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ABSTRACT

Volume 2 of NUREG/IA-0216, including NUREG/IA-0216, Vol. 2, Appendix A, documents
the results of Phase 2 of the International Human Reliability Analysis (HRA) Empirical Study.
This three-phase study is a multinational, multiteam effort supported by the Organization for
Economic Cooperation and Development (OECD) Halden Reactor Project, the Swiss
Federal Nuclear Safety Inspectorate, the U.S. Electric Power Research Institute, and the
U.S. Nuclear Regulatory Commission (NRC). Phase 2 has also been documented as a
Halden publication: HWR-915, March 2010.

The objective of this study is to develop an empirically based understanding of the
performance, strengths, and weaknesses of different HRA methods used to model human
response to accident sequences in probabilistic risk assessments (PRAs). The empirical
basis was developed through experiments performed at the Halden Reactor Project
HAMMLAB (HAIden huMan-Machine LABoratory) research simulator, with real crews
responding to accident situations similar to those modeled in PRAs. The scope of the study
is limited to HRA methods thought appropriate for use in PRAs evaluating internal events
during full power operations of current light water reactors. The study consists of performing
HRAs for predefined human actions, with different HRA teams using different methods.
Nuclear power plant crews perform these human actions at the Halden simulator, Halden
experimentalists collect and interpret the data to fit HRA data needs, and an independent
group of experts compare the results of each HRA method/team to the Halden crew
performance data.

Phase 2 consists of the comparison of HRA predictions for nine steam generator tube
rupture human actions. Phase 3, which will be documented in Volume 3, consists of the
comparison of four loss-of-feedwater human actions. The overall findings of the Study will be
documented in a separate NUREG Report. The results of the Empirical Study will provide a
technical basis for improving individual methods, improving existing guidance documents for
performing and reviewing HRAs (e.g., NUREG-1792, HRA Good Practices), and developing
additional guidance and training materials for implementing individual methods.
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1. OVERALL STUDY DESIGN

1.1 Background

A number of diverse Human Reliability Analysis (HRA) methods are currently available to
treat human failure in Probabilistic Safety/Risk Assessments (PSA/PRAs). These methods
reflect traditional concerns, such as the human-machine interfaces and basic feasibility of
actions in PRA scenarios, and many of them have also been developed to address errors of
commission and errors in decision making. Given the differences in the scope of the
methods and their underlying models, there is substantial interest in assessing HRA
methods, and, ultimately, in validating the approaches and models underlying these
methods. Such a validation is warranted to assess the credibility of HRA results when
decision makers have to use those results to make risk-informed decisions.

1.2 Overview of the study design

The International HRA Empirical Study focuses on the HRA of the control room personnel
actions required in the response to PRA-initiating events. This focus was motivated by the
widespread use of HRA methods within PSA/PRA in the industry, as well as by significant
research on and development of HRA methods addressing the issue of errors of commission
and decision-making performance, as surveyed, for instance, in [1]. An overview of the study
is presented in Figure 1-1 and consists of four high-level tasks, listed below:

e Task 1. The definition of the scenarios and of the Human Failure Events (HFEs) to be
analyzed and a compilation of the inputs for the HRA analyses.

e Task 2. The analysis of the HFEs with HRA methods, which produced the predicted
outcomes.

e Task 3. The production of the empirical or reference data for the comparison, starting
from the collection of raw data in simulator experiments conducted in HAMMLAB and
followed by the analysis of this data.

o Task 4. Review of the HRA submittals, comparison of HRA predictions to the empirical
data, and development of insights for improving HRA methods and HRA practices.

- scenario descriptions, procedures
- walk-throughs, ...
| - way of working, training, other info »
Simulator Runs,
On-line and Debrief
Methad 1 data collection

Application “measurements” &
Ldata from sessions

docum. HRA A
analysis
- model Analysis raw data

= |

Express as predictions Data analysis for
in common form HRA study

\
predicted outcomes

method 2, method 3, ... reduced and
refined data

v
predicted outcomes 4_} [
- experimental outcomes
method 1 comparison P

Figure 1-1. Overview of the HRA Empirical Study
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Task 1 is the compilation of the inputs for the HRA analyses. As shown at the top of Figure
1-1, these inputs include not only the descriptions of the scenarios and of the HFEs to be
analyzed but also information on the relevant procedures, operator training and working
styles, the human-system interface, and other aspects of the performance context. The
performance of the predictive HRA analyses (Task 2) is shown on the left. The production of
the empirical data, Task 3 (right-hand side of Figure 1-1), consisted of three subtasks: (1)
the simulator experiment itself, in which the operator crews responded to the scenarios while
observations and other data were collected; (2) a first data analysis stage aimed at
producing an understanding of the individual crews’ performances; and (3) an HRA-oriented
data analysis, which aggregated the set of crew performances to characterize the overall
performance level related to each HFE and the performance drivers. Task 4 compared the
predicted outcomes with the empirical outcomes, and required them to be expressed in a
format which allowed the prediction fo the methods to be compared to the simulator data.

1.21 Phases of the Empirical Study

The Empirical Study has been structured in three phases, as shown in Table 1-1. The focus
of Phase 1 was to test the study methodology, with the HRA teams performing HRA
analyses of nine HFEs in two variants of Steam Generator Tube Rupture (SGTR) scenarios.
In Phase 1, the data analysis and a qualitative comparison were performed for two HFEs,
and the results are reported in HWR-844 [2] and NUREG/IA-0216 Vol. 1 [3]. The remaining
HFEs and the quantitative comparison are addressed in this report, which covers Phase 2.
The phases were designed to allow the study participants (Halden, the
assessment/evaluation group, and in particular the HRA teams) to review the study
methodology and the initial results and to provide feedback on the methodology. A workshop
on the first pilot phase was held in October 2007. Discussion and review of the Phase 1
results led to some changes in the method for analyzing the results of the remaining SGTR
HFEs for Phase 2.

Table 1-1. Phases of the Empirical Study.

Phase 1 (2007-2008) - used data from two HFEs from SGTR scenarios

Pilot study - established the methodology and reached some
preliminary results on HRA methods

Phase 2 (2008-2010) - data analysis and comparison of remaining HFEs in

SGTR scenarios (refined method)
- overall study results for the SGTR scenarios

- new methodology for comparing and evaluating the
quantitative results of HRA (the failure probabilities)

- this report

Phase 3 (2008-2010) - second set of scenarios (two Loss of Feedwater
(LOFW) variants)

Phases 2 and 3 partly overlap in time because the HRA teams performed predictive
analyses for the loss of feedwater (LOFW) scenarios while the SGTR data and predictions
were analyzed. In general, the experimental data analysis and the assessment and
comparison of the predictions are the most critical and time-consuming tasks for the study
schedule.

This report presents the methodology and results for Phase 2 of the study, and contains
detailed empirical results for HFEs 2-5 of the SGTR scenarios (detailed qualitative analyses
of HFE 1A and 1B are presented in HWR-844 [2]). The results of the qualitative and
quantitative comparisons in this report are based on all the HFEs in the SGTR scenarios. A
workshop was held in March 2009, entailing discussions of preliminary results for Phase 2

1-2
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with all the HRA teams. Some results presented in this report were modified based on these
discussions.

The LOFW results were discussed in a workshop in December 2009, and will be reported
later in 2010.

1.3 Study design —
1.3.1  Study Organization, Participants, and Roles
There were four sets of study participants:

) Halden experimental staff (Tasks 1, 3): The simulator sessions were conducted in
the OECD Halden Reactor Project's HAMMLAB (HAlIden huMan-Machine LABoratory)
research simulator facility. The staff was responsible for collecting and analysing the
experimental data.

o Operator crews (Task 3): A set of licensed operator crews responded to a series of
scenarios in the HAMMLAB simulator. Each crew responded to four scenarios, each
scenario consisting of a base and a “complex” variant of two scenario types.

o HRA teams (Task 2): Each team applied an HRA method to obtain predictions for the
HFEs in the scenarios defined for the study. Organisations representing industry,
regulators, and the research community participated, using the HRA methods with
which they were most familiar.

o Assessment group (Overall organization and Task 4): This group had the overall
responsibility of organizing and implementing the study. In the early stages of the
study, it prepared the information package (analysis inputs) for the HRA teams and
answered their subsequent requests for additional information and questions
concerning ambiguities in the instructions and assumptions. After the HRA teams
delivered their analyses, the group reviewed and summarized the predicted outcomes
before performing the actual comparison. The Assessment team was made up of
recognized HRA experts who were not part of the analysis teams.

For a number of its tasks, the assessment group worked closely with the Halden staff, to
prepare the information package, answer operational questions regarding the simulations,
and to make the comparisons. To avoid biasing the comparison, a “double-blind” study
protocol was used. The assessment and evaluation group did not receive any information
about the actual crew performances in HAMMLAB until after the predicted outcomes were
summarized and reviewed with the HRA teams. Similarly, the Halden staff's data analysis to
produce the reference data was performed without knowledge of the HRA predictions. The
assessment group and the Halden staff cooperated extensively on the comparison itself,
including the last aggregation of the empirical data to "HRA format." This was necessary to
format the data in a way that was easily comparable to the HRA predictions.

1.3.2 The HRA Information Packgage

A prerequisite for HRA is that the analysts must become familiar with the background, the
training, and experience of the crews as well as the circumstances under which they would
perform a task. In the Empirical Study, however, the HRA teams did not have the opportunity
to perform familiarization tasks such as observations of the crews, walk-throughs of the
tasks, and interviews with crews or training personnel. As a substitute, the Halden staff and
the assessment group compiled and provided to the HRA teams an information package,
documenting as much as possible the information needed to perform an analysis. In
addition, the HRA teams had the opportunity to request and receive additional information
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through a question-and-answer process. Futhermore, as part of Phase 1, the Pilot Phase, a
meeting was held in Washington DC, October 2007, during which the Halden staff provided
detailed information about the crews which participated in this study. As a result, for this
report, the HRA teams were given the opportunity to revise their original analyses for those
HFEs that had not been analysed during the Pilot that is HFE-2 through HFE-5, so that they
could incorporate into their analysis their increased knowledge of the HAMMLAB crews and
settings.

1.3.21 Interaction of HRA and accident sequence modeling

At the highest level, HRA methods all have the same purpose (or aims), defined by the role
of the HRA within the PRA: (1) identification of the HFEs to be included in the PRA accident
sequence model; (2) the qualitative analysis of the HFEs; and (3) the quantification of the
probability of these HFEs.

In a PRA, the definition of the accident sequence models and the identification of the
associated HFEs within these models are performed with inputs from the HRA in an
interactive or iterative process. The identification analysis task was not addressed in the
current Empirical Study; rather, the HFEs were defined for the HRA analysts to ensure that
the HRA teams would produce predictions for identically defined HFEs. A different study
design and methodology would be required to address HFE identification.

It should be noted that defining the HFEs for the HRA teams does not eliminate the
qualitative analyses, since the HFEs were defined on a functional level (i.e., “crew fails to
perform X within Y minutes”). As noted by Kirwan in A Guide to Practical Human Reliability
Assessment (p. 318) [4], “targeted task analyses” should be performed in support of the
HRA. This process identifies the main failure modes and the plant- and scenario-specific
influences on human performance. Requirement HLR-HR-G of ASME RA-S-2002 [5] lists a
number of these influences. The most important influences or factors are sometimes referred
to as the factors “driving” performance, the “driving factors” of performance, or the main
“performance shaping factors” (PSFs). Comparison of the specific PSFs identified as driving
factors by the HRA teams for the defined HFEs to those observed in HAMMLAB is a main
focus of the study.

1.3.2.2 Reporting HRA analyses and predicted outcomes

There are differences in the how error is modeled, the number of performance shaping
factors, the definition of their scope, and in the terminology used by the various HRA
methods. In addition, the documentation of HRA analyses in PRA is typically focused on
tracing the way in which the information on the performance conditions, obtained in the
qualitative analysis, has been incorporated into the estimation of the HFE failure probability
rather than focusing on predicting specific behaviors and actions. To address the
terminology differences as well as to provide predicted outcomes that could be compared
with the outcomes obtained in the simulator study, the HRA teams were asked to deliver:

o predictions for each HFE in a three part, "open-form” questionnaire (Form A), where
the teams reported (1) the human error probability (HEP), (2) the driving factors
(PSFs), and (3) “operational expressions” (see below); and

o the “normal” documentation of their HRA analysis and quantification, as for a PRA

1.3.3 Comparison methods and procedures

The predictions of the HRA analyses were compared with the outcomes obtained from the

HAMMLAB experiments, with comparisons being made for each of the following (the
elements of Form A):
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) The level of difficulty associated with the operator actions of interest for each HFE.
(For the HRA predictions, the level of difficulty is represented by the HEP.)

o The factors that most influence the performance of the crews in these scenarios
(PSFs), called driving factors in the study.

o The reason for the difficulty (or ease) with which the crews perform the tasks
associated with each HFE, and how this is expressed in operational and scenario-
specific terms (“operational expressions”).

Several other criteria were evaluated as well:
. The insights given by the HRA method for error reduction.

. The extent to which the HEPs reflected differences in judgments about the importance
of various factors and the extent to which the predicted HEPs corresponded to the
HFE difficulty levels (e.g., whether there was appropriate differentiation between
HEPSs).

. Guidance provided by the method for its application and the traceability of the analysis
performed.

The design of the study methods and experimental plans anticipated that the HAMMLAB
experiments would not support straightforward derivation of HFE failure probabilities from
the experimental data. There are two reasons for this: (1) while impressive for a simulator
study, the number of sessions and crews (sample size) remains small in relation to the
expected levels of performance of the crews for many HFEs; (2) the performance conditions
of twin HFEs (same HFEs in base and complex scenarios like 2A-2B) are different, either by
design (HFEs 1A-1B, 5B1-5B2) or by natural evolution of the scenarios (HFEs 2A-2B and
3A-3B). As a result, the study design supports a stronger test of the qualitative insights
rather than the quantitative results obtained with the methods; that is, the study focuses
more the methods’ ability to identify the driving factors of performance and the tendencies in
the scenarios than on matching the “empirical” HEPs.

However, a comparison of the quantitative HRA predictions to the empirical success/failure
data was performed in this second phase. The ranking of the derived HEPs was compared
to the ranking of the HFEs determined from the empirical data. That is the “accuracy” of the
predicted HEPs by each method was compared the reference-HEP confidence intervals and
upperbounds derived fom the empirical data. The comparisons allowed identification of
method features such as conservative vs. optimistic tendencies, use of broad (e.g.,
diagnostic and action) vs. detailed task characterizations and the use of high level vs.
detailed “step by step” task analysis. The authors believe that, although the empirical data
for such comparison were limited and was not part of the original purpose of the study, still
allowed identification of i valuable insights.

The comparison was conducted in two steps:

1. A “blind” review in which the results of the analyses by the HRA teams were summarized
by the assessment group without consideration of the crew performances in the scenario
in the simulator.

2. The actual comparison of individual analyses with the observed results from crews in the
HAMMLAB.

Each step featured an iterative process in which assessment group members reviewed and
summarized the individual submitted analyses, and that summary was in turn reviewed and
verified by the team that completed the HRA. In this manner, the analysis process has
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attempted to ensure that the characterization utilized in the comparison accurately
represents the intent of the HRA teams who completed the analyses according to specific
HRA methods. At the same time, these summaries were written to provide as uniform a
representation of the predicted outcomes as possible, in a manner that was largely
independent on the HRA method.

The assessment team, supported by the HAMMLAB group, reviewed the main drivers,
operational expressions, and success/failure tabulations obtained from the simulator study
and detailed in Chapter 3 of this report. This information served as the basis for the
qualitative comparison between the empirical findings and the analyses. The qualitative
comparisons were done by HFE, comparing the HEPs, drivers, and operational findings of
the method to the actual findings from the simulations. The overall summaries are based on
the qualitative and quantitative comparisons for all HFEs. The comparisons address
predictive power, the way in which the identified performance drivers impacted the
computation of an HEP, the quality of guidance provided by the method, its traceability, and
any insights for error reduction that might be included in the analysis submission.
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2.  SIMULATION DESIGN AND ANALYSIS METHODOLOGY

2.1 Introduction and Overview

This chapter describes the data collection performed at the HAMMLAB facility and the
analysis of these data to derive the empirical (reference) data.

In the Halden data analysis, the individual crew performances were first analyzed for an
integral understanding of each crew’s performance. In a second stage, the integrated
summary data at the individual crew level were analyzed and combined to describe the
performance at the aggregated (all crews) level. The aggregated performance of the HFEs
by the crews is described in two ways corresponding to the ways in which the HRA teams
were asked to report their predictions, namely:

o HFEs’ performance, expressed in operational terms (“operational descriptions”)
o Assessment of the PSFs (main drivers) for each HFE

This chapter:

o Describes the methodology for the simulator study

. Describes the experimental scenarios

. Provides details about the participating crews of licensed reactor operators

. Discusses the methodology used for the data integration and aggregation

2.2 Simulation Approach

The data from the PSF/Masking experiment [6] was used to evaluate the ability of HRA
methods to predict operating crew performance. The PSF/Masking experiment had an
extensive data collection in the fall of 2006; the scenario design and the details of the data
collection were decided before the present study. A description of the design and the
experimental measures of the PSF/Masking experiment are given below.

221 Participants

Fourteen crews made up of licensed Pressurized Water Reactor (PWR) operators
participated in the study, each consisting of a Shift Supervisor, a Reactor Operator, and an
Assisting Reactor Operator. The scenario was conducted on the HAMMLAB PWR simulator,
called FRESH, which is a full-scope simulator of a three-loop Westinghouse French plant
(CPO series), and which uses a computerized human-machine interface. The HAMMLAB
PWR procedures are based on the procedures used at the participating operators’ home
plant, but adapted to the simulated PWR and the HAMMLAB interface. The participating
crews’ home plant uses Emergency Operating Procedures (EOPs) developed from the
Emergency Response Guidelines (ERGs) by the Westinghouse Owners’ Group.

The crews’ home plant has conventional control rooms with panels and alarm tiles while the
HAMMLAB PWR simulator is based on digital instrumentation and control, with soft controls,
overview displays, and alarm screens. The different units at the actual plant can exchange
personnel, but there are differences between the control rooms (the units have dedicated
training simulators). Since the simulator does not precisely simulate the actual plant (e.g.,
the power-operated relief valves (PORVs) are different), the crews were apprised of the
differences between their actual plant and the simulator. Futhermore, as explained below the
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crews were trained to the use of screen-based interface prior to participating in the
experiment.

2.2.2 Participants’ Daily Schedule

During the study’s seven-week data collection period, two crews participated in the
experiment per week. Each crew stayed in Halden for three days, starting either on Monday
or on Wednesday.

2.2.3 HAMMLAB Training

To account for the differences between the crews’ home plant control room and the Halden
PWR simulator control room, the crews were apprised of the differences between their home
plant and the simulator and trained to use the screen-based interface via the methods below:

) Interface training (1 hour)

o A presentation on the differences between the HAMMLAB PWR simulator and the
actual plant (1 hour)

o Participation in simulator exercises for non-experimental scenarios to gain familiarity
with system/equipment differences (1 hour)

o Participation in training scenarios (non-experimental scenarios) where the crew
operated as a team, following procedures (5 hours)

This was done to ensure that the crew performances would not be influenced by their
unfamiliarity with HAMMLAB.

224 Crew Organization

At the home plant, on each crew (responsible for one reactor), there is a shift supervisor, a

reactor operator, an assisting reactor operator, a turbine operator, and at least three field

operators. Their roles are as follows:

) The shift supervisor (SS) overviews the situation and calls for meetings when needed,
calls the safety engineer, monitors critical safety functions, must be consulted if a step
is omitted, and can help with alarms if asked.

o The reactor operator (RO) reads the emergency procedures and reacts to reactor
alarms.

o The assisting reactor operator (ARO) is “the arms and eyes” of the reactor operator,
executes most of the actions in the emergency procedures on order from the reactor
operator, monitors steam generators, and controls auxiliary feedwater (AFW) flow.

o The turbine operator (TO) is responsible for turbine and electrical systems and reacts
to turbine and electrical alarms.

o The field operator (FO) performs local actions on order from the operators.

In an emergency situation, the shift supervisor will call an on-duty safety engineer, who then
calls the emergency organization to duty with technical support.

In the current experiment, there was only one shift supervisor, one reactor operator, and one
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assisting reactor operator, with no major problems or activities required of the balance-of-
plant operator (called turbine operator at the home plant and in the rest of this document).
Thus, the lack of a turbine operator in the simulations is deemed to have had no significant
effect on the crews’ performance. The assisting operator did the initial checks for turbine trip,
and then acted as an assisting reactor operator, while the interactions with the field
operator(s), the safety engineer, and plant management were simulated via role-play. An
operations expert situated in the gallery of HAMMLAB acted out all these roles by answering
phone calls from the control room, allowing the crew to interact with its organisational
environment similar to the way it would in the actual plant or in a training simulator session

2.25 Crews’ Experience

As would be expected, periodically it may be the case that a crew has a relatively new crew
member without much actual time on the job. Similarly, SSs will have varying degrees of
experience in the SS position. Table 2-1 presents a summary of the participating crews’
experience and years in position. It should be noted that the normal career progression at
this nuclear power plant (NPP) sees the crew member working first as a TO, then as an
ARO, then as an RO, and finally as an SS. Thus, even new SSs will have multiple years of
experience in the RO, ARO, and TO roles.

Table 2-1. Experience of Participating Crews.

Number of operators  Years

Mean Minimum Maximum

Total years working at NPP 34* 21.2 4 30

SSs working as SS at home plant 14 7.8 1 25

ROs working as RO at home plant 14 4.3 1 15

ROs working as RO and ARO at 14 7.3 1 24

home plant

AROs working as ARO at home 12 7.7 0.3 25

plant

AROs working as TO at home 5** 8.2 4 18

plant

* 34 out of 42 responded to this question

**The five operators who worked as ARO in the experiment worked as a TO at the home plant,
although in the emergency scenarios of the experiment they functioned as an ARO. Of those five,
only two did not have any experience as an ARO.

2.2.6 Leadership Styles, Team Interactions, and Training

The SSs have the same initial training, but there is variability in leadership styles: for
instance, some are more democratic, while others are more autocratic. There are no clearly
stated goals as to how the SS should behave in that regard. In the initial training, the SSs
are trained to maintain an overview of the situation and to call for meetings when needed,
and are also told to always let the crew members speak first so that they are not influenced
significantly by the SS. They are, however, taught to make decisions by themselves if there
is no time for consultation.

The turbine operators usually work independently, but are encouraged to communicate as
much as possible. All operators are trained that starting major or important systems or other
actions that may affect the other operators must be communicated. The reactor operator and
the assisting reactor operator usually work together, although sometimes they also work
independently. The reactor operator can, for example, continue alone in the emergency
procedures while the assisting operator performs other tasks, such as controlling AFW flow
or communicating with field operators.
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In terms of communication protocol, all orders should be repeated by the recipient and
should contain both object and action. All crews are trained to communicate like this, but
some operators feel uncomfortable with this level of formality and do not comply
systematically (they might, for example, answer “Yes” or “Okay” instead of repeating the
order or answering in the correct format). Yet, as noted, the operators are trained on
communication strategies. When the assistant operator is asked to read a value, he/she
should answer with the appropriate value and trend, even if the question could be answered
with a “Yes” or a “No.”

2.2.61 Crew Meetings

The SS and, to some extent, the rest of the crew are trained to use specific meeting formats
for different purposes, from quick meetings aimed at obtaining an overview of the situation to
longer ones aimed at planning a response to a problem. Any crew member can call for a
meeting and is encouraged to do so, but it is the responsibility of the SS to formally initiate
and terminate a meeting. The times and frequencies of these meetings vary considerably
depending on the SS but the quick meeting is most frequently used. This meeting is kept
very short, its purpose is only to update everybody on the situation, form a common strategy,
and initiate important actions. It should be used when the situation is unclear and stressful,
but is often held when things have calmed down a bit instead. Some crews have brief
meetings before they transfer from one procedure to another.

2.2.6.2 Scenario-Relevant Training

The classroom training follows a cyclic program of six years, with each subject repeating
every third or sixth year. While the training focuses on SGTR procedures, E-2 (secondary
break), and different FR procedures (e.g., FR-H1) every sixth year, training sessions for all
major emergency procedures, such as E-1, E-2, and E-3, are normally held every year in the
simulator. E-0 is held a minimum of 10 times a year. In the interviews after the scenarios
investigated in this study, we asked the crews if there were any parts of the scenarios on
which they had not been trained. Most crews answered that they had been trained in all
events, although not in the exact combination as occurred in the SGTR complex scenario,
and that they were very familiar with the SGTR base scenario.

At the home plant, an SGTR scenario training session is normally held twice every year in
the simulator. The crews have one week of simulator training in the autumn on one unit’s
simulator, and then train for the same scenarios again in the spring in the other unit's
simulator.

2.2.7 Prescribed Use of Procedures

The HAMMLAB PWR EOP procedures were based on the ERGs developed by the
Westinghouse Owners Group. Here is a short summary of the procedures used in the SGTR
scenarios:

o E-0 “Reactor trip or Safety injection”: E-O is the safety systems verification and
diagnosis procedure that should be applied when the reactor has tripped, when the
safety injection has been initiated, or when there is a need for either reactor trip or a
safety injection.

) E-3 “Tube rupture in one or several steam generators”: E-3 is the SGTR event
procedure for handling tube rupture. E-O and several other procedures contain steps
for transferring to E-3.

o ES-1.1 “Safety Injection Termination.”

o E-2 “Isolation of steam generator with secondary break.”
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o FR-H5 “Response to steam generator low level.”

The RO is in charge of reading the emergency procedures. Crews should hurry when
necessary, but should never read so quickly that thoroughness of work is compromised, or
that the reading becomes incomprehensible to other crew members. They are taught that it
is generally better to do something correctly, even if a bit more slowly, than to do it fast and
wrong. The pace of the reading varies slightly among the crews.

If the crew feels that they are in the wrong procedure, they have the opportunity to start over
in E-0. When it is necessary to evaluate the appropriateness of a certain path or step, the
RO and SS will discuss it first, with the ultimate decision lying with the SS.

2.3 Scenarios and HFE Definitions

The HFEs analyzed in this study were comprised of two versions of a SGTR scenario, a
base case (SGTR without further complications) and a complex case (SGTR immediately
following a steamline break with further complications later on) and two versions of an LOFW
scenario, which will be documented in Volume 3 of this report.

2.3.1 Scenario Presentation Order
All 14 crews executed all four scenarios of the experiment:

SGTR base
SGTR complex
LOFW base
LOFW complex

To control for confounding effects caused by learning due to the order of presentation of
scenario complexity (base case or complex case) and scenario type (SGTR or LOFW), the
scenario presentation order was determined from a combination of theoretical and
combinatorial considerations. This included, for example, the exclusion of combinations with
consecutive presentations of the same scenario type on the same day, and avoidance of a
closely related scenario type between day one and day two. It was also assumed that there
was equivalent learning between scenario types.

2.3.2 SGTR Base Scenario

In this scenario, an SGTR is initiated in steam generator (SG) #1 to cause nearly immediate
alarms of secondary radiation and other abnormal indications/alarms, such as SG #1
abnormal level and lowering pressurizer. Conditions, while continually degrading, are not
sufficient to cause an immediate automatic scram. About three minutes after the tube rupture
initiation, the large screen display indicates lowering pressurizer pressure and level,
increased charging flow (as it attempts to make up for the loss of reactor coolant from the
tube break), increasing SG #1 level, and a slight imbalance in feedwater flow to the SGs. If
the crew also called up the radiation monitoring display screen, they would see higher
radiation indications associated with SG #1. At this point in the scenario, or as conditions
continue to deteriorate over the next few minutes, the crew is expected to manually scram
the plant. If they do not, an automatic scram will eventually occur’ due to low pressurizer
pressure or some other trip setting. Either way (manual or auto scram), the crew is then
expected to enter the E-0 procedure.

! Normally this would occur within five minutes, but this time window was not explicit in the information package
sent to the HRA teams, and had to be inferred.
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About 10 minutes after entering E-O (if there are no delays based on the steps in the E-0
procedure), the crew should reach step 19, which is the first step in E-O where the crew can
transfer to procedure E-3 (the SGTR procedure) in response to radiation indications of an
SGTR. At this point, secondary radiation is high (as it has been from the beginning) and SG
#1's level becomes elevated compared to the other SGs, although it takes longer before SG
pressures divert. Post-trip, auxiliary feedwater system (AFWS) input feed imbalances may
also exist among the SGs. While the crew may be expected to enter E-3 at this point, it
should be noted that E-O has a second step calling for transition to E-3 based on an SG-
level-checking step (“if any SG level is rising uncontrollably, go to E-3").

Iff'when the crew enters E-3, the scenario proceeds in response to the crew’s actions with no
failures or other complicating factors induced by the simulation design: that is, the plant
response will be based on the crew’s actions to carry out procedure E-3. In general, the crew
is expected to perform four primary tasks which correspond to the HFEs defined for the base
SGTR scenario, including: (a) identify which SG is ruptured and isolate it; (b) cool down the
reactor coolant system (RCS) expeditiously by dumping steam; (c) depressurize the RCS
expeditiously using the pressurizer sprays and also likely using a pressurizer PORV (to
expedite the depressurization); and (d) stop safety injection (SI) upon indication that the Sl
termination criteria are met. Note that the present report concentrates mainly on the HFEs
following the SG isolation, as the qualitative analysis of the HFEs for identification and
isolation was the topic of the pilot phase of this project [2-3].

2.3.3 SGTR Complex Scenario
This scenario is a complicated case of the base scenario; the main differences are:

(a) the event starts off with a major steamline break with a nearly coincident SGTR in SG #1
that will cause an immediate automatic scram and expectations that the crew will enter the
E-0 procedure; and

(b) autoclosure (as expected) of the Main Steam Isolation Valves (MSIVs) in response to the
steamline break along with failure of any remaining secondary radiation indications (not
immediately known nor expected by the crew) as part of the simulation design.

The steamline break “drives” the plant response early in the scenario with the initial plant
behavior like that expected in response to a significant steamline break with quick closure of
the MSIVs. This action, along with the failure of all secondary radiation indications/alarms, is
expected to initially “mask” the nearly coincident occurrence of the SGTR in SG #1, which
should make it considerably more difficult for the crew to diagnose the existence of the
SGTR, especially in response to step 19 in the E-0 procedure concerning elevated radiation
indications.

Iffwhen the crew does enter E-3 performing the tasks described in the SGTR base scenario
(see in the description above the various opportunities that exist to transfer to E-3), a bus
failure will be induced forcing the crews to use a pressurizer PORV to perform the desired
RCS depressurization (the bus failure will cause failure of a reactor coolant pump (RCP) that
reduces the pressurizer spray efficiency). Once the desired RCS depressurization is
completed (it is expected to take about five to ten minutes), the crew is directed by steps in
E-3 to close the PORV. At this point, unknown to the crew, the PORV will remain partially
open, allowing about 6% flow. For one half of the crews, the PORV position indication will
show “closed”; for the other half it will show “open.” At the PORV closure step in E-3, it is
expected that if the desired closed indication is not immediately evident (which it won’t be for
the crews for which the valve shows “open”), the crew should give a closing order to the
PORYV block valve associated with the PORV of interest. The next step in E-3 relies upon an
indication that is readily viewable (i.e., RCS pressure and whether it is rising). RCS pressure
will be essentially stable or rising much more slowly (because of the leaking PORV) than
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would be expected. RCS pressure will tend to lower quickly as the leaking PORV provides
sufficient pressure relief to make it difficult to maintain pressure. These could be a sign to the
operators to check additional supporting indications that would show increasing adverse
indications for the pressure relief tank (PRT), including the continuous rise in temperature
and level and the subsequent loss of pressure when the PRT rupture disk fails. All of these
would indicate a continuing leak that needed to be isolated. If this additional evidence is
viewed and acted upon by the operators, the operators should conclude that there is strong
evidence of a leaking PORYV, and they will attempt to close the associated block valve (i.e.,
give it a closing order), and transfer to procedure ECA-3.1.

2.3.4 SGTR HFEs’ Definitions and Event Tree

Figure 2-1 below represents a typical PRA event tree for an SGTR event. It is presented
here to provide an overall PRA context for the HFEs to be evaluated. Its sequence end
states (outcomes) refer to whether the reactor core is safe in the long term or whether there
is core damage (CD). Those paths through the event tree and the relevant HFEs of interest
for the current study are presented in bold. All other sequences on the event tree, including
those system successes or failures or operator actions associated with refueling water
storage tank (RWST), were not simulated.

As a model of an accident sequence, the event tree represents in a general manner the way
the operators are trained to respond to an SGTR event with the E-3 procedure. However, in
a PRA, the success criteria for the events are typically determined by successfully avoiding
irreversible changes to the plant state that affect the likelihood of core damage. For this
exercise, the success criteria were determined on the basis of the expectations of the
traininers for operator response in accordance to their training. In applying the procedures,
the operators were trained to be concerned about more intermediate and detailed goals that
are particularly relevant to an SGTR event. The operators were taught that “success” means
“timely operator intervention in order to limit the radiological releases and prevent SG
overfill” (quoted from a basis document for the procedures). As the operators are taught to
terminate primary-to-secondary leakage quickly, they attempt to limit the radiological
releases that are, in part, a function of how long it takes before the rupture is mitigated, and
they avoid overfilling the ruptured SG since this could cause an SG pressure relief valve to
open (thereby allowing more release) or, worse yet, cause a main steamline break or leak
(allowing greater release as well as further complicating the shutdown).

The overall more important goal (in the operators’ minds) of limiting the radiological release
is achieved by performing the tasks in the E-3 procedure. For the HFEs analyzed in this
report, the relevant tasks are identifying and isolating the ruptured SG, cooling down and
depressurizing the RCS system, and stopping the S| and achieving primary-secondary
pressure balance. Because of the overall goal of limiting radiological release, the operators
are trained to perform these actions expeditiously, using appropriately designed procedures.
Further, the operators are taught that failure of any of these tasks has significant undesirable
consequences. For instance, if the affected SG is not identified and isolated then releases
will remain high, an undesible event that should be avoided.



NUREG/IA-0216 Vol. 2

SG

TUBE
RUPTURE

REACTOR
TRIP

[FEEDWATER HIGH
AVAILABLE | PRESSURE
(AFW or MFW) | INJECTION

FEED
AND
BLEED

FAULTED ~ [SECONDARY
STEAM SIDE

ISOLATED BY | OPERATOR
BERATOR

DEPRESSD PR CONTROL
IGENERATOR ~ [COOLDOWN BY| BY OPERATOR ~ SAFETY

TERMINATE RWST

REFILL

INJECTION BY
OPERATOR

RESIDUAL | ALTERNATE
HEAT LONG TERM
REMOVAL

HIGH
PRESSURE
RECIRC

REMOVAL

IE-SGTR

RPS

Fw ‘ HPI

sGl ‘ ssc

csi ‘ RFL

RHR LTHR ‘ HPR

END-STATE

NOTES

HFE 4A

—

—

HFE 3A or 3B

et

HFE 2A or 2B

HFE 1A or 1B

TR

|ReLt

ssct

sGh

oK

oK

co

oK

co

oK

co

oK

co

oK

co

oK

oK

co

co

co

co

oK

co

co

co

co

SGTR - PWR B steam generator tube rupture

Figure 2-1. Event tree for SGTR scenario

2004/01/30

The operators are taught about these undesirable consequences and that they need to
perform the tasks expeditiously and correctly, as specified in the procedures. They are also
taught that in order to limit the release, all the tasks should be completed before the ruptured
SG overfills. Thus, they are aware of the need to get through the tasks with some urgency to
meet the overall goal. Based on this awareness, there is some level of expectation regarding
typical response times to perform the various tasks when they simulate an SGTR event. The
HFE definitions of success and failure are based on these temporal expectations, as well as
on what is needed to be accomplished for each task. While the threshold times to perform
each task as provided in the HFE definitions are not exact, they do represent times by which
the operators could be viewed as being slower than expected, since the overall goal could
then be jeopardized. Based on these considerations, the HFEs were defined as follows:

HFE-1: Failure to identify and isolate the ruptured SG:

Success requires that the crew:

2-8

has entered procedure E-3 (preferably from E-0 Step 19);

has closed/isolated all steam outlet paths from the ruptured SG (SG #1); and

has stopped all feed to the ruptured SG as long as the ruptured SG level is at least
10%, as indicated on the narrow-range SG-level indications (to ensure that the SG U-
tubes will remain covered).
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Further, the crew is typically expected to take about 8 - 10 minutes to reach the vicinity of
step 19 after entering E-0. Allowing at least a few minutes before the plant trip for the crew to
observe and evaluate the initial indications of the tube rupture, about 8 - 10 minutes to enter
and get through E-0 to step 19, an additional 5 minutes for the crew to actually enter E-3 and
perform the initial isolations/stoppages, and an additional few minutes for reasonably
acceptable variability among crew responses, we assume failure to successfully perform the
above if these actions are not completed by

20 minutes (base case, HFE 1A) or
25 minutes (complex case, HFE 1B)

once the tube rupture occurs (which is the start of the event).

Note: the isolation manipulations involve the following and would typically take less than
three minutes to do:

Control room actions. These are all to be done by the crew and are a part of the HFE:

Verify steam dump to atmosphere valve set point at 70.5 bar.
Verify blow down isolated.

Verify main feedwater isolation.

Close steam valve to turbine-driven AFW pump.

Close main steamline isolation valve and its bypass valve.
Stop AFW when level is greater than 10%.

Local actions. The crew should call for these actions, which are part of this HFE.

. Verify steam dump to atmosphere valve closed.
. Lock steam valve to turbine driven AFW pump closed.
. Verify steam traps closed.

HFE-2 (A & B): Failure to cool down the RCS expeditiously:

The crew is supposed to cool down much faster than 100F/hr for the SGTR base scenario.
This is anticipated to be performed by dumping steam from one or more intact SGs. Success
requires that the crew:

. performs the cooldown using either or both of the steam dump valves to the
atmosphere or to the main condenser, such that RCS temperature corresponds to the
pressure in the faulted SG, along with corresponding adequate RCS subcooling (see
the enclosed subcooling margin figure at the end of this document) and subsequently
terminates the cooldown;

. maintains the RCS temperature below the limit value;

° Further, expectations are that this initial cooling should take about 10 minutes, once
the cooldown step (step 7 in E-3) is reached. Failure occurs if the crew does not
successfully perform the expeditious cooldown and terminate it while meeting the
above criteria within 15 minutes of arrival at the cooldown step in E-3 (step 7) as this
would be a slower response than expected/desired.
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HFE-3 (A & B): Failure to depressurize the RCS expeditiously:

(To minimize the break flow and refill the pressurizer for the SGTR base scenario.) While the
goal is to perform and then terminate depressurization once the crew achieves an RCS
pressure lower than the pressure in the ruptured SG, success (enabling progression through
the procedure) requires that the crew:

achieves and maintains a pressurizer level greater than 10%

avoids exceeding a pressurizer level of 75% (the crew should stop depressurization
even if the RCS pressure is not less than the pressure in the ruptured SG)

avoids going too low in subcooling by virtue of not maintaining the RCS pressure and
temperature within the allowed range, using the prescribed subcooling margin.

Further, for expediency it is desirable that the depressurization be completed in less
than about 10 minutes once the depressurization step in E-3 (step 16) is reached.
Allowing for a reasonable variability among the crews, we assume that failure to
perform the depressurization while meeting the above success criteria within 15
minutes of arrival at the depressurization step in E-3 (step 16) constitutes “failure,” as
this would be a slower response than expected/desired.

HFE-4A: Failure to stop the safety injection (SlI):

(Such that just a single charging/SI pump is running/injecting and the Sl flowpath is isolated.)

Success requires that the crew:

stops all hi head Sl pumps except for a single pump, isolates Sl flowpath, and
establishes charging with the single remaining pump when the shutoff criteria (see the
E-3 procedure) are met so that the crew can maintain RCS coolant level and pressure
control;

(Note that the manipulations involved with the bullet above require that the following be
performed in order to be “successful”:

o Stop all but one charging pump with its suction remaining aligned to the RWST
(it should already be that way) and verify that the charging pumps’ minflow
valves are open;

o Isolate the boron injection tank (BIT) by closing the two BIT inlet isolation valves
as well as the two BIT outlet isolation valves and verifying that the BIT bypass
valve is closed.)

performs the stoppage before the RCS repressurizes to the point of being greater than
the ruptured SG pressure (assuming it was lower after the cooldown and
depressurization);

It is preferable that the stoppage also occurs before overfilling of the ruptured SG
(sustained 100% level on indicating wide range), but this is not a requirement.
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HFE-5B1: Failure to give a closing order to the PORV block valve associated with the
partially open PORYV within five minutes of closing the PORV (but it remains partially
open, allowing ~6% flow) used to depressurize the RCS:

This action could take place in recognition of the possibility that the PORV path may be open
or leaking based on all the supporting indications (e.g., PRT indications), even though the
PORYV position indication shows “closed.”

HFE-5B2: Failure to give a closing order to the PORV block valve associated with the
partially open PORYV within five minutes of closing the PORYV (but it remains partially
open, allowing ~6% flow) used to depressurize the RCS:

This action could take place in recognition of the possibility that the PORV path may be open
or leaking, given that the PORV position indication shows “open,” along with the other
supporting indications of the leak path.

HFE-4A applies to the base scenario only. HFEs 5B1 and 5B2 apply to the SGTR complex

scenario only, and are two different versions of HFE #5B. Half of the crews were in a group
analyzed per HFE-5B1, and the other half were in a group analyzed per HFE-5B2.

2.4 HFE and PSF Derivation Methodology

This section discusses the analysis methodology required for obtaining the reference data
for comparison, which includes the following phases:

. Collection of raw data;
° Crew-level analysis;
. Determination of the number of failures;

o Aggregate-level analysis: Writing the operational descriptions (summaries of how the
crews performed under the various HFEs) and derivation and rating of the PSFs; and

o Assessment of the relative difficulty of the HFEs and their ranking
241 Raw Data
The data collection included:

o Simulator logs: All crews’ interface activities on the simulator, a set of main process
parameters, and all process and interface events in the simulator were logged.

o Audio/videos: Two fixed cameras behind the operators and two head-mounted
cameras on the shift supervisor and the reactor operator were videotaping the crews
and all operators were equipped with wireless microphones.

o Crew interview: After each scenario, the crew participated in an interview, focusing
sequentially on phases of the scenario.

o Operators’ PSF ratings: Operators were asked to rate several PSFs for all scenario
phases.

. Operator Background Questionnaire.
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o Observer PSF ratings and comments: An observer sitting in the control room rated four
PSF items for each scenario phase and provided free text comments for the same
phases.

o OPAS and performance rating: Under each scenario run, a process expert filled in the
Operator Performance Rating System (OPAS) [7] from the gallery by checking the
completion of a set of predefined crews’ actions and detections. He/she also rated the
crews’ overall performance of scenarios phases.

. Observer comments: For each scenario run, a process expert verbally commented on
interesting aspects of the crews’ activity and process development.

Altough the data collected can provide a lot of of information, for this study the audio/video
recordings coupled with simulator log data constituted the fundamental sources for writing
narratives about crew performance, deriving the PSFs, and developing a detailed
understanding of what the crews did, when they did it, and why. This process is described
below.

24.2 Crew-Level Analysis

The strong focus of the method-to-data comparison on qualitative aspects of HRA
predictions required investigation of crew performance on a detailed operational level. This
included the identification of specific conditions of execution that resulted from dynamic
crew-system interactions and the understanding of the decision processes involved in
observed non-procedural activities. Since there are no quantitative measurements that can
provide this type of information, a qualitative, in-depth analysis approach was employed.

The cornerstone of the in-depth qualitative analysis was the review of the audio-video
recordings, coupled with data logs of simulator and operators activities. These were
analyzed by interdisciplinary teams composed of human factors specialists and NPP
process experts. These experts viewed the video and transcribed key communications and
events. They also wrote explanatory comments about salient aspects of crew performance.
To ensure accuracy and validity of their evaluations, experts had the capability through
online access of the log data to reconstruct plant conditions at any given time.

Immediately after viewing each scenario phase corresponding to an HFE, the analysts
commented on the crew performances by following a list of predefined items (i.e., predefined
operational issues) and filled in a table of dynamic performance-shaping factors (which are
observable in actual performance but not constant for all crews) by assessing their presence
and strength of effect on the performance of the HFE.

The following were the operational items evaluated for all HFEs:

. Operation modus. A description of how the crew performed the tasks included in the
HFE. For example, “The operation is quick and controlled. The core exit temperature is
below 280 degrees when the crew enters step 7 (due to late reduction of AFW to
SG1). They then start directly with steam dump to condenser...”

) Planning. How the main task was planned. For example, “The crew follows the
procedure”).

. Supervisor workstyle. For example, “SS overviews the situation and does not
intervene.”

) Procedure reading & following. For example, “RO reads and follow the procedure.”

2-12
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o RO/ARO workstyle. Adresses issues not mentioned in the previous bullet. For
example, “RO and ARO coordinate and cooperate well”.

o Ongoing discussion of events in previous phases. For example, “FO gets a local call
on local isolation actions. This does not distract in any way (but still no action has been
done on SG1 steam dump since RO forgot to order to check if it was closed)”.

In addition, one operational item was specific to HFE-3B:

o Handling the RCP stop. Action with respect to the change from spray to PORYV is
dependent on plant response (i.e., depressurization rate and full ruptured SG). For
example, “The crew does not detect the RCP stop. The alarm seems to be
acknowledged without checking the alarm. The crew does not close the spray valve, or
the heaters, they chose to go directly to PORVs.”

The operational items were used together with the observations of PSFs (PSFs observable
in actual performance) to fill-in the PSF assessments that are presented in tables in Section
4.3. The tables show the PSF assessments aggregated across crews for each HFE.

The PSFs include the following dynamic factors: time pressure, stress, complexity,
procedure use, interface, communication, (individual) work processes, and team dynamics.
These are only a subset of the PSFs considered in the study (see Table 2-2 for the complete
list); the ones that vary according to the specific performances of the tasks. The remaining
PSFs, sometimes called “static PSFs” [8], are assessed at a later stage of the analysis (see
2.4.5). Each dynamic factor deemed to be present was commented on, rated as positive or
negative, and weighted on its assumed effect on the success of the HFEs (as small, big, or
no effect). Scenario and execution complexity at the crew-HFE level was interpreted in terms
of “How the crew solves problems and copes with the task.” The analysis may also consider
dynamic issues (e.g., does the crew complicate the task by performing unnecessary
actions). Otherwise the assessed PSFs assumed the same working definitions of the
corresponding PSFs adopted by the assessment team and reported in Table 2-2. The
selection and definitions of PSFs were based on the HRA Good Practices document
(NUREG-1792) [9], but also included factors considered necessary to explain the crews’
behavior in the simulator scenarios.

Table 2-2. Performance-Shaping Factors — Definitions.

Factor Definition

Adequacy of | The adequacy of time relates to the difference between available time and
time the required time. The available time is estimated based on the expected
evolution of the scenario, which defines the time by which performing the
action modeled by the HFE is no longer effective in reaching the success
criteria. The required time is an estimate of the time needed by the crews to
perform the cognitive and execution components of the task.

The adequacy of time reflects that there may be a shortage of time to
perform the actions, or to check the performance of the action, detect
errors, or correct errors.
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Table 2-2. Performance-Shaping Factors — Definitions (continued).

Factor

Definition

Time
pressure

Time pressure refers to the crews’ perception that there is a limited amount
or shortage of time available to accomplish the required tasks. In many
methods (as in NUREG-1792), time pressure is addressed as a component
of or a contributor to stress.

The crew’s perception of the available time can differ from the time actually

available in the scenario. Consequently, the crews may experience or report
time pressure when the adequacy of time is good; conversely, they may not
feel time pressure, although the adequacy of time is poor.

Stress

The combined cognitive and physical response as it affects operator
performance and error to a state of difficulty, complexity or urgency. It
includes effects of high workload, perceived time pressure, urgency,
perceived threat to performance, perceived severity of consequences, and
perception/effect of losing overview and control of the situation.

Scenario
complexity

Difficulty of situation assessment and diagnosis. Related to ambiguous
situations (e.g., masking), diagnosis complexity, and the need to decipher
and combine numerous indications, alarms, and other sources of
information in order to assess the situation.

The number of simultaneous goals influences both scenario complexity and
execution complexity. If the difficulty in decision making involves
prioritization of multiple goals, it should be listed under “Scenario
Complexity,” which deals with decision-making, planning, etc. If the difficulty
in decision making involves the management and coordination of tasks, it
should be listed under “Execution Complexity.”

In many PSF frameworks, complexity relates to the indications of conditions
(availability of cues, ease of perceiving these cues, difficulty of interpreting
these indications).

Indications
of
conditions

Availability and clarity of key indications and/or alarms. This is affected by
the availability of instrumentation, and given that the instrumentation is
available the salience of cues, signal-to-noise, ambiguity of cues. In some
cases, also the availability of system feedback for execution.

This factor is often addressed in “scenario complexity,” although the latter
has a larger scope.

Execution
complexity

Difficulty of performance (implementation not including situation
assessment, diagnosis, etc) of the task. The number of steps to be
performed, whether the task is associated with a single variable or multiple
variables, non-linear response of the system so that you need to “have a
feel” in order to adequately control it, and whether special sequencing or
coordination of multiple performers is required will increase the execution
complexity.

The number of simultaneous goals influences both scenario complexity and
execution complexity in so far as they require coordination or management.
(See Scenario Complexity for differentiation of these concepts.)
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Table 2-2. Performance-Shaping Factors — Definitions (continued).

Factor

Definition

Training

The degree of familiarity and knowledge of the scenario and the actions that
should be taken that can be expected based on the crews’ prior classroom
and simulator experience.

This factor should consider not only the amount or general quality of training
but also the applicability of the training in the specific scenario (i.e., how
helpful the training received will be in the scenario: in rare cases, it may be
counterproductive).

Note: HRA analyses deal primarily with training as it concerns the behavior
of the NPP and the appropriate situation-specific response. In data analysis,
training also includes training on how to solve problems in general, etc.

In predictive analysis, this is frequently combined with experience.

Experience

Familiarity and practice of the personnel with the specific task being
analyzed.

Although correlated, it is not equivalent to the amount of experience of the
crew (e.g., number of years in position). Like training, in rare cases,
experience may be counterproductive.

Procedural
guidance

Support provided by the procedure for performing the situation assessment
(decision making) and execution of the specific task being analyzed. In the
context of the scenario of interest, steps that are ambiguous, unclear
(including layout), or not detailed, and situations where the path through the
procedure is unclear, contribute to a poor rating for this factor.

Human-
Machine
Interface

Ergonomics, including the presentation and labelling of process parameters,
the availability of feedback following an action on a component or system,
and the interface for acting on components or systems.

Work
processes

Refers to work methods and the mechanics of work (e.g., the care taken in
reading procedures and generally in performing the task work). Task work
refers to the work performed directly with the process, as opposed to
teamwork, which is about the collaborative aspects of work. Task work can
be analysed at a more individual level than teamwork. In a predictive
analysis, this factor indicates how well the expected work processes match
the given scenario and how sensitive the task may be to work practices. In
analyzing actual performance, this factor is rated poor if individual work is
not thorough, and if the general handling of the procedures is less than
adequate. Note that in fast-moving scenarios, “good” work processes may
have a negative effect on task success. In the present study, the RO and
ARO were sometimes required to perform process type work together, i.e.,
work as a close unit. In these cases, the performance is analysed as work
processes and not teamwork.
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Table 2-2. Performance-Shaping Factors — Definitions (continued).

Factor Definition
Communi- In a predictive analysis, this factor refers to:
cation

a) the impact of the environment (e.g., noise or the hardware used for
communication, such as an intercom) on task success;

b) the “communication requirements” of the task. These requirements may
contribute to scenario complexity or task complexity (depending on whether
the communication is about situation assessment or what to do).

In analysis of actual performance, it refers to the success or failure to
exchange information (e.g., failure to provide information or feedback upon
receival) and the adherence to communication practices and protocols (e.g.,
repeat-back, communicate parameters, values, and trends).

Team This factor is often labelled teamwork. It relates to the management of the
Dynamics team (e.g., the adequacy of leadership and support, coordination, the
sharing of information, proactive communication, questioning attitudes,
treatment of suggestions, and the sharing and allocation of tasks and
responsibilities). In analysing actual performance, this factor is rated poor
when assessments and decisions are made without review (i.e., without
following meeting practices).

In a predictive analysis, this factor represents the requirements of the task
in terms of good team dynamics and how the expected teamwork matches
the requirements (i.e., how sensitive the task may be to the quality of team
dynamics).

243 Crew performance Evaluations

In order to evaluate the crews’ performance on each of the HFEs, that is, to establish the
HFE successes and failures, the first step was to determine individual crew performance by
combining the experts’ reviews for each crew/scenario and quantitative plant performance
data (e.g., times at which manipulations took place or SG levels). Afterwards these individual
crew performances were formed into aggregate (all crews) performance summaries and
PSF assessments for each of the HFEs (see Section 4.3).

As described in 2.3.4, the HFEs are defined on a functional level (i.e., “crew failure to
perform X within t minutes,” where X typically consists of several actions and/or verifications,
such as isolations, valve closures, or pump stoppages, and the time window ¢ is based on
typical/expected responses for the performance of the given tasks (see 2.3.4)). In principle,
since both actions/verifications and performance times are available from combining DVD
and simulator log data, determination of the number of failures could be considered
straightforward. However, the following limitations did not allow a staitghforward application
of the failure criteria:

o Start and end times for the HFEs might contain some approximation. The start times
for HFE-2 and HFE-3 are defined from the “reaching of the [relevant procedure]
step[s]” (steps 7 and 19, respectively). These steps are not contiguous with the
preceding HFE (i.e., there are some procedure steps between HFE-1 and HFE-2 and
HFE-2 and HFE-3 that are not encompassed by the HFEs). Some judgment was
necessary to put on the same level those crews who reached the relevant steps before
completing the steps beforehand (looking ahead), and those who reached them after
completion. Also, the end times for HFE-1 are based on communicating local actions
to a role-played field operator, whose behaviour was to reproduce a realistic
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communication but who was not strictly regimented.

o The functions to be accomplished in the HFEs might have success criteria that are
less rigid than those set forth in the HFE definitions. For example, HFE-3 requires the
operators to depressurize the RCS to a pressure lower than the ruptured SG. It turned
out that about half the crews did not literally depressurize below the target pressure,
but the differences were, most of the time, small enough not to compromise the
success of the depressurization.

o The occurrence of crew behaviour outside the scope of the exercise. One crew in HFE
1A applied (correctly) a procedure which was only recently implemented at the home
plant, but for which no information was provided to the HRA teams. This caused the
crew to use extra time compared to the expected response.

The results of the implementation of the failure criteria and the application of the above
considerations are reported in 4.1.

244 Operational descriptions

The aggregated operational descriptions are summaries of how the crews performed under
the various HFEs. Since one could reasonably argue that the 14 crews represent 14 different
modes of operating under each HFE (solving the main tasks of the scenarios), the process
of summarizing 14 different observed performances into one is not obvious. The strategy
followed here is twofold. First, averages and ranges were calculated, relating quantitative
dimensions of the HFEs, such as start and completion times. This step provides information
on typically observed performance and variability on quantitative aspects. Secondly, the
crews were grouped into operational modes (i.e., salient differences in the way the tasks
were executed and/or the situation evolved under the HFEs).

Hence, each operational description of a given HFE starts with summarizing the average
start, end, and completion times of the HFEs, as well as commenting on relevant and
common process status. Then, for each HFE, a table is presented where the crews are
grouped according to modes of operation observed (i.e., how they solved the main task).
Each operational mode can result in different outcomes relative to the performance of the
HFE, as crews at the opposite ends of the performance spectrum could share the same
operational mode or approach. In addition, for each mode a possibility for deviating from the
main pattern of operation observed in the majority of the crews is present (e.g., a crew acts
exactly as the others (the same general operational mode) but for some reason waits for the
fulfillment of some conditions before starting the actions). Hence, a column for “deviation” is
provided. The concept of deviation implies that the operational differences were so great as
to be of (potential) impact to the success/failure of the HFE. Sometimes a crew presents
differences from the others that might not be so relevant to talk of a deviation, or, although
generally relevant, could be outside the criteria set by the HFE definitions. In such cases we
used the expression “comment” rather than “deviation.”

It should be stressed that operational descriptions and especially the modes of operations
were kept, as much as possible, at a descriptive level, in order to be independent of the
process for assessing the driving factors.

2.4.5 PSF assessment

In order to compare empirical findings on PSFs to the PSF ratings in the HRA method
analyses, we needed one empirical rating for each PSF in each HFE. This rating is called
“HRA PSF rating.” The basis for this rating was observational PSF ratings aggregated over
all the crews. Since there are some assumptions for the HRA PSF ratings that are not based
on pure observations, we chose to make this conversion in two steps. This is explained in
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the following sections. Both ratings, the observational PSF rating and the HRA PSF rating,
are presented in the tables with the results in Section 4.3.

2451 Observational PSF ratings

The following procedure was followed in order to aggregate individual crews’ PSF
observations (the PSF table described in 2.4.2) into similar-performing crew PSFs, and,
finally, into overall-HFE observed PSF ratings:

1. Crew-by-crew ratings: After observing each crew’s performance of the HFEs, a PSF
table was created, evaluating whether each PSF was present, and, if so, whether it
had a small, a large, or no effect for the fulfilment of the HFE success criteria as
described in 2.4.2.

2. Grouping of crews: Based on the characteristics of their performance (failures, near
misses, operational problems), the crews were assigned to groups, normally well-
performing vs. less well-performing crews (for HFE 4A and HFE 5B2, only well-
performing crews were identified, and in HFE2B a third group was singled out). Less
well-performing crews included “failing” crews?, as well as crews close to failure (i.e.,
approaching the HFE criteria for failure).

3.  PSF aggregation for groups of crews (well- and less well-performing): The crews within
each group typically showed consistent configurations of PSFs (e.g., less well-
performing crews had negative team dynamics, while well-performing crews had
positive). Depending on the number of observed issues and their original ratings, an
observed group rating was expressed on a nine-point scale (from -2 to +2, including in-
between points (e.g., 0,5), due to the coarse nature of the assignments). The ratings
were also adjusted for improving across-PSF consistency and for avoiding double
counting as much as possible. Ratings at this level were expressed for only observed
dynamic factors, not for factors constant for all crews.

4.  Contrast analysis. Overall observed PSF rating for each HFE: PSF aggregations for
well-performing crews were contrasted with aggregations for less well-performing
crews in order to produce the overall observed PSF rating for each HFE.

In multi-group cases, the majority of the crews belonged to the well-performing group.
Hence, the majority group dominated the main effect evaluation of the final PSFs. If both
groups had the same weighting on a PSF (e.g., good communication), the final rating had
the same weighting. The weight assigned was based on the number and weights of the
observations out of the number of total crews. If the two groups had different weightings
(e.g., team dynamics was positive for the well-performing crews and negative for the others),
then a secondary effect was singled out and rated as the rating of the minority group (as a
general rule).

Next, PSFs that were assumed to be constant or not different for the groups, such as
training and procedures, were rated. These ratings took into account the ratings of the other,
more dynamic PSFs for generating a consistent total PSF profile of the HFE. Further, at this
stage, only the PSFs that were not assessed at the individual crew-HFE level (i.e., adequacy
of time, indications of conditions, execution complexity, training, and experience) were
evaluated by relying on the information obtained from performance data, operational
descriptions, and background information on the crews and the plant/simulator.

2 It should be noted that, while some crews may have failed to achieve the success criteria defined for the
scenarios, these failures did not result in extended loss of control of the plant.
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245.2 HRA PSF Ratings

The integration of crew-level PSFs into overall HFE observed PSF ratings did not try to use
a single definitionally “orthogonal” set of PSFs. Some of the PSFs were recognised as partly
overlapping, and judgments were made to assure consistency within each HFE and across
HFEs. Thus, although the overall observed PSF sets are not performance models, the
comments provided in the tables, together with the operational descriptions, can help in
figuring out causal stories or models of PSF interactions. As long as consensus does not
exist across HRA methods on a single set of PSFs, however, let alone on a model of their
interactions, the overall observed PSFs were translated into a format appropriate to HRA,
that is, in terms of factors familiar to the HRA community and consistent with the general
assumptions of HRA (e.g., nominal conditions are good). HRA methods are designed to
evaluate the probability of a human failure, the probability being evaluated by averaging over
the population of crews. Thus, the PSF ratings needed for most HRA methods are averaged
in some sense. The observational ratings were mapped on the following scale for HRA
ratings:

o MND = Main negative driver
) ND = Negative driver
o 0 = Not a driver

. N/P = Nominal/Positive driver, that is, contributes to the overall assessment of the HEP
being small (note that some methods use the term “Nominal” to denote a default set of
positive circumstances and that our use of the N/P rating is consistent with that
terminology).

The following rules have been followed to translate overall observational PSF ratings for the
crew data into HRA PSF ratings:

1. If the observed main effect is rated as 0 and the secondary is rated as negative, then
the HRA rating is negative (ND = Negative driver).

2. If there is no observational effect of a factor and all crews are constant on that factor,
then the HRA rating is nominal (N/P = Nominal/Positive)®.

3. If there is no observational effect of a factor but the crews differ on that factor, then the
HRA rating is 0 (no effect = not a driver)*.

4. If there are no observed effects of stress and time pressure, then the HRA rating is 0 (no
stress and no time pressure = not a driver).

5. The crew factors (team dynamics, communication, and work practices) are rated as
nominal (N/P) when the observational rating is +1. If secondary effects are present, then
Rule 1 is applied, in this case even in the presence of a positive main effect: if a negative
secondary effect is observed and rated lower than -0.5 (i.e., if less well-performing crews
had problems with them), then the HFE rating is negative (ND = the HFE challenges
these factors). Rule 3 is also applied to this class.

® For some PSFs it was not possible to assess the effect based on the observed performance. These were
typically “static PSFs,” like training. If all crews had the same level of such PSFs (again, same training) then we
judged it to be nominal.

* This means that although the PSF had no observational effect on the performance of the task, the crews had
different levels of that factor (e.g., different experience). Hence, the factor had no effect on the performance of
the task.
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In addition to these “one-to-one rules of translation,” for some HFEs one PSF is identified as
main factor (MND), meaning that, although it might have had an observational rating no
larger than other PSFs, it was judged to have had the larger total effect on the performance
of the HFE (e.g., by causing other PSFs to assume non-nominal, non-zero values).

24.6 HFE Difficulty and Ranking

The HFEs were ranked relative to their difficulty. This evaluation was made by considering
all available information on the performance of the tasks making up the HFEs. This implies
that the HFE ranking is not based on mere counting of “failing crews,” but took into account:

1. The number of “failing” crews and “near misses.” Failures and near misses are the “crews
with operational problems” in the HFE (see Table 4-2);

2. Difficulty in operational terms (e.g., depressurizations off-target by few bars are not
considered failures);

3. Information provided to the HRA teams (e.g., conditions not described as the use of the
AOP-3 procedure by the HAMMLAB crews, or time information on crew responses).

The final ranking was agreed upon by group consensus, where both experimentalists and

the assessment group participated. The rationales for the difficulty judgments (which are
associated to the ranking) are provided in Chapter 4.
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3. HRA METHOD ASSESSMENT METHODOLOGY

This chapter describes the methodology used to assess the HRA methods in Phases 1 and
2 of this study, using the empirical data from the SGTR scenario. The assessment of each
method addresses multiple criteria. The assessments of the methods’ qualitative and
quantitative predictive power are based on comparisons between each method’s predictions
and the reference data obtained in the HAMMLAB simulator, while the assessments of the
other criteria (traceability, guidance, and insights for error reduction) are based primarily on
examination of the submitted HRA analyses.

Chapter 2 described the data analysis methodology used to obtain the empirical data from
the crews. The empirical data are presented in Chapter 4. The assessments (and
comparisons) of the SGTR HFEs are summarized for each method in Chapter 6. The
detailed comparisons that underlie the summary assessment, which address how a method
did on the individual HFEs, are provided in Appendix A, printed in a separate volume of this
report.

3.1 Assessment Criteria

The criteria include:
. predictive power:

o] quantitative predictive power (to the extent that this can be assessed in light of
the limitations of the reference data)

o] qualitative predictive power;
o traceability of the qualitative analysis and quantification process;

o the adequacy of the guidance provided by each method for the qualitative analysis and
for quantification of an HFE;

. usefulness of the HRA results for human error reduction.

The repeatability of the HRA predictive analysis, including both qualitative analysis and
quantification, is not addressed in this study’s method assessment. Both traceability and
adequacy of the method guidance are indeed related to repeatability, consistency, and
reviewability of the HRA analyses. Although there are some indications from the study on the
methods’ repeatability, a comprehensive assessment of method repeatability would require a
different study design, in particular one involving multiple HRA analysis teams using the
same method. (In this study, this was the case for only one method, SPAR-H, used by two
HRA teams.) Any indications as to method repeatability are mentioned in the assessment
summary section entitled “Other remarks on method strengths and weaknesses.”

The assessment of each method addresses each of these criteria in statements that provide
a qualitative rating from poor to good (five-point scale) of the individual criteria and includes
the main aspects of how the method performed against the criterion. This assessment takes
into account all of the HFEs in the SGTR scenario. In addition, the assessment includes a
commentary on the key strengths and some of the weaknesses of the method. The five
points of the scale are “poor,” “moderately poor,” “fair,” “moderately good,” and “good.”

” o«
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3.2 Structure of Summary Assessment of Each Method

The assessment of each method addresses the criteria introduced in Section 3.1. The
specific aspects considered in assessing each criterion are discussed further in Sections
3.4-3.9. The categories used in the assessment are shown in Table 3-1.

It should be emphasized that a single “overall” assessment “summing” the assessment of
the separate criteria is not performed. Such an assessment would require an explicit
weighting and ranking of the assessment criteria, defining critical and minimum levels of
fulfillment of the criteria, and consideration of the resources required for the application of
the method and of the needs of the HRA/risk assessment application. The summary
assessment includes a section that addresses some of the overall strengths and
weaknesses of each method from the perspective of the assessment group, to the extent
that these are not clear in the discussion of the separate criteria.

Table 3-1. Structure of Assessment Summary of Each HRA Method.

Section (by
method)

Process step

Criteria

6.X.1 Predictive
Power

An assessment of the overall predictive power is
made, based on the comparisons between the
predictions for each HFE and the reference data.

expressions

6.X.1.1 Qualitative Assessment of:
Qual_lta_t|ve comparison of eHow well the method predicted the specific
predictive power | drivers . . . e
: performance issues and drivers identified in the
in terms of
drivers reference data
¢ Whether the method predicted factors and issues
that were not supported by the reference data
See 3.5.1 for discussion of specific aspects of
comparison and assessment.
6.X.1.2 Qualitative ¢ Assessment of how well the method predicted the
Qualitative comparison of failure mechanisms (in operational terms)
predictive power | operational observed in the reference data
in terms of expressions . , -
operational See 3.5.2 for discussion of specific aspects of

comparison and assessment.

6.X.1.3
Quantitative
predictive power

Comparison of
the quantitative
method
predictions with
the empirical
data.

Bullets in
decreasing order
of priority

¢ Potential optimism of the most difficult HFEs

¢ Consistency of the ranking of the HFEs (by
predicted HEP) with the reference difficulty
ranking

¢ Predicted HEPs relative to the
confidence/uncertainty bounds of the reference
data

¢ Quantitative differentiation of the HFEs by HEP

See 3.6 for discussion of specific aspects of
comparison and assessment.




NUREG/IA-0216 Vol. 2

Table 3-1. Structure of Assessment Summary of Each HRA Method (continued).

Section (by o
method) Process step Criteria
6.X.2 ¢ Traceability of the basis for quantification inputs

Assessment of
guidance and

» Traceability of quantification

traceability ¢ Guidance for the qualitative analysis
¢ Guidance for modeling of the HFE and
decomposition (if applicable)
¢ Guidance for the quantification
See 3.7and 3.8 for further discussion.
6.X.3 Insights See 3.9 for discussion.
for error
reduction
6.X.4 General General conclusion and other remarks on method

conclusion and
other remarks

strengths and weaknesses

3.3 Process for Assessment and Comparison

The assessment and comparison process consisted of the following steps:

1. Summarizing the qualitative predictions made by the HRA analyses. The qualitative

predictions consist of the factors identified as negative drivers for the HFE and the
associated failure mechanism or mode in relation to the tasks expected or required to be
performed (i.e., a description of the HFE in operational terms). Because different HRA
analyses could express similar predictions differently due to differences in their level of
analysis and in their terminology, the objective of this step is to ensure that those
predictions referring to the same issues or factors are described consistently. This is
accomplished by having the assessors (those summarizing the predictions within the
submitted HRA analyses) use a common set of factors, with the definitions introduced in
the previous chapter. To avoid introducing biases in interpreting the predictions, the
summation was “blind”; in other words, the assessment group summarized the predictions
without knowledge of the crew performances in the scenario in the simulator.

2. Review of the summary by the team that completed the HRA. An important element of

the summarization is to express the predictions in a common terminology. Because this
is equivalent to a translation from the method’s own terminology to a common
terminology, this step was performed to ensure that the characterization used in the
comparison accurately represents the intent of the HRA teams who completed the
analyses according to their specific HRA methods.

Comparison of the method’s qualitative predictions with the empirical data. The
comparisons were performed for each individual HFE, using the summaries generated in
step 1 above.

Comparison of the method’s quantitative predictions with the empirical data. This
comparison was used to assess the quantitative predictive power of the HRA method.
The HEPs for individual HFEs and the ranking of the HFEs indicated by these HEPs
were both examined in this comparison.
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5. Assessment summary. The assessment of each method includes the results of Step 3
summarized across all HFEs (qualitative predictive power), the results of Step 4
(quantitative predictive power), assessments of the traceability, adequacy of method
guidance, and usefulness of the method for error reduction.

Concerning Steps 1 and 2, note that no analogous summarization was performed for the
quantitative predictions. The HRA analyses directly provided the HEPs for the HFEs, and the
ranking of the HFEs according to the HRA analyses was based on the HEPs.

Note that the summary in Step 5 was not intended to provide an overall assessment of each
method based on weighting the assessment criteria.

3.4 Summarizing the HRA Submittals - Qualitative Predicted
Outcomes

The HRA submissions typically included three types of information, Forms A and B and
specific documentation on the analysis from the method. As noted in [2], Form A represents
high-level summary information with a particular emphasis on identifying the main drivers in
terms of PSFs, causal factors, other influence characterizations explicitly identified through
the HRA method being used, and a description in operational terms of the difficulty (or ease)
of performance for the tasks associated with each HFE. Form B provided detailed
information standardized according to the Human Event Repository Analysis (HERA)
taxonomy, but the information in Form B was not used in this phase of the analysis. Finally,
each HRA team provided supplemental material specific to each method. This latter material
included information such as task analytic reviews of operating procedures, analysis
worksheets specific to the HRA method, and documentation of assumptions that were made
by the HRA team.

With the exception of Form B, each submission packet was reviewed by at least two
assessors who had experience with this HRA method. All information provided by the HRA
teams was reviewed independently, and a consensus reached on the main findings from the
analysis. The HRA teams’ Form A summaries served as the main basis of the present
comparison, but other parts of the submission were drawn upon as needed.

The decision to focus primarily on Form A and the documentation of the HRA analysis was
motivated by the desire for a high-level initial comparison. Form A represented a
straightforward way to describe the PSFs, causal factors, and other influence
characterizations explicitly identified by the HRA team. The HRA teams were to identify
factors relevant to the success and/or failure of the HFE, with a particular focus on the
factors that may drive the crews to fail. The discussion was to reflect the basis for the HEP
obtained for the HFE and to be expressed in terms of the “factors” or characterizations
explicitly identified as important from the application of the HRA method. The terminology of
the HRA method was to be used.

At its core, each HRA method attempts to capture those factors that will affect performance.
This was the primary basis for the present comparison of HRA methods to the data—the
extent to which the HRA method accurately and completely predicted those factors that
shaped performance of the crews observed in the HAMMLAB simulator.

However, not all HRA methods use the same set of factors that were used to represent the
crew data and often use somewhat different terminology. Therefore, before the driving
factors identified by the HRA methods could be compared with the crew data, those driving
factors had to be translated into the same set of PSFs. Table 2-2 in Section 2.4.2 presents
the list of PSFs and their definitions, which were used to represent the factors influencing
crew performance. The selection and definition of PSFs were based on the HRA Good
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Practices document (NUREG-1792) [9], but also included factors that the HAMMLAB
analysts considered necessary to explain the behavior of the crews in the simulator
scenarios.

Prior to comparing the HRA method predictions of the driving factors for each HFE with the
crew data, the assessors translated the driving factors identified by each HRA method into
the same common terminology. Similar to what was done with the HAMMLAB crew data,
they assigned ratings of the extent to which the various factors were predicted to affect crew
performance. These ratings were based on the discussions provided by the HRA teams in
Form A with respect to the important driving factors and the operational stories of what
would be affecting the crews in completing the relevant actions. In addition, the
documentation of the HRA application provided by the teams was examined by the
assessors to assess the extent to which the various factors appeared to contribute to the
overall HEP for each HFE. The following scale was used by the assessors to rate the impact
of the various factors:

o MND = Main negative driver
o ND = Negative drivers
. 0 = Not a driver, effect could not be determined

o N/P = Generally positive effect and contributes to the overall assessment of the HEP
being small (note that some methods use the term “Nominal” to denote a default set of
positive circumstances, and our use of the N/P rating is consistent with that
terminology)

o N/A = Not addressed by the method

In rating the predicted impact of the various PSFs on crew performance, a table of the PSFs
was created for each HFE, and each of the PSFs was assigned a rating according to the
above scale. In addition, a comment field was used by the assessors to describe the specific
details of how the PSF was captured in the HRA analysis and how it was being represented
in the terminology of the table. This “Summary Table of Driving Factors” was developed for
each HFE for each method and was used in the comparison of the HRA predictions to the
crew data. The summary tables for each HFE for each method is included in the
comparisons of the HRA method results with the crew data and can be found in Appendix A
in the accompanying detailed comparison volume of this report.

Since determination of the influence ratings was necessarily somewhat subjective, the
summaries were sent to the respective HRA teams to obtain feedback on the assessment
team’s translation of the HRA method’s driving factors into the common terminology and the
assigned ratings. Any suggested changes from the HRA teams was reviewed by the
assessment team and discussed with the HRA teams as needed to reach a consensus on
the judgments. Again, all of this was done prior to the HRA teams or assessment teams
becoming aware of the results from the crew data in HAMMLAB.

In addition to creating the summary table of driving factors, the assessment team
summarized the HRA teams’ description of how the crews would perform operationally in the
simulator scenario (including difficulties that might arise) and any other relevant factors from
the HRA teams’ qualitative analysis. As with the driving factors, the HRA teams had the
opportunity to comment on and provide suggested changes to the summary.
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3.5 Comparison of Method Qualitative Predictions

The qualitative predictive power considered three aspects in terms of drivers:

How well did the method predict the specific performance issues and drivers identified in
the reference data?

Did the method predict factors and issues that were not supported by the reference data
in terms of operational expressions?

How well did the method predict failure mechanisms in operational terms that were
identified in the reference data?

These aspects are discussed in the next two sections.

3.51 Comparison of Method’s Qualitative Predictions in Terms of Drivers

Prediction of the drivers identified in the empirical data, including the associated
performance issues. Did the method identify the correct task performance issues? In
other words, in addition to identifying a driving factor, did the method explain why the
predicted driver contributes negatively to HFE performance? Given some of the
differences in factor definitions among the methods, this emphasis on the drivers in
operational terms and in terms of specific issues bypasses possible ambiguities with the
assignment of issues to specific PSFs (the “translation” problem). Some methods may not
identify specific performance issues, but may identify the correct drivers. Such methods
would be ranked lower with respect to this criterion than methods that did identify the
performance issues.

Predicted factors and issues that were not supported by the reference data. In contrast to
the preceding subcriteria, this one starts with the factors and issues predicted by the HRA
analysis. Did the HRA method predict drivers and performance issues that were not
observed in the simulator or shown not to be a performance issue for the crews? The
assessors took into account the fact that crew performance tends to be fairly high (i.e.,
low HEPs) and that there may be issues that are correctly predicted but simply not
observed given the sample size. (In contrast, if a driver was confirmed in the small
sample of observations, then the likelihood that it is by chance is small. Such drivers are
addressed by the previous subcriterion.)

3.5.2 Comparison of Method’s Qualitative Predictions in Terms of

Operational Expressions

Prediction of failure mechanisms in operational terms. Although HRA analysts need to
understand how crews will approach a given task in order to predict the HEP, some
methods rely strongly on these operational aspects, and many methods predict specific
modes or mechanisms of failure. This subcriterion deals with the accuracy of these
predictions. Did the HRA analysis correctly characterize how the crews would fail or
where they would have problems? It can be seen that the “driving factors and issues”
subcriteria above focus on the problematic performance conditions while this subcriterion
focuses on how degraded or failed performance manifested itself.
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3.6 Comparison of Quantitative Predictions (Including Ranking)

The comparison of the method’s quantitative predictions to the reference data addressed
both the absolute values as such (HFE by HFE) and the ranking of the HFEs based on the
HEPs (across the HFEs). First, the small sample of observations results in large
uncertainties in the reference HEPs so that the accuracy of the HEPs is difficult to assess.
Secondly, in many PRA applications, the relative values of the HEPs (i.e., the ranking of the
HFEs) are sufficient to draw conclusions and derive safety insights. The subcriteria in the
bullet list below are listed with the highest priority first and in order of decreasing priority.

o HFEs where several failures were observed in the empirical data can be regarded as very
difficult tasks that should have correspondingly high HEPs. If an HRA method produced
low HEPs for such HFEs, the submission was examined in more detail in order to identify
indications of systematic method optimism.

e Consistency of the ranking of the HFEs (by predicted HEP) with the reference difficulty
ranking. In the analysis of the simulator observations, the HFEs were ranked in terms of
difficulty (i.e., a rating/ranking of the likelihood of failure on the HFE tasks was performed
by the assessors documenting the crew performance). Despite the large uncertainties in
the reference HEPs (in terms of what is the true error rate), it was possible to obtain a
strong consensus on which HFEs appeared to be more difficult, with the expectation that
the probability of failure was higher.

¢ Predicted HEPs relative to the confidence/uncertainty bounds of the reference data. Were
the HEPs within the bounds, which in this study have been estimated by a Bayesian
update that uses the observed performances as evidence (see the chapter on the
derivation of the Empirical Study reference data)? Note that the uncertainty bounds
predicted by the HRA teams for each HEP are not utilized in the current comparison.

¢ Quantitative differentiation of the HFEs by HEP. Were the predicted HEPs for the most
difficult HFEs significantly larger than those predicted for the least difficult HFEs? The
quantitative predictive power of the method is judged to be reduced if the predicted HEPs
all fall within a narrow band.

As noted above, the predicted ranking of the HFEs is based solely on the HEPs from the
HRA analyses. On the other hand, the reference or empirical ranking of the HFEs is not
solely based on the empirical HEPs but is instead based on an overall, partly subjective
assessment of the relative difficulty (a relative failure likelihood) that combines the Bayesian
HEP results with qualitative considerations of the performance. The qualitative
considerations accounted not only for the failure counts but also for other objective evidence
from the experiment, such as the performance as measured by plant parameters, the
amount by which the success criteria were missed (in terms of the time windows defined for
the HFEs or the plant parameters), and the difficulties experienced by the crews (even if
these difficulties were surmounted) during the tasks associated with the HFE.

3.7 Assessment of Traceability

The assessment of traceability examines:

e The basis for the quantification inputs obtained in the application of the HRA method. For
instance, it examines how the ratings of PSFs were derived from the qualitative analysis
or how the identification of the failure mechanisms was associated with operational
narratives. In both cases, the assessment looks at how the HRA method and the
documentation of the application of the method (of the HRA analysis) establish the link
between the qualitative analysis and the quantification inputs (the PSA ratings). How did
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the issues and factors identified as relevant and important to HFE failure translate into
PSF ratings or identified failure mechanisms?

e The quantification. This part of the assessment of traceability looks at the link between
the quantification inputs and the HEP values. Is expert judgment involved in deriving the
HEPs from the quantification inputs? If so, how large is the role of expert judgment?
Alternatively, is the quantification based on a mathematical, fully repeatable algorithm?

3.8 Assessment of Adequacy of Method Guidance

The assessment of method guidance examines:

e The guidance for the qualitative analysis. Relevant questions include the following: To
what extent does the method provide guidance for performing the qualitative analysis,
and how does this guidance contribute to a comprehensive assessment of the
performance-shaping factors or contextual factors in terms of how they may affect the
probability of HFE failure? Does the method guidance clearly describe the required or
expected scope of the qualitative analysis? To what extent does the guidance for the
qualitative analysis appear to support interanalyst consistency? (This last question is also
related to repeatability; see the remarks in the conclusion of Section 3.1 on Assessment
Criteria.)

e The guidance for HFE modeling and decomposition (if applicable).

e The guidance for the quantification. For those methods where factor ratings are used to
translate the qualitative analysis into quantification, what guidance is available to support
the rating of the factors? For those methods where quantification includes expert
judgment, what guidance or aids are available to support the expert judgment process
and its consistency?

3.9 Insights for Error Reduction

This assessment addresses the degree to which the qualitative analysis and evaluation of
performance influences addressed by the HRA method provide information that would allow
insights into how to reduce error: that is, whether the analysis of driving factors and
understanding of potential failure mechanisms support the identification of potential fixes in
areas where errors might occur (e.g., procedural or training improvements). The overall
ability of the method to produce this information was judged.

3.10 Structure of Qualitative Comparisons for Each HFE

The comparisons of the method predictions to data presented in Appendix A in the
supplemental volume to this report provide the following for each HFE:

. A summary of the qualitative analysis (operational description) from the HRA team.

. The quantitative findings (HEP, uncertainty, and associated insights of the HRA team).

. A summary table of driving factors based on the HRA method predictions.

1

2

3

4. A comparison of the predicted drivers to the empirical data.
5. A comparison of the qualitative analysis to the empirical data.
6

. A brief discussion of the extent to which the HRA quantification accounted for the factors
predicted to affect performance.
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4. EMPIRICAL RESULTS

This chapter presents the results of the empirical analysis. There are two types of results,
quantitative and qualitative results. These correspond to the comparisons between HRA
methods’ predictions and reference data:

o Quantitative comparisons: (a) Predicted HEPs vs. “empirical HEPs”; (b) Predicted
HEPs ranking vs. HFEs difficulty ranking

o Qualitative comparisons: (a) Predicted drivers vs. “observed” drivers (PSFs); (b)

Predicted difficulties (failure modes) vs. observed difficulties (operational descriptions
and PSFs).

4.1 HFEs’ Success and Failure

Table 4-1 summarizes the crews’ performance of the HFEs against the success criteria
defined in 2.3.4.

Table 4-1. HFEs’ Success and Failure

Base scenario

HFE-1A HFE-2A HFE-3A HFE-4A
RCS-

Crew SG isolation | Cooldown Depressurization SG1 Stop Sl
A 0:13:33 0:05:55 0:06:20 1.4° Yes
B 0:13:19 0:08:10 0:08:41 -0.8 Yes
C 0:18:53 0:10:10 0:06:06 -5.2 Yes
D 0:18:30 0:12:16 0:07:22 -8.3 Yes
E 0:14:22 0:06:25 0:08:43 -1.2 Yes
F 0:18:45 0:04:41 0:04:32 0.4° Yes
G 0:21:52" 0:08:50 0:06:20 2.4 Yes
H 0:11:59 0:15:10 0:05:42 -2.1 Yes
| 0:13:37 0:08:05 0:02:38 -1.8 Yes
J 0:17:38 0:04:07 0:05:31 1.6° Yes
K 0:15:09 0:06:10 0:05:18 15.7 Yes
L 0:13:06 0:06:20 0:12:59 -0.2 Yes
M 0:10:23 0:06:15 0:08:54 -3.0 Yes
N 0:21:29 0:10:30 0:06:09 -3.1 Yes

Criterion® |  0:20:00 0:15:00 0:15:00 <0 Al
Average 0:16:10 0:08:32 0:07:21 -0.3 -
Complex scenario
HFE-1B HFE-2B HFE-3B HFE-5B1 : HFE-5B2
RCS- ;

Crew SG isolation | Cooldown Depressurization SG1 Close block : Close block
A 0:28:01 0:07:10 0:07:21 3.9 . 0:02:58
B 0:21:10 0:04:40 0:04:35 2.8 | 0:00:14
C 0:28:57 0:08:05 0:09:31 4.2* 0:05:53° :

D 0:27:14 0:00:00 0:05:24 0.3 Never

E 0:45:27 0:09:12 0:16:26 1.3 0:01:13
F 0:30:16 0:06:45 0:05:03 -1.1 . 0:00:15
G 0:23:39 0:05:50 0:08:00 0.8° 0:23:24 |

H 0:24:43 0:11:50 0:04:02 -1.7 Never

I 0:21:36 0:07:15 0:02:22 -3.3 Never |

J 0:32:08 0:07:25 0:03:48 1.4° 0:00:30
K 0:26:39 0:06:35 0:03:44 -6.3 . 0:00:30
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Table 4-1. HFEs’ Success and Failure (continued).

HFE-1B HFE-2B HFE-3B HFE-5B1 | HFE-5B2

RCS- §

Crew SGisolation | Cooldown Depressurization SG1 Close block | Close block

L 0:19:59 0:05:15 0:05:16 -2.9 0:00:13

M 0:22:12 0:07:00 0:02:33 -4.6 0:33:08

N 0:24:37 0:06:15 0:03:31 -4.7 0:18:20

Criterion® 0:25:00 0:15:00 0:15:00 <0 0:05:00 0:05:00
Average 0:26:54 0:06:40 0:05:50 -0.7 - ¢ 0:00:50

Failure -

" This crew is not counted as failing. This crew responded to the rupture by starting the tube failure
procedure AOP-3 (small leakage up to 10 kg), which implies that the reactor should not be tripped.
This response was correct, as the leakage started slowly, in the range covered by the tube failure
procedure. When the leakage increased, they tripped the reactor and started E-0. This behavior
caused the crew to start E-0 3-4 minutes later than otherwise. Also, as the tube damage procedure
was newly adopted at the home plant at the time of the experiment, the crews were not expected to
use it. Hence, no information was provided about AOP3 in the information package. The HRA
teams had no reasons to imagine this as a source of reactor trip delay.

2RCS-SG pressure differences between 4-0 bars are not counted as failures, as they do not
compromise the achievement of further recovery actions (stop Sl and pressure balance). However,
they are taken into account in the difficulty rating of the HFEs.

®The HFE definitions included several other criteria (see Section 2.3). Here only the criteria that
produced failures are reported.

*This crew is exceeding the criterion by more than 4 bar, and has also accomplished the following:
(1) They started depressurizing with spray and then changed to PORV, as it was going too slowly,
due to the reduced spray. This is the correct way of proceeding. However, the RO, who was
working without communicating with the rest, closed the PORV and reopened the spray, while the
SS seemed to lack overview. This is outside operating prescriptions and training. (2) The RO did not
see that while he was reopening spray, the SG pressure started to decrease (cold RCS and large
RCS-SG pressure difference), so that when he reached his target of RCS pressure at 72 bar (SG
pressure before it started to decrease), the SG pressure was at 68 bar. Since nobody was aware of
the SG pressure decrease, this crew could never depressurize the RCS to less than the SG by
reopening the spray. This was not only the wrong outcome, but also the wrong process. Crew A, on
the other hand, is not counted as failure because, while again trying to reduce the pressure
differential with a second use of spray, they noticed that another stop condition was met (PRZ level
75%). In this case, the depressurization must be stopped independently of the RCS-SG pressure
difference.

®This crew might be considered close to succeeding. However, only this crew had a decreasing RCS
pressure after closing the PORYV (start of HFE-5B), due to the fact that the RO was using the spray
to “fine-tune” the RCS pressure (outside procedural guidance) and ongoing SG cooling. When the
RO reached step 18, the RCS pressure was not increasing, but when he gave the closing order
(without communicating it to the rest of the crew and without doing the checks on the right column
about PRT), it had just started to increase. The crew then started to analyse the pressure response,
though the RO and the SS disagreed on the interpretation. They first continued with step 19, then
stopped the Sl before eventually transferring to ECA-3.1.
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The HFEs are ranked as follows (from difficult to easy):

5B1>1B > 3B > 3A > [1A, 2A, 2B] > 5B2 > 4A

The ranking takes into account the following:

1.

HFEs failure criteria, hence the number of failures and “near misses” (included in
“crews with operational problems” in the table below)

Difficulty in operational terms (e.g., depressurizations off-target by few bars are not
considered failures)

Information provided to the HRA teams (e.g., conditions not described as the use of
the AOP-3 procedure by the HAMMLAB crews; time information on crew responses).

Table 4-2.

Summary Table of HFEs’ Difficulties.

HFE

Crews with
operational
problems1

Failing
crews

Difficulty

Comment on difficulty

1A

1

Easy to
somewhat
difficult

All crews identified and isolated the ruptured steam
generator. However, several occasions for time
consumption were present: evaluation of initial
conditions and which procedure to take (i.e., AOP-3
or E-0), transfer to E-3 and possibility of taking an
evaluation meeting, complex build-up of the
isolation step (3) in E-3. As a result, one crew
exceeded the time criterion and four others were
less than two minutes away from exceeding it.

1B

Difficult

The crews showed difficulties in identifying the
presence of an SGTR, due to the concomitant
steam line break and absence of radiation
indications. The majority of the crews did not
transfer to E-3 (SGTR procedure) by virtue of
following a transfer condition in the procedure set:
they instead diagnosed the situation by interpreting
the available indications on the plant status, with a
rising SG1 level as the primary cue. Eventually all
crews identified and isolated the ruptured steam
generator.

2A

Easy to
somewhat
difficult

Crews are well trained in this task, and it is covered
by the E-3 procedure. As a result, all crews cooled
down and maintained the RCS temperature under
the right table value. However, four crews out of
fourteen caused an automatic protection system,
which isolates the steam lines, to activate (as they
used full dump while having large SG-RCS
pressure difference, i.e., one activation condition).
Three of these crews did not immediately recognize
what happened and used extra time to complete
the cooldown (and typically doing it less than
optimally). All crews that used dump (included
those who did not activate the protection system,
not having large SG-RCS pressure difference) only
followed the procedure instructing them to use
dump at maximum.
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Table 4-2. Summary Table of HFEs’ Difficulties (continued).

Crews with
HFE | operational
problems1

Failing

Difficulty Comment on difficulty
crews

2B 4 0 Easy to All crews cooled down and maintained the RCS
somewhat | temperature under the right table value. The fact
difficult that the task had to be performed with previous
steam line isolation caused two crews some
problems in understanding the situation. Also,
execution problems were observed in two other
crews in using the SG PORVs (not opening them
completely, setting set-points upon completion).
Further, three crews wasted some time by waiting
for the completion of the local actions for isolation
(this condition is not fully captured by the HFE
definition which has its starting point at the
cooldown step, rather than at the end of the
previous HFE). Stress carried on from the previous
HFE in this (complex) scenario could have caused
the higher rate of small execution problems
observed for HFE2B, compared to HFE2A. In
comparison to HFE-2A, the crews had only one
cooldown modality available (SG PORVs) and thus
could not get the SL isolation problems.

3A 3 1 Somewhat | The crews are well trained in this task, and it is
difficult covered by the E-3 procedure. However, three
crews had problems in concluding the
depressurization (stopping too early and/or for the
wrong reason) as a consequence of the task,
implying some execution complexity (high speed of
depressurization, several stop conditions to
monitor) and requiring coordination and supervision
in controlling and verifying the outcome. There
were also several cases of crews not strictly
meeting the depressurization end criteria (RCS
pressure should reduced to “less than” ruptured SG
pressure).

3B 2 2 Somewhat | Same issues as in HFE-3A, with the addition of an
difficult RCP/spray problem. The latter distracted two
crews, with one exceeding the fifteen-minute
criterion as a result. In both cases, the task
requirement for teamwork, specifically leadership,
led the crews towards poor outcomes (one too late,
one too far from target). Also, more cases of
execution complexity in 3B than in 3A (seven cases
of RCS pressure not exactly less than ruptured SG
pressure), and generally inferior teamwork, could
indicate more stress during depressurization in this
scenario.

4A 0 0 Very easy | The crews are well trained in this task, which is well
described in the procedure and involves control
room actions only. Further, the HFE4A definition
does not specify a time limit for accomplishing the
required actions. This is the easiest HFE of this set.

5B2 | 0 0 Easy The crews train twice a year on the E-3 (SGTR
procedure), and they always check the isolation
valve before using the PORV. If the PORV is not
closing fast enough, they will then close the
isolation valve. Further, the procedure step for
depressurization with PORV (step 17) points to
closing the isolation valve if the PORV cannot be
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Table 4-2. Summary Table of HFEs’ Difficulties (continued).

Crews with

HFE | operational | F2M"9 | pifficulty Comment on difficulty
problems1 crews
closed. The only complicating issue here is the time
limit of five minutes.
5B1 | - 7 Very This HFE required the crews to detect a PORV
difficult leakage within five minutes after having closed it

when concluding the depressurization. Given this
time limit, it is very unlikely that the crews will focus
on the PORYV status beyond its indication (e.g., by
checking PRT pressure and level), as the
procedure steps following depressurization will lead
them to the continuation of the procedure.

The RCS pressure for five out of six crews was
increasing when applying E-3 step 18 (“Check RCS
pressure — increasing,” the step directly after the
end of depressurization) or at least stable when
applying step 19 (“Check if Sl flow should be
terminated”). After the HFE time window, clearer
indications of RCS leakage will appear to the crew.
This is the most difficult HFE of this set.

"Including failing crews. “Operational problems” refers to the crews’ distinctive actions that
brought them closer to failing the HFE.

4.3 Operational Descriptions and PSF Assessments

The operational descriptions and the PSF assessment for HFEs 2-5 are presented in this
section. The corresponding results for HFEs 1A and 1B are documented in HWR-844.

4.31 HFE-2A (Cooldown in Base Scenario)

The crews started reading step 7 (start of HFE-2A) in E-3 about 10 minutes after transferring
to E-3 and about 17 minutes after the tube rupture (with a range from 06:15 to 13:27 and

11:17 to 22:37, respectively). The level in the ruptured SG upon entering step 7 varies from
15 to 75%, and does not clearly correlate with the cooldown speed or modality.

These are the operational modes observed:

Operational mode Crews* Result Deviation/comment
1 | Follow the procedure. J,F, 1 The fastest Crew | (8:05) waits for
These crews enter step 7 with a cooldown completion of local actions
core exit temperature below 280 modality (less for SG isolation before
degrees. They cool down by than five min). starting cooldown.
using steam dump directly (i.e.,
without first opening the SG
PORVs until core exit is below
280 degrees).
These crews enter step 7 when | A, K, M, | Fast when SG Crew B likely does not use
above 280 degrees: firstuse SG | E, B PORVs fully SG PORVs at maximum:
PORVs to 280 degrees, then open (6-6:30 8:10. They also wait for
bypass P-12 and dump to min). the completion of some
condenser. local actions.
2 | These crews only use SG L,C Fast (Crew L Crew C cools down five
PORVs at 100%. 6:20). degrees below target
(10:10), which results in
three minutes longer
cooldown.
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Operational mode Crews* Result Deviation/comment

3 | These crews cool down (starting | G, N, D, | Slowest (10:30- Crew G promptly recovers
either with SG PORYV or dump), H 15:10). and opens SG PORVs
but they use full dump while (8:50).

having large SG-RCS pressure
difference, which activates
steam line isolation. It normally
took some time and effort to
recover from the automatic
isolation (e.g., meetings, SG
PORV not 100% thereafter).

* Bold: Crew H exceeded the allotted time for HFE-2A (15:10); Underline: the crew deviates within
pattern

In this HFE, the execution time is a good proxy for differentiating the quality of performance:
3 out of 4 crews which unwillingly activated the steam line protection system (which causes
steam line isolation) used extra time for completion of the task. The unexpected event
disrupted their plan and resulted in minor problems (e.g., discussions, SG PORVs settings)
that required extra time to recover, with the result of approaching or exceeding the allotted
time. It must be noted that the crews are aware of the risks connected with using the steam
dump (e.g., automatic activation of the safety injection) and are instructed to operate it with
care. In addition, the procedure step for cooldown instructs twice to cooldown at maximum
speed without reminding the operators of such outcomes.

Overall PSF evaluation for HFE-2A

HRA Observational* | PSF Comment

0 0 Time pressure No observation of time pressure

0 0 Stress No observation of stress

MND** | 0 (-1) Scenario complexity | Multiple cooldown options are available (dump

and SG PORVs.) The scenario triggers a set of
difficulties when the steam line (SL) protection
system activates on excessive dump rate and
large SG-RCS pressure difference. This typically
caused time consumption, as the crews had to
assess the situation and make a new plan for
completing cooldown. This factor is the most
significant for HFE 2A, as it was common to all
crews displaying operational problems. HFE 2A
is considered more difficult than 2B (where only
SG PORVs are available and thus no automatic
activations are possible).

N/P 0 Indication of
conditions
ND 0(-1) Execution Some problems with operating the PORVs
complexity following the involuntary activation of the SL
protection system have been observed.
N/P 1 Training Generally good training on cooldown and generic
SGTR scenario.
0 0 Experience Differences in experience did not differentiate

crews’ performance.
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Overall PSF evaluation for HFE-2A

HRA Observational* | PSF Comment
ND -1 Procedural The crews typically based their cooldown
guidance strategy on the procedure. The procedure step

for cooldown instructs crews to “dump steam at
maximum.” This is in contrast to the standard
practice of operating the dump with care, as its
high thermal power can activate several
protection systems (e.g., safety injection, steam
line isolation). No notes or warnings alert the
operators to such outcomes. Also, some small
problems with the stop conditions were
observed, but without effect on the HFE.

N/P 0 HMI No problems with the interface

N/P 1 Work processes Generally thorough work executing
depressurization

N/P 1 Communication Good communication in both well-performing and
less well-performing crews

ND 1(-1) Team dynamics Higher requirement for teamwork (i.e.,

reorganizing after plan disruption) in handling the
unexpected situation of SLP activation was
typically not fully met. Otherwise good teamwork.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

** Main negative driver (MND, i.e., the larger effect on the performance of the HFE or the factor that
caused the other PSFs to assume non-nominal, non-zero values)

4.3.2 HFE-2B (cooldown in complex scenario)

Performing cooldown in the complex scenario (HFE-2B) was somewhat different from
performing it in the base scenario (HFE-2A), as in the complex scenario the steam lines are
isolated following the initial steam line break: in such cases, depressurization with steam
dump is not possible, and only SG PORVs can be used. As a consequence, no problems in
activating the steam line protection system and consequently in activating the steam line
isolation could occur.

The crews started reading step 7 in E-3 (start of HFE-2B) about 12 minutes after transferring
to E-3 and about 28 minutes after the tube rupture (with a range from 08:36 to 17:19 and
20:08 to 46:40, respectively). The level in the ruptured SG upon entering the step varied
from 73% to 100% (six crews had full ruptured SG).

These were the operational patterns observed:
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Mode Crews Result* Deviation/comment

1 | These crews only use SG A C,D, Cooldown completed - Crew D enters
PORVs (as dump is not F, I, K, L, | in 5-7 minutes step 7 already
available, due to steam line M, N. meeting the table
isolation). conditions and

does not need to
cool down.

- Crews A and C do
not cool down at
maximum speed
(7:10 and 8:05,
respectively)

2 | Wait for completion of local B, G, J. Fully ruptured SG at - Crew J does not
actions for isolation before start of cooldown, but cool down at
starting step 7 (wait 2 to 6 normal cooldown time maximum speed
minutes).** (5-7 min.) (7:25).

3 | These crews tried to use steam E, H. Cooldown in 9:12 (E)
dump, forgetting the steam line and 11:50 (H).
isolation. Afterwards they used
the SG PORVs.

*No crew exceeded the 15 minutes time for cooling down, even including the wait time for the
crews in mode 2.
**It should be noted that waiting for the completion of local actions for isolation before starting step
7 is not required by the procedure and incorrect according to training.

Overall PSF assessment for HFE 2B
HRA Observationa
I* PSF

0 0 Time pressure | No time pressure for almost all crews.

ND 0(-0,5) Stress Signs of stress carried over from the previous phase
in two crews with difficulties.

ND 0(-1) Scenario Some crews encountered difficulties in

complexity understanding why the dump was not working.
N/P 0 Indication of
conditions
ND 0(-1) Execution Some crews had problems with operating the SG
complexity PORVs at maximum or setting them correctly upon
completion.

N/P 1 Training Generally good training on cooldown.

0 0 Experience Experience level did not differentiate between
performance levels.

N/P 1 Procedural The crews typically based their cooldown strategy

guidance on the procedure.

N/P 0 HMI

N/P 1(-0,5) Work Mostly thorough work. Some minor issues on not

processes reading notes and warnings for two crews who
exhibited operational difficulties.

N/P 1 (-0.5) Communication | Normally good communication. Some problems in
information exchanges for the less well-performing
crews (also captured under the PSF “Team
dynamics”)

MND 0,5 (-2) Team Less well-performing crews (but also some well-

dynamics performing) showed lack of adequate leadership and
support (e.g., SSs too involved, too passive), and/or
lack of coordination and discussion. Three crews
waited too long for local actions, while four others
with poor team dynamics performed less well.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had

operational problems)

** Main negative driver (MND, i.e., the larger effect on the performance of the HFE or the factor

that caused the other PSFs to assume non-nominal, non-zero values)
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4.3.3 HFE-3A (depressurization in base scenario)

The crews started reading step 16 in E-3 (start of HFE-3A) about 21 minutes after
transferring to E-3 and about 28 minutes after the tube rupture (with a range from 17:20 to
27:22 and 21:47 to 36:32, respectively).

Five crews stopped the depressurization without the RCS pressure falling below the ruptured
SG pressure (the procedure instructs the crews to depressurize “less than” ruptured SGs),
although stopping in only two cases with a pressure difference of over 2 bar. No crew had to
stop the depressurization because of PRZ level exceeding 75% or because of losing
subcooling. The average time to stop depressurization after entering step 16 was 6:48, with
a range from 2:38 to 12:59.

The following operational modes were observed:

Mode Crews* | Result Deviation/comment

1 These crews follow | B, C, D, | RCS pressure below | Crews E, M, L wait a bit too long
the procedure using | E, H, L, SG pressure by 0,2 before changing to PORV and
spray and then M, N (L) to 8,3 (D). depressurize in 8:43, 8:54 and
PORV 12:59, respectively (last crew: about

two minutes of interface problems).

, G, J, RCS pressure above | - Crew K closes the PORV with

SG1 pressure by 0,4 RCS pressure above SG1

(F) to 15,7 (K). pressure by 15,7 bar. After closing
the PORV the ARO
communicates it, but no one else
notices the wrong pressure or
corrects him.

- Crew G closes the PORV when a
PRT alarm appears (not a
condition for stopping). RCS
pressure at 2,41 bar above SG.

Ixm

2 These crews stop A RCS pressure above | Crew A planned to stop PORV about
the PORYV before SG1 pressure by 1.38 | 3 bar above SG1 and to continue
the RCS pressure is (A). with spray. They end up at 1,38
below the ruptured above but do not continue with
SG pressure and spray.
reopen spray to
complete.

3 These crews use | RCS pressure below
PORYV only, as they SG pressure by 1,8
decided before and fastest
starting spray (in depressurization
step 16). (2:38)

* Bold: K failing crew (RCS pressure 15.7 bar above SG1 pressure), Underline: the crew deviates
within pattern.
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Overall PSF assessment for HFE-3A

HRA | Observational* | PSF Comment
0 0 Time pressure
ND -0,5 Stress The fast rate of PORV depressurization, given that three
stopping conditions have to be monitored at the same
time, could have caused many crews to stop the
depressurization too early. One crew planned to “fine
tune” the final pressure with spray outside procedural
guidance or standard practice; this could also be a sign
of stress.
N/P |0 Scenario The crews did not have problems understanding the
complexity situation.
N/P |0 Indication of
conditions
ND -1 Execution Problems observed in meeting the “less than” condition:
complexity it seems that many crews transformed this condition into
an “equal to” when reading the SG pressure as a target
for the RCS pressure. Some crews might have expected
more delay between closing order and actual closing of
the PORV. There are multiple stopping conditions for
depressurization, including the monitoring of subcooling
margins and the fast-moving PRZ level.
N/P 1 Training The crews were well trained for this task, which was in a
familiar scenario.
0 0 Experience Experience level did not differentiate between
performance levels.
N/P 1 Procedural The procedure guided/supported the crews during
guidance depressurization. No observations of problems in the
procedural guidance.
NP |0 HMI
0 0 Work Differences in work processes quality did not
processes differentiate between performance levels.
N/P |05 Communication | Mainly good exchange of information, which is an
important requirement for the completion of the task.
ND 1(-2) Team Lack of coordination when stopping the depressurization
dynamics (controlling and verifying the outcome) for all less well-
performing crews. Otherwise mainly good supervisions.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

4.3.4 HFE-3B (depressurization in complex scenario)

Performing the depressurization in the complex scenario was different than in the base
scenario. In HFE-3B an extra malfunction to one RCP pump was set that strongly reduced
the effectiveness of the spray (one train was still available).

The crews started reading step 16 in E-3 about 21 minutes after transferring to E-3 (same as
in the base scenario) and about 37 minutes after the tube rupture (with a range from 14:41 to
26:29 and 28:38 to 59:25, respectively). Seven crews stopped the depressurization without
the RCS pressure being below the ruptured SG pressure (the procedure instructs the crews
to depressurize “less than” ruptured SGs), although with a pressure difference greater than 2
bar in only three cases. One crew exceeded the time criteria for depressurization. No crew
had to stop the depressurization because of PRZ level exceeding 75% or because of losing
subcooling.

The average time to stop depressurization after entering step 16 was 5:50, with a range from
2:22 to 16:26.

The following operational modes were observed:
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Operational mode Crews* | Result Deviation / Comment

1 | These crews follow the | F, H, L, | RCS pressure
procedure using spray | N below SG
and then PORV. pressure by

1.1 (F)to 4.7

(N).

B, E, G | RCS pressure | - Crew E uses five minutes for a meeting

slightly above discussing the RCP problem without

SG1 pressure mentioning the PORYV option. It takes five

by 0.8 (G) to more minutes for the RO to transfer to

2.8 (B) bar. step 17 (depressurization with PORVSs).
Total time for depressurization for crew E
is 16:26.

2 | These crews stop the AC RCS pressure | - Crew A: While ARO is communicating
PORYV before the RCS above SG1 that he is using spray after closing the
pressure is below the pressure by PORYV, SS reports PRZ level
ruptured SG pressure 39(A)4.2 approaching the criterion for stopping
and reopen spray to (C). depressurization (75%). ARO stops the
complete. spray. Also, although the crew thought

they were using the spray, they never got
it to work.

- Crew C: After closing the PORV at about
78 bars, the SG1 pressure decreases
quickly from 71.5 (the crew has cold RCS
and large RCS-SG pressure difference).
When the RCS is depressurized by use
of spray to 72 bar, the SG1 pressure is at
68 bar.

3 | These crews use I, K, M | RCS pressure | - Increw K the SS stops the RO from
PORYV only, as they below SG starting the spray, and they very quickly
decided before starting pressure by change to PORV.
spray (in step 16). 3.3(l)t0o 6.3

(K).

D,J RCS pressure
slightly above
SG1 pressure
by 0.3 (D) to
1.44 (J).

* Bold: Crew E exceeds the allotted time for depressurization, Crew C could not meet the “less than”
condition; Underline: the crew deviates within pattern.

Overall PSF assessment for HFE-3B

HRA | Observational* | PSF Comment
0 0 Time pressure | Normally not, but four crews pointed to the need for
quick work
ND 0(-1) Stress Indications of stress for less well-performing crews
(possible carryover effects from difficult identification of
SGTR). Also, the fast rate of depressurization with
PORYV, given that three stopping conditions have to be
monitored at the same time, could have caused many
crews to stop the depressurization too early. Two crews
planned to “fine tune” the final pressure with spray
outside procedural guidance or standard practice: this
could also be a sign of stress.
ND 0(-1,5) Scenario Two crews were distracted from the main task of fast
complexity depressurization by the minor RCP problem. Most other
crews had a good understanding of the situation.
N/P 0 Indication of
conditions
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Overall PSF assessment for HFE-3B

HRA | Observational* | PSF Comment
ND -1 Execution Seven crews stop the depressurization too early, not
complexity below the SG pressure. The depressurization goes fast

and the crew needs to continuously follow several
parameters. Tendency to set target to SG pressure and
not below SG pressure. Some crews might have
expected more delay between closing order and actual
closing of the PORV. The stopping conditions for
depressurization are multiple, including the monitoring of
subcooling margins and the fast-moving PRZ level.

NP |1 Training The crews were well trained in this task.
0 0 Experience Experience level did not differentiate between
performance levels.
N/P 1 Procedural The procedure guided/supported the crews during
guidance depressurization. No observations of problems in the
procedural guidance.
N/P 0 HMI
0 0 Work Several crews do not follow the transition between steps
processes 16 and17 correctly, and some do not read notes and
warnings, but without effect on HFE.
N/P 1 Communicatio
n Normally good communication.
ND 1(-1,5) Team Lack of coordination and leadership for less well-
dynamics performing crews (as well as instances in other crews).

Otherwise normally good coordination and supervision in
well-performing crews.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

4.3.5 HFE-4A (base scenario only)

This HFE is operationalized as stopping all but one charging pump (E-3 step 20) and closing
the two BIT inlet and the two BIT outlet isolation valves (E-3 step 21).

The crews started closing one of the four valves at about 31 minutes after transferring to E-3
(and at about 37 minutes after the tube rupture), with a range from 25 to 38 minutes (31-45
minutes after the rupture). All crews stopped the four valves. The average time for stopping
all four valves was 20 seconds, with a range from 5 seconds to 1:30. However, the success
criterion in the HFE-4A definition does not contain any time window.

The following are the operational modes observed:

Operational Crews Result* Deviation/comment
mode

1 | The crew closes A, B,C, 8 seconds | - Crew G: SS started discussing why spray was
the valves in the E, F, G, (E) to 1:30 open while the crew worked to stop Sl instead
procedural order ,J,L,M | (G) of waiting until their task of stopping SI was

completed. (RO and ARO briefly answered, but
continued to stop Sl.)

2 | The crew closes D, H, K, 5seconds | - The order in which the valves are closed does
the valves in other | N (K) to 23 not have any impact on HFE success.
orders (N)

* No failures and no time limits of HFE-4A
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Overall PSF assessment for HFE 4A

HRA | Observational* | PSF Comment

0 0 Time pressure

0 0 Stress

NP |0 Scenario Easy to understand.
complexity

N/P |0 Indication of
conditions

N/P |2 Execution Standard closing of valves with detailed procedure
complexity guidance.

N/P 1 Training The crews are well trained in this familiar task.

0 0 Experience Experience level did not differentiate between

performance levels.

NP |2 Procedural Detailed guidance of only CR actions.
guidance

NP |0 HMI

N/P 0,5 Work Mostly thorough procedure reading and following.
processes

N/P 10,5 Communicatio | Clear RO-ARO communication.
n

N/P |05 Team Typically good coordination and some examples of good
dynamics division of work and good supervisor overview.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

4.3.6

HFE-5B1 "PORYV indicating closed" (complex scenario)

This HFE starts when the PORV was closed as part of HFE3B. It should be noted that two
crews tried to use (crew A) or effectively had spray open (crew C) after closing the PORV;
the latter reached RCS pressure minimum by use of spray.

These are the operational modes observed:

Operational mode Crews Result Deviation
1 | Overviews/detects RCS C 5:53 minutes
pressure decreasing before
starting to stop SI (ROs work
independently)
2 | Interpret relatively early that they | D, G, | G 23:24,D, and |
have an RCS leakage. never give closing
order to the block
valve.
3 | Initially interpret process M, N M 33:08 and N 18:20
situation as caused by
secondary side issue, thereafter
concentrate on the PRT
indications of RCS leakage
4 | Follow procedures literally, H H never gives closing

combined with poor overall
process overview

order to the block valve

Bold: All crews fail the five-minute criterion
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Overall PSF assessment for HFE 5B1

HRA Observational* | PSF
0 0 Time pressure | No time pressure
0 0 Stress No effect of stress observed for the HFE time frame
MND** | -2 Scenario The process development (RCS pressure) would not
complexity indicate a clear leakage for the five-minute period.
The crews have no obvious reason to investigate the
PORYV or the PORYV block valves during the five-
minute period.
MND** | -2 Indication of Misleading indication of PORV status makes crews
conditions proceed in the procedure and stop the SlI, which in
turn causes the RCS pressure to decrease. Other
indications of a leak are very weak: the PRT alarm,
which always accompanies depressurization with
PORYV, has disappeared, and the PRT status has to
be investigated on purpose, outside of procedure
following.
N/P 0 Execution Giving the closing order is easy.
complexity
0 0 Training The crews are well trained in procedure E-3 (steps
18-19) and management of PORV valves, but cannot
expect specific training for the situation.
0 0 Experience Experience level did not differentiate between
performance levels.
0 0 Procedural Cannot expect the procedure to cover this scenario in
guidance detail, including the misleading indication.
0 0 HMI Failure in the PORYV position sensor, not in the HMI.
ND -1 Work Minor negative. Two crews with stable RCS pressure
processes missed step 18. Some crews did not react to the fact
that the level was not increasing fast enough.
N/P 0 Communication | No particular requirements due to the short time
frame.
N/P 0 Team No particular requirements due to the short time
dynamics frame.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

** Main negative driver (MND, i.e., the larger effect on the performance of the HFE or the factor that
caused the other PSFs to assume non-nominal, non-zero values)

4.3.6.1 HFE-5B1 Performance details:

Crew C: After crew C stops the depressurization, the RCS pressure is slightly decreasing for
about six to seven minutes. The SS and the RO discuss the RCS pressure development.
The RO gives a closing order to the PORYV block valve, but does not communicate this to the
rest of the crew. Only crew C has decreasing RCS pressure after ending the
depressurization, and it seems like this condition is the main cause for the RO giving a
closing order to the PORV within five minutes.

For the remaining crews, it seems the main reason for not giving a closing order to the block
valve was that the RCS pressure was increasing when applying E-3 step 18 (“Check RCS
pressure — increasing”), or that it was stable or not decreasing when applying step 19
(“Check if Sl flow should be terminated”). There was therefore no incentive to investigate
whether the PORVs were leaking, also given that the PORV indications showed as closed. It
is difficult to identify any other PSFs with a substantial influence on the crews not giving the
closing order to the PORV block valve within the five-minute criterion, since the above-
mentioned steps 18 and 19 correctly resulted in continuing the E-3 procedure. First, after five
minutes, indications of RCS leakage appeared to the crew. A short operational summary of
the five minutes after ending depressurization, as well as a very short description of how the
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crews proceeded for the rest of the scenario, is given below:

Crew D: Performs step 18 after closing PORV, and RCS pressure is increasing at this point.
The crew continues E-3 for the HFE's five-minute criterion. Thereafter they detect
decreasing RCS pressure, the crew never tries to close the block valve and correctly
decides to enter ECA-3.1 relatively quickly.

Crew G: Performs step 18 after closing PORV, and RCS pressure is increasing at this point.
The crew continues E-3 for the HFE's five-minute criterion. They have spray on and initially
interpret decreasing RCS pressure as related to this. The crew detects the PRT behavior
and the SS orders the ARO to close the PORVs. The ARO gives the closing order 23
minutes and 24 seconds after ending the depressurization.

Crew |: Performs step 18 after closing the PORV, and RCS pressure is slightly increasing
(close to stable) at this point. The crew continues E-3 for the HFE's five-minute criterion. The
SS focuses on transferring to ECA-3.1 relatively quickly.

Crew M: Misses step 18 (check RCS pressure increasing) after ending depressurization, but
checks RCS pressure in step 19 (the criterion is here “RCS pressure stable or increasing”).
The RCS pressure is stable at this point and the crew continues E-3 for the HFE's five—
minute criterion. The crew takes a long time before they focus on PRT behavior, and initially
does not relate PRT behavior to possible RCS leakage. They close PORV block valve late
(33:08).

Crew N: Misses step 18 (“Check RCS pressure - increasing”) after ending depressurization,
but checks RCS pressure in step 19 (the criterion is here “RCS pressure stable or
increasing”). The RCS pressure is stable or very slightly increasing at this point, and the
crew continues E-3 for the HFE's five-minute criterion. The crew detects that they are close
to the limit of the subcooling margin and transfers relatively early to ECA-3.1. Crew closes
the PORV block valve after transferring to ECA-3.1.

Crew H: Performs step 18 after closing PORV, and the RCS pressure is very slightly
increasing (close to stable and decreasing a few seconds after the crew's assessment of the
pressure) at this point. The crew never understands that they have a problem with a PORYV,
and for a long time continues in the E-3 procedure. At the end, a foldout page point that
would have led the crew to ECA-3.1 is misinterpreted, and the crew never transfers to ECA-
3.1 before the simulation is ended.

4.3.7 HFE-5B2 "PORYV indicating open" (complex scenario)

The crews completed the depressurization by closing the PORV at an average time of about
47 minutes after the tube rupture started.

We consider 5B2 to be more difficult than 4A because of the presence of a time limit on 5B2.
In addition, the leakage is so small that the pressure doesn’t clearly confirm that the valve is
open.

These were the operational modes observed:
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Operational mode Crews Result* Deviation
1 | The operator almost immediately | B, F, J, Fast completion of the

detects that the valve is open K, L HFE (range from 13 to

and responds promptly with a 30 seconds)

closing order to the block valve
without any considerations or

discussions.

2 | The operator almost immediately | A, E Clearly within the
detects that the valve is open HFE's five-minute
and communicates this to the criterion (1:13 and
crew. Following a suggestion 2:58)

from a crew member or a short
discussion, the operator gives a
closing order to the block valve.
* No failures, all crews succeeded

Overall PSF assessment for HFE 5B2

HRA Observational* | PSF Comment

0 0 Time pressure No time pressure.

0 0 Stress No stress.

N/P 2 Scenario Very easy to understand the PORV and isolation
complexity valve status indications and how to control them.

N/P 2 Indication of Very clear indications of open PORV crucial to crews
conditions closing the block valve.

N/P 2 Execution It is a simple standard closing order to a valve, the
complexity observation indicated that it was easy to execute.

N/P 2 Training The crews train twice a year in E-3 (SGTR

procedure). They always check the isolation valve
before using the PORV. If the PORYV is not closing
fast enough, they will close the isolation valve.

0 0 Experience Experience level did not differentiate between
performance levels.
N/P 1 Procedural The step for depressurization with PORV (step 17)
guidance points to closing the isolation valve if PORV cannot

be closed. The verification step of depressurization
(step 18) points to closing the isolation valve if RCS
pressure does not increase after ending the
depressurization (the rating would have been higher
if the procedure had played a more direct role in the
operator’s decision to close the block valve. The
operators close the block in any case in which the
PORYV does not close).

N/P 0 HMI
N/P 0 Work processes | No particular requirements.
N/P 0 Communication | No particular requirements.

N/P 0 Team dynamics | No particular requirements.

* Main observed effect (and secondary effect, i.e., effect of this factor on the crews that had
operational problems)

4.4 Discussion

The particular analysis methodology and results presentation format adopted in this report
are dependent on the overall design of this study, whose primary end is to test the predictive
validity of the HRA methods. From this perspective, the central issues are the comparisons
of predicted HEPs and the performance drivers with their empirical counterparts. A meta-
result of the empirical analysis has been the clarification of the empirical meaning and
practical constraints of the very notions of “human failure,” “HEP,” and “PSF” (see Massaiu
et al. [10]).
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This study was not explicitly designed to test the internal validity of the HRA methods, for
instance, the validity of their incorporated “reliability models” (i.e., models of how humans
perform and fail). While considerations of internal validity are made as part of the qualitative
comparisons (Section 0), a stronger test of this aspect of HRA methods would have directed
the analysis of the empirical material in a different line, towards a more classical analysis of
simulator results. Testing the “reliability models” would have required an assessment of their
capacity to represent the constituent elements of crew performance in emergency situations,
that is, the operational dynamics, the cognitive mechanisms and strategies activated, the
teamwork issues, and the interrelations of the performance factors.

Despite this, a theme which crosses over internal and predictive validity, and which is also
relevant to the present study, is the scenario and task analysis. These are basic components
of any HRA application, and to some extent precede the modelling of human performance
directed by the reliability models of the methods. In situations where the crew performance is
driven by comprehensive sets of procedures, like in the scenarios of this study, it is of
paramount importance to have a clear and realistic idea of how procedures are followed
(e.g., how procedure-following behaviour is challenged by unusual situations, how crews
reason about procedure intents, what procedure features are the most challenging to the
operator). The next section summarizes the main findings of the study on crew-procedure
interaction.

441 Issues in procedures use

This section lists a set of issues that were identified in the empirical analysis across the
different HFEs of the study. The following results were not used as part of the comparison,
but are presented here because they clarify general aspects of crew-procedure interactions.
As assumptions on procedure following are central to HRA analyses of emergency
response, the following results can explain some of the prediction-result discrepancies
observed, as well as suggesting elements for improved qualitative HRA analyses.

Eight procedure features that challenge rule-based, step-by-step following have been
identified and are presented in Table 4-3. Each issue is discussed in more detail below.

Table 4-3. Eight procedure features that challenge rule-based following.

Issue Description

1 Control actions Simple control manipulations do not indicate the expected responses.
Problems arise when (1) the goals of the control actions are already met
at step entry and (2) time to evaluate the conditions is not specified.

2 Trend assessment Trends are not taken at face value, but are interpreted by the operators.

3 Step’s literal Conflict between the step’s literal meaning and its intention, so that the
meanings vs. step might be true without its intent being fulfilled.
intentions

4 Foldout use (1) Foldout not read through before starting a procedure; (2) Foldout

read but conditions not followed; (3) Continuous conditions not
monitored or enacted when relevant.

5 Procedure following | (1) Steps with mixed CR and local actions; (2) Same task covered by
and execution contiguous alternative steps.
complexity

6 Mode errors EOPs instructed to operate differently than usual.

7 Verbatim following Literal following is observed even when it counters operators’ under-

standing, such as waiting for the situation to worsen to meet a condition
in the procedure.

8 Notes and cautions (1) Presence of continuous actions/verifications; (2) Physically and
temporally distant from when relevant; (3) Not always read.

The features are based on the specific behaviours and situations described below, as well
as on the overall tendencies observed in the crew sample. General topics are also inferred
from the empirical observations, and presented as potential problems. The procedure
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features are sometimes called “issues” to strengthen the link to the difficulties associated to
them. However, the term “procedure issue” is not meant to suggest that the features
described need to, or can be, avoided in emergency procedures. In all reported instances,
the procedure features were coupled with crew performance difficulties as a result of their
interaction with particular plant conditions and operational contexts. Specific judgments or
decisions relative to the features identified need to be made within the broader context of
emergency operation management and the overall guideline systems considered. It can be
noted that similar issues were identified by Roth et al. (NUREG-CR-6208) in a study
performed in training simulators of the same type of plant, where US crews used the same
types of procedures.

4411 Issue 1: Control Actions

Steps containing control manipulations or actions that are assumed to be simple for the
operators do not indicate the expected responses. Problems might arise when the control
action goals are already met at step entry, so that the operators might assume that they
have control. Problems could also occur because the time to evaluate the conditions is not
specified, so that one operator is assigned the task while the rest continue in the procedure.

Observations: HFE-1B (SG isolation in complex scenario). Step 24 b: “Control feed flow to
maintain SG level between 10% and 50%.” Only 2 out of 14 crews transferred to E-3 when
around this step, and only by virtue of applying their own knowledge, not by following the
step. One reason for this transfer condition’s scarce effectiveness could be that the ARO
was responsible of the control test, while the RO continued the procedure work. This division
of work increased the requirement for effective communication and teamwork, since the
ARO, after performing the trial, would give feedback to the RO, who will have a new focus as
a result of following the procedure. One example is a crew where the ARO performed the
check on the two intact SGs and reported that he had control. The RO did not check what
was done, and in fact did not pay much attention to the ARO’s statement. Most of all, the
step refers to SG level between a certain range. Crews that were in that range when
entering the step continued with the procedure.

4.41.2 Issue 2: Assessment of Trends

The assessment of trends is one aspect of procedure-following that is particularly dependent
on operators’ expectations and evaluations, as time and other boundary conditions are not
typically specified. Problems might arise when the operators have to decide whether a
plant’s behavior is the result of known actions (manual or automatic) or of a plant fault.

Observations: HFE-1B (SG isolation in complex scenario). E-0 step 21 is a continuous step
aimed at evaluating the conditions for stopping the Sl. One criterion is that the RCS pressure
should be stable or increasing. Several crews attributed a decreasing RCS pressure to the
ongoing cooling through the SG’s feedwater flow, and assumed it was not decreasing. Thus,
they wrongly transferred to the Sl termination procedure.

HFE-5B1 (open PORYV indicating closed). E-3 step 18 is a check of RCS pressure to detect
excessive leakage from the pressurizer PORV. Given the size of the leak, the RCS pressure
was typically stable or very slightly increasing, instead of rapidly bouncing up after PORV
closure. All crews interpreted the unexpected pressure behavior as the result of the ongoing
cooling and moved on to the next step to stop the SI.

4413 Issue 3: Conflict Between Steps Literal Meaning and Step Intention
Steps might be true, though their intent might not be fulfilled. (3a) Some procedure steps

have intents described by the heading. Their content might require detailed checklists, with
yes/no answers to determine procedure continuation, transition, or transfer. In non-standard
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cases, substeps might be true, yet not fulfill the step intent. (3b) Some procedure steps
might not explicitly specify the rationale but only describe the action/verification. The
goallintent of the step might nonetheless be understood by the operators. In some cases,
literal following, which in the situation does not fulfill the step intent, will be preferred by the
crews, even in case of ambiguous plant response.

Observations: (3a) HFE-1B (SG isolation in complex scenario). Step 19 in E-0 aims to
identify ruptured steam generators by checking radiation indication: in the complex SGTR
version, given the specifics of the scenario, there was no radiation, but one SG level was
increasing and clearly diverging from the other two. The crews who noticed the diverging
level (at the first loop) decided to continue in the procedure, as the substeps on missing
radiation indication were fulfilled, rather than engaging in a full situation analysis.

(3b) HFE-5B1 (open PORYV indicating closed): E-3 step 18 instructs the crews to check
whether the RCS pressure is increasing, following RCS depressurization with PORV. lts
intent is to check for a PORYV leakage. The PORV leakage at that point was small enough to
be compensated by the Sl, so that the RCS pressure was stable. The crews continued in the
procedure, although the pressure was not increasing as expected and conditions named in
the right side of the step (Pressure Relief Tank status) would have suggested a leaking
PORYV. This observation is also a case for issue 2, assessment of trends (see above).

4414 Issue 4: Foldout Use

The foldout page (reference page) should be read when starting an EOP and kept open, as
it includes several continuous conditions (i.e., actions or transitions that are applicable at any
step in the procedure body). There are several issues related to foldouts, such as: (4a)
Foldouts are not always read through before starting a procedure; (4b) Foldouts might be
read without conditions being followed; (4c¢) Continuous conditions might not be monitored or
enacted when relevant.

Observations: (4a) Various instances of operators not reading foldouts or not reading them
aloud were observed. For example, one crew did not read the foldout when starting E-0 in
the base scenario, and also overlooked several notes and warnings. The same crew in the
complex scenario did not read the foldout of ES-1.1, thus missing one opportunity for
transfer to E-3.

(4b) HFE-1B (SG isolation in complex scenario). One RO read the fourth step of ES.1-1
foldout, containing a transfer condition to E-3, the SG isolation procedure, based on
uncontrollably rising SG level. However, the crew did not transfer to E-3, despite the ARO
communicating something unexpected about one SG level just 10 seconds before the step
was read.

(4b) HFE-5B1 (open PORYV indicating closed): One crew misses the subcooling margin
about seven minutes from the PORV leak. However, the SS interpreted the situation as a
lack of adequate cooldown, thus not restarting the Sl as proposed by the RO and as stated
in the E-3 foldout. The SS took charge of operations and overlooked contrasting indications
(temperature after PORYV, difficulty of balancing the pressure, increasing PRZ level, full PRT)
and led the crew to reach the end of the procedure without transferring to ECA-3.1 for the
rest of the simulation (about 30 minutes from the start of the PORV leakage). By that point,
however, the crew understood the problem and tried to close the PORV.

(4c) One crew in E-3 had to restart the Sl after closing it in step 20 (due to a PORYV leak).
According to the E-3 foldout point 1, the crew should have entered ECA-3.1 in case of
restarting the Sl without subcooling or with less than 10% PRZ level, both of which were
true. The crew overlooked the foldout condition twice and tried to keep pressure with
charging flow, despite having noticed the leakage. They did not transfer before 15 minutes
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from the start of the leakage, when they recognized the relevance of another specific
transfer condition in step 24. The SS was quoted: “We should have done it from the
beginning.”

(4c) Another crew never understood the PORV problem, overrelying on the indication
showing closed. Since the PRZ level was increasing because of backflow and charging, and
since they did not notice the RCS’s decreasing pressure, they did not restart the Sl. The
crew soon lost subcooling margins but did not apply point 1 of E-3 foldout (transfer to ECA-
3.1). They went on to complete E-3 and chose to transfer to ES-3.2 (Post-SGTR Cooldown
Using Blowdown). The simulation was then stopped. At 40 minutes after the start of the
PORV leak, the SS probably misinterpreted the disjunction (“or” condition) and wrongly
concluded that, since they had a PRZ level greater than 10%, they did not need to enter
ECA-3.1, despite the RO’s suggestion to transfer.

4.41.5 Issue 5: Execution and Procedure Following Complexity

The complexity in executing procedure steps has traditionally been associated with structural
elements such as language clarity, syntactical complexity (e.g., present of double negatives
and passive statements), and number of substeps, as well as substantive aspects, such as
training and experience of the operators for the task involved or complex behavior of the
equipment used.

In the present study, where the EOPs used have undergone a long international and plant-
specific refinement process, and the crews were well trained for the scenarios, different
types of procedure following and execution complexities were observed: (5a) Some steps
combine executions of actions to be performed in the control room and actions to be
performed locally. In the latter case, the CR operators have to call the relevant onsite
personnel. Steps where several CR and local actions are mixed increase the requirements
for crew communication and coordination, especially if the actions are not logically separated
and prioritized. (5b) Depending on the conditions of executions, some tasks can be
performed by different means, and alternative steps are provided for this in the EOPs. An
example is depressurization of the ruptured SG by means of PRZ spray or by PRV PORYV,
when spray is unavailable or too slow. In E-3, two almost symmetrical steps (16 and 17) are
situated on continuous pages. However, there is one difference: when PORYV is used, the
following step (18) is performed to check that the PORV has closed properly; when only
spray is used, step 18 is skipped. This might confuse the operators and lead to wrong
procedure progression.

Observations: (5a) Some crews encountered difficulties in the performance of the SG
isolation step of E-3 (step 3), even in the base case scenario. In successful crews, the RO
“simplified” the step by, for instance, delegating local actions to the ARO before he
performed the CR actions. However, in some similar cases, some actions were forgotten
and/or not performed correctly. Note that at the home plant, an appendix is now applied
containing all local actions to be ordered.

(5b) HFEs 3B and 5B1 (depressurization and open PORYV indicating closed). Several crews
used PORYV from step 16 without changing to step 17 (the depressurization stop conditions
are the same on both steps). Step 16 will transfer to step 19, skipping step 18 (checking
RCS pressure to confirm proper PORV closure after usage). Two of the seven crews who
had the open PORYV indicating closed skipped step 18, missing one opportunity to detect the
leakage.

4.4.1.6 Issue 6: “Mode errors”: EOP Instructions vs. Standard Practice

EOPs might instruct the crews to perform in ways that counter normal practice. This creates
the potential for what Norman (1988, p. 179) has called “mode error” in supervisory control.
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Observations: HFE-2A (cooldown in base scenario). The RCS cooldown step (E-3, step 7)
requires fast cooldown through steam dump, a system associated with several automatic
protection systems due to its high thermal power. Normally, the steam dump is used with
care. Several crews involuntarily activated the steam line protection system when following
the cooldown step, and the absence of a caution in the procedure reminding the operators of
this eventuality may have contributed. This occurrence resulted in some minutes being spent
on recovery. It should be noted that the operators quickly understood and recovered the
situation, but the event disrupted the crews’ plans, required resources, and resulted in some
execution problems in the following operation (e.g., of the SG PORVSs).

4.41.7 Issue 7: Verbatim Following

Literal following is observed even when it counters well-understood goals, such as waiting
for conditions to worsen to meet a literal condition in procedure. It seems that some crews
cope with challenging and stressful situations by literally following the procedures, reducing
their cognitive efforts to a minimum.

Observations: One crew followed the procedure without much reasoning: they concluded a
LOCA was occurring after about 15 minutes from the initiation of the PORV leak but did not
transfer to ECA-3.1. The SS, roughly 30 minutes from the event start, decided to transfer but
wanted to literally follow the foldout page criteria, to the point of letting the RCS subcooling
fall outside the allowed margin (instead of anticipating this predicted outcome).

4.41.8 Issue 8: Notes and Cautions

In the Westinghouse EOPs, notes and cautions contain special information that do not follow
the two-column format: notes contain information to support operator action, while cautions
inform about potential hazards to equipment and personnel and about actions dependent on
changes to plant conditions.

Their intended effectiveness might be undermined by some of their own characteristics: (8a)
presence of continuous actions/verifications; (8b) physical/temporal distance from the
place/time where/when they became relevant; (8c) they are not always read (and are not
totally consistent with the overall step-by step logic).

Observations: (8b) HFE-5B1 (PORYV open indicating closed). The note in E-3 step 9, “Check
the PRT for signs of malfunctioning PORVSs,” proved very ineffective, as few crews relied on
PRT signs to detect the primary leakage. The extreme case was a crew that never noticed
the problem until 41 minutes from the start of the event, when the simulation was stopped.

(8c) HFE-1B (isolation in complex scenario). One crew complicated the isolation by missing
the note on step 12, AFW reduction. When they arrived at step 3 in E-3, the RO had to do all
the work by himself. Holding a meeting only slowed down the isolation. The late isolation
caused a high level in SG1, which was later overfilled. In general, some overlap between
operators overseeing notes and cautions and exhibiting a tendency for literal following has
been observed; this is not surprising, as notes and cautions require more cognitive effort
than regular steps.
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5. OVERALL QUANTITATIVE RESULTS

The methodology for comparing the HRA methods’ predictions with the empirical HAMMLAB
results is outlined in Chapter 3; both quantitative and qualitative comparisons were
performed. The various types of quantitative comparisons and the criteria are described in
Section 3.6. In these comparisons, the mean HEPs from the HRA methods are used and
compared against the reference empirical HEPs obtained in a Bayesian update using the
HAMMLAB data as evidence. In the present chapter, the quantitative results for all methods
are presented and compared overall against the empirical HEPs. The comparisons for and
assessments of the individual methods are discussed in Chapter 6.

Drawing definitive conclusions from the quantitative results is limited because of the small
set of observations. The empirical HEPs are derived from the observations of the 14 crews.
In statistical terms and considering the expected range of values of the HEPs, particularly for
those response actions where the HEPs would be expected to be low, this is a small or very
small set of observations. A Bayesian update was performed to calculate the empirical HEPs
(uncertainty distribution with mean value and 90th percentile confidence bounds). Two HFEs
will have the same empirical HEP if they have the same number of failure counts and
sample size.

Although the qualitative data from the simulator could help distinguish among such HFEs,
the empirical HEPs do not incorporate such information. As a result, in addition to the
ranking based solely on the empirical Bayesian HEPs, a difficulty ranking of the HFEs was
performed. This ranking accounts for both quantitative (failure counts) and expert
assessment of the observations by subject matter experts. In determining empirical difficulty,
the expert assessment accounted for a number of performance issues, potential delays,
crew situation awareness, etc., as described in Sections 2.4.6 and 0.

The ranking based on the Bayesian results and the difficulty ranking incorporating the
qualitative evidence are closely correlated but not identical. Of the two, the empirical
difficulty ranking is considered to be the more informative; it represents the consensus of all
analysts who reviewed the empirical data. The empirical ranking used as the X-axis in the
figures in this chapter is the difficulty ranking. In the rank comparisons, the empirical difficulty
ranking is compared to the predicted ranking of the HFEs by each HRA team. The latter is
always based on the HEPs they produced for the HFEs.

The quantitative comparisons supplement the qualitative comparisons and insights, and give
a very good starting point for delving into the qualitative findings of the methods. Thus, the
overall evaluation of the HRA methods is based on both qualitative and quantitative insights.
Due to limitations in the quantitative data, however, the qualitative comparison results and
insights are weighted more strongly in the evaluation of the methods.

5.1 Overall Quantitative Results from HRA Method Predictions

Figure 5-1 shows the range of predicted mean HEPs from all the HRA methods in the study
for all the HFEs. On the X-axis, the HFEs are ordered by their empirical difficulty ranking. For
each HFE, boxes are drawn around a range, in which one maximum value and one
minimum value is excluded from each range. When outliers are excluded or censored in this
way, it can be seen that the method-to-method variability for each HFE is two orders of
magnitude or less. Furthermore, with the exception of the three outliers circled in red in the
figure, the remaining outliers are relatively close to the boxed range. At least one of the
extreme outliers (the three circled values) is caused by an incorrect assumption.

Because the HFEs are ordered by difficulty, a comparison against difficulty ranking can be
made (for methods in the aggregate). Compared to difficulty ranking (horizontal axis), the
first four HFEs from the left (starting from most difficult, down to 3A) and the predicted HEPs
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(in the aggregate) are consistent with data, that is, decreasing difficulty. For the last five
HFEs, the methods do not distinguish among these very much, but neither does the
empirical data: relatively few performance difficulties were observed for these HFEs.
However, while the HRA predictions are fairly correlated with the empirical difficulty, it should
be noted that the predictions of individual HRA methods were not consistently placed within
each box. In other words, the highest probabilities in the boxed ranges were as a rule not
produced by the same methods (and analogously for the lowest probabilities). In some
cases, a given method would produce some of the highest HEPs for some HFEs (relative to
other methods) while predicting some of the lowest HEPs for others. The comparisons for
each individual method are discussed in Chapter 6.
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Figure 5-1. Range of predicted mean HEPs of the HRA methods

5.2 The Empirical HEPs (Bayesian Results)

As noted, a Bayesian update was performed to obtain the empirical evidence because of the
small sample size for each HFE. A lognormal distribution of the HEP was selected for
convenience. A minimally-informed prior distribution was defined: the lognormal distribution
has a 5th percentile of 1.2E-4 and a 95th percentile of 0.3. These represent some of the
lowest and highest values expected for the HEPs of operator actions and correspond to an
error factor of 50. This prior distribution is truncated at HEP=1.0 to eliminate probabilities
larger than 1.0; the resulting distribution of the prior has a median of 6.0E-3 and a mean of
4.3E-2.

Figure 5-2 shows the posterior distribution obtained in the Bayesian update for the case of 1
failure in 14. For comparison, the prior distribution is shown (without the renormalization due
to the truncation). In this case, the mean value of the posterior HEP distribution is 0.059. The
classical estimator of the mean in this case would be 1/14 or 0.071. The Bayesian mean
value would converge to this probability if evidence from a larger sample were available. For
a failure probability of 0.07, the Bayesian mean value and the classical mean value converge
when 3 failures are obtained in 42 runs.
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Figure 5-2. Prior and Bayesian posterior distribution for the case of 1 failure in 14.

The mean value of the posterior distributions obtained is quite sensitive to the prior
distribution selected. On the other hand, the 5th and 95th percentiles obtained are fairly
robust. As a result, when comparing the HEPs predicted by the HRA teams to the empirical
HEPs, the empirical HEP mean value was not considered. The comparisons with the
empirical HEPs focused instead on the relationship of the predicted means with the 90%
confidence bounds.

To examine the sensitivity of the empirical HEPs to the selection of the Bayesian prior, a
non-informative prior has also been used. It resulted in confidence bounds (5th and 95th
percentile value) that were very similar to those presented here and used in the
comparisons.

5.3 Predicted HEPs vs. Empirical HEPs (Bayesian Results)

Figure 5-3 shows, as does Figure 5-1, all the HEPs predicted by the HRA methods. In
addition, it shows the 5™ and 95" percentile Bayesian bounds for the empirical HEPs (dotted
lines).

The empirical Bayesian distributions have large bounds due to the small sample size (14
crews). The breadth of these bounds becomes acute for the zero-failure cases (2B, 5B2, and
4A). This illustrates the limitations of quantitative comparisons based on empirical
(Bayesian) HEPs.
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Figure 5-3. Bayesian confidence bounds of the empirical HEPs vs all predicted HEPs

As can be seen from the plot, many methods underestimated the HEPs for the most difficult
HFEs (5B1 and 1B). This seems to be fairly systematic, and, in the following chapter,
reasons for this are discussed for each of the methods. For the rest of the HFEs, nearly all
predictions (mean values) fall within the Bayesian bounds. However, these bounds are very
broad.

Figure 5-3 also shows the limitations of the empirical HEPs for comparison with predicted
HEPs. The detailed qualitative analysis suggests that these empirical distributions (which are
based solely on the failure counts in number of runs) are not as informative as the difficulty
ranking. As stated in Section 0, the difficulty ranking was:

5B1 > 1B > 3B > 3A > [1A, 2A, 2B] > 5B2 > 4A (from difficult to easy)
1A, 2A, and 2B were considered equally difficult. This is in contrast to the empirical HEPs, in
which 2B, 5B2, and 4A were all zero failure cases. In HFE 5B2, only 7 crews participated, in

contrast to the 14 crews in the other HFEs.

Overall, the qualitative findings (identification of issues, driving factors, etc.) are weighed
more heavily in the evaluation than the quantitative performance.
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6. COMPARISON OF RESULTS OF HRA METHODS’
PREDICTIONS TO EMPIRICAL DATA - SUMMARY OF
ASSESSMENTS PER METHOD

6.1 ASEP (UNAM)

6.1.1 Predictive Power

The predictive power of the UNAM ASEP method in this study was moderately poor. The
final HEPs reflected the judgments made in applying ASEP, but the factors assumed to be
influencing performance did not correspond very well to the factors and conditions identified
as driving performance in the crew data. The guidance in ASEP and the conditions
addressed did not appear to lead analysts to consider the most relevant factors that would
influence crew behaviour. In particular, the guidance to assume that no diagnosis is required
(and thus to bypass even the minimal relevant questions asked in using the ASEP diagnosis
curves) once the crew has entered the symptom-based procedures may have limited the
analysts’ ability to address important questions, such as the need to choose an approach to
executing the task when several options exist. Thus, the correspondence between the
qualitative analysis (drivers identified in the method and the operational descriptions) and the
results from the crew data was moderately poor. The estimated HEPs were consistent with
the difficulty rankings of the crew data in some cases but not in others. The correspondence
between the ranking of the HFEs based on the HEPs (and the uncertainty bounds from the
Bayesian analysis) and those based on the crew data (quantitative predictive power) was
judged to be moderately poor.

6.1.1.1 Qualitative Predictive Power in Terms of Drivers

In this study, the UNAM ASEP analysis sometimes identified some of the important drivers
that would influence performance in the scenarios and the various HFEs. However, in some
cases there was agreement between the method and the crew data in terms of an important
driver, but the reason for a factor being identified as a driver in the analysis was not the
same as that identified in the data, which limits the credit for identifying the factor. In the
UNAM ASEP approach, the identification of important drivers appeared to be limited by a
couple of aspects. First, the decision (per the ASEP guidance) not to address the diagnosis
portion of the response may have precluded the opportunity to identify some important
factors influencing performance. Although there is only minimal guidance in ASEP’s
treatment of cognitive tasks and what might be driving performance in accident scenarios,
one thing that at least touches on it is the diagnosis curve. By not addressing the questions
associated with using the diagnosis curves for each of the HFEs, an opportunity was missed
for examining the conditions that the operators would be facing (e.g., potential steam line
isolation, depressurizing with PORVs, etc.). However, given the guidance provided, the
analysts would already have to have an idea of what they are looking for.

Skipping the diagnosis led to only addressing factors related to post-diagnosis actions
(ASEP terminology), such as stress level and whether the action is step-by-step (simple) or
dynamic (more complex). Although there are some decision making aspects associated with
assessing whether the actions are step-by-step or dynamic, the differences in the conditions
that could lead analysts to select one level over the other did not appear to correspond well
to the conditions influencing performance in the crew data. In other words, it did not appear
that the questions addressed in the method guided the analysts to address the critical
aspects of the scenario that ended up negatively affecting actual crew performance. Even for
the more obviously difficult HFEs (e.g., 5B1), the ASEP approach did not lead analysts to
understand the nature of the problems the crews would face. While it might be argued that
this result may have differed if diagnosis had been explicitly addressed using ASEP, as
noted above, even the guidance there is minimal with respect to examining the factors found
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to be important in this study.

Another limiting aspect concerns the ASEP analysis’s tendency to focus mainly on the
higher level procedural steps rather than on the substep level. Identifying the critical task at a
more cognitive level (e.g., correctly interpreting indications in the context of the scenario or
recognizing that the check statements that have a response not obtained (RNO) could be
needed and could be critical tasks) is not explicitly done in the context of ASEP.

Only for the clearly easiest actions (as in 5B2 and 4A, where there was an absence of any
negative drivers) did there seem to be good agreement between the factors identified by the
ASEP method and those identified in the crew data. In some other cases there was at least
tacit agreement in some of the factors assumed to be positive, but only rarely did the
negative drivers match. Predictive power in terms of identifying drivers was judged to be
moderately poor.

6.1.1.2 Qualitative Predictive Power in Terms of Operational Expressions

Since the analysis focused on stepping through the procedures and the associated response
execution at a high level (i.e., at the procedure step level rather than at the substep level),
the operational analysis was generally limited to the crews’ interaction with the main
procedural steps and did not address the plant conditions (operational situation) that could
cause the crews to have problems understanding the situation and appropriately completing
the action. Predictive power in terms of the correspondence between the operational
descriptions from the HRA analysis and the operational stories from the crew data was
judged to be moderately poor.

6.1.1.3 Quantitative Predictive Power

In the HEP results from the UNAM ASEP analysis (see Figure 6-1), the HEP for 5B2
(0.0006) was the lowest, and this HFE was ranked as one of the two easiest in the difficulty
rankings, as assessed by the study assessors examining crew performance. However, 4A
was the easiest according to the difficulty rankings, while in the ASEP HEP results 5B2, 3A,
2A, and 2B were all assigned slightly lower HEPs than 4A. However, the HEP for 4A was
relatively low (0.008).

With respect to the more difficult HFEs, all crews failed on 5B1, while ASEP produced an
HEP of 0.025. Similarly, while the ASEP analysis assigned the highest HEP to HFE 1B and
this was also identified as one of the most difficult actions for the crews (half failed), the
assigned HEP was 0.037. These latter two results of optimistic HEPs appeared to be related
to the failure of the ASEP analysis to address the cognitive demands (e.g., interpreting the
indications in the context of the procedural directions) and the associated negative factors.
This appeared to occur in part because the analysis equated “critical task” with the major
steps in the procedure rather than with the substeps. Moreover, crews had problems in
HFEs 2A and 3A (1 out of the 14 crews failed) and in HFE 3B (2 crews failed), while the
ASEP analysis assigned HEPs of 0.004, 0.004, and 0.025, respectively. While it is difficult to
estimate the true HEPs for these HFEs, given the limited data, it seems that there is a
pattern of optimistic results from the ASEP analysis. In addition, the ASEP analysis did not
really discriminate between HFE 1B and 1A, assigning both relatively similar and low HEPs
(0.037 and 0.027, respectively) while over half the crews failed on 1B. Although the ASEP
analysis did suggest what several of the easiest HFEs were likely to be, in general the HEPs
were not particularly discriminating with respect to the relative difficulty of the HFEs. Again,
these findings are likely related only to addressing what ASEP refers to as post-diagnosis
actions at a high level. Overall, the quantitative predictive power was judged to be
moderately poor.
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Figure 6-1. UNAM ASEP HEPs by HFE Difficulty with Bayesian Uncertainty Bounds
of the Empirical HEPs

6.1.2 Assessment of Guidance and Traceability

Based on the inconsistencies between the drivers identified in the method and those in the
crew data, it would seem that the guidance in ASEP to assume diagnosis success once the
crews have entered the procedures can lead analysts to miss at least the opportunity to
identify important driving factors and can lead to optimistic results. Although there may be
situations where this approach would be appropriate, it seems clear that additional guidance
is needed, particularly more guidance on performing qualitative analysis to understand
enough of about the scenario to be able to make a good decision about whether to model
the diagnosis and what factors are likely to influence performance. Whether the results may
have differed if diagnosis, as treated in the ASEP diagnosis curves, had been explicitly
addressed for the HFEs, remains to be determined. It appears that the necessary guidance
for addressing critical tasks at the more cognitive level is missing, regardless of whether the
diagnosis curves are used or not. Given the factors identified as affecting crew performance
in the crew data, it seems clear that additional guidance for performing the qualitative
analysis to support ASEP and the inclusion of additional factors to assess in the context of
ASEP is needed. Thus, guidance was judged to be moderately poor.

The derivation of the HEPs within the method and what is important to performance given
the factors considered is generally traceable, and the various factors’ weighting in
determining the final HEP can be determined. However, how analysts might bias the rating
of the factors considered, based on other information identified that is not covered by the
method, would be difficult to trace. Traceability was moderately good.
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6.1.3 Insights for Error Reduction

The results of the ASEP analysis in this study did not appear to provide good insights for
error reduction. In this study, the analysis focused on post-diagnosis action, but the factors
addressed here do appear to be broad enough or specific enough to provide useful insights
into error reduction with respect to the post-diagnosis actions. In addition, given the limited
range of factors addressed in ASEP, even when diagnosis is part of the analysis, it would
not appear that insights for error reduction would be one of its strengths (moderately poor).

6.1.4 General Conclusion and Other Remarks on Method Strengths and
Weaknesses

Based on the present study, the predictive power of the method in terms of important drivers
was moderately poor. The guidance to assume that no diagnosis is required once the crew
has entered the correct procedure appeared to limit the analysts’ ability to address important
questions and to identify important factors that could negatively influence behaviour. As only
factors more related to response execution (post-diagnosis actions in ASEP) and at a higher
level in the procedures were addressed, an appropriate set of influencing factors and
conditions was not examined. This resulted in an inadequate understanding of conditions
that would affect performance and apparently optimistic HEPs. (This latter finding is also
interesting in that the ASEP method claims to provide generally conservative HEP values.)
Given the types of problems the crews had with respect to response execution in some
HFEs (e.g., 3A and 3B), the simple consideration of stress level and whether the actions are
step-by-step or dynamic (as addressed by ASEP) would not appear to be adequate in some
cases. It seems clear that additional guidance is needed in these areas, particularly more
guidance on performing the qualitative analysis and when to analyze the diagnosis portion of
the response. As discussed above, whether the results would have differed if the ASEP
diagnosis model had been explicitly addressed for the HFEs in this study remains to be
determined (see the NRC ASEP/THERP analysis in this study for related information). The
analysts would certainly already have had to have an idea about what to examine. Given the
factors identified as affecting crew performance in the crew data, it seems likely that
additional guidance for performing the qualitative analysis to support ASEP and the inclusion
of additional factors to assess in the context of ASEP would be appropriate.

It could be argued that the method’s strengths are its simplicity, ease of use, and traceability.
However, these features may too severely limit the method’s ability to identify and illustrate
useful information that could affect crew performance.

6.2 ASEP/THERP (NRC)
6.2.1 Predictive Power

The predictive power of the NRC ASEP method in this study was fair. The final HEPs
reflected the judgments made in applying ASEP, as well as some of the limitations of the
method, such as the option to explicitly include diagnosis or not, the identification and
selection of critical tasks, and the selection of step-by-step or dynamic to encompass a
variety of issues, such as complexity. While the important drivers were often identified, the
factors modeled as influencing performance sometimes did not correspond well to the
factors and conditions observed from crew performance data. The guidance in ASEP and
the conditions addressed did not appear to lead analysts to consider the most relevant
factors that would influence crew behaviour, however, this appeared to be somewhat offset
by the analysts’ qualitative analysis. For example, even for the more obviously difficult HFEs
(e.g., 5B1 and 1B), the ASEP/THERP approach led the analysts to a partial understanding of
the nature of the problems the crews would face. In particular, the guidance to assume that
no diagnosis is required (and thus to bypass even the minimal relevant questions asked in
using the ASEP diagnosis curves) once the crew has entered the symptom-based
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procedures may have limited the analysts’ ability to address important questions, such as
the need to choose an approach to executing the task when several options exist. Thus, the
correspondence between the qualitative analysis (drivers identified in the method and the
operational descriptions) and the results from the crew data was moderately poor. The
estimated HEPs were consistent with the difficulty rankings of the crew data in some cases
and not in others. The correspondence between the ranking of the HFEs based on the HEPs
(and the uncertainty bounds from the Bayesian analysis) and those based on the crew data
(quantitative predictive power) was judged to be fair. In general the HEPs were relatively
good at discriminating the relative difficulty of the HFEs, but in some lower HEP cases
predictions varied.

6.2.1.1 Qualitative Predictive Power — in Terms of Drivers

In this study, the NRC ASEP analysis sometimes identified some of the important drivers
that would influence performance in the scenarios and the various HFEs. In some cases
there was agreement between the method and the crew data in terms of an important driver,
but the reason for a factor being identified as a driver in the analysis was not the same as
that identified in the data. In the NRC ASEP approach, the identification of important drivers
appeared to be limited by a couple of aspects. First, the decision (per the ASEP guidance)
not to address the diagnosis portion of the response may have precluded the opportunity to
identify some important factors influencing performance. Although there is only minimal
guidance in ASEP’s treatment of cognitive tasks and what might be driving performance in
accident scenarios, one thing that at least touches on it is the diagnosis curve. By not
addressing the questions associated with using the diagnosis curves for each of the HFEs,
the analysis missed an opportunity to examine the conditions that the operators would be
facing (e.g., potential steam line isolation, depressurizing with PORVSs, etc.). However, given
the guidance provided, the analysts would already have had to have an idea of what they
were looking for.

Skipping the diagnosis led to addressing only factors related to post-diagnosis actions
(ASEP terminology), such as stress level and whether the action is step-by-step (simple) or
dynamic (more complex). Although there are some decision making aspects associated with
assessing whether the actions are step-by-step or dynamic, the differences in the conditions
that could lead analysts to select one level over the other did not appear to correspond well
to the conditions influencing performance in the crew data. In other words, it did not appear
that the questions addressed in the method guided the analysts to address the critical
aspects of the scenario that ended up negatively affecting actual crew performance. Even for
the more obviously difficult HFEs (e.g., 5B1), the ASEP approach did not lead analysts to
understand the nature of the problems the crews would face. While it might be argued that
this result may have differed if the diagnosis had been explicitly addressed using ASEP, as
noted above, even the guidance there is minimal with respect to examining the factors found
to be important in this study.

Another limiting aspect concerns the ASEP analysis identification and selection of critical
tasks. Identifying the critical tasks at a more functional level could be needed to avoid over-
counting.

The NRC ASEP predictions had the most difficulty with the easiest actions (as in 2B, 5B2,
and 4A, where there was an absence of any negative drivers), perhaps due to the
conservative nature of the ASEP approach. Predictive power in terms of identifying drivers
was judged to be moderately poor.

6.2.1.2 Qualitative Predictive Power — in Terms of Operational Expressions

Since the method focuses on stepping through the procedures and the associated response
execution at a high level (i.e., at the procedure step level rather than at the substep level),
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the operational analysis was generally limited to the crew’s interaction with the main
procedural steps. However, the analyst's qualitative statements about the dynamic plant
conditions revealed a fair knowledge of the plant conditions (operational situation). Predictive
power in terms of the correspondence between the operational descriptions from the HRA
analysis and the operational stories from the crew data was judged to be fair, but due more
to the analysts than to the method.

6.2.1.3 Quantitative Predictive Power

The HEP results from the NRC ASEP analysis are shown in Figure 6-2. Except for 5B2, the
predicted HEPs for the least difficult events (HFEs 2B, 5B2, and 4A) were higher than
expected based on the uncertainty bounds. For HFE 5B2 the predicted HEP was 0.0005,
and was the lowest of all the NRC ASEP predictions. While the predicted HFE matched the
ranking as one of the two easiest actions in the difficulty rankings (as assessed by the study
assessors examining crew performance), this predicted HEP was over two orders of
magnitude lower than that for HFE 4A, which also had a difficulty ranking as one of the
easiest actions. Thus, there is an inconsistency in the predictions. On the positive side, the
predicted HEPs for just over half of the HFEs (HFE 5B1, 3B, 3A, 1A, and 2A) followed the
trend based on difficulty. With respect to the more difficult HFEs, while nearly all crews failed
on 5B1, the NRC ASEP team produced an HEP of 0.991. Similar to HFE 5B2, HFE 1B was
underestimated by more than one order of magnitude. Overall, the quantitative predictive
power was judged to be fair.
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Figure 6-2. NRC ASEP HEPs by HFE Difficulty with Bayesian Uncertainty Bounds of
the Empirical HEPs

6.2.2 Assessment of Guidance and Traceability

Based on the inconsistencies between the drivers identified in the method and those of the
crew data, it would seem that the guidance in ASEP to assume diagnosis success once the
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crews have entered the procedures can lead analysts to miss at least the opportunity to
identify important driving factors and can lead to optimistic results. Although there may be
situations where this approach would be appropriate, it seems clear that additional guidance
is needed, particularly more guidance on performing qualitative analysis to understand
enough about the scenario to be able to make a good decision about whether to model the
diagnosis and what factors are likely to influence performance. Whether the results may
have differed if diagnosis, as treated in the ASEP diagnosis curves, had been explicitly
addressed for the HFEs, remains to be determined. It appears that the necessary guidance
for addressing critical tasks at the more cognitive level is missing, regardless of whether the
diagnosis curves are used or not. Given the factors identified as affecting crew performance
in the crew data, it seems clear that additional guidance for performing the qualitative
analysis to support ASEP and the inclusion of additional factors to assess in the context of
ASEP is needed. Thus, guidance was judged to be moderately poor.

The derivation of the HEPs within the method and what is important to performance given
the factors considered is generally traceable, and how the various factors are weighted in
determining the final HEP can be determined. However, how analysts might bias the rating
of the factors considered, based on other information identified that is not covered by the
method, would be difficult to trace. Traceability was moderately good.

6.2.3 Insights for Error Reduction

In general, the results of the ASEP analysis in this study provided some fair but inconsistent
insights for error reduction. The qualitative story of the NRC ASEP analysis in this study
often contained insights and elements that could be addressed on an operational basis. This
appeared to be more of an input from the analytical team than from the method. Given the
limited range of factors addressed in ASEP, even when diagnosis is part of the analysis, the
insights for error reduction are limited to the depth/detail of the supporting qualitative
analysis. In this study the analysis focused on post-diagnosis execution actions, but the
factors addressed herein do not appear to be broad enough or specific enough to provide
useful insights for error reduction with respect to the post-diagnosis actions. In addition,
given the limited range of factors addressed in ASEP even when diagnosis is part of the
analysis, it would not appear that insights for error reduction would be one of its strengths
(moderately poor).

6.2.4 General Conclusion and Other Remarks on Method Strengths and
Weaknesses

Based on the present NRC ASEP study, the predictive power of the method in terms of
important drivers was fair. The development of the qualitative evaluation by the analytical
team offset some of the methodological limitations. The guidance to assume that no
diagnosis is required once the crew has entered the correct procedure appeared to limit the
analysts’ ability to address important questions and to identify important factors that could
negatively influence behaviour in some cases. By only addressing factors focusing on the
execution response (post-diagnosis actions in ASEP) and at a higher level in the
procedures, the analysis failed to examine an appropriate set of influencing factors and
conditions. This resulted in some inconsistency in the predicted HEPs. Given the types of
problems the crews had with respect to response execution in some HFEs (e.g., 3A and 3B),
the simple consideration of stress level and whether the actions are step-by-step or dynamic
(as addressed by ASEP) would not appear to be adequate in some cases. It seems clear
that additional guidance is needed in these areas, particularly more guidance on performing
the qualitative analysis and when to analyze the diagnosis portion of the response. As
discussed above, whether the results would have differed if the ASEP diagnosis model had
been explicitly addressed for the HFEs in this study remains to be determined (see the
UNAM ASEP analysis in this study for related information). The analysts would certainly
already have had to have an idea about what to examine. Given the factors identified as

6-7



NUREG/IA-0216 Vol. 2

affecting crew performance in the crew data, it seems likely that additional guidance for
performing the qualitative analysis to support ASEP and the inclusion of additional factors to
assess in the context of ASEP would be appropriate.

The ASEP method’s strengths are its simplicity, ease of use, and traceability. However,
these features may severely limit its ability to identify and produce useful information that
could affect crew performance.

6.3 ATHEANA (NRC)

6.3.1 Predictive Power

The predictive power of ATHEANA, as tested in this exercise, was good qualitatively but only
poor to moderate quantitatively. This particular benchmark exercise did not test a major
feature of performing an ATHEANA analysis, which is the search for a range of Error-Forcing
Contexts (EFCs) and unsafe acts (UAs) that are consistent with the PRA definition of the
HFE. In the benchmark exercise, the EFC is essentially predefined, particularly so for the
initial HFE: the initial conditions are the same for all crews. In addition, the unsafe acts are
also essentially defined. As the scenario develops, the responses of the crews can lead to
differences in the way the plant conditions change, which could create different EFCs,
although this was not observed in practice, with the possible exception of HFE # 2A, where
some crews had a high SG pressure, which caused complications with steam line isolation
on rapid cooldown. Thus, the part of the ATHEANA process that was tested was the
identification of potential error modes, given the defined context, which could result in the
unsafe act, and the assessment of the HEP for each of these error modes, based on an
assessment of the relevant PSFs. Because the context was essentially defined, another
aspect of ATHEANA, the search for deviation scenarios, was not performed either.

6.3.1.1 Qualitative Predictive Power — in Terms of Drivers

The ATHEANA approach is not built on the same set of PSFs used to represent the driving
factors for the empirical data, but the PSFs used by ATHEANA, described in Section 3.5.2.2
of NUREG-1880 [11], generally encompass the PSFs used in this study. The qualitative
description provides sufficient information that a correspondence between the factors
identified by the ATHEANA analysts as being important and the PSFs used in this study can
be established. For those HFEs where there is a strong EFC, the ATHEANA analysis
generally performed well in identifying the negative main drivers (HFE #s 1B, 5B1). For
those cases where the EFC is not strong, there was general agreement on the nominal or
positive drivers in the sense that they provide a basis for establishing a low HEP. There were
differences between the empirically identified minor negative drivers and those identified by
the ATHEANA analysis; in some cases the ATHEANA analysis identified drivers that were
not seen in the data, and vice versa. However, it was not clear whether these differences
were significant in the evaluation of the HEPs. Certainly they were not major influences.
Overall, the prediction of the drivers was moderately good.

6.3.1.2 Qualitative Predictive Power — in Terms of Operational Expressions

For the more challenging HFEs, primarily 1B and 5B1, the ATHEANA team’s qualitative
discussion matched the observations well. This was particularly true for HFE #1B, where the
deviation scenarios discussed captured several of the actual crew paths through the
procedures to enter the SGTR procedure. For the less challenging HFEs, the qualitative
analysis in terms of operational expressions was generally mixed. The ATHEANA analysis
did not generally identify the different strategies observed to be taken by the crews to
complete the actions (e.g., for HFEs 2A, 2B, 3A, and 3B). However, their focus was on
identifying ways in which the time-based success criteria for the HFEs might be exceeded.
Furthermore, it is not clear that it would have been easy to predict the different approaches
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taken without having considerably more information on the crews and their training. They did
identify some of the observed crew behaviours that could lead to delay in completion of the
tasks. However, it was not clear whether these behaviors were reflected in the quantification,
since the general conclusion was that they were unlikely to exceed the time available. For
some of the HFEs, principally those that were considered rather straightforward, the
quantification seems to have been based on what are essentially slips and lapses, rather
than excessive delays. Overall the qualitative predictive power in terms of operational
expressions was moderate to good.

6.3.1.3 Quantitative Predictive Power

When there is more than one deviation scenario, the assessment of the HEP is documented
so that the different contributions can be evaluated. The quantification is an expert elicitation
process, the experts in this case being two of the method’s developers and two staff
members with an operations background. While the probabilities of the various deviation
scenarios can be identified, the basis for the individual estimates is not provided, except in
very general terms.

The results of the ATHEANA HEP assessments are shown in Figure 6-3 below. As can be
seen, four of the HEPs are outside the empirically determined error bands.
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Figure 6-3. NRC ATHEANA HEPs by HFE Difficulty with Bayesian Uncertainty Bounds
of the Empirical HEPs

The evaluation of the HEP for HFE #1A was an anomaly in the sense that the reason for the
high HEP was driven by the assumption that an automatic trip would not occur before 10
minutes and the assessment that the crews would trip the plant too late to meet the success
criterion. The one crew that failed the criterion in the simulator trials tripped the reactor at
five minutes, so this was not the reason for their failure. Had the ATHEANA team assumed
that the reactor would have tripped earlier or that the operators would have tripped the
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reactor earlier on average, they would have predicted a much lower HEP, since they
correctly assessed that the action was straightforward, and the procedures and indications
were clear. The ATHEANA assessment of the likelihood of HFE #5B1 was optimistic, since
they gave credit for recovery using secondary indications. These indications in the actual
scenario were rather weak, and did not lead the crews to success.

For HFE #2A, while the qualitative discussion provided by the ATHEANA team identified
waiting for completion of local actions and taking too much time as one behaviour that could
lead to failure and was in fact observed, it was not considered in the quantification. Similarly,
for HFEs #3A and 3B, they identified not stopping at the correct pressure as a possible
failure mode; it is not clear how it was factored into the estimation of the HEPs, since these
HFEs were not subdivided into different operational modes. The HEPs for HFEs #3A and 3B
were low. It is not clear why these were so low compared to other actions considered to be
rather straightforward, such as HFEs #4A and 5B2. By contrast, the HEP for HFE #5B2, a
very straightforward action, was rather high, the reason being that the analysts felt that the
crew would be more deliberate in carrying out the action because there is no time pressure,
and that they would not want to create a problem needlessly (e.g., if the block valve were to
stick closed).

As can be seen in the figure, the ranking of the quantitative assessments did not match very
well with the empirical ranking based on difficulty, although it was significantly distorted by
the evaluation of HFEs #1A and 5B1 and the very low values for HFEs #3A and 3B.

Overall, the quantitative performance was moderately poor.
6.3.2 Assessment of Guidance and Traceability

The guidance in the ATHEANA User's Guide is extensive but diffuse, particularly in the
areas used in this exercise, namely the understanding of the use of the procedures and the
identification of failure modes and the influence of PSFs. The requirement to have team
members with an operational background is clearly a very strong feature of the method,
since this helped in identifying the potential error modes.

The documentation of the operational stories is good. However, the traceability to the
quantification is not clear in this application. The quantification is based on expert
judgement. While there is a discussion of the factors that can influence particular failures, it
was not clear how these were taken into account by the contributing experts. This is most
obvious when the error-forcing conditions are not strong, and the failure modes are slips and
lapses. In these cases the ATHEANA method seems to provide little advantage over other
methods.

Overall, the guidance is too diffuse and complex to be regarded as anything better than
moderate. The traceability of the qualitative arguments is good, but the traceability of the
quantification, in this case, was poor.

6.3.3 Insights for Error Reduction

Since the method encourages the search for conditions that can lead to failure, it does afford
the means to identify measures that could be taken for error reduction. For example,
identifying the lack of a clear path from Step 19 to E-3 could lead to the explicit inclusion in
the procedures of consideration of secondary indications, such as unequal steam generator
levels.
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6.3.4 General Conclusions and Other Remarks on Method Strengths and
Weaknesses

It could be argued that much of the value of performing an ATHEANA analysis has not been
tested by this exercise, because the EFC and UAs were essentially predefined. However,
even within that constraint, the method’s approach of searching for error modes has been
shown to provide some valid predictions, particularly when the error-forcing context is strong.
This is one way in which the ATHEANA process can handle some aspects of crew-to-crew
variability, which was seen to be an important aspect of the empirical data. However, this
would require considerably more knowledge abut specific crew characteristics than was
available a priori in this exercise. The ATHEANA approach of providing a framework for
evaluating the impact of context on HEPs by considering potential failure modes is most
valuable when there is an identifiable error-forcing context or contexts. Compared to other
methods, this is less of an advantage when the tasks are straightforward, EFC is weak, and
success is expected.

The quantification, relying as it does on expert elicitation, needs to be much more clearly
documented. Even though the driving factors were identified, it was not possible to
determine their relative importance. The quantification would be very difficult to reproduce in
that a different set of experts might provide very different assessments. This is, however, a
common concern for many of the HRA methods.

6.4 CBDT+THERP (EPRI)

6.4.1 Predictive Power

The overall predictive power of the EPRI CBDT method in this study was judged to be fair to
moderately good. The final HEPs seemed to be consistent with the drivers identified by the
HRA team and their assigned ratings within the method. In addition, the correspondence
between the qualitative analysis (drivers identified in the method and the operational
descriptions) and the results from the crew data was fair to moderately good. There was also
a fair to moderately good correspondence between the ranking of the HFEs based on the
HEPs (and the uncertainty bounds from the Bayesian analysis) and those based on the crew
data.

6.4.1.1 Qualitative Predictive Power in Terms of Drivers

In this study, the EPRI CBDT analysis usually identified some of the important drivers that
would influence performance in the scenarios and the various HFEs. In the EPRI CBDT
approach, the identification of important drivers is guided by evaluation of the factors
addressed in the decision trees and the assessment of factors addressed in THERP that
would influence the execution of the action. Negative conditions lead to higher HEPs, with
the factors that have the greatest negative effect on the resulting HEP as the main drivers.
When conditions are positive in the decision trees, negligible contributions are made to the
HEPs. It did not appear that the questions addressed in the method always guided the
analysts to address the critical aspects of the scenario that ended up affecting actual crew
performance. For the more obviously difficult HFEs (e.g., 5B1), the analysis generally
identified the main drivers, but for HFEs where the factors that affected the crews’
performance were more subtle, the questions addressed by the method often did not lead to
an identification of the main drivers. In addition, in some cases there was agreement
between the method and the crew data in terms of an important driver, but the reason for a
factor being identified as a driver in the analysis was not the same as that identified in the
data. Predictive power in terms of identifying drivers was judged to be fair to moderately
good.
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In addition, for several HFEs (2A, 2B, 5B1, and 5B2), the CBDT analysis assumed that,
based on the identified conditions, there would not be a diagnosis per se involved (the HEP
was based solely on response execution using THERP). Based on the success of the
previous action and assumed straightforward cues for the action, they argued that the crew
would simply be following the procedures (implying that limited diagnosis would be involved).
Thus, for some HFEs, they did not investigate potential negative diagnosis factors that could
influence performance based on the CBDT decision trees. In some cases, the qualitative
analysis they performed to decide that a diagnosis would not be necessary did not detect
some of the negative factors identified in the crew data.

6.4.1.2 Qualitative Predictive Power in Terms of Operational Expressions

In several cases, the qualitative analysis provided a good description of what would be going
on in the scenario, particularly with respect to the positive conditions and the HFEs that
appeared to be easiest for the crews. However, in a few cases they did not identify some of
the negative conditions that caused problems for the operating crews, resulting in the
predictive power of the operational expressions being judged as fair to moderately good.

6.4.1.3 Quantitative Predictive Power

In the HEP results from the EPRI CBDT analysis (see Figure 6-4), with the exception of the
HEPs for 5B1 and 5B2, there was only a factor of three between the lowest and the highest
HEP. The difference between the HEP for 5B2 (which was the lowest HEP) and the next
lowest (2A and 2B) was a factor of 2.3. Thus, there was not a great deal of variation (or
differentiation) in the HEPs for the HFEs obtained from the CBDT analysis. In the crew data,
based on the difficulty of the HFEs as assessed by the study assessors examining crew
performance, the three easiest actions were 5B2, 4A, and 1A, respectively. In the CBDT
analysis, the lowest probabilities assigned were for 5B2, 2A, 2B, and then 1A. 4A actually
had one of the higher HEPs assigned, but, as noted, there was not a lot of difference
between the HEPs except for 5B1, which was assumed to fail for all crews, and 5B2, which
had the lowest HEP. Essentially, the CBDT analysis determined that there were not large
differences in the probability of failure for the other actions (ranging from 0.044 to 0.013).
The estimated HEP for 1B was 0.044, while half the crews failed to complete this action in
the time provided. In addition, the analysis did not discriminate between 1A (0.03) and 1B
(0.044), while 1B proved to be very difficult for many of the crews. The HEP for 4A (0.04,
third highest) was essentially the same as for 1B (one of the hardest), yet 4A was judged to
be one of the easiest (along with 5B2) in crew data.

It is interesting that 4A was identified as the easiest in the crew data, but it had the third
highest HEP, based on the CBDT analysis. The cognition and execution portion of the
actions contributed more or less equally to the HEP for this HFE (4A); the drivers for the
cognition portion are noted above. With respect to the execution portion, it appeared that the
number of subactions and procedure steps involved were the main reason for a slightly
higher execution HEP for this HFE than for 3A and 3B. HFEs #3A and 3B, which were
quantified the same with respect to the cognition portion, were thought to be somewhat
harder than 4A, based on the crew data.

The clear outlier in the analysis, the HEP for 1B, appeared to occur because the analysts did
not detect that the lack of radiation alarms would delay crews as much it did. The analysis
did identify the complication caused by the lack of radiation signals and recognized that this
could cause a delay in diagnosis, but, consistent with the method, this delay wa