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SUMMARY The Research Reactor Review, set up by the government in 1993, recommended that a
probabilistic safety study should be performed for the High Flux Australian reactor (HIFAR). This study
commenced in 1996 and is being managed by the Department of Industry, Science and Tourism, with advice
from a Technical Reference Committee. The consultant. PLG. was commissioned to undertake both a
probabilistic safety assessment, to look at the effectiveness of safety systems in the event of an accident and a
Remaining Life Study, to look at potential life-limiting components. The PSA study was also commissioned to
measure the compliance of HIFAR with a number of safety criteria. In addition to the review given by the
Technical Reference Committee, the IAEA was asked to provide an independent peer review and this took
place in February 1997. The scope, process and status of these studies are discussed in this paper.

1. INTRODUCTION

The High Flux Australian Reactor (HIFAR) is a
tank type, high flux, materials testing and research
reactor. It uses a small core of enriched uranium
fuel, moderated, reflected, and cooled by heavy
water, contained at atmospheric pressure in an
aluminium tank surrounded by a reflector of
graphite. HIFAR has operated continuously, with
limited shutdowns for maintenance and refits, since
1958 without any significant incidents with off-site
consequences. However, it is now unable, as a
consequence of its age and design, to deliver the
neutron fluxes that are required for scientific studies
or new isotope production. As a consequence, the
government commissioned a Research Reactor
Review (RRR) in 1993 to decide on the need for.
and type of. a replacement of HIFAR. The RRR
recommended, among other things, an assessment
of the remaining life of HIFAR. The Review
recommended that A Probabilistic Risk Assessment
(PRA) is essential to assess the remaining life
possibilities of HTFAR'(l). The Review also
recognised that "The PRA proposed to ascertain its
remaining life will provide additional assessments
of safety margins". As a consequence of this
recommendation, the Department of Industry
Science and Tourism (DIST) were given carriage of
such a study in 1995.

2. SCOPE OF THE ASSESSMENT

Following best international practice, the
assessment was renamed the Probabilistic Safety
Assessment (PSA) and Remaining Life Study (RLS)
of HIFAR. The term PSA is the more commonly
used term recommended by the International
Atomic Energy Agency (IAEA). It was a
requirement that the assessment follow best practice
as outlined in the documents produced by the IAEA.
A PSA studv is divided into levels, as follows :

• Level 1 which looks at events leading up to
fuel damage

• Level 2 which looks at events occurring in the
containment following fuel damage.

• Level 3 which looks at the dispersion of
radioactive material in the atmosphere after
release from the containment.

In keeping with the terminology used by the IAEA,
it was decided to perform a Level 1 PSA that
initially focused on all accidents that could lead to
damage to the fuel, whether in the reactor or
elsewhere. This Level 1 study was also extended to
look at the behav iour of the active containment
systems (such as the space conditioners and the
containment isolation system) and was, therefore,
termed a Level 1+ analysis. No decision has yet
been taken on proceeding to a Level 2 or 3 study.

In addition, because the RRR initiated the PSA to
look at remaining life issues, a separate Remaining
Life Study was also commissioned. This RLS was to
look at any life-limiting issues with components
that are not part of the active safety systems and
would not. therefore, be covered in a PSA.

Most PSAs that have been performed worldwide
have been concerned with a Level 1 analysis,
limited to internal e%ents. By this we mean
incidents that might occur during operation and
maintenance of the reactor and lead to an accident.
Most Level 1 analyses have considered the possible
accident sequences related to full power operation of
the reactor. Some more extensive analyses have also
looked at the possible sequences that could occur
during other power states, such as low power and
shut-down. A few studies have also considered
accident sequences that could follow from external
events (i.e. events external to reactor operations).
The majority of these more detailed studies are
concerned with nuclear power plants and not with
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research reactors. For the HIFAR PSA, it was
decided to perform a very extensive PSA that
considered:
1. Full power, low power and shutdown states - a

total of 13 different plant operating states were
used for the PSA.

2. Both internal and external events
3. Fuel movements both within and outside the

containment building.
4. Fuel storage both within the reactor building

and elsewhere on site.
5. The potential for tritium releases from the

primary circuit.
6. The behaviour of the active containment

systems, including the integrity of the
containment building from externally initiated
events.

This Level 1+ analysis will be the most extensive
assessment carried out on any research reactor
anywhere in the world.

Since the outcome of the Level 1 PSA is the
frequency of fuel damage or tritium release, the
consultant was also asked to recommend surrogate
risk criteria for use in assessing the results of the
PSA. These are surrogate risk criteria, since they
relate to the outcomes of the Level 1 study but are
surrogates for individual risk values.

The terms of reference of the study were, therefore,
to:

• Review and compare relevant safety criteria
and standards and recommend a set of criteria
against which the outcomes of the PSA may
be judged.

• Assess the level of safety of the plant
• Assess the reliability and capability of the

active containment systems
• Compare the level of safety with the criteria

and standards
• Make recommendations for accident

management and changes to plant design and
operating procedures.

• Examine the effect of ageing on the PSA
results.

• Provide a living PSA for HIFAR

The inclusion of ageing effects makes the PSA
particularly unique for research reactors. The
provision of a living PSA entails transferring a
mathematical model of the reactor to the operator
that can be used to quantify the effect on the overall
risk of changes to equipment or different ways of
working.

3. CONDUCT OF THE STUDY

The Department of Industry Science and Tourism
(DIST), through its Science Policy Unit was given
carriage of the study. DIST appointed a Technical
Reference Committee (TRC) to provide technical
advice on the appointment of consultants and
conduct of the work. This Technical Reference
Committee consisted of 5 members, including one
nominated by the local council.

Tenders were invited from 4 European and 14 US
consultants. The US consultants Pickard Lowe and
Garrick (PLG), in conjunction with Failure Analysis
Associates (FaAA) were chosen, after an extensive
selection process, to conduct the assessment.

The Committee met on numerous occasions to
review the required outputs at the agreed milestones
for the study. During the course of the work, the
Committee considered issues raised by the
consultant and at several stages commissioned other
independent reviews of information. The Committee
will provide its own report to DIST, in addition to
the reports produced by the consultants.

The independence of the study was given great
importance throughout the process. Whereas it is
usual for the consultant to have personnel from the
operating organisation seconded to the PSA team,
this did not occur in this assessment and
information from the operator was channelled
through DIST.

To reinforce the independence, a peer review was
commissioned using the IAEA Peer Review System.
This took place between 24th February and 7th

March 1997. An IPERS review uses experts from a
number of countries, chosen to cover the range of
issues, with the chosen experts being approved by
the Technical Reference Committee. For the HIFAR
Peer Review, the team members came from
Germany, Sweden and the U.K., as well as the team
leader from the IAEA. The purpose of a peer
review is to give assurance that a proper process is
being followed, that the assessment is to
international standards and to provide spot checks
of the calculation and assumptions to increase
confidence in the credibility of the study. The
IPERS team provided a report to the TRC and the
consultant, which was useful in highlighting some
issues needing attention.

The consultants, PLG and FaAA, provided team
members for extended visits to ANSTO during the
initial part of the study. This allowed sufficient
familiarisation with the reactor and interaction with
the relevant Australian personnel.
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4 REMAINING LIFE STUDY

Performance of a PSA will not. itself, provide
information about passive components, whose
functioning is essential for operation of the reactor,
but which perform no active safety function. In the
ANSTO report to the RRR. these components were
identified as:
• The Reactor Aluminium Tank (RAT)
• The Reactor Steel Tank (RST) and thermal

shield
• The graphite reflector
• The primary circuit pipe work.

These components formed the basis of the
assessment, but the consultant was also required to
consider other components that might be important
for determining the remaining life.

The purpose of a remaining life assessment is to
look at components whose integrity is essential for
functioning of the reactor and whose failure would
lead to a situation where it was too difficult or too
expensive to affect a repair. This failure would,
therefore, be life-limiting. To assure the integrity of
these components, it is necessary to look at the
failure mechanisms, which are generally corrosion,
fatigue, cracking, radiation damage or impact. In
determining the likelihood of such failures, it is
usual to make some conservative (pessimistic)
assumptions about the magnitude of the imposed
load on the structure and the strength of the
structure to withstand this load. Because the study is
looking at remaining life, the additional element
that must be considered is the way these parameters
(load and strength) will van,- with time, since it is
conceivable that at some point in the future the
balance of these two parameters might change. This
point would then determine the remaining life. One
of the key components that has been extensively
studied is the Reactor Aluminium Tank (RAT) and
its associated structures. If a crack were present, it
could grow during the life of HIFAR to a point
where the imposition of a load from a flow transient
would cause rapid growth of the crack and
component failure. The Remaining Life Study,
therefore, considers whether a crack is possible,
what sort of loads the structure must withstand and
what the resistance to cracking is (the material
toughness).

Results of the analysis provided by FaAA will be
available in late September and preliminary' results
may be available for presentation at the conference.

These results will be used to guide inspection and
monitoring activities for the lifetime of HIFAR, as

well as suggest alternative or additional
investigations that may be required.

5 PROBABILISTIC SAFETY ASSESSMENT

The nature of a PSA is quite different to a
remaining life study. The RLS uses conservative
assumptions to determine whether there are
potential concerns over the behaviour of particualr
components. If such concerns exist, then additional
studies, using more precise assumptions are done to
gauge the validity of the potential concerns. Thus
the analysis is deterministic.

A Level 1 PSA. on the other hand, is a probabilistic
assessment of the likelihood of fuel damage, as a
result of a number of possible initiating events. The
PSA considers very unlikely and severe events to
estimate the frequency of fuel damage occurring. It
answers questions such as :
1. What can go wrong during operation and

maintenance of the plant that could result in
severe fuel damage?

2. How likely are these events to occur?
3. What is the level of severity associated with

these unlikely events?
4. Does the calculated risk exceed the acceptance

criteria?
The potential sequence of events following an
initiating event is described in the PSA by means of
event trees, while the probability of failure of the
individual safety system is determined from failure
data on the component, human reliability
assessment or a fault tree analysis of the system.

Figure 1 gives a schematic of the methodology. This
shows the process of assessing the support systems
and frontline systems response to the initiator,
taking into account any dependencies of this system
(i.e. where one system may be dependent on
another). This analysis also includes the effect of
recovery actions (e.g. by operator actions). The
categories of frontline systems studied were :
• Reactivity control systems
• Primary system flow
• Secondary system flow
• Emergency core cooling systems
• Containment heat removal, isolation and

filtration
• Irradiated fuel transport systems
• Irradiated fuel cooling systems.

For the support systems, the categories were:
• AC and DC electric power
• Chilled water systems
• Room cooling and HVAC systems
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• Reactor and plant protection/actuation
systems.

Figure 2 shows a simplified event tree. At each
node, the branches represent the probability of
success or failure of the various safety systems.
Combinations of failures lead to designated
outcomes. Success through the event tree leads to a
state where the fuel is undamaged or in a stable
condition and the sequence will terminate. Failure
leads to a state where further progression of the
accident is possible. Some of these sequences may
lead to a release of radioactivity.

The main elements in this process are described
below.

5.1 Accident Initiators

The first stage is to determine what possible events
could lead to fuel damage. A large list of possible
events are assembled, derived from plant operating
histories for the reactor, initiators that have
occurred elsewhere for similar reactors and
assessment of the plant operation, using such
techniques as Failure Modes and Effects Analysis.
These events are then combined into categories and
a representative of each category chosen for
analysis. Thus, for example, there may be many
possible pipe breaks or leaks but it is usually
sufficient to study two or three types to fully
characterise the plant response. These three types
are assigned the full frequency of occurrence of the
group.

There are a number of problems associated with this
stage.
1. Making sure the selection of events is complete

- this requires a detailed survey of available
data and a detailed knowledge of the reactor.

2. Quantifying events that have never occurred.
For example, there has never been a large loss
of coolant accident at a reactor. Various
statistical techniques, such as Bayesian
analysis, are used in this type of quantification.

3. Dealing with the uncertainty over the estimated
frequency to be used. This requires sensitivity
and uncertainty analysis techniques to
determine the importance of the chosen number
to the result. While probability distributions
may be used for encompassing the parameter
uncertainty, the best estimate value is chosen
for the base case risk estimation.

The sensitivity and uncertainty analysis is done
after the basic mathematical model has been
constructed. It provides information on the

sensitivity of the result to changes in the estimated
parameters.

5.2 Event Sequence Quantification

As a result of the initiating event, there will be a
requirement for the safety systems to work to
mitigate the event. The next stage in the analysis is
therefore to determine the response of the support
and frontline systems to the event. The first part of
this process is to provide a graphical representation
of the response of these systems in the form of an
Event Sequence Diagram. This diagram shows the
scenarios and courses of action that can be taken by
the operators and the response of the hardware to
the event. They provide an easily understood
description of the system response, enabling the
boundaries of the event to be know n and the
dependencies between events to be studied.

The ESD is not useful, however, for quantification
and must be converted into an Event Tree, such as
is shown in the simple tree in Figure 2. To assign
probabilities to the nodes of the event tree requires a
variety of other calculations, taking into account
dependencies and common cause failures.

For example, to determine the probability of an
operator action failing requires a human reliability
analysis, taking into account the time available and
the factors that might alter performance. Before this
can be done, a task analysis is required to model the
required actions and to understand the inputs
available. The human reliability analysis method
used in the PSA was based on an expert judgement
method, called SLIM (2). using data derived by
Swain and Guttman (3).

With hardware systems, other techniques, such as
fault tree analysis are required to determine the
failure probability. For example, to determine the
probability of failure to scram the reactor requires a
detailed assessment of the behaviour of the coarse
control arms and the safety rods (both methods of
shutting down the chain reaction). Failure to scram
would require both automatic and manual failure to
drop these coarse control arms or safety rods.

In some cases, the failure probability of a system
can be obtained using reactor specific data or using
data from similar reactors. The latter often requires
interpretation to ensure that the operating
environment is sufficiently similar. A number of
areas where data were not available were
encountered during the PSA.

Another difficulty arises when the probability of a
system failing depends on preceding events, for
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example whether power is available or whether the
temperature and pressure are within certain bounds.
These dependencies mean that the probability may
change for changing circumstances and this has to
be modelled in the event tree using split fractions
for the chance of each state occurring. In a similar
manner, there may be common cause failures of
various systems arising from the one event. An
example might be a structural failure due to a
seismic event that disables a number of systems at
the one time. These common cause events must also
be modelled in the event tree.

In many cases, separate event and fault trees are
required to ascertain the failure rates for support
systems, since they may comprise multiple trains
and back-up systems.

Because of the large amount of computation
necessary, computer models are used for the
quantification of the trees. The RISKMAN software
was used by PLG for the HIFAR PSA.

5.3 Fuel damage states

The results of these analyses are a series of fuel
damage states with associated frequencies of
occurrence. The nature and degree of the damage
will depend on the definitions chosen. In the HIFAR
PSA. fuel damage was defined in various ways,
such as:
• Fuel exceeding a certain temperature
• Resulting from any dropping of fuel flasks
• Resulting from any dropping of heavy loads

on to fuel containment
• Releases of tritium.

Four types of plant damage states were determined:
1. All transient or leak initiators involving

irradiated fuel in the RAT or release of
significant tritium from the primary circuit.

2. Sequences involving irradiated fuel in the No 1
Storage Block following loss of coolant.

3. Sequences resulting from transport of fuel in
flasks and the movement of heavy objects inside
the containment building.

4. Sequences involving transport or storage of fuel
outside the containment building.

A coding system was used that provides information
on the location of the fuel when the event occurs,
the amount of fuel involved, the status of the
cooling systems, the location of the release, operator
recovery actions and the status of the containment
systems.
Following the quantification of the fuel damage
states, there are a variety of ways to assess the
results. These include.

• Review the top ranking sequences that
comprise the majority of the risk

• Determine the major classes of sequences
having common characteristics.

• Quantify' risk importance measures that
identify systems, components and operator
actions that are most important in the risk
determination.

6 EXTERNAL EVENTS

The PSA considered not just events that might
occur during operations with the reactor, but also
the effect of external events on the reactor or
ancillary buildings.

After screening a larger number of possible events,
the ones chosen for examination were:
• aircraft crashes
• extreme winds
• bushfires
• fires on site
• industrial activities
• military activities
• onsite activities
• seismic events
• transport accidents.

In many cases, the assessment involved the
estimation of the likelihood of extreme scenarios
occurring, such as an aircraft crash directly on to
HIFAR, and the effect of this event on the integrity
of the containment structure. For the majority of
events, the likelihood may prove to be extremely
low. In the case of seismic events, it is necessary to
postulate an earthquake, capable of rupturing the
cooling systems and the containment. In recent
studies reported by Corran (4), HIFAR was
considered to be qualified to a peak horizontal
ground acceleration of 0.23g, so that it would
require earthquakes greater than this level to cause
significant damage. The process of seismic
assessment involves:
• Seismic hazard analysis - determining the

likelihood of large seismic events applicable to
the site and the appropriate response spectrum
to be used.

• Seismic fragility analysis - understanding the
response of structures to the imposed loads by
means of structural analyses.

It has been generally found, in studies done
elsewhere, that the uncertainties with external event
analyses are far greater than for internal events.
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research reactor. The RLS has assessed the lifetime
issues associated with components and structures
that, by nature of the location and size, would be
expensive or very difficult to repair. The PSA has
assessed for a very comprehensive set of scenarios
the likelihood of an accident leading to fuel
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included in the assessment.
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