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FOREWORD

Probabilistic safety assessment (PSA) is playing an increasingly important role 
in the safe operation of nuclear power plants throughout the world. In order to estab
lish a consistent framework for conducting PSA studies, for promoting technology 
transfer of the state of the art, and for encouraging uniformity in the way PSA is 
carried out, the IAEA is preparing a set of publications which gives guidance on vari
ous aspects of PSA.

This document presents a practical approach for incorporating human reliabil
ity analysis (HRA) into PSA. It describes the steps needed and the documentation 
that should be provided both to support the PSA itself and to ensure effective com
munication of important information arising from the studies. It also describes a 
framework for analysing those human actions which could affect safety and for 
relating such human influences to specific parts of a PSA.

This Safety Practice also addresses the limitations of PSA in taking account of 
human factors in relation to safety and risk.
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1. INTRODUCTION

1.1. BACKGROUND

The human contribution to risk and safety of nuclear power plant (NPP) opera
tion can be best understood, assessed and quantified using techniques of human 
reliability analysis (HRA). These have become an essential part of every probabilis
tic safety assessment (PSA) and are now commonly used to demonstrate that NPPs 
conform to some prescribed safety level and to ensure that operating utility compa
nies are prepared to deal with severe accidents and have thought through the required 
responses in some detail.

The Agency has established a set of guidelines for facilitating the use of PSA, 
the main document being “ Procedures for Conducting Probabilistic Safety Assess
ments of Nuclear Power Plants (Level 1)” , which was published as IAEA Safety 
Series No. 50-P-4 in 1992 (see Ref. [1]). Subsidiary documents in this set have 
included the analysis of common cause failures, external hazards and the collection 
and analysis of reliability data. This Safety Practices publication complements the set 
of guidelines by providing procedures for conducting HRA in the context of a PSA.

1.2. OBJECTIVES

The objectives of this Safety Practice are:

— to present a practical and standardized approach and terminology for HRA in 
PSA;

— to describe a framework in which different types of human actions are related 
to specific parts of a PSA;

— to describe acceptable methods and data sources for analysing the human 
actions; and

— to show how the HRA is integrated into the rest of the PSA.

The publication supplements the IAEA PSA Guidelines [1] but can be used as 
a stand-alone report.

This document addresses the incorporation of human reliability analysis into 
PSA but it should be noted that PSA by itself cannot fully address all important 
human reliability and other human factors issues relevant to nuclear safety, e.g. some 
aspects of management and organization. These issues may need to be considered 
by other studies outside the main PSA framework.

This Safety Practice describes HRA in detail but does not prescribe methods 
for analysis. It is to be pointed out that the HRA framework itself is not a quantifica
tion method but is designed to be used in conjunction with any available methods of

1
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quantification for human reliability. The document describes advantages and limita
tions of some widely used alternative methods but only to the extent that they have 
practical implications in the performance of HRA for PSA. For more detailed review 
of the methods Refs [2-4] should be consulted.

It is assumed that the user of this Safety Practice is familiar with the structure 
of a PSA and its technical vocabulary. The user should have a working familiarity 
with the objectives and structure of fault tree and event tree modelling in particular 
and the way in which event sequence descriptions are developed and quantified. It 
is not necessary that the user be an expert in any one of these areas, nor in plant oper
ation, although access to such experts should be available through the PSA team.

1.3. SCOPE

The scope of the document covers all the key issues for incorporating HRA 
into PSA; these include the requirements and limitations on HRA for PSA; the 
categories of human actions and how they are included in the PSA; assessment and 
quantification of each category; and finally outputs, documentation and limitations 
of the overall process. It does not uniquely prescribe methods for analysis nor is it 
in itself a quantification method. Further, it does not include external human inter
actions such as sabotage, as these are normally not addressed within PSAs. The 
management and organizational issues, which have recently been receiving increased 
attention under the safety culture umbrella, are also not directly modelled and are 
beyond the scope of this document.

1.4. STRUCTURE

Section 2 presents information on the nature and structure of PSA and how this 
places certain requirements and limitations on HRA for PSA. It identifies the three 
main categories of human actions in relation to the overall PSA process.

Section 3 presents the basic elements of human errors and HRA assessments 
to assist understanding of the problems of selecting appropriate quantification 
methods and integration of HRA into the PSA.

Section 4 discusses some generic features of each category of human actions 
and the part they play in a PSA. A general seven-task framework is described, within 
which each category of actions should be treated separately. Sections 5, 6 and 7 
describe the way the tasks are performed for each category of action.

Section 8 discusses the outputs and documentation required from the process. 
It suggests a practicable method of documenting the HRA studies for the PSA.

Section 9 discusses important issues for HRA that relate to the overall PSA. 
It provides some information of the limitations of PSA to explicitly address human 
influences.

2
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2. FRAMEWORK OF HRA IN THE CONTEXT OF PSA

This section outlines the requirements of HRA and shows how the structure 
and nature of the PSA place requirements and limitations on the HRA. It also indi
cates the human interactions that can be reflected in a PSA. Section 4 then shows 
the overall approaches for the practical implementation the requirements on HRA 
for PSA.

2.1. THE NATURE AND STRUCTURE OF PSA

Although the nature of PSA is discussed in detail in the main PSA guidelines 
document [1], certain specific items are mentioned here as they affect the HRA 
requirements.

(a) PSAs use a logic structure to model accident sequences, starting with an initia
tor and progressing through plant responses and mitigating actions to either a 
success or a failure state. Although there are several logic structures used for 
PSA modelling (fault trees, event trees, event sequence diagrams), all the 
structures use three basic elements:

— initiators (initiating events or faults)
— safety functions demanded and additional failures occurring after the initiat

ing event
— the unreliability or unavailability of equipment/systems to operate when 

required after the initiating event.

The models used have binary or very limited outcomes from each discrete 
event. The HRAs must fit into this structure.

(b) PSAs may have various uses in risk and safety assessments: as an iterative 
design tool, for overall design assessment, or for assessing specific topics or 
issues. Each of these uses may require a different structure and emphasis in 
the PSA, and hence different HRA requirements.

(c) PSAs are supported by underlying assumptions; some are explicitly stated, 
others are not. Many of these assumptions are directly dependent on human 
influences, particularly aspects of management and organization. The PSA 
results remain valid only if these underlying assumptions remain valid. Sec
tion 9.3 gives further information of PSA limitations with respect to human 
influences.

2.2. RISK RELATED HUMAN ACTIONS

Human actions can affect safety or risk in various ways. It is important to be 
able to relate them to the PSA structure to understand their potential effect on risk 
or safety.

3
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HUMAN ACTIONS

PRE-INITIATORS* 
(CATEGORY A)

— Maintenance/test/ 
repair errors

POST-INITIATORS 
(CATEGORY C)

INITIATORS 
(CATEGORY B)

—  Control room 
actions/errors during 
normal operations

— Maintenance/test errors

Procedural 
safety actions

— Manual 
re-enforcement

— EOP responses

Aggravating
actions/errors

■ Errors of commission
■ Mistakes
- Slips

Improvizing
recovery/repairs

Non-procedural
actions

'See definitions in Section 4.1.

FIG. 1. Categories of human actions for incorporation in PSA.

Three categories of actions can be defined which facilitate the incorporation 
of HRA studies into the PSA structure.

— Category A actions that cause equipment or systems to be unavailable when 
required post-fault.

— Category B actions that either by themselves or in combination with equipment 
failures lead directly to initiating events/faults.

— Category C actions occurring post-fault. These can either occur in the perfor
mance of safety actions or can be actions that aggravate the fault sequence.

Maintenance activities (i.e. maintenance, test, repair, calibration and inspec
tion) can lead to Category A or B events. Control actions/errors during normal • 
operation can lead to either Category B or Category A events, e.g. failing to realign 
systems/equipment after testing, omitting to restore protection system vetos or 
permissives.

Category C events can occur either in the control room or locally at the plant. 
More details of Category A to C events are given in Sections 4-7. Figure 1 summa
rizes these categories.

Categories A to C involve the actions/errors made by personnel directly inter
facing with plant controls and equipments. However, these personnel and their 
actions are themselves dependent on other plant personnel and human influences

4
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TABLE I. EXAMPLES OF PSA ASSUMPTIONS RELATING TO HUMAN 
INFLUENCES

(a) EXPLICIT

— Level of control room staff experience and general training
— Types of inspection and quality assurance (QA) controls applied to maintenance
— Comprehensiveness and accuracy of procedures (operations, maintenance and 

testing)
— Ergonomics of man-machine interfaces
— Quality of communication links between personnel ‘in the plant’, e.g. between 

control room staff and those in the plant

(b) IMPLICIT

— Ability to update procedures with plant modifications during plant lifetime
— Sensitivity/robustness of organization to changes of plant personnel (particularly 

key management positions)
— Adherence of staff to procedures, technical specifications, QA procedures
— Ability and effectiveness of the management and organizations to resolve safety 

and economic conflicts acceptably
— Ability to communicate important information through the organization to reach 

the appropriate people

which can significantly affect the resulting risks. These factors are taken into account 
in the PSA by making explicit or implicit assumptions about them and then modify
ing the assessment of the Category A to C events to reflect the assumed effect or 
dependencies. Table I gives examples of assumptions normally explicitly recorded 
and those that are usually implicit in a PSA.

Section 9.3 gives further discussion on the limitations of PSA with respect to 
human reliability and other major human factor issues (e.g. safety culture).

2.3. INCORPORATING HRA INTO PSA

Incorporation of HRA into PSA must be done carefully and it must take into 
account the requirements and constraints that PSA places on the HRA. The following 
are the important requirements that need to be addressed.

(1) PSA/HRA hierarchy. The PSA must have the dominant role and the HRA 
studies must be tailored to meet the overall PSA objectives as a first objective.

5

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



If other HRA goals can also easily be met within this framework then obviously 
they should be addressed. If not, other HRA studies outside the PSA should 
be used to address these other HRA topics.
It follows that it should be the PSA systems analysts who take the lead in deter
mining the PSA structure and the elements of HRA to be included. However, 
there must be a high level of interaction between the HRA specialist and the 
PSA systems analysts to ensure that all important HRA issues relevant to the 
PSA objectives are addressed.

(2) Identification o f all potentially important human actions. The HRA specialist 
must understand the overall PSA objectives and use the initial PSA logic struc
tures developed by the systems analysts to ensure that all important human 
actions which could affect safety are considered and brought within the scope 
of the PSA.

(3) Resource effectiveness. The HRA specialist must ensure that the HRA studies 
do not waste time and resources on topics that are trivial to the overall PSA 
results. But he/she must also ensure that resource reducing strategies do not 
discard significant human actions that could affect safety. This requires a good 
understanding of both PSA (and systems analyses) and HRA.

(4) Integration o f  HRA into the PSA structure. The HRA specialist must ensure 
that human actions are correctly integrated into the PSA structure. This is 
extremely important to ensure that neither excessively pessimistic or optimistic 
results are obtained. Categories A and B are easy; Category C events can be 
extremely difficult to predict and require a good understanding of PSA struc
tures and HRA. Sections 4-7 provide the detailed guidance for these integra
tion processes, and examples are given in Annex I.

(5) Quantification. The HRA specialist must use acceptable cost effective methods 
to quantify the human actions that could affect safety. The methods used must 
be appropriate for dealing with both the type of action and its potential 
consequences.

(6) Qualitative information/recommendations. The HRA specialist should trans
late the results of the HRA studies into the important qualitative recommenda
tions, e.g. need for specific training; new/improved accident management 
measures; procedural improvements; means to improve maintenance effective
ness relating to safety.

2.4. HRA DOCUMENTATION AND INPUTS TO PSA

The HRA for PSA should provide several different products, each aimed at
meeting different roles. The typical products will be:

(a) PSA documentation. This is the formal presentation of the HRA studies incor
porated in the PSA. The degree of detail of the information presented will vary

6
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depending on the overall objectives and use of the PSA. Work files should 
record all important information and particularly assumptions made during 
each individual HRA study as far as is reasonably practicable. Inevitably as 
HRA studies compile large amounts of information, only a limited subset can 
be presented with the PSA, but all key items must be well documented to allow 
any assessments and judgements to be reviewed at a later date if required. It 
is essential that these records are logically compiled and structured specifically 
to facilitate reviews of any HRA study at a future date. Section 8 gives sugges
tions about documentation to support the PSA.

(b) Specific recommendations on HRA problems. Important recommendations for 
improving human reliability are often developed during the PSA process, but 
the PSA documentation will generally not be a very effective route for raising 
HRA problems and ensuring that remedial measures are implemented. Conse
quently, specific outputs should be sent to the appropriate management and 
individuals for consideration and action, e.g. areas requiring enhanced train
ing; steps to improve maintenance of specific plant; procedures requiring 
updating or modifying.

3. SUMMARY OF THE HRA PROCESS

This section provides a summary of the overall HRA process. Section 4 then 
shows how it is related to the PSA. The section is primarily aimed at users of the 
procedure who have little experience of HRA but does not attempt to provide a 
detailed treatment of HRA process. It identifies important aspects of human 
behaviour which affect both the HRA studies and their integration into the PSA.

3.1. ERROR TYPES/MECHANISMS

For PSA purposes Rasmussen’s model of human behaviour [5] provides an 
acceptable framework to identify different types of behaviour and associated error 
mechanisms. The model (Fig. 2) assumes three types of human behaviour which can 
be thought of as:

(1) Skill based — highly practised activities that can be performed with little 
apparent thought, e.g. driving a car on a familiar route;

(2) Rule based — performance of less familiar tasks but within the normal 
experience and ability of the particular individual. Tasks are executed by com
paring information against familiar patterns or rules on an IF/THEN approach;

(3) knowledge based — performance of novel tasks where familiar patterns and 
rules cannot be applied directly. A high level of cognitive processing is 
necessary.

7
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BEHAVIOUR DECISION MAKING ELEMENT

Skill based

Rule based

Knowledge based

Activation

Integration

Interpretation

Procedure selection

Execution

Evaluation

FIG. 2. Rasmussen’s decision making model.

This model is based on the assumption that humans will generally perform a 
task at the lowest level possible to minimize the amount of decision making elements 
or cognitive thought required. Skill based tasks require little or no decision making 
and hence the task goes directly from initial stimuli, i.e. ‘activation’ to the ‘execu
tion’ stage. Rule based tasks require same decision making and hence move from the 
initial stimuli to the ‘integration’ phase where information is processed, then an 
appropriate ‘procedure’ or ‘rule’ selected. Finally, the selected ‘procedure’ or ‘rule’ 
is executed.

Knowledge based tasks require the highest degree of decision making and 
hence leads to interpretation of information, then evaluation before appropriate 
‘procedures’ can be selected and the task executed.

It is important to be aware of the different error mechanisms that are associated 
with this model of human behaviour.

(a) Slips/lapses. These are associated with skill based actions. Slips are inadver
tent selection of a wrong item when attempting to execute a planned action. 
Lapses are omissions to perform an action during a planned sequence of 
activities.

(b) Mistakes. These are associated with rule and knowledge based actions. They 
are a more serious error mechanism as they lead to an incorrect understanding 
of a situation and the selection of an inappropriate plan of resulting actions (i.e. 
sequences of actions).

Reference [6] provides a detailed explanation of this slips/mistakes 
categorization.

For PSA purposes it is important to be aware of the different potential for error 
recovery for the types of error mechanisms. Slips and lapses can generally be recov
ered from fairly quickly provided there are appropriate feedback mechanisms and 
the plant behaviour is reversible.
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Mistakes are less easily recovered in the short term; ‘mindset’ problems can 
occur and operators can persist in attempting to implement an inappropriate plan 
even when faced with much contradictory information. Recovery routes generally 
have to be very positive and powerful to be reliable, e.g. based on key alarms and 
backed up by training.

The HRA analyst must ensure that potential mistakes are identified in the PSA 
structure and that these are carefully addressed.

3.2. BASIC HRA FRAMEWORK

The following main components of an HRA study are shown in Fig. 3.

(1) Task definition/understanding. A precise definition of the overall task (or 
error) being addressed. This will clarify the boundaries for the study and the 
interfaces with other assessments being performed.

(2) Task analysis. This is the detailed process of determining how individual ele
ments fit together in order for the overall task to be successfully accomplished. 
Essentially it is an information collection and task logic structure process. 
There are a wide variety of formal task analysis methods available but, 
irrespective of any specific method chosen, the HRA analyst (for PSA) must

Task definition/Understanding i
Task analysis

I
Error identification i

Error recovery potential

I
Performance shaping factors

w

Quantification

Qualitative assessment 
phase

J

FIG. 3. Basic human reliability analysis framework.
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ensure that he/she has gathered and structured sufficient information to have 
a clear appreciation of the individual steps needed to achieve the overall task.

(3) Error identification. Directly from the task analysis comes the error identifica
tion process. The HRA analyst must identify potential errors and mistakes at 
each individual step of the overall task.

(4) Error recovery potential and mechanisms. The potential and mechanisms for 
recovering from the identified errors should be determined or estimated. This 
will often require information additional to that collected during the initial task 
analysis.

(5) Identify additional constraints, such as performance shaping factors. The 
above steps should have identified most of the specific constraints associated 
with the overall task (e.g. time available, sequence of steps, specific context 
of the task). But there may be other factors that need to be considered, particu
larly relating to the individuals performing the tasks, e.g. experience, level of 
training, stress levels.
All factors judged to be important for successful completion of the overall task 
should be identified.

(6) Quantification. Quantification of the success/failure of the overall task is then 
based on using the information obtained in steps (1) to (5) to quantify the 
individual tasks (sub-tasks) or errors and their possible recovery routes. There 
are a range of quantification methods available for which the detailed use of 
the information and the quantification procedures varies. It should be noted 
that these different quantification methods can be more or less amenable to 
quantifying the error types presented in Section 3.1. Extensive comparison of 
methods and their suitability for quantifying different error types is undertaken 
in Refs [3, 4],

Steps (1) to (5) can be termed the qualitative assessment phase and step (6) is 
the quantitative phase. In practice, an experienced HRA analyst will generate most 
of the useful recommendations arising from the qualitative assessment by ‘implicit 
quantification’, i.e. making judgements on the relative importance of individual 
factors and a judgement about the overall reliability and importance of the task. This 
latter process is important for PSA as it facilitates effective screening.
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4. INTEGRATING HRA INTO THE PSA STRUCTURE

4.1. CLASSIFICATION OF HUMAN ACTIONS FOR PSA

Reviews of PSA studies have indicated that it is necessary to account for 
different types of human actions, some of which may mitigate the consequences of 
an accident, while others may make them worse. The three categories presented in 
Section 2.2 and Fig. 1 have been determined only on the basis of the way in which 
they are analysed in practice in a PSA. Some further elaboration of these categories 
is given below:

(a) Category A — Pre-initiators. Pre-initiators consist of those actions associated 
with maintenance and testing that degrade system availability. They may cause 
failure of a component or component group or may leave components in an 
inoperable condition (e.g. misaligned valves). Particularly important are 
actions or errors that result in concurrent failure of multiple trains of safety 
related systems. These sources of unavailability are added to other contribu
tions at the level of basic component or system inputs in the fault trees.

(b) Category B — Initiators. These actions contribute to initiating events or plant 
transients. They are generally implicit in the selection of initiating events and 
contribute to their total frequency. An example of an initiating event caused 
by human actions is a plant trip following a mistake in testing procedures. Such 
events can usually be found in the plant database, but are not always identified 
as having specific human causes. Because of their identification with initiating 
events they are accounted for by adding contributions to the initiating event fre
quencies or by assuming that such frequencies already contain human-caused 
contributions. Most important are errors that not only precipitate an accident 
sequence but which also concurrently cause failure of systems related to safety, 
either front-line safety systems or support systems. There should be particular 
emphasis on such ‘common cause initiators’ which are caused by human error. 
External human actions such as sabotage are not normally addressed within 
PSAs.

(c) Category C — Post-initiators. These actions can be separated into three 
different types for incorporation into the PSA.

— Type 1 — Procedural safety actions. These actions involve success or 
failure in following procedures or rules in response to an accident sequence. 
Type 1 actions are incorporated explicitly into fault and event trees.

— Type 2 — Aggravating actions/errors. These actions are a special set of 
commission errors that occur post-fault and significantly aggravate the acci
dent progression. They are the most difficult to identify and model. Only 
collaboration between the human reliability analysts and the system analysts 
can identify significant Type 2 post-initiators that are to be incorporated into
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the PSA. A first type of such action occurs where the operator’s mental 
image of the plant differs from the actual state, leading the operator to per
form the right actions for the wrong event. Another form of Type 2 action 
or error occurs when the operator correctly diagnoses the event, but chooses 
a non-optimal strategy for dealing with it. Only a few PSA studies have 
attempted to include this type of post-initiator, and only to a limited degree. 
Once the actions and their significant consequences are identified, they can 
be incorporated into an event tree or fault tree. Very few data are available 
for predicting these types of human post-initiators; however, a retrospective 
analysis of actual events can usually identify those that have occurred.

— Type 3 — Improvising recovery/repair actions. These consist of recovery 
actions, which are generally only included in accident sequences that 
dominate risk profiles. They may include the recovery of previously 
unavailable equipment or the use of non-standard procedures to ameliorate 
the accident conditions. They can be incorporated into the PSAs as recovery 
factors on the accident sequence event tree.
Type 1, 2 and 3 actions are all involved in operator response to an accident 
once it has been initiated. Often, some diagnosis is required and time is a 
limiting factor. The general approach for dealing with Type 1 and 3 actions 
is the same and these guidelines will treat them as one category. For con
venience, Type 2 actions are also included in this category although specific 
measures are outlined for dealing with them.

4.2. TASKS IN INCORPORATING HRA INTO PSA

The process of incorporating HRA into PSA can be separated into seven basic 
tasks. Each task consists of inputs, activities and outputs. For each category of events 
(A, B and C) the tasks required have the same form. The tasks and their goals are 
as follows:

(1) Definition: To ensure that all relevant human actions of the different categories 
are adequately considered in the study.

(2) Screening: To identify the human actions that are significant to the operation 
and safety of the plant and to avoid wasting analysis resources on the others.

(3) Qualitative analysis: To develop a detailed description of important human 
actions by defining the key influence factors necessary to complete the 
modelling.

(4) Representation: To select and apply techniques for depicting important human 
actions in logic structures.

(5) Model integration: To describe how the significant human actions are 
integrated into the plant and system models of the PSA.
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(6) Quantification: To apply appropriate data or other quantification methods to 
assign probabilities for the various actions examined, determine sensitivities 
and establish uncertainty ranges.

(7) Documentation: To include all necessary information for the assessment to be 
traceable, understandable and reproducible.

During all of the above tasks there should be reviews to check for internal con
sistency. Basically, logic trees developed by the system analysts from the functional 
description of the plant are enriched with additional potentially risk-significant 
human actions and subsequently quantified by applying procedures from the tasks 
summarized above.

Although the approach is presented in terms of discrete tasks it is acknow
ledged that at times the process should be iterative between tasks. In particular, ade
quate documentation and recording of information and of assumptions made needs 
to proceed in parallel with the whole process.

The above tasks are utilized separately for each of the categories of actions A, 
B and C. Details on how each task is implemented for each category of actions form 
the subject of Sections 5, 6, and 7.

4.3. SCOPE AND EMPHASIS IN THE HRA

The extent and character of the HRA will inevitably depend quite strongly on 
the ultimate objectives of the PSA. In the early risk studies (e.g. WASH 1400, Ref.
[7]) it was assumed that operator actions after an incident started were of little 
interest and attention was centered on test and maintenance contributions to risk. 
Indeed, the THERP (technique for human error rate prediction) method for such 
quantifications became prominent during WASH 1400. The Three Mile Island (TMI) 
accident demonstrated clearly that operator actions could make a large impact on an 
accident sequence. It is now customary to pay as much or more attention to the 
implementations of emergency operating procedures (EOPs) as to the test and main
tenance and normal operating procedures combined. The most important contribu
tions of Categories A and B are now recognized as those introducing common cause 
failures. These guidelines reflect that emphasis. However, if one of the principal 
applications of the PSA is a review of test, maintenance and calibration procedures 
then more attention should be paid to Categories A and B.

Similarly, the earlier practice of relying on design basis analyses to define 
safety function and system success criteria has now given way to the use of the best 
estimate approaches and the inclusion in event sequences of non-safety grade systems 
that can provide additional core and containment cooling or emergency electric 
power. The effect of these changes is to introduce more time for operator action and 
a greater chance of operator success in accident recovery, thus demanding more
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attention to the quantification of Category C actions. If the intention is to use the PSA 
as a basis for accident management, emergency procedure development and operator 
training, then even more emphasis is needed on Category C events.

4.4. CONDUCTING HRA INVESTIGATIONS AND INTEGRATING HRA 
INTO PSA

The effective integration of the HRA elements into the PSA requires a 
knowledge of both HRA and PSA. Ideally, a human reliability analyst with an under
standing of basic PSA methods and nuclear power plant operations would be used 
to co-ordinate the HRA integration. Where this is not possible, a systems analyst 
from the PSA team should be assigned to co-ordinate and lead the HRA studies with 
additional support as necessary from other system analysts. This HRA leader should 
have a good understanding of nuclear power plant operations and PSA methods; 
he/she must become familiar with the guidance given in this document and the 
detailed HRA quantification methods selected for use with the PSA.

During the HRA and PSA investigations the HRA leader (and others in the 
HRA team) must liaise closely with the following:

— The main PSA systems analysts to advise and assist on the explicit HRA 
modelling within the PSA (i.e. fault and event trees);

— Control room personnel to identify: how they would actually respond to events 
or perform normal operations; the information that would be available to them; 
their training and relevant experience;

— Maintenance staff to determine how maintenance is performed.

Close contact with the station staff is essential to ensure that both the PSA 
model and HRA evaluations within it reflect actual station operations and practices. 
A PSA systems analysts’ model of the fault progression and chronology of recovery 
actions can be different from that of the operators.

This liaison with station staff is normally assisted if a member of the control 
room staff and of the maintenance staff is appointed as the ‘co-ordinator’ for infor
mation requests. Each ‘co-ordinator’ will develop a more detailed understanding of 
the HRA and PSA process and so can provide the appropriate information more 
quickly.

If the PSA is being performed at the design stage then the HRA leader should 
consult with knowledgeable staff from other operating stations to ensure that assump
tions about operating practices, procedures and training are reasonable.
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5. PRE-INCIDENT TASKS AND ERRORS (Category A)

The subjects of this section are testing, operational re-alignments, checking 
and calibration type activities carried out for safety related systems during normal 
operation of the plant, and human errors associated with such activities. These 
Category A errors can take place before any initiating events or plant trips occur, 
owing to plant personnel inadvertently disabling equipment during test, maintenance 
or calibration activities.

Typical examples include miscalibrations, and failures to restore valves in the 
correct position after testing or maintenance. The probability and impact of such 
errors depend also on the degree of equipment status control, either by automated 
means and annunciators or by independent inspections and administrative proce
dures. Thus such recovery factors are also the subject of this section. Table II gives 
examples of both typical Category A actions and potential recovery factors. Special 
attention needs to be paid to the possibilities that an error can be repeated in similar 
redundant components or trains, because such repeated errors constitute a depen
dency, a human common cause failure. Worldwide experience includes many such

TABLE II. EXAMPLES OF CATEGORY A ACTIONS AND 
RECOVERY FACTORS

(a) EXAMPLES OF CATEGORY A ACTIONS

— Mis-calibration of sensors
— Valve misalignments
— Failures to re-align subsystems after testing or maintenance
— Failures to restore power supplies (electric, pneumatic)
— Fitting incorrect parts during maintenance or repair
— Working on the wrong component or train
— Failure to remove bypasses or vetos/permissions on protection systems
— Inspection/surveillance errors causing a correct system state to be altered to an 

incorrect (failed) state
— Failure to remove locks on pumps/valves, etc., during a return to power operations

(b) EXAMPLES OF RECOVERY FACTORS

— Post-maintenance inspection
— Functional testing
— Routine plant walk-round inspections
— Surveillance when going from one plant state to another
— Routine control room monitoring of plant status indications
— Automatic self-checking in protection systems
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events, e.g. valves being in the wrong position at the TMI-2 plant during the 1979 
accident.

An appropriate time to initiate this part of the HRA is during the system model
ling. This is because the systems analyst already needs information on testing and 
maintenance frequencies to be able to determine how hardware failures are discov
ered and to be able to determine basic event probabilities. Thus, the additional infor
mation needed for Category A human error assessment is most practically and 
economically collected and documented at the same time as the system modelling is 
being performed.

The person carrying out Category A human reliability assessment could be the 
systems analyst for each system, or an experienced analyst specializing in HRA and 
available all the time to co-operate with each system analyst to ensure consistency 
of scope, depth and methodology between systems analysts. In any case it is highly 
recommended that a shift supervisor or an experienced person with similar back
ground be dedicated on site to provide the PSA/HRA team with correct and up-to- 
date information on actual practices and procedures concerning testing, maintenance 
and calibration. Only an intimate knowledge of actual plant practices can ensure that 
possible risk contributors can be recognized and properly accounted for in a PSA and 
effective countermeasures to reduce their impact identified.

If a PSA is conducted for a plant that is being designed or under construction, 
then testing, maintenance and calibration procedures and practices are not neces
sarily available, at the time of the analysis. Conservative assumptions may be 
made in such a case, or this publication could be used as a preliminary maintenance 
planning guide to make reasonable assumptions and recommendations as to what the 
practices should be. Such assumptions should be documented for the designers and 
maintenance planners.

5.1. IDENTIFICATION OF CATEGORY A ACTIONS

The intent here is to cover Category A activities where an error can leave the 
component in an unavailable state for its safety duty. To select an appropriate scope 
for the analysis, a number of system, component and task categories are given 
below for consideration. These considerations should place particular emphasis on 
identifying and recording those factors where human actions could affect multiple 
components/systems, i.e. human dependencies leading to common cause failures.

5.1.1. Systems

The systems subject to Category A errors are potentially all systems that are 
relevant to safety; these are normally covered by technical specifications. However, 
as the detailed development of event trees and systems interaction evaluations pro
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ceeds, it may be possible to determine that it is not necessary to have detailed fault 
trees developed for all these systems. This will limit the scope to a smaller subset 
of systems that have been or will be modelled in the PSA. Further limitation of the 
scope may be made based on the standby or operational modes of systems. For 
systems with all redundant trains normally operating and monitored for failures, it 
may well be obvious that the risk due to Category A errors is negligible.

5.1.2. Tasks

Typical actions included are changes o f state such as: opening, closing or turn
ing a valve; starting or stopping equipment; changing a limit or level, adding; replac
ing or disconnecting equipment.

Outside of the scope of error sources are pure visual inspections, such as 
monitoring, listening or recording, as they cannot cause unavailability. (These can, 
however, be recovery factors for an error already made in the actions affecting 
components.)

Regular tasks that should be reviewed for Category A HRA are the following:

(1) Periodic tests conducted on safety related systems and equipment. Typically 
these vary from weekly to annual tests and are usually well documented in 
plant records or procedures.

(2) Calibration of protection system instruments and detectors as well as the 
setting o f  safety trip limits. Details are usually found in instrumentation and 
control maintenance records and procedures.

(3) Periodic preventive maintenance actions for single major equipment as well as 
for groups of similar components.
Even if much of preventive maintenance consists of inspections, lubrications, 
tightenings, etc. that do not regularly take equipment out of service, this cannot 
be assumed without reviewing the actions. For example, if they are carried out 
by outside contractors, their scheduling is likely to have less rigorous adminis
trative control for ensuring, for example, that different redundancies are not 
under maintenance during the same shift.
Preventive maintenance crews sometimes go through many systems at the same 
time, and errors made in lubrication, tightening, etc. could be repeated in mul
tiple systems. It is advisable to identify such maintenance routes for each type 
of task and list the safety components involved in each.

(4) Actions assigned to operating shifts are typically daily or weekly inspections 
and preventive maintenance activities similar to those discussed above. 
However, they can also include tests, calibrations, and system re-alignments, 
e.g. between operating and stand-by trains. They should be reviewed together 
with the shift supervisor to identify potential for errors causing unavailability.

17

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



(5) Startup tests and inspections should also be included. Many maintenance, 
repair and replacement activities are carried out during refuelling periods or 
shutdowns and it would not be practicable to evaluate them all in detail. 
However, there are tests and inspections at the end of a revision period and 
during startup intended to ensure that all safety related equipment is in the 
correct state. The efficiency and completeness of these tests and inspections 
need to be reviewed and taken into account as recovery factors. Components 
missing from the functional testing or status inspection lists are more likely to 
be in a wrong state.
It should also be noted that results of tests done during plant coastdown are not 
necessarily valid anymore at plant startup, because many actions may be com
pleted during shutdown and the status would then have changed since the test.

5.1.3. Components and action types

The list of components and actions to be included in the study can include, for 
example:

— Valves, relays and switches (even critical doors) that can be left in a wrong 
status after a test or a maintenance action;

— Tests, periodic replacements, maintenance actions, quality control (QC) 
inspections in which electrical power or startup signals are regularly discon
nected for doing the maintenance, and can therefore be left without startup 
capability; typical components are pumps, motors, diesels and blowers;

— Setting of trip limits to protection system signals;
— Calibration of protection system detectors and instrumentation signals.

Experience and alertness are needed in identifying potential weaknesses. For 
example, QC-inspections for a heat exchanger may require closing certain valves and 
disconnecting the heat exchanger. If heat exchangers are categorically excluded from 
the list of components to be considered, one may never discover what level of control 
is applied and whether satisfactory human reliability is assured in returning the heat 
exchanger to service after inspection.

5.1.4. Recovery factors

Even if an error of Category A can be made, the significance and impact on 
the system unavailability or failure rate depends essentially on two aspects:

(1) How quickly the error is discovered and corrective actions taken.
(2) What has been done to minimize the possibility that the same error is repeated 

in other redundant components or in other systems (possible common cause 
failures).
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Factors that influence one or both of these features are called recovery factors. 
It is important to identify which of the following recovery factors, if any, are valid 
for the actions and errors that are included in the study. The first factors affect 
mainly the error discovery rate:

RA An automated system that realigns a train or component for performing a safety
function even if valves were left in a wrong position;

RB A clear alarm or annunciator or a significant change in a parameter that will
readily alert operators about a wrong status;

RC An independent test after a calibration, limit setting or maintenance that detects
an error (and does not by itself require any disconnections or re-alignments); 

RD A requirement and practice that another person inspects the component status
and/or electrical connections after the original maintenance or calibration, with 
a check list or sign-off obligation, or that the original performer makes 
separate inspection with similar obligations;

RE A daily or periodic inspection is carried out that would detect the error, and
there is a check list or sign-off obligation specific for the task error.

The analyst should identify other plant specific recovery factors as well.

The following recovery factors affect mainly the likelihood of repeated 
(dependent) errors:

DA A strong administrative control of keys and locks on redundant components
and of scheduling and authorization of work on the task activities to assure that 
one person or crew is not working on more than one redundancy train at a time. 

DB A requirement and practice to replace or inspect tools, chemicals and calibra
tion instruments between tasks on different redundant trains.

DC A requirement that tasks for different redundancies be scheduled to be carried 
out in different rooms (to help minimize temptation to collect work orders and 
work on multiple redundancies consecutively).

DD A requirement to provide sufficient time between actions for different redun
dancies, if one person or crew is allowed to work on all redundancies.

DE An obligation to check or write something on paper after each redundancy
action, before proceeding to the next.

5.1.5. Information sources
o

The information should be collected at the time of system modelling. Some
times this can be done in advance, as soon as the systems, component types and 
action types to be included in the study have been sufficiently defined. The station 
staff will be the main source of information on maintenance and testing practices. 
Additional useful document information sources include:
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— piping and instrumentation diagrams,
— fault tree documentation, if available,
— periodic test schedules and calibration schedules,
— preventive maintenance programmes,
— plant event history,
— generic event data.

5.2. SCREENING

Depending on the objectives of a PSA as well as budgetary, personnel and 
schedule limitations, one can decide to concentrate on a limited number of systems, 
tasks or component types identified in Section 5.1. The decision and basis for selec
tion should be documented. After a brief review of the tasks and discussions with 
plant personnel one may come to a conclusion that for certain tasks there are strong 
recovery factors for discovery of errors (RA to RE in Section 5.1.4) as well as for 
preventing dependency (DA to DE in Section 5.1.4) so that such errors are not likely 
to dominate and can be deleted from further consideration. These cases should also 
be documented.

For the remaining tasks and errors one can decide between the following two 
approaches, depending on the objectives of the study and funding and personnel 
available:

(1) Continue the HRA process as described through the quantification and modell
ing in this chapter, or

(2) Assume essentially no recovery factors but conservative values (e.g. Accident 
Sequence Evaluation Programme (ASEP) screening procedures [8]) for 
repeated Category A errors, and carry out the preliminary PSA quantification. 
On the basis of these results, carry out the HRA process of this chapter for only 
those categories, tasks and errors that are amongst the dominating accident 
sequences of this preliminary PSA.

5.3. QUALITATIVE ANALYSIS

The qualitative analysis also covers a collection of more detailed information 
about the timing and nature of the testing and maintenance tasks and recovery factors 
identified and included in the scope of the analysis according to Section 5.1 which 
passed further screening tests in Section 5.2.

The identification phase (Section 5.1) will have collected some information 
about the Category A tasks and errors; the qualitative analysis looks in more detail 
at the precise way the tasks are performed and the errors occur. It must be suffi
ciently detailed to enable significant factors such as the task reliabilities and error
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probabilities to be identified. These can then be accounted for in the detailed 
quantifications.

For tasks and errors for which no error discovery rate factors (RA to RE in 
Section 5.1.4) are valid, it is advisable to evaluate the existence, degree of use and 
quality of the associated procedures in more detail, and prepare to take those into 
account in quantification. Furthermore, the layout aspects of equipment, similarity 
and closeness of meters and switches, unusual direction of reading and operations, 
and consistency of symbols and notations between panels, equipment and procedures 
should be recorded for quantification purposes.

5.4. REPRESENTATION

The representation of a Category A human error is mostly a single basic event 
in a fault tree, and a number reflecting the unavailability of a component. This num
ber consists of the probability that an error occurs in the first place, multiplied by 
a factor indicating the efficiency of the recovery factors that are valid for the task 
in question. Another factor can reflect the existence, use and quality of a procedure, 
if other recovery factors cannot be relied on.

In case of a non-zero dependency (see dependency recovery factors of Sec
tion 5.1.4) one also needs to assess an unavailability value for a system that is subject 
to repeated Category A errors. This can be done mostly with relatively simple arith
metic so that no other formal representation is necessary. An example is the approach 
is given in the ASEP Human Reliability Analysis Procedure [8].

For a more complex sequence of critical tasks, one may want to use the graphi
cal representation and dependency formulae of THERP as represented in [9].

5.5. MODEL INTEGRATION

The results of a HRA for a Category A error are usually modelled in a system 
level fault tree as one or more basic events, with associated probabilities indicating 
the unavailability of a particular component or system (in the case of depen
dent/repeated errors) as shown in Fig. 4. Modelling an error for a single component 
is a straight-forward fault tree technique.

In completing the dependent event quantification and fault tree modelling it is 
essential to establish an interface with the common cause failure analyst to ensure 
consistent mutual understanding of the success criteria and modelling principles. 
Dependent/repeated error events can be modelled either at the component or at the 
system level.
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FIG. 4. Modelling o f Category A errors (simplified fault tree).
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In cases where some Category B human errors are identified during this 
process, they should be documented for the assessment of initiating events. The 
modelling aspects for these errors are discussed in Section 6.5.

5.6. QUANTIFICATION

The purpose of this task is to assess the probabilities of the basic errors of 
Category A, as well as the quantitative impact value of the recovery factors defined 
in Section 5.1 for both discovery of errors made, and the dependencies influencing 
the likelihood of multiple (repeated) errors.

In cases where a more complicated structure of tasks is represented with 
THERP-type diagrams, one has to assess the probabilities of success and failure for 
the branches of the representations.

The basic methodologies that can be applied here are the ASEP-HRA proce
dure [8] and the original THERP-handbook [9]. These can be used in a more refined 
analysis of complex tasks, but it is practical to do so only for a few tasks that have 
been identified as critical for the results of the preliminary PSA.

Data used and recommended in the ASEP-HRA procedure are largely judg
mental, but seem to have reasonable justification based on comparisons with 
everyday life experiences.

Other methods of quantification could be used and are based on judgmental 
values. Such methods as paired comparisons [10] or the Success Likelihood Index 
Method [11] could be used to consolidate expert opinion. Additional methods are 
described in Refs [3, 12].

The nature of Category A errors is rather similar to everyday experiences like 
forgetting to unplug an iron, failing to switch off an electric stove or forgetting to 
release the hand brake when starting a car. Therefore, the average likelihood of such 
a basic error can be assessed to be about 1% within a factor of 3-5. This is not a 
very large uncertainty compared to more dynamic situations of diagnosing complex 
accidents. However, the impacts of various recovery factors are more difficult to 
assess, and they can increase relative uncertainties in final numbers considerably. 
Fortunately, the recovery factors reduce the mean values so that the increase in 
uncertainty is not of very high concern.

Actual event-based data sources are generally scarce for statistical purposes, 
but observed events can alert the analyst to look more deeply into some practices at 
the plant.

In finalizing the quantification for dependent (repeated) errors it is essential to 
establish an interface with a hardware common cause failure (CCF) analyst to assure 
mutual understanding on the scope and coverage, and to exclude from the generic 
CCF database those events that are accounted for by the plant specific human reli
ability analysis.
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A detailed example of the quantification process where multiple errors (and 
hence dependencies) are involved is given in Annex I.

5.7. DOCUMENTATION

Before the HRA process, it is advisable to develop forms for recording rele
vant information that is needed for quantification according to the methodology 
selected. This will enhance the traceability of the process and the completed forms 
can be appendices for the final document.

Documentation should produce a traceable description of the process used to 
develop the quantitative assessment, representations and integration of the human 
interaction errors.

It is practicable to include a major chapter in the PSA document describing the 
methods used, models, representations, assumptions and data. Operator interviews 
and results of expert opinion studies should also be documented, as should results 
concerning events affecting multiple systems or the whole plant. Important errors 
and dependencies should be highlighted for instruction and training to plant designers 
and operators.

Results concerning individual systems may be reported in a system level 
document that is a part of the systems analysis section of the PSA document.

6. INCIDENT INITIATING ERRORS (Category B)

Section 4 has indicated that the most important Category B actions are those 
human errors that cause plant transients or scrams at the same time as disabling 
safety related trains or systems. Typical examples include the erroneous isolation of 
an alternating current (AC) or direct current (DC) power bus, causing loss of high 
pressure injection and simultaneous scram, or an auxiliary feedwater calibration/test- 
ing error that causes a plant scram while some portion of the auxiliary feedwater 
system is undergoing preventive maintenance. The best known example of this type 
was the Rancho Seco (a plant in California) light bulb incident. A simple act of 
replacing an indicator bulb in a control panel resulted in the bulb being dropped 
inside, causing electrical shorts that caused the plant to scram and failed a large frac
tion of plant instrumentation. This particular event, of course, is unlikely ever to 
have been identified in a human reliability analysis.

The probability and impact of such errors depend partially on the degree of 
equipment status control and the limiting conditions of operation included in plant 
technical specifications and partially on layout aspects that may promote errors in 
normal operations.

In principle, Category B also includes all other human caused initiating events 
that do not include simultaneous failure of safety related systems; but these are 
usually assumed to be part of the plant scram historical database.
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The appropriate time for carrying out this part of the analysis is during the 
system modelling effort but after the main groups of initiating events have been 
defined and event or fault trees have been developed and while initiating event 
frequencies are being quantified.

A suitable team for carrying out this part of the analysis includes a systems 
analyst intimately familiar with the initiating events and event trees so that he or she 
can identify which initiating event follows from each error candidate, and knows 
whether a relevant safety system is affected at the same time. An experienced opera
tor, preferably a shift supervisor, is needed to guide the assessment team through 
all relevant operations. Optimally this can be done at the plant itself, although simu
lators can be used to review control room tasks. A human factors specialist should 
be part of the team.

6.1. IDENTIFICATION OF CATEGORY B ACTIONS

6.1.1. Tasks

The intent is to identify actions in which plant operators and maintenance per
sonnel, while doing their normal work associated with plant operations, can make 
errors such as slips and extraneous actions to cause an initiating event. Special 
emphasis should be given to identifying errors of this type that can simultaneously 
lead to unavailability of a safety system that would be needed following the initiating 
event.

For the purposes described above, the following tasks should be reviewed and 
walked through with the actual operating personnel or with the supporting shift 
supervisor assigned for the project:

— Normal operating tasks associated with normal and partial power operations 
and load following.

— Operating and testing tasks associated with startup and shutdown of the plant.
— Scheduled testing and maintenance tasks and re-alignment of operational stand

by systems. They could be evaluated for this purpose also in connection with 
Category A tasks.

The plant analyst may identify other plant specific tasks with potential risk in 
Category B.

6.1.2. Information sources

Qualitative data on relevant tasks can be best identified by the plant operators. 
One should focus on actual tasks as carried out at the plant and in the control room. 
Written procedures need to be reviewed to the extent they may have special warnings 
and instructions for operators to avoid an identified error type.
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As far as quantitative data is concerned, plant history, if extensive, can give 
clues as to what tasks should be looked into in more detail. Generic worldwide 
experience also provides a few examples that should be reviewed.

6.2. SCREENING

Depending on the objectives of the PSA and budgetary, personnel and schedule 
limitations, one may decide to concentrate on certain tasks or vulnerabilities identi
fied in Section 6.1. Interviewing plant operators can significantly help to focus on 
important tasks. The principle and basis for screening should be documented.

If a preliminary review identifies a potential vulnerability at the plant one can 
choose to use conservative values for the assessed frequency in the preliminary quan
tification phase of the PSA as defined in Section 5.2, and perform a detailed quantifi
cation later only if justified as a significant risk contributor.

6.3. QUALITATIVE ANALYSIS

The qualitative analysis consists of collecting relevant information about the 
tasks that were identified in Section 6.1 and which passed possible screening criteria 
in Section 6.2. Factors affecting the likelihood of errors in these tasks should be 
recorded, such as:

— Layout aspects, such as closeness of other similar instruments or switches to 
those needed for the task,

— Exceptional directions of operation of valves or instrument readings,
— Identity (or lack of) of symbols and notations used in procedures, control 

panels and drawings,
— Mirror image versus identity characteristics between sister plants,
— Presence or lack of emphasis in procedures concerning error-prone operations.

The HRA analyst should try to identify other plant specific features that could 
affect the likelihood of errors.

6.4. REPRESENTATION

There is no new formal representation necessary for Category B errors; one 
basically has to assess the frequency of an initiating event that follows from the error. 
Representation can be made in the same way as for Category A actions. One has to 
be conscientious and document which safety components or systems become unavail
able at the same time as a result of the error, to account for those in PSA sequence 
quantification.
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6 .5 . M O D E L  IN T E G R A T IO N

Category B errors are integrated into the PSA by identifying the initiating event 
caused and assessing its frequency for sequence quantification while at the same time 
setting those systems or components that are made unavailable as a result of the error 
into a failed state (Boolean unity, ‘true’) — see for example, Fig. 5.

FIG. 5. Fault tree for evaluation o f the frequency o f an initiating event o f loss o f service water.
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T A B L E  H I. E X A M P L E S  O F  C A T E G O R Y  B E R R O R S A N D  FR E Q U E N C IE S

Action/error Error probability8 
per task

Task frequency Error frequency 
per year

Error during 
protection system 
testing — causing 
scram

10'3 1 per week 
(46 weeks per 
year at power)

4.6 x 1(T2

Excessive rod 
bank withdrawal 
during initial 
power raise after 
shutdown for a 
minor fault — 
leading to scram

5 x  10'3 3 per year 1.5 x  10'2

Tripping the 
wrong turbine 
when going from 
2 turbine operation 
to 1 (reducing 
load)

10'2 2 per year 2 x  1(T2

a The error probabilities are only given as possible values for purposes of illustration.

The same result could be obtained by an experienced analyst by evaluating the 
list of minimal cut sets that have been solved for the independent initiating event, 
and than manually quantifying those cut sets again. However, it is safer to recalculate 
the risk using the sequence models to be sure that no essential dependencies remain 
unaccounted for as a result of the limited number of cut sets that can be reviewed.

6.6. QUANTIFICATION

The purpose in quantification is to determine the frequencies of Category B 
errors. This means that any probability per opportunity numbers must be multiplied 
by the frequencies of the opportunities. Thus, the probability of an error made in 
a weekly task must be multiplied by 52 to obtain an annual rate, while the probability 
of error of the annual relief valve test has a multiplier of 1. Table ID gives some 
typical examples of errors and their resulting frequency contributions.
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The character of Category B errors (slips and erroneous actions) are such that 
the same methods mentioned for Category A errors (Section 5.6) can be used as a 
basis for quantification. ASEP-HRA and other simplified versions of THERP may 
not be sensitive enough to account for all aspects of the layout, readings and proce
dures. They can be good enough for conservative screening purposes.

6.7. DOCUMENTATION

Before the HRA process is carried out, it is advisable to develop forms for 
recording relevant information that is needed for quantification according to the 
methodology selected. This will enhance the traceability of the process and the com
pleted forms can act as appendices to the final document.

Documentation should produce a traceable description of the process used to 
develop the quantitative assessment, representations and integration of the human 
interaction errors.

It is practicable to include a major chapter in the PSA document describing the 
methodology used, models, representations, assumptions and data. Operator inter
views and the results of expert opinion studies should also be documented. The docu
ment should also include results concerning events affecting multiple systems or the 
whole plant. Important errors and dependencies should be highlighted for the instruc
tion and training of plant designers and operators.

7. POST INCIDENT ACTIONS (CATEGORY C)

Section 4.1 identified the three types of operator actions that can occur post
accident (Types 1, 2 and 3), namely:

— perform an identified safety action (Type 1);
— perform an extraneous act aggravating the accident (Type 2);
— perform impromptu or novel safety actions not covered by procedures or train

ing (Type 3).

Together, these make up Category C actions and all three types should be con
sidered for their possible inclusion in the PSA structure. These Category C actions 
have the potential to have the most significant impact on both the actual results of 
the PSA and the modelling within the PSA; they are also the most difficult to assess 
correctly and hence the HRA team should place adequate emphasis on addressing 
Category C actions. The identification of Category C actions and their inclusion into 
the PSA requires considerable effort and there will inevitably be much discussion and 
iteration with other PSA team members. Some typical examples of all three types 
of Category C actions are given in Table IV.
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T A B L E  IV . E X A M P L E S  O F  C A T E G O R Y  C A C T IO N S /E R R O R S

Type 1 Type 2 Type 3

Procedure based safety actions Aggravating actions/errors Improvised recovery/repairs

— Initiate safety injection (SI) — Initiate SI when not — Using flexible hoses to
system post-LOCA required (due to connect pumps to alter

— Initiate recirculation misdiagnosis) native water supplies
— Cooldown and depressu- — Re-align to recircula — Installation of portable

rize following steam tion prematurely pumps/generators to
generator tube rupture — Isolate the wrong SG substitute for failed
(SGTR) following SGTR plant items

— Initiate auxiliary feedwater (either slip or mistake) — Ad hoc repairs of equip
system — Incorrectly load emer ment using items from

— Start and load emergency gency diesel generators other failed equipment
electrical supplies — Turn off safety injec — Local, manual fire fight

— Initiate containment tion prematurely ing to make up for
cooling systems — Inadvertently align a failure of automatic fire

— Ensure containment failed train of a safety suppression systems
isolation system instead of the

operable train
— Opening/closing the

wrong valves, prevent
ing delivery from a
suction to pumps

Each type of action in Category C has differing factors associated with it that 
are important in the context of the PSA.

Type 1 actions are the easiest to identify as they are covered by post-accident 
procedures and/or training. They do require careful assessment and integration into 
the PSA to ensure that dependency and sequence specific factors are adequately 
addressed (see Annex II).

Type 2 actions are probably the most difficult to identify and certainly the most 
difficult to model and account for in a PSA. They generally arise from errors whilst 
attempting safety actions.

Their inclusion in a PSA requires both:

— identification and
— assessment and additional PSA modelling of their actual consequences on the 

plant and appropriate recovery routes.

30

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



Misdiagnosis and mistakes are important as they tend to remain unrecovered 
for longer than slips and hence can introduce large sequences of potentially aggravat
ing actions.

Type 3 actions have often in past PSAs been included as recovery factors 
applied to sequences that dominated the risk. The emergence of ‘accident manage
ment’ and consideration of severe accidents means that many of the previously iden
tified impromptu actions have been brought within the scope of training, procedures 
and supporting information and hence will be Type 1. The identification of any 
Type 3 actions within the PSA will generally be determined from the initial PSA 
results by a review of the dominant risk sequences to determine any additional recov
ery actions.

If a PSA is conducted for a plant that is being designed or under construction 
then emergency operating procedures and training practices may not be available at 
the time of the analysis. A larger number of assumptions are then made than for an 
operating plant. Such assumptions should be well documented for those planning the 
procedures and training programmes.

7.1. IDENTIFICATION OF CATEGORY C ACTIONS

The general structure for considering Category C actions and its use in iden
tifying key actions is given below.

7.1.1. A general structure for Category C actions

A generalized representation of the process activities and outcomes of a 
Category C action is given in Fig. 6. The representation consists of two sections, 
corresponding to a cognitive element (detection, diagnosis and decision making) and 
a detailed execution element. The first element leads to three branches:

— Pj failure to detect, diagnose or decide correctly,
— P2 failure to respond in a timely manner,
— a success branch which leads the detailed element to execution. This element

leads in turn to two states: ultimate success (S) and failure to execute
successfully (P3).

There is a chance that the crews make an incorrect decision and do not realize 
that they have done so (represented by P,). Given that the crew decides what to do 
(correct intent), there still is a possibility of making an error in execution (P3). The 
principal motivation for using this event tree representation is that it provides a 
natural vehicle for characterization of the variation in time over which a correct 
detection, diagnosis and decision are made. Actions in which crews were totally on 
the wrong path are characterized in P j. However, it is possible that, within the time
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Cognitive phase Execution

Event
occurs Detect and Respond in Correct Recovery

diagnose a timely detailed
correctly manner execution

SR

SR

Success

Success 
by recovery

Execution
failure

Failure to 
respond in time

Success 
by recovery

Failure by 
non-response 
or misdiagnosis

FIG. 6. The general structure of a Category C action.
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available to successfully perform the action, the crew could have chosen an inap
propriate response and not recognized the need to recover from it. Some of the 
reasons for such mistakes are: incorrect interpretation of the procedures, incorrect 
knowledge of the plant state owing to communication difficulties, and instrumenta
tion problems. This possibility is included by giving a finite probability at the first 
branch (Pj). However, it may be probable for certain scenarios that a recovery 
action can be taken as reflected by the dotted line success by recovery (SR).

The third element, P3, of the representation addresses the probability that, 
having successfully identified the required response, the crew may perform a non- 
recoverable slip in carrying out the necessary actions, with probability P3. Again, 
as in case of P1; it may be possible that if sufficient time is available a recovery 
action can be taken as reflected by the dotted line SR.

It should be noted that the cognitive element may be fairly trivial for some 
Category C actions as they follow directly from a key diagnosis made at an earlier 
action. However, all Category C actions within the PSA must be carefully assessed 
to ensure that successful execution is possible within the time available.

7.1.2. Identification of key actions

The objective is first to identify actions that plant operators and/or maintenance 
personnel can make after an initiating event to prevent or mitigate an accident. Such 
actions may include operations of stand-by systems and/or normally operating sys
tems to activate, control or restore safety functions such as reactivity control, reactor 
core cooling, coolant pressure and inventory control, containment integrity or heat 
transfer to the ultimate heat sink.

failures to carry out such identified actions as well as making harmful extrane
ous actions constitute human errors in Category C and need to be identified.

A necessary condition for a systematic identification is that the initiating events 
and the safety functions have been defined and that the basic sequence logic is avail
able. Both the frontline safety systems and the support systems for all safety func
tions need to be identified. Even if the final event sequence logic (e.g. event trees) 
is likely to be influenced and modified as a result of the findings in the human reli
ability analysis, a basic set is needed here as a starting point for the identification.

For each initiating event and each safety function (i.e. heading of the event 
tree) called for by it, the first step is to identify systems, support systems and equip
ment that are designed to be manually started or controlled in the event of the initiat
ing event. Failures in these actions should be identified and named separately for 
each branch of the event tree because the error probabilities can be quite different 
along the success path of the event tree compared to branches where one or more 
system failures occur concurrently with the initiating event. These differences are 
due to the fact that diagnosis of a multiple failure event is generally more difficult 
than identification of an initiating event alone and the time available for diagnosis
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and decision making can strongly depend on the other system failures. Hence for a 
given top event in the event tree, the error probabilities on each branch can be differ
ent as each branch represents a different sequence of preceding failures (and/or 
human errors). Detailed examples of incorporating Category C actions into both fault 
and event trees are given in Annex II.

In addition to the tasks defined above, systems that are normally started auto
matically by the reactor protection systems (RPS) signals but also have a manual 
startup capability need to be identified. Failures to start up manually in the event of 
a RPS signal failure are also considered Category C human errors, although their 
contribution to risk is usually small because of the high reliability of RPS. For con
servative screening analysis one may ignore the manual startup capabilities.

The information sources that can be useful in the identification task include the 
following:

(1) Accident analyses and design criteria documentation in plant Preliminary and 
Final Safety Analysis Reports (PSAR, FSAR) specify requirements for manual 
versus automatic startup and operation of safety systems for design basis acci
dents. Additional accident analyses or simulator runs may be needed to obtain 
success criteria and operator actions for transients with degraded or failed 
systems.

(2) Plant emergency operating procedures (EOPs) usually cover a large number 
of transients within and beyond the design basis accidents and indicate neces
sary and beneficial operator actions. However, not all actions included in the 
EOPs may be necessary for preventing a core damage but may be included for 
economic or practical reasons. One should identify those actions that are truly 
necessary for accident prevention and focus on them.

(3) Simulator training records and interviews of training personnel may reveal 
weaknesses in EOPs, difficulties in diagnosing some events or general error- 
prone situations at the plant. This is particularly useful for identification of the 
potentially harmful extraneous actions. These should be recorded for inclusion 
in the risk models and be taken into account in the quantification.

(4) Plant event records and experience on other similar plants can provide infor
mation similar to the simulator training records above.

At the end of the identification task one has a list of actions identified with the 
associated initiating events, systems and branches of the event trees. The failure of 
each of those actions can actually be due to several different human error types:

— misdiagnosis
— slow diagnosis and decision making
— error in attempting to carry out the action.
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7 .2 . SC R E E N IN G

— Reduce the number of human actions identified in task 1 to those that could 
significantly affect the safety of the plant.

— Provide rough estimations of the probabilities of actions that do not have a sig
nificant impact on safety and which therefore will not be analysed and requanti
fied at later steps.

Screening is performed in two stages: qualitative then quantitative.

7.2.1. Qualitative screening

Qualitative screening is guided by the analysis of the accident sequences and 
system failures to assess which human actions have significant consequences. Some 
conservative judgement of the order of magnitude of potential error probabilities 
may also be used. However, the main criterion for qualitative screening should be 
the consequences of an action. One should be careful not to screen out too early an 
interaction with severe consequences, even if its probability seems to be low. A few 
examples of qualitative screening are listed below:

— Not considering manual backup to automatically initiated systems;
— Eliminating of actions where review of the modelling structure clearly shows 

that the operator unreliability will be significantly less than the associated hard
ware unreliability;

— Elimination of an action where the same safety functions can be provided auto
matically by at least two safety grade systems;

— Elimination of an action where its failure can only lead to core damage in the 
very long term (say 24 hours) and known reliable recovery routes exist.

Qualitative screening should be as explicit as possible and carefully 
documented.

7.2.2. Quantitative screening

The basic elements of the quantitative screening are to:

— Assign conservative numerical values to each of the Category C actions. The 
assignment of these conservative values must take into account dependencies 
that arise within sequences of operator actions. The PSA structure must 
be reviewed carefully to identify these. Different methods can be used (see, 
for example, Refs [8, 13, 14]).

T he ob jectives o f  th is task  a re  to:
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— Input these probabilities into the event or fault trees in conjunction with hard
ware reliability parameters.

— Compute the core damage frequency for all the sequences in the PSA.
— Define a cut-off probability. Only the sequences with a core damage frequency 

above this cut-off value will be considered significant. Only the human actions 
included in these sequences will be retained for further analysis. The choice 
of the cut-off probability is based on a trade-off between the possible depths 
of analysis to be undertaken. Depending on plant design and PSA objectives, 
criteria other than core damage frequency may be appropriate, e.g. un
acceptable primary to secondary system leakage.

This method does not account for important performance shaping factors 
(PSFs), such as the complexity of the situation, but this can be done at the quantifica
tion task (see Section 7.6.). Moreover, this method is a good way to point out human 
actions for which the time available is short or which have significant consequences.

Whatever the method chosen by the analyst, the rationale for choosing the 
screening values should be clearly stated.

7.3. QUALITATIVE ANALYSIS

Detailed qualitative analysis consists in gathering information about the signifi
cant human actions retained at the end of the screening step. This information is the 
basis for qualitative insights of the HRA (e.g. weak points in man-machine interface 
procedures or training) and will be used for final quantification of the significant 
human actions.

For each significant human action, one should gather information concerning:

— Task characteristics: knowledge required, complexity, quality of the man- 
machine interface, quality of procedures (e.g. extent to which different proce
dures share common elements), time constraints, personnel assignments, 
alerting cues, means of communication.

— Individual characteristics: level of operator training, experience with regard to 
specific situations being evaluated.

— Environmental characteristics: degree of environmental ‘turbulence’ (i.e. fre
quency of distractions, interruptions, multiple demands on resources, etc.) and 
the physical environment (heat, noise, vibration, etc.).

— Socio-technical factors: organization of the crews, organizational climate, etc.
— Recovery factors: means and time available for recovery (means such as: 

human redundancy, alternate methods for performing the task, systems that 
could be used in lieu of a failed system, alarms, impact of errors on important 
parameters, etc.).

— Consequences of errors: if these have not already been fully assessed.
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A procedure for gathering this information has been proposed by Swain [8], 
The main activities to be carried out are the following:

— Review the emergency operating procedure sections related to the significant 
human actions. Do not consider only their technical adequacy but also their 
ergonomic quality.

— Determine the emergency response preparedness and procedures of the plant 
to carry out the post-accident tasks.

— Collect information on the schedule and type of training, especially that to be 
given in the simulator, and tests to evaluate proficiency of personnel skills.

— Arrange walk-through, including demonstration of actual travel and hands-on 
touching of controls to be manipulated. Concerning control room tasks, 
simulator exercises are more valuable than walk-throughs. However, walk
throughs are the best method for local tasks. In particular, they will make it 
possible to measure travel times. Detailed photographs of relevant control 
room panels and local components (valves, pumps, etc.) will be useful for later 
review.

— Collect information during simulator exercises (specially designed exercises 
are the best, but data can also be gathered during retraining sessions). When 
use of this information is not possible, interviews with trainers and plant per
sonnel will be useful. Details and references concerning the use of simulators 
are given in Ref. [2].

— Determine times available for actions and recovery. These will primarily be 
determined from thermohydraulic analyses and refinement of initial conserva
tive analyses may be needed to prevent overpessimistic estimates of core melt 
frequencies (or other defined consequences) being produced.

7.4. REPRESENTATION

The objective of this task is to select and construct logic representations to 
describe the human actions and errors postulated in previous steps. These representa
tions are used to indicate how human actions can alter the course of an accident. They 
are also used as a basis for quantification.

The outputs of the representation task are logic structures that define potential 
important successes and failures to be analysed and quantified.

The basic framework representation was given in Section 7.1.1 and Fig. 6. 
Different branches of that structure require somewhat different representations for 
quantification purposes.

(1) Misdiagnosis materializes in confusion such that a transient i is identified as 
another transient j .  Consequently, the operators responding to transient j  may 
or may not worsen the situation for the actual transient i.
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The probability and significance of such confusions need to be assessed care
fully. Several approaches are possible but a useful one is given here. The likeli
hood of such confusions can be assessed by forming a confusion matrix. The 
elements of the actual transients are listed vertically (i =  1 to n) and those of 
the erroneously identified transients horizontally (j =  1 to n). This provides 
a framework to assess the probabilities of different confusions of transient i to 
transient j ,  qualitatively and quantitatively [15]. It may be advisable to define 
the upper left hand corner of the matrix (/, j  =  1 to m, m smaller than n) to 
consist of transients in which operator actions are needed, while in the rest of 
the transients (/, j  larger than m) operator actions are not anticipated.

(2) The non-response error probability due to slow diagnosis is assessed as a prob
ability value dependent on the time available to respond before successful com
pletion of the actions would be ineffective in providing the assumed safety 
function. These values are assigned to event tree headings or to basic events 
in a master fault tree. No special logic modelling is needed.

(3) For execution errors in response to transients it is possible to use the human 
reliability analysis trees of the THERP procedure [9] whenever the response 
is too complicated to be treated as a simple success or failure event.

(4) Recoveries from misdiagnosis and erroneous actions are not necessarily 
represented separately in logic models but can be accounted for by applying 
factors multiplying the original error probabilities of misdiagnosis or action 
errors.

Two main aspects must be considered in choosing the level of detail of the 
representation. It should be balanced with the purpose of the study and it should be 
adapted to the data available for quantification. Except for qualitative purposes, it 
is not useful to adopt a very fine decomposition of tasks to elementary subtasks if 
no data are available for quantifying these subtasks (which is generally the case, 
owing to the scarcity of good validated data). Moreover, dependence between redun
dant human actions should always be considered. This is difficult and can only be 
quantified by judgement. Therefore, experience shows that very detailed representa
tions are rarely useful, and can even be misleading, giving the feeling that they pro
vide an accurate modelling of reality, whilst this is actually not the case.

7.5. MODEL INTEGRATION

Each Category C operator action, already identified for inclusion in the PSA, 
can fail in several ways: detection and diagnosis failure or misdiagnosis, slow or 
non-response or an execution error. These may require different ways of integration 
to the plant risk models.

(1) Misdiagnosis manifests itself in confusion and consequent erroneous actions
which can lead to a significantly modified event sequence. If it is not possible
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to represent the consequences by any previously defined event tree, a new 
event tree may be developed. Usually, it is possible to identify a branch in an 
existing event tree to which the confusion leads and which can be used to model 
it.

(2) Detection and diagnosis failures, slow or non-responses and omitted execution 
actions lead to a failure of a system or safety function. These can be modelled 
at the level of event tree headings or as inputs to a master fault tree that con
nects individual system models to the event tree headings. In practice one can 
combine slow diagnosis and missing action errors and represent them as a 
single basic event or heading in an event tree.

(3) Manual backup actions (when automatic initiation fails) can be modelled at the 
system fault tree level.

(4) Recoveries from misdiagnosis or execution errors can be taken into account as 
factors multiplying corresponding error probabilities. Therefore, they are 
taken into account in the quantification task and no separate explicit modelling 
is needed.

Annex II provides detailed examples of how Category C actions are incor
porated into PSA structures. It discusses how the choice of PSA approach (either 
small event trees/large fault trees or vice-versa) can alter the incorporation and 
require careful consideration by the human reliability analyst.

7.6. QUANTIFICATION

The purpose of quantification is to assess the probabilities of success and 
failure for the significant human actions and the effects of key influencing factors.

The inputs to the quantification task are the qualitative information gathered 
previously and the quantitative data which will now be presented. The outputs are 
a probability value and statement of uncertainty for each significant human 
interaction.

As human performance is very context dependent; any PSFs may have a strong 
impact on human reliability. Quantification is uncertain, because this impact cannot 
presently be modelled with high confidence because no fully validated model is avail
able. Therefore, the best method is to use data which have been collected in a context 
as similar as possible to the context studied. This means that one should use simulator 
plant specific data whenever possible.

The following types of data can be obtained from simulator exercises if statisti
cally sufficient test runs are performed with multiple crews:

— probabilities of error of omissions and commissions, including misdiagnosis as 
well as the execution phase.

— time reliability curves (TRCs). A time reliability curve is a curve representing 
the probability of not carrying out the required action in a given time.
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It is clear that one cannot possibly obtain extensive plant specific simulator data 
for all plants. Especially the misdiagnosis errors and the commission errors in 
general may be so rare that no quantification is possible with a reasonable number 
of experiments. Thus, one has to rely totally or partially on judgement or generic 
methods. These have been compared and presented in detail (see, for example, Refs 
[3, 4]). Some possibilities are discussed below.

(1) Misdiagnosis: The confusion matrix concept introduced in Section 7.4 may be 
used to assess the probability of confusing a transient i with another transient j ,  
possibly leading to erroneous actions. The probabilities py of such confusion 
depend mostly on the similarity of symptoms such as alarms, annunciators and 
the direction and rate of change of various signals [15].
Another factor influencing the confusion probability is the degree of training 
and simulator practice given to the operator with respect to each transient. If 
training on transient i is repeated annually while transient j  is practical only 
in the initial training, it is likely that transient j ,  when it actually occurs, is 
believed by the operators to be transient i more often than the other way around 
if the symptoms are similar. One can define training or familiarity categories 
for the transients on the basis of the frequency of training, and assign factors 
qtj to account for the differences. This will make the confusion matrix non- 
symmetric when there are differences in the level of training (qy =  q 0  for 
different transients.
Finally, it is also possible to recover from a misdiagnosis if unexpected new 
symptoms appear and alert the operators, and if there is enough time available 
to recognize and correct the error. Recovery factors ry may be defined to 
account for the alerting symptoms and the time available.

(2) Slow diagnosis: Time reliability curves (TRCs) can be used to assess the proba
bility that a correct diagnosis is not done within the time available. One could 
use generic TRCs, either conservative or nominal [8, 9, 16], or one could 
select others that have additional parameters PSFs to adjust to the circum
stances at the plant [14, 17], There is no general consensus yet as to which are 
the most applicable TRCs and in what circumstances they may be used.

(3) Execution errors: For slips and omissions associated with the execution phase 
of the action one may use the THERP handbook [9]. It is possible to develop 
somewhat simplified versions of the THERP procedure taking into account 
the existence, quality and use of operating procedures, the level of training for 
the task, and layout and ergonomic aspects. However, the ASEP-HRA [8] ver
sion may not be sensitive enough to account for such important aspects.

(4) Recovery from execution errors: When the plant does not respond to the action 
in an expected manner and new alarms may arise, these can alert the operators 
to recognize that an error was made. If there is enough time available to 
recognize and correct the error, a recovery factor may be used to reduce the
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probability for a non-recovered error. The corrected values are then used in 
the PSA models [18].

In addition to the quantification methods discussed above, there are others that 
rely on expert judgement more directly for each Category C action identified. These 
include:

— the paired comparison method [10]
— the success likelihood index methodology (SLIM) [19, 20]
— absolute probability judgement [21],

These methods can also be used for extrapolating experimental data, which is 
very often necessary (combination of judgement and experience).

A useful comparison of quantification methods is given in Ref. [4],
The uncertainties of the probabilities obtained from these various methods is 

high. This is still true for simulator plant specific data as the operator’s behaviour 
may or may not be the same during real and simulated accidents. However, these 
data are the ones most recommended. Unfortunately, very little work has been done 
as yet on the correlation between the operator’s behaviour during simulated accidents 
and real ones. Consequently, whatever the quantification method used, the uncer
tainty is high and cannot even be assessed with a good level of confidence. Neverthe
less, one may use, for example, Swain’s estimates [8],

So it may be useful to complement the quantification with sensitivity analyses 
which show how the choice of the probabilities impacts on core damage frequencies.

7.7. DOCUMENTATION

The purpose of documentation is to provide at all stages of the HRA a traceable 
account of the analysis and results to facilitate peer review, additional analysis at a 
later date and subsequent applications of the result and to communicate a clear per
ception of the impact of the human element on plant safety. The documentation may 
best be organized in relation to the tasks in the framework, making clear what the 
inputs and outputs were for each task leading to the final quantifications. Organiza
tion of the results should address numerical impacts on core damage frequency and 
other risk measures, key sensitivities, and the major qualitative findings and insights 
derived from them. These may include recommendations for improvements to proce
dures, training or man-machine interface and the influence of human error on the 
relative ranking of dominant sequences.

In particular, the documentation should record a list of the human actions and 
recovery actions modelled and the sequences in which they occurred, the fault tree 
or event tree locations where they appeared and descriptions of the actions from crew 
characteristics to action times permitted. The criteria for retention and elimination
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of human actions and their key dependencies, together with the key performance 
shaping factors and their influences should all be emphasized.

The documentation should make it easy to find which representations were 
used for each interaction, the models used for quantification and the data and 
assumptions that support each case, including the cut sets affected by recovery 
factors.

All significant documents (e.g. EOPs and other materials such as control room 
photographs) should be referenced and supporting information such as task analyses, 
operator interviews and expert opinion studies should be documented to provide a 
basis for judgements that have been made.

It is quite demanding but absolutely essential that this documentation process 
should result in a scrutable and well organized technical report to become part of the 
main PSA documentation. A separate summary report with only key insights and 
results may also be produced.

8. DOCUMENTATION TO SUPPORT THE PSA

Section 2.4. identified the differing outputs and documentation that should 
stem from the HRA studies included in the PSA. This section provides more details 
and suggestions for providing suitable documentation to directly support or be 
included in the overall reporting of the PSA.

8.1. AUDIENCES FOR THE DOCUMENTATION

There will be a wide range of potential audiences of the PSA and supporting 
documentation: senior management, regulatory bodies, other PSA task specialists, 
etc. They are likely to have differing information needs and this must be borne in 
mind when providing the PSA supporting documentation.

However, the primary objective must always be to provide the HRA documen
tation that directly assists the PSA to achieve its overall use and objectives. As indi
cated in Section 2.4, other outputs should be produced to meet the HRA objectives 
and communicate with audiences other than the target PSA audience.

8.2. CONTENTS OF THE DOCUMENTATION

Section 2.4 indicated that HRA studies collect and use very large amounts of 
information and hence it is impractical to attempt to report all information and 
assumptions used within the formal PSA documentation.
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The formal documentation should be structured and composed to allow the
reader to understand the purpose of the analysis, how the approaches and methods
used achieve this, the results and their basis, and limitations of the analysis in achiev
ing the purpose. The following topics are likely to be required:

(1) Puipose o f the HRA analysis. To define the overall purpose of the HRA studies 
in their context to the overall PSA objectives and use. This should also present 
the scope of the human actions that are to be considered as candidates for the 
HRA studies (rather than covered by other studies; e.g. initiators and their fre
quencies are often assessed in total without determining the human 
contribution).

(2) Basis and approach o f the analysis. This will identify and describe the basic 
steps within the analysis, i.e. steps (1) to (7) as presented in Section 4.2.

(3) Presentation o f screening criteria. At the stages where human actions initially 
within the scope of the study are screened out (either qualitatively or quantita
tively) the screening criteria should be presented and justified if necessary.

(4) Presentation o f detailed quantification methods. There should be a brief pre
sentation of all of the quantification methods used and an explanation of their 
selection and individual uses. This should generally be supplemented with at 
least a representative example of the use of each quantification method.

(5) Listing o f HRA data. All of the HRA data used within the PSA should be listed 
together with a clear definition of what the data represent and where they are 
used. Ideally, each overall task/error quantified should be accompanied by a 
brief summary of the most important factors that affect the calculated reli
ability, for example: I. Difficult diagnosis, ambiguous information, short time 
(say 5 minutes) available for successful task completion. II. Execution of an 
action in a planned sequence (already selected), 10 hours available for success
ful task completion, errors recoverable and error recovery potential high (via 
unambiguous feedback, etc.).

(6) Recommendations. Any major recommendations on HRA issues relevant to the 
overall study should be presented and explained. Some of these recommenda
tions may be taken forward into the main conclusions and recommendations 
of the overall PSA if they are sufficiently important. As the overall PSA con
clusions and recommendations will only cover the most important overall 
issues, the HRA documentation should contain a comprehensive summary of 
all HRA recommendations.

(7) Identification o f limitations. Any significant limitations of the HRA studies in 
achieving their overall purpose should be identified. Similarly, any HRA 
issues not directly required for the overall purpose but which could influence 
the overall PSA conclusions or recommendations should be identified. The 
potential significance to the PSA results and recommendations should be 
presented and explained if necessary.
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9. ISSUES RELATING TO THE INCORPORATION OF 
HRA INTO PSA

This section provides a brief summary of important issues that relate to the 
incorporation of HRA into PSA.

9.1. JUDGEMENT

The incorporation of HRA into PSA inevitably requires a large number of 
judgements to be made. The approaches used in this document are intended to allow 
many of these judgements to be made in a structured manner and ensure they are 
available for review.

Types of judgements are:

— appropriateness of quantification methods
— applicability of data and their modifications
— identification of error and error mechanisms
— affect of PSFs
— assumptions on the consequences and significance of commission errors
— appropriateness of screening criteria.

The high degree of judgement required places a large reliance on the ability 
and skills of the HRA specialist. He or she must have a good grasp of human factors 
issues, PSA and systems analyses approaches and an appreciation of the practical 
environment being assessed.

9.2. SENSITIVITY STUDIES

Sensitivity studies should be determined by the overall PSA objectives and 
purposes. Some HRA data are likely to be incorporated within those overall sensitiv
ity topics selected for study. The main role of the HRA specialist will be to advise 
the PSA team leader of any HRA data or assumptions that could significantly affect 
the overall sensitivity issues and are not immediately obvious from reviewing the 
PSA model, e.g. assumptions on maintenance effectiveness which can lead to 
increased system unavailabilities across the entire plant and increase some initiating 
fault frequencies.

9.3. LIMITATIONS OF HRA IN PSA

Although there is an increased awareness and effort in incorporating HRA into 
PSA it is important to be aware of the current limitations of PSAs for addressing all

44

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



human influences relevant to plant safety and risk. The following provides a brief
listing of some of the more important issues:

(a) Modelling o f  effects o f errors o f  commission. As pointed out in Sections 4 
and 7, there has been little attempt to model the actual effects of commission 
errors. The PSA implicitly assumes that their contribution will be small com
pared with those fault sequences within the PSA.

(b) Violations o f  operating limits. These may be included as specific initiators but 
they have the ability to take the plant outside the ‘envelope’ that is used for 
the thermohydraulic (transient) analyses on which the fault studies are based. 
Again, the PSA assumes that these contributions will be small and that the pro
tection system envelope and overall design margins prevent significant ‘cliff 
edge’ events.

(c) Credit fo r human ingenuity and flexibility. The PSA modelling of post-fault 
human actions and errors does not adequately reflect the ability of humans to 
control events even in the face of great personal danger. This is an important 
issue as PSAs tend to promote increased automation of post-fault responses 
without adequately understanding the potential merits of well supported opera
tors or the fact that automation moves the source of human errors into the 
maintenance area where many of the most beneficial aspects of human 
behaviour are lost.

(d) Management and organizational factors. There are two main issues relating to 
a PSA:
(i) the PSA should reflect the current management and organizational 

influences as they reflect the individual operator/maintainers perfor
mance and levels of QA, inspection, etc. However, the PSA itself gives 
no assessment of the sensitivity or robustness of the management and 
organization to preserve the current practices.

(ii) the PSA assumes nearly total independence between systems, i.e. each 
calculated system unavailability (or common cause failure limit) is 
assumed to be independent of other systems unless a direct systems inter
action is found. Recent serious events indicate that this assumption is 
unlikely to be true and the level of actual intersystem dependency is 
heavily determined by management and organizational influences. The 
actual intersystem dependency couplings stem from a wide variety of 
causes but they are invariably translated into poor operational and main
tenance practices.
These management and organization issues are receiving increased atten
tion and performance indicators are seen as a potential means of control
ling them. It is beyond the scope of this document to consider them in 
any detail.
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9 .4 . U SE S IN  R ISK  M A N A G E M E N T

It should be the overall PSA which is used for risk management. However, the 
HRA component has an important, unique role in ensuring effective management of 
risk. Section 8 indicated that an important part of the HRA documentation was to 
identify important assumptions and limitations of the HRA relevant to the overall 
PSA purposes. Effective risk management needs this information to ensure the over
all perspective gained from the PSA is not invalidated.

The HRA studies may also have identified specific strategies to reduce risks 
from serious accidents. These then need to be developed by ensuring the operators 
are supported with appropriate information and alarm displays, procedures and 
training.
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Annex I

EXAMPLE OF THE QUANTIFICATION AND INCORPORATION OF 
CATEGORY A ACTIONS

This annex provides an example of the quantification of a Category A action 
and its incorporation into the PSA. The example of how to determine the mean 
unavailability for a manual valve being in the wrong position has been modified from 
Ref. [1.1] and is used to discuss several issues: dependency; relating Category A 
actions to the common cause failure (CCF) analysis; and possible approaches to 
screening.

1.1. EXAMPLE QUANTIFICATION FOR CATEGORY A ACTION 
(e.g. LATENT HUMAN ERRORS)

1.1.1. General description

One concern in performing a PSA system analysis is the possibility of 
procedural errors leading to the failure of valves in more than one system or in more 
than one train of the same system to be left in the closed position, causing train or 
system unavailability. Procedures associated with system operation include:

(1) Maintenance procedures
(2) Maintenance reports (frequency of maintenance)
(3) System test procedures
(4) System test schedule (frequency of tests).

The following typical example presents a method for determining the mean 
unavailability for a manual valve in the wrong position. This is typical for a two train 
system consisting of two similar manual valves, e.g. MVs 3LP-40 and 41 in the low 
pressure injection/recirculation system as shown in Fig. 1.1.

Task description

These manual valves are closed to re-align the system for residual heat 
removal/low pressure injection (RHR/LPI) pump functional testing. They may also 
be closed to permit unscheduled mechanical maintenance to be performed during 
power operations. Hence these manual valves could be left in the ‘closed’ position 
from either regular scheduled monthly functional tests or unscheduled mechanical 
maintenance.
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FIG. 1.1. Simplified system diagram.

Success criteria

Following any test or maintenance activity, the valves are restored to the open 
position. This means that the injection is properly aligned.

Initial conditions

Opportunity to close the manual valve MV 3LP-40 will come from:

(1) Monthly system functional test.
(2) Unscheduled mechanical maintenance.

The frequency of functional tests is one per month.

The frequency of unscheduled mechanical maintenance is determined from 
pump failure data and is about 0.09 per month. This results in a total frequency of
1.09 per month, or once every 4 weeks, to change the status of the valve MV 3LP-40 
(or 41). From the discussion, it is evident that most of the frequency for changing 
the valve status is contributed from the monthly functional test.

Procedure

The procedure for the monthly functional tests, which is also applied following 
maintenance outages, can be briefly described as follows:
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(A) Decide to perform test
(B) Verify plant alignment
(C) Select appropriate train
(D) Apply steps of procedure

Step 1 Verify pump inlet pressure head
Step 2 Verify charging pump performance
Step 3 Verify mini-flow valve status
Step 4 Verify charging suction valve is locked open
Step 5 Close MV 3LP-40 (or 41) pump outlet
Step 6 Start charging pump, verify performance characteristics
Steps 7, 8 Record running data
Step 9 Stop charging pump
Step 10 Open MV 3LP-40 (or 41)

(E) Verify valve in normal position
(F) Assess test results
(G) Decide on action to be taken

In addition to the monthly functional test there is a weekly flow path verifica
tion, i.e. a visual check of the valve alignments for correct operation.

1.1.2. Quantification

A simplified THERP approach to the typical case of a valve in the wrong posi
tion is used here for convenience. Other methods could be used as indicated in the 
main report. THERP is a standard method used for Category A actions and errors 
which are covered by procedures when insufficient appropriate plant data exist.

For this example it is assumed that the only error that can fail the LPI/re- 
circulation train is failing to re-open the manual valve MV-3LP-40 (41) in the pump 
delivery path. The position of the valve on the mini-flow line is assumed to have no 
effect on success/failure of the train. The approach to the quantification is as follows.

In Step 5 the manual valve is closed, and the failure can occur at Step 10 if 
the operator fails to restore the valve to its original ‘open’ position. From Item 1 of 
Table 1.1 (taken from Table 20-6 of Ref. [1.2]), a probability for failure to restore 
the valve into ‘open’ of 0.01 is recommended. The completion of the procedure is 
checked by quality control (QC) personnel. Given an independent human error prob
ability (HEP) for QC personnel’s failure to detect the fault as 0.1, Item 1, Table 1.2 
(taken from Table 20-22 of Ref. [1.2]) and using dependency equations from 
Table 1.3 (taken from Table 20-17 of Ref. [1.2]) a ‘low dependence interaction’ 
between these two groups results in an conditional HEP of:

1 + 19 X 0.1
HEPC = ------------------- = 0.15

20
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TABLE 1.1. ESTIMATED HUMAN ERROR PROBABILITIES (HEPs) 
RELATED TO FAILURE OF ADMINISTRATIVE CONTROL

Item Task HEP
Error
factor

1 Carry out a plant policy or scheduled tasks such 
as periodic tests or maintenance performed 
weekly, monthly or at longer intervals

0.01 5

2 Initiate a scheduled shifty checking or 
inspection function

0.001 3

3 Use written operations under: 
normal operating conditions 0.01 3

4 Use written operations under: 
abnormal operating conditions 0.005 10

5 Use a valve change or restoration list 0.01 3

6 Use written test or calibration procedures 0.3 5

7 Use written maintenance procedures 0.3 5

8 Use a checklist properly 0.5 5

Thus the probability of MV 3LP-40 being in the wrong configuration immedi
ately following test/maintenance is then estimated as

0.01 x  0.15 = 1.5 X 10-3

However, there are three opportunities for weekly flow path verification 
between two valve manipulations. These allow additional recovery from the given
0.01 as verification restoration error and hence reduce the resulting unavailability 
(see Fig. 1.2). The mean unavailability on demand between two valve manipulations 
is then given by:

1.5 x  KT3 X (1/4) (1 + 10"2 + 10-4 + 10-6) =  4 x  KT4

This unavailability, 4 x  10“4, includes the contribution from manual error on 
either of the single redundant trains. In evaluating the unavailability for commonly 
inducing wrong configurations for both trains, the analysts should consider the 
dependency between the A and the B train tests. Since tests for these two loops may
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TABLE 1.2. ESTIMATED PROBABILITIES THAT A CHECKER WILL FAIL 
TO DETECT ERRORS MADE BY OTHERS

Item Checking operation HEP
Error
factor

1 Checking routine tasks, checker using written materials 
(includes over-the-shoulder inspections, verifying position 
of locally operated valves, switches, circuit breakers, 
connectors, etc., and checking written lists, tags or 
procedures for accuracy)

0.1 5

2 Same as above, but without written materials 0.2 5

3 Special short term, one-of-a-kind checking with alerting 
factors

0.05 5

4 Checking that involves active participation, such as special 
measurements

0.01 5

Given that the position of a locally operated valve is checked 
(item 1 above), noticing that it is not completely opened or 
closed:

0.5 5

5 Position indicator only 0.1 5
6 Position indicator and a rising stem 0.5 5
7 Neither a position indicator nor a rising stem 0.9 5

8 Checking by reader/checker of the task performer in a 
two-person team, or  checking by a second checker, routine 
task (no credit for more than 2 checkers)

0.5 5

9 Checking the status of equipment if that status affects the 
safety of the person checking

0.001 5

10 An operator checks change or restoration tasks performed by 
a maintainer

5

be performed by the same shift of QC personnel successively, a high dependence will 
be assumed between these two loop tests. Thus, given the probability for valve 
MV 3LP-40 in the wrong configuration as 4 x 10"4, the dependent probability for 
MV 3LP-41 in the wrong configuration (using the equation from Table I.II) is:
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TABLE 1.3. EQUATIONS FOR CONDITIONAL PROBABILITIES OF 
SUCCESS AND FAILURE ON TASK ‘N \  GIVEN SUCCESS OR 
FAILURE ON PREVIOUS TASK W - l \
FOR DIFFERENT LEVELS OF DEPENDENCE

Level of 
dependence

Sucess equations Failure equations

ZD Pr[S.N. |S-N-r |ZD] = n Pr[F,N. |f .n. , . |z d ] = N

|s .n. , . |l d ] =
1 + 19 n

|f .n. , . |l d ]
1 + 19 n

LD Pr[S-N.
20

Pr[F.N.
20

|S‘N-r |MD] =
1 + 6  n

|f .n_,.|m d ]
1 + 6N

MD Pf [S.N.
1

Pr[F.N.
1

|s .n_,.|h d ] =
1 +  n

|f .n. , . |h d ]
1 + N

HD Pr[S.N.
2

P r[F N.
2

CD Pr[S.N. |s .n-,.|c d ] = 1.0 Pr[F.N. |f .n_,.|c d ] =  1.0

This results in a mean unavailability for common error of both valves in the 
wrong configuration of:

(4 x  1(T4) x  0.5 = 2 x 1(T4

1.1.3. Dependency consideration

The analysis given above is fairly simplistic and is used only to illustrate the 
general approach to quantifying Category A errors affecting two trains. There is 
likely to be more consideration of dependency needed in the evaluation of such 
problems between two (or more) redundant trains of a system. In the example 
presented there are three main points of introducing dependency, particularly 
between the two trains, and each could have a different level of dependency. These 
are the dependencies between:

(i) the re-alignment of valves MV-3LP-40 and 41 at the end of the test;
(ii) the verification of the re-alignment of the valves after the test;
(iii) the weekly flow path verifications.
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FIG. 1.2. Effect on unavailability due to weeftly flow verification.

1.2. INCORPORATION INTO THE PSA

1.2.1. Incorporation into PSA fault trees

Sections 5.4 and 5.5 indicated that the representation and incorporation of 
Category A errors is straightforward and is generally made via basic events in a fault 
tree.

Figure 4 shows a possible way of modelling the Category A actions/errors 
associated with the previous example. It is typical of the representation arising from 
a systems analysis with Train A and Train B being modelled separately, and Train 
B repeating the Train A structure. Hence the operator actions/errors for valves 
MV-3LP-40 and 41 are modelled separately. This modelling requires careful con
sideration by the HRA member of the PSA team to ensure that evaluation of the fault 
tree properly considers the issues discussed below in Section 1.2.2.

1.2.2. Dependency between Category A actions/errors

Sections 1.1.2 and 1.1.3 presented the effects and consideration of dependency 
between the test and checking activities. It identified that dependency between Trains 
A and B via valves MV-3LP-40 and 41 should be anticipated. The conditional
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unavailability of MV-3LP-41 is high compared with that for MV-3LP-40. This 
would be accounted for by the evaluation of the fault tree.

Within Figure 4, two basic ways of accounting for the human dependency 
between Trains A and B due to the valves can be made by the HRA specialist.

(a) Applying conditional unavailabilities for Train B

For this example this is the simplest approach. The basic event ‘operator fails 
to resolve MV-3LP-41 after test’ for Train B is assigned the conditional 
unavailability allowing for the dependency between valves MV-3LP-40 and 41 
between Trains A and B (i.e. HEP = 4 X 10“4 for Train A and HEPC =  0.5 
for Train B).
The evaluation of the fault tree will then give a correct reflection of the unavail
ability due to testing of the two trains together. It will, however, present an 
unbalanced view of the relative importance of Train A compared to Train B.

(b) Use o f the CCF basic event

In this case the CCF basic event is used to present the unavailability of both 
trains arising from the testing via the two valves. Several options are available:

(i) assigning the independent unavailability of 4 x 10~4 to both
MV-3LP-40 and 41 assuming no dependency and then assigning the 
unavailability of the two trains (2 x  10"4) to the CCF basic event;

(ii) assigning the unavailability of the two trains (2 X 10~4) to the CCF
basic event and assigning the individual basic events to be zero
unavailability.

For all the above approaches it is important to inform the systems and CCF 
analysts of the approach being adopted. This will ensure that correct interpretation 
of results can be made and that the CCF modelling is compatible with the approach 
adopted.

1.2.3. Screening

Figure 1.1 shows the outline system and Fig. 4 gives a possible representation 
within a system fault tree. If the LPI recirculation pumps A and B are assumed to 
each have a failure probability of 10“2 to start on demand then the following screen
ing approach may be adopted. Considering Train A separately, detailed considera
tion of the operator failing to restore MV-3LP-40 could be screened out if it can 
easily be judged that the unavailability following testing is significantly less than 
10~2 to start on demand. The following screening approach may then be adopted. 
Considering Train A separately then detailed consideration of the operator failing to 
restore MV-3LP-40 could be screened out if it can easily be judged that the unavaila
bility following testing is significantly less than 10~2 (say 10“3), i.e. Train A
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unreliability is determined by pump failure. A similar approach would be used for 
Train B.

However, the HRA specialist must ensure that the real effect arising from 
dependencies between the two trains are allowed for within the CCF analysis. This 
does not necessarily mean that a detailed ‘system’ HRA assessment is performed at 
this stage. An approach could be to ensure that the CCF value is sufficient to conser
vatively account for the system dependency and then await the PSA results and sensi
tivity studies to determine where further detailed HRA assessment is necessary.
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Annex II

EXAMPLES OF THE INCORPORATION OF 
CATEGORY C ACTIONS/ERRORS INTO 

PSA STRUCTURES (FAULT TREES AND EVENT TREES)

This annex provides some detailed examples of the incorporation of Category 
C actions/errors into PSA logic structures. These examples illustrate the incorpora
tion into PSA based on:

— large event trees/small fault trees and
— small event trees/large fault trees.

These examples are taken from published PSAs [II. 1, II.2], modified where 
appropriate to assist the illustrations. They do not present the detailed quantification 
steps fully but indicate the approaches taken to derive the end human error probabili
ties. They do show that different approaches to quantification are used according to 
the nature of the errors, availability of operational data and factors considered most 
significant to the action or error.

11.1. INCORPORATION INTO LARGE EVENT TREES/SMALL 
FAULT TREES

11.1.1. Introduction

These examples are taken from the Zion RHR PSA [II. 1]. This PSA was 
undertaken to assess safety concerns that had been identified from pressurized water 
reactor (PWR) decay heat removal experience and to look for other contributors to 
risk during shutdown.

Shutdown operations generally place much greater requirements for manual 
operator actions than for power operations for both the normal and post-fault condi
tions. Hence this PSA chose to adopt an event tree approach based on the procedures 
to provide a direct method of modelling errors in operator actions in following these 
procedures. Hence this PSA provides a good illustration of incorporating human 
actions and errors into a large event tree based PSA. The following parts of this 
section give a brief presentation of the overall approaches used.

11.1.2. Modelling of human actions

(i) Modelling o f human actions which lead to the unavailability o f key systems 
(i. e. Category A actions)

These were analysed as part of the key systems analyses which are presented 
in Appendix C of Ref. [II. 1]. A system was modelled via a block diagram, each
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block (or supercomponent) consisting of one or more components of the system. An 
expression representing the unavailability of the system was then derived from the 
appropriate combinations of unavailabilities of individual blocks. Contributions to 
the system unavailability were calculated for hardware failures, maintenance, human 
errors, support system failures and dependent component failures.

(ii) Modelling o f human actions within the station shutdown procedures 
(i.e. Category C Type 1 and 2 actions)

These actions were modelled directly as top events in the event trees. In some
cases these top events include both a human error and a hardware failure contribu
tion, and in others the sole contribution is that due to operator error.

The types of operator actions analysed are:

(a) Actions taken during an event sequence or plant evolution that supplement the 
automatic response of plant systems for event mitigation;

(b) Action required of operators for plant control;
(c) Actions taken during an event sequence of plant evolution that change or 

detract from the automatic response of plant systems;
(d) Actions taken during an event sequence or plant evolution that lead to the 

recovery of failed systems.

The top event descriptions determine the success and failure criteria for the 
task, the human errors and hardware failures which contribute to the success or 
failure of the task, and the dependencies which exist between the operator action and 
previous operator actions or hardware failures. Operational events also provided 
background information for the selection and definition of operator action sequences. 
Given the detailed modelling of the operator action, the known dependencies and the 
knowledge of the plant sequence under consideration, quantification was carried out 
using the method described below.

II.1.3. Quantification of human actions within the station shutdown 
procedures

Operator actions in procedures were modelled through detailed task descrip
tions and identification of success criteria, possible human errors and dependencies 
with previous actions as described above. Quantification of these actions was per
formed using human performance information from three sources:

— expert opinion
— NUREG/CR-1278 [II. 3]
— a time reliability curve for operator action (Fig. II. 1) reproduced from 

Ref. [n.l].
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Time (minutes)

FIG. II. 1. Time-reliability curve used fo r  Zion RHR PSA.

Each of the operator action sequences for any given top event was then quanti
fied on the basis of:

(a) Time available for operator response (determined from thermal hydraulic ana
lysis of the event scenario)

(b) Information adequacy (including the quality and availability of alarms, the 
operators’ awareness of plant conditions and the operators’ ability to interpret 
the plant state from these indications)

(c) Event sequence familiarity (this includes the knowledge of precursors, which 
have already occurred at Zion, the likelihood of the event occurring, operator 
training, the availability of procedures and general understanding of the event 
sequence).

These factors are not independent. The importance of each one in evaluating 
the human error rate varies according to the operator action sequence in question.

The Zion RHR PSA quantified a large number of operator action sequences 
(approximately 70) and gave mean, median, and 95 and 5 percentile estimates for 
each of the operator actions.
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II. 1.4. Examples of human action quantification

II. 1.4.1. Example o f treatment o f human action within the station shutdown 
procedures — plant shutdown event tree

Top event CL in Fig. II.2 refers to the event ‘no excess charging during the 
cooldown time — frame’. When the plant is water solid, charging flow must equal 
letdown to maintain pressure at 400 psig. If charging flow is greater than letdown 
flow, as when the plant is taken to the water solid condition, overpressurization can 
occur. Even with a pressurizer steam bubble, excess charging can lead (eventually) 
to overpressurization. Similarly, if an inadvertent safety injection (SI) occurs, over
pressurization may result. If one of the RHR suction valves should trip closed the 
RHR letdown path is isolated while charging continues, giving another source of 
overpressurization.

The plant shutdown event tree is shown in Fig. II.2 (reproduced from Ref. 
[II. 1]. From this figure, it can be seen that there are several conditional top events 
CL1-CLC indicating the different sequences through which top event CL (no excess 
charging) can be reached. These conditional events are dependent on success or 
failure of previous events in the event tree. All sequences include hardware failures 
leading to the charging flow control valve failing open and the letdown flow path 
being blocked. Consideration of the safety functions and events modelled in the event 
tree (Figure II.2) by the analysts identified three of the top events (OP, EC and PZ) 
as being potentially significant for the CL top event (no excess charging). The depen
dency issues are then as follows:

(i) Preceding success or failure of top event OP, i.e. whether or not the low pres
sure overpressure protection system has actuated (this determines the pressure 
at which the pressurizer power operated relief valves (PORVs) will open).

(ii) Preceding success or failure of top event EC. This dependency is only 
appropriate if a spurious SI occurs and determines whether or not charging 
pumps, SI pumps and accumulators were tagged out of service (to reduce the 
capability of overpressurizing the system) during the cooldown.

(iii) Preceding success or failure of top event PZ. This event determines whether 
of not the plant is water solid at the time of the failure to control the charging/ 
letdown flow balance.

The most important parameter affecting the operator error contribution to 
failure of top event CL in this event tree is determined to be the conditions in the 
pressurizer (i.e. whether the plant is water solid or whether a nitrogen bubble is 
present with the PORVs open to provide a vent path to the pressurizer relief tank). 
In this example, therefore, conditional events CL1, CL3, CL5, CL7, CL9 and CLB, 
where the pressurizer is water solid, are quantified together, as are conditional events 
CL2, CL4, CL6, CL8, CLA and CLC, where a nitrogen bubble is present.
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FIG. II. 2. Plant shutdown event tree.

63

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



When the pressurizer is water solid (i.e. filled with water to the top, without 
steam) control of charging and letdown is delicate and should an overpressurization 
event occur, the time before a challenge to the pressurizer PORVs is short. Flow 
indications themselves are coarse but reactor coolant system (RCS) pressure changes 
provide rapid indications of flow imbalances. Once valve positions have been set to 
balance the flows, the operator rarely readjusts the flows, so most of the errors 
occur when initially setting up these valve positions. Rapid flow changes due to 
changes in valve positions could cause pressure spikes sufficient to challenge the 
PORVs or other relief valves. On the basis of operating experience and the factors 
discussed above, a mean frequency of 0.10 with a range factor of 5 was assigned 
to failure of top event CL under solid plant conditions in the event tree. This is 
expected to be conservative operation.

If the PORVs are open with a nitrogen blanket in the pressurizer, it is assumed 
to be hydraulically impossible for operator errors to cause charging and letdown 
imbalances which are sufficiently large to challenge one of the system relief valves. 
Only spurious safeguards actuation signals that cause letdown isolation and re
alignment of the charging pump can cause an overpressure challenge under these 
conditions. Spurious safeguards actuations are separately evaluated in the PSA and 
hence the conditional operator error contribution to top event CL when the nitrogen 
blanket is present in the pressure is set to 0.

II. 1.4.2. Use o f event tree model to assist dependency identification

Section 5 of the main report indicated that consideration of dependency was 
an important factor for the assessment and quantification of Category C actions and 
errors.

The Zion RHR PSA provides a good illustration of how large event trees can 
assist the identification of the dependencies of an operator action on previous events, 
particularly previous operator actions and errors.

In the example presented in Section 1.1.4.1 above, the large event tree model
ling explicitly shows all the success/failure combinations possible for any given top 
event. As human reliabilities can be very sensitive to scenario specific factors then 
each branch under an operator action/error top event may need to be quantified 
individually. The event tree identifies the unique success/failure combination of each 
branch and their possible dependency effects can be considered.

The example showed a case where success/failure of three previous top events 
could affect the CL top event, and of these that the pressurizer condition was the 
most important for operator error.

Event tree modelling facilitates the identification of dependencies of operator 
actions on preceding events, particularly previous operator actions and errors. This 
can be very important for major decision steps occurring post-fault to assess whether 
subsequent actions modelled could be significantly affected by a misdiagnosis and
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involvement of incorrect recovery actions. Section n.3 discusses the relative merits 
of event trees and fault trees for assisting dependency identification for human reli
ability analysis.

H.2. INCORPORATION INTO SMALL EVENT TREES/LARGE 
FAULT TREES

n.2.1. Introduction

The examples here are taken from the Oconee Unit 3 PSA [II.2], which was 
undertaken deliberately to improve the capability of the electric utility to apply PSA 
methods. Hence it aimed at improving deficiencies seen in previous PSA approaches. 
It provides some good examples of the incorporation of Category C actions into a 
PSA based on small event trees and large fault trees. It also provides an example 
of screening for Category A and C actions used within this PSA.

II.2.2. Modelling of human actions

Figure n .3  illustrates the variety of human errors considered in the modelling 
and their usual location in the logic trees. Operator actions that could affect an event, 
function or an entire system were placed in the top level trees. An interaction in 
which the operator inhibits the functioning of a system was placed at the top of the 
system fault tree. Both of these types of interaction are context specific (i.e. event 
dependent). In the system fault trees (the third level), two types of human interaction 
were identified: dynamic and latent actions. Dynamic actions are those operator 
actions that occur after plant disturbances; latent actions are related to the unavail
ability of components or trains of a system and are assumed to occur before the 
initiating event (or to contribute to it). This conceptual scheme was used by the sys
tems analysts, whose task was to identify significant human errors, as an aid to 
systematic identification of such actions.

For the purposes of the Ocanee PSA, potential human actions were classified 
into four categories which were defined as shown below:

(i) Unavailability error (U) — human errors that occur before an initiating event 
or a transient, resulting in a system or a component being unavailable (or 
degraded) during an event/or involved in initiating the event (i.e. Category A 
errors).

(ii) Inadvertent action (I) — actions where the operator unintentionally defeats the 
function of a system during an event (typically at the subsystem or component 
level) (i.e. Category C Type 2 errors).

(iii) Operator inhibits (OI) — errors occurring post-incident where an operator 
intentionally defeats the function of a system due to misdiagnosis (typically at 
the system level) (i.e. Category C Type 2 misdiagnosis).
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FIG. 11.3. Oconee: Conceptual scheme fo r modelling human interactions.

(iv) Operator fails to (OF) — errors occurring during an event or transient where 
an operator fails to perform a desired action. Such actions can be either backup 
actions (operator backup or an automatic system) or manual actions. Three 
sub-categories of the operator fails to category were defined according to 
whether the behaviour was procedure based, rule based on an ‘immediate 
action’ (highly trained, rule based action) (i.e. Category C Type 1 actions).

The categories of operator inhibits (01) and operator fails to (OF) both contain 
an element of diagnostic behaviour.
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n.2.3. Quantification of human actions

II. 2.3.1. Screening values fo r human error probabilities

Once the human actions had been identified and modelled in the logic trees in 
terms of the four categories defined above, the next stage in the human reliability 
assessment was the assignment of screening values.

The basic approach used was to assign values judged to be ‘conservative’ in 
the light of:

(i) System knowledge or possible later refinements in the detailed modelling of 
the actions;

(ii) Values used for similar operator actions in other PSAs or recommended for 
use in PSAs.

For dynamic errors, i.e. Category C, the following screening values were
used:

Operator fails to (OF): 0.1
Inadvertent action (I): 0.003
Operator inhibits (OI): 0.01

In the case of certain OF errors, where successful completion of an action 
seemed particularly unlikely or to ensure that dependencies were accounted for later, 
a value of 1.0 was used. The value of 0.01 for operator inhibits was felt to be very 
conservative as the expected values were of the order of 10'4 or 10~5 except under 
exceptional circumstances. It should be noted that these errors are unlikely to drop 
out of the analysis as a result of their position at the top of the system fault trees.

For unavailability (latent) errors, i.e. Category A, the following probabilities 
were assigned as screening values:

Manual valves Isolation motor operated valves (MOVs)

Procedure preparation 
Procedure omission 
Wrong valve restored 
Left unseated

1.1 x 10-3 
1.5 x 1(T2 

10"2 
3.0 x  KT4

Procedure preparation 
Procedure omission 
Wrong valve restored 
Scan recovery

1.1 x  10"3 
1.5 x  10‘2 
5.0 x 10'3 
7.8 x 10'1

Untagged manual valves (I&C controlled) Throttle MOV

Procedure preparation 
Procedure omission 
Wrong valve restored 
Left unseated

1.1 x KT3
5.0 x 10"3
5.0 x  KT2
5.0 x  10'4

Procedure preparation 
Procedure omission 
Wrong valve restored 
Left mid-travel 
Scan recovery

1.1 x  10'3 
1.5 x 10'2 
5.0 x 10'3 

10'3 
7.8 x  10“'
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The screening values for breakers were estimated on a basis similar to that used 
for events involving manual valves.

Breaker location Screening

In field 1.6 x 10“2

In control room 8.6 X 10~3

The following values apply for the second component if two components typi
cally occur in the same line-up and are in close physical proximity.

Manual valves 1.6 X 10~2

MO Vs (motor operated valves) 1.5 X 10~2

Untagged valves 5.5 X 10~2

Human errors were screened on the basis of the probability value for the 
minimal cut set in which they appeared. Human errors occurring in minimal cut sets 
below a selected cut-off frequency were treated as unimportant and were not consid
ered further. Those human errors occurring in minimal cut sets above the threshold 
frequency were modelled to produce more refined estimates of the probability. 
Unavailability errors were screened using the system level minimal cut set. Operator 
errors occurring during the transient were screened using both the system level and 
the sequence level minimal cut sets.

II. 2.3.2. The assessment o f  misdiagnosis

A type of confusion matrix was developed by the analysis team to provide 
insights into possible sources of misdiagnosis of transients and to quantify the most 
likely confusions. It was used to evaluate a set of nine potential transients in terms 
of failure to diagnose an initiating event as a result of confusion, under two time 
regimes — 15 minutes and 1 hours. The two ‘confusion matrices’ given in the 
Oconee report are shown in Tables II. 1 and II.2.

The initial evaluation was carried out independently by two operator trainers. 
They were asked to rate the five most likely misdiagnoses for each of the nine tran
sients. After completing the ratings, they were asked to assign probabilities to the 
most likely misdiagnoses. These results were pooled by setting a cut-off frequency 
of 0.001 and excluding all combinations with a probability less than this and taking 
an intermediate value for misdiagnoses which were assigned differing values by the 
two trainers. The agreement between the trainers for the one hour regime meant that 
no averaging of values was necessary..

The results for misdiagnosis in the 15 minute regime were checked by asking 
six power plant operators to rank the five most likely misdiagnoses for each tran-
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sient. A frequency analysis was carried out on the operators’ results and the results 
of the trainers’ evaluation adjusted where appropriate. If four or more operators 
listed a misdiagnosis not given a value of at least 0.001 by the simulator trainers, 
this was assigned a probability of at least 0.001. If two or fewer operators indicated 
a misdiagnosis identified by the trainers, the probability was decreased.

Operator evaluation of the one hour regime was not carried out. However, the 
trainers’ results were adjusted by including a value of 0.001 where a value of 0.01 
or higher was obtained for the 15 minute regime. The final set of total probabilities 
of misdiagnosis are reproduced in Table H.3.

This table includes some modification of the values derived from the trainers 
and operators. The value for a large loss of coolant accident (LOCA) under the 
15 minute regime was increased by a factor of 10 to account for the exceptionally 
high levels of stress typically associated with such an event. A residual probability 
of 0.001 for error in other categories of misdiagnosis was assumed for all categories 
of events, with the exception of a loss of off-site power 1 hour after the event is 
signalled, which was assigned a value of 0.0001.

In practice, the 15 minute value was used for any event that must be completed 
within 15 to 45 minutes after the event is signalled. The 1 hour values were used 
for events requiring completion between 45 minutes and 4 hours. After 3 hours the 
probability of error in event diagnosis was considered to be inconsequential for the 
calculations.

II.2.4. Examples of human action quantification

II. 2.4.1. Example 1: Small break LOCA

The example presented in this section illustrates the modelling of human 
actions and presents examples of the quantification of the human errors.

The event is modelled in the event tree depicted in Fig. II.4, which is taken 
from Section 3 of the Oconee PSA [II.2]. The events depicted are:

S: small break LOCA
K: failure of the RPS to trip the reactor
Us: failure of core heat removal by high pressure injection (HPI)
Ys: failure to maintain reactor coolant system (RCS) makeup supply
Xs: failure to maintain long term heat removal.

Further modelling is developed in the support logic and system fault trees. 
There is no support logic for event K as this event is not evaluated further. Event 
Us corresponds to the top gate of the fault tree for high pressure injection and so has 
no support logic. The support logic for events Ys is presented in Fig. II.5. Two
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T A B L E  ELI. O C O N E E : C O N F U S IO N  M A T R IX  F O R  M IS D IA G N O S IS  W IT H IN  15 M IN U T E S  O F  T H E  E V E N T  S IG N A L E D

Possible
misdiagnosis

Actual transient

Steamline break

„ , Steam 
Small Large
LOCA LOCA f "  

tube rupture

Small, Large, Large, 
inside inside outside 

containment containment containment

Excessive Inadequate Loss of 
feedwater feedwater off-site 

flow flow power

Small LOCA 0.001 0.03

Large LOCA 0.001 0.01 0.001 0.001

Steam generator 0.01 0.001 0.001
tube rupture

Steamline break

Small, inside 0.01
containment

Large, inside 0.01 0.003
containment

Large, outside 0.01 0.03
containment

Turbine trip 0.001 0.001
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T A B L E  n.l. (con t.)

Increase in RCS 
inventory

Excessive feedwater 0.001 0.001
flow

Loss of condenser 
vacuum

Inadequate 
feedwater flow

Loss of off-site 
power

No diagnosis 0.03

0.01

0.001

0.01

0.001

0.001

0.01

0.001
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T A B L E  II .II . O C O N E E : C O N F U S IO N  M A T R IX  F O R  M IS D IA G N O S IS  W IT H IN  1 H O U R  O F  T H E  E V E N T  S IG N A L E D

Possible
misdiagnosis

Actual transient

Steamline break

„ Steam 
Small Large
LOCA LOCA f nerat0f tube rupture

Small, Large, Large, 
inside inside outside 

containment containment containment

Excessive Inadequate Loss of 
feedwater feedwater off-site 

flow flow power3

Small LOCA 0.01

Large LOCA 0.001

Steam generator 0.001 0.001
tube rupture

Steamline break

Small, inside 0.001
containment

Large, inside 0.001 0.001
containment

Large, outside 0.001 0.001
containment

Turbine trip
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T A B L E  II .II. (con t.)

Increase in RCS 
inventory

Excessive feedwater 
flow

0.001 0.001

Loss of condenser 
vacuum

Inadequate 
feedwater flow

Loss of off-site 
power

No diagnosis 0.005 0.001

a For misdiagnosing a loss of off-site power after one hour a probability of 0.0001 was used.
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TABLE II.3. ESTIMATED TOTAL PROBABILITY OF MISDIAGNOSIS

Time
Small
LOCA

Large
LOCA

SGTR

1

Streamline break3 

2 3

Excess.
feedwater

flow

Inadequate
feedwater

flow

Loss of 
off-site 
power

15 min 0.05 0.1 0.04 0.08 0.04 0.01 0.04 0.004 0.002

1 h 0.008 0.002 0.01 0.01 0.003 0.002 0.004 0.001 0.0001

a Key:l, small break inside containment; 2, large break inside containment; 3, large break outside containment.
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Sequence

S

SXs

SVs

SYsXs

SUs

SK

FIG. II. 4. Oconee: Event tree fo r  small break LOCA events.

operator actions that feature in dominant accident sequences are YRBSH in Fig II.5 
and XHPR2H. These errors appear in dominant accident sequences and the quantifi
cation is briefly outlined here.

(a) Event 1, YRBSH: Operator fails to terminate reactor building (RB) spray oper
ation during a small break LOCA

Situation. The RB sprays are automatically actuated after a small break LOCA. 
They may not be needed for extended operation, depending on the operability 
of the RB cooling units. The operator could terminate spray operation to con
serve the borated water storage tank (BWST) supply for HPI.
Factors. Once spray operation is initiated, there is no procedure that requires 
its termination (in fact, this would violate a general caution not to defeat safety 
systems).
Analysis. The conditions stated suggest an HEP of 1.0. However, some credit 
was given for an operator to respond, after the sprays had reduced the RB pres
sure, by turning off the spray pumps, thus also conserving the BWST supply. 
Thus, the HEP assessed for this event is 0.5.

(b) Event 2, XHP12H, XHPR2H: operator fails to initiate the high pressure recir
culation (HPR) after a small break LOCA

Situation. A small break LOCA has occurred, and injection has been success
ful. The operator must open the low pressure water source from the BWST to 
the sump. Two cases were considered.
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Failure to 
maintain RCS 

make-up supply

YS01

RBS left on RBS actuated
all RBCUs fail and not needed

......../=-S
TBCTOP 7Y YS 02

RB spray Operator fails to
actuated owing to stop RB spray

high pressure in 30 min

7 5 YS 03 YRBSH

Steamline Small break LOCA Feedwater line
break inside (initiating break inside
containment event) containment

Y S 04 Y S 05

Steamline break 
(initiating event)

Steamline break 
inside 

containment

Feedwater line 
break (initiating 

event)

Feedwater line 
break inside 
containment

T9 CPT9I T10 CPT10I

FIG. II. 5. Oconee: Supporting logic fo r  small break LOCA event tree top event Ys, failure 
to maintain RCS make-up supply.

Case 2a: RB sprays are not on 
Case 2b: RB sprays are on.

The analysis of Case 2a is given below (Case 2b is similar).
Factors. There is a low-low level alarm for the BWST (3 ft level) which should 
occur after about 12 hours into a LOCA for case 2a and 2 hours for case 2b. 
The operator must execute transfer in 30 min (10 min until BSWT empties and 
20 min until pumps fail) for case 2b but has 2 hours for case 2a.

Analysis fo r Case 2a

The model used in this case is ‘operator fails to’ based on event diagnosis. 
Diagnosis is considered not to be a problem. The assigned HEP consists of the 
following:
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P (failure to respond initially to low-low BWST alarm) =  10 3 
P (failure to react during 12 hours) = 10_1

PR Total probability of failure to react to event, = 1 x  10

P (manipulation error) = 2 x 10"3
P (failure to recover error) = 10 x  10'3

Total probability of execution failure, PE = 2 X 10~5

P(XHPR12H), i.e. PR + PE = 1.2 X 10~4

The value assigned to failure to respond to a low-low BWST level alarm 
is consistent with the Human Reliability Handbook [II. 3]. The recovery for this 
failure is response to other alarms, such as low flow.

For the manipulation error, the HEP was taken from the Human Reliab
ility Handbook; it consists of two probabilities: selecting the wrong control and 
turning the control in the wrong direction. For recovery from the manipulation 
error, it was assumed that 2 hours is available, with feedback from other 
alarms.

11.2.4.2. Example 2: Large break LOCA

This example illustrates the method employed to adapt a human error probabil
ity quantified using the method in the above example to a slightly different situation. 
It also shows the types of fault tree used in this study.

The event is modelled in the event tree depicted in Fig II.6, which is taken from 
Section 3 of the Oconee PSA [II.2]. The events depicted are:

A: large break LOCA
UA: failure of emergency core cooling system
XA: failure of low pressure recirculation.

A UA XA Sequence

A

AXa

AUa

FIG. II.6. Oconee: Event tree fo r  large break LOCA events.

77

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



TPL1

FIG. II. 7. Supporting logic fo r  large break LOCA event tree top event UA, failure o f  emer
gency core coolant injection.

TLPSO

FIG. II. 8. Oconee: Supporting logic fo r  large break LOCA event tree top event XA, failure 
o f low pressure recirculation.

The supporting logic for these two top events is given in Figs II.7 and H.8. 
The operator action XALPRH which appears in Fig. II.8 features in a dominant acci
dent sequence and so the quantification is reported here.

(a) Event 13, ALPRH: Operator fails to switch to low pressure recirculation (LPR) 
after a large LOCA

Situation. A large LOCA occurs and LPI is successful. The operator fails to 
switch to LPR.
Factors and Analysis. Competing human factors are involved in transferring 
to recirculation in the three classes of LOCA: large (A), small (S) and transient 
induced (TQ).
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1 Diagnosis/decision stress (e.g. confusion, possible multiple failures, 
knowledge of system/pressure characteristics, alternatives to success (LPR 
vs DHR vs HPR)).

2 Time (e.g. time before need to act, time of act).
3 Complexity of execution (e.g. LPR vs HPR).
4 Mental distress (e.g. large vs small vs induced).

The Oconee HRA analysts ranked these factors by their negative contribution 
to the likelihood of recirculation success:

1 2 3 4

large (A) L H L H
small (S) M M M L
induced (TQ) M L M M

where H = high, M = medium and L = low,

These factors were weighted by their relative (to each other)
(4 = most; 1 = least):

1 2 3 4

large (A) 21 3 21 5
small (S) 4 1 2 3
induced (TQ) 4 1 3 2

Assigning 3 to H, 2 to M and 1 to L, a numeric is obtained:

large (A): 1 x  2 1/2 +  3 + 1 x  2 1/2 +  3 x  4 =  26 
small (S): 2 x 4  +  2 x 1 + 2 x 2  +  1 x 3  =  17 
induced (TQ): 2 x 4 + 1 x 1 + 2 x 3 + 2 x 2  =  19

Thus, the negative contribution due to the four human factors, ranked and 
weighted, is greater for large LOCAs, smaller for induced LOCAs and smallest for 
small LOCAs. Because induced and small LOCAs were close in human factors con
siderations and in plant effects, they were lumped together as small LOCAs. Their 
LPR failure (XHPR2H) was assessed as 0.003 by the method in Section H.2.4.1 of 
this annex.

79

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



Hence for large LOCAs, the HEP for LPR failure is:

P(XALPRH) = 26/17 X P(XHPR2H) = 0.005

This approach represents an attempt at extrapolation from one evaluated situa
tion to a situation assessed to be similar. Unfortunately, the approach adopted carries 
with it a series of assumptions which are very questionable and are not made explicit. 
Perhaps the most significant of these assumptions are that these four factors are the 
only major ones which vary between the three events and that the two forms of stress 
are independent (or that any relationship between them will not dominate the results).

n.3. DISCUSSION OF FACTORS AFFECTING THE INCORPORATION OF
CATEGORY C ACTIONS INTO PSAs

The examples presented in Sections n .l  and U.2 of this annex show the incor
poration of Category C actions into the two main PSA structures: large event 
trees/small fault trees and small event trees/large fault trees.

The incorporations and subsequent quantification of Category C actions is 
assisted by the large event tree approach. This is because the HRA specialist can 
identify the dependence of any modelled operator action on preceding events directly 
from the event tree structure. The small event tree/logic fault tree models signifi
cantly reduces the degree of time ordering of events directly modelled by the PSA 
logic structure.

This forces the HRA specialist to spend far more time discussing with systems 
analyst precisely what each cut set actually reflects and the relationship between 
modelled operator actions within the fault trees.

Unfortunately, a direct conflict arises between the HRA specialist require
ments for understanding and accounting for dependencies affecting human actions 
and the systems analyst’s requirements for accounting for system and component 
dependencies. As indicated, the HRA specialist is assisted by the use of large event 
trees.

However, the system analyst will often prefer large fault trees to assess depen
dencies. Large fault trees can be evaluated with codes using Boolean algebra that can 
identify dependencies arising from the basic events modelled without a major search 
being undertaken for them. Large event trees are not as amenable to this approach.

Which choice is made for the PSA will depend on many factors including the 
overall objective of the PSA, the availability of computer codes and the relative 
importance placed on the Category C actions. However, in all cases the HRA 
specialist will need to work closely with the systems analyst to ensure that the incor
poration, representation and subsequent quantification of Category C actions is cor
rect. Generally, the HRA specialist will need a good working understanding of PSA 
approaches.

80

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



R E F E R E N C E S

[II. 1] ELECTRIC POWER RESEARCH INSTITUTE, Zion Nuclear Plant Residual Heat 
Removal, Rep. EPRI-NSA 84, Palo Alto, CA (1985).

[11.2] NUCLEAR SAFETY ANALYSIS CENTER OF THE ELECTRIC POWER RE
SEARCH INSTITUTE/DUKE POWER COMPANY, Oconee PSA, A Probabilistic 
Risk Assessment of Oconee Unit 3, Rep. NSAC/60, 4 vols, EPRI, Palo Alto, CA 
(1981).

[11.3] SWAIN, A.D., GUTTMANN, H.E., Handbook of Human Reliability Analysis with 
Emphasis on Nuclear Power Plant Applications, Rep. NUREG/CR-1278, United States 
Nuclear Regulatory Commission, Washington, DC (1983).

81

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



GLOSSARY OF ACRONYMS

AC Alternating current
ASEP Accident sequence evaluation programme
BWST Borated water storage tank
CCF Common cause failure
DC Direct current
DHR Decay heat removal
EOP Emergency operating procedure
FSAR Final Safety Analysis Report
HEP Human error probability
HPI High pressure injection
HPR High pressure recirculation
HRA Human reliability analysis
LOCA Loss of coolant accident
LPI Low pressure injection
LPR Low pressure recirculation
MOV Motor operated valve
NPP Nuclear power plant
PSF Performance shaping factor
PORV Power operated relief valve
PSA Probabilistic safety assessment
PSAR Preliminary Safety Analysis Report
PWR Pressurized water reactor
QA Quality assurance
QC Quality control
RB Reactor building
RCS Reactor coolant system
RHR Residual heat removal
RPS Reactor protection system
SGTR Steam generator tube rupture
SI Safety injection
SR Success by recovery
THERP Techniques for human error rate prediction
TMI Three Mile Island
TRC Time reliability curve
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