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ABSTRACT

The U.S. Nuclear Regulatory Commission (NRC) is carrying out a Probabilistic Flood Hazard
Assessment Research Program to enhance NRC'’s risk-informed and performance-based
regulatory approach to external flood hazard assessment. One of NRC’s initiatives is to better
understand the actions that nuclear power plant (NPP) licensees have planned to take outside
of the main control room to prepare for, protect against, and mitigate the effects of external
flooding events. The Pacific Northwest National Laboratory (PNNL) conducted a comprehensive
review of research literature describing how the environmental conditions (ECs) associated with
flooding events might affect performance of flood protection and mitigation actions. To support
and inform the literature review, this report identifies and characterizes the ECs associated with
flooding events; these conditions include heat, cold, noise, vibration, lighting, humidity, wind,
precipitation, standing and moving water, ice and snowpack, and lightning. Based on a review of
NRC staff assessments, flooding walkdown reports at 60 NPP sites, individual NPPs’
procedures (e.g., Abnormal Operating Procedures) that were available, and available
descriptions of some activities related to diverse and flexible coping strategies, or FLEX, the
report identifies and characterizes a set of manual actions (MAs). These example MAs would be
performed at and around NPP sites (outside the main control room) in preparation for or in
response to a flooding event.

This report provides an approach for decomposing the MAs into simpler units—tasks, subtasks,
specific actions and performance demands—to facilitate assessment of EC impacts consistent
with approaches in human performance research literature. The review of the research literature
summarizes the state of knowledge concerning the effects of the ECs in terms of their
mechanisms of action, effects on performance, and potential mitigation measures. Based on
this review, the report presents a typology of performance demands that includes detecting and
noticing, understanding, decision-making, action, and teamwork that provides a basis for
applying research findings to estimate performance impacts. The report presents a conceptual
framework that illustrates the relationships among ECs, MAs, and performance. The impact
assessment approach is illustrated using a proof-of-concept method for an example MA. Based
on the findings of the research literature review and the conceptual framework demonstrated for
impact assessment, opportunities for future research are described.

This work is presented in two volume. Volume 1 describes the flood mitigation actions, a
typology of performance demands, a conceptual framework with a proof of concept example
and a summary of the review of literature of the impacts of environmental conditions on human
performance. Volume 2 provides the complete literature review of environmental conditions on
human performance, with a separate detailed chapter for each of the identified environmental
conditions identified as impacting flood mitigation and performance actions.






FOREWORD

The key research question addressed in this report is what and how can existing human
performance literature be used to inform the impact of environmental conditions on flood
protection and mitigation procedures conducted in preparation for or during flooding events at
nuclear power plants? This report was developed to provide insight into the actions that nuclear
power plant licensees have planned to take to prepare for and mitigate the effects of external
flooding events. This goal was undertaken as a part of the Probabilistic Flood Hazard
Assessment Research program to enhance the NRC'’s risk-informed and performance-based
approach to external flood hazard assessment.

Lessons learned from flood walkdowns conducted in response to the Near Term Task Force
Recommendations following the earthquake at the Fukushima Dai-ichi facility demonstrated that
environmental conditions can influence human performance and human error probabilities,
especially for outdoor manual actions during flooding, and may degrade or completely preclude
an individual’s capability to perform the necessary actions. The degradation in performance can
be measured by the (usually) additional time it may take to complete an action or by the
(usually) increased probabilities of making an error. In this report, the primary focus is on the
first measure (i.e., increase in task performance time); however, the conceptual framework
could also be extended to support the estimation of increases in error rates and error
probabilities.

This report presents a conceptual approach to assessment of manual actions performed in
response to external flooding and the human performance literature findings to connect the
diverse information base. The report does not present a complete method for site-specific
performance impact assessment and stops well short of developing a Human Reliability
Analysis (HRA) method. However, the human performance literature review results may be
useful in developing such a method.

The objectives of this work were to:

1. identify and characterize typical flood protection and migration actions, referred to as
manual actions,

2. review, update and synthesize the important environmental conditions that affect human
performance of the flood manual actions,

3. develop a framework in which to assess the impact of the environmental conditions
which fits the needs for flood manual actions and the environmental conditions likely to
be present,

4. summarize the existing human performance literature within the example framework,
and

5. provide a simple proof-of-concept example of the approach.

Volume 1 of this report includes objectives 1-5, while Volume 2 thoroughly documents the
review of existing human performance literature that relates to environmental conditions.



The key findings from this research are:

o A set of manual actions associated with flood protection and mitigation procedures were
identified from a variety of sources including plant walk downs, procedures and FLEX
strategies.

o Environmental conditions associated with flooding events were identified:

o heat, cold, noise, vibration, lighting, humidity, wind, precipitation, standing and
moving water, ice and snowpack, and lightning

o An approach for decomposing the flood manual actions into simpler units—tasks,
subtasks, specific actions and performance demands—to facilitate assessment of
environmental conditions impacts consistent with approaches in human performance
research literature was developed as a basis for applying research findings to estimate
performance impacts.

o  Performance demands: detecting and noticing, understanding, decision-making,
action, and teamwork

o A review of research literature provided the information to summarize the state of
knowledge concerning the effects of the environmental conditions in terms of their
mechanisms of action, effects on performance, and potential mitigation measures.

o Based on this review, a conceptual framework that illustrates the relationships among
environmental conditions, flood manual actions, and performance demands was
presented
o  The impact assessment approach was illustrated using a proof-of-concept method

for an example flood manual action

o  Afull assessment would require site specific information and likely a method of
expert elicitation to apply impact factors to specific actions

o The extension of this impact assessment approach to generalized actions that could be
assessed for common flood manual actions and then applied for different site-specific
conditions was discussed.

o  An example assessment using IMPRINT (a task analysis software) was conducted
which allowed assessment of impacts of multiple environmental conditions, impacts
on estimated time, error rates, and uncertainty.

o  Opportunities for future research to fill information gaps, reduce the limitations of the
conceptual framework and other steps to a full analysis were discussed.

This report identifies flood protection and mitigation actions at nuclear power plants,
environmental conditions that affect the performance of those actions, and set of performance
demands that can be used within the presented conceptual framework as a basis for applying
research literature findings to estimate performance impacts. The utility of the conceptual
framework and review information is demonstrated in a simple proof of concept example and a
more complex site-specific task analysis training demonstration. These results can be used to
inform development of an HRA method or provide insights on the impacts of human
performance on flood protection and mitigation procedures.

Vi
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) is conducting a Probabilistic Flood Hazard
Assessment (PFHA) Research Program that is a set of research projects and tasks that the
Office of Nuclear Regulatory Research (RES) is implementing to enhance NRC'’s risk-informed
and performance-based regulatory approach to external flood hazard assessment. The PFHA
plan is designed to support development of regulatory tools (e.g., regulatory guidance, standard
review plans) for permitting new nuclear sites, licensing activities for operating and new nuclear
facilities, and oversight activities (e.g., inspections, Significance Determination Process (SDP) of
operating facilities. As a part of the PFHA plan and Fukushima Near-Term Task Force (NTTF)
activities, the NRC undertook several initiatives to ensure that actions taken outside the main
control room required for flood protection and mitigation are both feasible and reliable. One of
those initiatives was to better understand the actions that nuclear power plant (NPP) licensees
have planned to take outside the main control room to prepare for, protect against, and mitigate
the effects of such external flooding events, including lessons learned from implementation of
NTTF recommendations.

The purpose of this report is to review human performance research literature and compile
information pertinent to assessing the impacts of environmental conditions (ECs, e.g. heat or
wind) accompanying external floods on the performance of human actions. These actions,
specified in flood protection and mitigation procedures, are referred to in this report as manual
actions (MAs). A primary objective is to provide a conceptual framework that makes this
information useful. This project updates and expands the previous review of the research
literature in NUREG/CR-5680 (Echeverria et al., 1994). The scope of this project stops short of
characterizing the MAs or ECs at a particular plant or developing and testing a method for
applying the research results to estimate the impacts on the performance of specific MAs.
Therefore, the project scope does not extend to (1) consideration of the site-specific context that
determines the parameters of the MAs and (2) addressing how variations in individual attributes
(e.g., knowledge, training, preparedness, organizational role, and fithess) might affect
performance. Based on the scope, the assumptions were that (1) the flood protection and
mitigation procedures are established, appropriate, and feasible; (2) the individuals performing
the MAs are trained and have necessary equipment and access; (3) the staffing levels and crew
composition are adequate; and (4) the individuals performing the MAs would be fit for duty and
not fatigued. Consideration of other factors known to influence performance were excluded; for
example, individual characteristics (e.g., gender, age, emotions, innate ability, and physical
condition), the availability of materials and equipment, the quality of plant procedures, or
training. These assumptions and exclusions focused the work on describing the effects of ECs
on performance of MAs with reference to a baseline metric (i.e., performance time, error rate, or
probability of failure for completing an MA by a fit, knowledgeable, and adequately staffed crew
under ECs that do not impact performance). The impact of ECs is expressed as an increase in
performance time, error rate, or probability of failure for completing an MA.

To inform and support the conceptual framework, the flood hazard was characterized across
U.S. NPP sites. Eleven environmental conditions® that may accompany various flood causing
mechanisms were identified, considering the geographical diversity of the locations of NPPs in
the U.S. MAs were characterized using (1) an analysis of the NRC staff assessments of NPP

! The eleven identified environmental conditions are heat, cold, noise, vibration, lighting, humidity, wind,
precipitation, standing and moving water, ice and snowpack, and lightning.
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flooding walkdown reports, (2) a review of five available individual plant procedures, and (3) a
description of diverse and flexible coping strategies, or FLEX procedures. The research team
decomposed the MAs into their simpler elements (e.g., tasks, subtasks, and specific actions)
using a task analysis approach.

To characterize human physiological and cognitive capabilities that are required for successful
completion of specific actions, and in turn, higher-level subtasks, tasks, and MAs, human
performance taxonomies were reviewed. Combining three such human performance
taxonomies - the performance abilities identified in NUREG/CR-5680 Volume 2, the taxons used
by O’Brien et al. (1992), and the macrocognitive functions identified in NUREG-2114 (USNRC,
2016b) - the research team developed a taxonomy of nine performance demands?.

Environmental conditions can adversely affect human performance. These potential effects (11
ECs affecting the 9 established performance demands) are the key components of impact
assessment in the conceptual framework, and result in the increase of performance time, error
rate, or probability of failure for completing an MA. For example, gross motor actions such as
walking can be significantly affected by impeding forces from standing and moving water, fine
motor actions can be significantly affected by cold, and sustained heat exposure can affect
memory and vigilance.

To establish the impact assessment approach, the research team reviewed (1) existing impact
assessment methods for NPPs, (2) assessment methods use in other domains where tasks are
typically less highly proceduralized and more physically demanding, and (3) existing task and
human ability typologies. Based on this review, the research team concluded that adapting a
task analysis framework developed by the U.S. Army Research Laboratory offered an
advantageous method to relate research findings to performance impacts. The major difference
between this approach and that used in some NPP human reliability analyses (HRAs) is a
greater emphasis on physical actions. This was selected because flood protection and
mitigation activities often involve considerable movement and exertion and an expansion of
roles to include plant staff who are not licensed or field operators.

The research literature indicated that ECs’ impact on human performance could be
characterized though their effects on performance demands. The specific actions discussed in
this report are derived from task analysis, emphasizing the performance demands they impose.
For example, a specific action, “unsheltered walking 400 m from sheltered point A over flat
ground to sheltered point B on Site S,” involves walking, which is a gross motor action, although
some detecting and noticing as well as decision-making are required. The framework links the
research findings on human performance to the assessment of EC impacts on specific actions
via their corresponding performance demand compositions (i.e., in the above example, the
impact of prevailing ECs on walking would be estimated via the ECs’ effects on gross motor
action, detecting and noticing, and decision-making). The specific actions derived from MAs at a
particular NPP site would contain site-specific information (i.e., the site-specific facility layout,
topography, and task sequence and context). It may also be possible, for some needs, to group
multiple, similar specific actions into categories, termed generalized actions that are
independent of site and task contexts. This approach would provide a way to transfer

2 The nine performance demands are: (1) detecting and noticing, (2) understanding, (3) decision-making, (4) action
— fine motor, (5) action — gross motor, (6) action — other neurophysiological functions, (7) teamwork — reading and
writing, (8) teamwork — oral communication, and (9) teamwork — crew interaction.
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knowledge and experience gained from relatively few site-specific task analyses across NPP
sites. The research team noted that performance demand profiles® can be used to consistently
define generalized actions with wide applicability across NPP sites.

These steps to characterize flood protection and mitigation procedures, identify environmental
conditions, develop a performance demand typology and an approach to assess the impact of
the environmental conditions on the human performance of these action. EC effects on
performance demands that have been documented in the literature were summarized and
categorized into four different levels of knowledge, based on the extent and quality of the
research available. The levels range from identified quantitative impact (Level 1), to quantitative
thresholds (Level 2), to qualitative information (Level 3) and to an information gap (Level 4).
This first volume of this report summarizes the key results from the literature review, while the
second volume provides full details of the literature related to the impacts of ECs on human
performance. The research team concluded there are significant research gaps in the human
performance literature. Moreover, relatively modest progress has been made in quantifying the
effects of ECs across the range of performance demands pertinent to manual actions since
preparation of NUREG/CR-5680 (Echeverria et al., 1994). The literature search did not identify
any large-scale ongoing or upcoming research programs from which major advances might be
expected. Consequently, it appears likely that progress will be largely incremental in the
upcoming years. Therefore, application of an impact assessment approach would need to
innovatively and consistently apply the currently available knowledge. Nonetheless, these
research gaps could be addressed by conducting sensitivity analyses to determine EC-
performance demand combinations that most affect flood protection and mitigation MAs.
Insights gained from sensitivity analyses could help reduce uncertainties about the estimation of
impacts and direct future research.

3 The performance demand profile of a specific or a generalized action is defined by the relative contributions of
the different performance demands required to perform the action.
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1 INTRODUCTION

1.1 Context and Purpose

The U.S. Nuclear Regulatory Commission (NRC) is conducting a Probabilistic Flood Hazard
Assessment (PFHA) Research Plan which is a set of the research projects and tasks that the
Office of Nuclear Regulatory Research (RES) is implementing to enhance NRC'’s risk-informed
and performance-based regulatory approach to external flood hazard assessment (NRC 2014).
The plan is designed to support development of regulatory tools (e.g., regulatory guidance,
standard review plans) for permitting new nuclear sites, licensing actions of operating and new
nuclear facilities, and oversight activities of operating facilities. As a part of the plan, NRC also
undertook several initiatives to ensure with high confidence that actions taken outside the main
control room required for flood protection and mitigation are both feasible and reliable’,
including lessons learned from implementation of the Fukushima Near Term-Task Force (NTTF)
recommendations?. To do so, this project has several goals: (1) to gather information on the
flood protection and mitigation procedures at nuclear power plants (NPPs), (2) to assemble
information about environmental conditions (ECs) and their impact on performing those
procedures and (3) to develop a framework to analyze the impact of the environmental
conditions on performance of the flood protection and mitigation procedures. In this report, the
human actions specified in flood protection and mitigation procedures are referred to as manual
actions (MAs).

This report updates and expands on NUREG/CR-5680, The Impact of Environmental Conditions
on Human Performance, Volumes 1 and 2, 1994, which reviewed research completed prior to
the mid-1990s on the impact of ECs on human performance (Echeverria et al., 1994). The
purpose of the 1994 report was to provide a source of information and technical guidance on
how exposure to certain ECs could affect human performance. NUREG/CR-5680 was intended
for use by NRC staff to follow up events in which environmental stressors or ECs may have
been implicated in events that involved human performance.

The purpose of this report is to review human performance research literature and compile
information pertinent to assessing the impacts of ECs accompanying external floods on the
performance of MAs. This study also defines a conceptual framework that makes the
information useful for assessing the impacts of ECs on human performance. It is intended to
assist NRC staff who will review and evaluate plans for events in which exposure to ECs may
impair the performance of those attempting to implement the MAs required for flood protection
and mitigation. It may also provide useful information to applicants and licensees that develop
and evaluate procedures requiring MAs.

1 An action is considered feasible if an analysis has shown that it can be performed correctly within an available
timeframe that avoids an undesirable outcome. A feasible action is considered reliable when it can be shown to be
dependably repeatable within an available timeframe (as defined in NUREG-1852; USNRC, 2007a). However, it
should be noted that NUREG-1852 is focused on deterministic criteria and those qualitative terms (feasible and
reliable) are not generally used in the context of quantitative risk assessments because PRAs quantitatively
consider human errors by developing and using their associated failure probabilities.

20n March 11, 2011, a 9.0-magnitude earthquake struck Japan and was followed by a 45-foot tsunami, resulting in
extensive damage to the nuclear power reactors at the Fukushima Dai-ichi facility. The NRC developed a senior-
level agency task force to conduct a methodological and systematic review of the NRC’s related processes and
regulations. In July 2011, that Near-term Task Force (NTTF) made recommendations based on lessons-learned
including flood hazard reevaluations (2.1) and flood walkdowns (2.3).
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1.2 Background

On March 12, 2012, the NRC issued a request to all power reactor licensees and holders of
construction permits to reevaluate flood hazards at their sites using updated flood hazard
information and present-day regulatory guidance (USNRC, 2012d). The letter requested a
determination of whether the reevaluated flood hazards were bounded by the current design
basis and, if not, to perform an integrated assessment of plant response to the unbounded flood
hazard. The letter also requested NPP licensees conduct walkdowns of plants to include
verification of the adequacy of programs, monitoring and maintenance of flood protection and an
assessment of whether flood protection systems were implementable. The letter specifically
mentioned confirming that the effects of elevated water levels and severe environmental
conditions would not impair support functions or would not impede performing necessary
actions given the weather conditions. A number of significance determination process? (SDP)
evaluations were completed following the flood hazard walkdowns recommended by the NRC
(Ferrante, 2015). Challenges encountered in performing these evaluations highlighted the need
for more detailed risk evaluation and further risk-informed guidance and tools (Ferrante, 2015).

The NRC issued guidance for performing the requested integrated assessments which states
that the “analysis will evaluate the total plant response to the flood hazard considering multiple
and diverse capabilities such as physical barriers, temporary protective measures, and
operational procedures” (USNRC, 2012d, p. 3). The guidance explains that a key part of the
integrated assessment will be evaluation of MAs to ensure that those required in response to
flooding events are feasible and reliable. The guidance also provides information about
evaluation approaches based on human factors, engineering, and human reliability analysis
(USNRC, 2012b, p. 56).

Human reliability analysis (HRA) is a systematic approach for identifying and estimating the
probability of human performance failures as part of a larger probabilistic risk assessment (PRA)
study. HRA and PRA are important industry and regulatory tools for assessing the risk of NPP
events that result in reactor trip, including operator actions that are required to mitigate such
events. For each human action on which plant safety depends, an important aspect of the HRA
assessment of feasibility and reliability is consideration of the impact of multiple performance
shaping factors* (PSFs) such as task complexity and usability of procedural instructions.
Flooding events have demonstrated that ECs can be important new PSFs to consider,
especially for outdoor manual actions during flooding, and may degrade or completely preclude
an individual’s capability to perform the necessary actions. The degradation in performance can
be measured by the (usually) additional time it may take to complete an action or by the
(usually) increased probabilities of making an error. In this report, the primary focus is on the
first measure (i.e., increase in task performance time); however, the conceptual framework
could also be extended to support the estimation of increases in error rates and error
probabilities.

3 The significance determination process (SDP) is the process used by the NRC staff to evaluate inspection findings
to determine their safety significance. This involves assessing how the inspection findings affect the risk of a
nuclear plant accident, either as a cause of the accident or the ability of plant safety systems or personnel to
respond to the accident.

4 PSF is defined as a factor that influences human performance and human error probabilities, including time
available, stress/stressors, complexity, experience/raining, procedures, ergonomics/human-machine interface,
fitness for duty, and work processes (NUREG/CR-6883, Gertman et al., 2005).
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Ferrante (2015) explains that it is “fully recognized” that HRA approaches for evaluating manual
actions are not well established. Nonetheless, for the purposes of performing its significance
determination process at a particular plant, the NRC used an HRA model to demonstrate that
the human error probabilities (HEPs) for manual actions at a particular plant are high (i.e., 0.11
to 0.43), suggesting sensitivity to ECs and other PSFs associated with flooding events. Ferrante
(2015) also states, “No single HRA method exists to evaluate actions which need to be
performed during potential significant challenges resulting from an extreme flood (e.g., with
significant stress and mobility issues).” However, such impacts on manual actuation of
equipment, implementation of flood barriers, and other MAs performed in the outdoor
environment exposed to ECs must certainly be greater than the impact on actions performed
indoors for which HRA methods are more established and where there are fewer complicating
PSFs. Ferrante (2015) recommends the development or enhancement of existing tools for
estimating human error probabilities for actions performed outside the main control room in
situations that may involve extreme ECs.

This report discusses how assessment of the feasibility and reliability of MAs performed in
response to external flooding would benefit from information about the impact of ECs on human
performance. This report presents a conceptual framework and the human performance
literature findings to connect the diverse information base. The report does not present a
complete method for site-specific performance impact assessment and stops well short of
developing an HRA method. However, the human performance literature review results may be
useful in developing such a method, as well as to support application of HRA methods in other
contexts where adverse environmental conditions are a potential concern.

The final list of environmental conditions considered in this report includes: heat, cold, noise,
vibration, lighting, humidity, wind, precipitation, standing and moving water, ice and snowpack,
and lightning.

1.2.1 Scope and Limitations

A primary focus of this project is to update and expand the previous review of the research
literature to provide the most current technical basis for assessing the impact of specified ECs
on the performance of specified tasks. To inform and support this review, the research team
developed an overview of the flood hazard across NPPs, an overview of flood protection and
mitigation MAs across NPPs, and an overall conceptual framework. The research team also
reviewed available materials to prepare a preliminary characterization of the ECs that
accompany flooding events and a characterization of the flood protection and mitigation MAs
that would be performed at NPPs (outside of the main control room). The human performance
information can be used to inform HRA methods for determining the effects of ECs on flood
protection and mitigation procedures.

The scope of this project, however, stops short of characterizing the tasks or ECs at a particular
NPP or developing and testing a method for applying the research results on the impacts of ECs
on the performance of specific tasks. Nonetheless, during the development of the framework,
the research team found it useful to think through the analytical steps that would be needed in
an impact assessment and those insights are included here. Impacts are defined as the
difference in performance (measured in time, error rates, and probabilities of failure) under
normal conditions (baseline) and under the prevailing ECs. The research team defined a
conceptual framework that uses the human performance information for assessing the impacts
of ECs on MAs. The report does not include development and description of a complete
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method, although a simplified example is provided to illustrate how the impact of one EC on the
performance time of a task can be quantitatively estimated if detailed information is available.

The scope of this study was limited to focus on surveying the mitigation actions, reviewing
literature on the impacts of environmental conditions and exploring a conceptual framework for
a simple procedure. Several elements that would be needed for a complete analysis are not
addressed completely in this study. These elements may not have been addressed due to
limited site-specific details, lack of literature or attempts to simplify examples. Table 1.1
describes the limitations on some elements of this study and if they are addressed by the
proposed framework and included in various examples.

Many expert decisions would be required to implement the elements of this framework.
Information and experience from other industries or a structured method for eliciting expert
judgement (e.g. Xing et al., 2015), would be ways to provide these details when there is limited
operational experience or gaps in the existing human performance research literature.

1.3 Structure of Report

The results of this study are presented in two volumes: Volume 1 includes the overview of flood
hazards, flood protection MAs and the environmental conditions of concern. It also describes a

conceptual framework for assessing the impacts, summarizes the human performance literature
and a simple proof-of-concept example. Volume 2 provides a full detailed literature review of the
impacts of environmental condition on human performance as relates to flood mitigation actions.

Volume 1 begins with this introductory chapter describing the purpose and background. Chapter
2 is an overview of the flood hazards at U.S. NPPs and describes the flood causing
mechanisms that can affect safe operations at NPPs based on a review of the flood causing
mechanisms that could affect NPP operations. These mechanisms include local intense
precipitation (LIP); precipitation and snowmelt in the upstream drainage area; breaches of dams
or failure of water storage structures; storm surges and seiches; tsunamis; failures of and
effects from ice jams; and geomorphic changes to river or stream channels. Environmental
conditions that may occur in the general timespan of the flood causing mechanisms and
subsequent flooding events are identified.

Chapter 3 focuses on characterizing the MAs performed at NPPs in response to external
flooding events in order to protect the NPP from flooding impacts or to mitigate those impacts.
The overview of the typical MAs and their characteristics presented in this report emerged from
a review and integration of (1) an analysis of the NRC Staff Assessments of NPP flooding
walkdown reports, (2) a review of five available individual plant procedures, and (3) a
description of diverse and flexible coping strategies, or FLEX procedures. Actions taken or
directed by plant staff outside main control rooms are referred to as manual actions (e.g.,
installing sump pumps and flood barriers) in this report.

Chapter 4 presents an overview of the methods available to assess the impacts of ECs on
human performance. Probabilistic risk assessment and human reliability analysis approaches
used in the nuclear industry and a task analysis approach in a non-nuclear setting are
summarized. The chapter introduces a proposed approach to apply results from the research
literature to assess impacts on the performance of MAs.
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Table 1.1 Limitations of how elements that would be considered in a full analysis are
addressed in this report

Addressed/ Included in
Discussed in Examples for
= 2
Y— Q
s l_o.l< |E]% |E
¥ |8 ¥ =18 X2 | outof
[ - O| I o = X
= 82 o8| 2| = © | Scope,
s |Qo/lcsg| E |2 Z S | Infor-
C |QE|lEc| o |2 x § | 'nfor
Elements of e |5 © g 5| 9| E & o | mation
human performance Examples 4 |OwL/WwE o |®» =< Gap
Knowledge, training,
Variation in individual preparedness, X
attributes organizational role,
fitness
Site specific context of Dlsts_mce to X X X X X
MAs equipment
Presenc_e of_ multiple Rain and wind,
or combinations of secondary ECs X X X X
ECs Y
Availability of Event-damaged or
equipment or misplaced tools, X X
materials time to put on PPE
Quality of plant Assumed X X
procedures or training appropriate
Measure or estimate
other emergency Fear, stress, fatigue | X X

situation factors
Detecting need for or
initiating flood Poor forecast X X
mitigation procedures
Failure assessed by
comparing baseline
time to environmental

Longer time to travel
a distance due to X X X X X X

condition affected time rain
Recovery time after Replacement of lost

. X X
failure tool from storage
Failure assessed due Dropped or lost tool | X X
to accuracy
Distribution of effects | Monte Carlo sampling X X

randomly sampled in IMPRINT

In Chapter 5 the research team establishes a framework and approach for linking the research
of the impacts of ECs on human performance to the impacts of ECS on performance of flood
mitigation MAs in NPP settings. The research team evaluated the typologies and paradigms
used by previous researchers and developed a taxonomy of “performance demands” to
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characterize the physiological and cognitive abilities that are called upon to meet task
performance requirements for flood protection and mitigation procedures. Performance
demands provided a basis for characterizing MAs across NPP sites.

Chapter 6 presents and applies an approach to decomposing typical MAs into more elemental
actions (tasks, subtasks, and specific actions). The purpose of decomposing the MAs was to
provide a clearer intersection with the human performance research literature, which is often
focused on very simple actions. Examples of applying the decomposition process to selected
MAs are described. This chapter also describes a process for generalizing specific actions to
decouple them from the site-specific MAs where they originated. The notion here is to develop a
list of generalized actions that are site-independent, but when combined with site-specific task
order and facility layout information, could serve as building blocks for the assessment of the
flood protection and mitigation MAs at any NPP site.

Chapter 7 describes the overall conceptual framework to assess the impacts of ECs associated
with a flooding event on the performance of flood protection and mitigation MAs. The team
describes the components of the framework and their interrelationships and provide a graphic
representation of the components.

Chapter 8 includes identification and characterization of the primary, secondary, and likely
combinations of ECs that may result from the environmental conditions that are associated with
a flooding event. Particular dimensions of the environmental conditions associated with flooding
events that are known to, or may be expected to, affect human performance, and that therefore
may be called out separately in the research literature, are identified. Key findings from the
literature regarding the impact ECs have on human performance are summarized, highlighting
the nature, magnitude, and mechanisms by which ECs impact human performance.

A complete description of the process for identifying and characterizing MAs and the basis for
and examples of decomposition are provided in Chapter 9 Then the application of the
conceptual framework is demonstrated using an example to estimate the impact of one EC on a
task, lists limitations of the proof-of-concept method, and suggests future enhancements.
Chapter 10 summarizes the findings of the research, describes the anticipated near-term
advances, and recommends research opportunities for future work. The next steps required to
implement the conceptual framework are also described.

Appendix A presents a synthesis of MAs from the NPP licensees’ Flooding Walkdown Reports
and the NRC'’s corresponding staff assessments of the Flooding Walkdown Reports. Appendix
B presents the MAs for one NPP for which a flood protection and mitigation procedure was
available for review. Appendix C presents a compendium of literature reviewed during the
preparation of this report. Appendix D is a description of an example assessment of impacts of
environmental conditions on a manual action using Imprint Pro.

Volume Il presents the full human performance research literature review organized in individual
environmental conditions chapters. It also includes a summary chapter that describes
knowledge advances since the publication of NUREG/CR-5680 (Echeverria et al., 1994),
current state of knowledge for EC-performance demand combinations pertinent to flood
protection and mitigation activities, and opportunities for future research on ECs.
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2 OVERVIEW OF THE FLOOD HAZARD AND ENVIRONMENTAL
CONDITIONS AFFECTING HUMAN PERFORMANCE AT NUCLEAR
POWER PLANTS

U.S. nuclear power plants (NPPs) are exposed to a variety of external hazards, including floods.
The U.S. Nuclear Regulatory Commission (NRC) considers external floods when licensing
commercial reactors (see 10 CFR 50, 2015). In 2018 98 reactors at 59 sites Figure 2.1) were in
operation in the United States (USNRC, 2018). Because of the varied geographical locations
and hydrometeorological conditions at these sites, external floods at NPPs can result from
various flood causing mechanisms (FCMs) and combinations of FCMs (NUREG/CR-7046,
Prasad et al., 2011; NUREG-0800, Rev. 3, USNRC, 2007b).

& =1 unit
.ﬂ. = 2 units
a: 3 units

Figure 2.1 Locations of currently operating nuclear power plants (as of May 2018)

2.1 Floods of and Flood Causing Mechanisms of Interest at Nuclear Power
Plants

In this report, floods of interest are those that trigger flood protection and mitigation procedures
at NPPs. Because flood protection and mitigation procedures are normally triggered in
anticipation of an imminent flood and because that flood could reach or exceed the severity of a
design-basis flood, the research team considered floods ranging from below design basis to
beyond design basis.

Individual flood causing mechanisms typically evaluated for NPP safety are summarized below:

. Local intense precipitation. A LIP event is a local (usually defined as 1 mi? or less in
area), high intensity, precipitation event. LIP events are expected to result from intense
thunderstorms, mesoscale convective systems, or from tropical or extratropical cyclones.




Local drainage features and the layout of site buildings can significantly influence the
flood characteristics across an NPP site during a LIP event.

Rivers and streams. Floods in rivers and streams near an NPP site may be caused by
precipitation in the upstream drainage area. Depending on geographical location and the
hydrometeorological characteristics of the drainage basin (including antecedent
conditions), these floods can be generated by a heavy precipitation event, melting of a
large snowpack, or a combination of the two. Other hydrometeorological or geophysical
conditions that manifest due to the geographical setting of an NPP may also affect floods
in rivers and streams. For example, tidal and other oceanic processes may affect
floodwater surface elevations in the river or stream of interest, upstream dams may fail
during a large flood, or water surface elevation in adjacent lakes or reservoirs may be
high.

Dam or water storage/conveyance structures. Floods may be generated by individual,
multiple, or cascading failures of upstream dams with an accompanying flood (i.e.,
hydrological failures) or without (i.e., sunny day failures, seismic failures); by improper
operation of a downstream dam that may cause water to back up to the NPP site; by
failure of onsite or offsite water storage structures; or by failure of an adjacent water
conveyance facility (e.g., a canal or a levee). A flood could also be caused by an
operational or intentional large release from an upstream dam or storage structure.
Storm surge. Storm surge is a rise in offshore water elevation caused principally by the
shear force of the winds acting on the water surface. Coastal areas, including those of the
Great Lakes, are exposed to storm surge. Winds are usually due to tropical or
extratropical cyclones in coastal areas. Storm surge can raise water surface elevations in
rivers near estuaries, and in some rivers, storm surge can affect water surface elevations
some distance inland. In general, tropical cyclones also bring moderate to heavy rain,
which may result in concurrent flooding both locally and in the drainage basin of a river or
stream.

Seiches. A seiche is a standing wave oscillation of the water surface in an enclosed or
semi-enclosed waterbody initiated by an external cause (NUREG/CR-7046, Prasad et al.,
2011). In general, the external force is a meteorological event (e.g., a rapid change in
wind direction), seismic event, or tsunami. All lakes, bays, and estuaries may be subject
to a seiche if the external forcing matches the fundamental frequency of oscillation of the
waterbodies.

Tsunamis. Tsunamis are a series of water waves that propagate from the point of
generation toward the shore (NUREG/CR-6966, Prasad, 2009). Typically, tsunami refers
to an oceanic tsunami caused by an earthquake or landslide. Oceanic tsunamis can be
far-field or near-field, depending on the location of the tsunamigenic source. However,
tsunamis or tsunami-like waves can also occur in inland waterbodies following landslides.
These tsunami-like waves are commonly near-field phenomena. Shore areas, including
those of coastal areas of the Atlantic and Pacific Oceans, the Gulf of Mexico, and the
Great Lakes and those of inland lakes may be subject to tsunamis or tsunami-like waves.
In December 1811 and February 1812, tsunami-like waves were reported to occur in the
Mississippi River following the New Madrid earthquake (Lander et al., 2002). Following
the eruption of Mount St. Helens in 1980, a tsunami-like wave was caused by debris
falling into Spirit Lake (Waitt & Pierson, 1994).

Ice effects. Prolonged cold spells can create freeze-up ice jams, while strong warm spells
or heavy precipitation can cause break-up ice jams on rivers. These temporary
obstructions can cause floods by either backing up water to an NPP site located upstream
or by causing a flood wave to propagate downstream when the ice jam collapses

2-2



(NUREG/CR-7046, Prasad et al., 2011). Geographical location and hydrometeorological
characteristics must be amenable for the formation of ice jams.

o Channel migration. Under suitable geomorphological conditions, natural channels may be
subject to geomorphic changes (i.e., changes to the channel profile or position) that cause
flooding of adjacent areas (NUREG/CR-7046, Prasad et al., 2011). River channel
migration is the lateral motion of an alluvial river channel across its floodplain due to
processes of erosion and deposition on its banks and bars. Channel diversions typically
occur during large floods.

Because of the varied hydrometeorological and geoseismic processes that compose FCMs and
the varied hydrometeorological and geomorphic settings of NPPs, a range of environmental
conditions (ECs) could occur along with a flood. In addition, some FCMs can occur together
(e.g., a hurricane that causes a storm surge influencing ambient water surface elevations in a
river may also cause a riverine flood generated by precipitation from the hurricane). Typically,
concurrent conditions (e.g., wind induced wave activity) are considered in combination with
most individual FCMs.

2.2 Associated Environmental Conditions

Environmental conditions that could occur during a flood of interest resulting from the range of
FCMs and combinations of FCMs are discussed in the following subsections. It should be noted
that the environmental conditions observed at the site may not be constrained by an FCM. For
example, seismic or sunny-day dam failures could have little influence on the environmental
conditions at the site other than standing and moving water. For floods of hydrometeorological
origin in large river basins, the storm that causes the flood may occur far from the site and have
a potentially small influence on environmental conditions observed at the site. For non-
hydrometeorological floods originating far from the NPP site (e.g., a tsunami), any set of
meteorological conditions (e.g., air temperature, humidity, precipitation, wind, and snowpack)
within the NPP site’s range are possible.

2.21 Local Intense Precipitation

Based on a review of licensee flood reevaluation submittals, LIP is the design-basis FCM at
approximately one-third of operating U.S. NPP sites; however, all NPP sites are exposed to the
effects of a LIP event. LIP events are not limited to particular geographical areas, but can occur
throughout the U.S. The environmental conditions of interest during a LIP flood are primarily the
meteorological conditions associated with a high intensity local storm (e.g., a thunderstorm, a
mesoscale convective system, or a tropical or extratropical cyclone).

A thunderstorm is generally accompanied by strong winds, rain, thunder, and lightning.
Temperatures at the land surface are generally above freezing, because it is the updraft of
warm air at the surface that drives the storm. However, cold air aloft can freeze moisture into
hail. The National Oceanic and Atmospheric Administration (NOAA) National Weather Service
(NWS) defines a “severe” thunderstorm as a storm having any one of these conditions: hail 1 in.
or greater in diameter, wind gusts greater than 57.5 mph (50 knots), or a tornado. The NWS
defines a thunderstorm as “approaching severe” if hail is 0.5 in. or greater in diameter and/or the
wind is 40 mph (35 knots) or more. Thunderstorms can occur anywhere at any time of the year
but are more prevalent in spring and summer throughout most of the United States (NOAA-
NWS, 2014b). Thunderstorms are less common on the U.S. West Coast compared to other
regions of the country.
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Tropical cyclones usually originate between 5 to 30 °N Ilatitudes and are characterized by
rainfall, a low-pressure center, strong winds, rapid rotation and a spiral arrangement of the
thunderstorms that produce heavy rain. Tropical cyclones are classified in order of increasing
maximum sustained wind speeds as a tropical depression (up to 38 mph), tropical storm (39 to
73 mph), and hurricane (74 mph or higher). The NWS considers June 1 through November 30
to be the official hurricane season for the Atlantic Ocean, Gulf of Mexico, and Caribbean Sea,
with the peak storm activity generally occurring between mid-August and late October. Although
the most intense precipitation associated with tropical cyclones tends to fall in the coastal areas
extending from east Texas through Florida and up the Atlantic coast north of Maine, the storms
can reach inland across the southern and eastern United States. In the southwestern United
States, tropical storm remnants from the eastern Pacific Ocean or Gulf of Mexico can be
responsible for intense precipitation events (NOAA-NWS, 2014c, 2015c).

The environmental conditions that could be expected with a LIP flood event would be heavy
precipitation, generally in the form of rain but possibly hail, and accompanied by wind.
Temperatures would generally be above freezing, and humidity would be high. Low, dark clouds
and heavy precipitation could result in low ambient light during daylight hours; precipitation and
wind could further reduce visibility. Precipitation, wind, and thunder would increase both ambient
and occasional noise levels. Standing or moving water could occur if the local site drainage
system is overwhelmed or blocked. Moving water and wind could erode, entrain, and/or deposit
particles and debris. Although a LIP event is defined as local, antecedent or subsequent
precipitation in nearby areas could affect the severity and persistence of most of these
environmental conditions.

Threshold flood response time (i.e., the duration between notification of impending flood or
inundation/ponding and the time a threshold for flood response action is reached) and response
time (i.e., the duration between the time a threshold for flood response action is reached and the
time the action must be completed) are typically very short, even on the order of a few minutes,
for LIP events. Local ponding due to LIP can occur in depressions, causing an environmental
condition of standing water, while accumulation of significant amounts of snow may also occur,
though generally over a longer time.

2.2.2 Streams and Rivers

Flooding in streams and rivers (i.e., riverine flooding) could affect more NPPs than any other
single FCM other than the LIP. Based on a review of information from licensee flooding
reevaluation submittals, riverine flooding is, or contributes to, the design-basis flood at nearly 50
percent of NPP sites. This type of flooding can result from prolonged intense precipitation over a
large portion of a river basin area, intense snowmelt combined with precipitation, or intense run-
off caused by rain-on-snow, particularly across frozen ground. Riverine flood severity and timing
are strongly influenced by storm characteristics (e.g., area, orientation, and intensity) and river
basin characteristics (e.g., drainage area, orientation, topography, land cover, initial or
antecedent conditions such as soil saturation levels or presence of a snowpack, channel length,
channel geometry, and presence of dams and other water control structures). Riverine floods
could contribute to a flood of interest at any site adjacent to the river.

The meteorological conditions that cause riverine flooding are essentially the same that occur
during LIP flooding (i.e., large storms with heavy precipitation and wind, sometimes thunder,
lightning, or hail), but over a much larger area. Therefore, those environmental conditions could
occur at a site with a riverine flood, as could the other storm conditions described in Section 2.3
such as low cloud cover, humidity, noise, and standing or moving water. However, depending

2-4



on the size of the drainage basin and the NPP location in the basin, the maximum riverine flood
could lag behind the storm so that the most adverse meteorological conditions do not occur at
the same time as the severest flooding, or the path of the storm might not cross the NPP site at
all. In those cases, environmental conditions might be more limited: moving or standing water,
waterborne debris, or noise and vibration (especially if the site is near a control structure such
as a dam). If snowpack were present in the watershed, floodwater could be colder than if there
was no snowmelt contribution.

Typically, floods are characterized with respect to the elevation and timing of the flood wave at
the site. For the purposes of designing and implementing flood protection and mitigation
procedures for NPPs, the complete time history of the onsite floodwater surface elevation (also
called the water surface elevation hydrograph, which could result in spatially varying inundation
depths on the site) is useful. Weather prediction, storm tracking, and real time river stage
monitoring are readily available for major rivers from the NWS forecast maps and NWS
Advanced Hydrologic Prediction Center (NOAA-NWS, 2015a, 2015b). Thus, riverine floods may
have longer, and possibly more reliable, warning times than floods caused by other FCMs.
However, flood warnings may not be available for smaller, local streams; these streams may be
subject to flash floods for which the warning time would be short.

2.2.3 Dam Failures

Failure of upstream dams and other water control structures can result from hydrologic failure
related to flooding in streams and rivers (see Section 2.2.2), from a seismic event, and some
form of structural weakening of the dam or embankment. Non-seismic and other non-hydrologic
dam failures are referred to as sunny-day dam failures. Release of stored water following a
failure could contribute to a flood of interest at any site. The elevation and velocity of the
floodwater would be influenced by the distance of the failed structure from the site, and the
amount of additional water released from behind the structure relative to the streamflow if the
structure had not failed. The environmental conditions directly associated with a dam failure
flooding event would be moving water and waterborne debris, standing water, debris and
sediment deposition, and possibly noise. Meteorological conditions during a dam failure flooding
event could be anywhere in the range of expected conditions that could occur at the site. In the
case of a hydrologic dam failure, these could be the same as the event causing the riverine
flood (i.e., heavy rain, wind, cloud cover, and humidity). For non-hydrologic dam failures, the
environmental conditions could be more limited: standing or moving water, waterborne debris,
debris and sediment deposition, and possibly noise. Floodwater temperature would be
influenced by the temperature of the water stored behind the dam relative to ambient
temperature. However, as with riverine flooding, meteorological conditions may not coincide
with the flooding event at the NPP site.

As with riverine floods, the flood hydrograph adjacent to the NPP site and onsite spatially
variable inundation depths caused by the dam failure flood is of interest. Warning times for dam
failure floods would depend on the failure mechanism, distance of the NPP site from the dam,
and flow characteristics of the flood in the river or stream channel.

2.2.4 Coastal Surge and Seiches
Storm surge or seiches cause or contribute to the design-basis flood at over 25 percent of U.S.
NPP sites, and could contribute to a flood of interest at any site near a large waterbody. Most

storm surge is associated with hurricanes or strong tropical cyclones (see Section 2.4.1);
however, storm surge in the Great Lakes is associated with large frontal systems and in the
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north Atlantic with nor'easter storms. As described in Section 2.2, storm surge is the rise in
offshore water elevation caused principally by the shear force of strong winds acting on the
water surface, with a secondary rise in water surface caused by the lowering of the air pressure
within a hurricane (NUREG/CR-7046; Prasad et al., 2011). When the storm surge reaches land,
surge wave height and force are influenced by many factors: storm size, speed, and intensity;
coastline shape, topography, and whether there are barrier islands; offshore shelf slope; and
angle of approach to shore. A wide, shallow shelf slope will produce a higher surge than a
steeper shelf slope, but a steeper slope will produce bigger, stronger waves given the same
storm intensity. Flooding results when the total water level (storm surge plus tides and waves)
exceeds the coastal ground level (NOAA, 2015a, 2015b).

A storm surge flood would be characterized by moving water and waterborne debris
accompanied by strong winds and likely heavy rain and noise. Water velocity can be very fast
depending on the wind speed and the force of waves or tides in addition to the surge height. A
large storm could also cause riverine flooding due to co-occurring precipitation over the
watershed, which could further increase the elevation of coastal floodwaters and increase the
severity of flood-related environmental conditions. Other environmental conditions could be
cloud cover resulting in poor visibility, high humidity, standing water, sediment or debris
deposition, windborne debris, and vibration. Standing water and deposited sediment or debris
could persist long after the surge event occurs.

Seiches occur in semi-enclosed or enclosed bodies of water when some external force, typically
meteorological, causes oscillation of the water surface resulting in a standing wave. Seiche
wave heights are greatest at the ends (shores) when the wave oscillates about a single center
point or node in a waterbody. Storm surge can turn into seiches when a sudden drop in wind
speed or atmospheric pressure allows the water pushed up by the wind to slosh back toward
the opposite shore. Wind driven waves can also be deflected at an angle from one shore toward
another (ISGS, 2015; Wiest & Farmer, 2002). Environmental conditions that could occur with a
seiche flooding event would be similar to storm surge: moving water, standing water,
waterborne debris, and sediment or debris deposition. The abrupt changes in atmospheric
pressure that could generate a seiche are usually associated with a storm front where high
winds, rain, and thunderstorms could occur. However, storm conditions are not always present
where and when the seiche affects the coast.

Warning times for storm surge can be of the order of several days (NOAA, 2015b).
Meteorologically induced seiches may also have relatively long warning times because the
frontal system would likely develop over several days. Seismically induced seiches may have
shorter warning times because of difficulties associated with predicting or forecasting seismic
events.

2.2.5 Tsunamis

Tsunamis are ocean waves typically generated by seismic activity, submarine or subaqueous
landslides, and volcanism (NUREG/CR-6966: Prasad, 2009). Tsunami-like waves caused by
landslides can occur in inland lakes and rivers; therefore, tsunamis and tsunami-like waves
could contribute to a flood of interest at any site affected by these phenomena. If the
disturbance is close to a coast, the tsunami can reach the coast in minutes. Environmental
conditions directly related to a tsunami flooding event would be moving water, waterborne
debris, and likely noise and vibration. Other conditions could be standing water, humidity, and
deposited sediment or debris that could persist after the event. Water temperatures would be
above freezing but could still be very cold. Tsunamis were considered in several deterministic
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combinations of flood causing mechanisms (e.g., combined with the 10 percent exceedance
high tide and 2-year winds for the site, which would add wind to the relevant environmental
conditions and could increase the severity of wave-related conditions). Because seismically
generated tsunamis are not weather related, a coastal NPP site could experience any of a
range of meteorological conditions at the time of a tsunami. However, landslides can be
triggered by heavy rains that saturate soils and may result in some likelihood of concurrent
weather conditions for near-field landslide generated tsunami-like waves.

Warning times for seismically generated far-field tsunamis can be from several hours to several
days (NOAA, 2015c). Near-field tsunamis often arrive in a matter of minutes.

2.2.6 Ice Effects

Ice jam formation requires subfreezing water temperatures accompanied by turbulence for a
freeze-up jam, usually in early or mid-winter, or a sharp increase in temperature or rainfall in an
ice-covered river causing a mechanical breakup jam in early spring. The environmental
conditions related to an ice jam flood of interest are likely to be cold air temperatures, moving or
standing cold water, and in some cases snow on the ground, waterborne debris, and sediment
or debris deposition. If a freeze-up ice jam occurs and causes flooding of an NPP site,
subfreezing air temperatures and ice are likely to be present at the site. The breakup of an
upstream ice jam could occur far upstream of an NPP site and freezing, or ice-related conditions
may or may not be present at the site. However, precipitation or snowmelt due to warming
temperatures or rain events that precipitated the ice breakup could occur. Therefore, riverine ice
effects could contribute to a flood of interest at any site affected by these phenomena.

Ice jams can develop over both significantly long periods and short durations. Subsequent
breakups of jams are sometimes foreseeable in a general sense; however, flash flooding often
accompanies their sudden breakup. Warning times for the possibility of these events may be a
few hours to several days depending on the dynamics of ice accumulation, while impacts of an
actual jam may occur with little warning and often occur at night, making lighting an
environmental condition of concern.

2.2.7 Channel Diversion or Migration

A flood resulting in diversion or migration of a channel toward an NPP site would likely be the
result of more widespread river, stream or seiche flooding that could also cause failure of man-
made channels, canals, or levees and could contribute to a flood of interest at any site affected
by these phenomena. Therefore, the environmental conditions associated with this FCM would
be moving water, waterborne debris and wind, and probably standing water and
sediment/debris deposition. The site could experience the same range of meteorological
conditions as those experienced during river and stream floods: precipitation (mostly as rain),
possibly accompanied by wind, humidity, poor visibility, and noise. Air and water temperatures
would be variable, but generally above freezing. A channel diversion of significant severity to
affect NPP sites may occur during large floods; warning times may be consistent with the
antecedent flooding events.

2.2.8 Combinations of Flood causing Mechanisms
NRC flood hazard assessment guidance (e.g. RG-1.59; NRC 1977) considers floods from

individual FCMs in combination with other mechanisms or events that could contribute to
floodwater elevations if they occurred prior to, concurrent with, or closely following the main
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flood event (ANS, 1992; NUREG/CR-7046; Prasad et al., 2011). Examples of expected
concurrent events are wind induced wave activity with most riverine and coastal flooding
scenarios, snowmelt with cool season rainfall induced riverine flooding scenarios, and high tides
with coastal flooding scenarios. Non-concurrent events include antecedent or subsequent
precipitation or antecedent snowpack. The suite of environmental conditions relevant to
combination of FCMs could include all conditions associated with each component FCM, as
summarized in Table 2.1.

The NRC guidance also considers reasonable and plausible combinations of individual FCMs at
individual severities less than their respective extreme conditions. Because this report considers
floods over a large range of magnitudes, possible combinations of individual FCMs are
considered with additional events or with other FCMs, independent of their severity, for the
purpose of identifying the ECs that may be present during a flood of interest. Also, FCMs and
combinations of FCMs can lead to multiple ECs (e.g. rain and wind) which will be discussed
later.

2.3 ldentified Environmental Conditions

The suite of environmental conditions that are associated with a flood of interest was used to
develop the primary ECs of concern that could be present while flood protection and mitigation
procedures are carried out and affect the performance of MAs. Most of the ECs considered by

Table 2.1 Combinations of flood causing mechanisms considered in identification of
environmental conditions
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Combination
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Mechanism(s)

Individual Flood
Causing Mechanism
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Local Intense Precipitation X X

Streams and Rivers X | X@] X X X Dam Failure, Storm Surge, Seiche
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(a) High tides are considered in streams and rivers if the NPP is located in the zone of tidal influence.

Sources: ANS, 1992; NUREG/CR-7046 Prasad et al., 2011
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Echeverria et al. (1994) (i.e., heat, cold, noise, vibration, and lighting) would also be present in
association with a number of flood causing mechanisms. However, several identified ECs that
are important in unsheltered work were not addressed in the 1994 review. In particular,
precipitation is an EC associated with many FCMs, and is included in this report. However,
specific types of precipitation (e.g., rain, sleet, and snow) or degrees of intensity are not listed
separately at this point, largely due to lack of research about their effects on performance. In
this report, the research team has separated some aspects of ECs that were combined in the
earlier work to discuss performance impacts outside those considered by Echeverria et al.
(1994). Humidity is such an example. Echeverria et al. (1994) treated humidity in the context of
high temperature (heat) as far as the impact on human performance was concerned. However,
humidity is associated with a variety of other impacts, ranging from fogging eyewear and
displays to tool slipperiness. Another example is wind, whose impacts were also closely tied to
temperature. However, under the external conditions considered in this report, wind can have
substantial effects on human actions (e.g., walking speed and risk of falling).

In addition to the primary ECs, several secondary ECs could be brought about by one or more
of the primary ECs. Slippery surfaces could occur with rain, ice, or snowpack; condensation
could occur with the right combination of temperature and humidity; windborne debris (dust,
missiles, or snow) or waterborne debris could likewise occur with the right combination of
conditions.

The results of the literature review of the ECs are summarized in Chapter 8 and detailed in
Volume Il. The 11 ECs of concern for flood mitigation and protection actions reviewed in this
report are:

Heat

Cold

Noise

Vibration

Lighting

Humidity

Wind

Precipitation

9. Standing and Moving Water
10. Ice and Snowpack
11. Lightning

N>R WD~
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3 IDENTIFICATION AND CHARACTERIZATION OF
MANUAL ACTIONS

This chapter describes the manual actions (MAs) identified from available sources in which
flood protection and mitigation activities were described. The research team characterized the
MAs based on their purpose and whether the actions would be performed in sheltered or
unsheltered locations.

3.1 Introduction

This chapter describes how MAs were identified that might be performed at U.S. nuclear power
plants (NPPs) in response to external flooding events. For the purposes of this report, an MA is
defined as a distinct group of tasks performed outside the main control room (MCR) to protect
the NPP or mitigate flooding impacts that require human action to accomplish. This definition is
similar to that used for operator manual actions in a fire event'; however, this report expands
this definition to include other types of plant staff. As the term is used in this report, MAs consist
of a set of tasks associated with distinct flood response functions (e.g., installing flood panels on
door openings, building a berm around a structure using sandbags, or installing and operating a
portable sump pump). Consistent with industry’s use of the term, the use of MA here is not
meant to imply that the action is limited to a physical action performed without the aid of
equipment. Rather, MA denotes that the action is taken outside the MCR. The action could
involve operating local controls, installing flood barriers, or setting up portable equipment. It is
the performance of these actions that would be affected by the environmental conditions (ECs)
during a flooding event.

3.2 Identification of Manual Actions

Because an inventory of MAs was not available, a two-pronged approach, as illustrated in
Figure 3.1, was employed to identify MAs associated with flood protection and mitigation
activities that might be performed at NPPs. It should be noted that the MAs identified by this
process are not intended to represent a complete list of the MAs that might be performed at
U.S. NPPs. In addition, because the research team did not have the opportunity to review the
MAs identified by this two-pronged approach with any NPP personnel or other subject matter
experts, the MAs and their characterization should be viewed as a first approximation only.

3.21 Wide Cross Section Approach

In the first approach, the research team reviewed and summarized a wide cross section of
flooding walkdown reviews across U.S. NPPs to obtain a high-level understanding of the salient
MAs that occurred repeatedly in the reviewed documents. The primary source of information
was the U.S. Nuclear Regulatory Commission (NRC) staff assessments of the licensees’
flooding walkdown reports, which are publicly available.

T NUREG-1852 (USNRC, 200743, p. xiii) similarly defined manual actions as “those actions performed by operators
to manipulate components and equipment from outside the main control room to achieve and maintain post-fire
hot shutdown, but not including ‘repairs’”. Although the focal events are different in NUREG-1852 (i.e., fire) and
this report (i.e., external flood), the common defining feature of the manual actions is that these actions take place
outside the MCR and are performed by personnel.
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manual actions

Figure 3.1 Identification of typical manual actions for flood protection and mitigation

As a consequence of lessons learned from events following the 2011 Tohoku earthquake and
subsequent tsunami, the NRC requested flooding walkdown reports from power reactor
licensees and holders of construction permits. The NRC asked the licensees and construction
permit holders to reevaluate the “seismic and flood hazards at their sites using updated seismic
and flooding hazard information and present-day regulatory guidance and methodology”
(USNRC, 2012b, p. 4). The NRC requested that the licensees and construction permit holders
provide further information to support the NRC staff's evaluation of potential regulatory actions
to be taken. Specifically, the NRC asked licensees and construction permit holders to conduct
flooding walkdowns to identify and address degraded, nonconforming, or unanalyzed conditions
and to verify the adequacy of the monitoring and response procedures. The NRC requested the
information about the following from the licensees and construction permit holders (see USNRC,
2012d Recommendations 2.1 and 2.3 for flooding).

e  design-basis flood hazard level(s) for all flood causing mechanisms

° flood protection and mitigation features considered in the licensing basis evaluation to
protect against external ingress of water into structures, systems, and components
important to safety

o the effectiveness of flood protection systems and barriers

. implementation of the walkdown process
findings of the walkdown process, including identification of degraded, nonconforming, or
unanalyzed conditions, and corrective actions taken/planned

o cliff edge effects? and the associated basis

° planned/newly installed flood protection systems or flood mitigation measures

2 The US. NRC Near-Term Task Force (NTTF) in response to events at Fukushima Dai-ichi in March 2011, defined
the cliff edge effect as a safety consequence of a flooding event that may increase sharply with a small increase in
flooding level.
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The NRC evaluated the submitted information and summarized it for each NPP in a staff
assessment. The research team reviewed, extracted, and compiled the actions, including
manual and main control room actions pertaining to flood protection and mitigation, into a matrix
(Appendix A). The actions included in the matrix are the most commonly documented in
external flooding responses across the staff assessments and are the core example set of MAs
in this report.

3.2.2 Narrow Detailed Approach

To supplement and enrich the information obtained from the first approach, the research team
also reviewed five detailed NPP flood protection procedures to identify specific MAs required. A
description of FLEX activities was also available to the research team. Diverse and flexible
coping strategies, or FLEX, is described as an approach to increase defense in depth for
beyond-design-basis scenarios to address the extended loss of alternating current power and
loss of normal access to the ultimate heat sink occurring simultaneously at all units on a site
(NEI, 2016). The second approach, as shown in Figure 3.1, provided information about the
instructions to personnel for performing these actions. The limited number of procedures
available for review covered required personnel actions in response to a variety of conditions
(e.g., dam failure, plant flooding, turbine building flooding, containment flooding, and external
flooding) and guidelines for operating under severe weather conditions and natural disasters
(e.g., hurricanes, tornadoes, tropical storms, severe thunderstorms, and seismic events).

Some of the procedures were of particular interest because they provided more extensive
information about MAs, both in terms of number of actions and level of detail. To illustrate the
depth and breadth of MAs identified in some of the reviewed procedures, one site’s MAs are
presented in Appendix B.

The following list presents a distillation of the MAs identified through this review of procedures:

Construct a sandbag barrier, berm, or levee around a structure.

Plug or seal drains.

Remove or relocate equipment (e.g., fire equipment, security equipment).
Stage diesel storage tanks or tankers.

Monitor and clear debris from traveling screen at the intake structure.
Bolt or weld steel plates over door openings.

Bolt or weld steel plates over floor drains, penetrations, and hatches.
Seal structural gaps.

Relocate, install, and operate diesel pumps.

Relocate, install, and operate additional electric- or gas-driven sump pumps.
Route sump pump discharge lines.

Position or secure hatch cover.

Monitor water level.

Monitor intake screens for plugging.

Fill the lube oil dump tank with water.

Remove the drive motor and install a hand crank (e.g., traversing the rake).
Provide diesel fuel and gasoline to power pumps.

Scarify or rip concrete and asphalt surfaces under levee.

Seal all conduits.

Plug manholes.

Rent/obtain watercraft.
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Remove/block ventilation ducts.
Cap discharge line and drain line.
Secure ladders.

Install electrical jumpers.

3.3 Characterization of Manual Actions

The research team grouped the MAs identified in the wide cross section approach according to
their principal purpose and the degree of sheltering the individual performing the MA would
likely experience (i.e., whether or not the individual performing the action would be outdoors
[unsheltered], partially sheltered, or indoors [sheltered])® Organized by the criterion of an action
being performed with or without sheltering, salient actions identified from the NRC staff
assessments were grouped as follows:

o MAs that may be entirely or partially performed outside a facility:
o  Deploy sandbags and build berms.
o  Place flood barriers.
o Close doors, gates, hatches, and manhole covers.
o  Secure drains, close valves, and seal openings.
o  Setup and operate portable pump and sumps.
o  Equalize pressure (open doors, weight floor).
o  Seal fuel vents and cover air intakes.
o  Monitor leakage, hazards, weather, and debris.
. MAs performed inside a facility:
o De-energize and adjust electrical power.
o Operate installed plant sump or pump systems.
o  Connect piping spool to alternate cooling source.
o  Connect electrical jumper to alternate power source.
o) Monitor leakage, hazards, weather, and debris.

Appendix A tabulates the pertinent content extracted from each NPP’s NRC staff assessment
for each of these actions.

The research team then compared the MAs identified using both approaches to examine the
consistency between the MAs identified from the flooding walkdown staff assessments
(Approach 1) and those gleaned from individual NPP procedures (Approach 2). In most cases,
the specific plant MAs identified using Approach 2 fit into the core MA set identified in the matrix
(Appendix A) produced using Approach 1.

3.4 Caveats, Exceptions, and Observations

The first approach provides a high-level, inclusive list of MAs and the second approach yields
more detailed information to ensure the high-level actions are consistent and compatible with
the actual operating procedures. The information generated by the second approach
corroborates that from the first; thus, the research team concluded that the matrix of MAs in
Appendix A is a credible foundation for understanding the type and range of flood protection and
mitigation MAs at U.S. NPPs. For example, the clearing of debris from the traveling screens at

3 Actions performed indoors can also be exposed to ECs associated with flooding events such as low or high
temperature, high humidity, and poor or no lighting.
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intake structures, which may be applicable at some plants, was not identified in the flooding
walkdown staff assessments examined. Another example is the transfer of equipment to higher
elevations, an action that appears in the external flooding response procedure for some plants.
This action could be associated with property preservation instead of, or in addition to, nuclear
safety.

Three observations of note emerged during the information assembly for MAs which are
important in consideration of human performance:

1. The execution of MAs is not limited to NPP operators. Unlike the choreographed actions
directed by emergency operating procedures in which command and control is well
established and the primary actions are performed by licensed operators, the flood
protection and mitigation MAs may be performed by licensed operators, licensed NPP
equipment operators, NPP craft labor, or by contractors brought in from offsite
locations®. This suggests that establishing clear and effective communication and
coordination among different groups of personnel responsible for implementing flood
protection and mitigation actions is an important consideration®.

2. MAs can take place in various locations that have different degrees of sheltering, such
as outdoors (no sheltering), indoors (full sheltering), or in semi-sheltered settings. The
degree of sheltering is assumed to affect the ECs to which the individual(s) performing
the MA are exposed, and therefore their impacts on performance. For example, if an
action is performed indoors, the individual may be protected from certain ECs (e.g.,
precipitation or strong wind) and his or her performance of the action is less likely to be
adversely affected by such conditions than if the action were performed without shelter.
This distinction was used in the research team’s grouping of MAs in the matrix.

3. Flood protection procedures can be initiated before or after a reactor trip. Warning time
may allow some actions to occur before reactor trip, however, they still play an important
role in risk assessment during a flood event.

4 The personnel that conduct flood protection and mitigation MAs are referred to as “personnel” throughout this report

5 Personnel who execute the MAs are assumed to be sufficiently trained or that training will be treated separately
from the environmental conditions. Shaping factor such as training and fatigue are not part of this work and likely will
be treated separately in any future application
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4 OVERVIEW OF THE IMPACT ASSESSMENT APPROACH

To provide insights on what aspects of performance of manual actions are affected by
environmental conditions, while maximizing the utility of the available research, the research
team selected a task analysis modeling approach. This classical approach was selected for its
applicability to address the problem at hand, in which only basic information is available about
the nature of the tasks being assessed and their relationships to nuclear power plant (NPP)
status, and the tasks generally involve time-consuming physical activities and relatively
straightforward decision-making. The proposed task analysis approach supports the
development of information that could be used in an assessment process to identify the manual
action-environmental (MA-EC) combinations that warrant more detailed analysis. Previous
chapters of this report describe the nature of the environmental conditions whose effects are to
be assessed and the types of flood protection and mitigation Manual Actions (MAs) that NPP
personnel would implement in response. This chapter presents an overview of existing impact
assessment approaches that informed the research team in the development of their proposed
task analytic approach, which was used as a basis for developing human performance
information relevant to the environmental conditions likely to be experienced during flood
protection and mitigation procedures.

4.1 Existing Impact Assessment Methods for Environmental Conditions on
Human Performance

The assessment of environmental impacts on the performance of MAs can be accomplished
using different approaches. In many performance assessment approaches, impacts from
weather-related ECs, such as those that are the focus of this report, are not considered, either
because the activities being evaluated are taking place in sheltered conditions or the ECs
themselves do not vary significantly and/or can be controlled. When the type and potential
severity of ECs considered in this report are incorporated into an impact assessment, the full set
of environmental conditions is seldom addressed. Instead, the assessment includes only the
pertinent subset of environmental conditions considered to have the potential to alter individual
or team performance, and most commonly, only those expected to show considerable variability
in indoor settings. These include lighting, heat, vibration, and noise. In addition, the principal
assessment methods developed for application at NPPs address the performance of tasks in
which the physical effort (and the time spent performing the physical action) is inconsequential.
These methods therefore focus on estimating probabilities of errors rather than penalties on
performance time. However, some of the methods developed to assess the impacts of ECs on
the performance of tasks that involve extensive physical activity, such as those performed by
soldiers, place primacy on estimating the impacts on performance time.

The following sections briefly review existing methods to assess human reliability, focusing on
the impacts of environmental conditions. Methods reviewed are from a variety of industries
including Nuclear Power, railroad and military.

4.1.1 Probabilistic Risk Assessment and Human Reliability Analysis for the Nuclear
Power Domain

Analysts conducting performance impact assessments for NPPs have developed methods to
address pertinent environmental conditions as part of probabilistic risk assessments (PRAs). In
some PRAs used for NPPs, the assessment focuses on how the environmental conditions
would affect the performance of human failure events (HFEs) which are defined as basic events
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that represents a failure or unavailability of a component system or function that is caused by
human inaction or inappropriate action. These assessments typically draw upon extensive prior
analysis that has identified and characterized the HFEs and is supported by further analysis to
establish human reliability in performing these actions under normal or baseline conditions. In
human reliability analysis (HRA) methods? used to support PRAs, modifications of baseline
conditions that are likely to affect performance in a way that increases or decreases the human
error probabilities (HEPs) of HFEs are termed performance shaping factors (PSFs).

In HRA, the concept of PSFs, also labeled performance influencing factors (PIFs), is central to
estimating HEPs. A PSF or PIF is defined as “a factor that influences human performance and
human error probabilities, including time available, stress/stressors, complexity,
experience/training, procedures, ergonomics/human-machine interface, fitness for duty, and
work processes” (NUREG/CR-6883, Gertman et al., 2005).When the environmental conditions,
that are the focus of this report are addressed in HRAs, they are typically addressed as PSFs
and contribute to the development of HEPs3. Consequently, in these HRAs, the effects of a
particular EC (e.g., high air temperature, loud noise) are usually being assessed for highly
specified activities and the impact is assessed in terms of its effect on the probability of error in
performance of the HFE, i.e., impact on the HEP.

As noted in NUREG-1792, Good Practices for Implementing Human Reliability Analyses, PSFs
are characterized as having a weak/strong positive, neutral (or not applicable), or negative
influence on the probability of human error, regardless of the specific method or tool being used,
to translate information about a PSF into a quantified HEP (NUREG-1792, USNRC, 2005).
Values of PSFs are based on empirical data, if available, and/or expert judgment. In one
approach, shown in Table 4.1, nominal (baseline) HEPs are multiplied by the influence value of
the PSFs to derive HEPs that reflect the impact of the PSF (SPAR-H, Blackman et al., 2008;
Boring & Blackman, 2007). The influence value of the PSF represents its entire spectrum of
performance impacts on the HEP for that HFE. For each HFE, these values often reflect prior
research on the types of errors that might occur, how the various PSFs affect the probability of
those errors, and the consequence of those errors on the probability of an HFE.

Environmental conditions, referred to as environmental stressors in HRA, are typically

considered along with other PSFs to quantify HEPs. HRA methods reviewed in this work include
the Technique for Human Error-Rate Prediction (THERP, NUREG/CR-1278, Swain &

Table 4.1 Relationship between PSF and HEP

0<PSF<1 | HEP overal < HEP nominal | ENnhancing reliability
HEP overal = HEP nominat * PSF PSF =1 HEP overal = HEP nominai | NO impact on reliability
PSF > 1 HEP overal > HEP nominal | Reducing in reliability
Adapted from Boring, 2010, Equation 1

' Lighting, heat, vibration, and noise and other environmental conditions considered pertinent, for example, smoke
and radiation

2 In HRA, the definition and analysis of HFEs, along with the quantification of the failure probability of HFEs, relies on
a range of analytic methods that typically involve a sound task analysis to derive an understanding of the factors most
relevant to the action (NUREG-1792, USNRC, 2005).

3 In an HRA of NPP personnel actions, performed in the main control room or other indoor locations, other factors
such as task complexity, available time, and workload are typically dominant concerns.
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(NUREG/CR-6883, Gertman et al., 2005), and the Integrated Decision-tree Human Error
Analysis System (IDHEAS, NUREG-2199 Volume 1: USNRC, 2016a). In THERP,
environmental stressors include temperature, humidity, air quality, noise, vibration, illumination,
and degree of general workplace cleanliness (Boring et al., 2007). In SPAR-H, environmental
conditions are part of a PSF called stress/stressors, which includes conditions such as heat,
noise, ventilation, and radiation (Blackman et al., 2008). In SPAR-H, the impacts of stressors
are operationalized by using multipliers that increase HEPs for levels of the stressor (e.g., the
multipliers for extreme stress = 5, high stress = 2, and nominal stress = 1, as noted by
Blackman et al. (2008).

These HRA methods have been primarily applied to actions performed indoors, where the
physical environment is controlled, except during unusual circumstances such as a fire event.
NUREG-1792 (USNRC, 2005) notes that actions taken outside the main control room could be
subject to ECs (e.g., those from radiation, lighting, temperature, humidity, noise, smoke, toxic
gas, weather) sufficient to impair performance, perhaps even preventing individuals from
performing some actions. A scoping quantification approach introduced in USNRC, NUREG-
1921 (USNRC, 2012a) adjusts HEPs with respect to different levels of smoke, heat, and toxic
gases and provides guidance on how to adjust THERP HEPs to represent the influence of other
environmental conditions (e.g., low or emergency lighting).

4.1.2 Danish Railway Task Analytic Approach with “Generic Tasks”

The Technical University of Denmark developed a task analytic approach to support the
introduction of a new signaling system for the Danish railways. Their approach uses PSFs with
multipliers in combination with what they called “generic tasks” to support a task level
quantitative HRA (Thommesen & Andersen, 2012). The approach uses estimated HEPs based
on and extrapolated from literature. Thommesen and Andersen developed a list of generic tasks
for the analysis that were designed to be applicable to the rail domain and representative of
tasks that would be performed upon adoption of the new signaling program. They justified the
use of a first-generation HRA method (Human Error Assessment and Reduction Technique
[HEART]) because it focuses on the skill-based and rule-based levels of human action and is
less resource intensive to use than other alternatives. This method is recognized as relatively
ineffective in addressing errors of commission and is not well suited to predicting and capturing
actions performed by individuals outside the scope of predefined or predicted task scenarios.
However, it is considered informative and cost effective for a new and yet to be deployed
application, such as a new signaling program. Thommesen and Andersen argue that it is
appropriate to begin by applying a first-generation method, while reserving the more complex
methods that may capture lack of resilience against less common and ill-defined situations until
task relationships and skills and knowledge requirements have been defined. The set of seven
generic tasks Thommesen and Andersen developed for this assessment are shown in Table 4.2
which illustrates the use of highly abstracted generic actions in an impact assessment.

41.3 Task Analysis for Activities that Involve Extensive Physical Effort

Impact assessment methods developed by other organizations, such as the U.S. Army
Research Laboratory (ARL), focus more on consequences in terms of time, effort, and errors
than on human reliability and risk metrics. The ARL approach was developed to inform analyses
of human versus system function allocations, mission effectiveness, maintenance staffing
determinations, mental workloads, predictions of human performance under extreme conditions
(including weather conditions), and performance as a function of varying personnel skills and
abilities (Allender, 2000). Some of the research conducted by the ARL has focused on
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Table 4.2 Generic tasks as described by Thommesen and Andersen

Task Description
Human The highest obtainable reliability (minimal error rates; based on Kirwan,
performance limit | 1994)

Simple, familiar, and frequent task; skill-based or rule based performance
Simple routine |and judgment (e.g., normal tasks involving a deviation from planned
operations; based on HEART Hickling, 2007)

Familiar, relatively frequent task, requiring knowledge-based performance

Nontrivial familiar and judgment; normal tasks involving a deviation from planned operations

Familiar content routinely conveyed, and where at least a limited template

Communication, o . .
for communication is available, and error capture and correction are

routine .
possible
Communication, |Unforeseen, novel content, where no template—or only a rudimentary
nonroutine one—is available.
Task characterized by some urgency and stress due to safety or
Emergency

production concerns, for which a plan of action (a template, a script) and

scenarios, known . , )
relevant information are available

Emergency Task characterized by a high degree of urgency and stress due to safety
scenarios, or production concerns where no adequate plan of action (a template, a
unknown script) is available, and relevant information is uncertain or missing

Source: Thommesen and Andersen (2012)

understanding how outdoor ECs affect the performance of soldiers in their interactions with
systems and operating environments (e.g., Salvi, 2001). In ARL’s approach, the effect of
environmental stressors on the time and accuracy of task performance is the focus of the
assessment. A task analytic approach similar to ARL is particularly appropriate for the
assessments discussed in this report, in which the sequencing of tasks is not yet clearly
delineated and may be flexible and the relative contribution of the tasks to higher level
performance measures (e.g., plant status) is not clearly specified.

In ARL’s approach, currently represented by the stochastic network modeling tool IMPRINT
(Improved Performance Research Integration Tool: ARL, 2017), missions are decomposed into
functions (i.e., a process or activity required to achieve a desired goal; NUREG-0711, Rev. 3:
USNRC, 2012c), which are then further decomposed into tasks and subtasks. The IMPRINT
software is designed to explicitly model the relationship among tasks, including repeating,
branching, and recovery tasks and provides an appropriate computation framework of network
relationships. Tasks (or subtasks, as needed) are defined at a level of detail that permits
characterizing them in terms of ability and performance requirements (defined as taxons;
Allender, 2000; Salvi, 2001). Ideally, the analyst has, or can develop or estimate, the following
information about each of the tasks:

o time and accuracy — the length of time the task usually takes to complete and the
likelihood of failure under baseline conditions;

o effects — the circumstances that must occur before, during, and after the task;

o failure — the consequences of task performance failure;

. crew — the personnel who will be performing the task;
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o taxons — the categorization used to describe the workload composition of the task;

o paths — the decision logic describing the conditions under which each of the individual
paths leaving a task is taken; and

o workload demand — value(s) indicating the relative demand on the individual performing a
task.

The ARL’s assessment approach analytically differentiates the varying impacts of stressors on
different aspects of human performance associated with tasks. The approach uses performance
degrading (or enhancing) factors and degradation (or enhancement) algorithms based on
research and expert judgment that quantitatively relate a stressor to its effect on a task’s taxons
(O’Brien et al., 1992; Salvi, 2001; Wojciechowski, 2007). By contrast to the NPP HRA methods
discussed above where the PSF increases or decreases, the HEP, and therefore the probability
of an HFE, the ARL'’s task analysis approach estimates the effects of the stressor on aspects of
human performance associated with the task, (i.e., the taxons), and from that, estimates the
effect on performance. The method is also designed to reflect whether the research indicates
that the stressor primarily affects the time or accuracy of taxons (Bagnall & Sargent, 2008). In
the assessment of tasks involving outdoor activities similar to those identified as MAs and
stressors similar to the ECs, the ARL approach allows a focus on impacts on time, which may
be important in assessing success of an MA.

The ARL approach builds upon the function and task analysis. A branching logic tree
determines how the functions and tasks are connected at their respective levels, indicating
whether functions and tasks are repeated, performed simultaneously, serially, or
probabilistically. It is at the basic task level, the lowest level, where detailed information such as
accuracy and time data reside.

To access the Stressor capability in IMPRINT, a task is defined by "taxons." which depict
inherent task characteristics and a weighting scheme is used to describe the degree to which a
particular task relies on a particular taxon. For example, the task of repositioning a helicopter in
flight may involve maneuvering the aircraft, which is classified as fine motor-continuous, and
sending or receiving information by radio, which is classified as communication (oral). The
analyst chooses the applicable taxons and IMPRINT applies the environmental stressors,
referred to as performance degrading factors, in the IMPRINT lexicon, proportionally with
respect to the taxons associated with each task. The ARL approach uses a taxonomy that has
nine categories (O’Brien et al., 1992; Wojciechowski, 2007). These taxons are (1) visual
cognition/visual discrimination, (2) numerical analysis, (3) information processing/problem-
solving, (4) fine motor-discrete, (5) fine motor-continuous, (6) gross motor light, (7) gross motor-
heavy, (8) oral communication and (9) written communication. If a task involves multiple taxons,
the impact of a stressor on task performance is estimated by: (a) calculating the effect on time
or accuracy due to the effect of the stressor on each taxon, weighted by the percentage the
taxon constitutes of the task, and (b) summing the effects from the constituent taxons (Salvi,
2001).

IMPRINT analysts rely upon prior research and expert judgment to specify the percentage of
each taxon associated with a task. Performance degradation/enhancement factor values are
based on basic research, empirical studies, previous experience, expert opinion gathered
through surveys or questionnaires*, or informed estimates (O’Brien et al., 1992; Salvi, 2001;
Schipani et al., 1998; Wojciechowski, 2007).

4 Studies using IMPRINT have mostly been focused on evaluating military activities and personnel performance
degradation.
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4.2 Proposed Framework to Apply Results from the Research Literature to
Assess Impacts on Manual Actions

Based on the nature of the flood protection and mitigation tasks being evaluated and the limited
information available about the MAs and their relationships to plant status, the research team
concluded that a task analysis framework and approach, adapted from ARL, offered a suitable
method for assessing the impacts of the environmental conditions being addressed in this
report. Consequently, as described in Chapters 5 through 8, the research team applied this
framework and approach in (1) reviewing the research literature to establish performance
measures, worker ability, and task demand characteristics; (2) decomposing MAs into tasks,
subtasks, and specific actions and characterizing them in terms of the demands they impose on
those performing them and (3) summarizing what research was found about how the ECs that
may prevail during flooding events affect performance demands and task performance. The
team also discussed an extended framework to generalize specific actions when conducting an
analysis across a large set of plants or for identifying what ECs might prevail during flooding
events.

It should be noted that information about HEPs and the impact of environmental PSFs
developed by research supporting the various HRA methods can be combined with information
developed to support the proposed task analytic approach described in this report. However, it
is also important to recognize the preliminary nature of the impact assessment process for the
MAs identified in Chapter 3. Information was not available about the performance of these MAs
under normal conditions, the time available, their interrelationships, or the consequences of
failure to complete them successfully. Consequently, the proposed framework is designed to
illustrate steps that could be taken to collect and/or generate some of the information needed to
conduct a detailed impact assessment within the proposed approach. This process would
identify the MA-EC combinations that warrant more focused attention and clarify the aspects of
task performance most affected by the ECs. The proposed approach can be refined in the future
as site-specific assessments are performed and lessons learned are incorporated.
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5 HUMAN PERFORMANCE MEASURES, ABILITIES, AND TASK
PERFORMANCE DEMANDS

As part of the review of the research literature and development of the impact assessment
approach, the research team examined the measures used to account for the impact of
environmental conditions (ECs) on human performance. They also reviewed how researchers
and impact assessors describe and categorize human abilities and task demands when their
purpose is to apply research findings to the explanation or assessment of impact on the
performance of different types of tasks. They paid particular attention to how impact assessment
methods used or developed by the U.S. Nuclear Regulatory Commission (NRC) to address
these issues would apply to the problem at hand, in which the human actions occur outside the
main control room; often involve extensive and demanding physical action; are not highly
proceduralized and may evolve as the flood event continues; and often require movement from
one physical location to another.

Based on consideration of the purposes of this project, the type of human actions being
addressed, the nature of the environmental conditions, and the variables addressed in the
human performance research literature, the research team concluded this chapter by
introducing a taxonomy which it calls performance demands.

5.1 Measures of Human Performance

To assess the impact of ECs on the performance of manual actions (MAs) associated with flood
protection and mitigation, it is important to clarify the dimensions of performance that are
pertinent to the purpose of the assessment. The human factors research literature identifies
many different measures for assessing how well a task is performed. Wreathall (2000) set forth
the following desirable characteristics of human performance measures:

o Objective: not easily manipulated or not involving judgments that can be arbitrary.
Quantitative: to allow trending and comparison with other measures.

. Simple to understand/represent worthy goals/possess face validity: to reinforce and
encourage improved performance.

. Related to/compatible with other programs: if possible, measures should be integrated
into existing programs to affect efficiency as minimally as possible.

Gawron (2008) categorized performance measures into six groups, reflecting the various ways
human factors researchers have addressed task performance. Wickens et al. (2016) have
delineated accuracy, speed, and attentional demand’ as “the big three” in performance
assessment. The “big three” are reflected in personnel safety and personnel error concerns
pertinent to the nuclear power domain (e.g., error or incident rates). Of these, the two that are
the focus of the assessment of the impact of ECs on the performance of specified tasks, within
this work, are (1) accuracy and (2) time?. “Accuracy” measures the degree of correctness in

" Workload and attentional demand (i.e., the amount of visual and cognitive attention required to complete a task
(Mazloumi et al., 2010) have been identified as important task characteristics that affect human performance.

2 The remaining measures are (3) task batteries, (4) domain-specific measures, (5) critical incident measures, and (6)
team performance measures. “Task batteries” are made up of multiple tasks designed to measure a range of basic
abilities representative of different domains. “Domain-specific measures,” in contrast, are focused on components of
a family of related tasks. “Critical incident measures” are typically used to identify factors associated with worst case
performance, for example physiological measures of environmental tolerance that set boundaries for safety (e.g.,
heat and/or cold). “Team performance measures” assess the abilities of teams (e.g., two or more persons) working
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performing a task given that there is a known and correct way to perform a task. “Time”
measures the speed of performing a task given that there are well-defined beginning and ending
points for the task.

In practice and experimental studies, tradeoffs between aspects of performance, especially
between accuracy and performance time, are frequently observed and investigated (Heitz,
2014; Salvi, 2001; Wickens et al., 2016; Wood & Jennings, 1976). At the same time, it has been
noted that some of the cognitive phenomena that occur during task performance and affect
performance time and/or accuracy are not directly observable (e.g., learning, memory, quality of
mental models?, situation awareness, and overconfidence in decision-making). ECs can affect
these cognitive processes and affect performance time and/or accuracy.

Based on a review of the salient human performance literature, the research team concluded
that one of the most important impacts of ECs associated with external flooding events is an
increase in the time needed to perform required MAs (other performance measures, especially
accuracy, can also be useful for assessing the performance of MAs). EC impacts on
performance time are widely addressed in the research literature (e.g. Gawron, 2008; Wickens
et al., 2016). The effects of environmental conditions (and the duration of exposure to them)
have been shown in experiments to impair time of performance and accuracy, unless extra time
is used (e.g. for cold, Allan et al., 1974; for vibration Schipani et al., 1998). Perkins et al. (2011)
note that for large external flood events (particularly dam failure), depending on active flood
mitigation procedures is a “major factor in uncertainty” in risk is the response time for the action
to be completed after initiation. Schneider et al. (2016) discusses the multiple time
dependencies of human performance for flood mitigation actions including interference from
non-safety actions conducted by others in preparing the plant for a flooding event, time delays
due to sequencing and on recovery from time delays. These are all delays that may require a
“need to expedite other actions that may now need to be carried out in a more adverse
environment” (Schneider et al., 2016). Dependence on time in operating plants was identified by
NRC through the SDP process for 3 NPPs between 2012 and 2013 (USNRC, 2013a, 2013b,
2013c). These SDPs were results of a plant’s inability to maintain or implement flood mitigation
procedures considering all actions within the credited time.

Both operational research literature and operational experience show that, beyond time for
completion, lack of accuracy (e.g., a step of a task performed erroneously or skipped entirely)
can have significant impact on performance (Hallbert et al., 2006). However, the relatively
protracted time over which many flood protection and flood mitigation actions take place (e.g.,
building berms and placing barriers) often provides ample opportunity for workers to detect and
recover from errors. The ability to recover from such performance errors can allow the
assessment of accuracy to be evaluated as an increase in time for the manual action to be
completed (Schneider et al., 2016). Consequently, these human errors that lead to inaccurate
performance in external flood mitigation tasks (which are allotted sufficient time for recovery and
additional attempts) may be assessed in terms of the time it takes to recover from those
mistakes and their effect on total task times. It should be noted that influencing factors beyond
accuracy and available time (or time delays) are likely to be important to the success of a task.

together to accomplish a common task. All six groups of these measures were found in literature that explored the
environmental effects on performance, but the primary focus of the examples and proof-of concept model has been
on speed performance time and accuracy.

3 A mental model is a person's internal, personalized, contextual understanding of how something works, (i.e., a
psychological representation of external reality) that is hypothesized to play a major role in cognition, reasoning, and
decision-making.
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5.2 Human Performance, Task Demands, and Macrocognitive Functions

The goal of the assessment and the nature of the impacting agents affect the information about
human performance and task demands that analysts need to support the assessment of impact.
Unlike many factors whose impact on performance has been the subject of inquiry and
assessment, the ECs addressed in this report have the potential to affect both human abilities
(e.g., by affecting the individual’s sensory systems, physical strength) and task demands (e.g.,
increasing the physical effort required to remain upright; increasing the navigation requirements
to reach a target destination). Consequently, the research team concluded that the dimensions
used to describe the tasks to be performed should also be appropriate for describing the human
abilities required to perform the tasks and, to the extent possible, the way the research literature
describes the mechanisms and effects of the environmental conditions being assessed.
Research on human performance and task analysis highlights the importance of linking task
demands with performance theory to facilitate the interpretation or prediction of environmental
impacts on task performance.

Studies of human performance point out that performance theory enables the basic research on
dimensions of performance assessment to be brought to bear on clarifying the performance
implications of particular stressors. As Sanders (1998, p. 471) asserted, “It [performance theory]
is the only way in which decomposed elements of real-life tasks can be related to corresponding
performances, as studied in the basic literature.” A significant purpose of this project is to
identify and review relevant basic research literature regarding the impact of the environmental
conditions identified in Chapter 2 on the performance of the type of MAs identified in Chapter 3.
The research team reviewed the taxonomies developed in performance theory and those
reflected in NRC human reliability analysis (HRA) and human factors research and methods to
inform not only the description of the MAs but also the research literature review. Taxonomy is
defined here as a classification system to simplify complex events and objects so that useful
relations among them, such as similarities and distinctions as well as patterns, are established
(Miller, 1967).

Researchers have developed a host of taxonomies of human performance since the 1960s
(Lance et al., 2013). Fleishman (1975) distinguished four approaches to classifying worker
performance:

the behavior description approach (Fine, 1963; McCormick, 1964)

the behavior-requirements approach (e.g. Annett & Duncan, 1967)

the ability-requirements approach (Fleishman, 1975)

the task characteristics approach (Farina & Wheaton, 1971; Hackman, 1970)

The actual taxonomies used in impact assessment methods often reflect combinations of these
approaches.

5.21 Taxonomies to Support Human Reliability Analysis for Nuclear Power Plants

The taxonomies developed by and for the NRC for the assessment of human reliability in
nuclear power plants (NPPs) are focused on understanding and predicting human errors within
the highly complex and proceduralized operating environment of an NPP. These taxonomies
are designed to identify and estimate the probability of errors and failures. They are designed to
be applied to human actions that involve complex decisions that may have to be made quickly,
by domain experts, in risky or high stakes situations but that do not involve extended physical
exertion or movement. Consequently, this research and these methods have focused on
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cognitive and psychological processes and sources of errors. For example, in NUREG/CR 5680
Volume 2, human performance and the effects of varying environmental conditions were
examined from the perspective of performance abilities, defined as “the human capabilities,
such as perception or psychomotor skills, that are necessary to perform tasks” (Echeverria et
al., 1994, pp. 2-2). A key conclusion from this research was that a wide range of performance
abilities are needed to perform the various tasks at NPPs. Echeverria et al. (2016, p. 2-2 - 2-3)
identified a number of key performance abilities and their related measures. According to
germane research literature presented by Echeverria et al. (2016, p. 2-2 - 2-3), the performance
abilities shown in Table 5.1 are applicable to NPP operator performance and are influenced by
various ECs.

Taking advantage of recent developments in cognitive and behavioral science, the NRC
reviewed research literature to provide a cognitive basis for human reliability analysis in NPP
control rooms (NUREG-2114, USNRC, 2016b). Designed to support the development of the
NRC’s HRA method “The Integrated Human Event Analysis System (IDHEAS)”, NUREG-2114
adapted five macrocognitive* functions to represent a complete span of NPP operators’
cognition when performing complex tasks (USNRC, 2016b). NUREG-2114 also developed a
framework to document the process of the macrocognitive functions, the mechanisms
underlying the processes, and the effects of performance shaping factors (USNRC, 2016b).
Their broad review of research literature pertaining to cognitive psychology, behavioral
psychology, neuropsychology, human factors, and human performance on NPP operator
actions also included Chang and Mosleh (2007e, 2007d, 2007b, 2007a, 2007c), O’Hara et al.
(NUREG/CR-6947, 2008), and Roth (2010). These macrocognitive functions are listed in Table
5.2.

5.2.2 Taxonomies for Assessments Outside the Nuclear Power Domain

O’Brien et al. (1992) describe another task performance taxonomy. In this taxonomy, task
success is a function of personnel characteristics. In general, these personnel characteristics
are cognition, perception, psychomotor skill, and physical characteristics. However, building on
their own research with U.S. Army personnel and expanding on the work of earlier researchers
such as Fleishman and Quaintance (1984), O’Brien et al. (1992) ultimately identified a broader
set of characteristics and generated a task taxonomy to predict worker performance, given

Table 5.1 Performance abilities and measures from NUREG/CR-5680

Performance Abilities |Measures

Attention Memory, vigilance, switching
Vision Acuity, threshold perception, memory
Perception Pattern recognition, visual recognition
Psychomotor skill Simple and choice reaction time, coordination, tracking

Manual dexterity One hold test, flexibility
Cognitive functions | Reading, arithmetic, reasoning
Mood and comfort Annoyance, sense of well-being
Source: NUREG/CR-5680, Echeverria et al., 1994, p. 2-2 - 2-3

4 Macrocognition describes cognition in real world settings, focusing on the nature of human performance “in the field”
and on “what humans do with their brains in applied complex settings.” The five cognitive functions in this approach
“interact with each other in a continuous, nonlinear loop involving parallel and cyclical processing” (NUREG-2114:
USNRC, 2016b, p. 9).
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Table 5.2 Macrocognitive functions and their definitions

Macrocognitive
Functions Definition
Sensation, perception, attention processes that allow humans to
perceive important information in the work environment and focus
selectively on those that are pertinent to present activities.
Understanding the meaning of the information detected,
Understanding evaluating, hypothesizing, diagnosing, and integrating facts and
and Sensemaking | theory. Includes situation awareness and is based on the
data/frame theory of sensemaking.
Goal setting, planning, re-planning and adapting, evaluating
options, and selection.
Implementing a single manual action or a predetermined
sequence of manual actions that involve manipulation of
Action hardware and/or software that affects plant status. A
neurophysiological process that is based on hierarchy pathways,
automaticity, and sensory feedback.
Team interactions to coordinate work on a task, including
coordination, collaboration, and communication between
individuals. It specifically includes leadership and supervision as
well as crew interaction issues such as command and control.
Source: NUREG-2114 (USNRC, 2016b)

Detecting and
Noticing

Decision-making

Teamwork

varied types of tasks and conditions that could degrade human performance. The
characteristics identified in O’Brien’s’ task taxonomy, which he refers to as “taxons,” are listed in
Table 5.3.

As previously discussed in Chapter 4, these taxons were subsequently used in a software
program, IMPRINT (Improved Performance Research Integration Tool), developed by the U.S.
Army to assist in analyses of human performance for a wide variety of tasks. The IMPRINT Pro
Users Guide refers to these taxons as elements of “workload composition.”

5.2.3 Comparison of Taxonomies

There are, however, differences in the taxonomies. The abilities framework in NUREG/CR-5680
(Echeverria et al., 1994) implies attention to individual differences and explicitly lists mood and
comfort, both of which were explicitly excluded from the scope of this project. Given its focus on
cognition, the macrocognitive functions framework of NUREG-2114 (USNRC, 2016b) does not
include physical motor skills beyond the neurophysiological aspects of action that lead to errors
of execution. As noted above, the MAs that are the subject of this report include more extensive
physical activities than the human actions that are performed in an NPP main control room and
are the focus of the (NUREG-2114, USNRC, 2016b) approach. The taxonomy of IMPRINT does
not specifically identify attention but does specifically call out cognitive-numerical analysis. It
also collapses other cognitive processes into a single category called cognitive information —
problem-solving and decision-making. IMPRINT also places reading and writing into the
communication category.
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Table 5.3 Taxons and their definition from O’Brien and IMPRINT

Taxons | Definitions
Perception-Vision Using the eyes to identify or discriminate objects or information.
Cognltlve-Nu_merlcaI Performing arithmetical or mathematical calculations.
Analysis

Interpreting technical information, classifying objects into
Cognition-Information |categories, troubleshooting or identifying the cause or source of an
Processing and Problem- | existing problem or failure, planning or developing a set of
Solving procedures for performing future actions, and selecting the "best"
course of action from a set of multiple alternatives.
A set of discrete actions performed in a predetermined sequence.
Fine Motor-Discrete These actions largely involve movement of the hands, arms, or
feet and require little physical effort.
A set of actions that are performed continuously. These actions
include the continuous actions needed to keep a system on a
specified path (e.g., piloting, driving); aim a device at a target,
Fine Motor-Continuous | either by pointing the device directly or by moving a cursor or other
control device; or align two objects with one another by
continuously moving one or more of the objects until they are
properly aligned.
Actions involving extensive physical effort or exertion such as
lifting an object, moving it from one point to another, and lowering
Gross Motor-Heavy it; lifting and/or lowering an object and unloading or releasing it;
and using a wrench or other tool to tighten or loosen a screw, bolt,
or other fastener.
Actions involving the entire body that do not require extensive
physical effort.
Communication-Reading |Reading text or numbers off a display or sheet of paper or writing
and Writing with a pen or pencil.
Talking or listening to another person; can involve face-to-face or
radio or phone communication.

Gross Motor-Light

Communication-Oral

Table 5.4 presents the three taxonomies. There is considerable commonality between the
performance abilities identified in NUREG/CR-5680 Volume 2, the taxons used in IMPRINT, and
the macrocognitive functions identified in NUREG-2114 (ARL, 2017; Echeverria et al., 1994;
USNRC, 2016b). The performance abilities, the taxons, and the macrocognitive functions
associated with task performance present a number of parallel concepts about the important
attributes of tasks and their performance.

There are, however, differences in the taxonomies. The abilities framework in NUREG/CR-5680
(Echeverria et al., 1994) implies attention to individual differences and explicitly lists mood and
comfort, both of which were explicitly excluded from the scope of this project. Given its focus on
cognition, the macrocognitive functions framework of NUREG-2114 (USNRC, 2016b) does not
include physical motor skills beyond the neurophysiological aspects of action that lead to errors
of execution. As noted above, the MAs that are the subject of this report include more extensive
physical activities than the human actions that are performed in an NPP main control room and
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Table 5.4 Comparison of taxonomies from three sources

Performance Abilities and | Taxons from O’Brien and | Macrocognitive Functions from

Measures from NUREG/CR- IMPRINT Cognitive Model presented in
5680 Vol 2 (Workload composition) NUREG-2114
Attention Detecting and Noticing

(Memory, vigilance, (Sensation, perception, and
switching) attention)
Vision
(Acuity, thrr;]ezrgqo;?y?erceptlon, Visuall |
: (Pattern recognition and
Perception Discrimination)
(Pattern recognition, visual
recognition)
Cognitive-Numerical Understanding and
Analysis Sensemaking
(Arithmetic or mathematic) (Understanding, evaluating,
Cognitive Functions Cognitive Information — hypothesizing, diagnosing, and
(Reading arithmetic and Problem-Solving and integrating)
reasoning) Decision Making Decision-Making
(Interpreting, classifying, (Goal setting, planning,
identifying, planning and replanning and adapting,

selecting a course of action) | evaluating options, and selection)
Fine Motor — Discrete

(Sequence of movements
requiring little physical

effort)
Fine Motor — Continuous
Psychomotor Skill (Such as aligning, driving, or
(Simple and choice reaction piloting) Action
time, coordination, tracking) Gross Motor — Heavy (Physical implementation,
Manual Dexterity (Extensive physical effort

neurophysiological function)
(One hold test, flexibility) such as carrying, loading,

lifting, lowering, torqueing
and pulling)
Gross Motor Light
(Whole body without
extensive physical effort)
Communication

Teamwork
(read & write) (Coordination, communication &
Communication — Oral cooperation, crew interaction, &
(In-person or electronic) command & control)
Mood and Comfort

(Annoyance, sense of well-
being)

Echeverria et al., 1994 ARL, 2017; O'Brien et al., 1992

USNRC, 2016b
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are the focus of the (NUREG-2114, USNRC, 2016b) approach. The taxonomy of IMPRINT does
not specifically identify attention but does specifically call out cognitive-numerical analysis. It
also collapses other cognitive processes into a single category called cognitive information —
problem-solving and decision-making. IMPRINT also places reading and writing into the
communication category.

5.2.4 The Performance Demand Taxonomy

Based on consideration of the purposes of this project, the type of human actions being
addressed, the nature of the environmental conditions, and the variables addressed in the
human performance research literature, the research team adopted a taxonomy that combines
human abilities and task requirements, which it calls performance demands. The taxonomy
reflects the macrocognitive framework developed in NUREG-2114 (USNRC, 2016b) in that it
recognizes the overlap among functions and their iterative, nonlinear nature. It is also informed
by the emphasis in NUREG-2114 (USNRC, 2016b) on mechanisms. However, it modified the
taxonomy presented in NUREG-2114 to reflect the less complex, less proceduralized, and the
more actively physical nature of the MAs associated with flood protection and mitigation
(USNRC, 2016b). The taxonomy adopted for this project, therefore, is not limited to cognitive
functions, but includes neurophysiological and physical functions as well. In addition, as
discussed above, it is designed to support the assessment of impacts on performance time for
the reasons discussed above in section 5.1. The research team applied the term “performance
demands” to this taxonomy in order to reflect its joint consideration of effects on human abilities
and the demands imposed by task performance and to avoid confusion with the theories and
terminologies associated with other taxonomies. The taxonomy of performance demands is
shown in Table 5.5.

Based on this taxonomy, the following nine performance demands (with their corresponding
component aspects listed in Table 5.5) are used in the rest of this report:

Detecting and noticing

Understanding

Decision-making

Action — fine motor

Action — gross motor

Action — other neurophysiological functions
Teamwork — reading and writing
Teamwork — oral communication

© ® N>k~ DN

Teamwork — crew interaction.
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Table 5.5 Taxonomy of performance demands

Performance

Demands

Detecting and
Noticing

Definition

Attention, memory, vigilance, switching®, acuity, perception and
threshold perception

Sensation and visual recognition

Understanding

Pattern recognition, discrimination, evaluating, hypothesizing,
diagnosing, and integrating

Decision-making

Reasoning, computation, interpreting, classifying, goal setting,
planning, adapting, and evaluating and selecting options

Fine motor skills — discrete and motor continuous, and manual dexterity

Action Gross motor skills — heavy and light
Other neurophysiological functions
Reading and writing
Teamwork In-person and electronic oral communication

Cooperation, crew interaction, and command and control.

(a) Switching is defined as switching from one task to another.
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6 DECOMPOSITION OF MANUAL ACTIONS AND GENERALIZATION

The objective of the decomposition described in thisa chapter is to illustrate a process that
analysts could use to characterize MAs at a level of specificity that allows application of the
information derived from the research literature review. Lacking site-specific information about
plant layout or equipment, the results of the decomposition process presented in this chapter
should be viewed as a first approximation of the types of activities that make up the manual
actions (MAs) and should not be interpreted as a complete or accurate list. Three
decomposition examples are provided to illustrate how analysts could implement the approach
and some of the specific steps they would perform.

The last section describes how grouping specific actions (SAs) that have similar performance
demand profiles’ could reduce the level of effort required for assessments conducted using this
approach. The SAs thus identified into a set of generalized actions (GAs), allows the effects of
environmental conditions (ECs) on an MA to be examined at a finer level of granularity and in a
site-independent manner. It also discusses the possibility that the performance demand
requirements of some subtasks and tasks may be sufficiently clear and affected by the
prevailing ECs in such a way that tasks or subtasks could serve as the unit of analysis. It then
discusses the basis for characterizing actions in terms of their performance demand profiles.

6.1 Purpose and Approach

The MAs identified through the review process described in Chapter 3 are high-level activities.
Consequently, they are often complex, consisting of multiple, quite diverse tasks and subtasks
that involve sequential movements and a combination of motor and cognitive functions and
processes. They often involve tasks and subtasks that take place at more than one location,
require travel from one location to another, and use varying levels of automation and/or types of
tools or equipment. To identify how ECs affect the performance of MAs associated with flood
protection and mitigation, the research team designed a process for decomposing the MAs into
their component lower-level actions. This process generally follows the task analysis approach
used in human performance applications. This decomposition provides the basis for
characterizing those activities in terms of their performance demands and associating them with
the ECs that might affect their performance.

The research team applied a simplified hierarchical task analytic approach (Kirwan & Ainsworth,
1992; Preece et al., 1994) to decompose the MAs into progressively lower-level activities: tasks,
subtasks, and specific actions. This hierarchical decomposition approach (Figure 6.1) helps
address the complexity of MAs and provides documentation of the set of activities that compose
the MA. Tasks consist of the actions required or believed to be necessary for an individual or
team of individuals to achieve a predetermined system goal, using appropriate devices as
needed. A subtask is a lower-level task upon which successful performance of the task relies.
Tasks may contain no subtasks or multiple subtasks. Tasks and subtasks can be further
decomposed into even lower-level actions, termed specific actions (SAs). The main
characteristic of an SA is its link to specific human actions that require only a few performance
demands.? Task decomposition used in human reliability analysis (HRA), especially in nuclear

" The performance demand profile of an SA or a GA is defined by the relative contributions of the performance
demands required to perform the action.

2 Note that SAs obtained from decomposing a particular site’s MA would contain site-specific information—e.g., as
part of the MA, an individual must walk a particular distance on the given site under unsheltered conditions.
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Specific actions
= Walking from a designated
location to a target location
= Operation a transport
vehicle from a designated

Manual actions Tasks, subtasks, and location to a target location
= Staff assessments speEcmc rtapt(ljons ¢ = Opening or closing
. ’ , | xpertjudgemen ,  designated doors
zlgjg(gesrror:g;\;%rnp;r;ts © INeler power plants” . Ope?ating hoists at a
mitigation procedures ficod|protectionjand designated location to
mitigation procedures perform lifting, loading,

and elevating objects

= Communicating orally to
coordinate timing of
designated activities

Approach:
= Expert judgement
= Literature review

Figure 6.1 Decomposition of flood protection and mitigation manual actions

power plant (NPP) safety studies, often helps identify potential errors and estimate failure
probabilities in risk analyses (NUREG/CR-2254, Bell & Swain, 1983; NUREG/CR-3371-Vol. 1,
Burgy et al., 1983; Itoh et al., 1990; Smidts et al., 1997). In this instance, the immediate goal is
not to estimate individual errors, failure probabilities, or improve individual performance,
although it could contribute to those goals. The current objective is to gain a better
understanding of the kinds of tasks, subtasks, and SAs required to complete the MAs in order to
support the systematic examination of ECs’ impacts on the types of activities required for flood
protection and mitigation.

6.2 Decomposition to Tasks, Subtasks, and Specific Actions: Clarifying Aspects
of the Manual Actions

Drawing from research on human factors and ergonomics, we use a number of terms to
facilitate discussion of the proposed decomposition approach. MAs were previously defined as a
distinct group of tasks performed outside the main control room (MCR) that require human
action. The MAs in Figure 6.1 represent the MAs associated with flood protection and mitigation
that are salient and typical across NPPs. As described in Chapter 3, the team developed a set
of typical MAs by reviewing a large number of NRC staff assessments and five plant-specific
flood protection and mitigation procedures.

Equipped with an understanding of which MAs might be required at NPPs in response to
external flooding, the research team decomposed a few selected MAs into tasks and subtasks
to illustrate the process and the types of tasks and subtasks that might be undertaken before
and during flooding events. Information for this decomposition exercise was limited to available
reference documents and best professional judgment. Additional analysis and consultation with
NPP staff that perform flood protection and mitigation activities would be needed in a full, site-
specific analysis to clarify the interdependencies among the MAs, tasks, and subtasks, and to
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establish nominal performance times and error types and rates for them. It is the research
team’s view that a hierarchical task analysis tool with capabilities similar to those in IMPRINT
could be used to develop this information.

In the current research context, a task, subtask, or SA will typically consist of a mix of cognitive
and manual (motor or physical) performance demands. This interplay is important because the
combined demands of motor and cognitive components affect the speed and reliability of task
performance (Bedny et al., 2014). A task, subtask, or SA is thus construed as logically
organized cognitive and motor components (performance demands) undertaken to successfully
complete the MA. The immediate goal of the proposed decomposition of MAs is to provide a
clearer articulation of the tasks, subtasks, and specific actions required to complete an MA,
which can then serve as the basis for the systematic examination of the impact of ECs on the
performance of these tasks and actions?3.

In general, there is flexibility in task decomposition. Consequently, tasks can be decomposed to
varying levels of detail (Annett, 2003). The following factors helped determine the appropriate
level of task decomposition for this project:

o The level of detail should reflect the scope and depth of the available pertinent
information, expert knowledge, and procedures. More detailed information will likely
support decomposition of an MA to a finer level of detail. Lack of information can
significantly restrict the extent to which an MA can be decomposed.

o The level of detail should be balanced against its associated cost. Annett and Duncan
(1967) proposed a P*C criterion to determine the optimal level of task decomposition. In
the context of HRA, P represents the probability of error at a particular level of
decomposition and C represents the cost of inadequate performance at that level. If one
of the two factors are low, the need for further decomposition diminishes. This project’s
initial decomposition attempt decomposed an MA into the basic units of human behavior.
However, this level of fine detail was determined to be excessively burdensome, without
value added, and lacked sufficient return on investment to justify the level of effort.
Therefore, a slightly coarser unit of analysis (i.e., SA) was used to make the
decomposition more tractable without compromising its analytical relevance and
usefulness.

. The level of detail should be consistent with that of the model into which the task analysis
feeds, based on the judgment of the modeler(s).

For a probabilistic risk assessment (PRA), Bell and Swain (1983) stated the level of detail
necessary in a task analysis and the amount of information recorded should reflect the level of
detail (qualitative or quantitative) of the PRA and are obviously determined judgmentally. The
guiding rule for this determination is that one should be able at a later date (perhaps when the
results of the HRA are compared to those from another analysis) to recapitulate the rationale for
the HEP (Human Error Probability) estimates that were used in the analysis. Although the
current project is not part of a probabilistic analysis effort, it is nonetheless useful to consider the
underlying modeling utility that the decomposition can potentially offer to HRA performed in
support of a PRA.

3 Hierarchical Task Analysis is typically conducted as one of the preparatory steps in identifying how human errors
would affect plant status and safety. Additional information about the consequences of failure to complete an MA (or
its component tasks, subtasks, or SAs) and the characterization of human failure events would need to be developed
for this assessment and were outside the scope of this project.
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6.3 lllustration of Decomposition to Tasks, Subtasks, and Specific Actions

Three decomposition examples were produced using the approach discussed in the previous
section. Five specific NPP flood protection and mitigation procedures were available to the
research team, to review, thus, the decomposition outcome presented in this section is a first
approximation with no external validation. It should be taken as a heuristic tool to help readers
understand how decomposition was done in this study. In the future, subject matter experts
could be invited to review and provide confidence in the decomposition results.

MAs were decomposed through group discussion and consensus building. The research team,
representing expertise in PRA, HRA, human factors, industrial hygiene, hydrology and
environmental science, assembled available information about the MAs and followed a
preliminary set of criteria to guide the decomposition and characterization of an MA into tasks,
subtasks, and SAs. The research team did not establish clear criteria for distinguishing between
the different levels of decomposition (i.e., task, subtask, SA), but expects those criteria to evolve
and be refined as MAs are decomposed in consultation with the NPP staff who has experience
in performing them. The research team used the following to select the MAs to decompose:

o The MA should have a high level of complexity and thus provide an appropriate illustration
of the decomposition approach.

o The MA should be salient in flood protection at multiple NPPs.

o The research team should have access to detailed information about the MA, either from
prior knowledge or access to reference documents.

The MAs selected for decomposition were to (1) install a portable pump, (2) install flood barriers
on exterior intake structure walls, and (3) build a sandbag berm around the service water
strainer pit. In decomposing the three selected MAs into tasks, subtasks and SAs, the research
team applied the following preliminary criteria:

o Each progressive level should be associated with accomplishing an objective of the level
above it (i.e., a step in a procedure that is associated with a goal).

o The lowest level of decomposition should allow assignment to a single sheltered category
(i.e., sheltered, semi-sheltered, unsheltered).

o The lowest level of decomposition should allow assignment to a single location category
(i.e., fixed, semi-fixed, or variable).

The following examples present the MAs and their tasks, from which a task is selected to be
decomposed into subtasks, from which a subtask is selected to be decomposed into SAs.
Though hypothetical, the examples are based on an actual MA for an NPP in the United States.

6.3.1 Decomposition Example 1 — Install a Portable Pump

One type of MA, identified by several NPPs as an action that would be performed in response to
an external flooding event, is the setup and operation of portable pumps. To illustrate how an
MA might be decomposed into SAs, the research team developed an example: “Install a
portable diesel pump.” This MA was selected because it is complex, has several and varied
subtasks, and would be performed at both sheltered and unsheltered locations. The MA was
divided into the following tasks:
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1.

Clear Debris. This task involves clearing debris from the haul path between the reactor
building where the pump will be installed and the locations where the pump, fittings, and

hose are stored.

Load and Unload the Portable Pump. This task involves driving to the location where

the portable diesel driven pump is located; loading the pump; driving to the location
where the pump’s fittings and hoses are located; loading the equipment; transporting the
pump, fittings, and hoses to the reactor building; and unloading the equipment.

Set Up the Portable Pump. This task consists of connecting fittings, adapters, and

hoses from the portable diesel driven pump to a plant cooling system; staging fuel;
fueling the pump; and aligning valves.

Operate the Portable Pump. This task consists of turning on the pump, controlling it to

needed operating parameters, and monitoring control.

Among the tasks, “clear debris” was the most exposed to ECs (i.e., unsheltered) and “set up the
portable pump” and “operate the portable pump” were performed inside a reactor building (i.e.,
sheltered). Task 2, “load and unload the portable pump,” was further decomposed into subtasks

and SAs (Table 6.1).

Table 6.1

Task 2 — Load and Unload Portable Pump

Degree of
Sheltering

Specific Actions

Location

lllustration of decomposing load and unload portable pump

Comments

Subtask 2.1 — Drive Transport Vehicle to E
. Transport vehicle is located away
Walk_ 19 U5 e ve_hlc_:le Unsheltered | Variable |from reactor building and equipment
location from reactor building o
storage building
Enter the transport vehicle Unsheltered | Fixed See;iscolgnel must unlock and open the
This involves driving to a location
Operate the transport vehicle Semi- away from the reactor buildings.
to move it from its location to sheltered Variable |Considered semi-sheltered because
the equipment storage building weather could affect visibility and
hearing.
. : Semi- .
Exit the transport vehicle sheltered Fixed
Open the equipment storage . . .
building door (i.e., highbay | Unsheltered | Fixed Zzésgazg[:;"o"t’ﬁ: é‘g(')?cr':gghg‘:’i:rﬁor
door of the storag the building) P 9 '
Enter the transport vehicle Semi- Fixed
sheltered
Qperate _th_e UrEsar yeh|cle Semi- . Involves pulling the transport vehicle
to move it into the equipment Variable |. L
i sheltered into the storage facility.
storage building
Exit the vehicle Semi- Fixed
sheltered
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Task 2 — Load and Unload Portable Pump

Degree of
Specific Actions Sheltering | Location Comments

Subtask 2.2 — Load Diesel Dri [ Vehicle

This task involves positioning the
hoist over the load, and lifting,
moving, and lowering the load into

Operate the powered hoist to
load the pump on the transport | Sheltered Fixed

vehicle . .

place using the hoist controls.
Perform manual work with This task involves primarily physical
simple equipment (i.e., secure | Sheltered Fixed |movements, such as gripping and

pump on the transport vehicle pulling, to apply load constraints.
Subtask 2.3 — Drive Transpo i torage Container
Personnel must unlock and open the
vehicle.
Operate the transport vehicle Includes drlv!ng the transport v_eh_lcle
from the equipment storage building
to move the pump from the . . )
. . Semi- . to the equipment storage container

equipment storage building to Variable ) . .

. sheltered location. Considered semi-sheltered
the equipment storage

; . because weather could affect

container location

visibility and hearing.

Enter the transport vehicle Unsheltered | Fixed

. : Semi- :
Exit the transport vehicle sheltered Fixed

Subtask 2.4 — Load Equipme iner on Transport Vehicle
Involves unlocking and opening the
Sea-Van container.
Involves gathering (gripping and
lifting) hoses and fittings from the
Load equipment (i.e., hoses Semi- storage container and loading them
and fittings) on the transport Unsheltered fi onto the transport vehicle. This

, ixed ,
vehicle subtask is assumed to be mostly
unsheltered and to occur when

opening the container.

Open the large container door | Unsheltered | Fixed

Perform manual work with
simple equipment (i.e., secure
equipment onto the transport
vehicle

Subtask 2.5 — Drive Transport Vehicle to Reactor Building Location Where Equipment

This task primarily involves physical
Unsheltered | Fixed |movements, such as gripping and
pulling, to apply load restraints.

Will Be Unloaded

Enter the transport vehicle Unsheltered | Fixed SEEOINE G e £ e i

vehicle.

Includes driving the transport vehicle
Operate the transport vehicle from the storage container location to
from the equipment storage Semi- Variable the reactor building where the pump
container location to the sheltered will be unloaded. Considered semi-
reactor building sheltered because weather could

affect visibility and hearing.
Exit the transport vehicle S Fixed

sheltered

6-6



Task 2 — Load and Unload Portable Pump

Communicate electronically Involves communication and
outside the reactor building Semi- Semi- |coordination with individuals in the
(i.e., to get the high bay door sheltered fixed |reactor building to have the high bay
open) door opened.
Operate .th.e t.ransport HEAE Semi- Semi- |Includes driving transport vehicle into
to move it inside the reactor . 2

- sheltered fixed |the reactor building.
building

: : Semi- :
Exit the transport vehicle sheltered Fixed
Subtask 2.6 — Unload Pump, Hoses, and Fittings from Transport Vehicle
Operate the powered hoist to Involves positioning the hoist over
unload the pump and other . the load, and lifting, moving, and

s Sheltered Fixed . . :

equipment from the transport lowering the load using the hoist
vehicle controls and physical movements.

6.3.2 Decomposition Example 2 — Install Flood Barriers on Exterior Intake Structure
Walls

Several NPPs identified the placement or installation of flood barriers as an MA that would be
performed in preparation for an external flooding event. To illustrate how this MA might be
decomposed into tasks, subtasks, and SAs, the research team decomposed an example:
“Install Flood Barriers on Exterior Intake Structure Walls.” This MA was selected because it is
representative of MAs credited for several plants, craft labor would be involved in the
construction activities, it has several and varied subtasks, and it would be performed in
unsheltered and sheltered locations. This MA was divided into the following tasks:

1. Fabricate Steel Plates. This task involves fabricating steel plates for placement over
ventilation and other openings on the walls of the intake structure of the appropriate size
and with fastener holes in the correct locations.

2. Clear Debris. This task involves clearing debris that may have accumulated or is
present in the area around the intake structure or any haul paths.

3. Stage Steel Plates and Equipment. This task involves transporting steel plates,
fasteners, and hand tools from the shop area to locations around the outside of the
intake structure.

4. Prepare Wall Surfaces for Barrier Placement. This task involves preparing the exterior
intake structure wall by removing fixtures (e.g., vent screens) and applying sealant
around openings.

5. Fasten Barriers onto Exterior Walls. This task consists of placing the steel plates
against the intake structure exterior wall opening and fastening it into place.

Task 5, “fasten barriers onto exterior walls” was further decomposed into subtasks and SAs
(Table 6.2).
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Table 6.2

Task 5 — Fasten Barriers onto Exterior Walls

Degree of
Sheltering | Location

Specific Actions

lllustration of decomposing fasten barriers onto exterior walls

Comments

Subtask 5.1 — Procure a Forklift and Move It i

Walk from the current location of
the individual performing the
subtask to where the forklift is
parked

Unsheltered

Variable

to Lift the Steel Plate

If a forklift is not already available
from an earlier subtask in which
material and equipment are
staged at the intake structure,
then a forklift must be procured.

The forklift was assumed not to

to the appropriate exterior wall
locations

Operate the forklift to pick up the
steel plate

Operate the forklift to move the
steel plate

Subtask 5.3 — Place the Steel Plz

Unsheltered

Unsheltered

te Against the O

Climb into the forklift Unsheltered Fixed

have an enclosed cab.
Operate the forklift from the This action involves driving
forklift's parking location to drive Unsheltered | Variable around the building to appropriate

Subtask 5.2 — Load Steel Plate onto Forklift

Fixed

Variable

locations and requires a forklift
operator.

This task involves a skilled forkilift
operator using the forklift controls
to lift the steel plate.

Using the
This task involves a skilled forklift
operator using the forklift controls
to move the steel plate to where it
needs to be installed at openings.

Communicate non-electronically
with other personnel to
coordinate placement of steel
plate on the exterior wall

Unsheltered

Variable

Involves non-electronic
communication and coordination.

Operate the forklift to place the

This task requires a forklift
operator to drive the forklift and to

the wall/door

Fasteners

Use hand tools (i.e., drill holes in

Subtask 5.4 — Drill Holes into the Intake Struct

steel plates against the doors or | Unsheltered S_eml- mar_n_pulate i gz plate_z Il
. : fixed |position. It may also require the
openings on the exterior walls : . o
coordinated actions of additional
personnel.
Move heavy materials manually . . .
(i.e., adjust the steel plate against | Unsheltered Fixed Requires the coordinated actions

ure and Secure Steel Plate Using

of several personnel.

This task involves skilled
personnel (i.e., craft labor) using

place)

X Unsheltered Fixed |hand tools to drill holes in intake
the exterior walls)
structure walls for lag bolts or
concrete anchors.
. This task involves skilled
Use hand tools (i.e., to place lag ersonnel (i.e., craft labor) usin
bolts or concrete anchors in Unsheltered Fixed p T 9

hand tools to place lag bolts or
concrete anchors.
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6.3.3 Decomposition Example 3 — Build a Sandbag Berm around the Service Water
Strainer Pit

Another type of MA identified by several plants that would be performed in preparation for an
external flooding event is the building of berms or using sandbags, curbs, or, in some instances,
heavy equipment. To illustrate how this MA might be decomposed into tasks, subtasks, and
SAs, the research team decomposed an example: “Build a Sandbag Berm around the Service
Water Strainer Pit.” This MA was selected because it is representative of MAs that are credited
for several NPPs, had several and varied subparts, and would be performed in unsheltered
locations. The MA was divided into the following tasks:

1. Procure Sandbags. This task involves obtaining sand bags from the County Emergency
Operations Center.

2. Build a Sandbag Filling Rack. This task involves building a sandbag filling rack to hold
bags open for filling the bags.

3. Clear Debris. This task involves clearing debris that may have accumulated or is
present in the area of the sand pile, service water strainer pit, or haul path.

4. Stage Sandbags, Equipment, and Front-end Loader. This task involves transporting the
sandbags, the sandbag filling rack, and hand tools for filling the bags to the location of
the sand pile. This task also involves procuring and bringing a front-end loader to the
location of the sandbags.

5. Fill Sandbags. This task involves filling the sandbags with a front-end loader and hand
tools and loading them onto a transport vehicle.

6. Transport Filled Sandbags to the Service Water Strainer Pit. This task involves
transporting the filled sandbags to the service water strainer pit.

7. Place Sandbags around the Service Water Strainer Pit. This task consists of building
a 6 ft berm using sandbags around the service water strainer pit.

Task 5, “filling the sandbags,” was further decomposed into subtasks and SAs (Table 6.3).

Table 6.3 lllustration of decomposing filling sandbags

Degree of
Sheltering | Location |Comments

nd Loader and Move It i

Walk from the current location of
the individual performing the
subtask to where the front-end
loader is parked

From an earlier task, a front-end
Unsheltered | Variable |loader has been procured and is
available at the sand pile site.

The front-end loader was
assumed not to have an enclosed
cab (though some front-end
loaders do have enclosed cabs).
Ope.-r.ate lthe front-end loader to Unsheltered | Variable Requir.es front-e:nd loader
position it operating experience.

Climb into front-end loader Unsheltered Fixed
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Task 5 - Filling the Sandbags

Specific Actions

Degree of
Sheltering | Location

Comments
Move It into Position

Subtask 5.2 — Procure Transpo
Walk from the current location of
the individual performing the
subtask to the parking location of
the transport vehicle

Vehicle, Op

Unsheltered

Variable

Transport vehicle is located away
from the reactor building and
equipment storage building.

Personnel must unlock and open

Move the equipment into
position (i.e., set fill rack into
position at designated location)

Unsheltered

Enter transport vehicle Unsheltered Fixed )
vehicle.
Considered semi-sheltered and
Operate the transport vehicle to Semi variable location because although
" o emi- . . . . -
move it into position Variable |the vehicle driver will be in the
sheltered . .
truck cab, the driver will move
from one location to another.
Exit the transport vehicle Semi- Fixed
P sheltered

Subtask 5.3 — Set Up the Sandbag Fill Rack

Semi-fixed

Requires two individuals to move
the rack. The primary motions
would be gripping and lifting.

Set up the equipment (i.e., hang
the sandbags on the fill rack
Subtask 5.4 — Fill Bags Using
Operate the front-end loader
(i.e., drive the front-end loader to
the sand pile)

Unsheltered

Unsheltered

Fixed

Variable

The task involves driving the front-
end loader and requires front-end
loader operating experience.

Operate the front-end loader
(i.e., scoop sand into the loader
bucket)

Unsheltered

Semi-fixed

The task involves operating the
front-end loader controls to scoop
a bucket of sand. Requires front-
end loader operating experience.

Operate the front-end loader
(i.e., drive the front-end loader to
the fill rack)

Unsheltered

Variable

Operate the front-end loader
(i.e., place sand into bags using
the front-end loader bucket)

Subtask 5.5 — Adjust Fill Amou
Use hand tools (i.e., to adjust the
amount of sand in sandbags to
appropriate amount)

Unsheltered

Unsheltered

Semi-fixed

d Tools and

Semi-fixed

This task involves dumping sand
from the front-end loader bucket
into the sandbags at the fill rack
using the front-end loader
controls. Requires front-end loader
operating experience.

Close Bag

This task involves use of hand
tools to level out or adjust the
amount of sand in the sandbags.

Perform manual work with

This task involves manually

simple equipment (i.e., take Unsheltered Fixed |gripping, lifting, carrying, and
sandbags off fill rack) moving filled sandbags off fill rack.
Perform manual work with This task involves manually using
simple equipment (i.e., tie off the | Unsheltered Fixed |the tie strings at the top of the
sandbags) sandbag to tie off the bag.
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Task 5 - Filling the Sandba

Specific Actions
Subtask 5.6 — Load the Filled S

Load material manually (i.e., This task involves gripping, lifting,
sandbags) onto the transport Unsheltered Fixed |and carrying sandbags to load
vehicle onto the transport vehicle.

6.4 Summary of Decomposition and Examples

The procedures in the five site-specific flood protection and mitigation examples that the
research team reviewed include anticipatory actions that are typically performed well in advance
of any pending external environmental threat to an NPP. The steps required to perform these
anticipatory actions are laid out in written procedures, although information about sequencing or
time estimation was not available to the research team. In addition to these proceduralized
activities, flooding events may also require actions, which may not be proceduralized, to be
taken in response to evolving situations. Given the dynamic nature of flooding events, MAs will
likely include both proceduralized and non-proceduralized activities, which would need to be
identified in the MA identification and decomposition process for each specific site.

The decomposition process was conducted by individuals without expert knowledge of either
the MAs or the context in which they would be performed and has not been verified. The
example MAs, tasks, subtasks, and SAs presented in this report are included to illustrate the
type of MAs, tasks, subtasks, and SAs that might need to be performed in preparation for or in
response to a flooding event, and they should be interpreted as illustrative, but not as a reliable
and exhaustive inventory of MAs.

6.5 Generalization of Specific Actions and Evaluation of Performance Demands

This section describes the concept of reviewing SAs, determined from the decomposition of
MAs, to identify actions that are repeated or that are very similar in order to assemble a
parsimonious list of generalized actions (GAs). As shown in Table 6.4, it may be possible to
create more generalized descriptions of the activities represented by the GAs that allow multiple
SAs to be grouped into these generalized categories.

If this type of analysis is conducted over a large set of sites, consolidating SAs into a smaller
number of GAs could reduce the level of effort needed to decompose site-specific MAs,
evaluate the SAs, determine their performance demand composition, and establish how they
would be affected by ECs. However, the site-specific context of the SA, including the time and
location at which it takes place, can influence the ECs that would apply (as well as other factors
that affect performance). Consequently, the method must provide the ability to reposition the
GAs back into their task hierarchy and account for site context.

Depending on plant design and the adopted flood protection and mitigation procedures, the list
of MAs, SAs, and GAs may be quite large. Consequently, it is likely that a preliminary evaluation
to identify the MAs, SAs, and GAs warranting quantitative assessment under different potential
ECs could save considerable time and effort. In its review of plant-specific flood protection and
mitigation procedures, the research team also found that a number of tasks and subtasks are
performed at multiple sites. Therefore, the decomposition into GAs may not be necessary, but in
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the case of differing SAs across plants, the GA concept could reduce the effort required to
decompose MAs at different sites.

To illustrate the review and aggregate concept, the research team aggregated the SAs identified
from the small subset of MAs discussed above into a preliminary example set of GAs, as shown
in Table 6.4. In this example, SAs are decomposed into a set of GAs whose performance
demand profiles are sufficiently similar that an EC would affect them similarly. The
decomposition exercise revealed that the GAs could be performed across the range of sheltered
conditions (i.e., sheltered, semi-sheltered, or unsheltered) and at fixed, semi-fixed, or variable
locations, factors that analysts would need to consider in site-specific assessments.

It is worth noting that the appropriateness and validity of the decomposition of MAs may be
constrained by the availability of authoritative information (e.g., detailed plant flood procedures)
and subject matter experts (e.g., individuals who have experience in performing these actions).
Method validation and expert feedback should be sought to (1) improve the results and the
outcome of the task decomposition effort, and (2) pave the way for the integration between GA
characteristics and MA performance in the context of varying ECs.

6.5.1 Characterization of Generalized Actions in Terms of Performance Demands

In the proposed impact assessment approach, ECs affect human performance through their
impact on the performance demands of the task being performed. Consequently, an analyst
would assess the impact of an EC on the performance of an MA by first analyzing how the EC
affects the performance demands that make up the GA. MAs, tasks, subtasks, and SAs call
upon and impose a variety of performance demands on those performing them. For example:

o Loading material onto a transport vehicle imposes demands primarily on gross motor
skills and to a smaller extent on detecting and noticing and decision-making.

o Operating a heavy vehicle calls on motor and cognitive skills.

o Communication and coordination impose demands on cognitive and communication skills.

Other SAs (e.g., energizing a jumper cable) call upon fine motor skills (e.g., finger movements
at a bus panel) as well as cognitive skills.

Although a single individual may perform some actions, team communication is likely to be
especially important in performing the actions undertaken for flood protection and mitigation.
Consequently, the MAs will include actions with high communication performance demands.
The research literature on human performance and task and system design provides a long
history of methods to understand the performance demands that different tasks impose.
Methods such as task analysis (Kirwan & Ainsworth, 1992; Wheeler & Toquam, 1991), cognitive
task analysis (Crandall et al., 2006; Kieras & Meyer, 2000; Militello & Hutton, 1998; Pirolli &
Card, 2005; Schraagen et al., 2000), verbal protocol analysis (Tolbert & Bittner Jr., 1991; Triggs
et al., 1990), time-motion studies (Maynard et al., 1948; Quick et al., 1945), human performance
and task taxonomy analysis (Fleishman et al., 1984; Gilbreth & Gilbreth, 1924) and operational
sequence diagraming (Kurke, 1961; Nakanishi & Okada, 2012) have been used to characterize
the demands imposed by tasks of different types and the human abilities needed to perform
them. In the course of this historical work, including work supporting ARL, information has been
developed about the performance demand profiles of many specific activities.

However, if an analyst is starting to develop a performance demand profile of an action, one
approach is to proceed sequentially through the main demands of the action as it would be
performed. Task analysis strategies can be applied to characterize actions. GAs can be defined
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Specific Actions from

Decomposition Exercise

Table 6.4 Example generalization of specific actions

Preliminary Example of
Generalized Actions (GAs)

Walk to transport vehicle location from reactor
building (Subtask 2.1)

Walk from current location of individual performing
the subtask to where forklift is parked (Subtask
5.1)

Walk from one location to a target
destination (e.g., to a vehicle).

Enter/exit transport vehicle (Subtasks 2.1, 2.3, 2.5)
Climb into the forklift (Subtask 5.1)

Enter or exit a vehicle or light or heavy
motorized equipment.

Operate the transport vehicle (Subtasks 2.1, 2.3,
2.5)

Operate/drive a transport vehicle from
one location to a target destination.

Open high bay door of storage building (Subtask
2.1)
Open large container door (Subtask 2.4)

Manually move a building or large
container door into a target position
(e.g., open or close).

Operate the powered hoist to load or unload
equipment (Subtask 2.2, 2.6)

Operate a powered hoist to move (e.g.,
load, unload, or elevate) objects from
one location to a target destination.

Manually secure pump onto transport vehicle
(Subtask 2.2)

Manually secure equipment onto transport vehicle
(Subtask 2.4)

Manually move a light weight object
from one location to a target
destination.

Manually adjust heavy steel plate against wall/door
(Subtask 5.3)

Manually move heavy objects from one
location to a target destination.

Using simple equipment, manually secure pump
onto transport vehicle (Subtask 2.2)

Using simple equipment, manually secure
equipment onto transport vehicle (Subtask 2.4)

Work manually with simple equipment
to fasten/secure items in a target
location.

Operate forklift from forklift's parking location to
drive to appropriate exterior wall locations
(Subtask 5.1)

Operate forklift to pick up/move steel plates
(Subtask 5.2, 5.3)

Operate forklift to place steel plates against doors
or openings on exterior walls (Subtask 5.3)

Operate a forklift to pick up, move, or
place objects from one location to a
target destination.

Electronically communicate to get reactor building
high bay door open (Subtask 2.5)

Communicate electronically to direct
the actions of a colleague.

Non-electronically communicate with other
personnel to coordinate placement of the steel
plate on exterior wall (Subtask 5.3)

Communicate non-electronically to
coordinate actions with a colleague.

Use hand tools (i.e., drill holes in the exterior walls)
(Subtask 5.4)

Use hand tools (i.e., to place lag bolts or concrete
anchors in place) (Subtask 5.4)

Work manually with hand tools to drill
holes or place/fix items in a target
location.
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with the objective to develop GAs whose performance demand profile (i.e. the nature and
proportion of performance demands) remain stable (i.e. unaffected) across changing ECs* For
example, the analyst might initially start by generalizing a site-specific SA: “unsheltered walking
400 m from sheltered point A over flat ground to sheltered point B under shirtsleeve, daylight
conditions.” The analyst might recast the SA into three GAs that would eliminate the site-specific
context (i.e., degree of sheltering [unsheltered to sheltered], distance walked [400 m],
topography [flat ground], clothing [shirtsleeves], and lighting [daylight]). These GAs could be (1)
assess the ECs in effect in the unsheltered area, (2) put on EC appropriate gear (always
available along exit hallway) and (3) identify and execute the planned route. The first and
second actions appear to have similar performance demand profiles when performed in the
presence of differing ECs (albeit each taking relatively different durations to perform). However,
the performance demand profile of the third could vary considerably under different ECs. For
example, route assessment might take a couple of seconds in daylight with misting rain, but
several minutes if the unsheltered area were inundated with moving water. Under these same
EC alternatives, actual walking time might be slowed only by a factor of 2 or so. Consequently,
the analyst might look at the number and sequence of performance demands required and
break compound SAs into two or more GAs, each with controlling performance demands. This
approach, though requiring further applied research to fully verify, parallels the development of
similar approaches in previous human performance modeling efforts (ARL, 2017; Glenn, 1988;
Kieras, 2002; Pew, 2007)°.

Table 6.5 illustrates, notionally, the different performance demand profiles of two hypothetical
GAs (i.e., different perception, cognition, motor skill, and teamwork demand). By taking into
account the performance demand profile of a GA (i.e., the nature and relative weights or
proportions of performance demands as illustrated in Table 6.5), the analyst can assess how
the effects of an EC on the performance demands would change the performance of the GA,
compared to baseline conditions. The impacts from each of the ECs would then be aggregated
to estimate the overall impact on the GA®. Table 6.6 illustrates this approach. One system for
recording performance demand profiles of GAs and quantitatively estimating the effects of ECs
on performance demands, based on research data concerning EC effects, is the IMPRINT
software. Chapter 8 discusses the extent to which published research literature provides a basis
for establishing impact levels on the performance demands for the ECs that might prevail during
external flooding events. Further discussion about how the impact of ECs on GAs can be
aggregated back up to the level of an MA is presented in Chapter 9.

6.6 Application of the Assessment Method at the Level of Tasks and Manual
Actions

The taxonomy of performance demands creates an important bridge to enable a quantitative
assessment of the impacts of ECs on human performance. The performance demands address
the intersection of MAs and ECs. Given the focus of this project on understanding and
highlighting how and to what extent the prevailing ECs impact human performance, the

41t is important to note that it is the performance demand profile that remains stable across ECs; impacts would
obviously vary, depending upon the EC.

5 This approach arguably also parallels the generalization across NPP sites of sensory and cognitive underpinnings
of personnel actions (see NUREG-2114, USNRC, 2016b).

6 Impacts from combinations of ECs are estimated using one of several approaches—additive, multiplicative, and
power functions. The team did not find justifications for using one over the other, although ARL notes that typically,
each additional EC has a less than additive effect, if the analysis starts with the most impactful EC (Comperatore et
al., 2015).
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Table 6.5 Notional performance demand profiles of hypothetical generalized actions

Operate a transport Manually lift and move
vehicle from a designated heavy materials or

designated location to | equipment from a designated
a target destination location to a target destination

Performance Demands (% Contribution) (% Contribution)
Detecting and noticing 40 20
Understanding - -
Decision-making - -

Action — fine motor 30 20
Action — gross motor 30 60

Action — other
neurophysiological functions

Teamwork — reading and writing - -

Teamwork — oral communication - -

Teamwork — crew interaction - -

Table 6.6 Aggregating the impact of environmental conditions on generalized actions’
performance demands

Total Impact

Performance Demands Degree of Impact on GAs
Performance Demand 1 High Medium High Low

GA1 Performance Demand 2 Low Medium | Medium | Medium Impact 1@
Performance Demand 3 Low Medium | Medium High
Performance Demand 1 Low Low Low Low

GA2 | Performance Demand 2 High Low Low Low Impact 2@
Performance Demand 3 Low Medium Low Medium

(a) Weighted impact of ECs based on performance demand contributions to a GA (Table 6.5)

research team concluded that addressing these effects at the level of SAs or GAs would be
illustrative. It is evident from Chapters 3 through 6 that this approach requires considerable
analytic effort. Consequently, it may be desirable to accomplish the assessment at a higher
level of aggregation, if that would provide an adequate level of precision and reliability. Future
studies could use the information provided in this report to evaluate the feasibility of a higher-
level assessment approach. Analysts could do this by selecting a few MAs, along with their
tasks, that represent the variability in the degree of shelter and fixed/variable location and
examining how the results compare if the method is applied at the SA, task, and MA levels. This
would require establishing baseline times (and perhaps error rates) for each level/component of
the selected MAs.

6-15






7 OVERALL CONCEPTUAL FRAMEWORK AND APPLICATION

This chapter presents the overall conceptual framework developed by the research team for an
assessment of the impacts of flooding events on the performance of manual actions (MAs)
related to flood protection and mitigation. It focuses on impacts from the environmental
conditions (ECs) that might accompany such flooding events. Consequently, it does not address
other performance shaping factors (PSFs) that may also need to be addressed when assessing
the performance of flood protection and mitigation procedures (e.g., crew composition, training,
nature of the equipment, procedure quality).

7.1 Framework Overview

A framework is a conceptual structure that identifies the key components and relationships
required for development of an analytical approach or model. In this research, the approach, or
model, addresses the assessment of the effects of the environment on human actions. Such a
framework also guides the identification of the concepts and data required for site-specific
applications.

This chapter describes a conceptual framework that identifies the underlying concepts and
information needed to assess the impact of ECs that might be associated with an external
flooding event at U.S. nuclear power plant (NPP) sites and the potential impacts of ECs on the
performance of those MAs.

Figure 7.1 presents the framework diagram which has six basic elements. The framework can
be extended to include generalized actions (GAs) which are indicated by “GA” and were
introduced in Section 6.5 and are discussed below in Sections 7.1.1 and 7.2.2.1 The elements
are:

1. identification of flood causing mechanisms and characterization of potential ECs including
secondary and co-occurring ECs;
2. characterization of MAs, the tasks, subtasks, and specific actions (SAs);

2.1. GA 2.1 The generalization of SAs into a smaller set of site-independent generalized
actions;

3. development of the performance demand profile of SAs;
3.1. GA 3 development of the performance demand profiles of GAs;

3.2. GA 3.1 characterization of site-specific SAs by combining site-specific task context with
GAs;

4. review of the research literature to identify what is known about how ECs affect performance
demands and human performance;

5. characterization of potential impacts of ECs on site-specific SAs based on performance
demand profiles; and

6. aggregation of the impacts of ECs from site-specific SAs to subtasks to tasks to MAs.
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Figure 7.1 Proposed framework diagram. Intended for assessing impacts of environmental
conditions on flood protection and mitigation manual actions.



The first element (Element 1), presented on the top left of the diagram, shows that the analyst
would need to identify ECs from flood causing mechanisms (FCMs). The element also shows
examples of secondary ECs that occur in the presence of primary ECs.

The second element (Element 2), presented in the upper right-hand corner of the diagram
shows that analysts must identify MAs and break them down (i.e., decompose them) into finer
elements, in this case tasks, subtasks, and specific actions. Near the end of the framework, the
diagram also shows how specific actions can be recombined to form higher-level functions—in
this example tasks, and MAs.

The second panel in the right column (Element 3) shows the SA-performance demands table.
The table shows examples of the performance demand profiles for hypothetical SAs, in terms of
the proportional contribution of the performance demand to -SA performance.

The ECs-performance demands table in the left center of the diagram (Element 4) shows that
the intersection between each EC and each performance demand should be considered to
distinguish between those that are and are not pertinent to the assessment at hand. The 11 ECs
addressed in this report are listed, along with a column for secondary ECs. Check marks in the
cells would indicate an EC-performance demand interaction, in that research indicates that a
particular EC could affect those performance demands. Chapter 8 describes in more detail how
ECs affect performance demands and thereby impact the performance of SAs, subtasks, tasks,
and MAs whose profiles include those performance demands.

The impacts table (Element 5) near the bottom center of the diagram shows that the impacts of
ECs on site-specific SAs can be determined using the insights gained from the review of the
research literature. Those insights of ECs effect on performance demands can be used to
assess how an EC would affect an SA. This could be done by weighting the ECs’ impacts on
the performance of the SA in proportion to the ECs’ impacts on the constituent performance
demands, considering the performance demand profile of the SA. Impacts of ECs on SAs could
be expressed as modifications (usually an increase under the ECs being considered) of the
baseline performance time and/or the probability of failure. Finally, in the bottom right panel
(element 6), impacts for constituent site-specific SAs are aggregated to subtask, task, and MA
levels.

7.1.1  Framework with Generalized Actions

To facilitate certain analyses, the framework can be extended to use generalized actions as
shown in Figure 7.2 and described in Section 6.5 . The generalized action elements (Elements
GA 2.1, GA 3, GA 3.1) take place between elements 2 and 5 in the specific action framework in
Figure 7.1. The specific actions from the decomposition process are assembled, reviewed, and
aggregated into generalized actions, based on similarity in their performance demand profiles.

Element GA 2.1 on the right-hand side of the diagram, following element 2, describes how
generalized actions are identified from specific actions.

Similar to the regular framework, the GA-performance demands table (Element GA 3) shows

examples of the performance demand profiles for hypothetical GAs, in terms of the proportional
contribution of the performance demand to generalized action
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Figure 7.2 Proposed framework diagram using generalized actions. Intended for assessing
impacts of environmental conditions on flood protection and mitigation manual
actions.



The site-specific task panel (Element GA 3.1) on the bottom of the right column of the diagram
indicates that site-independent GAs can be combined with site-specific information (e.g., facility
layout, inter-task/subtask relationships, failure consequences at task/subtask level and any
attempted recovery actions, crew composition, and prevailing ECs at the location and at during
the time the actions are performed) to obtain site-specific SAs.

7.2 Components of the Framework

7.21 Characterization of Pertinent Flood Causing Mechanisms and Environmental
Conditions (Element 1)

Chapter 2.2 identifies a set of possible external flood causing mechanisms and associated
environmental conditions that require characterization in sufficient detail to identify the range of
possible ECs that can affect human performance of MAs. The environmental conditions of
concern in this project include heat, cold, noise, vibration, lighting, humidity, wind, precipitation,
standing and moving water, ice and snowpack, and lightning. These ECs can create or be
accompanied by secondary ECs (e.qg., slippery surfaces, windborne debris, and condensation
on glass surfaces). Flooding events will likely entail a combination of ECs. An EC is a particular
state (e.g., air temperature of 95°F would be an EC for heat, air temperature of 30°F would be
an EC for cold) at the time and location an MA is being performed. Chapter 9 provides a
description of the process for identifying and characterizing ECs, including secondary ECs that
impact the performance of flood protection and mitigation actions.

7.2.2 Characterization of Manual Actions and Performance Demand Profiles (Element
2)

MAs generally refer to actions taken or directed by plant staff that NPPs credit for mitigating or
preventing impacts associated with an external flooding event (see Chapter 3 for a more in-
depth definition and description). Example MAs relevant to flood protection and mitigation
include installing sump pumps and flood barriers. Hence, although the term “manual action” may
seem to refer to a set of simple movements, an MA may be much more complex. MAs typically
involve a set of related tasks or a sequence of steps and often require communication and
coordination among plant staff. Decomposing the MAs into their simpler elements (e.g., tasks,
subtasks, and specific actions) provides a clearer intersection with the human performance
research literature, which is often focused on very simple actions and performance demands.
Specific actions can be characterized in terms of the combination of performance demands that
must be met for their completion, implementing a useful approach described in this report that
human performance is affected by ECs via their adverse effects on performance demands. The
decomposition also makes it possible for the analyst to group and generalize the SAs into a
smaller subset of site-independent GAs, which can then serve as the building blocks for
assessments at multiple sites.

7.2.2.1 Development of Generalized Actions (Element GA 2.1)

In this approach, generalized actions are characterized in terms of their performance demands
and decoupled from the site-specific MAs of their origin. The nature and relative contribution of
specific performance demands to the total task requirement for the GA is called the GA’s
performance demand profile. The notion here is to develop a list of GAs that are site-
independent and whose performance demand profiles have been established. In the proposed
framework, the GAs, combined with site-specific task order and facility layout information, serve
as building blocks to represent flood protection and mitigation MAs at any NPP site, and through
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these effects impact SAs, subtasks, tasks, and MAs. Development of GAs and performance
demand profiles would require a procedural method such as expert elicitation, which can be
informed by the characterization of the environmental conditions in Chapter 8. Figure 7.2 shows
how GAs can be used within this framework.

7.2.3 Characterization of Performance Demands and Performance Measures (Element 3
and GA 3)

In Chapter 5, the research team developed a taxonomy of performance demands to facilitate
the assessment of ECs on the performance of MAs. Human performance of any kind relies on
human physiological and cognitive capabilities, although the exact nature of the capabilities
required varies depending on the action to be performed. For the purposes of this report, the
research team characterized the physiological and cognitive abilities that are called upon to
meet task performance requirements as performance demands. Based on a review of
taxonomies and the research literature, the research team developed a performance demand
taxonomy comprising nine major categories’. The notion that human performance is affected by
ECs via their adverse effects on performance demands is a central concept in this framework.
The MAs of interest in this project, and their components (tasks, subtasks, and specific actions)
are described well in terms of performance demands.

The panel for “Performance Demand Profiles for Specific Actions (Figure 7.1, Element 3)” in the
right-hand column of the framework diagram shows that different SAs have different
performance demand profiles. In the GA approach, the “Performance Demand Profiles for
Generalized Actions” is followed by applying site-specific information to create site-specific SAs
(Figure 7.2, Element GA 3 and GA 3.1).

7.2.4 Characterization of Impacts of Environmental Conditions on Manual Actions
(Elements 4, 5 and 6)

The phrase “impact of ECs on MAs” refers to the degradation in performance of MAs caused by
ECs. Typical impacts could include the impact of high wind on the ability to work manually with
simple equipment, the impact of precipitation on operating vehicles and light or heavy
equipment, and the impact of noise on electronic and in-person communication. Typical impacts
from secondary ECs could include the impact of waterborne debris on manually moving
equipment and the impact of slippery surfaces on walking. As a starting point, the fact that an
MA could be affected by an EC should be identified. Some MAs may be performed partially or
wholly in sheltered locations where ECs, such as wind or precipitation, are irrelevant. However,
these same MAs may be exposed to other ECs such as increased humidity or heat.

ECs associated with specific EC-performance demand intersections can have different degrees
of impact on an MA (and by extension on a site-specific SA) depending on the magnitude or
severity of the EC and the importance of the performance demand to the performance of the
MA. Element 4 intersects identified environmental conditions from Element 1 with performance
demands identified in Element 3 or GA 3 in a table to identify those that are and are not
pertinent to action being assessed. Chapter 8 is a summary of the reviewed literature,
describing how ECs affect performance demands and thereby impact the performance of SAs,

' Performance demands are understanding, decision-making, action — fine motor, action — gross motor, action — other
neurophysiological functions, teamwork — reading and writing, teamwork — oral communication and teamwork — crew
interaction.

7-6



subtasks, tasks, and MAs whose profiles include those performance demands. The impacts
table (Element 5) shows that the total impact of ECs on site-specific SAs is determined as a
function of the level of the impact of an EC on a performance demand weighted by the
contribution of that performance demand to specific SAs or GAs.

As illustrated in the impacts table, the level of impact of EC1 on SA1 would be a weighted sum
of the impacts of EC1 on performance demands 1-3. The impacts table also shows that four
ECs prevail during performance of SA1 and all affect SA1. Several methods are available to
combine the individual effects of several ECs on an action; e.g., additive, multiplicative, and
applying a power function. These approaches are described in Chapter 9.

Accounting for all ECs’ impacts on the SA then results in the total impact on the SA. Assessing

an EC's impact on an MA is accomplished by aggregating the EC's impacts on site-specific SAs
that make up the subtasks and/or tasks and ultimately the MA, as shown in Element 6.
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8 CHARACTERIZATION OF THE ENVIRONMENTAL CONDITIONS
AND THEIR IMPACTS ON PERFORMANCE

This chapter examines the 11 environmental conditions (ECs) that were identified in Chapter 2
that could occur during an external flooding event. These 11 ECs of concern are, with
subsection and page number:

e 821 Heat........ 8-7
o 822 Cold.eeiieeeiiiiiiieeeee e 8-15
o 8.23 NOISE ..coeeiiiiiiiiiiiiieee e 8-21
e 8.2.4 Vibration........ccoooveeiiiiiiiiiieee e 8-27
o 8.25 Lighting......oooociiiiiiieee e 8-33
o 8.2.6 Humidity ......ccvvrviiirieeiiiiiiieee e 8-40
o 827 WINd .oviieeeiiiiieee e 8-44
e 8.2.8 Precipitation.........cc.oooevvviviiciiinenenn. 8-50
e 8.2.9 Standing and Moving Water ............. 8-54
e 8.2.10 Ice and SnowpacK.............ccceeeeeeen. 8-59
e 8.211 Lightning ....cccvvvviiiiieiiiiiiiee e 8-64

The main impacts of these ECs on performance, as identified in the review of the research
literature is summarized here and detailed in Volume II. Although the focus of this report is on
the ECs that might be associated with external flooding events, these ECs are not limited to
such events. Consequently, the information about how the ECs affect performance may be
pertinent to the assessment of environmental impacts more broadly. The review of the research
literature is an extension and update of that performed by Echeverria et al. (1994).

The chapter begins with a discussion of the method of the review of the research literature,
including its critiques and opportunities for improvement. Then each environmental condition is
systematically discussed, including research literature, mechanisms of action, broad effects on
performance and a summary of examined performance information. More detail on the literature
review is documented in Volume Il of this report. The chapter ends with a review of temporal
and spatial properties of environmental conditions, along with examples that may be relevant in
detailed analyses of performance impacts.

8.1 Review of the Research Literature

8.1.1 Method

The research literature was reviewed to update and extend the review reported by Echeverria et
al. (1994) hence, the research team built on the literature identified in the previous review.
Overall, the present search was designed to find research that addressed the identified ECs, the
mechanisms by which these ECs could affect manual actions (MAs), and the nature of those
effects. Initially, the search used a list of performance and activity search terms that included
both (1) entire tasks and types of MAs (e.g., walking, vehicle operation, construction) and (2)
component performance demands. Preliminary review of the results, augmented with
consideration of the pertinent NRC human reliability analysis (HRA) methods, led to a refined
list of the performance demands as shown in Table 8.1. Alternative terms for these performance



demands were also pursued as they were discovered in the literature (e.g., rather than the
generic term “vigilance” names of specific tasks' often used in the literature).

The set of databases to be searched was intended to capture the discipline areas most relevant
to the research problem. These ultimately covered cognitive and experimental psychology,
human factors, industrial engineering, industrial hygiene, environmental and occupational
health, environmental physiology, and medicine. The chosen databases included Google
Scholar, Psychinfo, Web of Science, Science Direct, PubMed, Defense Technical Information
Center, and Medline. Professional and government agency websites were also searched for
relevant content. These included the National Institute for Occupational Safety and Health
(NIOSH), Occupational Safety and Health Administration (OSHA), U.S. Environmental
Protection Agency (EPA), National Weather Service (NWS); National Oceanic and Atmospheric
Administration (NOAA), American Conference of Governmental Industrial Hygienists (ACGIH),
and llluminating Engineering Society (IES). The research team performed searches in each of
these databases for combinations of the identified ECs for each of the performance demand
search terms.

A wide variety of information products were targeted for selection from within these sources.
The products included scholarly articles, books, conference proceedings, dissertations, and
professional and regulatory organization regulations, guidelines, and fact sheets. Meta-analyses
and literature reviews were given special attention. The research team augmented the formal
literature search with direct inquiries (by phone or email) to researchers and practitioners
currently engaged in the areas of interest. These contacts were asked to identify classical and
newly emergent resources that had been found useful in ongoing work and other researchers
working in the field who might provide similar recommendations. For the five ECs addressed by
Echeverria et al. (1994), special attention was given to research published after their review,
because one goal of the project was to determine subsequent advancements in the knowledge
about these ECs.

As documents were found, the researchers scanned the title and abstract of each item, liberally
reserving those documents that appeared relevant to human performance effects of the given

Table 8.1 Primary performance demands search terms

Attention, memory, vigilance, switching, acuity, perception, threshold

Detecting and noticing : : . "
perception; sensation, visual recognition

Pattern recognition, discrimination, understanding, evaluating,

Understanding hypothesizing, diagnosing, integrating

Reasoning, computation, interpreting, classifying, goal setting,

Decision-making planning, adapting, and evaluating options, selecting options

Fine motor skills — discrete, continuous; manual dexterity; gross

Action motor skills — heavy, light; neurophysiology

Reading and writing, oral communication, electronic communication;

Teamwork . . .
cooperation, crew interaction, command and control

" Throughout this chapter, the term “tasks” most typically reflects its use in the research literature (i.e., an assignment
given to or performed by the subjects being studied). The exception is where it is referred to as a “flooding event task”
which may be an element of decomposition of MAs into tasks and/or subtasks as described for the framework in
Chapter 7. In the research literature, the term task is general in that it can refer to any level of decomposition or
composition
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EC and discarding those that clearly were not. This process produced an initial set of candidate
documents. Members of the research team also introduced candidate documents drawing from
their past experience with EC performance effect combinations. The research team members
represented the fields of cognitive and experimental psychology, human factors, industrial
hygiene, environmental and occupational health and safety, and environmental science. The
original Echeverria et al. (1994) review provided both a baseline of knowledge and a database
against which to identify major advancements made during the interim period.

Once the relevant documents identified in the search were located, members of the research
team read each of them and identified notable EC effects found on the various performance
demands. Simultaneously, they identified additional references from citations in the documents
that appeared to be relevant. Citations to identified articles also were examined, particularly
those pointing to reviews of subsequent integrated reviews and/or meta-analyses (i.e., a forward
search process conducted until reaching contemporary research). This process generated a
second iteration of the literature search. These articles were read by the research team, who
once again noted any references that had not been identified during earlier phases. The
process was repeated until the lack of new, relevant documents indicated that the relevant
research literature had been effectively identified and reviewed. A list of relevant documents is
detailed in Appendix C.

8.1.2 Overview and Critique of the Research Literature

The research literature on environmental effects—as pointed out by Echeverria et al. (1994) and
many others earlier and since—reflects a long and diverse history of research into human
behavior and performance. The research has come from a wide range of disciplines that offer
differing purposes, theoretical frameworks, and approaches. On the one hand, this long history
and study diversity provides opportunities for reexamination, validation, and evolution (as well
as adding valuable breadth of focus). On the other hand, it has also created a number of
challenges for those attempting to aggregate, integrate, and summarize the findings from this
research (Gaoua, 2010; Taylor et al., 2016). Key among these challenges are —

o inconsistencies and variability in terminology and categorization of effects

o insufficient specification of and variability in population characteristics,
treatments/conditions, and controls

o small study populations not being representative of the workforce

o gaps in examination of the full range of the salient ECs

o shortfalls in examination of the full range of potential effects at equivalent levels of
disaggregation

o broad gaps in the examination of co-occurring ECs.

Because of this history, categorization of performance effects, especially cognitive and affective
effects, has continued to remain somewhat problematic. In part, this is due to the variability with
which researchers have labeled and aggregated results in their studies (i.e., tasks, tests, test
panels, and data). Also, in part, it is due to a fundamental difficulty in accurately characterizing
the performance demands of a task (i.e., the observed behavior or experimental test). Indeed,
different tasks require performance demands that activate different patterns of brain regions
(e.g. Qian et al., 2013). Further adding to the categorization challenge is that experience with a
task can profoundly alter brain pattern, and hence the appropriate task classification (Bittner, Jr.
et al., 1986; Taylor et al., 2016). The relatively recent introduction of improved cognitive models
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and investigative tools (Parasuraman & Wilson, 2008; Petersen & Posner, 2012; Qian et al.,
2013), as discussed below, has made progress in addressing these issues.

The research literature base has grown substantially since the earlier work of Echeverria et al.
(1994), but some profound gaps have continued. Echeverria et al. (1994) recognized that
simultaneous exposure to more than one EC would typically be encountered at a Nuclear Power
Plant (NPP), and they noted a paucity of information about combined effects. The research
team found this continues to be largely the case in the research literature. Echeverria et al.
provided the example of a combination of noise, heat, and vibration in a turbine building.
Similar, if not more aversive, combinations of these ECs might well occur in unsheltered
locations during an external flooding event. Clearly, combinations of ECs can occur in both
sheltered and unsheltered working environments, but unsheltered environments would typically
experience a broader, and perhaps more intense, set of conditions than sheltered environments
(e.g., high wind, heavy precipitation, and different qualities of noise). However, aside from a few
combinations of ECs (e.g., cold with wind [wind chill], or heat with humidity), the research
literature provides little data or theoretical basis for addressing the combined effects of multiple
ECs. Consequently, as in Echeverria et al. (1994), this report introduces and discusses ECs
individually, even though it is likely that workers could be exposed to multiple ECs during
performance of flood protection and mitigation MAs.

The research team also identified a number of secondary ECs (i.e., ECs requiring at least one
other enabling EC to occur) that were not addressed in the earlier review. Examples include
deep mud or slippery surfaces, which are unlikely conditions without precipitation, ice, or
snowpack?. Unfortunately, these secondary effects are little addressed in the research literature.
The research team anticipates that future research will provide a better understanding of the
effects on performance of relevant combinations of ECs and that this research may benefit from
the framework and review presented in this report.

8.1.2.1 Knowledge Advances since 1994
8.1.2.1.1 Neuropsychological Research Tools and Methods

Over the two decades since the previous review, the various disciplines have developed
increasingly sophisticated theories, techniques, and tools. In addition to advances in test battery
development motivated by Echeverria et al. (Echeverria et al., 2002; McCallum et al., 2005),
developments have included refinements in biochemical assays, brain imaging, and continuous
monitoring equipment. These have enabled a better understanding of the chemical and
neurological functioning of the brain and its interaction with the body (Lupien et al., 2007;
Parasuraman & Wilson, 2008; Paulus et al., 2009; Petersen & Posner, 2012; Proctor & Vu,
2010). This research has also made considerable progress in clarifying the mechanisms that
link the ECs with their cognitive, behavioral, and affective effects and effects on physical
performance. As discussed below, considerable progress has been made in clarifying the
mechanisms by which discomfort, anxiety, and perceptions of fear—common features of
exposure to the ECs that might accompany flooding conditions—affect performance. It has also
highlighted the central role attentional demands play in the pattern of performance effects that
result.

2 Slippery surfaces can, however, be caused in the absence of precipitation, ice, or snowpack; e.g., by spilled oil.
Snowpack is accumulated snow on the ground or other surfaces.
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8.1.2.1.2 Growing Recognition of the Central Role of Effects on Attentional Demand

The greatest knowledge increase since the 1994 review may be a greater appreciation and
understanding of the broad role that attentional demand plays in the effects of exposure to a
range of ECs (Lupien et al., 2007; Petersen & Posner, 2012; Taylor et al., 2016; Wickens et al.,
2016). Echeverria et al. (1994) noted the classical inverted-U hypothesis and the research
interest in the performance effects of the attentional demands (e.g., operator workload and
many other attentional demand terms) created by changing, distracting, uncomfortable, or
dangerous ECs (Lysaght et al., 1989). However, it has taken several decades of research to
establish a broader understanding of the mechanism(s) of action and pertinence of attentional
demands to performance across a broad range of ECs (Bourne & Yaroush, 2003; Hancock &
Desmond, 2001; Lupien et al., 2007). The growing understanding derived from ongoing
attentional research is more fully outlined in Volume Il of this report.

8.1.2.1.3 Identification of New Retinal Receptors

The identification of fundamentally new sensation receptors is remarkable at the current point in
the history of biological science—the physiology of sensory systems has long appeared highly
settled. Nevertheless, research on structures previously thought to be well understood has led
to new insights into human sensation and perception. The discovery of novel retinal receptors,
sensitive to blue/green light, may be the most important advance regarding the impacts of ECs
on human visual performance and arousal (Berson, 2003; Brainard et al., 2001; Zele et al.,
2011). This subclass of retinal ganglion cells previously was only thought to serve in combining
multiple rod and cone information and thereby providing the opponent processing involved in
color perception. However, recent study has demonstrated that these receptors provide input
affecting both visual sensitivity and the human sleep arousal cycle. These intrinsically
photosensitive retinal receptors use blue/green light to provide the brain with the major time
giver (zeitgeber) for setting the circadian system. Their existence helps explain the effect light
has on arousal and thus performance, which was previously poorly understood.

8.1.2.2 State of the Research across Environmental Conditions

Table 8.2 summarizes the extent to which research supports the assessment of the effects on
each of the performance demands for each of the 11 ECs addressed in this report. The rows in
the table correspond to the performance demands and the columns correspond to the
environmental conditions. In each cell, the status of research is categorized on a scale of 1 to 4,
reflecting descending levels of information as noted below the table (i.e., Level 1 denotes
information directly applicable to quantitative impacts of an EC and Level 4 denotes an
informational gap).

8.1.3 Opportunities for Future Research

Table 8.2 provides a basis for identifying future research opportunities as formally addressed in
Volume Il. On the one hand, it shows that the review found information with Level 1 quantitative
impacts for only 8 out of 99 combinations (environmental conditions by performance demands).
This result points toward areas that could be addressed in future research, where Level 1 data
most pertinent to NPP flood protection and mitigation response might be developed. On the
other hand, only 27 cells are completely void of information useful for either informing a
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sensitivity analysis (Level 3) or if not, providing sufficient information for basically bounding
effects regions (Level 2). Consequently, Table 8.2 represents a basis for identifying research
performance to the effects of ECs, research on understudied ECs, and further research on
attentional demand. A more comprehensive discussion of future research opportunities may be
found in Volume II.

8.2 Characterization of Selected Environmental Conditions

The ECs that are associated with flooding are briefly described in this section. The nature and
the units of measurement of each environmental condition are described, followed by a brief
overview of the research literature addressing mechanisms of action and performance effects
(each with an accompanying graphical overview— the EC effects overview flowcharts). The
research team’s summary of the ECs’ impacts on performance are then presented. In addition,
for each environmental condition, a hypothetical flooding scenario is described and the potential
impacts on different human capabilities and task requirements of the hypothetical ECs that
could exist are characterized. These examples are included to illustrate how the research
literature could be applied to estimate the effects of ECs on the performance of specific manual
actions. A more complete review of the research literature is provided in Volume II.

8.2.1 Heat

Heat is an EC that has relatively well documented physical and cognitive performance effects.
The common environmental unit of measure of heat exposure is the dry (thermometer) bulb air
temperature in degrees Celsius (°C) or degrees Fahrenheit (°F). How humans perceive heat
exposure, the “apparent” temperature, is a factor of the dry bulb air temperature and the relative
humidity, which the NWS reports as the Heat Index (NOAA-NWS, 2014a; Rothfusz, 1990). The
Heat Index considers temperature and humidity in shaded areas. The NWS uses the Heat Index
to communicate the risk of health effects (e.g., fatigue, cramps, heat exhaustion, or heatstroke)
to the public (NOAA-NWS, 2014a). Studies of heat impacts on human performance also
consider the combination of temperature, humidity, and wind speed in an assortment of
exposure metrics, such as the wet bulb globe temperature (WBGT") or the less inclusive
effective temperature (ET?) indices (Pilcher et al., 2002). Excessive heat exposure during a
flooding event could most likely occur if requisite MAs are conducted in summer months.

8.2.1.1 Research Literature Base

Of the ECs addressed in this report, the effects of heat on human performance have been
relatively well studied over the last 50 years. The physiological and related motor performance
effects are reasonably well understood. However, the effects of heat on human cognitive
performance remain unresolved. Heat aids or hinders performance on specific tasks, under
certain conditions and within certain temperature ranges. The nonequivalence of key variables
and differences in subject populations across studies are cited as the main reasons for
disparate research results (Chase et al., 2005), which challenges clear aggregations of findings
across the multitude of heat cognition studies.

"WBGT is a common measure of occupational heat stress. For outdoor situations, it is calculated as WBGT=
0.7thwp+0.2t3+0.1t,, where tis in °C, thws is wet bulb temperature, a measurement of humidity; & is globe temperature,
a measurement of the amount of solar radiation and t, is dry bulb, or air temperature.

2 OSHA guidance (OSHA, 2018) on using the heat index can be found at

https://www.osha.gov/SLTC/heatiliness/heat _index/pdfs/all_in_one.pdf.
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8.2.1.2 Mechanisms of Action

Figure 8.1 presents an overview of heat, including its attributes, units of measurement, likely co-
occurring ECs, mechanisms of action® through which it affects human performance, the effects
on human performance, and potential ways in which heat’s effects on exposed individuals can
be mitigated. The primary mechanisms by which heat affects human performance are as

follows:

o Physiological. The human body seeks to maintain a constant internal body temperature of
approximately 98.6°F (37°C) through homeostatic mechanisms (especially perspiration).
As heat and/or exposure time increases, these mechanisms become increasingly
overwhelmed, causing internal temperatures to rise and reducing blood flow, and
therefore decreased oxygenation to deep tissues, muscles, and the brain.

Condition Heat
90 °F, 80% relative humidity, a7 . W|r.1d spged )
Example i auy EuEleer S (e.g., 80% relative (e.g., gusting wind with 3
humidity) sec mean of 27 mph)
I
Y
'::(;ITJI:::: Air temperature (°F) — SUbIeite"V; \t;an(;)?)rature
I
v
Mechanisms Physiological Discomfort
of Action (homeostatic mechanisms) (distraction)
I
v v
Effects on Gross motor skills Simple mental tasks (e.g., Perceptual and motor tasks (e.g., visual
Performance (e.g., lifting) reaction time, memory recall) acuity, manual tracking, vigilance)
Potential Control Protective garments or gear Medical interventions
Mitigation exposure time (e.g., water or air cooled garments) (e.g., hydration, acclimation, fitness)

Primary and Secondary ECs and Effects

Extent of Literature

Primary

Secondary

on literature

Quantifiable based

Discussed:in
literature

Inferred by research

team from literature

Figure 8.1 Heat effects overview*

3 A mechanism of action is defined as the process through which an EC has its effect on human physiology and/or
cognition, and thereby human performance
4 Only some performance demands are listed here, as others may not be significant for the example condition.

8-8



This hypoxia® can result in anything from fatigue in mild cases to brain damage in extreme
cases (Bjursten et al., 2010; Virués-Ortega et al., 2004). Muscular hypoxia is highly
correlated with reductions in strength and physical abilities.

o Psychological. Even when heat exposure is not sufficient in amount or duration to affect
homeostatic mechanisms, performance decrements still occur. This may be due to
anticipation of oncoming heat stress and personal perceptions about the ability to cope
with it. This incremental cognitive load, occasionally augmented by perspiration falling into
the eyes, may place additional demands on limited cognitive resources, leaving fewer
resources available for concurrent tasks, thereby producing the observed cognitive effects
(e.g., Hancock & Vasmatzidis, 2003; Lupien et al., 2007; McGrath, 1970; Stress,
Cognition, and Human Performance, 2004).

8.2.1.3 Broad Effects on Performance
Research has shown that heat affects human performance in the following ways:

o Physical strength and endurance. The literature on heat exposure is very consistent
regarding both heat’s direct adverse effects on physical strength and endurance, such as
repetitive lifting and vigorous exercise, as well as indirect effects, such as accident and
injury rates (Gonzalez-Alonso et al., 1999; Maresh et al., 2014; Mohamed & Srinavin,
2002).

o Sensation and perception. There is some evidence that heat exposure, perhaps in part
due to perspiration in the eyes, may negatively affect the visual system (e.g., acuity).

o Cognitive performance. The literature tends to present opposing patterns of effects for
heat on some aspects of cognitive performance, which may be associated with
differences in degree and duration of exposure, task context, the specific cognitive tasks
used and their difficulty, and training and experience (e.g., Gaoua, 2010; Ramsey, 1995).
However, simple cognitive tasks—those requiring only low effort perceptual or motor skills
(e.g., simple reaction time, memory recall)—tend to be shown to be less vulnerable to
heat stress than more effortful, complex tasks (e.g., a dual task, visual motor tracking, and
vigilance [see Volume I, Figure 2.3]).

The relative impacts of heat on individual performance demands for a task performed during a
nominal flooding event task® are listed in Table 8.3. The nominal flooding event task, arbitrarily
chosen solely for illustrative purposes, involves the attempted reading of displays during the
day, on an exposed platform, at midday, during the summer in a tropical environment following
a hurricane. Physical/motor tasks are impacted if heat exposure is sufficient to cause failure of
physiological, homeostatic processes. If heat is merely sufficient to produce discomfort, the
primary cognitive effects are on complex, central executive tasks. When heat stress is sufficient
to change core temperature and begins to affect oxygenation to the brain, cognition begins to
fail at multiple loci.

5 Hypoxia is defined as deficiency in the amount of oxygen reaching the tissues.

6 “Flooding event task” refers to a task conducting during a flood situation. It is not necessarily a sub-part of an MA or
flood causing mechanism, but is used here for a simple task.

8-9



Table 8.3 Summary of heat effects on performance and relative impact of enivonmental
conditions by performance demands®. lllustrative variations based on authors’
review of literature for a nominal flooding event task

Performance Demands

Detecting and Noticing

Effects of Heat on

Performance

Impact of Heat
on Performance
Demands

Attention, memory, vigilance, switching, acuity,
perception and threshold perception

Cognitive Performance,
Sensation & Perception

Med

Sensation and visual recognition

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating
Decision-making

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting, and

Sensation & Perception,

Cognitive Performance
Understanding

Cognitive Performance,
Sensation & Perception

Cognitive Performance,
Sensation & Perception

evaluatini and selectinﬁ oitions

Med

Med

Med

. : : Physical
Flne_ motor skills — discrete and_ motor Strength/Endurance, Med
continuous, and manual dexterity : ;
Sensation & Perception
Physical
Gross motor skills — heavy and light Strength/Endurance, High
Sensation & Perception,
Physical
Other neurophysiological functions SIEMEHENE LT EE: High

Sensation & Perception,

CocI;nitive Performance,

Cognitive Performance,

and control

FeEelng el vt ag Sensation & Perception hee
. . Cognitive Performance,

In-person and electronic oral communication . ) Low
Sensation & Perception

Cooperation, crew interaction, and command Cognitive Performance, Med

Sensation & Perception

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves the
attempted reading of displays during the day, on an exposed platform, at midday, during the
summer in a tropical environment following a hurricane.




8.2.1.4 Summary of Research Literature Review Results

The detailed literature review of heat is presented in Volume Il, Chapter 2. Plots, equations and
tables related to this summary are in the following section. Insights from that review include the
following:

e  Quantitative measures

o  Complex, perceptual/motor tasks tend to be affected at lower temperatures than
simple, low effort cognitive tasks, but the latter tend to reach their floor more quickly
(see Figure 8.2 and in Volume I, Figure 2.3).

. Thresholds, measures for success

o  Heat stress exposure safety limits have recently been established by NIOSH for and
non-acclimated (Figure 8.3 below, see Volume I, Figure 2.4 and Figure 2.5)
workers for sedentary to heavy work.

o The U.S. Army Field Manual set allowable work in hot weather operations (Figure
8.2 and in Volume I, Figure 2.3). The Manual indicates moderate degradation in
personnel performance’ above 85°F and severe degradation above 95°F (U.S.
Army, 1992).

o  Hancock and Vasmatzidis (2003) present a framework for setting heat performance
limits for different types of cognitive tasks described by equation WBGT = a —
5.435log.T (8 1), below, and plotted in Figure 8.4 (see Volume I, Figure 2.6) and
tabulated in Table 8.4 (Volume Il, Table 2.1).

J Qualitative measures

o  Subjective discomfort is reported well before effects on core body temperature begin

to occur. The associated distraction/rumination may influence highly effortful tasks.

8.2.1.5 Quantitative Plots, Equations and Tables

This section details plots, equations and tables identified in the summary of research literature
review results.

Hancock and Vasmatzidis (2003) developed an equation for attentional involvement based on
heat.

WBGT = a — 5.435log.T (8-1)
where T is the exposure duration in minutes, WBGT is the wet-bulb globe temperature, and a

represents the intercept values reflecting the attentional involvement required for each task
category plotted.

7 U.S Army Field Manual defines moderate performance impact as normal effectiveness reduced 25-75% and severe
impact as normal effective reduce to 0-25%
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Figure 8.2 WBGT and exposure time effects on physiology and on simple mental and
perceptual/motor tasks source. Adapted from Echeverria et al. (1994) and
allowable work time for different air temperatures (U.S. Army, 1992 Table L-3).
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Figure 8.3 Recommended heat stress exposure limits. Panel (a) by recommended alert
limits (RALs) and (b) by recommended exposure limits (RELs)2.
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Figure 8.4 WBGT performance limits for various tasks (Hancock & Vasmatzidis, 2003).

Lines denote vigilance (A), dual-task (B), tracking (C), and simple mental (D);
line E represents the physiological tolerance limit.

Table 8.4 Intercept values for task performance limits in heat

Tolerance | Empirical | Tolerance
Empirical Adjusted | Intercept | Adjusted |Dynamic Rise

Intercept Intercept for Intercept |in Deep Body
for ET* for ET WBGT” | for WBGT | Temperature
Curve |Task Type Limits Limits Limits Limits (°C)
A Vigilance 42.82 41.00 48.02 45.00 0.055
B Dual-Task 48.59 47.00 55.68 54.00 0.22
C Tracking 53.96 53.00 63.11 62.50 0.88
D Simple Mental 55.81 54.00 65.33 64.00 1.33
= [Fineiplges 57.06 55.00 66.56 65.00 1.67
Tolerance
* ET is effective temperature; » WBGT is the wet-bulb globe temperature

Source: Hancock & Vasmatzidis, 2003

8-14



8.2.2 Cold

Cold has well documented adverse performance effects (NUREG/CR-5680, Echeverria et al.,
1994), especially with regard to tasks requiring reasoning, memory, and manual dexterity. As
with heat, the most common environmental unit of measure is the dry bulb temperature in °C or
°F. Not surprisingly, dry bulb temperature is also the common unit of exposure measurement;
however, ET and wind chill indices are other exposure measurements (especially regarding
unsheltered workers). These latter measures are particularly relevant as the effects of cold air
temperatures on workers are exacerbated by air movement (see Volume I, Chapter 8, Wind)
and/or moisture (see Volume II, Chapter 7, Humidity and Chapter 9, Precipitation). Cold
temperatures can quickly overwhelm the body’s ability to maintain thermal balance and cause
hypothermia. However, cold exposure has been shown to adversely affect physical performance
well before this point, especially manual dexterity, tactile discrimination, and gross motor
strength. There is further evidence of pre-hypothermia cognitive deficits, affecting both short-
term retention and working memory. The literature shows mixed results for other cognitive
abilities, including reaction time, attention and vigilance tasks, reasoning, and mathematics
tasks. Pre-hypothermia cognitive effects are believed to be due in part to discomfort and/or
distraction, similar to the effects of heat.

8.2.2.1 Research Literature Base

The literature on cold effects is considerable. The effects of cold have been studied for over a
century. Early studies examined the effects of cold on the frequency of industrial accidents
rather than on physical and cognitive performance. This focus on the effects of cold in industrial
settings was largely because cold was a practical problem due to the difficulty of heating large
factories and the ubiquity of outdoor work in winter. Adverse physical effects have been found
fairly consistently, whereas adverse cognitive effects show a less straightforward association.
This is arguably due in part to the considerable individual differences in mental and physical
resources of the research subjects (e.g., young, physically elite research volunteers vs. middle-
aged workers).

8.2.2.2 Mechanisms of Action

Figure 8.5 presents an overview of cold, including its attributes, units of measurement, likely co-
occurring ECs, mechanisms of action through which it affects human performance, the effects
on human performance, and potential ways in which its effects on exposed individuals can be
mitigated. The primary mechanisms by which cold affects human performance are as follows:

o Physiological — loss of thermal balance. When the rate of body heat storage is negative
as a result of cold exposure, the adaptive mechanisms of the body cannot maintain a
stable internal heat level (i.e., at ~98.6°F), and core temperature will begin to drop
(NUREG/CR-5680, Echeverria et al., 1994). This leads to one or more of three bodily
responses: (1) heat production; (2) heat conservation; and (3) slowing of the nervous
system. Regarding heat production, involuntary shivering increases metabolism, but
causes fine motor skills and speech communication to suffer. Regarding heat
conservation, to conserve heat, blood vessels in the extremities constrict; whereas; those
in the body’s core expand. This selectively maintains the heart and other major organs
functioning at the expense of extremities, which can negatively affect tactile sensitivity
and therefore fine motor skills, and cause muscle weakness. A general slowing of the
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Condition Cold
Examole 25-35 °F in 10-25 mph Standing and moving water Ice and snowpack Humidity

P sustained wind (e.g., 0-1.5 ft deep, 0-3 ft/s) (e.g., icy surfaces) (e.g., fog)

| | Y
Attributes Air temperature Wind speed Wind chill Index
and Units (°F/°C) (kph/mph) (°F/°C)
I
v v
Mechanisms Physiological Psychological
of Action (hypothermic effects) (competition for mental resources)
I
N
] Y
Gross motor skills Fine motor skills Detecting and noticing Decision
Effects on . o . .
(e.g., walking, lifting, (e.g., manual (e.g., sensation, making (e.g.,
Performance . . . " .
carrying) manipulations, writing) memory) reasoning)
! J P ©
[

Potential Protective Work breaks and Additional heating or Tactile
Mitigation clothing rewarming schedules insulation from cold gloves
Primary and Secondary ECs and Effects Extent of Literature

Primar Secondar Quantifiable based Discussed in Inferred by research

imary econdary on literature literature team from literature
____________________ >

Figure 8.5 Cold effects overview

nervous system to conserve energy would be expected to adversely affect physical
reaction time and higher cognition to some degree, accounting for some of the observed
effects.

o Psychological — distraction/discomfort and arousal. Similar to the effects of heat, the
subjective experience of cold may distract the affected individual, drawing limited
attentional resources away from physical and cognitive tasks (Teichner, 1958).
Experimental findings suggest that as the air temperature drops below ~69°F (~21°C), or
the temperature of the hands/fingers drops below ~75°F (~24°C), mild discomfort is
experienced. Of note, the probability of performance improvements may typically first
briefly increase before precipitously falling, as cold becomes more extreme or persists.
Both distraction and arousal theories of cold performance effects fit the patterns shown in
the literature, but arousal theory additionally explains the pattern of early performance
improvements before collapse (e.g., Poulton & Kerslake, 1965; Provins & Bell, 1970;
Wilkinson et al., 1964).



Table 8.5 Summary of cold effects on performance and relative impact of environmental
conditions by performance demands. lllustrative variations based on
authors’ review of literature for a nominal flooding event task.

Impact of Cold on
Effects of Cold on Performance
Performance Demands Performance Demands

Detecting and Noticing

Attention, memory, vigilance, switching, Attention, Memory, Med®
acuity, perception and threshold perception Tactile Sensitivity
Sensation and visual recognition Distraction, Attention, Med®©

and Memor

Understanding
Decision-making,
Distraction, and Med-High

Attention

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating

Decision-making

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting,
and evaluating and selecting options

Memory, Distraction,

-Hight©)
and Attention Med-High'®

Fine motor skills — discrete and motor Manual Dexterity and

continuous, and manual dexterity Tactile Sensitivity AL
Gross motor skills — heavy and light Muscular Strength Med
Neuro-conduction

Other neurophysiological functions Med

Speeds

Tactile Sensitivity,
Reading and writing Distraction-Attention and Med®©
Memory
Distraction-Attention and
Speech interference

In-person and electronic oral communication Med-High

Cooperation, crew interaction, and command
and control

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves nighttime
flood recovery coordination efforts that require occasional climbing of ladders and reading and adjusting
controls as well as speech communications in a partially unsheltered command center, with a low
effective temperature of 15 °F that induces occasional shivering

(b) With specific respect to tactile effects.

(c) With specific respect to memory effects.

Distraction and Attention High

8.2.2.3 Broad Effects on Performance

Research has shown that cold affects human performance in the following ways:

o Manual dexterity and tactile sensitivity. Cold exposure demonstrates relatively consistent
performance decrements on the performance of tasks that require manual dexterity,
tactile discrimination, and hand strength.

o Muscular strength. Local cooling of arms and legs in cold environments can quickly
reduce muscle strength and endurance. This is especially important in flooding situations
(e.g., where there is increased risk of sinking and drowning, O’Brien et al., 2007).
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o Psychology and cognition. Certain memory abilities (short-term recall, working memory)
show fairly consistent adverse effects of cold, whereas findings are somewhat
contradictory for perceptual and vigilance tasks (e.g., Davis et al., 1975; Lockhart et al.,
2005; Marrao et al., 2005; Muller et al., 2012; Patil et al., 1995; Shurtleff et al., 1994). For
abilities most affected, several studies suggest cognitive deficits may persist for as much
as an hour after exposure ceases and physiological measures return to baseline (e.g.,
Muller et al., 2012).

The relative impacts cold have on individual performance demands for a task performed during
a nominal flooding event task are listed in Table 8.5. The nominal flooding event task, arbitrarily
chosen solely for illustrative purposes, involves nighttime flood recovery coordination efforts that
require occasional climbing of ladders and reading and adjusting controls as well as speech
communications in a partially unsheltered command center, with a low effective temperature of
15 °F that induces occasional shivering. Adverse effects on manual dexterity and muscle
strength should be expected, and some level of cognitive effects, especially related to tasks
requiring memory and possibly attention, may also occur.

8.2.2.4 Summary of Research Literature Review Results

The detailed literature review of cold is presented in Volume Il, Chapter 3. Tables related to this
summary are in the following section. Insights from that review include the following:

o Quantitative measures

o Formal cold temperature ranges and their quantitative effects have not been

established.
. Thresholds, measures for success

o  ACGIH has published thresholds for work and warmup time per four-hour shift
(Table 8.6; see Volume Il, Table 3.4, ACGIH, 2012).

o  The research literature (see Volume Il, Chapter 3.5.4) identifies that temperatures
below -23°F are associated with quick damage to exposed flesh (Ramsey, 1975).

o  Manual dexterity becomes impaired at hand temperatures of ~54—59°F (~12—
15°C, Enander, 1987).

o Tactile sensitivity (due to numbness) becomes impaired at somewhat lower hand
temperatures of ~46-50°F (~8—10°C, Enander, 1987).

o  Gross manual tasks, involving interaction with larger objects, begin to suffer at
lower air temperatures of ~54°F (~12°C) and hand temperatures of ~59°F
(~15°C, Chen et al., 2010; Dusek, 1957).

o General thresholds for no effect of cold on general discomfort, skin sensitivity,
tracking and fine and gross manual tasks are tabulated in Table 8.7 (Volume II,
Table 3.2, NUREG/CR-5680, Echeverria et al., 1994).

o  Personnel experience moderate degradation9 at less than 32°F and severe
degradation at less than -25 °F according to the U.S. Army Field Manual (U.S.
Army, 1992).

The wind chill index, as defined by the equation in

o Table 8.8 (see Volume I, Table 3.1), as a function of measured air temperature with
air speed represents what is felt on exposed skin. NOAA-NWS (2017) with has
identified frost bite zones of wind chill index during which frostbite will occur after
a certain time of exposure.

9 U.S Army Field Manual defines moderate performance impact as normal effectiveness reduced 25-75% and severe
impact as normal effective reduce to 0-25%
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e  Qualitative measures
Because discomfort is hypothesized to be a component of many environmental
effects on cognitive performance, adverse impacts from the EC on worker comfort
should be addressed whenever manual actions have a strong cognitive component.

O

8.2.2.5 Quantitative Tables

This section details tables identified in the summary of research literature review results.

Table 8.6 Threshold limit values for cold exposure

THRESHOLD LIMIT VALUES WORK/WARM-UP SCHEDULE
FOR FOUR-HOUR SHIFT*

Air Temp. No Noticeable . . . .
Sunny Sky Wind 5 mph Wind 10 mph Wind 15 mph Wind 20 mph Wind
Max. Max. Max. Max. Max.
°C oF Work | No.of | Work | No.of | Work | No. of | Work | No. of | Work | No. of
(approx)|(approx)| Period | Breaks | Period | Breaks | Period | Breaks | Period | Breaks | Period | Breaks
_228;[0 _1?9:0 (Norm breaks) 1 | (Norm breaks) 1 |75 min.| 2 [55min.| 3 |40min.| 4
'221:0 '224f° (Norm breaks) 1 |75min.| 2 [55min.| 3 |40min.| 4 |30min.| 5
-32° to | -25° to . . . :
340 | -2go 75 min. 2 55 min. 3 40 min. 4 30 min. 3 |
327“’ 32 4f° 55min.| 3 |40min.| 4 |30min.| 5 | Non-emergency
-38° to | -35° to ) ) work should
_390 -390 40 min. 4 30 min. 5 | Non-emergency cease
_40° to | -40° to _ Non-emergency | Work should l
420 | _440 30 min. S Non-emergency | \york should cease
N work should cease
430 to| 450 to | NON-€mergency — l
work should
below | below ¢
cease

Source: American Conference of Governmental and Industrial Hygienists (ACGIH, 2012)
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Table 8.7 Temperatures above which no cold effects occur

Air Hand Skin
Temperature | Temperature
Effect of Exposure to Cold (°F)
General Discomfort 69 75
Effects of Cold on the Hands
Skin Sensitivity 75
Numbness 54 68
Pain 61
Finger Discrimination 37
Grip Strength 14
Task Performance
Fine Manual Tasks 64 55
Tracking 55
Gross Manual Tasks 54 59

Source: NUREG/CR-5680, Echeverria et al., 1994: Table 5.2

Table 8.8 Time to frost bite based on wind and cold temperature

Temperature (°F)
-10

Wind (mph)

9
8
7
6
5
4
4
3

Frostbite Times |:| 30 minutes |:| 10 minutes |:| 5 minutes

Wind Chill (°F) = 35.74 + 0.621T — 35.75(V%16) + 0.4275T(V°19)
Where, T = Air Temperature (°F) V = Wind Speed (mph)
Source: NOAA-NWS, 2017 (effective 11/01/01)
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8.2.3 Noise

Noise is defined as unwanted sound. Echeverria et al. (1994) described noise as the most
common EC encountered in an industrial setting. With considerable expansions based on more
recent research, the following characterization of noise effects is built upon the description in
their earlier work. Noise has a wide range of sources and characteristics or qualities (e.g.,
frequency, intensity, continuity, intermittence, transience, attenuation, and direction). Across
these, noise can affect performance in multiple ways including interfering with communication,
increasing annoyance or anxiety, causing a temporary shift in hearing ability, and posing a
safety hazard to personnel. Different types of noise, such as familiar vs. unfamiliar and
continuous vs. impulse, affect performance differently. Performance is also sensitive to both the
duration of noise exposure and task complexity. The basic measures of sound are frequency in
hertz (Hz) and intensity in decibels (dB). Humans perceive frequency and intensity in the range
of hearing as pitch and loudness; infra-sound outside the auditory range may be felt, though not
heard. Because human hearing is not equally sensitive to all frequencies, loudness is perceived
differently at different frequencies, and the highest sensitivity (perceived loudest sound) is at
around 3,000 Hz (Nave, 2016). This is accounted for by weighting the dB scale; the A-weighted
scale, dB(A), is the most commonly used because it approximates the ear’s frequency response
for sound below 55 dB and is the most sensitive (NUREG/CR-5680, Echeverria et al., 1994).

8.2.3.1 Research Literature Base

The effects of sound and associated noise on performance has been long studied and better
quantified than most of the ECs addressed in this report. This is not surprising because it has
been long recognized as important in industrial and military settings. Much of the historic
literature deals with noise interference with auditory detection and perception over the range
from simple signals to speech communication. Substantial bodies of more recent research
document diverse impacts both on cognitive processes, especially from background speech
noise, and gross motor tasks, especially from low frequency noise (2-200 Hz) that affects the
semicircular canals of the inner ear (and thereby balance). Stress and arousal are increasingly
seen to have substantial effects on both well-being and performance (e.g., cognition and gross
motor skills, Botteldooren et al., 2008; Schlittmeier et al., 2015).

8.2.3.2 Mechanisms of Action

Figure 8.6 presents an overview of noise, including its attributes, units of measurement, likely
co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. These topics are comprehensively addressed in Volume I, Chapter 4.

The primary mechanisms by which noise affects human performance are as follows:

o Interference with detection and perception of auditory signals. Noise can directly interfere
with the detection and perception of auditory signals both from masking when coincidental
as well as during recovery from sound exposures.

. Disruptions of verbal information processing. Noise, particularly from background speech,
interferes with the phonological loop segment of working memory that deals with acoustic
information (e.g., speech and interpretation of written words, Baddeley & Hitch, 1974).
This disrupts the performance of tasks that involve processing verbal information (e.g.,
reading and interpreting text, as well as those involving remembering, understanding, and
manipulating auditory information).
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Condition Noise
Example 80-90 dBA, 10,000-15,000 Hz
P high pitch, intermittent Noise
|
v ) v ) v
Attributes Intensity | | Frequency Type (continuous, impulse, Duration Waveform
and Units (dBA) (Hz) intermittent) (s) (square, random)
I I
Y Y
Mechanisms Reticular Activating System Attention and/or working .
. L . . Hearing interference
of Action (RAS) activation/stress memory disruption
I I_’
v v
Effects on Detecting and noticing Fine motor skills Decision making Teamwork (e.g.,
Performance (e.g., attention, memory) || (e.g., manual dexterity) || (e.g., computation) || communication)
I I [ I
Y v
Potential Control Reduce sound generation Protective gear
Mitigation exposure time (e.g., attenuation) (e.g., earplugs)

Primary and Secondary ECs and Effects

Extent of Literature

Primary

Quantifiable based

Secondary

on literature

Discussed in
literature

Inferred by research

team from literature

Figure 8.6 Noise effects overview

Disruptions of motor performance. Noise, particularly low frequency noise (2-200 Hz) but
also sustained high intensity noise (>95 dB(A)), can adversely affect balance, standing
steadiness, walking carrying capability, as well as performance of manual handling tasks
such as walking, lifting, pushing, etc. (EnHealth Council, 2004). Stress and arousal, which
can be induced by high levels of noise, have also been found to adversely affect
coordination during gross motor activities.

Stress, arousal, and discomfort. Studies have shown that noise increases stress, arousal,
and discomfort, which can directly impair the ability to focus on a task at hand (whatever
its nature but most adversely, if the task is complex and/or cognitive and requires
sustained attention, (Botteldooren et al., 2008; Schlittmeier et al., 2015)). Adverse effects
are more pronounced when the worker does not control the start and stop of the noise
(e.g., Wohlwill et al., 1976).
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8.2.3.3 Broad Effects on Performance

Research has shown that noise affects human performance in the following ways:

e  Auditory sensing and understanding. Noise can adversely affect the range of auditory
sensing and understanding, from simple signal detection to speech communication,
primarily by masking the communicated information (i.e., affecting the receiving pathway).
Speech communication is most affected by multiple speaker background noise, arguably
reflecting an attentional disruption (e.g., Jones, 1990; Salamé & Baddeley, 1982). Aural
communication disruptions adversely affect higher order cognitive processes and motor
components that are contingent on the affected information.

o Fine motor skills. Negative effects of noise on the performance of several practical fine
motor control and manual dexterity tasks have been recently demonstrated (Nassiri et al.,
2013). The fact that fine motor skills are most sensitive to particularly annoying aperiodic
and high frequency noise appears to reflect the adverse effects of attentional disruptions.

e  Attention. Noise, via its level of annoyance, has broad adverse effects on cognitive tasks
involving attention and memory, as well as more complex tasks involving verbal
information processing (e.g., verbal communication and verbal and reading
comprehension). It has also been shown to be disruptive of psychomotor integration
tasks, but rarely simple non-aural detection tasks (e.g. visual). Annoyance and attentional
disruptions tend to be greatest with ongoing noise that is unpredictable in period,
frequency, and intensity (Casali & Robinson, 1999; Szalma & Hancock, 2011).

o Vigilance. Response speed and errors on this largely attentional task both tend to
increase with noise stress, with their relative increases depending on individual shifts in
strategy and ability to withhold routinized motor responses. Reduced adaptation to
modifications in target probabilities can also occur (Dornic & Fernaeus, 1981; Smith,
1985). These vigilance performance disruptions appear to reflect effects on attention,
because they are similarly vulnerable to ongoing noise that is unpredictable in period,
frequency, and intensity (e.g., Smith, 1988; Smith & Miles, 1987).

o Teamwork. Noise may directly disrupt oral communications, and consequently associated
aspects of crew integration and coordination. Noise, via its associated stress and
attentional resource reductions, may also further adversely affect oral communications
and crew integration and coordination.

The relative impacts of these broad noise effects on individual performance demands may be
assigned for a nominal flooding event task, as illustrated in Table 8.9. This nominal flooding
event task assumes that two workers have been sent outside to ascertain, report, and
coordinate actions to be taken after an electronic equipment alert signals from portable
equipment on an external platform. Near the platform there is also an auditory alert, but it is
being masked by the worker’s ear protection equipment as well as wind and increasingly loud
equipment noise (perhaps reflecting an ongoing major failure). Communication is required to
coordinate the actions of the workers after the nature of event is understood and options are
weighed. In this example, under detecting and noticing, it is assumed that workers wearing
noise protectors with internal earphones and using a noise-canceling microphone would
experience muting of external auditory signals, making them difficult to detect. Communication
via electronic devices could be adversely affected at a medium level (Med), in part because of
wind noise, but also because the equipment failure noise the workers would need to detect
would be blocked by the noise-canceling microphone in their communication equipment. This
would typically affect subsequent communications-dependent performance demands at a
medium level. In contrast, gross motor skills would be little affected (Low). If the impact on
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Table 8.9 Summary of illustrative noise effect on performance and relative impact of
environmental conditions by performance demands®. lllustrative variations
based on authors’ review of literature for a nominal flooding event task where
the personnel are wearing noise protection.

Impact of
Noise on

Effects of Noise on Performance
Performance Demands Performance Demands
Detecting and Noticing
Attention, memory, vigilance, switching, acuity,
perception and threshold perception

Sensation and aural recognition Auditory Acuit High
Pattern recognition, discrimination, evaluating, Attention, Speech M
hypothesizing, diagnosing, and integrating Recognition, Cognition ed
po , , :
Decision-makin
Reasoning, computation, interpreting, classifying,
goal setting, planning, adapting, and evaluating Attention, Cognition Med
and selecting options

Attention, Auditory High

Fine motor skills — discrete and motor continuous, | Manual Tracking® and

and manual dexterity Fine Motor Tasks —
Gross motor skills — heavy and light - Low
Other neurophisioloiical functions Neurochemical Med
Reading and writing Visual Acuity, Cognition Med
In-person and electronic oral communication Cognition Med
Cooperation, crew interaction, and command and Attention .
e Med-High
control Cognition

(a) The nominal flooding event task assumes that two workers have been sent outside to ascertain
report and coordinate actions to be taken following an electronic equipment alert signal from portable
equipment on an external platform. Near the platform there is also an auditory alert, but it is being
masked by the ear protection as well as wind and increasingly loud equipment noise (perhaps reflecting
an ongoing major failure). Communication is required to coordinate the actions of the workers after the
nature of event is understood and options are weighed.

(b) Manual tracking is setting features manually and tracking them by hand rather than relying on auto-
tracking, such as by using a joystick

electronic communication was greater, a realistic possibility (High) as the noise cancelation
microphone becomes unavailable, then other medium impacts would typically become high,
with the exceptions of fine motor and gross motor skills, which would remain respectively
medium and low because of the noise-canceling ear protection equipment.

8.2.3.4 Summary of Research Literature Review Results
The detailed literature review of noise is presented in Volume Il, Chapter 4. Plots and tables

related to this summary are in the following section. Insights from that review include the
following:
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¢ Quantitative measures

o Noise has been shown to adversely impact several performance demands, including
aural communication, which is particularly affected by background speech noise;
attention; cognition, especially that involving verbal information processing, memory
and attention, and psychomotor integration; vigilance; and fine motor skills. As
discussed in more detail in Volume I, Chapter 4, these effects are mediated by
various attributes of the noise (e.g., aperiodic vs continuous, intensity, and degree
under “worker’s” control). Effects were estimated by Hancock et al. (2005) in terms of
IMPRINT Taxons (Table 8.10; see Volume II, Table 4.1)

o Noise, very low frequency noise (2-200 Hz) but also sustained high intensity
noise (>95 dB (A)), can adversely affect balance, which affects standing
steadiness and walking carrying ability (EnHealth Council, 2004; Schultz et al.,
1976). Stress and arousal, which can be induced by high levels of noise, adversely
affect coordination during gross motor activities (Figure 8.7; Volume I, Figure 4.6).

e Thresholds and measures for success

o Recommended exposure limits have been delineated with some variations across
agencies. 85 dB (A) is the most conservative limit for 8 hours of exposure across
agencies (Table 8.11; see Volume Il, Table 4.2 (ACGIH, 2006)).

o Allowable noise level pressure between 90 dB (A) and 115 dB (A) also have been
delineated (Table 8.12; see Volume Il, Table 4.3, OSHA(29 CFR 1910.95, 1996)).

o Exposure to impulsive or impact noise has also been limited to 140 dB peak
sound pressure. (Volume Il, 4.5.8, Para 1).

¢ Qualitative measures

o The percentage of respondents highly annoyed by an outdoor noise level has been
broadly identified, with 50% indicating high annoyance at ~76+4 dB and ~5+5% at
50 dB (A) (see Volume II, Figure 4.6). High annoyance would adversely affect
detecting and noticing; understanding; decision-making; fine motor skills; other
neurophysiological functions; and teamwork.

8.2.3.5 Quantitative Plot and Tables

This section details a plot and tables identified in the summary of research literature review
results.

Table 8.10 Proposed taxon impacts of noise for the IMPRINT Model

IMPRINT Taxon Accuracy Speed
Perception — Visual Recognition/Discrimination -0.4%® 2.4@
Numerical Analysis -31.8% -16.8%
Fine Motor Discrete -9.9%® -33.6%
Fine Motor Continuous -19.9%® -13.1%®
Communication — Reading & Writing -23.7% 1.4%®
Communication — Oral -29.0%@ ID®)

Positive percentages reflect facilitation of the task, negative percentages reflect decrements.
(a) The confidence intervals for these effects contain zero, thus noise may have very small or zero
statistical effect on these tasks. (b) Indeterminate

Source: based on Hancock et al., 2005
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Figure 8.7 Percentage of respondents highly annoyed by outdoor noise level. Curves
fitted to results from several social surveys in different countries.

Table 8.11 Limits for noise over an 8-hour period by various regulating agencies

Agency Permissible Exposure Limits

OSHA 90 dB(A) (TWA)?
NIOSH 85 dB(A) (TWA)P
ACGIH 85 dB(A) (TWA)®

(a) 29 CFR 1910 (1996) OSHA General Industry Regulations, Subpart G Occupational Health &
Environmental Control, §1910.95 Occupational noise exposure

(b) Rosenstock (1998). Criteria for a recommended standard: Occupational noise exposure. U.S.
Department of Health and Human Services, Centers for Disease Control and Prevention.

(c) American Conference of Governmental and Industrial Hygienists (2006).
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Table 8.12 Allowable noise level from OSHA and NIOSH/ACGIH standards

OSHA Allowable NIOSH/ ACGIH
Level dB(A) Duration Level dB(A)
90 8h 85
95 4h 88
100 2h 91
105 1h 94
110 30 min 97
115 15 min 100

Sources: OSHA: 29 CFR 1910.95, 1996; ACGIH, 2006
8.2.4 Vibration

Vibration, figure defined as an oscillating motion characterized by frequency and acceleration, is
another EC described in detail by Echeverria et al. (1994) that was identified as being
commonly encountered in an industrial setting. Vibration affects performance by causing
discomfort, impaired ability to read text and numbers, and impaired manual tracking. Sustained
vibration-blurred vision can lead to nausea and other symptoms of perceptual conflicts (e.g.,
Bittner & Guignard, 1985a, 1985b; Helmkamp et al., 1984). The following characterization of
vibration builds upon its description by Echeverria et al. (1994). Vibration frequency is measured
in hertz, while the acceleration (representing the force or intensity) of vibration is measured in
meters per second squared (m/s?) or expressed relative to the acceleration due to gravity (g),
which is 9.8 m/s2. Because Echeverria et al. (1994) focused on ECs inside the plant, they did
not address potential environmental sources of vibration (e.g., riverine floodwater or storm
surge/tides).

8.2.4.1 Research Literature Base

The effects of vibration have been more studied and better quantified than most of the ECs
addressed in this report, in part because vibration is an important factor in many industrial
settings. The largest body of research relevant to flooding events is that conducted on whole
body vibration. Cognitive impacts from vibration are difficult to separate from impacts on vision
and those resulting from the noise that often accompanies vibration. Chronic exposure,
increased frequency and acceleration, and proximity to the resonant frequency of the eye are all
linked in the research literature to greater adverse performance impacts.

8.2.4.2 Mechanisms of Action

Figure 8.8 presents an overview of vibration, including its attributes, units of measurement, likely
co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which vibration affects human performance are
as follows:

o Disruption of perception. Vibration affects visual and manual tracking tasks due to the
relative movement of the viewed object and the retina. Blurred vision and poor visual
performance ensue.

o Mechanical disruption of motor control. Vibration mechanically disrupts the control needed
in tracking tasks or tasks requiring fine motor control.
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Condition Vibration
Example 6 Hz, 0.5 g rms, random, whole- Noise? Temperature!®
P body vibration (e.g., 80-90 dB(A), Intermittent Noise) (e.g, 70-80 °F)
¥
v ) ) ¥ Y
Attributes Frequency Duration Acceleration Type Vibrating object (e.g., body,
and Units (Hz) (seconds) | | (rms g, m/s?) (harmonic, random) limb, viewed object)
| I I I
Y Y
Mechanisms Mechanical disruption Perceptual disruption | | Stress, discomfort, .
. . . Fatigue
of Action (e.g., motor control) (e.g., visual) anxiety
I I I I
v v
Effects on Fine motor skills (e.g., using tools, Detecting and noticing Teamwork
Performance eye-hand coordination) (e.g., visual perception) (e.g., reading and writing)
I I
Y v
. Isolate vibration source from Adapt workstations to vibration .
Potential . Tactile gloves,
e operators (e.g., shocks, energy- (e.g., larger readouts, collimated I .
Mitigation . . . stabilized limbs
absorbing materials) displays)

Primary and Secondary ECs and Effects

Extent of Literature

Primary

Secondary

Quantifiable based

on literature

Discussed in
literature

Inferred by research
team from literature

1See noise, cold, and heat EC figures

Figure 8.8 Vibration effects overview

. Stress, arousal, and discomfort. Studies have shown increases in stress, arousal, and
discomfort with vibration frequency and acceleration as well as with chronic exposure to
vibration (e.g., Helmkamp et al., 1984; Ljungberg et al., 2004).

8.2.4.3 Broad Effects on Performance

Research has shown that vibration affects human performance in the following ways:

o Visual acuity: Visual acuity is dependent on frequency and acceleration. Curves exist that
relate error-free reading to these parameters.
o Manual tracking and fine motor tasks. Vibration adversely affects hand-eye coordination,
which adversely affects fine motor tasks and manual tracking behaviors (Lawton & Miller,

2006; Woldstad et al., 1982).

o Attention. Errors increase with discomfort caused by vibration and attention sensitive task
performance declines (e.g., Griffin, 2012; Ljungberg et al., 2004); the severity of these
effects corresponds with the discomfort thresholds established by the International

Standards Organization (ISO).
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o Cognition. Studies have shown adverse impacts on many measures of cognition, but their
effect is difficult to separate from the visual or noise effects (e.g., as cognition may be
impaired, or may be impossible, when it is difficult to adequately see or hear relevant
cues). Measures affected included learning rates, timesharing, memorization, and
inductive reasoning (Schipani et al., 1998; Sherwood & Griffin, 1992).

o Teamwork. Reading and writing may be disrupted due to impairment of visual acuity.
Also, stress and attentional costs have been shown to affect the quantity and quality of
communication and associated coordination.

The relative impacts of these broad vibration effects on individual performance demands may
be assigned for a nominal flooding event task, as illustrated in Table 8.13. This nominal flooding
event task, arbitrarily chosen solely for illustrative purposes, involves the attempted reading of
displays on an exposed platform that is vibrating because of both the operation of a nearby

Table 8.13 Summary of vibration effects on performance and relative impact of
environmental conditions by performance demands®. lllustrative valuations
based on authors’ review of literature for a nominal flooding event task.

Impact of
Vibration on

Effects of Vibration on | Performance
Performance Demands Performance Demands
Detecting and Noticing

Attention, memory, vigilance, switching, acuity, Attention, Visual Acuity Med/High®
perception and threshold perception ’

Sensation and visual recognition Visual and Tactile Acuit High
Understanding

Pattern recognition, discrimination, evaluating, Attention, Visual Acuity,
hypotheS|Z|ng diagnosing, and integrating Coghnition

Reasoning computation, interpreting, classifying,
goal setting, planning, adapting, and evaluating Attention, Cognition

and selectln('; options

Fine motor skills — discrete and motor continuous, | Manual Tracking and Fine

and manual dexterity Motor Tasks

Gross motor skills — heavy and light Low
Other neurthismIOﬁlcal functions Med
Reading and writing Visual Acuity, Cognition High
In-person and electronic oral communication Attention Cognition Med
g):ri[r);ratlon, crew interaction, and command and Attention, Cognition Med

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involved the
attempted reading of displays on an exposed platform that is vibrating both because of a nearby
portable emergency pump operation and buffeting floodwaters.

(b) If the impacts of vibration were greater -- a realistic possibility -- then adverse effects on Detecting
and Noticing could appropriately be scored as “High.”




portable emergency pump (that may be responding to floodwaters) and buffeting due to
floodwaters. In this illustration under detecting and noticing, it is concluded that the effect on
visual acuity would be High (e.g., based on Figure 5.4 in Volume Il), but there are only modest
effects on attention and memory because their corresponding salient perceptual cues may not
be severely affected even though visual acuity is severely affected. If the impacts of vibration
were greater -- a realistic possibility -- then adverse effects on the performance demands
dependent on the lower level cues (i.e., attention, memory, vigilance, switching, acuity,
perception and threshold perception) could appropriately be scored as “High.”

8.2.4.4 Summary of Research Literature Review Results

A detailed review of the research literature on vibration is presented in Volume II, Chapter 5.
Plots related to this summary are in the following section. Insights from that review include the

following:

e  Quantitative measures
o Discomfort boundaries for increasing vibration exposure times were developed by
ISO (Figure 8.9; see Volume I, Figure 5.3 (NUREG/CR-5680, Echeverria et al.,
1994)).
. Thresholds, measures for success
o Vision is completely disrupted at or near 30Hz (resonant frequency of the eye,
Lawton & Miller, 2006).
o  Textreading errors due to vibration (Figure 8.10; see Volume Il, Figure 5.4
(NUREG/CR-5680, Echeverria et al., 1994)).
o Baseline tracking is unaffected at or below the 0% line (Figure 8.11; see Volume II,
Figure 5.5).
e  Qualitative measures
o  Sustained vibration of any frequency can lead to sensation of nausea/motion
sickness (apparently due to visual blurring and inner ear effects (Helmkamp et al.,
1984).
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8.2.4.5 Quantitative Plots

This section details plots identified in the summary of research literature review results.
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Figure 8.9 Discomfort boundaries by exposure time and observed vibration

characteristics (ISO in NUREG/CR-5680, Echeverria et al., 1994)
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Figure 8.10 Effects on visual acuity by observed vibration characteristics (ISO in
NUREG/CR-5680, Echeverria et al., 1994)
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8.2.5 Lighting

Echeverria et al. (1994) considered poor lighting effects on reading, inspection, and general
visibility. The important characteristics of light—and how those characteristics are measured—
are described by Echeverria et al. (1994) and summarized as follows:

o Light intensity is energy radiated in all directions from a light source, measured in lumens.

o llluminance is the amount of light striking an object that decreases with distance from the
bulb and is measured in lux.
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o Luminance is the energy reflected off an object, which humans perceive as brightness. It
does not decrease with distance.

In addition to these properties of light, Echeverria et al. (1994) noted that several properties of
an object being viewed are also important: contrast (i.e., the ratio of the luminance of an object
and luminance of the background), the size of the object, and the color of the object. Echeverria
et al. also noted large differences in visual acuity across individuals, including a distinct
decrease in visual acuity with age.

During a flood of interest, MAs could be performed outside the plant, possibly in unsheltered or
semi-sheltered locations, in settings with opportunities for greater lighting issues. Light levels
and visibility could be highly variable at unsheltered or semi-sheltered locations, such that
individual MAs could be affected differently. Poor visibility could also occur in combination with
other ECs. This literature review includes the effects of poor lighting and reduced visibility due to
low ambient outdoor light levels, as well as precipitation, and wind.

8.2.5.1 Research Literature Base

Lighting quality and intensity have been well studied for more than a century. Poor lighting has
been shown to have significant negative impacts on basic visual perception performance, which
adversely affects performance in reading, writing, driving, conducting visual inspections, and
performing dependent cognitive tasks that require visual information. Particularly intense
exposure (>120,000 lux), or exposure to ultraviolet (UV) lighting can temporarily or permanently
damage the retina. The research literature on lighting is reviewed in Volume Il, Chapter 6.

8.2.5.2 Mechanisms of Action

Figure 8.12 presents an overview of lighting, including its attributes, units of measurement, likely
co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which lighting affects human performance are as
follows:

o Limits of visual perception. When luminance of targets (e.g., objects, text) by available
lighting is insufficient to activate retinal rod receptors, visual perception cannot occur.
Likewise, when available light exceeds 100,000 lux, the resulting direct or indirect light
incident on the retina (e.g., glare) causes receptors to be overwhelmed, also disrupting
vision. An example is dazzle from close lightning. Performance of any physical or
cognitive tasks relying on vision suffers when glare occurs.

o Color perception. Basic color perception, which is used in distinguishing color coding of
wires, for example, requires that the viewed object exhibits a minimum luminance of at
least 3 cd/m? (Brown, 1951). Below this luminance level, the cone receptors of the retina
give way to rods, which specialize in low light vision and cannot discriminate color.

o Reading and writing. At illuminances of <100 lux, reading and writing are rendered slower
and less accurate. llluminances between 100-300 lux are adequate for medium
contrast/small size discriminations, but up to 1,000 lux are required for prolonged reading
of very small, low-contrast text (Weston, 1945, 1953).
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Condition Lighting
Moderately poor to very
Example poor ambient light
| Color
v v v v v (hue, saturation)
Attributes Intensity | | llluminance Luminance Frequency Wavelength
and Units (Im) (lux) (cd/m?) (Hz; flicker) (nm) || Stimulus
| | | | | (contrast, size)
Mechan.lsms Limits of \{lsual Circadian rhythms Arousal
of Action perception
{ v v
Effects on Visual Gross motor skills Fine motor skills Vision-dependent
Performance perception (e.g., walking, using tools) (e.g., manual dexterity) cognition
I I |
v
Potential Flashlights or Lighting placement
Mitigation headlamps and direction

Primary and Secondary ECs and Effects Extent of Literature

Discussed in
literature

Quantifiable based
on literature

Inferred by research

Pri :
rimary team from literature

Secondary

Figure 8.12 Lighting effects overview

. Visual inspections. The effect of low illumination on visual inspection performance
depends heavily on the intricacy of the inspection. For ordinary inspections where target
defects are reasonably large (e.g., fence sections blown away), illuminance below 500 lux
may lead to increased time and errors, whereas for inspection of tiny defects in cluttered
surrounds, illuminance under 2,000 lux may lead to failure in the detection of defects
(See, 2012).

° Alertness. The alertness encouraged by higher intensity and short wavelength light has
been shown to enhance the performance of a variety of cognitive tasks, including those
requiring sustained attention and working memory, speed and concentration, and even
improved subjective mood and well-being (Alkozei et al., 2016; Beaven & Ekstrém, 2013;
Borisuit et al., 2015; Chellappa et al., 2011; Keis et al., 2014).

° Fine motor skills. Fine motor skills may be disrupted when illumination adversely affects
perception, accuracy of inspections, and/or alertness.

. Gross motor skills. Both insufficient and excessive illuminance can negatively affect gross
motor tasks, increasing the time required to complete tasks and/or increasing errors. For
example, if illuminance is too low during a trench digging task, workers may slow down to
assure that the tool is placed correctly (e.g., shovel placement, stroke depth). Under time
pressure, this could result in poor motor task quality and/or increase the probability of
accidents.
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The relative impacts of lighting effects on individual performance demands may be assigned for
a nominal flooding event as illustrated in Table 8.14. The nominal flooding event task, arbitrarily
chosen solely for illustrative purposes, involves the attempted reading of displays at night on an
exposed platform that is indirectly illuminated by a nearby halogen lamp on a 15 ft high post.
The effects of subthreshold/intense lighting have their primary effects on sensation and visual
recognition, and to the extent each of the remaining performance demands have visual
perception as a precursor (straightforward: reading and writing; situation-specific: command and
control with heavy visual component — e.g., involving quick, continuous assessment of several
displays, assessment of visual field while driving, and making decisions on maintenance
deployments).

8.2.5.3 Summary of Research Literature Review Results

A detailed review of the research literature on lighting is presented in Volume Il, Chapter 6.
Plots and tables related to this summary are in the following section. Insights from that review
include the following:

° Quantitative measures

o Recommendations for illumination levels for various visual activities have been

established (Table 8.15; see Volume Il, Table 6.2 (DiLaura et al., 2011)).
. Thresholds, measures for success

o When the luminance of an object is less than 3.426 x 10-6 cd/m?, light stimulus is
insufficient to activate the retina’s rod (low light) receptors, thus preventing
perception of the stimulus (Figure 8.13; see Volume I, Figure 6.5 (Hood &
Finkelstein, 1986))

o  Particularly intense exposure (>120,000 lux), or exposure to UV lighting can
temporarily or permanently damage the retina.

o Luminance levels below a fraction of 1 lux are insufficient to activate the retina’s
rod (low light) receptors, thus preventing perception of the stimulus.

o Lighting above 1 lux but below 50 - 100 lux is likely to slow simple visual task
speed in average workers (Figure 8.14; see Volume I, Figure 6.6 (e.g., Tinker,
1939; Weston, 1945, 1953)).

o Atflicker frequencies above about 50 Hz, light sources appear to be constantly on,
with no overt flicker perception (Lehman & Wilkins, 2014). However, some
individuals can still be afflicted with motion sickness symptoms by flicker rates up to
nearly 1,000 Hz (Figure 8.15; see Volume I, Figure 6 7).

o Qualitative measures
o Subjective mood, alertness, concentration, and well-being are enhanced by even
brief exposures to short wavelength light.
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Table 8.14 Summary of lighting effects on performance and relative impact of
environmental conditions by performance demands®. lllustrative valuations
based on authors’ review of literature for a nominal flooding event task.

Performance Demands
Detecting and Noticing

Attention, memory, vigilance, switching, acuity,

Effects of Lighting on
Performance

Alertness, Visual Performance,

Impact of
Lighting on

Performance
Demands

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating
Decision-making

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting,

Fine motor skills — discrete and motor
continuous, and manual dexterity

perception and threshold perception el Inspectllon, Color Med
Perception
Visual Performance, Visual
Sensation and visual recognition Inspection, Color Perception, High

Alertness

Understanding

Visual Performance, Color
Perception, Alertness

Visual Performance, Alertness

and evaluatini and selectini oitions

Visual Performance, Alertness

High

High

High

Gross motor skills — heavy and light

Visual Performance, Alertness

Med

Reading and writing

Other neurthisioIOﬁical functions Visual Performance, Alertness Med

Reading & Writing, Visual
Performance, Alertness

High

In-person and electronic oral communication

Alertness, Visual Performance

Med

Cooperation, crew interaction, and command
and control

Visual Performance, Alertness,
Color Perception, Visual
Inspection

high post.

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involved the attempted
reading of displays at night on an exposed platform that is indirectly illuminated by a nearby halogen lamp on a 15 ft




8.2.5.4 Quantitative Plots and Tables

This section details plots and tables identified in the summary of research literature review

results.

Table 8.15 Recommended illumination by activity

Range of
Type of Activity llluminance (lux)
Public spaces with dark surroundings 20-30-50
Simple orientation for short, temporary visits 50-75-100
Working spaces where visual tasks are only occasionally performed 100-150-200
Performance of visual tasks of high contrast or large size 200-300-500

Performance of visual tasks of medium contrast or small size

500-750-1000

Performance of visual tasks of low contrast or very small size

1000-1500-2000

Performance of visual tasks of low contrast or very small size over a
prolonged period

2000-3000-5000

Performance of very prolonged and exacting visual tasks

5000-7500-10000

Performance of very special visual tasks of extremely low contrast and

10000-15000-

small size 20000
Source: llluminating Engineering Society; DiLaura et al., 2011
lllumination Single Bright  Starry . Indoor Sunny Camera
Level Star Night Moonlight Lighting Day Flash

tuminance 106 10 102 1 100  10* 105 108
(cd/m?)
Active Rods Cones
Photoreceptors e
Color Perception/ No color vision, Good color vision,
Acuity poor acuity acuity
Best acuity

Figure 8.13 Visual perception response at different illumination/luminance levels (after

Hood & Finkelstein, 1986)
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Figure 8.15 Summary of flicker effects from multiple studies (adapted from Lehman &
Wilkins, 2014). The low-risk (orange) and no-observable-effect (green)
regions for flicker as a function of the frequency and modulation
percentage. The line Mod% =0.0333*fsicker Separate the no-observable-effect
and low-risk regions, and the upper margin of the low-risk region is given
by the line Mod% =0.08"fsicker.

8.2.6 Humidity

Absolute humidity is defined as the amount of water vapor contained in a volume of air and is
generally expressed in grams per cubic meter (gm/m?3). What people perceive as humidity is the
“relative humidity,” or the ratio of the absolute humidity to the possible maximum, which is a
function of air temperature, commonly expressed as a percentage. As detailed in Volume II,
Chapter 2, Heat, humidity strongly influences perception of heat and is usually considered in the
research literature regarding the physiological effects of temperature.

Echeverria et al. (1994) did not consider humidity separately from heat and cold, but in this
report the research team treated humidity as a separate EC because it may have effects during
a flooding event, such as fogging instruments, or condensation on glasses and tools, that differ
from effects in relatively sheltered environments.
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8.2.6.1 Research Literature Base

The effects of humidity are chiefly addressed in the literature as part of heat (see Section 8.2.1
but especially in Volume Il, Chapter 2) or cold (see Section 8.2.2, but especially Volume II,
Chapter 3). Because they are difficult to study independently of one another, the degree to
which humidity is responsible for performance decrements separately from heat and cold cannot
be determined from the available research literature. Indeed, many, if not most, contemporary
authors argue that humidity should be considered an integral part of combination measures of
temperature, wind, and humidity (e.g., WBGT).

8.2.6.2 Mechanisms of Action

Figure 8.16 presents an overview of humidity, including its attributes, units of measurement,
likely co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which humidity affects human performance are
as follows:

Condition Humidity
Example 70% to 90% relative humidit VPR
P ° ° y (e.g., 70-80 °F)
Attributes Absolute humidity Relative humidity Dew point
and Units (g water/cm? air) (percent or fraction) (°F/ °C)
I
v v Y
Mechanisms Perception of heat or Physiological effects Fog, dew,
of Action cold (discomfort)?! (e.g., drying mucous membranes) condensation
[ | |
] ] v
Effects on Cognition Gross motor skills Fine motor skills
Performance (e.g., detecting and noticing) (e.g., walking) (e.g., using tools)
[ I |
1
Y ] Li
Potential Common heat or cold Increase evaporative Increase fluid intake
Mitigation stress mitigations?® heat loss (hydrate)
Primary and Secondary ECs and Effects Extent of Literature
. Quantifiable based Discussed in Inferred by research
Primary Secondary . . .
on literature literature team from literature
____________________ >

1See heat and cold EC figures

Figure 8.16 Humidity effects overview
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o Perceptions of heat, cold, and discomfort. High or low humidity has clear impacts on
human perception of heat (e.g., Section 8.2.1 and Volume Il, Chapter 2) and cold (e.qg.,
Section 8.2.2 and Volume II, Chapter 3). High humidity slows the evaporation of sweat, an
important cooling mechanism for the body (Masterton & Richardson, 1979). Hence, higher
humidity is related to reduced heat tolerance (and risk of hyperthermia), as well as higher
subjective discomfort, and risk of performance decrements, especially for manual vs.
sedentary tasks. In cold weather, high humidity enhances heat transfer away from the
body, enhancing perceptions of cold, and increasing the potential for hypothermia. Low
humidity can also cause discomfort, especially when accompanied by wind, by irritating
eyes, drying skin and mucus membranes, and leading to dehydration from fluid loss
during exhalation and sweating.

o Optical fogging/slipperiness. High humidity leads to condensation of moisture onto
walking and other surfaces. Condensation of fog onto eyewear and other glass, plastic,
and other surfaces can reduce optical transparency and adversely affect dependent visual
tasks and require frequent cleaning. It can also “wet” surfaces such as the pavement, the
ground, and worker skin, clothing, and equipment making them “slippery” (e.g., Volume ll,
Chapter 11, Ice and Snowpack).

8.2.6.3 Broad Effects on Performance
Research has shown that humidity affects human performance in the following ways:

o Discomfort/distracted attention and judgment. Longer term exposure to uncomfortable,
high humidity environments is associated with sleep difficulties, and physical, perceptual,
and cognitive performance due to fatigue. The discomfort associated with both high (see
Volume I, Chapter 2, Heat) and low humidity (see Volume Il, Chapter 3, Cold) may
exacerbate the subjective experience of heat/cold, and consume attentional resources,
resulting in performance decrements, especially for complex cognitive tasks (e.g.,
Colquhoun, 1971).

. Visual recognition and discrimination. When relative humidity approaches 100 percent,
secondary ECs, especially fog may negatively affect activities requiring vision, especially
those involving moving vehicles, although obscured vision may also hamper walking.

o Mobility of personnel on foot/operating vehicles. Several lines of field evidence show that
high humidity slows walking speed, possibly due to increased slipperiness of walking
surfaces but also due to discomfort. It can also affect vehicle control through some of the
same mechanisms, because motorists tend to slow down in response to encountering
slipperiness, which may be due to humidity.

The relative impacts humidity has on individual performance demands may be assigned for a
nominal flooding event task as illustrated in Table 8.16. The nominal flooding event task,
arbitrarily chosen solely for illustrative purposes, involves daytime flood protection and
mitigation coordination efforts in a partially covered command center. The performance impacts
of high humidity are of two primary types: (1) gross motor impacts — walking or driving effects
related to associated slipperiness and (2) broad cognitive impacts based on perceptual
difficulties from fogging of eyewear and displays as well as limited cognitive resources due to
discomfort.
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Table 8.16 Summary of humidity effects on performance and relative impact of
environmental conditions by performance demands@. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Performance Demands
Detecting and Noticing

Attention, memory, vigilance, switching, acuity,

Effects of Humidity on
Performance

Discomfort/Distracted Attention

Impact of
Humidity on
Performance

Demands

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating

Reasoning, computation, interpreting,

Discomfort/Distracted Attention
and Judgment; Visual

Discomfort/Distracted Attention

: . and Judgment; Visual High
perception and threshold perception Recognition and Discrimination
Discomfort/Distracted Attention

Sensation and visual recognition and Judgment; Visual High

Recognition and Discrimination
Understanding

Med

Recognition and Discrimination

classifying, goal setting, planning, adapting, and Judgment; Visual Med
and evaluating and selecting options Recognition and Discrimination

Flnel motor skills — discrete and. motor Vehicle Mobility Med
continuous, and manual dexterity

Gross motor skills — heavy and light Foot/Vehicle Mobility Med

Visual Recognition and

Other neurthisioloiical functions - Med

and control

Recognition and Discrimination

Reading and writing Discriminati High
iscrimination
In-person and electronic oral communication Discomfort/Distracted Attention Low
Cooperation, crew interaction, and command St E Rz _Attentlon
’ ’ and Judgment; Visual Med

center.

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves
daytime flood protection and mitigation coordination efforts in a partially covered command

8.2.6.4 Summary of Research Literature Review Results

A detailed literature review of humidity is presented in Volume II, Chapter 7. A plot related to this
summary is in the following section. Insights from that review are as follows:

. Quantitative measures

o  Quantitative effects of humidity are rare in the current literature.

. Thresholds, measures for success

o  The American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) recommends relative humidity levels between 30 and 70 percent to
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maintain comfort in work environments (Baughman & Arens, 1996). Relative
humidity levels above 70 percent may be associated with wetting, whereas
conditions either above or below the 30 to 70 percent range can lead to
discomfort and, in extremes, health problems.

The effect of relative humidity on temperature has been quantified by NOAA/NWS
(2014a) as combinations of temperature and relative humidity for which heat
disorders are likely in terms of caution and danger zones (Figure 8.17).

. Qualitative measures

Discomfort is hypothesized to be a component of many environmental effects on
cognitive performance; worker comfort should be addressed whenever the required
tasks have a strong cognitive component.

8.2.6.5 Quantitative Table

This section shows a table identified in the summary of research literature review results.

Temperature (°F)

40
45
50
55
60
65
70
75
80
85
90
95
100

Relative Humidty (%)

80 82 84 8 88 90 92 94 96 98 100 102 104 106 108 110
80 81 83 8 88 91 94 97 101
80 82 8 87 89 93 96 100
81 83 8 88 91 95 99 103

81 84 86 97

82 84 88

82 85 89

83 86 90

84 88 92

84 89 94

85 90 96

8 91 98

86 93 100

87 95 103

Likelihood of Heat Disorders with Prolonged Exposure of Strenous Activity

|:| Caution

|:| Extreme Caution

. Danger - Extreme Danger

Figure 8.17 Risk of heat disorders based on heat and humidity (NOAA-NWS, 2014a)

8.2.7 Wind

Wind is the movement of air from high pressure to low pressure areas, with a greater pressure
gradient resulting in stronger winds. Wind speed or strength, is measured, usually using an
anemometer, in miles per hour (mph), meters per second (m/s) or knots (one nautical mph =
1.852 km/h = 1.15078 mph). Winds are also characterized as being “sustained” (i.e., steady
over time) or as” wind gusts” (i.e., short peaks in wind speed). There are several scales for
characterizing wind forces.
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The NWS describes a “gale” as sustained surface winds 39 to 54 mph; “high” wind as being 40
mph or higher sustained for 1 hour or 58 mph or greater for any duration; and “extreme” wind as
80 mph or greater for any duration. At the same time, the criteria for NWS wind advisories and
warnings vary somewhat by region. Broadly though, a typical wind advisory level would be 31—
39 mph sustained for 1 hour or between 46 and 57 mph for any duration, and a typical high wind
warning would be 40 mph or higher sustained for 1 hour or 58 mph or greater for any duration.
The Beaufort Scale (ASCE, 2004) is another system for characterizing wind speeds shown in
Table 8.19.

The common environmental metrics (described above) are not necessarily the most appropriate
metrics for characterizing the effects of human exposure to wind. People tend to feel the peak
gust speeds the most, and both wind speed and its rate of change tend to be involved in the
assessment of impact. Wind speed tends to be faster at ground level and more turbulent in the
spaces between tall buildings. Documented wind effects include thermal discomfort, difficulty
standing or walking, changes in acoustics, and changes in visibility.

8.2.7.1 Research Literature Base

The formal literature addressing wind’s effects on worker performance is limited, and almost
exclusively focused on safety concerns. Indeed, the majority of research regarding wind has
focused on human instability, or loss of balance, although wind has a widely acknowledged
adverse effect on visual performance (e.g., from gust or dust) and on voice and electronic
communications.

8.2.7.2 Mechanisms of Action

Figure 8.18 presents an overview of wind, including its attributes, units of measurement, likely
co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which wind affects human performance are as
follows:

. Force applied to self (direct) and/or other flying objects (indirect). A potential for toppling
and possible injury exists under windy conditions. Toppling is dependent upon mechanical
moment instability variables (as with Moving Water, Volume II, Chapter 10), including
whether the individual is standing or walking, lighter or heavier, and/or wearing form fitting
or loose clothing (e.g., Jordan et al., 2008).

. Distraction/arousal due to perception of risk. In extremely windy environments, an
individual’s fear of the situation, both direct and indirect, may use cognitive resources, as
is seen with several other ECs (e.g., heat, cold, standing and moving water). This has a
potential for wide ranging impacts on complex skills, fine motor control, coordination,
steadiness, as well as general cognition.
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Condition Wind

E | Gusting wind (3-sec mean of 27 mph), with Temperature?!
xampie varying direction, and carrying dust (e.g., 70-80 °F)
I
v ) v
Attributes Velocity Airborne Color of particulates
and Units (3-sec mean lateral) particulates (e.g., gray)
T T
I—; l' """""""""" L"‘T """"""" [
Y Y Y
Mechanisms Loss of Oppositional force . Loss of Loss of
. . . Discomfort .. .
of Action balance (e.g., increasing work levels) vision hearing
T T T T T
1 1 1 1 1
1 P T i s o 4
§ v ¥
Effects on Sliers eir Ayl = Decision making Detecting and noticing

Performance (e.g., walking, standing)
i

T T
1 1
= e e e o _———

Y Y
Potential Protective gear Dust mask, vehicle for
Mitigation (e.g., eyewear, wind-resistant clothing, set up wind breaks) transportation
Primary and Secondary ECs and Effects Extent of Literature
. Quantifiable based Discussed in Inferred by research
Primary Secondary . 3 :
on literature literature team from literature
____________________ >

1See heat and cold EC figures

Figure 8.18 Wind effects overview

8.2.7.3 Broad Effects on Performance

Research has shown that wind affects human performance in the following ways:

. Toppling and gross motor skills. The effects of wind can include difficulties in walking,
leaning over to lift and lifting objects (particularly when there are large “sail effects,” as
well as restricted range of motion), and limited dual hand activities (the last arguably
because of the requirement to hold onto stationary supports). In extremes, any gross
motor performance (e.g., standing or walking) may be significantly affected, as the body
approaches toppling. The forces leading to toppling increase the probability of injuries
from falls.

e  Fine motor sKills; cognition. Although research is lacking on wind’s effects on fine motor
and higher-level cognitive performance demands, by logical extension, it is anticipated
that they would be adversely affected when the more basic performance demands (e.qg.,
standing and walking) become challenged by wind. Because of the anxiety effects of
wind, impacts on higher level performance demands have not been examined
quantitatively, though they are a candidate for future research.
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o Visual performance. Wind carried dust (or rain, etc.) can impair visual detection,
recognition of far objects, and reading of nearby dust covered displays and written
materials. Even clear air gusts that momentarily hit the eyes past eyewear corners or face
shields can lead to periods of uncontrolled blinking and visual disruption.

o Verbal and electronic communication. Wind noise can obscure direct voice
communications as well as communications over electronic devices.

The relative impacts of wind may be assigned for a nominal flooding event task as illustrated in
Table 8.17. The nominal flooding event task, arbitrarily chosen solely for illustrative purposes,
involves attempts to erect flooding barriers in the early stages of a thunderstorm that include
rain and occasional gusts of near gale force wind. The research literature primarily supports
effects on gross motor skills through toppling. Toppling is also assumed to interrupt all possible
performance demands, because they become impossible when this occurs. Although there is
little direct evidence of wind’s effects on cognitive performance through distraction/arousal
processes, these processes would logically occur during extreme wind exposure, and thus may
operate similarly on cognition.

8.2.7.4 Summary of Research Literature Review Results

A detailed review of the research literature on wind is presented in Volume Il, Chapter 8. Tables
related to this summary are in the following section. Insights from that review include the
following:

e  Quantitative measures
o  The expected effects on an individual’s locomotion speed can be calculated for
different wind speeds (Table 8.18; see Volume Il, Table 8.2, Chapter 8, Wind
(Murakami & Deguchi, 1981)).
. Thresholds, measures for success
o Table 8.18 (Volume Il, Table 8.2) also includes stability/perception of risk limits,
where winds of greater than 5 m/s can be expected to have some effect on
stability and perception of risk for pedestrians (Murakami & Deguchi, 1981).
o  Winds greater than 30 mph (25 knots) are considered to have moderate
degradation' on engineering personnel and greater than 45 mph (40 knots) to
cause severe degradation in efforts by engineering personal acting in military
tactical operations (U.S. Army, 1992).
o Qualitative measures
o  Descriptive terms have been identified for different ranges of wind speed (e.g., light
breeze, near gale; Table 8.19; see Volume Il, Table 8.1 (ASCE, 2004)).

8.2.7.5 Quantitative Tables

This section details tables identified in the summary of research literature review results.

1U.S Army Field Manual defines moderate performance impact as normal effectiveness reduced 25-75% and
severe impact as normal effective reduce to 0-25%
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Table 8.17 Summary of wind effects on performance and relative impact of
environmental conditions by performance demands ?. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Performance Demands

Effects of Wind on
Performance

Impact of Wind
on Performance
Demands

Detecting and Noticing

Attention, memory, vigilance, switching, acuity,

Visual performance,
Toppling and Gross Motor

Understanding

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating
Decision-making

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting,
and evaluating and selecting options

Fine motor skills — discrete and motor

perception and threshold perception Performance; Attention- AL
Distraction, Cognition®
Sensation and visual recognition Visual Performance, High

Toppling; Cognition*

Cognition®) and Toppling

Toppling, Distraction and
Attention; Cognition®

Med-High

Med-High

: : Fine Motor Skills Med/High
continuous, and manual dexterity
Gross motor skills — heavy and light Toppllrge?fg?mczrnoses Motor High
Other neurophysiological functions Rk FEresa el Elne Med-High

neurochemical

and control

Reading and writing Toppling High

In-person and electronic oral communication Cognition®) Med/High

Cooperation, crew interaction, and command . . .
Toppling; Cognition(®) High

gale force wind. (b) Inferred.

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves attempts to
erect flooding barriers in the early stages of a thunderstorm that include rain and occasional gusts of near




Table 8.18 Outdoor worker and in-vehicle wind limits

UNSHELTERED PERFORMANCE LIMITS

Murakami-Deguchi Limits for qualitatively evaluating (stability and perception of risk) wind
effects on pedestrians where U (m/s) is the instantaneous wind speed average over 3 s

English Units Metric Units
No Effect U<16.4 ft/s U<5m/s
Some Effect 16.4 m/s > U < 32.8 ft/s 5mis>U<10m/s
Serious Effect 32.8m/s>U<49.2m/s 10 m/s>U<15m/s
Very Serious Effect U>49.2ft/s U>15m/s

These may be recast to reflect a quadratic function with approximately a doubling (~2.25) of
the proportional-increase (R) in time required for walking, carrying, and manual-handling
(e.g., fine motor) at 7.5 m/s to an ~9-fold increase at 15 m/s

English Units Metric Units
R=1 for U=<16.4ft/s U<5m/s
R = (U/5)*> Uin m/s for U>16.4ft/s U>5m/s

WITHIN VEHICLE LIMITS

Rodriguez et al. (2014; 2015) explored high-wind vehicle control performance for cars,
ambulances, and buses. This suggested that—neglecting debris—vehicle low speed
movements would be possible during hurricane wind speeds (74-95 mph), but clearly
impossible in high category storms.

Table 8.19 Beaufort scale of wind as used on land and estimating speed

Beaufort Descriptive Speed

Number Term (km/hr) (~mi/h) Specification for Estimating Speed

0 Calm <2 <2 Smoke rises vertically.
1 Light Air o5 2_3 D!rectlon of wind shown by smoke drift but not by
wind vanes.
2 Light Breeze 6-11 4-7 Wind felt on.face; leaves rustle; ordinary vane
moved by wind.
3 Gentle 12-19 7-12 Leaves a_nd small twigs in constant motion; wind
Breeze extends light flag.
4 Moderate 20-29 12-18 Raises dust and loose paper; small branches are
Breeze moved.
5 Fresh Breeze 30-39 19-24 Small tre_-es in leaf begin to sway; crested wavelets
form on inland waters.
Strong _ . Large branches in motion; whistling heard in
6 Breeze 40-50 25-31 telegraph wires; umbrellas used with difficulty.
Near 51-61 39_38 th_)le trees in motion; inconvenience felt in walking
Gale against the wind.
Gale 60-74 37-46 | Breaks twigs off trees; generally, impedes progress.

Slight structural damage occurs e.g. to roofing
shingles, TV antennae, etc.

Seldom experienced inland [except during

10 Storm 88-102 55-63 | tornadoes]; trees uprooted; considerable structural
damage occurs.

Very rarely experienced; accompanied by

Strong Gale 75-87 47-54

11 Violent Storm | 103-116 64—72 )
widespread damage.
12 Hurricane > 116 >72
Note: 10 km/h= 6.21 mi/h Source: ASCE, 2004

8-49



8.2.8 Precipitation

Precipitation is a form of liquid, solid, or transitional water falling under the force of gravity (fallen
precipitation is addressed later in Chapter 8.2.9, Standing and Moving Water and Chapter
8.2.10, Ice and Snow). Precipitation is associated with several flood causing mechanisms:
notably flooding from LIP, riverine flooding, and storm surge flooding. Depending on when and
where the actions take place, workers may be exposed to precipitation while performing MAs.
Precipitation often takes the form of rain, although snow and sleet are possible in colder months
and hail is possible at any time of the year. Precipitation is typically measured in inches of liquid-
or solid-phase water (depth per unit horizontal area). The intensity of precipitation is related to
its accumulation over a time period (e.g., inches per hour or inches per day). Both the amount
and intensity of precipitation are highly variable in time and space. As precipitation falls through
air, its primary effects are on visibility, which can impair visual perception, communication,
teamwork, and vehicle operation. Once precipitation reaches surfaces, it can affect human
performance by causing discomfort and/or injury, wetting equipment or materials, increasing
noise levels, creating slippery surfaces, and hindering ease of mobility. All forms of precipitation
can contribute to flooding immediately upon reaching the ground, or over a longer period of time
as it melts, runs off, and accumulates downstream.

8.2.8.1 Research Literature Base

Precipitation has long been recognized as having adverse effects on exposed outside workers,
but systematic research on the effects on work rates and accuracy is sparse. Rather, the
empirical study of precipitation effects has been limited primarily to vehicle operation, because
the visibility effects can cause automobile accidents and fatalities. Once precipitation reaches
the ground or other surfaces, other ECs come into play, such as Standing and Moving Water
(see Volume Il, Chapter 10), Ice and Snowpack (see Volume Il, Chapter 11), and Cold (Volume
Il, Chapter 3).

8.2.8.2 Mechanisms of Action

Figure 8.19 presents an overview of precipitation, including its attributes, units of measurement,
likely co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which precipitation affects human performance
are as follows:

o Reduced visibility and increased workload. Simulator studies suggest that drivers check
their mirrors less frequently and fixate (or visually dwell on an area of the visual field, as
measured by an eye tracker) less frequently, but for longer periods, during heavy
rain/snow. This suggests that navigating through precipitation—either driving or by
extension, on-foot— consumes processing resources. Personnel may have difficulty
allocating their attention to the complex tasks of navigation and vehicle operation when
precipitation is drawing their attention. There may be increased workload due to wearing
rain gear

o Induced motion. Precipitation may also affect driving—and by extension, walking—
performance through induced motion effects. Induced motion is the tendency to perceive
oneself as moving when one is not. Directional precipitation, especially snowfall, can
produce this induced motion effect, resulting in individuals committing systematic heading
judgment errors while driving (Richman et al., 2000; Royden & Hildreth, 1996; Warren &
Saunders, 1995).
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Condition Precipitation
Standing and moving water?! Wind? Humidity?
(e.g., 0-0.5 ft deep, 0-0.5 ft/s in places) || (e.g., calm) || (e.g., fog)
Examble Heavy rainfall with || Ice and snowpack?! Temperature?! Lighting?! Lightning?®
P occasional hail (e.g., icy surfaces) (e.g., 32-35 °F) (glare) (e.g., intermittent)
|
v ) v v
Attributes Type Intensity | | Duration Depth
and Units (e.g., rain, snow) (in/h) (h) (in)
| I
/T | ‘
Mechanisms Reduced Increased attention | | Reduced coefficient Discomfortl
of Action visibility and workload of friction?
| | [ I
1 — —
Effects on Visual Detecting EIectroan Vehicle Gross motor‘ skills Fere motor
Performance E— and — communi- oeed (e.g., walking, skills (e.g.,
P P noticing cation P standing) using tools)
[ LN LN LN I
[d [d J [ ‘
. Plan to avoid Lamp Automated Use protective clothing,
Potential . . o .
e outdoor Sheltering || Education || position || vehicle safety || gloves, studded boots,
Mitigation . .
work and type features walking stick
Primary and Secondary ECs and Effects Extent of Literature
Primar Secondar Quantifiable based Discussed in Inferred by research
¥ Y on literature literature team from literature
____________________ ~

1See ice and snowpack, cold, lighting, wind, lightning, standing and moving water, and humidity EC figures

Figure 8.19 Precipitation effects overview

Perceptions of risk. Perceptions of risk, especially the risk of falling and injury, are
important psychological factors affecting performance, especially for workers who are less
experienced with the threatening conditions. Somewhat remarkably, research on the
effects of severe weather conditions (precipitation, standing and moving water, ice and
snowpack), though commonly addressing the effects of reduced coefficient of friction (and
hence slipperiness), has generally not studied perceptions of risk. Anxiety or fear due to
precipitation has the potential to produce additional effects on cognition, based on well-
established stress and anxiety mechanisms.

Slipperiness. Once precipitation reaches the ground, it may cause both automobile and
pedestrian accidents because it makes surfaces slippery. Slipperiness, a reduction in the
coefficient of friction, may occur on sidewalks and roads, as well as on tools (for a
detailed discussion of slipperiness, see Volume Il, Chapter 11).

Discomfort. Precipitation can produce thermo-regulative discomfort by soaking clothing or
wearing protective rain gear (see Volume Il, Chapter 2, Cold), and it is often perceived
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negatively (though sans thermoregulatory effects), influencing mood, well-being, and even
productivity.

8.2.8.3 Broad Effects on Performance

Research has shown that precipitation affects human performance in the following ways:
Reduced motor speed, reduced visibility, increased workload, and induced motion effects due to
precipitation may reduce free-flow traffic speed due to compensatory automobile driver caution,
therefore increasing travel time. Visibility reduced by precipitation can also increase the required
reaction distance for traffic signals.

e  Attention, noticing, and visual recognition. Reduced visibility associated with precipitation
also makes signal and signage noticing and reading more difficult (Pisano et al., 2003).
Work that relies on distance vision outdoors (e.g., surveying, monitoring outdoor security
cameras) may be rendered difficult or inaccurate due to the light attenuation or reflection
effects of precipitation.

o Attention/workload. Precipitation has both direct and indirect impacts on attention and
workload, which has implications for multitasking behaviors such as those required while
operating a vehicle. For example, if an individual is attempting to navigate a new route,
communicate over a radio, and perform other actions demanding attention, these tasks,
the subject’s driving performance, or both could be negatively affected. Discomfort of
individuals soaked by precipitation or slowed down with the complication of rain gear may
also make significant demands of limited attentional resources, negatively impacting other
tasks that may tap these resource

The relative impacts precipitation has on individual performance demands may be assigned for
a nominal flooding event task as illustrated in Table 8.20. The nominal flooding event task,
arbitrarily chosen solely for illustrative purposes, involves the operation of a panel van during a
thunderstorm, with a requirement to periodically report information about flooding impacts (e.g.,
impacts on roadway, structures) and coordinate with other team members. The majority of
precipitation impacts on human performance relate to the effects on visibility.

8.2.8.4 Summary of Research Literature Review Results

A detailed literature review of precipitation is presented in Volume Il, Chapter 9. Plots related to
this summary are in the following section. The insights from that review are as follows:

J Quantitative measures
o  The effects of falling rain and snow on free-flow vehicle speeds have been modeled
fairly extensively (Figure 8.20; see Volume Il, Section 9.5.1, Figures 9.3 and 9.4
(Hranac et al., 2006)).
o Thresholds, measures for success
o Rainfall at 0.11-0.30 in/hour causes moderate degradation? in personnel
movement while heavy snowfall at rates greater than 0.30 in/hour causes severe
degradation in personnel movement (U.S. Army, 1992).
o Light, freezing rain is described as causing moderate degradation to engineering
personnel and vehicles, while moderate, freezing rain causes severe degradation
(U.S. Army, 1992).

2 U.S Army Field Manual defines moderate performance impact as normal effectiveness reduced 25-75% and severe
impact as normal effective reduce to 0-25%
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Table 8.20 Summary of precipitation effects on performance and relative impact of
environmental conditions by performance demands®. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Performance Demands
Detecting and Noticing

Effects of
Precipitation on

Performance

Impact of
Precipitation on
Perf. Demands

Attention, memory, vigilance, switching, acuity,

Attention, Noticing, and

Decision-makin
Reasoning, computation, interpreting, classifying,
goal setting, planning, adapting, and evaluating

Fine motor skills — discrete and motor continuous,
and manual dexterity

: . Visual Recognition; High
perception and threshold perception Attention/ Workload
Sensation and visual recognition Attention, Noticing, and High

Visual Recognition
Understanding

Pattern recognition, discrimination, evaluating,
hypothesizing, diagnosing, and integrating

Attention, Noticing, and
Visual Recognition

Attention and Workload

and selectinc!; options

Reduced Motor Speed

High

Med/High

Med/High

Gross motor skills — heavy and light

Reduced Motor Speed

Med/High

Other neurophisioloiical functions - Hi(!;h

Reading and writing - NA
In-person and electronic oral communication - NA
Cooperation, crew interaction, & command/control - High

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves the
operation of a panel van during a thunderstorm with a requirement to periodically report information
about flooding impacts (e.g., impacts on roadway, structures) and coordinate with other team members.

o Aside from the Army Field Manual, no thresholds for successful outside work or

driving performance were identified.

o  Obvious rules such as not attempting to drive when you cannot visually perceive
your environment are not practical types of thresholds a because a means of
objectively measuring the visibility effects of falling precipitation is not available to

most performers of manual actions.
o Qualitative measures

o Individual differences likely exist in the degree of fear engendered by operating a
vehicle (for example) in heavy precipitation. Overly strong or weak fear responses

could both be detrimental to performance

8.2.8.5 Quantitative Plots

This section details plots identified in the summary of research literature review results.
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Figure 8.20 Free-flow wheeled vehicle speed reduction under precipitation conditions
(Hranac et al., 2006). Left panel: under rain conditions and Right panel:
snow conditions (as a ratio to regular speed).

8.2.9 Standing and Moving Water

Personnel may encounter standing or moving water during execution of MAs if floodwaters
inundate part of an NPP site. This may occur when (1) precipitation accumulates in depressions
(e.g., when an NPP’s drainage system is overwhelmed), (2) NPP areas are inundated by offsite
floods, or (3) water remains in depressions after floodwaters recede. Standing and moving
water attributes have potential effects on the performance of MAs. Specifically, both the depth
(m or ft) and velocity (m/s or ft/s) of floodwaters can affect the individual’s stability, slowing
execution of work, impeding movement, and, under certain conditions, even toppling the person.
At the same time, the EPA warns that floodwaters should be assumed to be contaminated by
chemical and biological hazards; hence, working in floodwaters requires appropriate protective
gear. Noise associated with water flow, or ongoing precipitation, may disrupt communications
and teamwork. The turbidity of floodwaters also may affect an individual’s ability to walk
confidently or perform underwater actions (e.g., lifting submerged items, working on objects that
are underwater or partially submerged). The temperature of floodwaters may also have adverse
effects on the performance demands required for performing MAs (e.g., by affecting gross and
fine motor skills and complex problem-solving skills; see Volume II, Chapter 3, Cold).

8.2.9.1 Research Literature Base

The formal literature regarding standing and moving water effects on personnel performance is
almost exclusively focused on safety concerns. Indeed, the majority of water research attention
has been applied to (1) human instability, or loss of balance and toppling, and (2) the related
perceptions of risk of toppling. At the same time, though not formally studied, there is
widespread appreciation of its related direct effects on the speed of walking and performance of
manual handling tasks. There is similar appreciation of related noise effects on communications
as well as the potential for inducing hypothermia when working in water.
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8.2.9.2 Mechanisms of Action

This section and Figure 8.21 present an overview of standing and moving water, including its
attributes, units of measurement, likely co-occurring ECs, mechanisms of action through which it
affects human performance, the effects on human performance, and potential ways in which its
effects on exposed individuals can be mitigated. The primary mechanisms by which standing
and moving water affect human performance are as follows:

. Force applied. Potential exists for toppling and possibly injury. Toppling is dependent
upon mechanical moment instability variables (much as with wind, Volume I, Chapter 8).
These variables include whether the individual is standing or walking, is lighter or heavier,
and especially whether the individual is wearing or not wearing slip-resistant footwear.
Progression can also be slowed by the force of moving or standing water.

° Noise accompanying moving water. This may serve to obscure auditory alerts and verbal
communications (direct and electronic).

Condition Standing and moving water
Precipitation?! Humidity?!
(e.g., heavy rain) (e.g., fog)
0to 1.5 ft deep, O to 3 ft/s speed, 300-500 NTU
Example turbidity, 40 °F temperature, possible sewage Temperature?! Lighting? Wind?
contamination, light to dark yellow water (e.g., 40 °F) (glare) (e.g., calm)
1
1
} ! — ! }
- . - . ! —
Attributes Depth Velocity Chemical or.‘ blgloglcal Duration | ! Turbidity Color
and Units (e.g. 1.5 ft) (e.g., 3 ft/s contamination e, G0 <! | (e.g., 500 (e.g.,
B lateral) (e.g., sewage) e NTU) yellow)
I I i I
v v !
Mechanisms Loss of balance Oppositional force Perception Slippery Loss of
of Action (toppling, sliding) (drag) of risk surfaces vision
A L |
v r
Effects on Gross motor skills | ______________ . ‘________! _____________________ »| Decision
Performance (e.g., walking, standing) making
! !
¥ ¥
Potential Protective gear: studded Protective gear Use a boat or high-wheeled
Mitigation boots, waders, gloves required vehicle for transportation

Primary and Secondary ECs and Effects

Extent of Literature

Primary

Secondary

Quantifiable based
on literature

Discussed: in
literature

Inferred by research
team from literature

1See cold, heat, precipitation, humidity, lighting, and wind EC figures

Figure 8.21 Standing and moving water effects overview
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o Distraction/arousal due to perception of risk. With increasing depth and velocity, an
individual’s fear of toppling—both direct and indirect—may act as a sink for limited
cognitive resources, as is seen with several other ECs (e.g., wind, heat, cold). Both
occasional turbidity blocking bottom hazards and the unknown risks from potential
biological-chemical water contamination may also add to situational stress. These
altogether have the potential for wide ranging impacts on complex skills, fine motor
control, coordination, steadiness, and cognition.

o Slippery surfaces and loss of vision. When trying to progress, and recover lost tools or
supplies, the slippery surfaces of the ground and wet items can delay the performance of
MAs. The inability to see hazards beneath the water increases risk of tripping and may
slow progression. Also, delays in MA performance can be caused by an inability to see
dropped tools, supplies, or the items that are being worked on.

8.2.9.3 Broad Effects on Performance

Research has shown that standing and moving water affects human performance in the
following ways:

o Toppling and gross motor performance. Standing and moving water can impede standing
and walking and make tasks that require leaning over to lift and lifting objects more
difficult (particularly when there are large underwater “sail effects,” as well as restricted
range of motion, especially with waders or similar water gear). Standing and moving water
could also impair dual hand activities (because of the need to hold onto stationary
supports or employ a walking stick for stability). In extreme standing and moving water
conditions, any gross motor performance (e.g., standing or walking) may be significantly
affected as the body approaches toppling.

o Fine motor skills, cognition. Although research is lacking on standing and moving water’s
effects on fine motor and higher-level performance demands, by logical extension, it is
anticipated that they would also be adversely affected particularly as the more basic
performance demands (e.g., standing and walking) are challenged. Anxiety effects of
standing and moving water on higher-level performance demands have not been
examined quantitatively, so they are candidates for future research.

o Visual performance. Water turbidity can serve to block visual detection or recognition of
underwater objects (e.g., a dropped tool or walking hazard).

e Auditory performance. The noise associated with moving water can obscure detection or
recognition of auditory alerts as well as voice communications (direct and/or electronic).

The relative impacts that standing and moving water have on individual performance demands
may be assigned for a nominal flooding event task as illustrated in Table 8.21. The nominal
flood event task, arbitrarily chosen solely for illustrative purposes, involves attempts by a two-
member crew to erect flooding barriers while exposed to standing and moving water that is 0.3
m deep and is flowing at 0.5 m/s (see Equation 10.2 in Volume I, Chapter 10). Significant water
noise affects direct voice communication with a forklift operator placing the barrier components
that he had retrieved from the storage area. The literature primarily supports effects on gross
motor skills through toppling. Toppling is also assumed to interrupt all possible performance
demands, because they become impossible when this occurs. There is indirect research
evidence for standing and moving water’s effects on cognitive performance through the
distraction/arousal processes. These processes would logically occur during extreme exposure,
and thus may operate similarly on cognition.
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Table 8.21 Summary of moving water’s effects on performance and relative impact of
environmental conditions by performance demands®. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Performance Demands
Detecting and Noticing

Attention, memory, vigilance, switching, acuity,
perception and threshold perception

Effects of Standing and

Moving Water on
Performance

Toppling Risk and Attention-
Distraction from Noise and
Turbidity

Impact of
Standing
Moving Water
on Perf.
Demands

High

Pattern recognition, discrimination, evaluating,

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting,

Fine motor skills — discrete and motor

Visual detection (bottom

Cognition®)

Obscuration of bottom;
Distraction and Attention;

Distraction and Attention with

Med

Sensation and visual recognition obscuration), Cognition®
Understanding

Med-High

hypothesizing, diagnosing, and integrating

Med-High

and evaluatini and selectini oitions Coinition(b)

and control

Cognition®)

continuous, and manual dexterity 5@ toppllng, e ” e
movement with water surges
Gross motor skills — heavy and light Toppllrll)g and Gross Motor High
erformance
. , . Risk Perception and .
Other neurophysiological functions Neurochemical Chanaes Med-High
. " Distraction and Attention with .
Reading and writing risk of Toppling Med-High
In-person and electronic oral communication Water Noise Med/High
Cooperation, crew interaction, and command DIRMEEION EI1Y (Sl e
P ’ ’ risk of toppling; Water Noise Med-High

(b) Inferred.

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves attempts
by a two-member crew to erect flooding barriers exposed to standing and moving water that is 0.3 m
deep and is flowing at 0.5 m/s. Significant water noise affects direct voice communication as well as with
a forklift operator placing the barrier components that he had retrieved from the storage area.




8.2.9.4 Summary of Research Literature Review Results

A detailed review of research literature on standing and moving water is presented in Volume II,
Chapter 10. Plots and equations related to this summary are in the following section. Insights
from that review include the following:

U_ (m/s)

Quantitative measures

o  Locomotion speed can be calculated for different water depth-speed
combinations (Figure 8.22; see Equation 10.2 in Volume Il, Chapter 10 (Xia et al.,
2014))

Thresholds, measures for success

o  Athreshold boundary for minimized risk of toppling has been derived, based on
an engineering model and empirical results (Figure 8.22; see Volume I, Figure 10.3
(Xia et al., 2014)). This threshold boundary is approximated by PN<0.3 m?/s,
where PN, the product number, is the product of floodwater depth (m) and velocity
(m/s).

Qualitative measures

o  Perceptions of toppling risk have been developed as function of water depth and
velocity (e.g. Webster et al., 2013 as noted in Volume Il, Section 10.4). Perceptions
of the risk of toppling tend to be higher than actual risk but largely parallel the
actual risk boundary (i.e. approximately product number<0.3).

3.0 ¢ |
Abt et al. (1989)

2.5 i Karvonen et al. (2000)
I Relatively safe

20 - Xia et al. (2014)
i Relatively dangerous
i Xia et al. (2014)

1.5 | Xia et al. experimental data (2014)
E Proposed Safe

1.0 -

0.5 |

0‘0 L I T T T O T T T T T T T T T T T O I T N |

O 02 04 06 08 1 12 14 16 1.8
hy(m)

Figure 8.22 Empirical results and guidance for product number toppling effects

(Adapted from Xia et al., 2014). Includes proposed safe guideline (bottom-
most curve in blue).
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8.2.9.5 Quantitative Equations and Plot

This section details a plot and equations identified in the summary of research literature review
results.

Maximum values for safe work (shown as a blue line in Figure 8.22) can estimated as a
threshold safe walking velocity(m/s), using the boundary equation:

SWV =U,—V (8-2)

where U is the velocity (m/s) for depth of flow hs(m) and V < U is the prevailing floodwater
velocity (m/s). For a travel distance xuaverand a typical walking speed Viicar, the time delay, At,
in progression can be evaluated as

Xtravel Xtravel
At =t . —t — [travel _ Ztravel 8-3
typical SwWv Veypical SWV ( )

8.2.10 Ice and Snowpack

Ice and snowpack are two different forms of frozen water. Of these, ice is a layer or mass of
frozen water, typically presenting a slippery surface that may affect performance. Snow, on the
other hand, is typically less compressed, particularly when freshly fallen. Surface slipperiness,
especially on ice, has been shown to substantially degrade the speed and safety of both gross
and fine motor tasks (e.g., Grénqvist, Abeysekera, et al., 2001; Holmér et al., 2012). Tasks that
are subject to potential impairment include walking and carrying, particularly on sloped surfaces,
stairs, and ladders (where handrails and steps may both be iced). Performance of manual
handling tasks (e.g., pushing, pulling, and lifting) also have been shown to be substantially
impaired, particularly on sloping surfaces. Performance of fine motor tasks—especially gloved—
may also be markedly impaired, especially where objects, tools, and contact surfaces are ice
covered.

Snowpack refers to snow accumulated on the ground or other surfaces. Depth (in. or cm), age
(days), density (Ib/ft3 or kg/m?), and water equivalent (in. or cm) are important characteristics of
snowpack. Another important characteristic of snowpack is that it reflects light, which is why it
appears “white.” Reflected light can result in glare in sunshine or flat light (inability to distinguish
shapes or shadows) under overcast skies. Snowpack persists with low temperatures and its
characteristics change with time. Several ways that snowpack could affect MAs are by slowing
or hampering outdoor travel, hiding obstacles and landmarks, creating icy surfaces during
melt/freeze cycles, or creating glare. If significant snow is cleared from roads and other paths of
travel, it would be piled up elsewhere, where it would likely contribute to runoff volume, affect
(constrict) runoff flow patterns, and affect timing and duration of runoff.

8.2.10.1 Research Literature Base

The research literature on the effects of ice/snowpack on performance is very limited, apart from
a fairly good understanding of slipping, which is usually researched through non-ice/snow-
related methods of reducing the surface coefficient of friction (e.g., water/oil on floor surfaces).
Formal research into the friction effects of snow are also very limited and tend to specifically
involve the slowed progress of soldiers through snow rather than performance by other classes
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of workers. The effects of glare and slipperiness of icy tools (e.g., ladders) are widely noted due
to the frequency of their adverse effects in cold climates.

8.2.10.2 Mechanisms of Action

Figure 8.23 presents an overview of ice and snowpack, including its attributes, units of
measurement, likely co-occurring ECs, mechanisms of action through which they affect human
performance, the effects on human performance, and potential ways in which effects on
exposed individuals can be mitigated. The primary mechanisms by which ice/snowpack affects
human performance are as follows:

. Low coefficient of friction. The mechanism of most common effects of ice/snowpack is
slipperiness. Most typically this is with regard to “conditions underfoot which may interfere
with movement, by causing a foot slide that may result in injury or harmful loading of body
tissues due to a sudden release of energy” (Grénqvist, Chang, et al., 2001). When
ice/snow-covered surfaces are encountered, the chance of slipping, or the sliding of the
foot on a surface due to a lower coefficient of friction than is required for safe traction

Condition Ice and snowpack
Over next 3 hours, 05— 1.5.|n. . Temperature®! || Humidity® || Lighting® Wind?
Example snowfall; a layer of ice forms with air (e.g., 32-35 °F) i, Gl ekl e Gl
temperatures falling rapidly e 8- 108 & e
Standing and moving water?!
‘ ‘ (e.g., meltwater causing 0.5
Attributes Snow and ice slipperiness | | Snow depth ft ponding in places)
and Units (coefficient of friction) (in./cm)
I ———-
v ¥
Mechanisms Ice and snow — low surface friction Snowpack — high friction Snowpack
of Action (difficulty staying upright; slippery tools) (slows locomotion) (blocks access)
I :
{ v
Effects on Fine motor skills Gross motor skills Additional tasks and time delay
Performance (e.g., using tools) (e.g., walking, standing) (e.g., clearing snow to gain access)
v {
Potential Protect tools from Protective clothing, Clear snow and ice, plan
Mitigation freezing slip-resistant boots to avoid outdoor work
Primary and Secondary ECs and Effects Extent of Literature
. Quantifiable based Discussed in Inferred by research
Primary Secondary . > :
on literature literature team from literature
____________________ >

1 See cold, humidity, lighting, wind, and standing and moving water EC figures

Figure 8.23

Ice and snowpack effects overview
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increases significantly. Consequently, slippery surfaces slow gross motor performance at
best, and often result in injuries. Low coefficient of friction can similarly impact fine motor
performance when tools and interaction surfaces are coated with ice.

Drag. Drag occurs because loose snow tends to result in increased friction between itself
and a worker’s feet and legs. This resistance worsens with snow depth, slowing walkers
and requiring them to expend more energy to complete the same actions. Further, warm
clothing and gloves can slow the workers progression and task completion rate.

Reduced attentional resources. Perception of risk for falling (as with standing and moving
water), glare from reflected light, as well as added challenges of fine and gross motor
activities can individually and altogether serve to reduce attentional resources.
Secondary mechanisms. Other EC effects often co-occur with ice and snow; thus, their
associated mechanisms of action come into play when ice/snowpack is encountered as
well. For example, both snow and ice can reflect a great deal of light, producing significant
glare (impacting visual tasks, as well as fine and gross motor activities) and possible
snow blindness (both requiring medical intervention and affecting any work performance).
Further, when large amounts of snow melt, standing and/or moving water is often
encountered (sometimes with a hazardous overlay of snow and ice) (for details, see
Volume Il, Chapter 6, Light and Chapter 10, Standing and Moving Water).

8.2.10.3 Broad Effects on Performance

Research has shown that ice/snowpack affects human performance in the following ways:

Broad motor skill slowing. Snow depth shows a fairly linear slowing effect on walking
speed (Figure 8.24, Volume I, Figure 11.3 (Ramaswamy et al., 1966)). Progress through
snow also tires walkers more quickly because of the increased energy expenditure
requirements. Failure to maintain adequate grip on ice-covered tools can similarly slow
tool-handling interactions. The presence of protective clothing, such as heavy jackets and
gloves can delay both gross and fine motor actions.

Slip/fall injuries. The primary effects of ice and snowpack on performance are on gross
motor performance. Falls caused by slipping and tripping while walking constitute the
majority of industrial accidents and are the cause of up to 15 percent of accidental deaths.
Carrying or even holding a load while walking exacerbates the risk, because doing so
interferes with postural stability.

The relative impacts ice and snowpack have on individual performance demands may be
assigned for a nominal flooding event task as illustrated in Table 8.22. The nominal flood event
task, arbitrarily chosen solely for illustrative purposes, involves carrying and setting up flood
barriers around a critical operations building after a nighttime snowstorm, followed by
environmental warming surpassing 60°F after daybreak with bright sunlight glare impeding
reading of setup instructions. The most significant effects on performance are on gross motor
skills—namely walking on a slippery ice surface or through a snowpack of significant depth. To
the extent that other activities involve travel in these conditions (e.g., cooperation), they may be
affected as well.
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Table 8.22 Summary of ice and snowpack on performance and relative impact of
environmental conditions by performance demands®. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Impact of
Effects of Ice/Snowpack

Ice/Snowpack | on Performance
Performance Demands on Performance Demands
Detecting and Noticin
Attention, memory, vigilance, switching, acuity, H
igh
perception and threshold perception

Sensation and visual recognition High
Understanding

Pattern recognition, discrimination, evaluating,
pothesizing, diagnosing, and integrating

DeC|S|on maklng

Reasoning, computation, interpreting, classifying, goal

setting, planning, adapting, and evaluating and selecting
options

Fine motor skills — discrete and motor continuous, and
manual dexterity

Motor Slowing

Motor Slowing; .
Slip/Fall Injuries Med/High

Other neurophisioloiical functions Slip/Fall In'luries Low

Gross motor skills — heavy and light

Reading and writing - High
In-person and electronic oral communication - Low
Cooperation, crew interaction, and command and control | Slip/Fall Injuries Med

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, involves carrying
and setting up flood barriers around a critical operations building after a nighttime snowstorm, followed
by environmental warming surpassing 60°F after daybreak with bright sunlight glare impeding reading of
setup instructions.

8.2.10.4 Summary of Research Literature Review Results

A detailed literature review of ice and snowpack is presented in Volume Il, Chapter 11. A plot
related to this summary is in the following section. Insights from that review include the
following:

. Quantitative measures
o  The impairing effects of snow friction on walking progress can be predicted
with some reliability based on snow depth as in Figure 8.24 (see Volume Il, Figure
11-3 (adapted from Ramaswamy et al., 1966)). A regression of this data yields a
regression equation (8-4).
. Thresholds, measures for success
o  The probability of slipping can be modeled reasonably well if the interaction between
the coefficient of friction of the ice/snow and of footwear is known. However, it is
unlikely to be practical to obtain these measures under most NPP situations
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requiring manual actions. The minimum coefficient of friction for safe walking is
0.2 on a flat surface (see Volume Il, Section 11.4.1 (Shintani et al., 2003)).

Snow depth greater than 3 in is considered to cause moderate degradation? for
engineering personnel movements, while depth greater than 6 in cause severe
degradation in engineering personnel movements (U.S. Army, 1992).

Snowfall at 1-3 in/hour causes moderate degradation in personnel movement
while heavy snowfall at rates greater than 3 in/hour causes severe degradation
in personnel movement (U.S. Army, 1992).

Models of load carrying walking speeds assign a factor of 1.7 for hard snow vs.
1.0 for dry pavement (Richmond et al., 2015).

Qualitative measures

Interestingly, workers’ subjective awareness of potential slipperiness can increase
the likelihood of slipping, because people tend to take defensive actions (e.g.,
shortening strides, slowing walking speed, and stepping flatter footed), which further
reduces the forces at work that might otherwise overcome slippage (see Volume I,
Section 11.4.1).

® o
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L "%.
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o...' .
o.... .
0 0.5 1 1.5 2 2.5 3 3.5

Walking Speed (mph)

Impact of snow depth on walking speed (Adapted from Ramaswamy et al.,
1966)

3 U.S Army Field Manual defines moderate performance impact as normal effectiveness reduced 25-75% and severe
impact as normal effective reduce to 0-25%
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8.2.10.5 Quantitative Equation and Plot

This section details an equation and a plot identified in the summary of research literature
review results.

The following equation can be used to estimate the effects of snow depth on walking speed (as
well as relative manual handling task speeds):

o _(10((1000 xdy) — 24371)) (68-4)
83389

where V, is walking speed (mph) and ds is snow depth (in.).
8.2.11 Lightning

Lightning is a rapid discharge of electricity within a cloud, or between a cloud and the ground. It
is characterized by a bright flash of light and is typically accompanied by thunder. About 90
percent of lightning that strikes the ground is a negatively charged “leader” developing
downward from a cloud and forming a connection with positively charged air above taller objects
on the ground. Lightning is measured in electric current (amps) and electrical potential (volts).
According to the National Weather Service, the typical lightning flash is about 300 million volts
with about 30,000 amps. Lightning is a very dangerous EC with risks of a direct strike (often
fatal), explosive destruction of trees and other objects, fire, as well as ground current, and
electricity conduction by heavy equipment or other metal objects. Lightning can render
electronic communication equipment inoperable; and corded telephones and computers
conduct electricity, making them dangerous for personnel to use during a lightning storm.
Individuals working outdoors are at increased risk if they work in open spaces, on or near tall
objects, or with conductive materials and/or explosives. This is especially true of workers
working with combinations of these risk factors, e.g., power utility field repair personnel.
Operating procedures at an NPP often preclude working outdoors during a thunderstorm
because they likely follow conservative safety recommendations. Nonetheless, personnel
performing MAs in advance of a storm may have some risk of exposure both because (1) they
may be caught outside as lightning begins and (2) the threat of lightning strikes exists even
when storms are 10 to 15 mi away and skies are clear.

8.2.11.1 Research Literature Base

The research literature on lightning has been exclusively focused on safety (human and
equipment). Specific work beyond safety has probably not been directly pursued because of the
dangers inherent in such research. A detailed review of the research literature on lightning is
provided in Volume Il, Chapter 12.

8.2.11.2 Mechanisms of Action

Figure 8.25 presents an overview of lightning, including its attributes, units of measurement,
likely co-occurring ECs, mechanisms of action through which it affects human performance, the
effects on human performance, and potential ways in which its effects on exposed individuals
can be mitigated. The primary mechanisms by which lightning affects human performance are
as follows:
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Condition Lightning
Example Intermittent lightning in the Lighting® (e.g., 100 lux Noise! (e.g., up to 90 db(A)
P vicinity for next 6 h illuminance with flashes) intermittent sounds)
1
) ] ! . ! :
Attributes Electrical Electrical Duration Frequency Distance i
and Units current (A) potential (V) (h) (occurrences per h) | | (km/mi) !
1
| I :
ey S |
L L
Mechanisms Electrical shock | | Disabled communication Startle . .
. . Perceptions of risk
of Action and burns equipment (unexpected events)
T T
b i
¥ ¥
Effects on Injury and Teamwork . Detecting and
. NN Gross motor skills ..
Performance death (disrupt communication) noticing
Potential Avoid work Ground and insulate
Mitigation during lightning communication equipment
Primary and Secondary ECs and Effects Extent of Literature
Primar Secondar Quantifiable based Discussed in Inferred by research
y y on literature literature team from literature
____________________ >

1 See lighting and noise EC figures

Figure 8.25 Lightning effects overview

o Electricity/heat injury. The primary mechanism relevant to safety concerns is the profound
electrical and heat exposures that can occur when individuals are exposed directly or
indirectly (ground currents) to lightning.

o Directly disrupted auditory and visual performances. The loud sounds and bright flashes
of light can disrupt concurrent auditory and visual detection, recognition, and
communication task performance. These effects can persist while those subjected to the
sound and flash recover from associated aftereffects (see Volume Il, Chapters 4, Noise
and 6, Lighting).

o Startle/stress response. The startle effect from loud, unpredictable noise and brilliant light
flashes (see Volume Il, Chapters 4, Noise and 6, Lighting) suggest their occurrence
following sudden lightning and thunder is likely to disrupt ongoing cognition and/or
behavior completely for some brief period of time. Auditory and visual abilities would be
impacted until overloaded receptors recover. In addition, startle may engender stress-
related reticular activating system release of cortisol, epinephrine, and norepinephrine into
the bloodstream, as well as the well-researched effects on cognition from disruptive
pulses of sound and light.
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8.2.11.3 Broad Effects on Performance
Research has shown that lightning affects human performance in the following ways:

e  Auditory and visual detection and recognition. Auditory and visual detection and
recognition abilities are impaired either by masking during thunder and lightning or during
sensory recovery following sensory overloads (i.e., as aftereffects).

. Motor and cognitive effects. Thunder and lightning are likely to completely disrupt most
physical and cognitive activities due to the startle response. Subsequent reticular
activating system stress responses are also likely to prolong/compound these effects,
potentially causing cascades of attention, basic cognition and reasoning, as well as fine
and gross motor issues and mistakes.

The relative impacts that lightning has on individual performance demands (assuming no
morbidity or mortality due to injury) may be assigned for a nominal flooding event task as
illustrated in Table 8.23. The nominal flooding event task, arbitrarily chosen solely for illustrative
purposes, assumes that two workers have been sent outside during a thunderstorm to
determine whether immediate fire risk exists after a transformer lightning strike.

Assuming ongoing lightning strikes are occurring, both the sensory disruption and/or startle
effects may directly disrupt ongoing physical, perceptual, attention, and higher cognition
activities. Such effects may continue after the lightning strikes for some time, while workers are
recovering from the auditory and visual sensory aftereffects and/or those accompanying
activation of the reticular activating system. Lightning can also directly (via knockouts) and
indirectly (via worker avoidance of potential shock risks) disrupt electronic communications and
therefore team activities that require them as well.

8.2.11.4 Summary of Research Literature Review Results

A detailed literature review of lightning is presented in Volume II, Chapter 12. Insights from that
review include the following:

¢  Quantitative measures
o Quantitative measures for lightning’s effect on performance do not directly exist, due
to the inherent hazards involved for participants in such research (see Volume I,
Chapter 12 Lightning).
. Thresholds, measures for success
o  There is no safe level of lightning. Personnel should move to safe spaces at the first
detection of lightning and then remain sheltered until the all-clear from a lightning
storm is announced. Outdoor activities arguably should not be resumed until 30
minutes after the storm has passed (see Volume I, Chapter 12 Lightning). This 30-
minute delay may be useful in estimating timed delay for a task under lightning
conditions.
¢  Qualitative measures
o Qualitative measures for lightning’s effect on performance do not exist, due to the
inherent hazards involved for participants in such research.
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Table 8.23 Summary of lightning effects on performance and relative impact of
environmental conditions by performance demands®. lllustrative variations
based on authors’ review of literature for a nominal flooding event task.

Impact of
Lightning on
Effects of Lightning on Performance
Performance Demands Performance Demands
Detecting and Noticin
Attention, memory, vigilance, switching, Loud Noise and Bright light High
acuity, perception and threshold perception |flashes; Startle/Stress Response
s . . . Loud Noise and Bright light .
ensation and visual recognition High

flashes; Startle/Stress Response

Understanding
Pattern recognition, discrimination,
evaluating, hypothesizing, diagnosing, and
integrating

Decision-making

Reasoning, computation, interpreting,
classifying, goal setting, planning, adapting,
and evaluating and selecting options

Loud Noise and Bright light

flashes; Startle/Stress Response High

Loud Noise and Bright light

flashes; Startle/Stress Response High

Fine motor skills — discrete and motor Loud Noise and Bright light High
continuous, and manual dexterity flashes; Startle/Stress Response 9

. . Loud Noise and Bright light .
Gross motor skills — heavy and light flashes: Startle/Stress Response High
Other neurophysiological functions SlEDIETESs (REEpenss (MEte- High

imagery, and —chemical

Loud Noise and Bright light
flashes; Startle/Stress Response
Loud Noise and Bright light
In-person and electronic oral communication | flashes; Equipment shock risks; High

Startle/Stress Response

Cooperation, crew interaction, and command| Communication interference; .
High

and control Startle/Stress Response

(a) The nominal flooding event task, arbitrarily chosen solely for illustrative purposes, assumes that two

workers have been sent outside during local thunderstorm activity to determine whether immediate fire

risk exists after a transformer lightning strike.

Reading and writing High

8.3 Variation in Environmental Conditions

Flood parameters* vary over the duration® of a flooding event. Environmental Conditions
associated with a flood can also vary over the duration of a flooding event. The variation of ECs

4 From Prasad and Meyer (2016): Flood parameters are characteristics of the flood flow. Examples of flood
parameters are flood discharge, flood velocity, floodwater-surface elevation or flood height, flood depth, flood event
duration, hydrostatic and hydrodynamic forces, sediment concentration, debris composition, and inundation area.

5 The duration of a flood event is defined as “[t]he length of time in which the flood event affects the site, beginning
with notification of an impending flood (e.g., a flood forecast or notification of dam failure), including preparation for
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in time depends on which FCM or combination of FCMs generates the flooding event, the timing
of the flooding event (day or night, season), the duration of the flooding event (hours to days to
weeks), and the prevailing weather near the nuclear power plant during the duration of the
flooding event. As an example, Figure 8.26 is a plot of several meteorological variables (hourly
precipitation, hourly average air temperature and dewpoint, hourly average wind speed and
hourly wind gusts) concurrent with an approximately 2-month high discharge period on the
Schuylkill River near Pottstown, Pennsylvania. The daily discharge in the Schuylkill River was
obtained from a U.S. Geological Survey streamflow gauge (USGS, 2018). The hourly
meteorological data were obtained from the Pennsylvania State Climatologist’s office for a
station located approximately 8 mi from the USGS streamflow gauge. It should be noted that the
flood discharge in the Schuylkill River at this location results from runoff generated by
precipitation in the approximately 1,150 mi? upstream drainage area and therefore the
meteorological variables’ plots with time are related to, but may not be an accurate reflection of,
the meteorological conditions in the upstream drainage area.

The diurnal variation in air temperature is evident in the third panel of Figure 8.26, as is the
gradual decrease in daily air temperatures as late spring advances into early fall. Three distinct
flood peaks are present during this period. The flooding event associated with the second of the
three flood peaks lasted approximately 16 days (from September 4 to September 19, 2011) and
is shown in detail in Figure 8.27. The hourly average air temperature during this flooding event
varied from a high of approximately 84°F (on September 4, 2011) to a low of approximately
44°F (on September 16, 2011). The time for the flood to rise to its peak was approximately 5
days and to recede from the peak was approximately 14 days. During the time that the flood
discharge in the Schuylkill River was rising to the peak (September 4 to 9, 2011), precipitation
was occurring near the streamflow gauge (Figure 8.27). During the same time, hourly average
air temperatures dropped from a high of approximately 84°F on September 4 to a low of
approximately 60.5°F on September 6, followed by a warming to 81°F on September 9 just as
the flood reached its peak (Figure 8.27). Hourly average wind speeds varied from calm to over
10 mph with gusts reaching almost 30 mph on September 5. Therefore, any MAs that required
outdoor work before the flood reached its peak, would have exposed workers to varying
precipitation intensity, wind speeds, and temperatures, including periods of relatively low
temperatures.

Flood parameters also vary in space. Spatial variation can occur at a range of scales, from the
watershed or drainage basin where flooding occurs to the local, NPP site scale. For flood
protection and mitigation procedures carried out at and near the NPP site, local-scale spatial
variation of flood parameters is of particular interest. These spatial variations result from (1) the
dynamics of floodwater flow, (2) the terrain (e.g., depth of floodwaters can be different in two
locations with same floodwater surface elevation but different topographic elevations), and (3)

the flood and the period of inundation, and ending when water has receded from the site and the plant has reached a
stable state that can be maintained indefinitely” (JLD-ISG-2012-05, USNRC, 2012b).
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the layout of obstructions (e.g., floodwater flow dynamics between and around buildings).
Therefore, flood parameters of interest to flood protection and mitigation procedures have
spatiotemporal variation that should be considered when planning and executing these
procedures. The spatiotemporal variation of flood parameters can be represented by dynamic
maps. Environmental conditions that are, or are directly related to, the flood parameters (e.g.,
floodwater depth and velocity, drag forces) can also be represented by similar dynamic maps.
Other environmental conditions of interest may not vary significantly at the outdoor locations on
an NPP site (e.g., air temperature, humidity). In addition, environmental conditions can vary
between indoor and outdoor locations (e.g., air temperature, lighting) and because of sheltering
(e.g., precipitation or wind effects under unsheltered and sheltered locations). Manifestation of
secondary ECs would also be affected by local and equipment-specific conditions (e.g., surface
properties of walkway, tool material, and gauge design).
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9 ILLUSTRATIVE APPLICATION OF THE ENVIRONMENTAL
CONDITION IMPACT ASSESSMENT APPROACH

This chapter demonstrates an example application of the research team’s approach to
assessment of impacts of environmental conditions (ECs) on manual actions (MAs). This proof-
of-concept approach quantifies the impact of how ECs affect human performance by affecting
performance demands. The quantitative approach is illustrated by applying it to one subtask of a
manual action assumed to be affected by a single EC — heavy rain. This chapter describes an
example method of how the results of the human performance research literature review can be
used. Limitations and caveats of this preliminary quantitative approach are also described.

9.1 Proof-of-Concept Method for Environmental Condition Impact Assessment

A fundamental element of the proof-of-concept approach described here is the identification and
use of the performance demands required by the site-specific specific actions (SAs). Section
5.2.4 earlier described a task performance taxonomy (Coles et al., 2017) compiled from three
sources into a single superset. This superset was used by the research team to both (1) relate
impacts from ECs to performance demands required by SAs, and (2) organize the review of the
research literature about the impacts of ECs on task performance. The resulting compiled
performance demand taxonomy is as follows:

1. Detecting and noticing
a. Attention, memory, vigilance, switching, acuity, perception, and threshold perception
b. Sensation and visual recognition

2. Understanding

a. Pattern recognition, discrimination, evaluating, hypothesizing, diagnosing, and
integrating

3. Decision-making

a. Reasoning, computation, interpreting, classifying, goal setting, planning, adapting,
and evaluating and selecting options

4. Action
a. Fine motor skills — discrete and motor continuous, and manual dexterity
b. Gross motor skills — heavy and light
c. Other neurophysiological functions
5. Teamwork
a. Reading and writing
b. In-person and electronic oral communication
6. Cooperation
a. Crew interaction, and command and control.

Building upon the approach discussed in the previous chapters for defining performance
demands, the research team delineates a proof-of-concept method for assessing the impact of
ECs on flood protection and mitigation MA performance. As discussed in Chapter 6, MAs may
be decomposed into multiple tasks, subtasks, and SAs. By estimating the impact of prevailing
ECs on each SA, and aggregating these impacts, analysts can derive an estimate of the ECs’
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impact on the subtasks, tasks, and the MA comprised of these SAs. One way to operationalize
the impact of ECs is in terms of the time it takes for an individual to perform an MA given a
specific set of prevailing ECs. Likewise, the impacts of ECs can also be operationalized in terms
of the increase in error rates during performance of the MA. The research team’s proof-of-
concept method using the impacts of ECs on time is illustrated in Figure 9.1.

As Chapter 5 illustrated, to estimate the impact of ECs on SAs and provide a basis for
aggregating impacts to the MA level, a necessary step is to evaluate and quantify the
performance demands associated with each SA. This can be accomplished using the
consolidated taxonomy developed in Section 5.2.4. As shown in Figure 9.1, the impact
assessment at a given nuclear power plant (NPP) site starts with the decomposition of one of
the site’'s MAs into its constituent SAs. The result is a compilation of site-specific SAs that form
the subtasks, tasks, and the MAs. The assessment also requires (1) the performance demand
profile of each SA (depicted by the color wheel in the middle-top of Figure 9.1), (2) the severity
of the prevailing EC', (3) the impact factor? for each performance demand from the prevailing
EC, and (4) the baseline time for performing each SA.

Alternatively, if the generalized action framework (as discussed in Ch 7.1.1 ) is used, the first
step of the process is the re-composition of one of the site’s MAs by combining pertinent site-
independent GAs with site-specific task context (Figure 9.2). The following steps are the same
as for the basic framework.

Performing different SAs, such as operating a vehicle to transport equipment from a designated
location to a target location or setting up a sump pump in a designated building, requires an
individual to meet the requirements associated with a mixture of cognitive (e.g., attention and
memory that consume mental energy) and non-cognitive demands (e.g., gross and fine motor
movements that consume physical energy). The performance demands vary by SA. Here the
research team provides a preliminary discussion of the initial conceptualization of a proportional
approach that might serve this purpose, while acknowledging that additional technical details
remain to be developed (e.g., the dimensions and scale needed for working out the remaining
details of this approach).

Using the proposed proportional approach, SAs would be characterized in terms of the
combination of performance demands that must be met for their completion. This concept can
be illustrated by comparing the contributors for two different SAs using pie charts as shown in
Figure 9.3. In this example, one of the SAs associated with an MA -- “build a sandbag berm
around the service water strainer pit” (see Section 6.3.3) — involves taking sandbags off the fill
rack. This SA predominantly requires gross motor skills, some fine motor skills, and has a low
level of cognitive performance demand. By contrast, another SA—operate a powered hoist to
load a pump on a transport vehicle—relies more heavily on detecting and noticing, as well as
fine motor skills, and less on gross motor skills.3 Such information provides a basis for weighting
the impact of an EC on performance demands commensurate with their relative importance to
successful completion of the SA.

" In general, multiple ECs, including secondary ECs may prevail. In this illustrative example, for simplicity, only one
EC prevails.

2 Impact factor is defined later in this section to refer to a numerical measure of the increase | time to perform an SA,
or the increase in error rate for performing an SA, or the increase in the probability of failing to perform an SA.

3 “Operating a powered hoist” was part of an MA—install a portable pump (see Section 6.3.1).
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Figure 9.1 Impact assessment of an environmental condition on decomposition of a
manual action
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Removing sandbags off the rack Operating a Powered Hoist

® Action — gross motor ® Action - gross motor
m Action — fine motor m Action - fine motor
® Detecting and noticing m Detecting and noticing

Figure 9.3 Nominal illustration of specific actions with different performance demand
profiles

As indicated earlier, the proof-of-concept method developed by the research team and
illustrated here focuses on the time required to complete a task as the primary measure of
performance. This focus was motivated by the protracted time over which many flood protection
and mitigation actions usually take place and the many opportunities to detect and correct or
recover from most errors*. When an EC has adverse effects on workers, it is likely that the task
performance time will be extended. The impact of ECs on the performance can thus be
expressed as the baseline time plus additional time required to complete a task.

The approach for aggregating impact must account for the relative importance of each SA to the
subtask, task, and MA. This may be accomplished by developing an approach for weighting the
SAs in terms of their relative contribution to the performance of the subtask, task, and MA. A
given EC may impact multiple performance demands, but also several ECs may impact a single
performance demand.

The approach for aggregating impact must account for the relative importance of each SA to the
subtask, task, and MA. This may be accomplished by developing an approach for weighting the
SAs in terms of their relative contribution to the performance of the subtask, task, and MA. A
given EC may impact multiple performance demands, but also several ECs may impact a single
performance demand. To that end, at the SA level, let w; be the weight for each performance
demand i, where j =1, 2, 3,...9 (see Table 9.1); w; € [0,1] and Z?=1 w; = 1. These weights
correspond to the relative contributions of performance demands to the SA illustrated in Figure
9.3.

The research team defined the impact factor as a numerical measure of the increase in time to
perform an SA, or the increase in error rate for performing an SA, or the increase in the
probability of failing to perform an SA. Following the relative contribution of various performance
demands to an SA Figure 9.3), the research team proposed that impact factors apply to portions

4 Nonetheless, the same approach could be applied to other measures of human performance in future developments
of the approach.

9-5



of an SA that require a particular performance demand. For an EC, let I; ; be the impact factor
associated with E; for each performance demand / (see Table 9.2) that contributes to
performance of the SA. ECs of interest are described in Chapter 8.

Because it is assumed that an EC might impact various performance demands differently, the
value of the impact factor associated with an EC is likely to be different for different performance

demands. It is also assumed that /;; is equal to or greater than 1 (i.e., generally adverse
impacts of ECs are of interest). When [; ; is equal to 1, the EC is perceived to have no adverse
impact. When [, ; is greater than 1, the EC would have an adverse impact on performance. In

the following discussion, performance time is used as the measure of performance, therefore a
performance time exceeding the available time for the MA would indicate failure®

Table 9.1 List of performance demands

Index ’Performance Demands

i=1 1 = Detecting and Noticing
i=2 |2 =Understanding
i =3 |3 = Decision-making
4 = Action
i=4 4.1 = Fine Motor
i=5 4.2 = Gross Motor
i=6 4.3 = Other Neurophysiological Functions
5 = Teamwork
i=7 5.1 = Reading and Writing
i=8 5.2 = Oral Communication
i=9 5.3 = Crew Interaction

Table 9.2 Environmental conditions impact factors associated with performance
demands

. Impact Factor (7 )
Performance Demands (i) "

for EC (E))
1. Detecting and Noticing I,
2. Understanding I
3. Decision-making I3
4. Action — Fine Motor Iy
5. Action — Gross Motor Is;
6. Action — Other neurophysiological functions Igj
7. Reading/Writing I7;
8. Oral Communication Ig;
9. Crew Interaction Iy;

5 Failure modes are not limited to performance time exceeding available time but are the focus of this example.
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When an EC is present during performance of an SA and when [; ; > 1 it is likely that E; will
adversely affect the performance time of the overlying MA. The total impact of EC E; on the SA
could be represented as a time adjustment appropriately weighted by the relative contributions
of the performance demands to the SA. To capture this impact (measured in terms of
performance time), let

Sk = an SA, where k = 1,2,3,...ng and ng is the number of SAs in the MA.

i = a performance demand required by S, where i ranges from 1 to 9 for the
performance demands in this framework. The number of performance
demands assessed can be generalized as n;, where n; = 9 for this
framework’s set of performance demands. These weights correspond to the
relative contributions of performance demands to the SA as illustrated in
Figure 9.3 above.

w; = weight for performance demand i, where w; € [0,1] and Z?Llwi =1

Ej = an EC, where j = 1,2,3,...n; and n, is the number of ECs

lijx = impact factor for performance demand i from prevailing E; within S,

t(S,y) = baseline time for performing S,

tik = baseline time associated with performance demand i within S, (such that
tige = wit(Sy))

Aijx = time adjustment for performance demand i from prevailing E; within S
(Aijk=Ijr— 1)

t*(Sx) = affected time for performing S,

tix = affected time associated with performance demand i within S

B, = atask or subtask consisting of one or more SAs, where [ = 1,2,3, ...ng and ng
is the number of subtasks

t(B;)) = baseline time for performing B,

t*(B;) = affected time for performing B,

M = an MA consisting of one or more tasks, where o is a positive integer

]
t(M,)= baseline time for performing M,, and
t*(M,) = affected time for performing M,.

The baseline time for t(S,) can be expressed as:

(50 = )t (9-1)
i=1

and the affected time for t*(S) given only one prevailing EC E;, can be expressed as:

n;

ng
ES0 =) = ) 1+ A0t (9-2)
=1

i=1 i

The impact of E; on the SA Sy, as measured by time, is the difference between affected time
t*(Sx) and baseline time t(Sy,).

To account for the observation that impact on a performance demand can occur from several
ECs, three options for combining the impacts stemming from multiple ECs are provided below.
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For a simple additive combination, where ny is the number of prevailing ECs while performing
the SA S, the combined impact factor on performance demand i can be expressed as:

ng
I = Z Iijk (9-3)
=1

For multiplicative combination, where ng is the number of prevailing ECs while performing the
SA S, the combined impact factor on performance demand i can be expressed as:

ng
I = 1—[ Iiji (9-4)
j=1

For a power function combination, where q;, j = 1,2,3, ...ng are the different exponents for
prevailing ECs’ impacts while performing the SA S, the combined impact factor on performance
demand i can be expressed as:

ng
I = ﬂ(’ i,j,k)aj (9-5)
j=1

Selection of these methods of calculation has been reviewed by Xing et al (2015) which, with a
limited sample set, suggests that the multiplicative combination over-predicts, and the additive
combination is a better choice. Selection of a combination method should be reviewed by a
team of experts and assessed based on current literature. One possible approach is to evaluate
the impacts using both the multiplication additive method to obtain an understanding of the
sensitivity of the results to this assumption.

The affected time for S, given multiple prevailing ECs and using the additive combination can
be expressed as:

n;

n; n;
t"(Sy) = Z tir=) A+A4; )t = Z I; pw;it(Sy) = I, t(Sy) (9-6)
=1 i=1

i=1 i

where I;; is the impact factor for the kth SA, appropriately weighted by performance demand
weights.

As mentioned earlier, a task or subtask B; can consist of one or more SAs, (i.e., B, = {Sy}, k =
1,2,3 ...ng. The baseline time for a task B; can be written as follows, assuming its constituent
SAs are performed sequentially:

ng

t(B)) = Z £(S) (9-7)
k=1

Thus, the affected time t*(B,) for performing B; can be expressed as:
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ng ng n; ng n; ng

t"(By) = Z t"(Sp) = Z Z(l + i) tig = z 2 Iiptig = Z I}, t(Sy) (9-8)
i=1 i=11=1

k=1 k=1i k=1
The above expression applies when SAs constituting a task (or subtask) are performed
sequentially such that impacts on different SAs result in an additive impact to the overlying
task/subtask.

Because an MA M,typically consists of one or more tasks (and subtasks), that is:

M,={B},1=123..ng

the baseline time t(M,) for performing an MA M,can be expressed as follows, assuming the
tasks are performed sequentially:

tM,) = ) t(BY (9-9)
=1

and the affected time t*(M,)) for performing M, is:

ng

E(M,) = ) ¢ (B (9-10)

=1

The tasks encompassed in a flood protection and mitigation MA could be performed
sequentially, in parallel, iteratively, or in other task orders with loops and interdependencies.
Although these more complex task orders are not presented in this formulation, they can be
modeled computationally using the terms defined above.

9.2 Example Application of the Proof-of-Concept Method

In this section, the proof-of-concept method outlined above is demonstrated through an example
MA. The research team selected an MA that was risk significant, took place over an extended
period of time and had exposure to some ECs (e.g., the action included elements that are
performed outdoors and near flooding).

The selected example MA is “fastening barriers onto intake structure walls” based on an MA
from a real life NPP flood protection and mitigation procedure, but for which many details were
extrapolated because they were not known by the research team. This MA was decomposed
into five tasks (shown below in Table 9.3). Task 5 was further decomposed into four subtasks,
and each of the subtasks was decomposed into one or more SAs. The research team focuses
on Task 5 to illustrate the method described in Section 6.3.3.

Note, in this example, the research team assumes some SAs and tasks can be performed
concurrently. For example, Tasks 1 and 2 can be performed in parallel; Tasks 3 and 4 can also
be performed in parallel but only after Tasks 1 and 2 are completed. The research team also
assumes Task 5, and its constituent subtasks and SAs, must be executed sequentially. The
dependently structured sequence for performing the example MA is shown in Figure 9.4.
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Table 9.3 Example manual action: Fastening barriers onto intake structure walls

Example MA: Fastening Barriers onto Intake Structure Walls

Task 1. Fabricate steel plates
Task 2. Clear debris — could be done parallel to Task 1
Task 3. Stage plates and equipment — must be done sequential with Tasks1 and 2
Task 4. Prepare wall surface — could be parallel to Task 3
Task 5. Fasten 4 barriers
Subtask 5.1. Position forklift
SA 56.1.a Walking
SA 5.1.b Getting forklift.
SA 5.1.c Driving forklift.
Subtask 5.2. Load plates onto forklift.
SA 5.2.a Operating forklift (picking up).
Subtask 5.3. Position plates against structure wall with forklift.
SA 5.3.a Operate forklift (lifting the plate).
SA 5.3.b Communicate and coordinate.
SA 5.3.c Operate forklift (position the plate).
SA 5.3.d Manually adjust plate position against wall.
Subtask 5.4. Drill holes and secure with fasteners
SA 5.4.a Hand tools (drill)
Subtask 5.4. Drill holes and secure with fasteners
SA 5.4.a Hand tools (drill)
SA 5.4.b Hand tools (concrete bolts)

3. Stage plates
and equipment

1. Fabricate
steel plates

5. Fasten
Barriers

e —

2. Clear
debris

4. Prepare wall
surface

— 3 — 3 — 3
Barrier 1 Barrier 2 Barrier 3 Barrier 4
5.1.1 Position forklift 5.1.2 Position forklift 5.1.3 Position forklift 5.1.4 Position forkilift
5.2.1 Load plates onto 5.2.2 Load plates onto 5.2.3 Load plates onto 5.2.4 Load plates onto
forklift forklift forklift forklift
5.3.1 Position plates 5.3.2 Position plates 5.3.3 Position plates 5.3.4 Position plates
against structure against structure against structure against structure
wall with forklift wall with forkilift wall with forklift wall with forklift
5.4.1 Drill holes and 5.4.2 Drill holes and 5.4.3 Dirill holes and 5.4.4 Drill holes and
secure with secure with secure with secure with
fasteners fasteners fasteners fasteners
I | | I

Figure 9.4 Workflow diagram for task 5: Fastening 4 barriers
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Table 9.4 Baseline time for specific actions in Task 5

Baseline Time | Baseline Time

Ts: Task 5 for 1 Barrier | for 4 Barriers
Fasten Barriers [ i
SAs
Subtask (for 1 barrier)
; " S;: 5.1.a. walking 5 20
’éé’rl‘:’l'i;t Position  1¢"5 1 b. getting in forkiift 1 15 4 | 60
S3:5.1.c. driving 9 36
B,: 5.2 Load . .
olates onto forklift S;:5.2.a. loading plates 15 15 60 60
Bs: 5.3 Position |S;: 5.3.a. Position plates/driving 10 40
plates against S,: 5.3.b. communicating the position| 10 60 40 240
structure wall S,: 5.3.c. positioning with forklift 20 80
with forklift S4: 5.3.d. manual adjustment 20 80
B,: 5.4 Drill holes |5, : 5.4 3 drilling (hand tool) 15 30 60 | 120
and secure with :
Total Time (min) 120 480

Because the MA requires fastening four barriers, the process, which executes Subtask 5.1
through Subtask 5.4 along with all the associated SAs, is repeated for each of the four barriers
(see Figure 9.4). In the example, the proof-of-concept method was illustrated for fastening one
barrier only. Using the terminology of the proof-of-concept method, the highest level of analysis
is a task, Task 5, performed for Barrier 1. This task, denoted by T, consists of four subtasks,
Subtasks 5.1-5.4, denoted by symbols B;—B,. The subtasks are decomposed into SAs—three
SAs make up Subtask B; (§;— S3), one SA makes up Subtask B, (S;), four SAs make up
Subtask B; (5;—S,), and two SAs make up Subtask B, (S;—S;). Notice that SAs are specific to
the subtask of which they are part, even though their notations (indexes) may be the same.

Following the terminology outlined in the proof-of-concept method section, the baseline time for
Task T5 can be expressed as

4
tTs) = ) t(BY (9-11)
=1

where [ € [1,4] is the index referring to the four subtasks that comprise T5. Each of the subtasks’
baseline time can be expressed as

t(B) = i t(Sy) = i i tik (9-12)
=1 k=1i=1

The research team developed the baseline time with t(S;) k € [1, ng] for executing each SA
under Task Tz, as shown in Table 9.48.

6 Although the example MA came from a real life NPP flood protection and mitigation procedure, the research team
had very limited information regarding this MA. The research team’s estimates of SA performance baseline time is
based on its collective familiarity with NPPs and other industrial settings. The research team acknowledges that these
baseline times should be developed in close cooperation and active participation of the specific NPP staff.
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The total baseline time for performing Task T; was estimated as 480 minutes and includes

fastening all four barriers.
ns

(B) = ) t(S0) (9-13)

k=1

Where k € [1,ng] is the index referring to the number of SAs that compose the /th subtask. In
this example, for / taking values 1, 2, 3, and 4, the corresponding numbers of SAs n are 3, 1, 4,
and 2, respectively. Therefore, the baseline time for Subtask By is

t(B1)=54+1+9=15 (9-14)
minutes. The baseline times for the other subtasks were determined similarly (Table 9.4).

To estimate the impact of ECs on the performance demands, two sets of information must be
developed: (1) performance demand weights w;, i=1,2,3,...9, associated with each SA in this
example task, and (2) the impact factor values I; ;, associated with the set of prevailing ECs on
each of the performance demands associated with an SA. Following Chapters 6 and 7, the
successful completion of every SA can be construed as requiring one or more performance
demands. The percentage contribution of the performance demands to the success of an SA is
defined here as its “weight,” w;, i=1,2,3,...9. The total contribution of performance demands
must equal 100 percent or 1.0. Therefore, as outlined in the previous section, an SA can be
represented as a sum of the weights of all required performance demands. For example, the
research team represented walking as 25 percent (w; = 0.25) of detecting and noticing and 75
percent (ws= 0.75) of gross motor action. By comparison, positioning with a forklift was
represented as 50 percent (w,= 0.5) of fine motor action, and about 17 percent each of
detecting and noticing (w; = 0.17) and understanding (w,= 0.17), and 16 percent decision-
making (w; = 0.16), respectively. Based on a research team discussion of the literature
reviewed and based on expertise and experience (similar to an expert elicitation that might be
conducted in an application of the method), the research team estimated performance demand
weights associated with each SA (Table 9.5).

In this example, the research team assumed that only one EC, heavy rain, prevailed during
performance of Task T; to estimate its impact on the various performance demands. Note that
the research team conceptually differentiates between impacts from primary and secondary
ECs. A prevailing EC might directly influence a performance demand (e.g., rain on an
equipment gauge making it difficult to see, and therefore impacting detecting and noticing); the
same EC may produce secondary conditions that might also impact performance demands
(e.g., rain could lead to a slippery surface, cold temperature, or noise, which could then impact
the performance of a fine motor action, such as gripping a tool with a slippery or cold surface, or
oral communication due to an elevated level of noise).

The impact factor values associated with a heavy rain scenario on the performance demands
are shown in Table 9.6. These values were based on the research team’s best judgment and
were intended for purposes of illustrating the proposed method only’. Recall that the value of

7 These impact factors are for example only and not validated. They may not be representative of impact factors that
might be measured from experience or estimated by a structured expert elicitation process.
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impact factors is equal to or greater than 1. An impact factor of 1 indicates the EC has no
measurable adverse impact on a performance demand. An impact factor greater than 1
suggests an adverse impact on the performance demand. Consequently, the time it takes a
worker to perform an action might be longer.

Using the research team’s judged values of performance demand weights and impact factors for
heavy rain, the proof-of-concept method was used to estimate the impacts on Subtask Ts. For
this example, the research team only considered the impact from the primary EC. However,
impacts from secondary ECs may sometimes exceed those from the primary EC (e.g., the
research team estimated that the impact factor for fine and gross motor skills from slippery and
cold surfaces presenting a challenge in gripping tools during heavy rain may exceed that from
the presence of the rain itself). An approach for combining the impacts of primary and
secondary ECs requires further development.

The affected time for Subtask B; of Task Ts was computed as

3 9 3
B = ) ) Iuwit(Si)) = Y Lt(sy) (9-15)
k=1 k=1

i=1

where I;; is the impact factor for the kth SA, appropriately weighted by performance demand
weights.

The SAs composing Subtasks B;, S;, S,, and S5 are themselves composed of 2, 3, and 4
performance demands, respectively, so the second summation in the equation above would
have 2, 3, and 4 elements (for k=1, / =1 and 5; for k=2, 1 =1,2, and 5; and for k =3, 1 =1,2,3,
and 4, respectively). Therefore, the affected time for Subtask B, is calculated as follows:

t.(B) =(1.3%0.25+1.4%0.75) =5 +
(0.25%x1.3+0.25+1.2+0.5%1.4) 1 +
(0.17%1.3+0.17+1.2+0.16 *1.5+0.5%1.3) 9

=6.875 + 1.325 + 12.15

(9-16)

The resulting affected time for Subtask B; is 20.35 minutes. Similarly, the affected times for
Subtasks B,, B;, and B, were computed (Table 9.7).

Adding the affected times for all four subtasks gives the affected time for Task Ts, t*(Ts) as
161.6 minutes versus a baseline time of 120 minutes. These results indicate that the impact of
heavy rain on fastening one barrier could be expressed as an additional 41.1 minutes in
performance time. If the 161.1 min affected time exceeds the available time to conduct the
action, this could indicate a failure due to time. However, the available time to complete the
action will be site- and event-specific, so cannot be assessed in this example. Similarly, if the
baseline error rate for performing each SA is known, the same approach could be applied to
estimate ECs’ impact on overall task error rate.

This simple task provides a very limited opportunity to validate the method, given that no formal
expert elicitation method or empirical data was used for estimating impact factor values and
performance baseline time and the discussion of environmental condition impacting
performance is limited to heavy rain. The U.S. Army manual estimated a reduction in
effectiveness of 25-75% for moderate rainfall of 0.11-0.30 in/hr (US ARMY 1992). In this
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Table 9.7 Specific action baseline times, impact factors, and affected times

SA Affected

Baseline | Impact Time
Task 5 i Factor I, t (Sy)
Fasten 4 Barriers (Primary | (Primary
Subtasks Specific Actions [
5.1.a. walking 5 1.38 6.88
5.1 Position forkilift 5.1.b. getting in forklift 1 1.33 1.33
5.1.c. driving 9 1.35 12.15
o2 Load plates onto 5 5 4 oading plates 15 1.35 20.25
" 5.3.a. Position plates/driving 10 1.35 13.5
2;’351 Z?I:;It?SCE[)lIJaI‘Le\?V . 53D communicating the position | 10 1.25 125
with forklift 5.3.c. positioning with forklift 20 1.35 27
5.3.d. manual adjustment 20 1.40 28
5.4 Drill holes and 5.4.a drilling (hand tool) 15 1.33 20
secure with fasteners 5.4.b. bolting (hand tool) 15 1.33 20
Total Time 120 161.59

example, the performance effectiveness drops from 0.00833 tasks/min (1/120 min) to 0.00618
tasks/min (1/161.59 min), which is a drop to 74% effectiveness, within the range proposed by
the Army. However, it should be noted that the range of reduction in effectiveness is broad,
suggesting uncertainty that may results from individual characteristics and/or presence of other
concurrent conditions.

The proposed EC impact assessment method could be applied to task success as well as time.
It is similar to the IMPRINT taxon-based method in important ways. Both methods are based on
a proportional weighting scheme to characterize a task or SA using performance demands
(similar to taxons). Likewise, both quantify an impact multiplier to estimate the impact on
performance in terms of performance time or accuracy. The proposed method described in this
chapter, however, provides opportunities for generalizing the taxon-based method because it is
not limited by the number of performance demands that can be used in characterizing any
individual SA. Moreover, the development of the performance demand categories described in
this volume incorporated research on HRA methods, which may be more comprehensive than
the Army Research Laboratory (ARL) taxon-based method (see Section 5.2.4).

As discussed previously in Section 6.5, in order to use this approach with GAs, further research
into developing GAs with stable performance demand profiles is needed. Development of GAs
with stable performance demand profiles can be performed in consultation with and active
participation of NPP personnel experienced in performing flood protection and mitigation
procedures or through other methods such as data gathering from other industries or formal
expert elicitation.

9.3 Using Results of the Research Literature Review

As noted in the previous section, the EC impact factors should ideally be estimated by empirical
research in NPPs or other industries, and/or through rigorous expert elicitation methods (if

empirical data are limited). Review of the EC impact literature (presented in Chapter 8) indicates
that, in general, the research findings offer both qualitative and quantitative information of mixed
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utility; even quantitative information, for example, may not readily apply to the performance
demands described earlier in this report. To organize and capture the findings from the research
literature review, the research team identified four categories of information based on the
research literature review results:

1. Quantitative information that is directly applicable to determining the quantitative impact
of an EC on a performance demand and can be directly used to support the proof-of-
concept EC impact assessment approach.

2. Quantitative information that is of less direct applicability in determining the quantitative
impact of an EC on a performance demand. Some empirical studies might report EC
severity limits which represent a threshold based on the magnitude of the EC. When an
EC is below a lower limit, there is no discernible impact on human performance of a
given activity; when the EC is above an upper limit, personnel cannot perform the activity
at all. Under certain assumptions regarding the variation of impacts in accordance with
changing levels of severity between the upper and lower limits, this information might be
used with the proof-of-concept approach to provide usable information.

3. Qualitative information that supports the general observation that an EC affects a
performance demand, but no quantitatively measured impacts of the EC on worker
performance, including limits, are reported in the research literature. Such information
could be used to make inferences about the relationship between an EC and
performance as well as between intervening variables and performance. For example, if
it is known that, in general, cognitive functions are impaired by an EC, a particular
performance demand associated with cognitive functions, such as understanding, might
be assumed to be impacted by the EC also. This information might be used to inform a
sensitivity analysis using the proof-of-concept approach. Likewise, this information might
be used in informing expert judgments.

4. No information. When no information about the impact of an EC on worker performance
is reported in the pertinent research literature, it is noted as a research gap.

9.3.1 Directly Used Quantitative Information

Some studies included in the review offered quantitative information that is directly applicable to
determining the impact of an EC on a task, or, ideally, individual performance demands.
Depending on the type of available information, there are several ways to use it in the proposed
proof-of-concept approach. In these cases, the impact of the EC is provided by a general
algorithm in which a unit of degraded performance per unit of EC severity is defined:

units of degraded performance
units of EC severity

Impact on performance demand = (9-17)

For example, Section Oof this report describes the impact of lighting on worker performance.
The summary of the research literature explains that one of the effects of reduced lighting is an
increase in time for the task of taking handwritten notes. Through an experiment on pencil-
based note taking, a relationship was defined between reduced illumination (measured in
footcandles) and the increase in time it took to complete a task involving note taking. Writing,
which is a component of note taking, is part of a performance demand titled “teamwork”
according to the taxonomy presented in Section 5.2.4. For this performance demand, the impact
of poor illumination can be determined directly from this relationship based on experimental
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evidence. This relationship between level of lighting and performance time of a task could be
used in an approach like the proof-of-concept approach presented in this chapter.

In another example, Section 8.2.8 describes the impact of precipitation on worker performance.
The summary of the research literature explains that one of the primary effects of precipitation is
reduction of visibility associated with either attenuation or reflection of light. Visibility is critical to
one of the nine performance demands, detecting and noticing. However, although the
relationship between the amount of precipitation and visibility was not defined in the research
literature, a direct relationship between free-flow-speed (i.e., a driver’s desired speed in low
volume traffic with no traffic control devices) and rain intensity was specified in the pertinent
research. The reported percentage reduction in free-flow speed could be used directly to assess
the effect of precipitation on a task that involves driving as a whole rather than decomposing the
task of driving into SAs to determine the effect of the precipitation on each performance
demand. The reduction in speed could be correlated to a percentage increase in task
performance time and such information could also be used in an approach like the proof-of-
concept approach presented in this chapter.

In a last example, the impact of the EC can be applied directly to the action rather than the PDs
that compose the task, subtask or SA. Section 8.2.9, for example, describes the impact of
standing or moving water on worker performance. The literature summary explains that the
most frequently studied effect of moving water on human performance is the effect of water
depth and velocity on toppling a person who is attempting to stand or move in the water. The
research literature provides an equation for an individual toppling while working in flowing water
as a function of water velocity and depth. The team used this equation to determine the
relationship between performance degradation and the specific level of EC severity (i.e., water
velocity and flow depth). Using this equation, a safe walking velocity in 0.3 m deep water for an
individual who is 1.8 m tall and weighs 82 kg is estimated to be 1.14 m/s, if the normal walking
speed for the individual is assumed to be 1.34 m/s. From this information, the extended time it
takes to travel a predefined distance may be estimated and compared to the time it takes to
walk at a normal speed, holding all else constant. In this example, the individual is assumed to
be walking against the current so that the speed at which the individual walks when added to
the velocity of the water will not exceed the safe walking velocity of 1.14 m/s. For a distance of
300 m, the time it takes an individual to traverse the distance in the absence of any standing or
moving water is 263 seconds (i.e., the baseline time) and it increases to 469 seconds if the
individual walks in moving water at the velocity and depth defined in this example. This increase
in the time it takes to walk suggests a direct correspondence between the research literature
and the proof-of-concept approach presented in this chapter.

9.3.2 Indirect Quantitative Information

Some studies included in the review of the research literature offer quantitative information that
is less useful for determining a unit of degraded performance per unit of EC severity. Typically,
such quantitative information was provided as limits of human performance under the EC; that
is, the EC severity limit above which personnel cannot perform an activity. This kind of
information cannot be used directly in the proof-of-concept approach. However, it may be
possible to extrapolate from the existing data or information to estimate a quantitative
relationship between units of degraded performance versus units of EC severity. For example, if
it is known that human performance cannot be reliably carried out or worker health and safety
cannot be protected past a particular EC severity limit, then the impacts at levels of the EC less
than the limit might be estimated. These estimates might then be used in an approach like the
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proof-of-concept approach presented in this chapter. The extrapolation is likely to contain
significant uncertainty, which should be carefully evaluated for its effect on impact estimates.

Section 8.2.1 of this report, which describes the impact of heat on worker performance,
illustrates an approach to using EC limits information to estimate performance impact. The
review of the research literature shows that the recommended exposure limits are a function of
wet bulb globe temperature (WBGT), workload, and exposure time. Curves are presented for
“perceptual/motor” effects and “simple mental tasks effects” that show the WBGT versus
exposure time limits of these performance demands (see Section 8.2.1.5 and Figure 8.2). An
estimate of curves presenting low, medium, and high effects on these performance demands,
as a function of WBGT versus exposure time, might be developed based on the recommended
exposure limits. If the low, medium, and high effects can be converted into quantitative values
(e.g., the percentage time increase or percentage error increase), then this information could be
used in an approach like the proof-of-concept approach discussed above.

Another way to use the quantitative information indirectly, is to assume that performance fails at
a particular EC severity limit. If the probability that a particular EC severity limit is reached can
be determined, then this information could be used to determine the probability that a
performance demand cannot be met. This information could not be used in the proof-of-concept
approach that uses the increase in time as the unit of degraded performance, but it might be
used in an approach in which the failure probability is the unit of degraded performance.

9.3.3 Qualitative Information

The research literature review shows that in some cases, only qualitative information about the
impacts of ECs on performance demands or an SA exists. In these situations, an expert
elicitation process might be used to elicit the best judgment from experts. If there is qualitative
information in the research literature, it might be used to inform a sensitivity study using the
proof-of-concept approach. Again, significant uncertainty is likely to exist in both the limits on EC
severity and on the relationship between the EC severity and impact on performance demands.
Sensitivity analyses assess how the uncertainty in the input of an analytical model impacts the
outputs of interest. A sensitivity study might be used to determine the point at which the severity
of the EC may be expected to have meaningful impact on the performance of an SA. It is
possible that the output of interest (i.e., the impact of a specific EC on a specific SA) is not
impacted in a meaningful way by the most likely severe EC that can occur at a given site.

For example, Section 8.2.5 of this report describes the impact of lighting on worker
performance. The research literature summary explains that lighting, if inadequately bright or
lacking certain spectral characteristics, can result in decreased alertness. In turn, it is noted that
alertness is encouraged by higher intensity and shorter wavelength light, which is accompanied
by improvements in a variety of cognitive tasks (compared to tasks performed when light is at
lower intensities that do not contain short wavelengths). This finding is interesting because
alertness is part of the detecting and noticing performance demand. Consequently, it is possible
to use the proof-of-concept approach presented in this chapter to show that lighting could
impact certain performance demands associated with alertness. For actions that do not require
alertness, lighting might not be as important for performance where the detecting and noticing
performance demand is important.
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9.3.4 No Information

The research literature review identified that for some ECs of interest to NPP flood protection
and mitigation MAs, no information is reported in the research literature. More research is
needed in these “gap” areas to increase the scope and depth of the knowledge about these ECs
and how they might affect worker performance. When such information becomes available, it
can then be categorized for modeling purposes based on the categorization scheme and the
modeling approach discussed earlier.

9.4 Limitations and Caveats

As stated earlier in this chapter, the impact assessment approach presented is meant to be a
proof-of-concept exercise. The feasibility and validity of the approach remains to be explored
because of a number of limitations and caveats that are discussed below.

Most notably, the performance demand weights and EC impact factors used to quantify EC
impacts on worker performance require a sound technical basis. Ideally, these values should be
informed by empirical research or through rigorous expert elicitation methods when empirical
data are limited or not available. The review of the EC impact literature resulted in some
quantitative and qualitative information that could be used by experts to estimate performance
demand weights and impact factors. However, considerable gaps exist for this kind of
quantitative information. Existing information that can be used to render and validate the impact
assessment approach is also often limited. Nonetheless, as discussed previously in this
chapter, the research team identified a few example ways to use existing qualitative and
quantitative information from Chapter 8 in the proof-of-concept approach.

The research team notes that using the performance demand-based method requires analysts
to create a map between each specific action and performance demand. Consequently, the
mapping could be somewhat subjective and influenced by the analysts’ knowledge, experience,
and professional judgment. If the mapping is performed by a group of experts with somewhat
different judgments about performance demand weights, a consensus building process would
be needed to reconcile the differences. During a group exercise in which the research team
worked together to map performance demands with an SA, the team found that the resulting
performance demands by percentage contribution associated with performing an SA were
generally quite similar, albeit not identical among the team members. This encouraged the team
because its members were diverse in discipline, training, and experience.

The proof-of-concept example does not include the occurrence of secondary ECs and their
associated impacts. In the case of slippery surfaces (e.qg., slippery tools or walking surfaces),
condensation on instruments and other displays makes them difficult to read; localized
phenomena (e.g., wind or water borne debris that creates obstructions) caused by the primary
EC create challenges for the worker. Nonetheless, the research team proposes that the method
for assessing primary EC impacts on worker performance presented in this chapter can also be
applied to evaluate the impacts on worker performance from secondary ECs, if there is sufficient
information in the research literature on the impacts from secondary ECs. Combining the
impacts from primary and secondary ECs on performance demands requires further
development. For example, when applying the method an analyst might also need to estimate
the likelihood or conditional probability of the occurrence and severity of the secondary ECs
stemming from a primary EC, though there may be adequate weather records for some ECs at
or near the sight to estimate the conditional probability.
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The proof-of-concept example did not fully address the complexity in task sequence and
configuration, though an example using ARL’s IMPRINT (ARL, 2017) demonstrates an existing
software that allows evaluation of sequential dependence. An example developed and analyzed
using IMPRINT Pro, v. 4.1 is described in Appendix D. The proof-of-concept example focused
on an individual performing sequential SAs as the units of analysis. It did not address how the
EC impacts parallel tasks or tasks that are jointly performed by a crew/team. The research team
proposes that on the basis that the unit of analysis is an individual performing an individual SA,
the relationship between tasks can be defined separately. For example, if two SAs (or tasks) are
performed in parallel and both are required to successfully execute a manual action, then the
individual impacts on the two SAs (or tasks) might be summed. On the other hand, if two SAs or
tasks are performed in parallel and only one of them is required to successfully complete a
manual action, then it might be appropriate to consider only the most limiting impact. Similarly, if
two workers are required for the performance of an SA or task, then the impact of the SA or task
on the MA might be combined.

The proof-of-concept example could be further expanded to address how recovery time
stemming from worker errors could also contribute to the time required to complete the MA. It is
possible that an EC could contribute to an error that, if undetected, could lead to failure of the
MA. If the error could be detected and if enough time is available to correct the error, then the
overall EC impact could also be operationalized as an extension in time for performing the MA.
To capture the impact of an EC on error in terms of performance time, EC impact factors used
to quantify EC impact on worker performance could be expanded from being based strictly on
performance time to include performance errors as a basis for quantification. If information
about performance errors exists, then the proof-of-concept approach could be adjusted to model
recovery actions.

The proposed approach does not include the ability of the worker to adapt to the environment,
nor does it consider performance degradation due to fatigue. Given the high physical demand of
some of the MAs (e.g., sandbagging), it is possible that workers might become fatigued over
time and crew rotation might be essential for accomplishing the MA. Further, the approach
assumes adequate training and procedures. Finally, additional considerations such as the
effects of dynamic (time varying) ECs and combinations of ECs during the performance of MAs,
as well as uncertainties are not incorporated into the current approach illustrated earlier. These
limitations present opportunities for improving and enriching the capability of the proof-of-
concept approach.

9.5 Chapter Summary

In this chapter, the research team presented a proof-of-concept approach for quantitatively
assessing EC impacts on worker performance measured in terms of performance time.
Specifically, the research team applied the approach to an example MA to illustrate both the
conceptual and computational feasibility of the approach. Based on the literature review
reported in Chapter 8 and Volume I, the research team identified a number of approaches by
which existing quantitative and qualitative information from pertinent studies could be used in
the proposed approach. By building a bridge between the research literature and impact
assessment quantification methods, the research team constructed and carried out an
illustrative analytical example. Together, these efforts demonstrated the following:

1. Existing research findings can be leveraged to provide the technical basis for human
performance impact quantification despite gaps and limitations.
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2.

3.

The proposed approach, notwithstanding limitations, is theoretically and computationally
tractable.

The proposed approach is conceptually and operationally consistent with the
decomposition-aggregation approaches discussed in in this report and supports the
implementation of the overarching EC impact assessment framework discussed in
Chapter 7

For future research, opportunities exist to expand and enhance the proof-of-concept
approach. They include the following:

a. adapting the approach to account for both primary and secondary EC impacts on
performance;

b. modeling complexity in task sequence and crew performance;

13

expanding the approach to model the time it takes to recover from critical worker
errors which could lead to a significant extension in the time it takes to perform an
MA;

modeling the effects of multiple, simultaneously occurring ECs;
modeling the effects of dynamic ECs;
propagating uncertainties quantitatively; and

@ ~ o o

addressing additional factors (e.g., fatigue, stress, learning, training and procedures)
that might influence performance.
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10 SUMMARY OF FINDINGS AND FUTURE DIRECTIONS

10.1 Summary of Findings

The purpose of this report is to provide a thorough review of the research literature along with
characterizations of the flood hazards, the ECs that accompany them, and the manual actions
(MAs) required for flood protection and mitigation. This goal is achieved through a conceptual
framework that demonstrates a utility for assessing the impacts of environmental conditions
(ECs) on human performance. The specific objectives of this project were to (1) characterize the
MAs that may be performed at and around U.S. nuclear power plant (NPP) sites, with a
particular focus on flood protection and mitigation activities carried out outside the main control
room; (2) identify the ECs that may affect the performance of MAs and suggest metrics for
characterizing them; (3) review the research literature and summarize the effects of ECs on
human performance; and (4) apply lessons learned from previous studies, primarily those
summarized in NUREG/CR-5680 (Echeverria et al., 1994) and more recently available
information including those from other industries.

10.2 Characterizing Manual Actions and Performance

The research team compiled information about MAs that are part of NPP flood protection and
mitigation procedures by examining (1) U.S. Nuclear Regulatory Commission (NRC) staff
assessments of licensees’ flooding walkdown reports, (2) five available individual NPP plant
procedures (e.g., Abnormal Operating Procedures), and (3) a description of FLEX procedures.
The research team reviewed NRC staff assessments from 60 NPP sites to obtain a high level,
cross sectional understanding of salient MAs that appeared repeatedly in these documents.
These MAs represent the actions most commonly included in flood protection and mitigation
procedures. The compiled MAs were often complex, multistep activities involving both motor
and cognitive demands. The MAs would often involve more than one task location and use of
varying levels of hand tools and light and heavy equipment.

Drawing on human factors, ergonomics research, task analysis, and impact assessment
literature, the research team concluded that a task analysis framework and approach, adapted
from a method developed by the U.S. Army Research Laboratory and implemented in the
software IMPRINT, offered a useful method for assessing the impact of the environmental
conditions being addressed in this report. An example Manual Action was analyzed in a training
example using IMPRINT Pro v4.1 and is described in Appendix D. Consequently, as described
in Chapters 5 through 8, the research team applied this framework and approach in (1)
reviewing the research literature to establish performance measures, worker ability, and task
demand characteristics; (2) decomposing MAs into tasks, subtasks, and specific actions (SAs)
and characterizing them in terms of the demands they impose on those performing them; (3)
and summarizing what research was found about how the ECs that may prevail during flooding
events affect performance demands and task performance. The team also discussed an
extended framework to generalize specific actions when conducting an analysis across a large
set of plants or for identifying what ECs might prevail during flooding events.

The research team developed a taxonomy of nine performance demands to characterize the
abilities called upon and demands imposed by the MAs and their tasks, subtasks, and SAs. The
team drew primarily from three sources in the development of the taxonomy: (1) NUREG/CR-
5680 (Echeverria et al., 1994), (2) task taxonomy or taxons from O’Brien et al. (1992), and (3)
macrocognitive functions described in NUREG-2114 (USNRC, 2016b).
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The research literature indicates that it is at the level of performance demands that ECs impact
performance. Consequently, the research team decomposed the MAs into progressively simpler
components—tasks, subtasks, and SAs—so that the performance demands of the activities
could be better understood and characterized. The decomposition process was based on review
of human factors, task analysis, task taxonomy literature, and the judgment of the research
team.

To establish a basis for sharing information across NPP sites and impact assessments, the
research team described an approach that reviewed and aggregated an example set of specific
actions into illustrative generalized actions (GAs) and proposed an approach for developing
performance demand profiles of those actions. GAs are sub-sets of SAs whose performance
demand profiles (i.e., the nature and proportional importance of performance demands) are
sufficiently similar that an EC would impact them all similarly. The team noted that performance
demand profile stability across differing ECs enhances generalizability and that decomposition
to a level at which the performance demand profile of the GA is stable across varying ECs
allows broad applicability (e.g., across NPP sites) of the information from the research literature
about how ECs impact performance demands.

10.2.1 Characterizing Environmental Conditions

The research team compiled information about ECs that might prevail during floods of interest at
U.S. NPPs; those floods that might trigger flood protection and mitigation procedures at NPPs.
To accomplish this, the research team relied on its environmental and hydrometeorological
expertise and experience gained from NRC siting and licensing reviews. Six ECs (humidity,
wind, precipitation, standing and moving water, ice and snowpack, and lightning) in addition to
the five ECs (i.e., heat, cold, noise, vibration, and lighting) cataloged in NUREG/CR-5680
(Echeverria et al., 1994) were identified. ECs can occur in combination (e.g., heat with humidity,
cold with precipitation and wind). Some ECs can also produce secondary ECs (e.g., ice and
snowpack can result in slippery surfaces, wind and water can carry debris).

10.2.2 Characterizing the Effects of Environmental Conditions on Human Performance

As described in Chapter 8, the research team compiled an overview chart to systematically
describe ECs, attributes and units of measurement for the ECs, mechanisms by which the ECs
affect human performance, the aspects of human performance affected by the ECs, and
potential mitigation of the ECs’ adverse effects on human performance, safety, and health. The
purpose of the overview was to (1) clearly articulate the dimensions of ECs and their effects,
and (2) structure the review of human performance effects from prevailing ECs.

The review of the human performance literature suggested that there are two broad categories
of EC effects on human performance pertinent to this report: (1) physical forces that
mechanically interfere with motor functions (e.g., the impeding effects of flowing water and
blowing wind), and (2) internal responses that primarily act through neurophysiological and
psychological pathways (e.g., slowing of motor and cognitive functions under elevated heat or
cold). The research team identified four levels at which information regarding the effects of ECs
on human performance are described in the research literature:

° Level 1: Information that is directly applicable to determining the quantitative impact

of an EC on human performance (e.g., for ECs such as wind and standing and
moving water, that primarily act via a physical force).
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. Level 2: Information that is of some applicability in determining the degree of impact
of an EC on human performance (e.g., in some cases, EC severity limits may be
available: below a lower limit, there is no discernible impact and above an upper
limit, personnel cannot perform an activity at all).

. Level 3: Information that is qualitative. General agreement exists in the research
literature that the EC affects human performance, but the measured impacts are not
reported in literature, not even for severity limits.

o Level 4: The absence of information (a research gap).

In some cases, multiple levels of information are reported for particular EC- performance
demand combinations reflecting the variability in the level of quantification available for different
elements composing the performance demands.

10.2.3 Lessons Learned

In Chapter 7 the research team presents a conceptual framework that identifies the key
components and relationships of an analytical approach or model to assess the effects of ECs
on human performance. The framework is comprehensive in that it is designed to address MAs
and ECs across all U.S. NPP sites. In applying the framework to the assessment of impacts of
ECs on MAs at a specified NPP site, only a subset of the information and relationships may be
pertinent because of site-specific hydrometeorological, logistic, site layout, and reactor design
factors. At this point in the research, because the extensive site-specific information needed for
a site-specific assessment is not available, application of the framework to a specific site has
not been attempted. However, considering the MAs and ECs addressed in this report, the
research team has concluded that the most useful measure of performance impact, of the two
reviewed, is likely to be related to performance time rather than error rates. This is a divergence
from the focus of most impact assessment research for the nuclear power industry.

Based on the example application of the proposed approach (described in Chapter 9), the
research team identified the following limitations and caveats:

1. Establishment of performance demand profiles can be influenced by the analyst’s
knowledge and experience. Additional empirical research, systematic expert elicitation,
and data from previous profiling efforts can assist in refining this approach.

2. EC impact factors should be further validated with additional empirical research and
expert elicitation.

3. The example did not consider co-occurring ECs and/or secondary ECs because a strong
procedural empirical base is lacking to support such analysis.

4. Task complexity was minimized, in keeping with the intent of the example; e.g., subtasks
and SAs were sequential, no parallel or repetitive subtasks or SAs were considered, and
no recoveries from failures of subtasks or SAs were considered. It is anticipated that
software support (such as that provided by IMPRINT) would be needed to quantitatively
evaluate more complex tasks. An example of a more complex scenario including
recovery is shown in Appendix D.

5. Time and locational variations of ECs were not considered.

6. Uncertainties in performance demand weights for SAs, impact factors for SAs, baseline
times for the SAs, and the severity of the EC were estimate in the proof-of-concept
example but have not been validated by observation or other methods.
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While reviewing and summarizing the research literature related to the impacts of ECs on
human performance, the research team found that only 8 out of 99 combinations of ECs and
performance demands have information that is directly applicable to quantitative impact
assessment (Level 1). A further 29 combinations have information that is of some applicability in
determining the degree of impact (Level 2), 43 combinations have information that is qualitative
(Level 3), and 44 combinations have information gaps (Level 4).

The team concluded that significant research gaps exist in the human performance research
literature. Relatively modest progress has been made in quantifying the effects of ECs across
the range of performance demands pertinent to MAs since preparation of NUREG/CR-5680
(Echeverria et al., 1994). The literature search did not identify any large scale ongoing or
upcoming research programs from which major advances might be expected. Consequently, it
appears likely that progress will be largely incremental in the upcoming years. Therefore,
application of the framework presented in this report would require analysts to be innovative and
to call upon data and knowledge from past experience with severe weather conditions and
impact assessments from other industries and contexts. A structure expert judgement method,
such as the expert elicitation method described in Xing et al. (2015) is recommended for
deciding and characterizing uncertainties of decomposition and aggregation choices as well as
performance demand weights and impact factors where there is limited operational experience
or existing human performance quantification available.

10.2.4 Applying Available Knowledge for Impact Assessment

Use of available quantitative characterizations of the impacts of ECs on performance demands
is recommended where Level 1 quantitative information is available. Competing quantitative
characterizations may be available, reflecting uncertainty in the human performance technical
community’s knowledge, variations in experimentation and data collection methods, and/or the
purpose and focus of those experiments and studies. To the extent possible, application of
quantitative characterizations should take into consideration correspondence between research
results and the particular elements of the performance demand pertinent to the task being
assessed (e.g., whether visual or aural sensation is important).

For EC-performance demand combinations where Level 2 information is available, the analyst
may need to adapt and/or extend? the available information about limits to characterize the
quantitative relationship between ECs’ severity and the corresponding impacts on performance
demands. In these instances, two approaches may be available to adapt and extend some of
the limited information:

o Conduct additional research focused on characterization of impacts between known
upper and lower limits.

o Establish quantitative impact relationships based on elicited experience and data from
workers and subject matter experts.

For EC-performance demand combinations where Level 3 or 4 information is available,
additional information may be needed that would require additional research. Unfortunately, for
some ECs, difficulty in reproducing appropriate field conditions or ethical considerations may

" Counts for the four levels do not add to 99 because for some of the EC-PD combinations, multiple levels are
assigned.

2 Adaptation may involve interpolation between known upper and lower levels of ECs or extrapolation beyond the
range of data available in the research literature
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preclude the conduct of research that would address the range of ECs pertinent to external
flooding events. In these cases, it may be useful to prioritize the relative importance of ECs and
performance demands on human performance of relevance to NPP flood protection and
mitigation procedures. Relative importance of ECs may be prioritized by employing sensitivity
analyses. ECs that result in insignificant impacts on human performance related to NPP flood
protection and mitigation procedures can be fixed in severity at a nominal level and resources
may be spent on more accurate characterization of ECs that have a greater range of impacts on
human performance. Sensitivity analyses require a structured framework to gauge the relative
importance of ECs and the proposed framework could be used for these analyses. Sensitivity
analyses also require a framework that is quantitative; the proof-of-concept method could serve
as the starting point to develop a quantitative approach to sensitivity analyses?.

10.3 Future Research Opportunities

The research team identified three major opportunities for near-future research by drawing on
the lessons learned from review of human performance literature, review of currently available
approaches for human performance impact assessment and thought exercises to develop the
proof-of-concept method based on the proposed framework. These three opportunities are
addressing gaps in human performance literature, implementing sensitivity analyses and
addressing uncertainties.

10.3.1 Addressing Gaps in Human Performance Research Literature

As noted earlier, significant gaps exist in the human performance research literature with
respect to the EC-performance demand combinations enumerated in Chapter 8. Although
research, especially experiments, may be difficult or sometimes nearly impossible to perform for
some of the ECs (e.g., lightning), promising new avenues have been identified (e.g., personnel
workload and attentional demand approach). The research team identified several ways to
address gaps: (1) research on discomfort, anxiety, and perception of risk may have reached a
stage where focused studies to address their effects can be productive; (2) identification of
common underlying mechanisms across ECs may reveal similar patterns of impact across
several performance demands; and (3) direct estimation approaches could offer a rapid method
for scaling attentional loads for different ECs or combinations of ECs.

The challenge still remains to prioritize the allocation of resources for those ECs and
performance demands that affect the flood protection and mitigation MAs the most. As
mentioned earlier, a structured, quantitative approach to performing sensitivity analyses within
the proposed framework, combined with elicitation of experience and observations from NPP
personnel, could rapidly advance this goal.

10.3.2 Implementing Sensitivity Analyses

To identify ECs, combinations of ECs, and performance demands that most affect the flood
protection and mitigation MA performance, a sensitivity analysis approach expanding upon the
proof-of-concept method described in Chapter 9 could prove productive. A number of steps
could be taken to obtain information that would support such a sensitivity analysis*:

3 Task network modeling and human performance impact assessment tools are currently available, such as
IMPRINT.

4 Implementing items 1 and 2 could proceed in parallel with item 3 identified in Section 10.2.1.
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1. Expand the proof-of-concept method to include treatment of multiple ECs, time varying
ECs, secondary ECs, and task complexity.

2. Develop a method and guidelines for estimating the contribution of performance
demands for SAs.

3. Collaborate with the nuclear power industry to obtain:
a. better understanding of NPP flood protection and mitigation procedures;

b. lessons learned from experiences while implementing flood protection and mitigation
procedures during past floods, including the severity of ECs encountered;

c. better understanding of operating crew training, composition, and the command
structure in place while performing flood protection and mitigation procedures;

d. better understanding of baseline times for performing flood protection and mitigation
MAs and the factors affecting them;

e. better understanding of opportunities for recovery actions from failures during flood
protection and mitigation procedures;

f. better understanding of tools and equipment used in flood protection and mitigation
procedures; and

g. testing the method against operating experience data or training runs to establish the
validity of the method.

The proposed sensitivity analyses would require use of a quantitative, dynamic, task event
analysis tool suitable for implementing our impact assessment approach. Because the goal may
be to identify ECs that could most affect NPP flood protection and mitigation MAs across all
NPPs, the sensitivity analyses would need to address the range of ECs and a variety of MAs.
Insights gained from collaboration with the nuclear power industry are anticipated to be crucial.

10.3.3 Addressing Uncertainties

Significant uncertainties exist in the components of the impact assessment approach. These
uncertainties can significantly affect the estimated impacts and therefore should be carefully
addressed within the sensitivity analyses. The uncertainties in estimated impacts can arise from
several causes:

o uncertainties in estimates of the flood parameters and ECs associated with a flooding
event, including lead time and available time;

o uncertainties arising from incomplete understanding of the flood protection and mitigation
procedures and their implementation during a flood of interest, leading to uncertainties in
task analysis including performance demand weights;

. uncertainties in estimation of baseline performance times; and

o uncertainties in the technical community’s understanding of the mechanisms of action and
the degrees of impacts of ECs on performance demands.

Although not addressed explicitly in the proposed framework, approaches exist to account for
variations arising from uncertainties in the factors listed above; e.g., using a structured Monte
Carlo simulations approach. Explicitly carrying the uncertainties through the impact assessment
could provide additional insights to inform the prioritization of future research.

10-6



11 GLOSSARY

acclimation — The process by which an individual organism adjusts to a change in its
environment (such as a change in altitude, temperature, humidity, photoperiod, or pH), allowing
it to maintain performance across a range of environmental conditions.

anticipatory action — actions completed in preparation for the occurrence of an event based
upon the receipt of notification of the event due to the availability of warning time.

A-weighted decibel (dB(A)) — A weighted scale based on frequencies around 3,000 Hz to
which the human ear is most sensitive that is often used when referring to the subjective
loudness of noise.

catecholamines — Any of a class of aromatic amines that includes a number of
neurotransmitters such as epinephrine and dopamine.

clothing thermal insulation index (Clo) — A measure of the insulating value of clothing. One
Clo affords 13°F (~7°C) of protection from cold.

coefficient of friction (COF) — The ratio between the force necessary to move one surface
horizontally over another and the pressure between the two surfaces.

color rendering index (CRI) — A scale from 0 to 100 percent indicating how accurate a given
light source is at rendering color when compared to a reference light source. The higher the
CRI, the better the color rendering ability.

contrast — In lighting, the ratio of the luminance of an object and the luminance of its
background (e.g., how different the luminance of an object is from the luminance of its
background).

decibel — The most common unit of measurement for the intensity of noise.

decomposition (of a manual action) — Analysis that deconstructs a manual action into tasks,
subtasks (if necessary), and specific actions for the purpose of assessing the impact of
environmental conditions on human performance.

design-basis flood — A flood caused by one or a combination of several hydrometeorological,
geoseismic, or structural failure phenomena, which results in the most severe hazards to
structures, systems, and components important to the safety of a nuclear power plant.

detection limit — The lowest quantity of a substance that can be distinguished from the
absence of that substance (a blank value) within a stated confidence limit (generally 1%).

direct estimation method — Convergent method (psychophysics) broadly employed for directly
scaling the magnitudes of a set of stimuli either (1) in terms of proportional numbers relative to
each other or 2) by cross-modal matching to the magnitude of stimuli in another sensory or
cognitive dimension.
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dual task — A procedure in experimental (neuro)psychology that requires an individual to
perform two tasks simultaneously, typically in order to compare performance with single task
conditions.

duration — see flood event duration

effective temperature (index) — A single figure index reflecting the sensation of warmth that
considers the combined effects of temperature, humidity, and wind.

environmental condition (EC) — The condition, due to an environmental phenomenon (e.g.,
from weather), that could exist during a flood of interest with a potential to affect human
performance. Examples: heat (air temperature of 85°F), cold (air temperature of 30°F).

primary EC — An EC that does not require any other condition in order to affect performance.
Examples: heat, cold.

secondary EC — An EC that would not occur without one or more primary ECs. Examples:
slippery surface, mud.

environmental stressor — A stressor found in one’s surroundings.
FLEX - Diverse and Flexible Coping Strategies.
flicker — The light-dark sequence created by very quickly switching a lighting source on and off.

flood event duration — “[t]he length of time in which the flood event affects the site, beginning
with notification of an impending flood (e.g., a flood forecast or notification of dam failure),
includes preparation for the flood and the period of inundation, and ending when water has
receded from the site and the plant has reached a stable state that can be maintained
indefinitely” (USNRC, 2012b, 2012d).

flood of interest — For the purpose of this report, a flood resulting from an event that would
trigger initiation of flood protection or mitigation procedures at a nuclear power plant.

flood causing mechanism (FCM) — Flooding from a particular source, such as storm surge,
dam failure, or local intense precipitation.

flood hazard — Conditions that facilities of a nuclear power plant may be exposed to during a
flood event such as hydrostatic and hydrodynamic forces, debris accumulation, and impact
forces that should be considered in the design to prevent loss of functionality.

flooding walkdown report — A report prepared by a nuclear power plant licensee to describe
results of inspections to identify compliance with current design bases related to flooding.

flood protection and mitigation procedure — Any plant operating procedure (standard or

abnormal) that implements external flood prevention, protection, or mitigation activities. For

example, flood prevention activities (e.g., placement of sandbags or monitoring and clearing
storm drains) are often contained in “adverse weather” or similar operating procedures.

generalized action (GA) — An individual component of a task or subtask that is sufficiently
simple to evaluate the impact of ECs on human performance. GAs are general in nature, site-
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independent, and function as “building blocks” that can be used for recomposing or
decomposing other manual actions.

glare — An intense or bright light that causes a reduction in visibility of a visual target.

hand-arm vibration syndrome — A painful and potentially disabling condition of the fingers,
hands, and arms caused by exposure to vibration, initially indicated by a tingling sensation and
numbness in the fingers.

Heat Index — An index that combines air temperature and relative humidity, in shaded areas, to
determine the human perceived equivalent temperature, i.e., how hot it would feel if the humidity
were some other value in the shade.

homeostatic mechanisms — Mechanisms that help regulate body heat to enable it to be in a
steady state. The main mechanisms of homeostasis are body temperature, body fluid
composition, blood sugar, gas concentrations, and blood pressure.

homeostasis — The tendency toward a relatively stable equilibrium between interdependent
elements, especially as maintained by physiological processes.

human error — Any human action that exceeds some limit of acceptability, including inaction
where required, excluding malevolent behavior. These include “slips” (e.g., pushing wrong
button inadvertently), “lapses” (e.g., forgetting to add a recipe ingredient), and mistakes (not
leaving enough room for a turn or understanding the consequences of an action).

human error probability (HEP) — A measure of the likelihood that plant personnel will fail to
initiate the correct, required, or specified action or response in a given situation, or by
commission performs the wrong action. The HEP is the probability of the human failure event.

human failure event (HFE) — A basic event that represents a failure or unavailability of a
component, system, or function that is caused by human inaction, or an inappropriate action
(ASME/ANS, 2009).

human reliability — The probability of successful performance of only those human activities
necessary to make a system reliable or available.

human reliability analysis (HRA) — A structured approach used to identify potential human
failure events and to systematically estimate the probability of those events using data, models,
or expert judgment.

humidity — The amount of water vapor contained in a volume of air (usually expressed relative
to the amount potentially contained, i.e., relative humidity).

hydrometeorological conditions — Characteristics including climate, terrain, soils, and
proximity to waterbodies that influence floods at a location of interest.

hypothermia — The condition of having an abnormally low body temperature, typically one that
is dangerously low.

11-3



luminance — The total luminous flux incident on a surface, per unit area; a measure of how
much the incident light illuminates the surface, wavelength-weighted by the luminosity function
to correlate with human brightness perception.

impact factor — A numerical measure of the increase in time to perform a specific action or the
increase in error rate for performing a specific action.

inverted-U effects or relationships — A measure of performance relative to external effects.
Performance increases with physiological or mental arousal, but only up to a point. When levels
of arousal become too high, performance decreases. The process is often illustrated graphically
as a bell-shaped curve that increases and then decreases with higher levels of arousal.

light intensity — The amount of energy emitted from a light source; the amount of illuminance
from a light source.

luminance — A photometric measure of the luminous intensity per unit area of light traveling in a
given direction; a description of the amount of light that passes through, is emitted by, or
reflected from a particular area, and falls within a given solid angle. The Sl unit for luminance is
candela per square meter (cd/m?).

manual action (MA) — For the purposes of this project, a distinct group of interrelated tasks that
are performed outside the main control room to achieve an operational goal.

mechanism of action — the process through which an environmental condition has its effect on
human physiology and/or cognition, and thereby human performance.

mental model — A person's internal, personalized, contextual understanding of how something
works (i.e., a psychological representation of external reality) that is hypothesized to play a
major role in cognition, reasoning, and decision-making.

Monte Carlo simulations approach — A method for estimating the distribution of outputs from
a complex system using randomly sampled inputs to repeatedly perform system model
simulations.

neurochemicals — Organic molecules, such as serotonin, dopamine, or nerve growth factor,
that participate in neural activity.

neurophysiological functions — The functions of the human nervous system that are
associated with coordinated physical and cognitive performances. Nerve conduction velocities,
evoked potentials, and brain imagery represent some of the various measures of nervous
system functions. These measures have been found to be adversely affected by exposure to
environmental conditions (e.g., cold leading to hypothermia and slowing of nerve conduction
velocities, cortical evoked potentials, as well as degradation of fine motor and gross motor
performance).

noise — Unwanted, unpleasant, or annoying sound.

operator workload — Programmatic assessment of the extent to which the tasks performed by
an individual use their limited processing resource (especially attentional, cognitive).
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overtraining — Repetition of a skill until it tends to be largely performed automatically leaving
the conscious mind available to focus on other things (also overlearning).

perception of risk — The subjective judgment people make about the characteristics and
severity of a risk.

performance demand — The range of human physiological and cognitive abilities that are
called upon to meet task requirements—performance degradation factor— Akin to a performance
influencing factor or performance shaping factor, an aspect that serves to degrade the quality of
human performance without specific reference to increasing or decreasing human error.

performance influencing factor (PIF) or performance shaping factor (PSF) — a factor that
influences human performance and human error probabilities, including time available,
stress/stressors, complexity, experience/training, procedures, ergonomics/human-machine
interface, fitness for duty, and work processes (NUREG/CR-6883, Gertman et al., 2005)

permissible exposure limit — The legal limit in the United States for exposure of an employee
to a chemical substance or physical agent.

phonological loop segment of working memory — The part of memory that deals with
acoustic information such as speech and the interpretation of written words.

physiological collapse — Bodily collapse or near collapse with an inability to physically
continue task performance.

probabilistic risk assessment (PRA) — A systematic method for assessing the likelihood of
accidents and their potential consequences.

product number — The product of water velocity and depth that has been found experimentally
to be strongly related to the probability of toppling a standing individual.

recommended alert limit — Heat stress alert limits recommended by the National Institute for
Occupational Safety and Health for non-acclimatized workers.

recommended exposure limit — Heat exposure limits recommended by the National Institute
for Occupational Safety and Health for acclimatized workers.

relative humidity — The amount of water vapor present in air expressed as a percentage of the
amount needed for saturation at the same temperature.

response time — The duration between the time a threshold for flood-response action is
reached and the time the action must be completed.

reticular activating system — A set of connected nuclei in the human brainstem that is
responsible for regulating wakefulness and sleep-wake transitions and serves in mediating
attention and the “fight-or-flight” responses.

seiche — An oscillation of the water surface in an enclosed or semi-enclosed waterbody initiated
by an external cause.
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shear force — A force that acts along a surface (e.g., wind stress on a water surface) or
unaligned forces causing a body to slide (e.g., pressure from water acting perpendicular to the
vertical weight of a standing individual).

significance determination process (SDP) - The process used by the NRC staff to evaluate
inspection findings to determine their safety significance.

slipperiness — The condition of surfaces or objects that are difficult to hold firmly or stand on
because they are smooth, wet, or slimy; conditions that may cause a foot to slide and may result
in injury or harmful loading of body tissues due to a sudden release of energy.

snowpack — Accumulated snow on the ground or other surfaces.

specific action (SA) — An individual component of a task or subtask, carried out in a site-
specific task context, that is sufficiently simple to evaluate the impact of environmental
conditions on human performance. SAs are site-specific and are obtained by decomposing site-
specific manual actions.

sunny-day failure — dam failure due to non-hydrologic, non-seismic causes.

task — In the context of the decomposition of manual actions, one step of a manual action that
has a distinct outcome or predetermined objective contributing to accomplishment of the manual
action. A task is logically organized into cognitive and manual actions and generally requires
both motor and cognitive abilities.

taxons — A taxonomic human performance category, especially as employed in the IMPRINT
(Improved Performance Research Integration Tool) software.

taxonomy — A structured scheme of classification.

thermal balance — The state of a system at which inflowing and outgoing heat fluxes are in
balance.

threshold flood response time — the duration between notification of impending flood or
inundation/ponding and the time a threshold for flood response action is reached.

threshold limit value (TLV) — The level to which it is believed a worker can be exposed to a
chemical substance day after day for a working lifetime without adverse effects.

toppling threshold — Conditions under which toppling of the human body is imminent.

tsunami — A series of water waves caused by the displacement of a large volume of a body of
water, typically an ocean or a large lake.

turbidity — The cloudiness or haziness of a fluid; the relative clarity of a liquid.

VO, max — A measure of the maximum volume of oxygen that an athlete can use (usually
measured in milliliters per kilogram of body weight per minute).

warning time — The time from when the event is known to present a threat to the plant (i.e.,
triggers) and the time when conditions could exceed permanently installed protections.
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wetbulb globe temperature (WBGT) — A type of apparent temperature used to estimate the
effect of temperature, humidity, wind speed (wind chill), and visible and infrared radiation
(usually sunlight) on humans. It is a common measure of occupational heat stress.

wind chill index — The apparent temperature felt on the exposed human body owing to the
combination of actual air temperature and wind speed.

vibration — An oscillating motion that serves to transfer mechanical energy.

visibility — The clearness with which objects can be seen; the relative ability to be seen under
given conditions of distance, light, atmosphere, etc.
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