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ABSTRACT

Probabilistic studies of risks show that the human factor contributes significantly
to overall risk. The potential for and mechanisms of human error to affect plant risk
and safety is evaluated by Human Reliability Analysis (HRA). HRA has quantitative
and qualitative aspects, both of which are useful for Human Factors Engineering
(HFE) which aims at designing operator interfaces that will minimise operator error
and provide for error detection and recovery capability. HRA has therefore to be
conducted as an integrated activity in support of PSA and HFE design. The objectives
of HRA therefore, are to assure that potential effects on plant safety and reliability are
analysed and that human actions that are important to plant risk are identified so that
they can be addressed in both PSA and plant design.

This report is in two parts. The first part presents a comprehensive overview of
HRA. It attempts to provide an understanding of how human failures are incorporated
into PSA models and how HRA is performed. The focus is on the HRA process,
frameworks, techniques and models. The second part begins with a discussion on the
application of HRA to IPHWRs and then continues with the presentation of three
specific HRA case studies. This work was carried out by the Working Group on HRA
constituted by AERB. Part of the work was done under the aegis of the IAEA
Coordinated Research Programme (CRP) on Collection and Classification of Human
Reliability Data and Use in PSA - Research Contract No. 8239/RB
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A PERSPECTIVE ON HUMAN RELIABILITY ANALYSIS (HRA)

1. Introduction

Over the last thirty years the engineering design of complex technological systems like
nuclear power plants has vastly improved. The human element has therefore become a
significant factor in overall risk. Humans can cause or exacerbate problems but also effect
restoration and recovery when serious events occur. Thus, the reliability of human operators
needs to be investigated in depth when determining risk in a process or nuclear plant.

The assessment of the human error contribution to risk is carried out via Human
Reliability Analysis or HRA. HRA has a threefold purpose.

• Identifying the critical human involvements in a system and how they can fail.
• Quantifying the probability of success (and failure which is referred to as HEP) of these

involvements.
• Determining how to improve human reliability, if performance needs improvement (i.e.

when PSA calculated risk levels are too high and if human performance or error is
contributing significantly to those risk levels.)

2. Human Error, Human Performance and Human Error Probability

Humans make errors due to a combination of causes. Some of the causes are internal to
the individual (e.g. not knowing how to operate a particular equipment) and some are external
to the individual (e.g. equipment controls not easily and comfortably accessible). Human
performance is determined by various factors that influence how humans act. These factors are
called Performance Shaping Factors or PSFs. PSFs are divided into External PSFs, Internal
PSFs and Stressor PSFs. The set of PSFs present can greatly affect how safely or otherwise a
system is operated.

External PSFs include factors like work environment, nature of the Human Machine
Interface (HMI) and quality of procedures. Internal PSFs include factors like motivation,
emotional state and the physical condition of the individual. Stressor PSFs are generally
overlooked as they are difficult to comprehend, but their influence is considerable, particularly
in hazardous situations. A stressor is a stress on the human while performing a task. It can be
psychological or physiological. Psychological stressors include suddenness of onset of a
disturbance, task overload, information overload, pressure of time, fear of failure, repetitive
meaningless work, uneventful periods during continuous monitoring and distractions that affect
attentiveness. Physical stressors include fatigue, discomfort, vibration and disruption of the
circadian rhythm.

The interplay of PSFs has a net negative, positive or mixed impact on human
performance. Human error occurs when the operator and the task are mismatched. PSFs affect
the degree to which both are matched. A poorly designed system is setup for human error or
failure. Human error, if not the prime cause, is definitely a significant contributor to many
accidents. A better understanding of the effect of PSFs in the work environment of humans can
lead to the design of systems robust to human error.



In Human Reliability Analysis, human reliability is quantified in terms of Human Error
Probabilities (HEPs). An HEP is measured by observation. It is the ratio of the number of
observed errors to the total number of chances for error to occur. In other words,

number of errors that occurred n
HEP = = -

number of opportunities for errors to occur N

While this appears simple enough, a good deal of effort is in fact required to estimate an HEP.
It is necessary to consider data probability distribution, data dependence and data uncertainty
aspects when estimating HEPs.

3. Tasks and Types of Errors in HRA

• Normal Operational Tasks
• Maintenance, Test and Calibration Tasks
• Emergency Response Tasks

Further, it is also necessary to carry out Human Error Identification to identify the
human errors. Errors which contribute to a degraded system state, alone or in conjunction with
hardware/software failures and to environmental events are to be identified and represented in
the risk analysis framework. A classification or taxonomy of human errors can substantially aid
human error identification and analysis. The error identification must consider the following:

• Error of Omission - Failure to carry out an action
• Error of Commission - Failure to carry out an action adequately

# action performed without precision
# action performed at the wrong time
# action performed out of sequence

• Rule Violation - Performing an action not required

Following the skill, rule and knowledge framework of Jens Rasmussen, errors may also
be identified as skill based, rule based and knowledge based (diagnosis and decision) errors.

Using a classification system, many different kinds of errors may be identified. But for
HRA, it is enough to consider those errors that impact system performance. In addition, the
dependence between two or more errors or tasks has to be addressed. Failure of a given task
may increase the likelihood of failure of a subsequent task e.g. a rnisdiagnosis could affect the
outcome (success or failure) of one or more tasks that follow the diagnosis.

4 PSA Models and HRA

A PSA Model is constructed to identify the event sequences (caused by Initiating
Events - IEs) which can potentially lead to plant damage. An event sequence comprises an IE
followed by a sequence of equipment and/or personnel errors. All PSA logic models include
Event Trees as the fundamental framework. They can be constructed as function based event



trees (e.g. maintaining cooling - maintaining coolant flow - maintaining level in tank) or system
based event trees (e.g. cooling system - cooling pumps - valves in supply / discharge line)

Reliability models (i.e. fault trees and human interaction models) are used to increase
the definition of event sequences from event tree header events down to basic failure events.
The human interactions have to be modelled in order to carry out HRA in PSA. In developing
ihe models, a close interaction is required between plant system designers and HRA specialists.
HRA models and techniques have been quite stable for the last fifteen years or so. It is only
now, due to the growing importance of PSAs for low power and shutdown states, that the
need for improved models has been felt.

5. The HRA Process

The HRA process is schematically shown in Figure - 1. It is drawn from Kirwan [5]. The
steps in the process are outlined below.

a) Problem Definition : Involves the delineation of tasks for HRA and error types to be
considered. Need for quantitative analysis and error reduction assessment is determined. The
latter requires detailed modelling of errors, as it can suggest error reduction measures.

b) Task Analysis : Human actions, equipment and interfaces (i.e. displays and controls) to
be used by the operators are defined . Task Analysis structures the operator tasks and results in
a more reliable HRA.

c) Human Error Analysis : Important human errors are identified on the basis of their
consequence on system performance. HRAs may not model human errors explicitly but model
human contribution to risk at the task level, as only task failure probabilities are needed to
evaluate risk in PSA studies.

d) Representation : Task and error information is required to be represented in a form that
enables human reliability quantification in terms of HEPs. Human errors and recovery actions
are incorporated in the logical framework (event trees and fault trees) of PSA. Dependencies
between tasks as well as dependencies between errors are considered in the analysis.

e) Human Error Quantification: The metric used is human error probability or HEP. For
human reliability assessment there is a need for HEP data. Recorded HEPs are relatively few in
number. Moreover, they are highly context dependent. In general, data on human performance
and human initiated accidents/incidents are scarce. The reasons are as follows.

• difficulty in estimating the opportunity for error in realistically complex tasks.
• general unwillingness and lack of confidence in disclosing data that indicates poor

performance.
• lack of awareness of utility of such data

When HEP data are scarce, HRA resorts to quantification based on expert judgement or a
combination of data and models that evaluate the effects of major influences on human
performance.
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Data Uncertainties: Data uncertainties are addressed using one of two common
approaches. In the error distribution approach, uncertainty is expressed as a continuous
distribution surrounding the chosen point estimate. In the Monte Carlo simulation approach, a
random draw process is used to establish uncertainty. No specific distribution may be used.
However, if one is used and a log-normal distribution is chosen, uncertainty is expressed in
terms of the log normal factor (i.e. the ratio of the ninety - fifth percentile value to the median
value).

f) Human Reliability Quantification : Techniques for human reliability quantification have
been an area of considerable development. The techniques can be grouped into four depending
on sources of data and operating modes.

(i) Unstructured Expert Opinion Techniques
• Absolute Probability Judgement (APJ)
• Paired Comparisons (PC)

(ii) Data Driven Techniques
• Technique for Human Error Rate Prediction (THERP)

(iii) Structured Expert Opinion Techniques
• Success Likelihood Index Methodology (SLIM)

(iv) Accident Sequence Data Driven Techniques
• Human Cognitive Reliability (HCR) Correlation
• Accident Sequence Evaluation Programme (ASEP)

All these techniques generate HEPs. Some of the important techniques have been
described later in this perspective.

g) Impact Assessment: The HEPs calculated are aggregated and then combined with
those for other failures (hardware, software, and environmental) to evaluate the overall risk.

h) Error Reduction Measures (ERMs) : If a human error is contributing significantly to
overall risk, measures are to be worked out that will reduce its impact, and make the system
less vulnerable. The HEPs are recalculated with the ERMs assumed to be in place. Several
iterations may be required before desired risk criteria are met.

i) Quality Assurance: This phase ensures that the ERMs have been properly implemented
and that assumptions made during the HRA remain valid throughout the lifetime of the system.

j) Documentation: An essential part of any HRA, it makes the HRA understandable,
traceable and reproducible.

6. HRA Frameworks

A structured framework is required to conduct HRA in PSAs in order to reduce
variability in HRA results and increase the credibility of PSA results. Systematic Human Action
Reliability Procedure (SHARP) is a framework developed by researchers at Electric Power
Research Institute (EPRI) to improve reproducibility of HRA. It is an organised structure to
conduct and integrate HRA into PSA. There are. seven steps in the SHARP Framework, viz.
Definition, Screening, Breakdown, Representation, Impact Assessment, Quantification and
Documentation. The steps essentially correspond to the steps in the HRA Process, described
earlier. With SHARP, HRA results are readily integrated into the PSA logic models. However,



SHARP is not prescriptive with respect to specific HRA models. Various benchmark studies
sponsored by EPRI have demonstrated the advantages of SHARP. The SHARP framework
and steps are shown in Figure -2 .

Step 1, Definition, ensures that all Human Interactions are adequately considered. In Step 2
(Screening) Human Interactions significant to operation and safety are identified. In Step 3,
which is Breakdown, Human Interactions are detailed and all key influences are defined. Step
4, Representation, involves modelling of Human Interactions in the logic structure. An example
is the Operator Action Tree System (OATS) model developed by Wreathall. Step 5, Impact
Assessment involves assessment of impact of the Human Interactions. Step 6 involves
quantification of human reliability and data and methods are applied to assign probabilities,
determine sensitivities and establish uncertainties. The last step is Documentation.

SHARP 1 is an enhanced SHARP framework, the development of which was sponsored by
EPRI. The objective was to enhance the HRA process by including the experience and insights
gained with SHARP. However, there is no public document on SHARP 1.

SHARP 1 (Figure - 3) has four stages which more closely parallel the PSA Process

Stage 1 : Human interaction (HI) definition and integration into the plant logic model.
Stage 2 : HI Event Quantification (in terms of HEP values)
Stage 3 : Recovery Analysis
Stage 4 : Internal Review

In Stage 1, Accident Sequence descriptions, systems, models, operating, maintenance and test
procedures and transient analysis results are used to define the HI inputs to the plant model
and HI basic events.

In Stage 2, HI Event Quantification is carried out. Using the defined HI basic events, HRA
Models, HRA Data, Plant Information (Procedures and Control Room Layout Details) and
Human Factors Information as inputs, probabilities of HI basic events (screening values) are
derived and revisions to plant logic models are effected (if required).

In Stage 3 , using interim AS frequency results as input, recovery actions are identified for
important scenarios. The actions judged to be feasible are explicitly defined and then
quantified. Revisions to logic models are developed for integration of recovery actions. Final
PSA Accident Sequence quantification is done.

In Stage 4, a review of the outputs of the first three stages is carried out and a check on
internal consistency is done. Results are documented. Most post - SHARP frameworks
developed by others incorporate SHARP with some modifications (e.g. IEEE Framework).

7. Overview of HRA Methods / Techniques of Human Reliability Quantification

An overview of HRA methods is depicted in Figure - 4. The methods can be divided
into those based on data, models and expert judgement and those based solely on expert
judgement. While THERP is a data driven technique, HCR and ASEP are accident sequence
data based techniques. Absolute Probability Judgement (APJ) or Direct Numerical Estimation



(DNE) is an unstructured expert opinion technique and Success Likelihood Index
Methodology (SLIM) is a structured expert opinion technique. Technique for Human Error
Rate Prediction (THERP) uses a database of nominal' HEPs, e.g. failure to respond to an
alarm. Performance Shaping Factors (PSFs) or situational influences are considered with
respect to the human error/failure. PSFs include factors such as quality of the Human-Machine
Interface (HMI) design (e.g. whether alarm indicators are in the viewing range of the operator,
adequately colour coded and prioritised) time pressure and experience level of the operator. If
such factors are present during the scenario, the nominal HEP is to be modified using an
appropriate error factor which may typically range from 2-10.

There are a variety of expert judgement techniques which have been used in HRA. All
methods essentially make use of the past experience of personnel to estimate HEPs. The
knowledge base of experts is used to arrive at values of HEPs for HRA.

HRA is an evolving technology. Currently, there appears to be a move from just expert
judgement to a balanced (mixed) approach using a combination of experimental data and
insights gained through simulations/simulator based exercises and formalised expert judgement
based methods.

HRAMEIHODS'

Based on Data, Models, and Expert Judgement Based Solely on Expert Judgement

AIPA
ASEP
HCR
MAPPS

MSFM
OATS
SAINT

THERP

Accidert Initiation and Progression Analysis
Accident Sequence Evaluation Pro gnam
Human CognitiveReliabilityModel
Maintenance Personnel Performance
Simulation Model
Multiple-Sequential Failure Model
Operator Action Tree System
Systems Analysi s of Integrated Networks of
Tasks
Technique for Hunan Error Rate Prediction

CM Confusion Matrix
DNE Direct Numerical E stimation
PC Paired Comparisons
SLIM Success Likelihood Index

Methodology
STAHR Socio-Techrical Approach to

A ssessing Human Reliability

' Some of these HRA methods have limited applications

Figure 4. Overview of HRA Methods



8.

a)
b)
c)
d)

HRA Models:

There are four classes of HRA Models
Time Independent
Time Dependent
Limiting/Competing Resources
Human Behaviour

a) Time Independent Models

Time Independent Models relate to human initiated events where time available to the
operator is not a major constraint on action i.e. the probability of the operator taking the action
is not significantly altered by reducing or increasing, the time available for action. Errors
related to such events usually (but not always) occur before event initiation. The models are
therefore also referred to as Latent Error Models. One example of a time independent model is
THERP, which is a well accepted approach in HRA.

THERP is analogous to hardware reliability analysis with human actions substituted for
equipment outputs. In THERP, tasks and task steps are identified along with PSFs that
influence the steps. The task failure event is modelled in what is called an HRA Event Tree (to
distinguish it from a PRA event tree). The HRA Event Tree (Figure -5) structures the
activities, potential failures and dependences (redundancies) in His in a failure logic and
includes a failure probability at the end of failure paths. Diagnosis in THERP is considered to
be a holistic process and is assigned a single HEP value. Also a crew model is implicit in the
quantification and task failure is integrally connected to equipment failure.

b) Time Dependent Models

In these models, time available to the operator for action is, in many cases, a major
constraint on the operator's ability to act. Most of the time dependent models are based on a
Time Reliability Correlation (TRC) which allows an engineering oriented quantification of
human reliability in terms of HEPs. Examples of such models are HCR and OATS models.
HCR, which allows practical handling of significant His, uses a log-normal distribution to
represent the correlation between time available for response and the probability of failure to
respond. OATS (Figure - 6) is a representation that identifies alternative actions on the basis
of operator interpretations associated with observation, diagnosis and selection of response.
The analyst can display the potential of different decision strategies to affect the accident
sequence.

c) Models of Events involving limiting/competing resources

PSAs have shown that many (if not most) of the risk significant accident sequences
involve situations where the accident's potential consequences (or probability of significant
consequences) increase as the time at which the operator responds to the event increases. In
contrast, the probability of not successfully diagnosing the event and responding to it decreases
with time. These two effects exist in many event sequences (e.g. station blackout). A simple
approach adopted earlier was to pick a time, assuming that the ultimate consequences

10



resulted after this time. The PSAs were made simple, but the estimates could be far removed
from the actual. A recent approach is one using a cumulative convolution mathematical
method to obtain a more realistic representation of risk, an approach used to address the
problem of the operator responding to multiple events within the same time period.

Controls placed on the operator that might impact risk include interlocks, inhibits and
procedures (which can be treated in current PSAs) as well as training, management culture and
industry culture. For considering the cultural impacts on risk, development is underway.
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d) Human Behaviour Models

A fundamental basis for HRA has been lacking as adequate models of the decision
making process are absent. Experimental work is in progress in order to better understand the
cognitive basis for operator action. The simulator based Operator Reliability Experiments
(OREs) of EPRI were essentially aimed at correcting the situation by refinement of the HCR
Correlation Model.

9 The HCR Model

A major outcome of the efforts of EPRI is the HCR Model, developed for
quantification of crew success/failure probability as a function of time and allowing for skill,
rule and knowledge type behaviour that can result in different probabilities. The model also
allows for selected PSFs that can influence crew response times. An assumption made is that
the probability distribution for crews responding to a plant event as a function of normalised
time (actual crew response time/median response time for a number of crews) depends on the
behaviour involved (skill, rule or knowledge). PSFs affect response probability by changing the
median response time (which is represented by the distribution location) and not the variability
in response time (which is represented by the shape of the distribution). Location, scale and
shape parameters are associated with the category of cognitive human behaviour.

The HCR correlation is shown in Figure - 7. The model relates the non-response
probability P(t) to normalised time \JT\a

P(t) = exp-[(t/IWBi)/Ai]a

In the above relation
t = time available to complete the action or set of actions following a stimulus
T1/2 = estimated median time to complete the task (action or set of actions) as adjusted by
specific PSFs.
Ai, Bi, Ci are the correlation coefficients specified for skill rule and knowledge based
processing.

t is defined as a result of analysis of the sequence of events following an IE.
T1/2 is arrived at on the basis of an analysis of simulator data for similar plants or on the basis
of discussions with crews.

PSFs considered in the use of the HCR model are operating experience, stress and quality of
theHM.
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9.1 Osing the HCR Model

Using the HCR model involves the four steps given below.

i. determine the cognitive process (skill, rule or knowledge) applicable to the HI
involved.

ii. Estimale the time window by (thermal hydraulics/transient) analysis,
iii. Estimate the median time reflecting key plant and task specific PSFs (training, HMI)
iv. Estimate the crew response probability using the HCR correlation.

HCR correlation does not include uncertainty distribution for either the Weibull
parameters or the median response time. It however, allows for sensitivity analysis by
changing the time windows, median response time and PSFs. Simulator data have been used to
examine the validity of the HCR model. EPRI's ORE Project also examined the validity of the
HCR model and arrived at the conclusion that the operator response time can be well
represented by a standard probability distribution. The log normal distribution provides as
good a fit as the Weilbull and is easier to use. Also, there appears to be some systematic impact
of cue-response structure on the dispersion of logarithmic standard deviation of normalised
response time.

10. Accident Sequence Evaluation Programme (ASEP) HRA Procedure

In complex systems like NPPs, HRA can be an involved and time consuming process.
THERP was therefore expanded to cover a more cost effective three stage HRA procedure for
application to PSA. The three stages are :

• Screening HRA using the methodology of ASEP.
• Nominal HRA using ASEP for those tasks whose estimated HEPs are greater than the

screening limit.
• THERP HRA methodology applied to those tasks whose HEPs are greater than screening

HRA as well as nominal HRA limit values.

The nominal HRA procedure is also a three step, essentially rule based procedure that
requires very little judgement. The tabled (nominal) HEPs while being more conservative than
those in Swain's Handbook are more realistic than screening values which are relatively more
pessimistic.

For the HRA, both pre-accident and post-accident tasks are considered. The ASEP-HRA
procedure includes both a Screening Model and a Nominal Diagnosis Model (Figure-8,9).

HRA for pre-accident tasks

The HRA covers:

• Errors in maintenance, repair and adjustment.

• Errors revealed by post-maintenance tests, post calibration checks and control room
readings, as well as
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• Assessment of post-maintenance and post calibration tasks i.e. the assessment of the
probability of not detecting errors in maintenance and calibration.
Important tasks in pre-accident operations also include tasks in which restoration errors

can occur and those in which dependencies are created between redundant systems or
redundancy is itself affected. In these tasks, Recovery Factors are of great interest.

HRA for post-accident tasks

The HRA covers :

• Diagnosis - Assessing the probability of correct diagnosis within the time allowed for
diagnosis. The diagnosis may be knowledge based

• Post-diagnosis tasks which logically follow a correct diagnosis.

Some of the major differences between ASEP and THERP are given below :

ASEP
Uses conservative estimates of HEPs, response
times, dependence levels, recovery factors and
other human performance characteristics.
Requires less time and effort but is not very
accurate.
Basic HEP (BHEP) of 0.03 is used for all pre-
accident tasks and a value of 0.1 is used for almost
all failures of recovery factors.
Fewer inputs are required from human reliability
analysts to system analysts
Underlying human performance models are not
provided. For situations not addressed in the
procedure, the Handbook has to be referenced.

THERP
Uses more realistic estimates.

Requires much more analysis but is
more accurate.
HEPs have to be estimated for all
tasks and recovery factors.

For best results, human reliability
analysts have to actively participate
Contains basic human performance
models and underlying procedure for
task analysis and HRA Event Tree
analysis. Unusual accident sequences
and events can be addressed.

11. Classifications for Treating Human Interactions in PSA

Reviews of PSA studies indicate that it is necessary to account for five separate types
of human interactions. Of these, some may mitigate the accident while others may exacerbate
it. The five types of His are as follows.

Type 1: Prior to an initiating event plant personnel can affect availability and safety either by
inadvertently disabling equipment during maintenance or testing or by not restoring failed
equipment after maintenance or testing.
Type 2: By committing an error, plant personnel can initiate an accident.
Type 3: By following procedures during the course of an accident, plant personnel can operate
standby equipment that will terminate the accident.
Type 4: Plant personnel attempting to follow procedures can make a mistake that aggravates
the situation or fails to terminate the accident.
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Type 5: By improvising, plant personnel can restore and operate equipment that is initially
unavailable, to terminate an accident.

The Human Interactions considered above can be grouped into three broad categories,
designated as Category A, Category B and Category C. The three categories are briefly
described below.

Category A: Pre-Incident His

Category A His are activities prior to an IE, related to maintenance, testing and calibration and
intended to be positive. But if errors are made and remain undetected, they can lead to
unrevealed unavailability of equipment that might be required after the occurrence of an BE.

Category B : Initiating Event Causing His

These are activities carried out during normal plant operation and also during maintenance,
testing and calibration which unintentionally lead to a plant trip.

Category C : Post Incident His

These comprise the post incident activities involving all actions after an EE, carried out with
intent to improve the situation and lead the plant to safe and stable state.

Thus the five types of His discussed earlier can be grouped as follows.

Category A
Category B
Category C

All Type 1 His
All Type 2 His
All Type 3, Type 4 and Type 5 His

The three categories are tabulated below

Categories of Human Interactions

Category A
Pre-initiator
Maintenance/Test/Repair
Errors

Category B
Initiator
Control Room Actions/
Errors during normal
operation.

Maintenance/Test
Errors

Category C
Post-initiator
Procedural Safety Actions
• Manual Re-inforcement
• EOP Response

Aggravating Actions/Errors
• Errors of Commission
• Mistakes
• Slips

Improvising Recovery/ Repairs
• Non-procedural actions
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12. Scope and Emphasis of HRA

Early risk studies (e.g. WASH 1400) focused on test and maintenance contributions to
risk. THERP became a prominent approach. The TMI accident showed that the operator
could significantly impact an accident sequence. Now, there is as much attention focused on
Emergency Operating Procedures as Maintenance, Test and Normal Procedures combined.
The most important contributions of category A and B are recognised as introducing Common
Cause Failures (CCFs) by which redundancies can be affected. If one of the main applications
of PSA is a review of test, maintenance and calibration procedures, then the focus would be on
categories A and B. If the emphasis is on use of PSA as a basis for accident management, EOP
development and operator training, then category C events would be the focus of attention.

13. Screening and Quantification of Task and Error Categories

13.1 Category A Tasks and Errors : Tasks with strong recovery factors for error discovery
(alarm or annunciator, independent test after a calibration, supervisory check or a periodic
inspection) and also for preventing dependency (administrative control or checklist) may not be
considered. The errors are unlikely to dominate. In screening, no recovery factors are
assumed and conservative values are used (e.g. those given in ASEP). In quantification, ASEP
and THERP can be applied. Data used and recommended in these HRA procedures is largely
judgmental but have reasonable justification.

13.2 Category B Tasks and Errors: A preliminary review identifies potential vulnerabilities
and conservative values for the assessed frequency can be used in preliminary quantification.
The character of category B errors (slips and erroneous actions) are such that the same
methods as mentioned for category A errors can be used as a basis for quantification.

13.3 Category C Tasks and Errors: Qualitative screening is guided by analysis of accident
sequences and system failures to assess human actions having significant consequences.
Quantitative screening assigns conservative numerical values to each of the Category C
actions. The assignment takes into account dependencies that arise within sequences of
operator actions. These probabilities are input into the event or fault trees and the event
frequency is computed for all sequences in the PSA. A cut-off probability is used to arrive at
the significant sequences. PSFs are to be considered during quantification, i.e. in quantification
success and failure probabilities for the key human actions are to be assessed together with the
effects of key influences.

Quantification could be based on simulator data. Simulator runs can provide
probabilities of errors of omission and commission in diagnosis and execution phases as well
as data in the form of TRCs (which could be used to assess the probability that a correct
diagnosis is not done in the time available). For slips and omissions in execution, the THERP
Handbook may be used. Recovery factors are used as appropriate to the situation.

In addition to the above, there are methods based on judgement which could also be
used. Whatever be the method used, there is good degree of uncertainty associated with the
quantification.
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14- Data Collection for HRA

Data collection for HRA involves the development of an information set that provides
adequate support for carrying out HRA as a part of PSA. Data are of different kinds.

a) Empirical Information: The sources of empirical information are reports on plant
outages / power reductions and their causes, plant trips and post-trip investigations,
maintenance reports and operator logs which indicate unsuccessful activities with no hardware
cause present.

b) Generic Information: Generic information includes data that is other than plant specific
i.e. data from plants of the same or similar type. When using non plant specific information
attention has to be paid to plant differences that can affect the applicability of data and
assumptions made (if any) in modifying the data before use. Both empirical and generic
information are scarce. This scarcity of published information that is readily accessible is by
and large due to national or other constraints.

c) Subjective Information: This consists of information from subjective non-empirical
sources like domain experts and experienced operators. The information can include direct
estimates of HEPs and information needed to modify the HEPs in order to make them
applicable to a particular situation. Some important issues to be addressed in use of subjective
information for a HRA are relevance of the information, biases of subject matter experts, their
experience base, chosen sample size and inter-shift differences.

14.1 HEP Data: HEPs can be obtained by observational and / of experimental methods.
Observational data is obtained from some regular activity being carried out for a different
purpose (e.g. a simulator training session). Experimental data is data that is obtained by
carrying out activities, the prime intention of which is the generation of error probability data.
Of great use is subjective data needed to modify/expand the applicability of previously
collected HEP data. Such data would be required to convert HEP data gathered during normal
plant operation for use in an accident situation and to account for differences in operating
power level, reactor type, operator experience and even national programmes and goals. Such
data is also required in order to adjust HEPs for significant differences in operating conditions
and practices and also to substantiate plant specific aspects of the quantification of human
interactions.

14.2 Data Collection Methods: The main data collection methods are

Observational Methods

- Direct Observation

- Photo, Video, and Audio Recordings

Experimental Methods

- Part / Full Scope Simulator Experiments including Simulator Training
- Interviews of Personnel
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14.3 Use of Simulators in HRA Data Collection: Simulators can be a source of good HRA
data as simulators can track every action taken by the operator through the course of various
situations. Some of the issues in using simulator generated data are operator vigilance which is
greater in a simulator environment as operators expect off-normal events and not normal
conditions as in a plant and burden which is the probabilistic analogue of workload. It
accounts for the differences in stress between real and simulated accident scenarios.

The composition of the simulator crew differs from that of an actual control room
crew. Hence team response as a whole is likely to be different. Further, in a simulator facility
certain interfaces may not be realistically represented e.g. communications in the ex-control
room environment.

15. Concluding Remarks

HRA is an essential part of any PSA and can be carried out at the design stage or later
when a plant is in operation. The HRA discipline is characterised by a large number of different
technical approaches and scarce data to support the implementation of these approaches. It
therefore becomes necessary to apply expert judgement, not only in the selection of the most
appropriate approach but also to derive the necessary data for a useful analysis. Substantial
expert judgement is made use of in both qualitative and quantitative analysis, thus making
HRA subjective to a considerable degree. To infer useful insights from the results of the
analyses, a combination of human factors / human factors engineering, knowledge and expert
judgement is to be used.

While HRA approaches are relatively formalised, there is no consensus on a human
reliability methodology. Further, there is no generally agreed and acceptable human reliability
parameter data base supporting HRA methods.

HRA is widely used as a tool for predicting and preventing accidents. However, it can
also be used in a beneficial manner for investigating human error and structuring human error
data in order to learn about human performance. The data can be used as input to improve
human reliability and the ergonomics of the work place. Human performance can be better
understood by approaches which identify, measure and aggregate all the relevant Performance
Shaping Factors.

There is a significant emphasis on qualitative analysis in all HRAs today. Qualitative
analysis is increasingly being looked upon as being, as important as, if not more important than,
quantitative analysis. Human factors and cognitive psychology have been recognised for the
role they play in influencing the mind and therefore the actions of the human operators. Areas
envisaged for future development in the field of HRA include cognitive task analysis, error
identification and representation, dependency, inter-relationships and quantification of
cognitive and commission errors.
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STUDIES ON THE APPLICATION OF HRA TO IPHWRs

1. Introduction

A set of procedures has been designed for handling various emergency conditions in Indian
PHWRs. The procedures, which are essentially event oriented procedures, are referred to as
Operating Procedures for Emergency Conditions (OPECs). There is one procedure for each
postulated off-normal event. Over forty procedures have been designed and checked out for
each PHWR station. In each of these procedures, Human Interactions (His) play an important
role at various stages during the progression of the event. The operator has to first diagnose
the event that has occurred and then execute the associated OPEC. During the diagnosis as
well as the execution of the steps in the OPEC, errors can occur. The Human Interactions
therefore have an element of risk associated with their non-performance or incorrect
performance. In other words potential errors (omission and commission) as well as their
consequences have to be considered in a HRA study.

HRA of OPECs is to be carried out in order to determine those Human Interactions which
significantly contribute to overall risk. As an outcome of the analysis it would be possible to
decide whether to implement modifications of the Human Interactions or support their
performance with suitable operator aids in order to reduce their contribution to overall risk and
thereby enhance safety. In addition to the analysis of OPECs, the analysis of real event
scenarios too can help identify risk significant plant conditions and PSFs as well as their
influence on errors of commission. Error Forcing Contexts representing unanalysed plant
situations of a serious nature (e.g. the total power failure due to fire incident in Narora Atomic
Power Station - Unit I) with unfavourable PSFs can be identified. Such event scenarios are
generally outside the scope of training and procedures. The results of these studies can also be
used to improve HRA methods.

2. Methodology of Analysis

A general methodology of carrying out Human Reliability Analysis of OPECs has been
outlined based on available frameworks for HRA. The steps in the methodology are described
below.

(i) Examination of the Human Interactions (His) in the OPEC and development of an event
sequence - operator action diagram.

A logic structure is used to model the event/accident sequence starting with the initiator
(initiating event/fault) and progressing through plant response and mitigating actions to either a
success or failure state. The basic elements used in the model are:

• initiating event/fault
• safety functions demanded
• post-event failures and unavailability or unreliability of systems required to operate
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Commonly used are the HRA Event Tree Model and the Operator Action Tree Sequence
Model.

(ii) Task Analysis

Involves an analysis of the elements in a task. The task here is the execution of the OPEC or
Accident Sequence Procedure (ASP). Task analysis considers indications which cue" a
response, decision on action, action step, feedback indications as well as recoveiy from error.

(iii) Error Identification

All potential errors are identified as well as the potential for and mechanisms of error recovery.
Also considered are work situation influences (PSFs) such as experience, level of training and
stress levels (due to the pressure of time or due to an information overload)

(iv) Quantification of Human Reliability

a) Human Interactions : Following the IAEA Classification, three basic types of human
interactions are considered in HRA. These are Type A (Pre-Initiating Event), Type B
(Event/Accident Initiating) and Type C (Post-Initiating Event) interactions. Quantfication has
to consider both cognitive and action response phases.

b) Screening : One can concentrate on a limited number of system tasks i.e. on only the
sequences or combinations of human failures that are risk significant. Dominant risk sequences
with no recovery factors for uncovering and correcting errors can be considered in a
preliminary quantification. A preliminary quantification assigning conservative valves may be
done in order to decide what the HRA should emphasize

c) Models and Methods : Soon after the occurrence of an event, the cognitive process of
event detection and diagnosis is triggered. To predict the probability that a control room
operating crew will respond to a plant event in a given time, a Human Cognitive Reliability
(HCR) model is often used. Crew success/failure is quantified as a function of time. This model
allows for skill, rule and knowledge based human behaviour and also for selected PSFs that can
influence crew response time. Values are assigned to PSFs for operator experience, stress level
and quality of the Human-Machine Interface (HMI). The HCR Correlation gives a point
estimate for crew non-response probability within the time available for response action. Other
Time Reliability Correlation (TRC) models are also used to assess the probability that correct
diagnosis is not done in the time available. In the event of a misdiagnosis, a Confusion Matrix
(CM) model could be used to assess the probability of confusing the cause of a transient.

For execution errors (i.e.. errors in human actions) the Technique for Human Error Rate
Prediction (THERP) is generally used. HEPs for the actions are estimated using data from the
Handbook. Versions of the model that take into account the existence, quality and use of
procedures; training in relation to the task and the ergonomic aspects of the HMI have been
developed.

Another method of analysis that is used is the post-incident HRA technique outlined in
Accident Sequence Evaluation Programme (ASEP). The data used and recommended in ASEP
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is largely judgemental. ASEP, being an abbreviated version of THEKP may not be sensitive
enough to account for PSFs of the work situation.

Recovery Factors in the work situation/work place need to be considered as they can reduce
the probability for unrecovered error.

The Operator Action Tree Sequence (OATS) model combines cognition (detection, diagnosis
and responding in time) with execution and recovery.

There are a number of methods relying on expert judgement. Among those commonly used are
Paired Comparisons (PC) and Success Likelihood Index Methodology (SLIM)

(v) In the last step, human actions, which involve a high probability of error and identified in
the analysis may be reworked in order to lower their HEPs.

3. HRA Studies for PHWRs

HRA studies are being carried out for those OPECs which have significant impact on the safety
of the plant. A HRA study has been carried out for the OPEC for High Pressure Process
(HPPW) system failure. The analysis involving a Screening Analysis, followed by a Nominal
HRA, used the HRA procedures of ASEP.

In the context of HRA of real incident scenarios in PHWR, an analysis has been carried out for
the total power failure due to fire incident that occurred in Narora Atomic Power Station -
Unit I.

A HRA was also carried out for the OPEC for Stuck Open Failure of the Instrumented Relief
Valve of Primary Heat Transport System (PHTS).

The above case studies were presented at the Research Coordination meetings of the IAEA
Coordinated Research Programme on Collection and Classification of Human Reliability Data
for Use in Probabilistic Safety Assessments, 1995 -1998.
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HUMAN RELIABILITY ANALYSIS OF HIGH PRESSURE PROCESS WATER
SYSTEM FAILURE IN INDIAN PHWR- A CASE STUDY

1. Introduction

In a Nuclear Power Plant (NPP) or in any other complex technological system,
humans play an important role, be it in design, operation and maintenance or in coping with
situations arising out of the occurrence of initiating events. It is the general practice to
formulate procedures and train the operators in handling such situations. These event based
procedures in the Indian PHWRs are called Operating Procedures for Emergency Conditions
(OPECs). One such, the OPEC for 'High Pressure Process Water (HPPW) System Failure' is
analysed from a human reliability angle. This exercise helps in identifying the set of important
human actions having significant impact on the initiating event (IE) and causing it to develop
into an accident. This analysis employs the post incident Human Reliability Analysis (HRA)
methods as outlined in the Accident Sequence Evaluation Program (ASEP) [1].

2. Description of High Pressure Process Water System

High pressure process water system is a support system designed to remove heat
from various process systems like moderator pump cooling and primary heat transport
system pump cooling and safety systems like diesel generator coolers and auxiliary boiler
feed pumps. There are five pumps (three running and two auto standby) in this system. The
heat loads on this system are distributed in various locations/buildings at the site. An
emergency storage tank provided in this system takes care of minor leakages from the
system. In case of major leaks from the system, fire water is injected into the HPPW headers
to provide the necessary cooling water supply. Details of this system are available in [2].

3. Description of the OPEC

HPPW system failure occurs due to:
(a) all the three running HPPW pumps fail and the standby pumps fail to start on 'auto'
(b) failure of pump discharge header.

The salient steps of the OPEC dealing with these situations are outlined below.

3.1 Cues for Diagnosis and Steps in Diagnosis

(a) HPPW system pressure low annunciation in control room. The operator needs to
confirm the low HPPW pressure from the following.

- Process water pumps' motor current
- Class III buses' voltage is normal
- HPPW pump discharge valve position
- 'Open' indication of the outlet valve of the emergency storage tank
- Standby pumps started on 'auto' and are running
- Discharge valves of the standby pumps are open
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(b) Process water emergency storage tank level low and very low annunciations. These
annunciations occur only when the HPPW system pressure cannot be restored even after the
following operator actions.

- Starting the standby HPPW pumps if these have failed to start on 'auto'
- Opening the discharge valves of the pumps if these have failed to open on 'auto'

Even after carrying out the above actions, if the low HPPW system pressure
annunciation persists, the operator has to ensure that the fire water injection valve to HPPW
headers is open (auto/manual). The persistence of low HPPW system pressure, in spite of the
above actions, is an indication of heavy leakages/pipe rupture in the system. Under such
conditions, leak identification and isolation are necessary for selecting the strategy for
ensuring secondary heat removal. The reactor has to be shutdown (or the reactor will be
shutdown on uncleared setback). The leak identification involves:

(i) checking for Reactor Building (RB) floor beetle alarm to ensure the
presence of HPPW leak in RB and isolation of the leak

(ii) if the leak is not in RB checking for leak in Turbine Building (TB)
and isolation of the leak

(iii) if the leak is not in RB or TB, checking for the leak in pump house
and isolation of the leak

(iv) if the leak is in none of the above three locations, checking for and
isolation of the leak in the open areas (This is revealed by flooding
and leaks through manhole covers).

Depending on the leak location and possibility of its isolation, 'valving in' of
shutdown coolers or fire water injection to steam generators (SGs) has to be resorted to by
the operator in manual mode for ensuring decay heat removal.

As can be noticed from the above, the human interaction in HPPW system low
pressure incident is a dynamic task requiring a higher level of man-machine interaction like
decision making, keeping track of the situation and controlling several functions.

4. Human Reliability Analysis

The human interactions involved in executing this OPEC are assessed using the
Operator Action Tree (OAT) shown in Figure 1. Out of the seventeen sequences shown in
the figure, only seven sequences are likely to affect core cooling. These sequences are
analysed using the procedure recommended in [1] in order to eliminate the less risk
significant sequences.

4.1 Screening Analysis

The various human actions, the time needed, the stresses on the operating crew and
the assessed Human Error Probabilities (HEPs) are as described below.
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(a) Diagnosis Human Error Probability: Based on screening values for procedural human
actions in responding to events (Type III), a non-response probability of 10'3 is assigned.

(b) Manual Restoration of HPPW System Pressure. The following actions need to be
performed.

(i) check whether the standby pump is on
(ii) if not, start it manually
(iii) check whether the discharge valve is open
(iv) if not, open manually the discharge valve
(v) check HPPW header pressure

The actions in this set are judged to be completely dependent on each other. The
stress is moderately high. The actions are considered to be critical procedural actions. A HEP
value of 0.05 is assigned to this set (Table 7.3 of [ 1 ]).

(c) Fire Water Injection to HPPW Headers. The following actions need to be performed.

(i) check whether Motor Operated Valve (MOV) for injection of
Fire Fighting Water (FFW) to HPPW headers is open

(ii) if not, open the valve
(iii) check HPPW header pressure

These actions are similar to those in (b) above. Hence, a HEP value of 0.05 is
assigned to this set as well.

(d) Leak Detection, Identification and Isolation of Leak Location: The actions needed
are as follows:

(i) check for beetle alarm in RB. If alarm exists, isolate the leak. The time needed
is assessed to be 10 minutes taking into consideration an additional 5 minutes
as recommended in [1].

(ii) if there are no RB beetle alarms, TB operator is instructed to check for leak in
TB area and isolate it, if it exists. The time for this action is about 15 minutes
(10 minutes for checking whether the leak exists or not and 5 minutes for
isolation).

(iii) if there is no leak either in RB or in TB, check for leak in pump house area. If
it is found, isolate the leak. The assessed time for this action is about 15
minutes (10 minutes for checking and 5 minutes for isolation)

(iv) if leak does not exist in any of the above areas, check for flooding of open
areas (observed as leaks through manhole covers) and isolate the leak. The
assessed time for this action is about 15 minutes.
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Thus the estimated range of times for leak detection and identification is 10- 45
minutes. For screening purpose, a value of 45 minutes is considered on a conservative basis.
The assessed HEP is estimated to be 0.35 based on the Human Cognitive Reliability (HCR)
model. It may be noted that the total time available for this event is around 60 minutes. In
addition, the actions are conservatively assumed to be knowledge based. Leak isolation is
considered as a critical procedural action under moderately high stress. Accordingly a HEP
value of 0.05 is assigned for this task.

(e) 'Valving in' of Shutdown Cooling System

The HEP in valving in shutdown cooling system has been evaluated [3] and this value
turns out to be 3X10"4. This value has also been used in post-accident nominal HRA to be
discussed later.

(f) 'Valving in' of Fire Fighting Water to Steam Generators

The HEP for valving in fire water to SGs has also been evaluated [3]. Its value is
5X1O"2. The same value has also been used in post-accident nominal HRA.

Based on the above discussion, the accident sequences (AS) identified in OAT were
quantified. These are shown in Table I.

Table - 1

jquenci

3
6
9

11
13
15
17

s Assessed value of HEP
(per year)

1.4X10"5

7.0X10"6

4.4X1010

7.7X10'8

8.3X10"7

1.3X10-4

5.OX1O5

A cutoff value of 10'5 was considered. Only three sequences were found to be
dominating. These sequences were further analysed using the procedure recommended in [1]
for 'ASEP Nominal HRA for Post-Accident Tasks'. This analysis is outlined below.

4.2 Nominal Human Reliability Analysis

(a) Diagnosis: For diagnosis of low HPPW header pressure two sets of annunciations are
available. Using Table 20-23 of [1], the HEP is estimated to be of the order of 6X10"4.

(b) Manual Restoration of HPPW Pressure: The stress level is assumed to be moderately
high. The actions are assumed to be critical actions which are part of a step by step task. A
nominal value of 0.02 is assigned to the HEP for carrying out this set of functions.

29



(c) Fire Water Injection to HPPW header: The environment and the nature of actions in
this task are identical to those in (b) above. Hence, as in the above case, a nominal HEP of
0.02 is considered.

(d) Valving of Shutdown Cooling (SDC) System: Shutdown cooling system has to be
valved-in in 30 minutes. HEP for this set of skill based actions is taken as 3X10"4 as in the
case of Screening Analysis.

(e) Fire Water Injection to Steam Generators: Fire water has to be injected into the SGs
in 30 minutes. For this set of rule based actions, the HEP is assessed to be 5X102 as in the
case of Screening Analysis. Using these nominal HEP values for the identified systems, the
accident sequence probabilities were evaluated. These are shown in Table II.

Table II

Sequence No. Assessed value
(per year)

3 1.5X10"5

15 2.0X10'5

17 3.0X10"5

It was noticed that only the above listed three sequences are significant in terms of
HEP in the execution of this OPEC. To minimise farther the contributions from these
sequences, it is essential that efforts be made towards reduction in HEP for valving in fire
water to steam generators.

5. References

[1] Alan D. Swain, Accident Sequence Evaluation Program Human
Reliability Analysis Procedure, NUREG/CR-4772, 1987

[2] Madras Atomic Power Station Safety Report, Vol. I, 1984
[3] Probabilistic Safety Assessment of Kaiga Atomic Power Project-1996

(Unpublished)
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HUMAN RELIABILITY ANALYSIS OF NAPS UNTT-1
FIRE INCIDENT : A CASE STUDY

1.0 DESCRIPTION OF THE INCIDENT

On 31" March 1993, Narora Unit-1 which was operating at 185 MWe, suffered a
catastrophic turbine blade failure resulting in dynamic imbalance, damage to generator
seals and escape, ignition and burning of hydrogen and oil escaping from ruptured lube
oil lines. Cables in the vicinity also caught fire, ultimately resulting in total black out.

In this case study, time T=O refers to the time of turbine trip registration. All events are
sequenced with this time as reference. The chronological record of alarm registration
and important events/actions in Narora Atomic Power Station (NAPS) Unit-1 after
turbine trip at 03 Hr. 31 Min. 40.004 S (i.e. T=O) is given in Annexure-1.

1.1 Event Outline

NAPS Unit-1 was operating at 185 MWe. Unit-2 was in shutdown state with the PHT
system in cold and pressurised condition. At time 3:31:40:004 on 31.3.93 (T=O) turbine
of Unit-1 tripped. Several alarms registered at the same time on control room panel for
turbine and auxiliaries and the parameters which initiated the turbine trip could not be
identified separately. Simultaneously, a loud, high intensity sound, resembling an
explosion was heard by control room staff and other staff on duty inside and outside the
turbine building. The control room staff also experienced vibrations on the floor and a
gush of hot and dusty air. A huge fire was observed at 111 m and 104 m elevation floors
near the slip ring end of the generator. The crane operator, who was inside the crane
cabin (crane was parked at Unit-2 side of turbine building) also noticed high bluish
flames of the fire, near the TG set of Unit-1.

1.2 Immediate Actions - Automatic and Manual

Turbine trip initiated the opening of Unit transformer breaker, main generator breaker
and field breaker and closure of breaker for startup transformer and the reactor setback
on auto' as per logic. On seeing the magnitude of the fire, reactor was tripped manually
(T=38 seconds). Within a few minutes, several reactor trips and alarms registered in
control room due to the burning of several control cables (Fig. 1) on the mezzanine floor
of turbine building (106 m elevation) and tripping of control Motor Generator (MG)
sets. Cooldown of PHT system was initiated by manual opening of small Atmospheric
Steam Discharge Valves (ASDVs), but on observing the gravity of the situation, crash
cooldown was started (T = 5 min. 48 s) by manually opening the large ASDVs.
Secondary Shutdown system (SSS) got actuated on the initiation of crash cooldown as
per logic.

There was complete loss of power supply in Unit-1 (T=7 min. 40 s) including loss of
class I and II supplies. Senior plant management personnel were informed. Plant
emergency was declared from Unit-2 side of control room (T=8 min.) through the public
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address system. Prior to the total loss of power, control room staff noted that Primary
Heat Transport System (PHTS) pressure was 50 kg/cm2(g) and fuelling machine supply
pump was in operation. All PHTS pumps tripped at T=6 miri. 47s.

1.3 Damage Caused

A large quantity of hydrogen escaping from the generator caused explosion and fire. Oil
from severed pipelines of seal oil and lubricating oil circuit sustained the fire for a
considerable period. This led to extensive damage of the TG set and its accessories, bus
ducts and excitation cabins. From the mezzanine floor of the turbine building, fire
spread rapidly to the control equipment room along the cable trays. The fire barriers
provided were ineffective. The spreading fire damaged many cables. Emergency
Transfer Relay (EMTR) panels and Line, Transformer and Generator (LTG) panels. A
large amount of smoke ingressed into the control room through control equipment room
(CER) and air supply difrusers. This forced the control room staff to vacate the control
room within 8-10 minutes of turbine trip. An attempt was made to take charge of the
situation from the Emergency Control Room, but it was observed that no indications
were available on Unit-1 panel due to the loss of control power supply. Indications for
Unit-2 were however available Main control room could be reoccupied only after about
13 Hours.

1.4 Incident Mitigating Operations

Fire fighting operations could be started in the area below the generator within about 20
min, using water from fire hydrant and a fire tanker. There was no difficulty in using

: water even for cable fire as the power supply failure was total. Two diesel engine driven
fire-water pumps had already been started (T=10 min.) by the operating crew (Third
fire-water pump was under maintenance). Major fire was put out in about 1 hr. 30 min.
and the fire was completely extinguished in about 9 hours. Fire tenders from nearby
places were also summoned for additional support.

Members of the Advisory Committee for accident management reached the site in about
30 minutes after the initiation of the incident and took charge of the situation. Guard
house at the entrance of turbine building was designated as control centre for guiding
further operations.

1.5 Critical Operations

A group of staff members was sent to boiler room (T = 1 hr.) for checking the status of
valves in the fire water backup circuit connected to the steam generators. These valves
were opened manually upto 50%. With this, the availability of heat sink for removal of
core decay heat was established. Till this time, the inventory of water present in the
steam generators continued to provide the heat sink for decay heat removal through
thermosyphoft in the PHT system. Borated heavy water was added to the moderator
through Gravity Addition of Boron System (GRABS), as per the Operating Procedure
for Emergency Condition (OPEC), to ensure adequate longterm subcriticality. The
GRAB system has been specially engineered to cater to the Station Black Out (SBO)
condition.
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Upto the time of tripping of the PHT system pumps (T = 6 min. 47 s) core heat removal
was through forced circulation in the system. Subsequently, core decay heat removal
was due to the flow coast down followed by natural circulation (Fig. 2). The efficacy of
thermosyphon cooling had earlier been ensured by experiments conducted during
NAPS-1 commissioning. This was further reconfirmed during the fire incident.

1.6 Radiation Survey

A quick survey outside the reactor building using portable radiation survey instruments
(T=30 min.) showed normal radiation levels and no release of activity. Radiation surveys
carried out inside the secondary containment (T=2 hrs.) and inside the primary
containment (T=4 hrs.) showed normal values.

Since the radiation survey carried out inside the primary containment showed normal
values, operating personnel were allowed to enter primary containment. Fire water was
connected to the suction of end shield cooling system pumps to cool the end shields
(T=5 hrs. 30 mins.) One of the end shield cooling pumps could be started only after 32
hrs.

1.7 Auxiliary Power System Recovery and Establishment of Shutdown Core Cooling

During the incident, station Diesel Generators (DGs) on Unit-1 side had started
automatically but tripped due to loss of control power supply. One DG (No. 3) common
to both units was started (T=6 hrs.) and one of the class III buses could be charged.
Thereafter, essential equipment were started one after another in a planned manner.

One of the shutdown cooling pumps was started at around T=17 hrs. The station black
out condition can thus be considered to have lasted for a period of about 17 hours. Plant
emergency was lifted at 22.45 hrs. (T=19 hrs.)

2 0 ANALYSIS OF THE INCIDENT

The incident was caused by the sudden failure of the turbine blades in LP-5 flow path-2
(generator end). The fatigue failure of 2 blades, viz. Nos. 52 and 51 at the root resulted
in the cascade failure of 14 other blades in the 5th stage. With several blades failing, a
tremendous amount of radial force was generated. The resulting severe imbalance led to
the failure of bearing no. 4, causing excessive loading on bearing nos. 5 and 6. (The
turbine generator coasted down with excessive mechanical resistance due to the failed
bearings in less than 40 seconds against the normal coast down time of about 45
minutes). The fire was caused by the ignition of hydrogen gas escaping from the
generator due to the generator hydrogen seals getting thrown out on account of severe
vibrations in the turbine generator. The oil pipes connected to the TG snapped due to
the excessive vibrations and the oil pouring out also ignited and sustained the fire.
Subsequently, fire spread to cable trays in the turbine building and control equipment
room.
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Accumulation of Hydrogen in the bus ducts due to the leaks past the terminal bushings/
seal off bushings and its explosion (of minor intensity) during the incident caused
damage to the ducts and the excitation panels. Some portion of the neutral bus ducts
and the vertical portion of the phase bus ducts below the generator melted due to the
sustained oil fire in this area.

Examination of blade no. 51 showed that the crack initiation occurred at the root from
both the ends of the blade and grew initially to a certain depth by fatigue and finally
failed due to overload. The analyses indicated that the blade experienced low to high
cycle fatigue. Blade no. 52 had a longer fatigue crack compared to blade no. 51.

The incident resulted in a complete station black out including loss of class I and II
power supply which lasted for about 17 hours. The cable fire and ineffective fire
barriers/fire retarding provisions, together with the inadequate physical separation in
redundant safety related cables, was the main cause of the extended station black out
and consequent degradation of several safety systems.

3 0 EVENT RATING AND CONSEQUENCES OF THE INCIDENT

On the international severity scale, the event was classified as a serious incident and
rated at level 3 on the International Nuclear Event Scale.

The incident did not have any radiological impact either in the public domain or even
within the plant There was no release of radioactivity to the environment as a result of
the incident. This was confirmed by radiological survey within the plant, and
environmental radiological survey around the plant.

There was a significant impact on plant equipment and several systems important to
plant safety were degraded. Some of the important safety related functions which got
degraded were:

• Automatic Liquid PoisOn Addition System (ALPAS)
• Emergency Heavy Water Injection
• PHTS circulation including shutdown cooling
• Auxiliary feed to boilers
• During the incident, control room staff had to vacate the control room due to ingress

of smoke In emergency control room, no indications were available on Unit-1 panel
due to loss of control power supply. Some of the important parameters had to be
directly measured from field.

The incident was a Beyond Design Basis Accident as total station blackout including
Class I and Class II failure was not considered during the design stage. Despite the
severity of the incident, the operating staff executed the necessary actions under
extremely difficult conditions arid it is to their credit that they achieved this successfully.
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4 0 CORRECTIVE ACTIONS

Immediate

Several systems necessary for monitoring and maintaining the reactor (NAPS-1) in safe
shutdown condition were made functional to the required level.

Long term

Various rehabilitation tasks were carried out in Unit No. 1. These include assessment of
the extent of the damage to the civil structure during the incident and restoring it to its
original strength, replacement of turbine generator, cable rerouting, replacement of PVC
cable with Fire Resistant Low Smoke (FRLS) cables, and providing effective fire barriers
and fire brakes at the required locations

Line, Transformer and Generator (LTG) panels of Unit No. 2 were in Unit No. I control
equipment room earlier. These have been shifted to Unit No. 2 control equipment room.
In Unit No. 2, cable rerouting has been carried out so that the possibility of common
cause failure is minimised. Turbine rotor in Unit No. 2 has been replaced with a new
rotor which has a modified design of LP 5th stage blades. This has also been done in case
of Unit no. 1.

Operating Procedure for Emergency Condition (OPEC) for total power failure was
prepared

After extensive rehabilitation and implementation of all the corrective actions. NAPS
UNIT No 1 was restarted in January 1995
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5.0 HUMAN RELIABILITY ANALYSIS OF THE INCIDENT

5.1 HRA Event Tree

Time Detection

00 Turbine trip alarm. Audio
visual cues. Large thudding noise.

Heavy ground vibration in
control room. Huge fire
observed through window
between control room and
turbine floor.

Auto sequence operation of
Electric supply breakers
giving rise to visual alarm
(Auto transfer alarm) and
indicating lights corresponding
to breaker operation

38.5s Manual trip of reactor
Ganged switch operated in
in control room

5 Min Manual initiation of Crash
48 s Cooldown; ganged switch on

boiler pressure control panel
operated. (Action taken due
to abnormal occurrences of
ground vibration and fire).

6 Min Class IV power failure
47 s followed immediately by
to simultaneous class III,
7 Min class II and class I power
40 s failure due to spread of

fire to cables.

8 Min Evacuation of control room
due to smoke ingress.
Declaration of plant emergency
(Announcement on PA system,
Affected areas indicated).

Failure to
Detect

F

Effect

F Reactor would have
tripped automatically
on grid power failure

F Delay in injection of
fire water into steam
generator
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lOMin Two diesel driven fire
water pumps started (from
pumphouse) and arrangements
made (valve lineup) to add
water to boilers.

lhr.

l h r
30min

2hr
lOmin

Entry into boiler room,
fire water valves to
boilers opened.

Fire on ground and
mezzanine floors of TB
extinguished by fire
fighting crew.

Boron poison added
manually to reactor core
through the GRAB system
(Poison tank is located in
the boiler room. Valve
opened manually).

3hr One DG started. Class III
bus charged. Sequential
start up of essential equipment
(PW pumps, fans for
ventilation, lighting loads).

4 hr PHT system checked to
25 min confirm that thermosyphoning

cooling is occurring. (Visual
observation of local pressure
guage (40 kg/cm2) by making
reactor building entry).
Activity levels checked during
reactor building entry, normal
fields indicated.

4 hr End shield cooling by fire
35 min water commenced (fire hose

connected from fire water
header to end shield
cooling pipeline).

F Inadequate cooling of
PHT system via steam
generator.

F As above

F Spread of fire

F Long term core
criticality affected

F Delay in establishment
of normal shutdown
core cooling

F Could affect
structural integrity.
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5hr
35min
to
13 hr
lOmin

13 hr
lOmin

15 hr
SOmin

17 hr

19hr
lSmin

Third DG, started
connected bus charged and
sequential start up of
essential equipment
commenced.

Control room made
habitable.

Environmental survey of
radiation fields showed
normal activity levels

Shutdown cooling pump
started and subsequently
PHT system made solid
by FM supply pump.
(PHT pressure observed
to be 2 kg/cm2 at 9 hrs
lOmin)

Plant emergency lifted
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5.2 Quantification of Human Reliability

5 2.1 Objective

The objective of treating human reliability in a probabilistic safety assessment study is to
ensure that the key human interactions of typical operating crews are systematically
incorporated into the study. In doing this, factors like man-machine interface (MMI),
training procedures, knowledge as well as experience of the operators are also considered.
This exercise helps in formulating/modifying the accident management procedures to
reduce the chances of human error, thereby minimising the core damage frequency.

5.2.2 Types of Human Interactions

Human Reliability Analysis, as part of safety studies for Indian PHWR, is carried out for
basically three types of human interactions.

Type A: Pre-initiating event interactions. (Include periodic calibration, testing and
maintenance tasks).

Type B: Accident initiating interactions during normal operation and maintenance.

TypeC: Post-initiating event interactions.

Human interactions of types A and B are considered in system reliability analysis as basic
events, where, in general, interaction time is not significant. In this case study, human
interactions of type C are applicable. Type C interactions are associated with the detection
of failure situations, diagnosis and subsequent actions aimed at mitigating the
consequences of the initiating event. The human reliability analysis of such interactions is
discussed in more detail in this case study.

5.2.3 Quantification

In the fire incident at NAPS, described earlier, the following actions can be considered to
have an impact on the integrity of the core.

(1) Cognition

(a) Detection

The occurrence of fire in turbine building and the explosive sound were the cues to the
operator regarding the seriousness of the situation. These cues led him to (i) trip the reactor
and (it) to initiate crash cool down.

Subsequent occurrence of total power failure at around 8 minutes into the incident was an
additional cue.
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(b) Diagnosis

Black Out

The actions required to be taken in this situation are :
to start diesel engine driven fire fighting pumps.
to open feed water (FW) injection valves (2 nos.) to steam generators (SGs)
to ensure PHT system integrity for assuring continued core cooling.
to ensure the subcriticality status of the reactor.

The time available (t) for injecting FW into SGs is about 60 minutes and this is based on
the inventory in the SGs. Hence, all the above actions are needed to be taken within an
hour.

Quantification using Human Cognitive Reliability (HCR) Model [3]

The nominal time for starting two diesel driven pumps and opening two valves is assessed
as 20 minutes. This is the median time.

Performance Shaping Factors (PSFs)

In Indian PHWRs, the operator is well trained. Hence the PSF for operator experience, Kl
= -0.22. Considering the situation to be one of grave emergency, the PSF for stress level,
K2 = 0.44. MMI is considered not applicable here as the situation is one of total power
supply failure. Hence, the PSF for quality of operator/plant interface K3 = 0.

Hence, the median time adjusted for the stresses,
T 1/2 = 20 x (1-0.22) (1+0.44) (1+0) = 22.46 minutes.

t 60
The normalised time = — = 2.67

T1/2 22.46

The actions are rule based. Hence the HCR correlation coefficients are
Aj = 0.601, Bj = 0.6, Cj = 0.9.

P(t) the crew non-response probability in time t is given by

For this situation P(t) = 0.048
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Human Error Probability (HEP) for Actions

(a) Starting of Diesel Driven Pumps :

The subtasks involved are listed below. The associated HEPs are given in brackets. These
are taken from Reference 4.

i) Starting the diesel engine (0.001).
ii) Observing whether the rated speed has been attained (0.001).
iii) Opening the pump discharge valve (0.001).
iv) Checking downstream pressure gauge (0.001).
v) Informing the Control Room.

As the fire fighting pumps are tested weekly, the operator is experienced in carrying out
this task. The stress level is considered to be moderately high. Hence a stress factor of 2 is
considered [4], The non-recovery factor is taken to be 0.1, as the action is supervised.

Hence, the HEP = 0.004 x 2 x 0.1 = 8 x 10"4. For two pumps, the HEP contribution for
starting of the pumps,

HEP (pumps) is 1.6 x 10"3 .

(b) Opening of the Fire Water Injection Valves to SGs :

Probability of failure to open one valve is 1 x 10"3. Since the action is not frequently carried
out, a stress factor of 5 is considered. Hence HEP for a valve is 5 x 10"3. For two valves, the
HEP contribution for operation of the valves, HEP (Valves) is 1 x 10"2.

For ensuring PHT system integrity and core subcriticality, the time available is sufficiently
large. Hence the associated HEPs are negligible.

The overall HEP is therefore:
P(t) + HEP (pumps) + HEP (valves) = 4.8 x 102 + 1.6x 103 x 1 x 10"2

=5.96 xlO-2 ~6xlO- 2

6 0 CONCLUDING REMARKS

Human Reliability Analysis was carried out for this total power failure due to fire incident
that occurred at Unit-1 of NAPS. This was a beyond design basis event.

This incident confirms the importance of the extensive training imparted to operators in
Indian PHWRs. This along with the operational experience proved to be effective in
managing a totally unforeseen incident. The timely actions in promptly shutting down the
reactor, cooling down immediately and subsequently taking steps to ensure prolonged
reactor subcriticality and continued core cooling resulted in the maintenance of safe state of
the unit despite seventeen hours of total station blackout. The human error probability
calculated is of the order of 6 x 10'2. This indicates that the chances of commission of error
by trained operators carrying out rule based actions even in adverse circumstances, is not
significant.
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A N N E X U R E - I

Sr.
No.
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.

12.
13.

14.

15.
16.

17.
18.
19.

20.

21.

22.
23.

24.
25.
26.

27.
28.
29.

Elapsed Tinu

0
72 ms
105 ms
117ms
140ms
38.512 s
38.592 s
3 M 0.247 s
4 M 54.552 s
5 M 47.942 s
5 M 47.957 s
6 M 47.862 s

7 M 4.347 s
7 M 39.228 s

About 8 Min.

10 Min.
lhr

1 hr. 30 min.
2 hr. 10 min.
About 3 hr.
50 Min.
4 hr. 25 min.

4 hr. 25 min.

4 hr. 35 min.
5 hr. 35 min.

5 hr. 35 min.
6 hr. 00 min.
7hr.

7 hr. 30 min.
9 hr. 10 min.
9 hr. 30 min.

Turbine trip
UT-1 breaker trip
Generator transormer-1 breaker trip
Main Generator-1 field breaker trip
6.6 kv bus section breaker trip
Reactor tripped manually
PSS got actuated
Power MG-2 breaker trip
Control MG-1 breaker trip
Manual Crash Cool Down initiated
SSS got actuated
All PHT pumps tripped - complete loss of class IV power
supply
RB primary containment isolation (containment got boxed up)
Control MG-3 breaker trip (complete loss of control power
supply)
Plant Emergency declared.
Control Room evacuated.
Two diesel driven fire water pumps started
Entry made to BR for opening fire water injection valves to
SGs
Fire was extinguished on ground and mezzanine floors in TB.
Boron poison added through GRABS
Both Diesel driven fire water pumps tripped. One pump was
restarted after 1 hr. 45 min. (T - 5 hrs. 35 mins.)
First entry to Reactor Building by operating staff. (Radiation
survey showed normal fields earlier at T = 4 hrs.)
PHT system pressure noted as 42 kg/cm2 from master gauge at
El. 103 M.
Fire water hose connected to end shield system
One fire water pump restarted at T = 5 hrs. 35 mins., cooling to
end shields provided in addition to feeding water to steam
generators.
DG no. 3 was started.
Class III Bus Q was charged.
Non Active High Pressure Process Water Pump Pump~2 started.
CTM temperatures of 15 channels were monitored through
channel temperature monitoring system and found to be about
120°C.
End shield metal temperature 70 - 80°C.
PHT system pressure noted to be 2 kg/cm2

Active HPPW started. 3335-MV-15 and 16 (D2O) accumulator
outlet valves) found in nearly closed position.
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30.
31.
32.

33.
34.
35.

36.
37.

10 hr.
13 hr
13 hr.

15 hr.
17 hr.
17 hr.

19 hr.
20 hr.

00 nun.
lOmin.
30 min.

50min.
05 min.
45 min.

15 min.
and

beyond

Instrumented ERVs closed manually.
Control room made habitable
5.5 Te of D2O from accumulator was taken into PHT system.
(System pressure increased to 5 kg/cm2)
Environmental survey showed normal radiation fields.
Shutdown cooling pump-2 was started
FM supply pump-2 was started and PHT system pressure
increased to 31 kg/cm2.
Plant Emergency lifted
APW cooling pump, moderator pump, end shield recirculation
pump, PC ventilation fan, purge dryer fan started.
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HUMAN RELIABILITY ANALYSIS OF THE OPEC FOR INADVERTENT STUCK OPEN
FAILURE OF INSTRUMENTED RELIEF VALVE (IRV) OF PRIMARY HEAT TRANSPORT

SYSTEM

1. Introduction

In a Nuclear Power Plant or in any complex technological system, humans play an important
role, be it in design, operation and maintenance or in coping with situations arising out of the
occurrence of initiating events. It is the general practice to formulate procedures and train operators in
handling such situations. These event based procedures in Indian PHWRs are called OPECs. One such
OPEC formulated to deal with 'Inadvertent Stuck Open failure of IRV1 is analysed from the view point
of human reliability analysis. This exercise helps in identifying the set of important actions having
significant impact on the IE and causing it to develop into an accident situation. This analysis employs
the post-incident HRA methods as outlined in ASEP.

2. Description of the OPEC

In Indian PHWRs IRVs (3 Nos.) are connected to one of the outlet headers of Primary Heat
Transport System (PHTS) and relieve the PHTS pressure whenever it exceeds the set point. The relief
is to the bleed condenser. If an IRV is stuck open, the bleed condenser forms part of the primary heat
transport system. To prevent the possible opening of the safety relief valve of the bleed condenser and
subsequent LOCA, certain human actions are to be carried out by the operator. This OPEC identifies
the signal indications that help recognition of the event and suggests the course of actions to be
followed in order to achieve a safe termination of the event.

3. Cues for diagnosis

(i) IRV ON/OFF position lamp indication
(ii) IRV open alarm from its limit switch,
(iii) High level in bleed condenser - Annunciation
(iv) High pressure in bleed condenser - Annunciation
(v) Bleed cooler inlet temperature high - Control Room Computer System (CRCS)

Annunciation.

Many other indirect cues, though available, are not considered here. The compelling signals are
(i) and (ii) above.

IRV opening leads to :

(a) a dip in PHT pressure and subsequent reactor trip.
(b) annunciation of low level in PHT storage tank
(c) starting of standby Primary Pressurising Pump(PPP) on auto
(d) rising Bleed Condenser (BC) level and pressure
(e) reduction in bleed flow

After detecting and diagnosing the IRV stuck open condition, the following actions are to be
carried out by the operator.
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(1) Trip the pressurising pumps, if these have not tripped on auto when the PHT pressure
reaches 83 kg/cm2(g).

(2) Start Fuelling Machine (FM) pump if this has not started on auto.
(3) Monitor PHT pressure and ensure that it is in the range of 70 - 80 kg/cm2 (g) by the

following actions:

(i) close BC reflux CV (auto)
(ii) close BC spray CV (auto)
(iii) adjust FM discharge pressure
(iv) close BC outlet valves
(v) monitor PHT pressure
(vi) monitor BC overflow tank level

After these actions are completed, the crew should ensure closure of IRV using the hand wheel,
by sending a person to the field. Normal decay heat removal procedure will be initiated after the
closure of IRV to bring the reactor to a safe shut down state.

3. Human Reliability Analysis

The human interactions involved in executing this OPEC are assessed using the Operator
Action Tree (OAT) and HRA event trees as shown in figures 1,2 and 3. As the number of sequences
identified are limited, only nominal HRA, as outlined in (1) has been carried out and no screening
methods are employed.

3.1 HEP for diagnosis

As there are compelling signals for the detection and diagnosis of IRV stuck open condition, a
lower value of the nominal HEP (0.01) is considered appropriate. It may be mentioned here that the
time for diagnosis can vary from 5 - 1 0 minutes. This value agrees reasonably well with the results
obtained using HCR model as explained in (2). The actions, here, are assumed to be rule based. The
operators are assumed to be well trained. The situation imposed by the stuck open IRV condition is
assumed to be one of potential emergency as this can lead to medium/small LOCA The quality of the
operator-plant interface is considered to be good.

3.2 Actions - First Set

The first set of actions to be carried out by the crew is represented using the HRA event tree as
shown in figure 2. The actions are expected to be completed within 2 - 5 minutes after the event has
been diagnosed. The HEP for post-accident post-diagnosis action is assessed to be 0.01. In arriving at
this, the values employed for each subtask are as shown below.
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Action Value Remarks

1. Failure of auto trip of
primary pressurising pumps (PPPs)

2. HEP associated with the manual trip 0.004
ofPPPs.

10'3

0.004

10"3

0.004

Assumed

Lower bound value of
critical action, as part
of step by step task,
done under moderately
high stress.

Assumed

as in 2 above

3. Failure of FM pumps to start

4. HEP associated with the manual
start of FM pumps

5. Monitoring Primary Heat Transport 0.01 considered as a
System pressure and maintaining dynamic non-critical
it in the range of 70 - 80 kg/cm2(g). action performed under

moderately high stress.
The action is considered
non-critical as failure
to perform this action
leads only to a small to
medium LOCA.

3.3 Actions - Second Set

The second set of actions to be performed by the crew are shown in figure 3. Closing the stuck
open IRV by hand wheel, is an important but non-critical action to be carried out within 30 minutes.
Hence the HEP associated with this is expected to be ~0.004. The second action is also non-critical as
thermosyphoning mode of heat transfer is effective even if valving in of shutdown cooling system is
delayed.
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The failure probabilities associated with the various operator crew actions are shown in Figure 1.

Crew's Second
operation

IRV opens and Detection
remains stuck Diagnosis
open & Monitoring

10t-3

S - Success

Crew's First
operation

0.01

0.01

F - Failure

Fig. 1. Operator Action Tree

4*10":

Manual Trip of PPPs
(if not Auto)

Manual start of FM Pumps
(if not Auto)

Medium LOCA

ECCStineup

Monitor PHT Pressure and ensure that it is in the
range of 70 - 80 kg/cm2 (g)

Fig. 2 : HRA event tree for Crew's First Operation
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Ensure IRV closure by hand wheel

Valve-in Shutdown Cooling

Small to Medium LOCA

Thermosyphon cooling

Fig. 3 : HRA event tree for Crew's Second Operation
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