knowledge of the plant and should preferably be conducted by the analytical
team in collaboration with operational and design staff (at the very least,
such staff should review the models). The second part is generally a
mathematical exercise, and requires only members of the analytical team.
However, it is wise to submit the results to operational and design staff for
their comments and review, as wide differences between the quantified
estimates and staff perceptions often reveal aspects of the models which have
previously been unrecognised (see again Fig. 1.1).

5.1 Accident sequence developments

Having chosen a particular initiating event, the first step in accident
sequence development is a broad derivation of how an accident might evolve,
depending on the operation or failure to operate of various parts of the
plant, and possibly on the local environmental conditions at the time of the
accident.

A common method of investigating such accident evolution is by event
tree analysis. The branch points in the event tree usually represent the
success or failure (partial or total) of systems which are in the mainstream
of the event sequence. These include protection systems, designed to prevent,
arrest or slow down the progression of the accident sequence. The branch point
probabilities, i.e. the probabilities of success or failure of the systems
represented at the event tree branch points, can be derived either from
experience (statistical plant data) if available or from other logic
models. The standard technique of event tree analysis is described in Refs.
5.1 and 5.2. Event trees are very useful tools for communication between the
various members of the analytical team and between the team and the
operational and design staff reviewing the model, as they show very simply the
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accident sequences that will be considered and the various features that have
been included. Some investigators have suggested developments to the standard
technique which are claimed to make the technique more flexible, to convey
more information, and possibly reveal aspects of the study which allow the
total work to be reduced (Ref. 5.3. and Appendix I).

Once the event trees have been produced and accepted by reviewers, it
is necessary to examine in more detail the conditions which cause the various
system events. Most of these events are the success or failure of particular
subsystems which in general can be expected to work. It is most common
therefore to investigate the possibility of sub-system failure using
fault-tree analysis (Ref. 5.1) although some investigators prefer to consider
the complementary issue of sub-system success, using such techniques as GO
methodologies (Ref. 5.4) and reliability block diagrams (Ref. 5.5).

Fault trees make it possible to identify combinations of component
failures which together will ensure sub-system failure. With careful
analysis, the effects of human factors and dependent failures can be
incorporated.

There are many benefits from the fault-tree approach. Fault trees
provide records of the failure conditions and components considered. Because
the fault trees form both the analytical tools and the records, they reduce
the possibility that the conditions evaluated or reviewed are different from
those investigated. Analysts, operations and design staff, regulators, and
later system modifiers can all use the fault trees for their own purposes.
When the fault trees are quantified the data used can be incorporated in the
trees, so eliminating the need for additional tables which can be lost or
mis-applied. It is easy to ask the question "Has a given failure mode been
considered?" and find the answer on the fault trees.

Fault tree analysis is a deductive method that starts with a condition
of concern and asks "What combination of circumstances could lead to this
condition?". Naturally, it is possible for the analyst to omit some set of
circumstances and it is not uncommon that reviewers fail to detect such an
omission. One way in which omissions can be detected is to use an inductive
technique such as Failure Mode and Effects Analysis (FMEA). This technique
considers all the individual components and sub-systems in a system and asks
"What are the failure modes of this component (i.e. the different ways in
which it might fail, as measured by its external effects), and what would be
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the effects of these failure modes on the system?". A description of FMEA is
given in Ref. 5.1. Comparing the results of PMEA and Fault Tree Analysis
provides good assurance that all significant failure conditions will be
detected. However, FMEA is a very labour intensive task. It is preferably
performed by design and maintenance staff, who know the plant best and who
derive the most benefit from identifying the failure modes and their effects.
FMEA is often useful at the quantification stage, when data on component
failure rates need subdividing into component failure mode rates.

The process of Boolean reduction of the fault trees to derive "minimal
cut sets" can be performed by hand, to better understand its mechanics, but it
is usually automated and performed with computer programs which also, usually,
quantify the fault trees to evaluate the probabilities of the "top events."
Some fault tree programs also have the capability to propagate parameter
uncertainties and to derive uncertainty distributions for the top event
probabilities.

5.2 Accident sequence quantification

There are two aspects of accident sequence quantification,
quantification of the consequences and quantification of their frequency.
This section considers only frequency quantification; consequence analysis is
covered in chapter 8.

The frequency of an accident sequence may be estimated from the product
of the frequency of the initiating event and the probabilities of the
succeeding conditions. However, it is of paramount importance to note that
these probabilities must be estimated conditionally on the preceding events
and conditions. A common error of novice analysts is to evaluate the
probability of each condition separately and then to combine these, ignoring
the fact that they may be inter-dependent. To avoid this error, it may be
necessary to combine fault trees or to separate out common terms. This issue
is discussed further in Chapter 6.

It is often convenient to quantify the accident sequences at two stages
of the analysis - at an early stage to identify the important sequences, and
at a later stage in order to refine the estimates. The data required at each
stage are different.
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At the early stage/ the objectives are to obtain a rough approximation
of the frequency of each sequence, and possibly to determine the critical data
affecting that estimate. For these purposes it is usually sufficient to use
conservative values obtained from generic data. Once the frequences and
associated consequences have been obtained, the important sequences can be
determined (see Chapter 2). Simple sensitivity analysis techniques can then
be used to determine those data which are most significant to the estimates of
the important sequences (See Chapter 10). These data can then be reviewed and
perhaps more appropriate data sources found. Very simple calculations are
involved, and computer programs are often unnecessary.

In the later stage the objectives are to derive improved estimates of
the frequencies of the important sequences, taking account of the variability
in the data. Preferably, methods should be used which allow the variations in
the frequency estimates to be calculated. One suitable technique is Monte
Carlo analysis. Several analysts have used the public domain computer program
SAMPLE (Ref. 5.6). An example of Monte Carlo analysis to examine the
uncertainties in LOCA sequences is given in Appendix I.
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6. DEPENDENT FAILURE ANALYSIS

The subject of dependent failure probability quantification in a PSA is
one of the most important yet one of the least understood parts in the risk
quantification process.

Unless otherwise specified, the fault-tree and event-tree
quantification techniques treat, implicitly or explicitly, all failures of
systems and components as independent. Therefore, it appears possible to
attain any level of reliability by simply adding redundant systems to
facilities or redundant components to systems to the extent that costs are not
prohibitive.

This approach suffers from the fallacy that dependency of failures is
ignored. This dependency quickly limits the level of system redundancy that is
useful to attain increased reliability. Because of a number of reasons that
are discussed below, the reliability of redundant identical components does
not increase as the n-th power of the reliability of each component. The
commonality among components leads to much higher failure rates for systems
containing redundancy than expected on the basis of an independent failure
analysis. Similar is the situation regarding commonality among systems.
Therefore, the concept of redundancy is not sufficient to increase
reliability. Redundant systems and components must also be as "diverse" as
possible, i.e. lack commonalities, in order to enhance reliability. The
importance of including dependent failure analysis in a PSA will be
illustrated later in this chapter in terms of a simple dependent failure
method and a simple system.

First, we must review the important types of commonalities that are
encountered:

1. Common-cause initiating events, or failures of multiple
equipment items due to a single cause, e.g. an external event
(earthquake, fire, flood, aircraft crash, etc.)

2. Intersystem dependencies, i.e. events or failure causes that
create dependencies among the probabilities of failure for
multiple systems.
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These include a number of sub-categories:
2.a Functional dependenceies, i.e. dependencies that results

from plant design philosophy, system capabilities and
limitations; an example is a system designed to function
only in conjunction with the successful operation of
another.

2.b Shared - equipment dependencies/ i.e. dependencies of
multiple systems on the same components, subsystems, or
auxiliary equipment; pumps or valves shared by two
separate systems are examples in this category.

2.c Physical interactions, i.e. failure mechanism, similar to
those in common-cause initiators that do not necessary
cause an initiating event but increase the failure
probability of multiple systems; failure of several
electronic sensors due to excessive temperature resulting
from the failure of another system.

2.d Human interactions, i.e. dependencies introduced by
human actions including errors of omission and
commission; an operator turning off a system after incorrectly
diagnosing a plant condition is an example in this category.

3. Intercomponent dependencies, i.e. events or failures that
result in dependencies among the failure probabilities of
multiple components or subsystems.
The same sub-categories exist in this category as in that for
intersystem dependencies, i.e. counterparts to 2a,2b,2c, and 2d.

Dependent failures must be properly accounted for in the selection of
initiating events, including external events, the definition of accident
sequences (event tree construction), systems modelling (fault tree
construction), and quantification.

There are two parts to the assessment of dependent failures: the
determination of commonality among components or among systems, and dependent
failure probability quantification. Methods for the treatment of dependent
failures in a PSA are discussed in PSA procedures guides (see Refs. of
Chapter i).
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Commonalities among components can be determined manually or by
semi-automatic techniques using special purpose computer programs. Computer
programs like BACKFIRE and COMCAN search fault tree minimal cut sets for
common susceptibility to failure. A third computer program named GO
additionally seeks dependencies in event sequences, i.e.intersystem
dependencies.

An alternate treatment of intersystem dependencies in an event tree is
to link system fault trees together creating a single large fault tree for the
entire accident sequence. This approach tends to lead to the generation of
large fault trees that require analysis by main frame computer since they
exceed the capacity of most currently available personal computers.

The second part of dependent failure analysis is quantification
insolving explicit or parametric methods. Explicit methods involve
quantification of specific causes of dependent failures in the event tree and
fault tree logic following the commonality search procedure discussed above.
Preference as to which method should be used largely depends on the knowledge
and experience of the analyst but most often, it depends on the availability
of information that enables the analyst to adequately define his/her dependent
failure model.

Parametric methods involve inclusion of dependency quantities or
parameters that can be included in reliability equations of redundant systems
to better represent the overall systems reliability. Two simple and, to some
extent, comparable methods in this category have stood the test of time, the
"binomial failure rate" model and the "beta factor" model. More models have
been developed, some of them quite elegant mathematically, but most of them
have suffered from the common shortcoming of requiring for application more
input information than is generally available from experience, i.e. from
observed failure rates.

The beta factor model developed by Fleming at General Atomics (Ref.
6.1) is one of the most popular parametric intercomponent dependent failure
models. It will be briefly reviewed here and used in an example to illustrate
the importance of dependent failure analysis in systems with even low levels
of redundancy.

The beta factor model consists of expanding the total failure rate of a
component into two parts, X. and X,. The former accounts fori d
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independent failures while the latter accounts for dependent failure. The
total component failure rate (unit failure rate) is the sum of the two failure
rates, i.e.:

X=X. +XJi d

A parameter beta (B) is defined as the fraction of overall failures of
the component that is due to dependencies, i.e.

B = Xd/X

Therefore, the total unit failure rate can be written as

X= (l-B)X + BX

The beta factor method was specifically developed for a one-out-of two (or two
100 percent redundant units) system. It works very well for this purpose. For
higher orders of redundancy, the method does not work too well and it becomes
increasingly conservative with the order of redundancy, i.e. it over predicts
the failure probability. Therefore, a more general method called the "multiple
dependent failure fraction method" (MDFF) was developed by Stamatelatos (Ref.
6.2). It separates dependencies into double, triple, quadruple, n-tuple
dependency. This method was seen to agree well with higher order dependency
data from experience. For example, the ordinary beta factor method can yield
as high as a factor of four higher failure frequency for a one-out-of-three
system (i.e. three 100 percent redundant units) while the MDFM was seen to
predict results only about 20 percent higher than experience data.

Nevertheless, the beta factor method is very useful and simple to use.
It will be used here to illustrate the importance of dependent failure
analysis.

Let us consider a one-out-of-two system consisting of two 100 percent
pumps that are assumed to be identical, i.e. have the same manufacturer and
the same design and operation characteristics (Fig. 6.1).

Let us further assume that the failure rate for each pump (U) is 0.001.
Therefore, if the two pumps are in parallel, the unreliability of the system
of two independent pumps (Fig. 6.1 a) U is:

U = U2 = 0.000001s

35



a) Two identical dependent pumps

DEPENDENT
PART OF

THE TWD PUMPS

b) Two identical dependent pumps

FIG.6.1. One-out-of-two system.

Let us now assume that there is a ten percent dependence between the
two pumps, i.e. that, because of manufacturing, environmental, functional, or
other commonalities, one out of ten failures of one pump is due to a cause
that leads to the failure of the second pump (thus B = 0.1).

Then, assuming the exponential failure model the unreliability of the
system in Pig. 6.1b is

U = [(l-ß)U]2 + BU = BU = 0.0001

Thus, we see that the system unreliability including only a ten percent
dependency is a factor of 100 greater than the system unreliability when the
two units are assumed to be independent. Neglecting the effect of this
dependency in the analysis would result in a very serious error.
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7. HUMAN FACTORS

7.1 Introduction

Humans are involved in all stages of system development from design
through manufacture/ construction, commissioning, operation, test, maintenance
to decommissioning. Human failures at any of these stages can have a
significant effect upon the safety and reliability of the overall system.
This is demonstrated by the large number of accidents in which human error has
been an important contributor. The ways in which the human being receives and
transmits information and reacts to situations or interacts with the machine
are influenced by a number of factors. The designer should recognise these
factors correctly and account for them in optimising the design, to minimise
the risk from human error. The analyst in turn must acknowledge that due to
the scope of the common cause effect from human error, then the reliability of
the operator is clearly a major determinant of system reliability and must be
taken into account if the results of PSA are to be realistic. This chapter
described methods and approaches that are available for the treatment of human
error for inclusion into PSA.

7.2 Topics

Before describing the. analysis of operator error it may be of interest
to illustrate the scope for error by giving examples of some topics where the
need for correct human response arises in operations.

1. recognise situations or patterns accurately
2. choice of corrective action
3. effect of factors influencing performance such as fatigue, heat,

boredom, noise, stress, rate of receipt of information
4. speed of response
5. ability to recover from an initially erroneous response
6. quality and extent of training and experience
7. need for familiarity, and risk of over familiarity.

Some of ,these topics have been addressed; for example Ref. 7.1 describes a
stress experiment related to a research reactor.
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There is thus a confirmed requirement to be able to account for the
contribution of the human factor in PSA.

7.3 Implementation

It will be seen from chapter 5 section 2 that the accident sequence
model ultimately requires quantification. Thus human error requires
analysis. A series of methods exist for modelling human reliability/ which
will be discussed later. Human reliability has also been measured and data
has been obtained in certain areas (Ref. 7.1) relating to human error. Not
only has human error been studied but also the contributory causes to human
unreliability have been considered (Ref. 7.1) such as: level of training/
personal qualities (intelligence and general education) behavioural response
and recall by memory.

Experience should also be sought from the lessons learned from previous
reactor accidents such as Three Mile Island Unit 2 (USA) and Chernobyl
(Ukraine, USSR). These latter accidents involved power plants not research
reactors, but the nature of the human factor is such that many of the lessons
are common to other types of reactor. There have been accidents to research
reactors, prototype reactors or critical assemblies directly attributable to
human error such as the SL-1 power generation reactor accident at the Idaho
Falls reactor test site (USA) or the R-A critical assembly at Vinca, Belgrade
(Yugoslavia), for which references exist.

The recognition of the importance of the human factor in reactor risk
studies has led to a number of responses: one is to improve design, control
and the quality of installations and equipment in an effort to reduce the
involvement of the human and thereby reduce the contribution to human error
(in commission or omission); another is to study the human response both
psychologically (Ref. 7.1) and physiologically so that the equipment can be
designed to optimise human response appropriately. Further information as to
why the human factor has received consideration exists (Ref. 7.2) such as the
ways by which human action can defeat the design or operating intent of the
installation.

Although some experts advocate that full automation should replace the
human operator, a moment's reflection will show that this is impossible. Some
sequences of operations, such as startup or shutdown may be candidates for
automation. However, it is clear that in research reactors, because of the
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very nature of the plant for experimental purposes manual procedures or
instruction are inevitable. For example the start up to power may be in
steps, with hold points whilst data is collected from an experiment for
analysis, before proceeding to the next level of power etc. Thus the research
reactor could arguably be said to be more vulnerable to human error than a
power reactor and therefore this factor should receive very careful
considerations. It may be stated, for a small reactor, that the consequences
of an accident would be small at most. This may be true in consequence terms
but it may well not be true in economic or political terms. Any accident that
seriously damages an installation even with low consequences must be seen as
likely to be unacceptable. Hence research reactors represent a potential risk
to the credibility of nuclear power programmes and require careful attention
to the risk human error may present. Hence its inclusion in PSA studies for
research reactors is considered as essential.

7.4 Human Reliability Analysis

A framework is needed for human reliability assessment. One approach
which provides a framework for the systematic analysis of operator error for
inclusion into a PSA is the SHARP procedure (7.3). This is a seven stage
procedure consisting of:

1. Definition
2. Screening
3. Breakdown
4. Representation
5. Impact assessment
6. Quantification
7. Documentation

The sequence of stages is illustrated in Fig. 1 and the individual stages are
described below.

7.4.1 Definition

The purpose of this stage is to ensure that all key human interactions
have been considered.
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Three methods for the identification of key human interactions are
suggested:

i. Investigation of fault and event trees
ii. Use of a classification system
iii. Comparison with experience

In the first method a series of questions is asked including:

Could operators induce an initiating event by working on or using
the systems?
What major tasks "must" the operator perform on this particular
system to start it, stop it, or maintain it?
Could the operator affect the redundnacy or diversity ot the
system or function in any way?
If the automatic functions fail, could the operator act as a
back-up?
Is the system tested? What important failure modes of the system
are addressed in the test?
If the system is under repair, is the technical specification
time limit for system unavailability less than the repair time?

In the second method one scheme for the classification of human
interactions that can be used is shown below.

During testing;

Type 1. Personnel fail to detect failed equipment
Type 2. Personnel introduce failures or faults by damaging

equipment or leaving equipment misaligned
Type 3. Personnel initiate an accident.

During maintenance;

Type 4. Personnel introduce failures or faults
Type 5. Personnel initiate an accident.

During normal operation;

Type 6. Personnel introduce faults or failures
Type 7. Personnel initiate an accident.
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During emergency operation:

Type 8. Personnel fail to restore system
Type 9. Personnel exacerbate an accident.

In the third method experience from the plant itself/ resulting in
data, can be used to identify key human interactions that arise in activities
such as operating, maintenance, testing and commissioning.

7.4.2 Screening

The purpose of screening is to identify those human actions which
impact on system safety, these actions will then be analysed further.

7.4.3 Breakdown

This stage is similar to a task analysis in which the human
interactions are broken down into their component tasks and subtasks to enable
more detailed consideration to be made of the factors which affect performance.

The detailed qualitative analysis has two immediate goals: identify
the currect human actions required during a particular sequence of tasks and
consider how the operator or individual may respond, then estimate how the
performance, if incorrectly undertaken during the sequence, may modify plant
performance or initiate an accident sequence. Note it is not only operators
but maintenance crews etc., that can initiate accidents from human error, and
therefore the analysis should consider modification and maintenance of safety
equipment as activities vulnerable to HF.

Where errors are particularly important then specialised methods for
error analysis can be applied. As present, methods for the prediction of
errors in proceduralised and routine tasks are reasonably well developed.,
e.g. SHERPA (Réf. 7.4). By contrast, methods for the prediction of errors in
complex tasks, particularly those which involve cognitive processing such as
diagnosis and decision making are still under development.

A "Human Factors Failure Modes and Effects Analysis" can be used to
provide a structured approach from the task analysis, using the FMFA
principles.
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7.4.4 Representation

The purpose of this stage is to construct a representation of the human
interaction (e.g. by fault or event tree) for subsequent quantification via
techniques for modelling the important human interactions into the logic trees.

7.5 Impact Evaluation

The qualitative structuring of the representation of human factors in
the tree may show responses that have added safety implications, particularly
influencing the consequences. One of these impacts may be the identification
of dependent failures (common cause events) Ref. 7.5, which may lead to a
re-evaluation iteration or revision in the assessment of sequence
quantification. The step is essentially one of recapitulation and review to
allow the analyst to incorporate insights gained from the breakdown and
representation stages into the assessment.

7.6 Quantification

Quantification is the application of the appropriate data (using
quantification methods) to assign probabilities per annum or frequencies.
There are numerous methods for human reliability analysis, as mentioned
earlier, which have been detailed (Ref. 7.5) and tabulated. These methods
fall into three classes, essentially, 1. Fast Simulation Models, 2. Expert
Judgement Methods, 3. Analytical Methods.

The probability of error at the different steps is estimated at this
stage. Due to the lack of quality human error data this step is usually
achieved by the use of expert judgement. A number of different methods are
available for the assessment of human error probabilities such as THERP, SLIM,
HEART, etc. The most appropriate method for a particular application depends
upon the characteristics of the situation as each method has particular
strengths and weaknesses. The Human Reliability Assessors Guide (Ref. 7.6)
describes a number of different methods and provides guidance for the choice
of method. A further reference to Human Factors Modelling techniques is made
in Ref. 7.2.

Following the quantification of the logic diagrams then a stage is
reached which permits sensitivity analyses to be performed by varying
parametric values and also permits uncertainty analysis (see Chapter 10).
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Human error rates have also been studied (Refs. 7.11 and 7.9) utilising
operational experience. The method has been to compare human errors with a
reference error (Haward has used a similar principle - Ref. 7.10). The
difficulty in diagnosing faults and the stress on the operators during
recovery actions have been considered in (Ref. 7.7) an exercise involving a
LOCA, as factors influencing the quantification of successful response.

7.7 Documentation

All the necessary data, information and correspondence relating to the
PSA must be traceable (see Chapter 12). The various assumptions and methods
used should be described/ to facilitate review and auditing.

The role of the human performer in the safety of research reactors is
quite clearly demonstrated from operational experience. Data can be
accumulated in a number of ways as has been described in Ref. 7.2 and Chapter
9 of this document. As well as general experience on specific problems in
operation, other ways of acquiring data lie in event reprots and incident
reports. It is important to note that such information can only be of value
if it is reported in human factors terms such that the factors influencing, or
shaping performance are detailed. A useful description of a classification
scheme for describing and analysing events involving human malfunction is
shown in Fig. 1 of Ref. 7.2.

7.8 Limitations of Human Reliability Methods

If the results of PSA are to be realistic then it is clear that all
potentially important human interactions have to be considered. At the
present time there are three important areas in which human reliability is
difficult and in which further research is required.

7.8.1 Human Interactions Before Commissioning

As has already been mentioned, the key human interactions in all phases
of system development will affect overall system safety. For instance, the
quality of construction may have a significant effect upon the failure
probability of many components and lower than average standards of
construction and quality assurance may render component failure data
optimistic (and vice versa). Therefore, it is recommended that the design,
manufacture, construction and commissioning phases are also analysed for key
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human interactions. In principle, the SHARP framework could be applied to all
of these phases although this is not made explicit in the method description.
A significant extra amount of work would be required to treat the problem
fully and so it is important to concentrate on those interactions which have
the greatest impact. Fault and event tree methodologies would be useful in
ranking risks and indicating those areas where resources should be
concentrated.

7.8.2 Human Effects During "Illegal" Procedures

One important type of human interaction which can have a significant
effect upon system safety occurs during "illegal" procedures, i.e. those which
have not been formally assessed from a safety point of view. A prerequisite
for any human reliability assessment is access to a procedure (written or
unwritten) which provides a basis for analysis. Obviously errors cannot be
predicted for procedures which cannot be analysed. For such "illegal"
procedures this type of information is rarely available due usually to the
non-coopération of the operators or management. The accident at Chernobyl is
an example of such a situation in which operators reduced safety margins and
initiated a transient. It is felt that this type of error is important where
the adherence to "legal" procedures brings about particular disadvantages such
as increased inconvenience, increased costs etc. The prediction and
quantification of such unsafe practices cannot at present be performed
adequately and defences against such problems require alternative approaches
which are outside the scope of this chapter. Typical defences include
management, audits, error tolerant reactor design, in-depth operator training
and high quality ergonomie interface design.

7.8.3 Human Effects Cause by Extraneous Actions

From a systems point of view, extraneous actions can be considered as
those actions which are inappropriate to the state of the system (these are in
contrast to omission errors whereby a required function is not performed;
these are relatively easy to model).

During complex situations where diagnosis and decision making are
involved extraneous actions may be particularly important.

During procedural tasks where extraneous actions are caused by random
slips rather than intentional actions then the prediction of errors is less of
a problem, though it is time consuming.
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7.9 Some Practical Considerations

The identification of accident situations affected by human actions has
been discussed in Ref. 7.2 (p. 20) where useful insights are given under
headings such as bad design, poor operating procedures, inadequate training,
causes of human error and finally a list of systems and accidents sensitive to
human error, chosen by judgement from experience.

The use of PSA has brought out the role of human factors associated
with accident sequences. Ref. 7.2 illustrates this point by quoting ten PSAs
where the human impact has had a significant input to the accident.

The types of human error likely to be encountered in a PSA study phase
have been identified (Ref. 7.2, p. 35) and cast into 5 types for convenience.
A useful table is also provided in Ref. 7.2 (table 9, p.36) listing the types
of human interactions treated in the 10 PSA studies. This information will be
useful guidance to analysts when considering the modelling of human behaviour
during the "definition" process (step 1) discussed earlier, para 7.4.1. Some
aspects of modelling human error have been discussed in Ref. 7.1 (Section 6.8).

Use of PSAs has given insights into the role of human error perhaps not
previously appreciated or identified. Ref. 7.2 discusses the four most
important issues relating to human factors to which application of PSA, as a
disciplined method of decomposing sequences, can give the answers: those
plant systems in which dominant human interactions arise; aggregation of human
interactions in terms of similar task or common cause (dependent failure);
training of staff; use of automatic protection or processes to relieve staff
of stress.

There are human factors differences between power reactors and research
reactors but lessons learned from power reactors can be analysed to see how
relevant they may be for research reactors. One cause for difference is that
the research reactor operator has a different philosophy for operation since
experimentation is an important aspect of the research reactor operator's
approach, unlike that of a power reactor operator. Furthermore due to the
operation of experimental facilities by research officers and not by trained
personnel such as qualified maintenance or operating engineers, then special
human factors relating to the experiments and their conduct may apply. The
impact of an experiment, as added risk to the reactor can be evaluated by PSA.
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In consideration of the above points the appendices to this document
have material relative to experience on training (Ref. 7.7) where an exercise
was carried out to evaluate operator performance. The dependent nature of the
human operator has been studied in Ref. 7.8 where the operator was the
potential source of any common cause failure since he controlled the dominant
sequences of events. A description of the analysis of the plant systems in
which human actions dominate and an outline of the logical approach is given
in Ref. 7.9. Haward in Ref. 7.10 has described a method for estimating the
human contribution in quantitative terms where the separation of human and
non-human risk contributors is assessed. The object is to reduce the impact
of human error on the overall risk. Haward does not in fact discuss the means
available for quantifying human error rates in detail but does give some
references. The paper states that whereas the risk due to a particular safety
system can be separated out from the overall risk by studying the fault tree,
this "stripping off" process cannot be used to separate out the risk due to
human error. Instead the method suggests sensitivity to human risk can be
quantified by a 'difference1 method.

One further area of study of human performance lies in the man-machine
interface. Ergonomie studies will permit optimisation of plant and equipment
design; an example is in control room layout, another example is in the
optimising procedures for operators, as illustrated in Ref. 7.7 where a
training exercise was also part of an ergonomie study.

7.10 Discussion

There are three important considerations to be made in assessing the
current status of human reliability assessment in PSA: completeness of error
prediction, accuracy of human error probability estimates and the
effectiveness of recommendations for defences against operator error.

At the present time the main problem of incompleteness is considered to
be in the area of "illegal behaviour". This primarily stems from the problems
of data collection and the uncertainties involved in the identification of the
plant and objectives of the operator (which may be in conflict with safety).

The prediction of extraneous errors in complex cognitive tasks is also
difficult although the use of simulation and interviews with operators is
useful.
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Error prediction in routine procedural tasks is generally not a problem
and although the process can be time consuming the available methods are
fairly straightforward and well developed.

Although a large number of methods have been developed for the
assessment of human error probabilities, relatively little work has been done
in the validation of methods. As a result it is difficult to comment on the
accuracy of the methods. It is likely that the relative accuracy of methods
is greater than the absolute accuracy. Clearly, it is important that caution
be exercised in the interpretation and use of human error probabilities.

While there remain a number of difficulties in quantitative assessment
of human reliability/ practical benefits can be obtained from the qualitative
insights. For example, although it may be difficult to predict and quantify
for all of the possible sequences of operator actions, it may not be difficult
to identify deficiencies which will reduce operator reliability. Therefore,
even with the complex problems of accident management, cognitive behaviour and
procedural violations, improvements can still be obtained by measures such as
procedures design, training, eqiupment design and organisational design.

7.11 Conclusions

For a guideline on how to proceed a framework such as SHARP (Ref. 7.3),
as discussed in Ref. 7.5, has much to commend it. It must not be assumed that
the use of such a discipline will guarantee complete success. Modelling human
behaviour is itself an inexact science, and as mentioned in the discussion, is
largely unvalidated.

In many areas data on human reliability is incomplete and resort to
techniques such as peer group review may be necessary. The data on human
error probabilities must be used, as with other probabilistic data, with
caution and discretion. Often the data is of value when carrying out studies
to identify and rank risks in a relative sense, to aid optimisation in a
strategy for reducing consequences of human error.

Some of the experience gained by operators of research reactors is
reported (Ref. 7.7) illustrating some of the types of approach utilised.
These examples are not necessarily comprehensive. Whilst many low powered
research reactors do not represent a major off-site hazard, by virtue of their
relatively low power, they do however have potential for creating incidents
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FIG.7.1. Links between SHARP steps.

provoked by human error by virtue of their experimental nature and mode of
operation. Some economic balance must therefore be identified at the outset
of the analysis whereby a sufficient human factors study should be carried out
commensurate with the risk the research reactor represents. Some limit must
be set on the depth of the study, through judgement, otherwise the human
factor analysis will not be kept within reason. Fig. 7.1 can give some
guidance on the steps in the required analysis.

REFERENCES

7.1 Goektepe, B., Quel et al, "PSA for Research Reactors A case study for
TR-2 reactors" Oct. 1988 IAEA appendix.

7.2 Identification of failure sequences sensitive to human error, IAEA
TECDOC 424.

7.3 Hannaman, G.W. and Spurgin, A.J., Systematic Human Action Reliability
Procedure (SHARP) EPRI NP-3583 June 1984.

7.4 Murgatroyd, R.A., and McFarlane, A.A., "An Evaluation of the SHERPA
Technique for Reducing Human Error", NRL-R-1014(R)1988, SRD.

48



7.5 Guidelines for Conducting Probabilistic Safety Assessment of Nuclear
Power Plants Draft 7 Lederman, IAEA, Vienna 1988.

7.6 "The Human Reliability Assessors Guide" (1988) Edited by P. Humphreys,
published by the Safety and Reliability Directorate, UKAEA, Wigshaw
Lane, Culcheth, Warrington, WA3 4NE, UK.

7.7 T.L. Walters, Human Reliability Assessment - a case study involving the
analysis of operator actions during a loss-of-coolant accident.

7.8 H.E. Campbell, The application of PSA and Human Reliability Analysis to
the Harwell MTRs.

7.9 Cox, R.F., Human Error in the Operation Maintenance of Research
Reactors.

7.10 Method for Assessing human contribution to Hazard due to reactor, R.
Haward, April 1988.

7.11 On the Assessment of Human Error Rates using Operational Experience,
George Apostolakis in Reliability Engineering, Vol. 12, No.2 , 1985, p.
93 - 105. Elsevier Applied Science Publishers Ltd.

49



8. CONSEQUENCE ANALYSIS

As consequence analysis plays a significant role in evaluating the
significance of a given accident sequence and the necessity of further
development in depth of that sequence as well as the data required for its
development, realistic modelling of the possible release categories and
exposure of the public are essential. These are particularly important to
avoid sophisticated elaboration of accident sequences with low consequences
and to focus on those sequences with significant releases.

Therefore, at least a rough estimate of possible source terms and
consequences to the public as well as to on-site staff and operating
personnel, if required, should be carried out before an extensive analysis of
the accident sequence is started. Thereby, accident sequences with little
relevance may be discarded with little change in the overall result. Also the
extent of sophistication may be kept reasonably low for irrelevant accident
sequences.

The consequences of given accident sequences will depend on the
following major factors:

fission product inventory in core and experimental setups
fraction of fuel damage
release fraction from damaged fuel
retention and decay in pool water, containment/confinement
building and off-gas filters

- additional air cleaning features (e.g. recirculation via filters)
or water cleaning features
release height and meteorological parameters
population distribution and distance from reactor

The extent and accuracy of consequence modelling should take into
account the severity of the consequences. It should therefore increase with
increasing power level of the reactor. This is particularly true for the
retention and decay of fission products in water and the
containment/confinement atmosphere, which may cause a significant reduction of
radionuclides released to the environment. Conservative approaches not

50



considering these effects should only be adopted when insufficient data are
available or the release has insignificant consequences, as with low power
research reactors.

Extreme care should be exercised when borrowing analysis methods and
computer programs from nuclear power reactor PSAs. Complex power reactor
computer programs for thermal-hydraulics, containment structure response,
containment atmosphere and hydrogen production, core melt progression and
core-concrete interactions are generally either partially or totally
unsuitable. Specialized models reflecting specific physical processes in the
research reactors under consideration must be used instead. Also, sequences
involving experimental setups and other features that do not exist in power
reactors must be modelled specially. Fortunately, because of the generally low
power level of the research reactors, as compared to most power reactors, the
physical processes involved in research reactor sequences are generally fewer
and less complex than those in nuclear power reactors. Also, because of the
same reason, the potential release outside a research reactor results in
considerably lower doses (often by several orders of magnitude) than those
from nuclear power reactors. Therefore, simple and highly conservative methods
for this portion of the analysis do not lead to risk results that strongly
aggravate the degree of safety concern about the facility for either the
reactor management or the regulators.

The analysis may focus on three exposed groups:

public (off-site)
site personnel (on-site)
operating personnel (persons inside the reactor building)

PSA usually focusses on off-site consequences as these are considered
of greatest public interest. They also usually lead to greater collective
doses than on-site exposure. However, attention should be also paid to
on-site and in-containment consequences as these may lead to a significant
exposure of single individuals or groups of persons. This particularly refers
to zero-power research reactors or mock-ups which have no significant release
in case of an accident, but may cause high exposure under accident conditions
if not well shielded.

Significant on-site consequences may also occur by direct radiation
from a containment which retains all or most of the fission products.
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8.1 Fission product inventory

The fission product inventory depends mainly on the power level and the
operating history, and to a lesser degree on the enrichment level and the
neutron spectrum. For many applications, it will be sufficient to calculate
the inventory according to the power level (thermal fission rate) and neglect
other parameters.

Many research reactors have operating times which are much less than
the possible maximum continuous operating time. Research reactors at
universities usually operate a maximum of 40 hours/week compared to 168
hours/week possible operating time, resulting in a significant reduction of
activity inventory compared to continuous operation. The effect of such
reduced operating times should be carefully considered in the consequence
analysis. It is common practice to take a reduction in operating time into
account only when it is caused by an operating or licensing restriction.

Generally, the activity inventories of experimental loops and
irradiation facilities are orders of magnitude lower than the core fission
product inventory. No separate consideration of this inventory would be
required in this case. However, for some facilities there may be
significantly higher release probabilities (e.g. air- or Ar-loops), and
inventories comparable to the core inventory may arise, in which case a PSA
should be performed for these facilities.

Computer programs are available to calculate the activity inventory
according to the power level and the operating history (see Chapter 11).
However, for most applications, the core inventory may be calculated from the
cumulative fission product yield and the fission rate according to the power
level and neglecting fission product buildup due to decay from other fission
products and burn-up of fission products with high neutron absorption rates.
The core inventory for a typical 10 MW reactor is given in IAEA TECDOC-400
(Ref. 8.1).

For many applications it will be sufficient to estimate the dominant
op 1 "î S 1 ̂  "3radionuclides of the noble gases Kr, Xe and Xe, and for quick

-i O Q Q *]
releases (containment/confinement isolation failure) also Xe and Kr.
This is particularly true for reactors of lower power levels, but for higher
power levels the consequence analysis for the submersion dose will not deviate
more than 20% from the actual values to be expected.
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Of the volatile elements, at least I has to be considered in the
consequence analysis. For power levels of less than 1 - 2 MW it may suffice
to include other volatile fission products such as I, Te- and Cs-isotopes
by simply doubling the dose values for I. For higher power levels, a
more detailed modelling of the core inventory taking into account above
mentioned volatile radionuclides as well as less volatile ones such as
140 95Ba/La, Zr/Nb, Ru, Sr will be required.

8.2 Fraction of fuel damage

An estimate of the fraction of fuel damage requires thermohydraulic
calculations which tend to be very sensitive to particular input parameters.
In particular, the emissivity of the fuel plate surface is subject to a rather
broad range of values depending on the surface structure, thus greatly
influencing the temperature distribution and maximum temperature in the fuel
after shutdown. This in turn greatly influences the fraction of core damaged.

The damage fraction is of particular importance for LOCAs. Very often,
conservative assumptions with a core melt of 100% are used to eliminate the
need for further thermohydraulic calculations. While this may be an adequate
procedure for reactors with power levels above 10 MW where practically the
whole core is assumed to melt in case of complete exposure to air, it results
in a gross overestimation of the damage fraction of the core for reactors of
power levels between 1 and 10 MW. An example of a damage fraction calculation
is given in (Ref. 8.2) indicating 0 fuel damage at 5 MW power level.

8.3 Release from damaged fuel

The release of fission products from damaged fuel depends significantly
on the temperature of the affected zone, on the type of radionuclide and on
the fuel structure including cladding. Release data for the more common types
of fuel and cladding are available (Refs. 8.3 and 8.4). Application of these
data, however, require a thorough modelling of the temperature distribution in
the core after an accident, which is not easily achieved. Very often, upper
bound values are used for the release values from the damaged fuel. Typical
values may be found in (Ref. 8.5), or in Appendix B.

8.4 Retention and decay in pool water, building and filters

Significant reductions of the radionuclides released to the environment
in various accident sequences result from retention and decay in the pool
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water, in the containment/confinement building and in installed air cleaning
features such as filters. A conservative approach not taking into account
these retention factors would result in significant over-estimation of the
consequences.

The retention factors predominantly depend on such parameters as:

- type of accident (under water, expulsion of water, core not
submersed in water)
containment/confinement volume and surface
surface structure (deposition and resuspension rate)
ventilation rate (emergency and normal)
effectiveness of filter (theoretically and at the time of the
accident)

- additional air cleaning features

A good description of the retention factors to be applied and the
method to obtain these factors is given in (Ref. 8.] and 8.6). An application
for a 10 MW reactor is given in Appendix B. However, the containment
retention factors are valid only for a given reactor containment design. They
should not be transferred from this example, but must be derived for the
particular containment/confinement design of each reactor.

Significantly different retention and decay factors apply to different
ventilation rates, the highest release terms usually resulting from the normal
ventilation rate (failure of containment isolation). The accident sequences
modelled should include both the successful initiation of the emergency
ventilation rate and the possibility of no successful initiation (normal
ventilation rate). Possible deficiencies in installed air cleaning features
such as aged iodine filters should also be included.

For reactors of low power level, with insignificant release terms from
the reactor core, an elaborate quantification of pool water and building
retention factors is not required. Conservative estimates, such as complete
release to the environment of the activity released into the containment, will
usually be low enough to satisfy safety demands. This is also supported by
the fact that these reactors do not require containment or confinement
structures as their risk potential is very low (Ref. 8.7).
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8.5 Additional air cleaning features

If applicable, additional air cleaning features such as air
recirculation via filters or containment spray systems inside the building
should be taken into account. However, a failure event should not be
incorporated in the event tree if these features are not inherently fail-safe.

8.6 Release height and meteorological parameters

The exposure of the population in the vicinity of a given source term
depends on the atmospheric dispersion parameters.

Computer programs for calculating the exposure due to a given source
term are given in Chapter 11.

For low stacks or release points on top of the reactor building, the
difference between stack and ground release decreases significantly with
increasing distance from the reactor building. Therefore, for many reactors
with low stack heights - as is typical for research reactors - it may suffice
to consider ground release of the plume. For research reactors with release
points at the building top, situated in urben areas or university campuses,
the approximations of Halitsky (Ref. 8.8) may be used to calculate the
exposure to people in the vicinity, if required.

To estimate public exposure, a proper selection of the atmospheric
dispersion classes is required. Calculation of the exposure for each
dispersion class will give a good estimate of doses to be expected and the
range over which they may vary (see Chapter 10). For most applications, it is
sufficient to calculate the exposure for the most abundant dispersion class
and for one "extreme" dispersion class, indicating the most probable exposure
dose and the possible range.

Similarly, the choice of two wind speeds, that most common and an
adverse condition, is usually sufficient.

Although releases with effective containment isolation last for several
days or weeks, during which the atmospheric dispersion classes, the wind speed
and the wind direction will change considerably, it is common practice to use
constant values for these parameters throughout the whole release time. It
should be kept in mind, however, that exposure values calculated in this way
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overestimate the actual values considerably. This is particularly true for
radionuclides with longer halflives, such as Xe and I.

8.7 Population distribution

Consequence analysis usually terminates with the calculation of doses
to the population in the vicinity of the reactor. For PSA purposes, in most
cases, it will be sufficient to consider the dose to the population group
residing at the closest distance to the site.

Depending on the acceptance criteria (see Chapter 2) a more
sophisticated approach may be required taking into account population density
and distribution around the reactor site.
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9. DATA ACQUISITION AND ANALYSIS

To quantify the accident sequences, it is necessary to have data
relating to both the consequences and frequency of the sequence. This chapter
is principally concerned with the data required for frequency estimation,
although there is some discussion of data which affects both issues.

The data required for frequency estimation are estimates of the
initiating event frequency and the probabilities of the intermediate events in
the event tree, each evaluated conditionally on the precedent events. At an
early stage in a PSA, these data are needed only approximately. At this time
accident sequences of lesser importance can be excluded from further analysis,
whilst sensitivity analysis can be used to determine the data items which need
more precise estimation.

9.1 Data needed for preliminary analyses

At the early stage, generic data are usually adequate. However,
generic data on probabilities of the intermediate events are unlikely to be
available, and usually, these probabilities have to be estimated from fault
trees, using failure properties of the components and sub-systems. Generic
data on component and sub-system failure rates are available from a number of
sources (Refs. 9.1, 9.2 and 9.3) but to derive probabilities it is necessary
to combine these with measures of the time that the components are
unavailable. These measures will depend on the manner in which the components
are used and the modes in which they fail. Thus a component which fails in a
self-revealing mode will be unavailable for the time it takes to replace the
component, which may include access time, repair time, replacement time and
recommissioning time. For a component which fails in a non-self-revealing
mode it is necessary to include, in addition, the time for which the fault is
unrevealed. This is a function of the testing and maintenance schedule of the
equipment, and should allow for the possibility that a test is imperfect so
that on occasions a faulty component is not detected.

It is most important in an analysis that the separate values of failure
rate and replacement time are shown. At the early stage of analysis, it is
not uncommon that maintenance schedules will be tentative, and unless the
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tentative (or even assumed) values are shown explicitly it is very likely that
erroneous values will be propagated indefinitely through the study. The
replacement time values will also be needed at the later stage, so that
explicit notation will save work overall.

It is important to note that the probabilities of interest are those of
particular component failure modes. In many cases generic sources provide
only information on overall component failure. It is then necessary to
estimate the fraction of failures to apportion to a particular failure mode.
This may be a matter of engineering judgement/ but often the operations and
maintenance staff can help, as they have had experience of the failures of the
particular components or similar ones. Where no assistance is forthcoming, it
is usually preferable to take a conservative view, noting the fact explicitly.

It is also important to ensure that the replacement times are
appropriate to the particular component failure mode and that the tests and
inspections prescribed do provide an adequate check of the failure modes. The
possibility that the test equipment could have a condition that could defeat
the test purpose must be considered. An example of such a condition is a test
procedure with an incorrect instruction regarding a trip-level setting.
Another is a selector switch with a loose knob, which indicates the wrong
setting.

On occasions, there may be several sources of generic data, and these
may have widely different failure rates for the same component failure. It is
wise to note these several sources and choose a particular value based on
engineering judgement, taking into account the applications for which the
generic data were obtained. For example, class I electrical equipment of the
type listed in IEEE-Std-500 may not be available, and data for equipment of
industrial standard may be more appropriate.

9.2 Data needed for final estimates

The quality of the data needed for the final frequency estimates will
vary according to the sensitivity of the results to the input data. Some
input data will have very little effect on the sequence estimates, and it will
be sufficient to use generic values. Other input data will significantly
affect the sequence estimates, and if the estimates are close to the
acceptability criterion it will be important to refine these data.
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The best source of data is of course records of the actual equipment
which is the subject of study. When a PSA is being performed on a plant which
has existed for several years, it is usually possible to extract appropriate
data from the plant records. Some of the sources are set out in Table 9.1.

TABLE 9.1. DATA SOURCES: PLANT RECORDS

Parameter Requirements Potential Sources

1. Probability of
failure on demand

2. Standby failure rate

3« Operating failure rate

4. Repair-time distri-
bution parameters

5. Unavailability due
to maintenance and
testing

6. Recovery

a. Number of failures

b. Number of demands

a. Number of failures
b. Time in standby

a. Numbe r of f ailu re s
b. Time in operation

Repair times

Frequency and length
of test and
maintenance

Length of time to
recover

Periodic test report,
maintenance reports,
control-room log

Periodic test reports,
periodic test pro-
cedures, operating
procedures, control-
room log.

See la above
Control-room log

See la above
Control-room log, peri-

odic test reports,
periodic test pro-
cedures

Maintenance reports,
control-room log

Maintenance reports,
control-room log,
periodic test
procedures

Maintenance reports,
control-room log

In some cases it happens that a plant item has operated for several
years without failure. An upper bound estimate for the failure rate of such
an item can be obtained by assuming that a failure is about to occur. More
advanced techniques are also available.

The issue of data collection and analysis for PSA is the subject of
Ref. 9.4 and a separate coordinated IAEA research programme (Ref. 9.5).

Data estimates can be improved by use of Bayes theorem, whereby a prior
estimate or distribution, obtained perhaps from generic sources or engineering
judgement, may be refined (Ref 9.6).
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9.3 Data required for both consequence and frequency analysis

At the simplest level of event tree analysis, events are treated as
either occurring or not occurring. However, a closer approximation to reality
may be necessary in some cases. For example, it may not be sufficient to
consider only "occurrence of a LOCA" as the outcome of a small LOCA may be
quite different from (and possibly worse than) that of a large LOCA. Thus
some data will be needed on the relative frequency of small and large LOCAs.

As another example, the leak rate of a containment building may vary
from virtually nothing to a very large value. A perfectly leak tight building
could, under some circumstances, be worse than one with a small but controlled
leak, as the former might be overpressurized to an unacceptable level and
yield, leading eventually to a large leak. It is thus necessary to collect
data on the variation of the building leak rate with both time and pressure.

A third example is the variability of the local meteorology. If the
consequences are sufficiently small, it may be acceptable to assume the worst
possible meteorology on all occasions. However, if the resultant
consequence/frequency estimate proves too high, it may be necessary to
subdivide the classes of meteorological conditions, and work out the
consequences for each class separately.

The problem is that to obtain data of this type (on LOCA sizes,
building leak rates, and meteorological conditions), takes considerable time.
It is therefore advisable at an early stage to identify whether such data will
be needed, and to initiate a data acquisition programme. As special
experiments are likely to be involved, it will be necessary to anticipate the
(possibly substantial) cost of the associated hardware.

9.4 Generic data for research reactors

As part of this Coordinated Research Program, a project to gather
reliability data from a number of research reactors has been initiated. It is
hoped to publish this reliability data shortly, so that it can be used to
guide other organisations about the typical values used by PSA analysts.

However, it cannot be too strongly stated that it is the analyst's
responsibility to use data appropriate to the plant studied. Generic data
must be used with great caution, and only as a guide to indicate important
areas. Once these have been established local experience is essential to
ensure that appropriate values are used.
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10. SENSITIVITY AND UNCERTAINTY ANALYSIS

Most data used in a Probabilistic Safety Assessment show a fairly broad
range in values. This may be due to:

uncertainties in the data used
- the validity of values derived from related systems or components

with regard to the system considered
range of values according to the wear of components

- range of values for a given parameter according to the
functioning of a given component (if not considered in separate
event tree branches), e.g. emergency ventilation rate,

- range of values for a given parameter determined by factors which
are depending on situation not pre-determinable (may not be
pre-determined), e.g. atmospheric dispersion parameters.

Therefore, the results of a PSA study will incorporate a considerable range of
each value derived. This is valid for both:

- the derived frequencies of a specific accident sequence and
- the calculated consequences for that sequence.

Some of their resulting values may vary by more than one or two orders of
magnitude according to input parameters. A valid Probabilistic Safety
Assessment should, therefore, indicate the possible range of values derived.

This may be performed by estimating the range for each parameter and
propagation of these into the final result. If the range of values is
difficult to derive or requires a complex calculation, it may suffice to use
the most probable value for a given parameter and to repeat the calculation
for a second value at the upper or lower end of the scale. In some cases it
may be more advisable to perform an additional branching of the event tree at
that point.

Quality of the results may be improved by identifying contributors of
large uncertainties and improving in these by collection of additional data or
a more sophisticated approach to the data used. When collecting data, it is
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vital to correctly describe exactly all the relevant facts so that issues such
as dependent failure are identified.

On the other hand, sensitivity analysis may be also used to evaluate
the change in risk resulting from a change in the system, e.g. the temporary
loss of a component such as a standby pump or a failure detection signal. In
this way, sensitivity analysis may aid in deciding if a continuation of the
normal operation of the reactor upon a specific component failure is
acceptable and for how long. The results of the sensitivity analysis can also
be used for making judgements on the influence of component failures to aid
for decision on possible improvements.

10.1 Probability and frequency values

The quality of the data used in the PSA can have an influence on the
numerical values of top events in fault trees for example. The significance
of the value of, say, failure rate of an important plant component can be
estimated from a sensitivity study whereby the likely upper and lower bounds
of the data could be introduced into the calculation. Ideally, the
distribution in data values should be known but assumption such as using the
log-normal distribution can be made from judgement. Hence, it may be that
despite a wide range of uncertainty in the values of the data, the overall
impact on the frequency of the top event or liklihood of a particular event
sequence on its frequency is not great, i.e. insensitive to that parameter.
If significant sensitivity is demonstrated, then a refinement may be called
for to lessen the uncertainty in the data. For research reactors a "best
estimate" approach may be more prudent whereby judgement is used to allocate
most likely values to data spread, particularly where the consequences of
failure are small.

10.2 Consequence values

As indicated in Chapter 8, the exposure doses depend on several
parameters ranging from fuel fraction damaged to atmospheric dispersion
parameters. The greatest contribution to the uncertainty of the results will
probably come from the following parameters:

- fuel fraction damaged
fission product release from damaged fuel

- containment/confinement and filter/retention
atmospheric dispersion parameters
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The range of values in other parameters usually is smaller and may not
require a detailed analysis and inclusion in the range of the final results.
However, exceptions to this may be valid for specific reactors. Average
operating time of a reactor is a typical example, which might drastically
change the core inventory to be considered and the fraction of fuel expected
to melt. Actual operating periods considerably lower than theoretically
possible result, in the case of a LOCA in no fuel damage or melt at all, even
under most adverse conditions.

The fuel fraction damaged will dominantly depend on assumptions about
the amount of reactivity insertion feasible (reactivity accident) and the time
of cooling until uncovery of the core as well as the state of the cladding
surface at the time of the accident (LOCA). If upper-bound values for the
fuel fraction damaged are used - as is often done in the case of reactivity
accidents and LOCA - it should be indicated in the final results.

Fission product release from the damaged fraction of fuel depends
significantly on the maximum temperature reached in a given accident sequence
which - in case of LOCA - depend to a high degree on parameters such as time
until exposure of the core to air, and amount of core uncovered from water. A
broad range of accident consequences will, therefore, result according to the
size of the pipe break or the location of the leak in the primary coolant
causing a LOCA (e.g. primary coolant piping or beam tube failure). In some
cases it may be advisable to use different event trees, e.g. with a different
level of uncovery of the core with a beam tube rupture and a pipe or valve
failure in the primary loop or the clean up circuit.

Significant discrepancies in source terms arise from variations in the
emergency ventilation rate. Usually the minimum value required by licensing
is used for this calculation. If not applicable, the value realistically
achieved in practice is used. Possible changes due to maintenance and
modifications should be considered. This does not refer to malfunctioning of
containment isolation valves which should be considered in a separate event
tree branch (containment isolation failure).

The deterioration in retention rate with some filters (iodine filters)
may be taken into account by using conservative values for the retention rate
taking into account aging and humidity effects and/or by an additional branch
in the event tree (iodine filter not available).
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The variability of atmospheric dispersion parameters such as diffusion
category and wind speed and their influence on the consequences may range up
to two orders of magnitude. A useful approach to limit the amount of work is
to limit the assessment to one or two representative values of parameters.
This is well described in Chapter 8.
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11. COMPUTER PROGRAMS

A large number of computer programs have been developed in the past two
decades for performing the various analyses in a nuclear reactor PSA. Some are
general while others are of special use. Most of the earlier programs were
developed for use with main frame computers. In recent years, personal
computer (PC) programs have become increasingly popular. Currently, a number
of partially or totally integrated PC-based packages exist for performing the
systems reliability assessment portion of a PSA, i.e. event tree, fault tree
and uncertainty analyses. These can be used for research as well as for power
reactors. A table of relevant main frame and PC programs is given in the table
below. This table is deliberately emphasizing the reliability analysis tools
in a PSA. Consequence assessment for a research reactor is a rather
specialized effort and it generally requires special purpose methods and
computer programs.
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Program
Name

AL L CUTS

F ATRAM

F T AP

GRAP

MOCUS

PL -MOD

Analysis
Area

Fault tree

Fault tree

Fault tree

Fault tree

Fault tree

Fault tree

Brief Description

Top-down Successive Boolean substitution of generating cut
sets; m(-'X.175 primary events and 4-25 gates; max. 1000 cut
sets can be calculated qualitative and quantitative analysis s
available also in PSAPACK package

Top-down successive substitution with gate Coalescing option
of generating cut sets; minimal sets up to specified order,
qualitative analysis

Top-down, bottom-up and Nelson method ("prime implicant")
modularization, qualitative analysis, available also in PS A
PACK package

Similar algorithme used in FTAP; up to 600 primary event
or gates, on-line tree construction by interactive terminal,
qualitative and quantitative analysis

Top-down successive Boolean substitution; minimal cut sets
up to order 20 can be generated; path sets are also in out-
puts; cut sets can be automatically punched on cards or on-
-line data sets for use by KITT or SUPER POCUS; available
also in PSA PACK package

Bottom-up modularization and decomposition of fault tree into
its finest modular representation; qualitative and quantitative
analysis, time -dependent characteristics of top event;
uncertainty for top event

Computer
Type

IBM 360/370
CDC 7600
PC

CDC Cyber 76

IBM 370
CDC -7600
PC

CDC Cyber 750

IBM 360/370
CDC-7600
PC

IBM 360/370

Availability
Source

IAEA

EG and G Maho
USA

IAEA
ORL U.S. Ber-

keley

Babcock and
Mlcox

USA

IAEA
(PC version)
Argonne Soft-
ware Center

USA

Argonne Soft-
ware Center

USA
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Program Analysis
Name Area

PREP

SETS

S1FTA

TREEL and
MISCUP

WAMCUT
(WAMCUTI

BOUNDS

DPD

Fault tree

Fault tree
Dependent
Failure

Fault tree

Fault tree

Fault tree
1)

Unce rtainty -
analysis

Uncertainty-
analysis

Brief Description

Combinatorial testing of generated cut sets (max. to order 10);
max. 2000 primary events and 2000 gates; punching of cards as
in MO CUS , qualitative analysis

Top-down Boolean substitution, qualitative and quantitative
analysis, max. 8000 events, automatic fault tree merging and
plotting, modularization, identification of partial dependency,
it identifies common-cause candidates

Patern- recognition technique to reduce structure of tree;
numerical simulation to calculate probabilities, reduction of
subtrees with small probability, plotting of fault tree

Top-down successive Boolean substitution, minimal cut sets
of subtrees, path sets, qualitative analysis

Bottom-up Boolean substitution t modularization (W.Il) ,
qualitative and quantitative analysis, first and second moment
of min, cut sets, plotting

(input: qualitative analysis results), two moments of minimal
cut sets and top events , Johnson s distribution

(input: qualitative analysis results), combines two histograms
at a time to achieve the histogram, log-normal distribution

Compute r
Type

IBM 360/370
CDC 7600

CDC-7600

HP -1000

CDC -6400

CDC-7600
IBM- 370

IBM 360/370

CDC 7600

Availability
Source

Argonne Software
Center, USA

Argonne Software
Center, USA

Atomic Energy
Control Board ,
Ottawa, Canada

Operations Re-
search Center,
U.C. Berkeley,
USA

EPR1, USA

UCLA, USA

Pickard , Lowe
and Garrick, Inc.,
USA



Program
Name

Analysis
Area

Brief Description Computer
Type

Availability
Source

FRANTIC Fault tree
(FRANTIC II)
(FRANTIC III)

Quantitative analysis ( input :qualit. analysis), time-dependent
calculation; nonrepayable , monitored, and periodically tested
primary events, time-dep.failure rates and incorporates effect
of renewal on aging(Fr.II), total unreliability calculations(Fr.I

IBM 360/370 Argonne Software
Center, USA
IAEA

GO Fault tree Time-independent calculations (input: GO chart + failure data),
non-repairable or periodically tested primary events, max.
order is 4 of sut sets

IMPORT-
ANCE

Fault tree Top event point estimate prob, or unavailability (input: qualit.
an.); importance measure (Birnbaum, criticality, upgrading
function, Fussell-Vesely, Barlow-Proschan, steady state) and
ranking of primary events and. cut sets on its basis

CDC 7600 Argonne Software
Center, USA

K1TT-1
KITT-2

Fault tree Time dependent unavailability and unreliability, Fussell-Vesely
importance calculations unique time phases (KITT-2)

IBM 360/370
CDC 7600

Argonne Software
Center, USA

MOCARS Uncertainty
analysis

(input: qualit. an.), similar as SAMPLE +• exp., Cauchy,
Weibull, Pearson IV, empirical distribution), Kolmogorov-
Smirnov goodness-of-fit test

CDC Cyber 76 Argonne Software
Center, USA

P ROSA-2 Uncertainty
analysis

(input: reduced algebraic function + failure data), similar as
SAMPLE (+ any distribution in the form of histogram, trunc-
ated normal, beta dist.)

IBM 370 Argonne Software
Center, USA

PUFD Uncertainty
analysis

(input: reduced algebraic function + failure data), mean,
variance and third and fourth moments are calculated (for
top event)

CDC 7600 Babcock et
Wilcox, USA
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Program

Name

RALLY

RAS

SAMPLE

SPASM

STADIC

SUPER-
POCUS

WAM-BAM

Analysis
Area

Fault tree
Uncertainty
analysis

Fault tree

Uncertainty
analysis

Uncertainty
analysis

Uncertainty
analysis

Fault tree

Fault tree
Sensitivity

Brief Description

Average unavailability and failure frequencies, time
dependent calculations (through min. cut sets); importance
calculation by code CRESSEX in RALLY; uncertainty
analysis by using minimal cut sets (normal, lognormal,
Johnson, extreme value -1, Weibull, gamma, exp. distribution),
max, 1500 components and 2000 gates, qualitative and
quantitative analysis

Time independent unavailability ; quantitative and qualitative
analysis, phased-mission analysis

(input: quantitative analysis results), Monte Carlo simulation,
uniform, normal, log -normal distributions

Similar to BOUNDS; it can work in conjunction with WAMCUT

Similar to SAMPLE; efficient method of sorting probabilistic
obtained in each trial; normal, log-normal, log-uniform and
tabular input distributions; up to 10 system equations (up to
75 variables)

(input: min. cut sets + failure data, e.g. from MDCUS or
PREP); time -dependent unavailability , reliability; min. cut
sets are ranked on the basis of importance, quantitative analysis

Point unavailability calculation; sensitivity analysis by using
WAM-TAP preprocessor instead of WAM, qualitative and
quantitative analysis

Compute r
Type

IBM 360/370

CDC 7600

IBM 360/370

CDC 7600

PRIM
UNIVAC 1180
CDC 7600

IBM 360/370
CDC 7600

CDC 7600

Availability/
Source

CfR BRD

Argonne Software
Center, USA

Argonne Software
Center, USA

EPRI, USA

General Atomics
USA

Dept. of Nuclear
Engineering ,
University of
Tennesee , USA

EPRI, USA



Program
Name

Analysis
Area Brief Description Computer

Type
Availability/

Source

BACKFIRE Dependent
failure

common-cause candidates are identified; similar to COM CAN
but allows use of multiple locations for basis events

IBM 360/370 Argonne Software
Center, USA

COM CAN I Dependent
(COMCAN11) failure

Cut sets are examined for possible common generic causes
or links between all components in a cut set; ranking by
significance of common-cause failure, code FATRAM is used
to generate cut sets (C.II);(input: cut sets, component suc-
ceptibilities, location of components, and susceptibility domain

IBM 360/370
for C-I1
CDC 7600

Argonne Software
Center, USA

MOCUS- I Dependent
-BACKFIRE failure

Similar to BACKFIRE; cut sets are generated by MOCUS IBM 360/370 Dept. of Nuclear
Eng., MIT, USA

WAMCOM Dependent
failure

Common total or partial links between components are
identified; very large fault trees can be handled; it uses
modularization and code SETS

CDC 7600 Science Appli-
cations , Ind.,
USA

APPLE
TREE

Fault tree Fault tree graphics with emphasis on efficient tree layout,
integration with PC codes (as MOCUS/SUPERPOCUS) for
full quantification of frequency and unavailabilities

Macintosh AECL, Canada

EXSETS Fault tree
Event tree
Unce rtainty
Analysis,
Sensitivity
Analysis

Qualitative and quantitative analysis of the event-fault tree,
uncertainty analysis with Monte Carlo method; uniform,
log-uniform, normal, log-normal, beta and gama distribu-
tion; modularization; sequence analysis; max. 100 primary
events; Fussell-Vesely importance (20 comp.)

CDC Cyber-
-170/825

Institute of
Atomic Energy,
China
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Program
Name

TREE
MASTER

PRISIM

MAAP

VAN ES A

CORSOR

VERGE

N AU A

MARCH-2

Analysis
Area

Fault tree

Sequences

Sequences

Sequences
Source term

Source term

Thermohy-
draulic
analysis

Source term

Thermohy-
draulic
analysis

Brief Description

Qualitative and quantitative analysis; fault tree handling system,
powerful graphics , multiple top events

Plant Risk Status Information on Management System; large
amount preprocessed information; guick access to P S A- related
information for decision makers (e.g. changes in plant confi-
guration

Modular code for the analysis of hypothetical PWR and BWR
severe accident sequences

Mechanistic description of the aerosol generation and fission
product release during core debris interaction with concrete

Core source term for severe LWR accidents; release of fission
product from the fuel, release or vaporization of core structural
materials

Temperatures and hydraulic conditions within the reactor coolant
system of an LWR in the time period following core uncovery;
results can serve e»g. for TRAP -MELT code

Calculating aerosols behavior in closed volumes which contain
condensing steam atmospheres; NAch Unfall Atmosphere = post-
-accident atmosphere

Meltdown Accident Response Characteristics; physical processes
governing the progression of core melt-down accidents

Computer
Type

IBM
PC/XT/AT

IBM PC/XT

Availability
Source

AECB, Canada

JBF Associates,
Inc., USA

Comb . Eng . , Inc .
USA

Sandia Lab.
USA

ORNL, USA

Batte lie 's
Columbus Lab.

USA

KfK , BRD

Battelle's
Columbus Lab,

USA



Program
Name

1RRAS

FTREE

ETC

CAP T A

GA-ETA

AFT

EXPRESS

SARA

Analysis
Area

Fault tree

Fault tree

Event tree

Fault tree

Event tree

Fault tree

Fault tree

Risk import-
ance

Brief Description

Fault tree analysis and graphic representation program;
also available in ORACLE '(EG and G), RISKMAN (PLG)
and General Atomics packages

Fault tree analysis and graphic representation program
available in NUSS AR (NUS) package

Event tree code; also available in the R1SKMAN package

Fault tree analysis program; also available in the
RAPID/RAM (SAI/EPRI) package

Event tree analysis program available in General Atomics
package

Fault tree analysis program

Fault tree analysis program

Risk contributor ranking and importance sorting

Computer
Type

PC

PC

PC

PC

PC

PC

PC

PC

Availability
Source

EG and G Idaho
USA

NUS Corporation
USA

PLG Corporation

SA1C and EPR1,
USA

General Atomics,
USA

Westvnghouse
USA

Electricité
de France

EG and G Idaho,
USA

U)



Program
Name

PSAPACK

CAT

CORRAL

CRAC

ORCHARD

F AULTRA

RANGE

COSMOS-
-NRI

CRAFT

Analysis
Area

Fault tree
Event tree

Fault tree

Consequence

Consequence

Fault tre

>J Fault tree

Uncertainties

Uncertainties

Fault tree

Brief Description

An integrated PC package for PSA Level 1 fault/event tree
training purposes; reliability data base ; the codes ALLCUTS,
MOCUS, F TAP are included for fault tree analysis; graphics;
event tree analysis is based on the programme PAAE (AEC Brazil)

Constructs fault trees for simple systems using decision tables

Behaviour of radioactivity in the reactor containment
(RSS - WASH - 1400)

Consequence of Reactor Accident Code , consequence of radio-
active releases, dispersion, effect of radiation exposure
on people and contamination of property

Fault tree analysis

Qualitative analysis (using bit manipulation)

(input: qualitative analysis results), Monte Carlo method; similar to
SAMPLE; uniform, normal, log -normal, gama, beta, Erlangian
distribution; monitored and periodical tested components (approx.)

(input: qualit. an. results), based on US code COSMOS; method
of moments; time -de pendent calculation; periodical tested comp.,
modularization; output distributions - normal, lognormal, Johnson-Sj

Bottom-up algorithm; max. 300 comp., 3000 cut sets to 5 order;
time-dependent unavailability, usage for system rel. analysis

Computer
Type

IBM PC/XT

IBM 360

IBM 360
EC 1040

EC 1040

EC 1040

Availability
Source

,AT IAEA

EPRI, USA

USA
NRI Czechoslovak]

______|
NRI Czechoslovak:

NRI Czechoslovak!

a

a

a



Program
Name

ORIGEN

CRAG
CRAC2

TIRION

ALICE

UFOMOD

ARANO

CAFTA

ETA

SLIM-
-MAUD

SLIM-
-SAM

SL1M-
- S AR AH

Analysis
Area

Source term

Consequence

Consequence

Consequence

Consequence

Consequence

Fault tree

Event tree

Human
factors

Brief Description

Fission product and actinide inventory program

Original Reactor Safety Study and modified version of
a consequence program

Consequence assessment program

Consequence assessment program

Consequence assessment program

Consequence assessment program

Fault tree program with graphics

Event tree analysis program

Success Likely Index Method approach to the quantification
of human reliability

New version of SLIM-MAUD (SLIM Assessment Module)

Software package to SLIM -SAM; the module for Sensitivity
Analyses for Reliability Assessment of Humans, design
assessments and cost benefit evaluations

Computer
Type

CDC
IBM

CDC
IBM

?

7

7

7

IBM PC

IBM PC

PC

Availability
Source

Argonne Software
Center, USA

Argonne Software
Center, USA

United Kingdom

France

G e rmany

Finland

SAIC/EPRI, USA

SA1C/EPRLUSA

Human Reliability
Associates Ltd . ,

U . K .
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Program
Name

SAFEDO/2

LOTR-3

P2

VNP

MDOCOMP

PHAM1SS

Analysis
Area

Fault tree

Fault tree
Uncertainties

Event tree

Fault tree

Fault tree
Uncertainties

Fault tree
Event tree

Brief Description

Quantitative analysis; Monte Carlo simulation; unavailability
or unreliability; repairing periodical testing; max. 500 prim.
events,d rawing routine

Qualitative and quantitative analysis, unavailability; Bennetts
algorithm, noncoherent fault tree; max. 240 prim, events,
repairing, periodical testing, uncertainties

Quantitative analysis of event tree; probabilities of branches

Qualitative and quantitative analysis; min. cut sets;
unavailability and unreliability, repairing

Program package; qualitative and quantitative analysis;
automatic construction of fault trees, uncertainties (as
SAMPLE code)

Determination of minimal cut sets; calculat ion of time-
dependent as well as average unavailability and unreliabil i ty
of systems; eva lua t ion of most important components and
minimal cut sets and propagation of data uncer ta in ty ;
common mode f a i l u r e analysis ; phased mission analysis .

Conpute r
Type

EC 1040

ODRA 1305
EC 1040

EC 1010

EC

EC 1022

CDC and
IBM main-

frames
SUN work-
stations

Availability
Source

NRI Czechoslovak

EGÜ, Czechoslo-
vakia, NRI, Czecl

EGP, Czech.

USSR

M El Moscow,
USSR

Nether lands
Energy Research
Foundation
The Netherlands

ia

.



12. QUALITY ASSURANCE

12.1 Introduction

Quality Assurance (QA) is a total activity from project definition and
conception through to decommissioning and ultimate disposal. The basic aim of
Quality Assurance is to ensure Fitness for Purpose. In the context of
Probabilistic Safety Assessment the aim of QA shall be to guarantee that the
PSA processes will be conducted in such a way that the PSA will comply with
its objectives. Thus the initial step will be to define the purpose of the
PSA. Thereafter the QA activity requires that a Quality Plan showed be drawn
up to describe the means by which the objectives of quality will be met. Since
it is a total activity the quality plan will incorporate such items as
qualifications and relevant experience of the staff carrying out the PSA, the
verification of methodology, the validation of computer programs and the
quality of the data. This chapter will not address the useage of PSA e.g. as a
management tool but the processes for generating a qualified PSA.

12.2. General

There are many codes of practice which describe methodologies for
Quality Assurance and it is quite unnecessary to detail them here (Refs. 12.1;
12.2 and 12.3). The codes set out the manner in which a quality plan can be
set up and implemented. The standards of acceptance showed be defined so that,
on review or audit, compliance can be demonstrated. The method of being able
to demonstrate compliance is essentially through adequate documentary
evidence. For example in the selection of staff to carry out PSA studies it
would be necessary to employ professional staff or retain consultants who are
proficient in the methods of PSA and could show evidence for the previous
success of their expertise. Without such staff the organisation entering into
a PSA will need to train the analysts and produce evidence for the scope and
adequacy of their that training and the ability for the staff to reach an
acceptable standard of proficiency.

A further rather obvious call for the application of QA relates to the
use of computer programs in the quantification of events. Such codes showed
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have been quality assured in their composition or structure and use of
subroutines. Further more they should be validated as to the veracity of the
calculated data. Validation can be achieved by a number of routes: hand
calculation to carry out random spot checks; parallel calculations on a
calibrated problem for which the results are well documented; used by
different analysts to confirm unambiguity of the user manual, and if a
predictive code then the code should be compared with experimental data.

12.3 Documentât ion

Central to the process of QA is the creation, maintenance, storing and
retrieval of information and recorded data. Procedures should be set up in the
quality plan for control of documentation and reporting. A typical item
requiring documentation would be peer review of analyses to confirm adequacy
and use the proper methodologies. A further example would be the QA procedures
for handling data on failure rates, unavailabilities and human failure data,
its source and its accuracy and likely error bounds (to permit tasks such as
uncertainty analysis).

12.4 Audit

The quality plan must be capable of being audited, that is, inspected
and assessed as to compliance with the stated criteria for acceptability.
Accurate, up-to-date documentation is the normal method for providing evidence
that the QA plan meets its objectives, although the auditors can interview
staff and form a further view as to the level of understanding and commitment
demonstrated by the PSA analysts. Audits showed be carried out at regular
intervals, recommendation for improvement made and the report submitted to
both the head of the PSA unit and the facility director.

12.5 Responsibility

The PSA analysts and the managers are responsible for QA and are
accountable to the line management for properly conducting their business. The
audit team leader will have no line management responsibility not be
influenced by programme pressures. Audit management will be independent of all
other line management functions and will directly report to a high level.
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12.6 Summary

Any requirement to carry out PSA must be subject to normal QA
procedures and have a QA plan. Staff carrying out the analysis must be
qualified, the methodology verified and the results assessed by peer review.
Computer programmes must be validated and data bases qualified. The QA plan
must have standards for acceptance and should be capable of demonstrating that
these standards have been met and the objectives achieved by way of
documentary evidence which showed be regularly andited to whow compliance.
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13. FURTHER ADVANTAGES OF PSA

13.1. Introduction

The advantages to be obtained from utilising PSA have been described in
the Preface. Also some of the disadvantages have been mentioned. To ensure
PSA is seen as more than merely a methodology for a structured discipline to
safety analysis, whether qualitatively or quantitatively carried out, then
this chapter will attempt to identify other facets of PSA which should prove
to be of advantage.

13.2. Regulatory Aspects

Whilst this document has not specifically adili uuuuil t ht« question of the
Regulatory or Licencing process, nevertheless it is worthwhile mentioning the
value of PSA as a tool for the evaluation of likely accident consequences.
Not only beyond-design-base accidents (increasingly of interest to Regulators)
but also relative risk evaluation are areas where PSA can give valuable data
for judgement purposes. The influence of any design option or the choice
between safety strategies can be evaluated in safety terms by such a relative
evaluation - the absolutely precise risk estimates are not required.

13.3. Plant Management (Ref. 13.1)

PSA can be utilised for purposes other than strictly assessing safety
consequences (Ref. 13.1). Mention has been made above of relative risk
evaluation. One example of this is the value, to an operator, of knowing in
relative terms, the impact of say loss of some redundant equipment momentarily
from a safety system. The effect of loss of availability on the top event, by
re-evaluating the new fault tree, can be judged immediately and whether it is
acceptable or not. As a management tool this could have useful economic
benefit, permitting a plant to operate in a degraded state, up to a more
convenient time for repair or maintenance, yet in an acceptably safe
condition. Similarly the influence of plant modifications can be quantified
in relative terms. PSA can therefore become a tool aiding management strategy.
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13.4. Economics

PSA can give economic benefit from the judgement being made, which the
deterministic safety assessment cannot offer. This l i u « in tliu ability to
rank risk consequences and concentrate resources on the bigger contributors.
PSA may also aid the estimation of margin, in risk assessment, whereas the
margin in a deterministic analysis can be either unnecessarily large or
unknown. PSA should be viewed as a "living tool" for risk management
purposes, not an analysis carried out and then archived after the initial
assessment. The reactor operators should be involved in the creation of the
PSA and its subsequent useage on the installation, as an operational device to
give added appreciation to plant behaviour. The use of a desk top computer
and screen for recalling sequences from the trees will permit familiarity.

13.5. Operator Involvement

Maintenance staff can participate in PSA through logging plant
performance data specifically identified as needed for PSA studies. Such
failure and operational performance data will be noted in a format suited to
PSA and should acknowledge such data as dependent failures (common mode,
common cause) and human factors as particular entries in the logging form or
profcrma. Such an involvement creates real interest in safety, in that the
operators (and not safety analysts) remain confident that their research
reactor still conforms to the requirements of the original licensing
requirements.

13.6. Staff Training

The use of PSA can play a part in operator training when incorporated
into a computer program such as PSA PACK (Ref. 13.2). The relative effects of
human factors on operation can be investigated or the effect of a maintenance
strategy examined. Such exercises would have real value in the training of
operators.

13.7. Administrative control

The revision of operating rules may lead to the need for new operating
instructions or other procedural changes. PSA could be adopted as a tool for
the evaluation of the liklihood of success of the revised procedures.
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13.8. Design Optimisation

Whilst operation and maintenance have been mentioned it is also of
value to consider the construction of an outline PSA during design since,
again, the options available can be evaluated as to the likely optimum
solut ion.

13.9. Conclusion

Prom the above examples, by no means exhaustive, it can be seen that
PSA can be a complimentary tool in areas other than merely safety analysis.
It is an aid to judgement, to be taken together with a number of other
methodologies or tools. Its value will no doubt become more fully appreciated
with increased useage.
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