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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 volumes. 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:

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.

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

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

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.

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

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

! 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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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
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,
2016Db) - 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

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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independent of site and task contexts. This approach would provide a way to transfer
knowledge and experience gained from relatively few site-specific task analyses across NPP
sites. The research team noted that performance demand profiles?3 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

Volume Il is a companion to Volume |, which provides the impact assessment framework that
the information in this volume supports. An extensive review of the research literature about
how environmental conditions affect human performance was conducted. The results of that
review are presented in this volume.

1.1 Purpose and Method

The goal of the literature search and review was to build a reasonably complete,
multidisciplinary knowledge bank from which to evaluate and summarize research findings
addressing the effects of environmental conditions (ECs) associated with potential flooding
events at U.S. nuclear power plants (NPPs) on salient dimensions of human performance,
termed performance demands in this document. Assembling the research literature allowed for
addressing the consistency of findings regarding the impacts of ECs on performance and
identifying gaps in the research that suggest areas requiring further study.

As discussed in Volume |, preparation for the literature review included identifying and
characterizing the range of ECs and type of activities pertinent to the preparation and response
to flooding conditions at U.S. NPPs. The following environmental conditions are associated with
flooding event ECs: heat, cold, noise, vibration, lighting, humidity, wind, precipitation, standing
and moving water, ice and snowpack, and lightning. Pertinent flood protection and mitigation
activities, termed manual actions (MAs) were identified and characterized by reviewing several
sources as described in Chapters 3 and 6 in Volume |.

The literature review was performed to update and extend the review reported by Echeverria et
al. (1994); hence, this review built on the research literature identified in the 1994 review.
Overall, the present search was designed to find research that addressed the identified ECs, the
mechanisms by which these ECs could affect MAs, and the underlying nature of conditions that
affect performance by imposing demands on human abilities. 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 pertinent U.S. Nuclear Regulatory
Commission Human Reliability Analysis methodologies, led to refinement of the performance
demands to those listed in Table 1.1. Alternative terms for these performance demands were
also pursued as they were discovered in the literature (e.g., names of specific vigilance tasks'
often used in the literature).

As the scope of the literature review was being clarified, the set of databases to be searched
were identified and extended. The intent was to capture a set of databases that would represent
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,

" Throughout this volume, 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 specifically noted as referring to
tasks as an element of decomposition of MAs into tasks and/or subtasks as described for the System for
Performance Impacts from Conditions in the Environment framework in Chapter 3. In the research literature, the term
task is generic in that it can refer to any level of decomposition or composition.
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Table 1.1 Primary performance demands search terms

Performance Demand ‘Search Term

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

threshold perception; sensation, visual recognition

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

Reasoning, computation, interpreting, classifying, goal setting,

planning, adapting, and evaluating options, selecting options

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

Detecting and noticing

Decisionmaking

Action motor skills — heavy, light; neurophysiology
Reading and writing; oral communication, electronic
Teamwork communication; cooperation, crew interaction, command and

control

Defense Technical Information Center, and Medline. Professional and government agency
websites and technical reports were also searched for relevant content. These included the
NRC, 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). For each EC identified, within each of these information sources, searches for
each of the performance demand terms identified in Table 1.1 were conducted.

A wide variety of information products were targeted for selection within these sources,
including scholarly articles, books, conference proceedings, dissertations, professional and
regulatory organization regulations, guidelines, and fact sheets. Meta-analyses and reviews of
the research literature were given special attention. The research team supplemented 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 others 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 searchers scanned the title and abstract of each item, liberally
reserving those documents that appeared relevant to human performance effects of the given
EC, while discarding those that clearly were not. This 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. Of note, 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. Further, the original Echeverria et al. (1994) review provided both a baseline of
knowledge and a base against which to identify major advancements during the interim period.

Once the relevant documents identified in the search were located, each of them was reviewed,

identifying notable EC effects found on the various performance demands. Simultaneously, they
identified additional references from citations in the documents that appeared relevant. Citations

1-2



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 subject matter experts, 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.

1.2 Overview of Existing Literature

The environmental effects research literature represents a long and diverse history of research
into human behavior and performance. Researchers from a wide range of disciplines, with
differing purposes, theoretical frameworks, and methodological approaches have contributed to
the research literature. This long history and study diversity provide opportunities for
reexamination, validation, and evolution as well as adding valuable breadth of focus. It also
creates a number of challenges for those attempting to aggregate, integrate, and summarize the
findings from this research (see NUREG/CR-5680, Echeverria et al., 1994; Gaoua, 2010; Taylor
et al., 2016). Key among these are:

. inconsistencies and variability in terminology and categorization of effects

° insufficient specification of and variability in population characteristics,
treatments/conditions, and controls small study populations not representative of the
workforce

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

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

o broad gaps in examination of co-occurring ECs.

Categorization of performance effects, especially cognitive and affective effects, also remains
somewhat problematic. In part, this is due to the variability with which researchers have
variously labeled and aggregated results in their studies (i.e., tasks, tests, test panels, and
data). Also, in part, this has been due to a fundamental difficulty in accurately characterizing the
performance demands of a task (i.e., the observed behavior or experimental test). Different
tasks create 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 patterns, and hence the appropriate task classification (Bittner, Jr. et al.,
1986).

The focus and extent of research have been influenced by the availability of resources and the
disciplinary interests and capabilities of those conducting the research. These, in turn, have
been influenced by: (1) the ever-changing problems/issues of those with the resources to fund
research, (2) the prevailing theoretical and methodological issues and available research tools,
and (3) evolving ethical and safety considerations. Not surprisingly, the greatest research
attention has been given to the ECs that have the greatest potential to affect workers in
industrial settings (i.e., heat, noise, vibration, lighting), military personnel (e.g., heat, cold,
noise), and operators of vehicles (e.g., lighting, precipitation), and on those illuminating how the
physiological/cognitive/affective systems of theoretical interest respond (e.g., heat, cold, lighting,
noise, vibration). Some research has also been focused on developing equations/models that



characterize the mechanical effects of physical forces (e.g., pressure, drag, and friction) on
performance (e.g., wind, standing and moving water, ice and snowpack).

Echeverria et al. (1994, pp. 8-5) noted two major trends in the findings from research
concerning effects induced by ECs. These included discomforts caused by excess exposure
and disruption or interference with motor performance (rather than with mental performance).
However, they added the caveat that the description of motor versus mental performance might
be due to an artifact of experimental methods. They also noted that there was considerable
evidence that complex tasks (especially dual tasks) are more sensitive to environmental
stressors than simple, single tasks. Taylor et al. (2016) made the same observation, while
acknowledging the continuing challenge of categorizing simple and complex tasks, particularly
where extended complex task experience and practice may have rendered a task effectively
simple. Echeverria et al. (1994) further recommended that future research incorporate improved
cognitive models to better characterize the cognitive effects of exposure to environmental
stressors. The research conducted since the early 1990s has seen the introduction of improved
cognitive models and investigative tools, as discussed below (Parasuraman & Wilson, 2008;
Petersen & Posner, 2012; Qian et al., 2013).

1.3 Knowledge Advances

Over the two decades since the previous review (NUREG/CR-5680, Echeverria et al., 1994) the
various disciplines have developed increasingly sophisticated theories, techniques, and tools.

1.3.1 Neuropsychological Research Tools and Methods

In addition to advances in test battery development motivated by Echeverria et al. (e.g.
Echeverria et al., 2002; McCallum et al., 2005) developments have included refinements in
biochemical assays, brain imaging, and continuous monitoring equipment. This has 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.

1.3.2 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 (e.g. 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). Attentional research is still evolving. One avenue



receiving particular attention is the potential of training to modify both the mechanism of action
(i.e., the adverse response process) and the performance effects (e.g., Tang et al., 2015)

Discomfort, anxiety, and fear have long been known to enhance performance at low levels but
to cause profoundly detrimental effects on attention and cognition as the levels increase (see
Hancock & Desmond, 2001 for a review). Research employing information processing and
neuroergonomic theories and methods have advanced understanding of this pattern (Just et al.,
2003; Parasuraman & Wilson, 2008; Petersen & Posner, 2012). For example, Bourne and
Yaroush (2003) reported finding the inverted-U pattern of effects on detection and noticing and
understanding and decisionmaking in a variety of conditions. Hancock and Vasmatzidis (2003)
noted that heat related distraction added an incremental cognitive load involving vigilance that
left fewer resources available for concurrent tasks. Paulauskas (2015) showed that cold related
distraction (vs. hypothermia) affected the levels of neurotransmitters in the brain in both the
prefrontal cortex (associated with attention and judgment) and other cortical regions, with
detrimental effects on cognition (especially working memory and attention). More recently,
Muller et al. (2012) showed that such degradations can persist for up to 1 hour after exposure
ceases and physiological measures have returned to baseline levels, which suggests a
neurochemical underpinning to the degradation (see Lupien et al., 2007).

The Lupien et al. (2007) and Staal (2004 ) reviews of the effects of stress on cognition noted that
neurological studies have shown that under EC-induced activation, the hypothalamic-pituitary-
adrenal axis (the reticular activating system) releases stress hormones into the brain and
bloodstream (e.g., cortisol, epinephrine, norepinephrine?). Studies have shown that cortisol level
follows an inverted-U relationship with exposure, similar to that of performance. When noise,
heat, cold, or other ECs are sufficient to activate the reticular activating system it can interrupt
attention and memory processes.

Beyond cognitive impacts, research has also made progress in demonstrating and clarifying the
mechanisms by which a high level of arousal interferes with performance involving complex
skills, fine muscle movements, coordination, and steadiness, as well as general concentration
(Dovan, 2013; Paul, 2012).

1.3.3 Discovery 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 provide 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.

2 The well-established fight-or-flight response to stress and danger is produced via epinephrine and/or norepinephrine
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1.4 Structure of this Volume

The body of this volume reviews the performance effects of 11 ECs associated with external
flooding events in the following Chapters:

Introduction
Heat

Cold

Noise
Vibration
Lighting
Humidity
Wind

9. Precipitation

® NOoO Ok~

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

The review of the research literature on each EC employs a common topical structure organized
by these subsections:

Introduction,

Attributes and Units of Measurement,

Time Variation,

Mechanisms of Action,

Effects on Performance,

Potential Mitigation Measures and Their Effectiveness,
Interactions with Other ECs, and

Summary of Effects on Performance.

This topical structure, as suggested by its components, was designed to facilitate a broad
understanding of the nature and performance implications of respective individual ECs (and
interactions with other co-occurring ECs). These, and literature derived guidelines, point to
means for practicable use of the reviewed information for estimations of effects, recommended
limits (primarily focused on safety), and potential mitigation measures. A summary (Chapter 13)
concludes the volume with a summary of the literature and includes a graphical overview of the
ECs’ impacts across performance demands.



2 HEAT

2.1 Introduction

Workers at NPPs may be exposed to varying levels of heat when performing duties indoors or
outdoors, where exposed to environmental conditions. Exposure to elevated temperatures
(heat) is especially likely during the warmest months of the year in U.S. subtropical and
temperate zones, while preparing for or recovering from tropical storms, or working in confined
spaces near heat generating equipment. In physical terms, heat is defined as the form of energy
produced by the vibration of molecules. Heat also is experienced subjectively by individuals.
This subjective experience can vary depending on factors other than air temperature as it is
measured by a standard thermometer. External factors such as radiant temperature, humidity,
and air movement, as well as personal factors such as current metabolic heat production,
perspiration, and the insulating effects of clothing, can cause heat perception to be higher or
lower than the current air temperature.

The effects of heat on human physiology are among the most studied of the ECs, because it is
a common environmental stressor for soldiers, construction workers, and other manual laborers.
This commonality has prompted a wide range of research addressing both the physiological and
subjective effects. The subjective experience of heat has been studied most often with respect
to heat’s effects on human performance. Across physiological and performance studies, heat
has been measured in over 30 different ways, each considering one or more factors in addition
to air temperature. The most commonly accepted approach for characterizing the external
environment is the Wet Bulb Globe Temperature (WBGT), which takes into account
temperature, humidity, air movement, and solar radiation (from both visible and infrared light).

Heat adversely affects work involving gross physical exertion. Heat has also shown fairly distinct
effects on “simple mental tasks” (e.g., arithmetic computations, logical reasoning, memory
recall, reaction time, etc.), and on perceptual/motor tasks (e.g., manual tracking, vigilance, etc.).
However, these effects tend to occur at different heat ranges. Thermal stress, defined as the
physical and psychological reactions to heat stimulus outside the normal human comfort zone,
also directly affects some basic sensation and perceptual mechanisms. For example, visual
acuity shows a linear decline with physiological signs of thermal stress. Heat, and acclimation to
it, also affect the subjective experience of heat, especially “discomfort.”

Figure 2.1 provides an overview of the attributes of heat as well as the extent of research and
MA relevance.

2.2 Attributes and Units of Measurement

Heat and its effects are measured in a variety of ways, but air temperature is the most basic
measurement used in characterizing the experience of this EC and its effects on human
performance. The subjective experience of heat is measured in several ways as well, each
considering one or more factors in addition to air temperature. The most widely accepted
measure for the heat experience is WBGT, which incorporates air temperature, humidity, air
movement, and solar radiation (from both visible and infrared light). Temperature is commonly
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Figure 2.1 Heat effects overview'

measured with an analog or digital thermometer, in degrees Celsius (°C) or Fahrenheit (°F)?2.
WBGT is also measured in °C or °F.

WBGT = 0.7ty + 0.3t, (2-1)
WBGT is calculated for outdoor situations as
WBGT = 0.7ty + 0.2, + 0.1t (2-2)

Where “wet bulb” ¢,,,;, (°C) represents the effects of humidity and air movement and “globe” ¢,
(°C) represents the effects of air temperature and radiation3. The term t, (°C) represents air

" Only some performance demands are listed here, as others may not be significant for the example condition.

2 These units are interrelated by the relationship °C = 5/9-(°F-32). Numbers corresponding to both units are
presented; the first number reflects that primarily employed in the salient literature and the second a computed
approximation of the alternative (most often in parentheses).

3 Wet bulb and globe temperatures are typically measured using a unified commercially available WBGT apparatus.
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temperature for situations involving sunshine (radiant heat), and ty (°C) represents air velocity
and temperature in the absence of sunshine. This is presently the most utilized measure in the
research literature, although it has its occasional detractors (e.g., Alfano et al., 2012). The NWS
also uses heat index, calculated based on air temperature and humidity (NOAA-NWS, 2014).

2.3 Time Variation of Heat

Depending on when an MA begins and how long it takes to complete, personnel may or may not
be exposed to high temperatures. More importantly, because the air temperature during a flood
may change, personnel exposure to heat may also be variable in time. In other words, the
severity of heat is time dependent and may vary significantly over the duration of execution of a
manual action or task.

Figure 2.2 illustrates the dynamic temporal variation in heat during a hypothetical flooding event.
In this illustration, three sequential MAs (MA 1, MA 2, and MA 3) are portrayed with relatively
short recovery breaks between them. During a prospective or ongoing flooding event, near term
heat variations may be predicted via weather reports, and this information may be used in
planning work activities to minimize heat stress.

2.4 Mechanisms of Action

The two-major interacting and/or competing mechanisms of action that account for the effects of
heat on human performance reflected in the research literature are physiological and
psychological. These mechanisms exert their effects through a mixture of changes in body
temperature, arousal, discomfort, and attention.

241 Physiological

The human body seeks to maintain a constant internal body temperature of approximately 98.6
°F (37 °C) through homeostatic mechanisms. Core body temperature and the temperature of
the head are used as measures of one of the physiological effects of environmental heat on the
body and the mechanisms by which it affects performance. Head temperature predicts cognitive
performance deficits better than core temperature.

The thermoregulatory center in the hypothalamus of the brain receives inputs from
thermoreceptors in the hypothalamus (for monitoring the temperature of the blood) and in the
skin (for monitoring temperature external to the human body). The mechanisms used to
maintain a constant core temperature are evaporation (i.e., sweating), radiation (i.e., skin
vasodilation), and breathing (i.e., exhalation). Sweating increases thirst and can cause
dehydration if fluids and electrolytes are not adequately replaced. If the homeostatic
mechanisms are overwhelmed, the body stores heat and internal temperatures rise. Both
dehydration and increased body heat have a variety of effects on the individual’s physiology,
health, and performance.

The human body can ameliorate the physiological effects of heat exposure by acclimation.
Within certain limits, 7 to 14 days of consistent but controlled exposure to heat prompts the body
thermal equilibrium. When these heat loss mechanisms are active, the temperature of the skin
surface increases (with facial flushing), providing an indicator that this process is under way (in
contrast to facial pallor). Heat sources external to the body can disrupt this equilibrium if
sufficiently extreme in amount and duration, thereby overwhelming these processes and
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Figure 2.2 An illustration of high air temperature variation during an example of a
hypothetical flooding event (Flood timeline in bottom panel from JLD-ISG-
2012-05, USNRC, 2012)

contrast to facial pallor). Heat sources external to the body can disrupt this equilibrium if
sufficiently extreme in amount and duration, thereby overwhelming these processes and
causing increased bodily heat retention and raising the core body temperature beyond 98.6 °F
(37 °C). In addition, the specialized protective clothing sometimes required for the types of tasks
under consideration can interfere with evaporative heat loss, thereby causing or exacerbating
heat retention.
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As heat stress increases, the circulatory system diverts warm blood to the body’s surface until
up to 15 to 25 percent of the cardiac output passes through the skin. This necessarily reduces
blood flow, and therefore oxygenation, to deep tissues (e.g., the digestive system), the
musculature, and even the brain. The effects of acute hypoxia (i.e., deficiency in the amount of
oxygen reaching the tissues) range from fatigue (Virués-Ortega et al., 2004) to neural damage
to the brain (Bjursten et al., 2010). Further, the cooling effect of sweat evaporation comes at the
cost of depleting fluid reserves, which can cause dehydration and a relative loss of electrolytes.
This process is responsible for heat cramps and heat exhaustion. Both dehydration and
muscular hypoxia have shown clear adverse effects on strength and physical exertion. The
cognitive effects of dehydration are also well established, progressing from headaches and
blurred vision to, in their extreme, speech loss, delirium, and loss of consciousness.

Bodily hyperthermia itself can cause fundamental disruption and damage to the brain, especially
when the condition is extreme. The deleterious effects of heat on the brain itself, from the
individual neuron level to that of region-specific orchestrated patterns of activity, have long been
recognized (e.g., Kiyatkin, 2010). Neural tissue becomes damaged at deep body temperatures
of 104 °F (41 °C) or above. When this hyperthermia cannot be abated quickly, workers may
suffer from heat stroke, developing headaches, myasthenia (muscle weakness), confusion, and
ultimately, loss of consciousness and even death.

24.2 Psychological

Compared to skin and head temperature, core temperature tends to lag in relationship to
performance decrements. Many studies demonstrate that short exposures to heat induce
performance decrements before homeostatic mechanisms can produce significant perturbations
in core temperature (e.g., Ramsey & Kwon, 1992)%. Thus, researchers have sought to clarify the
other mechanisms that cause heat effects on performance.

The state in which homeostatic mechanisms easily maintain the balance between heat loss and
heat retention has been termed thermal comfort (Bradshaw, 2010). As this balance is lost, and
heat retention can no longer balance heat loss, the individual enters a state of heat stress.
Some authors consider heat stress to constitute an incremental cognitive load involving
vigilance and a mental assessment process of the perceived demand created by the situation,
perceived ability to cope, and perceptions of the importance of being able to cope with the
demand. This incremental cognitive load places additional demands on limited resource
systems, leaving fewer resources available for concurrent tasks (e.g., Hancock & Vasmatzidis,
2003; Lupien et al., 2007; McGrath, 1970; Staal, 2004). The incremental cognitive load from
heat stress is thought to explain some of the differences in the patterns of heat effects for simple
cognitive tasks and more complex, effortful ones, as discussed below. Thus, at least for
temperatures below those that damage health (as discussed in Section 2.4.1) and/or for
moderate exposure times, the mechanism for heat effects on cognitive tasks may be driven by
the consumption of effortful attentive and/or central executive processes, in addition to or
instead of heat’s effects on physiology.

4 Figure 2.3 portrays effects in terms of WBGT (vs. core temperatures) as (1) this is highly related to group subjective
responses in the short term and to group average core temperatures in the longer term; (2) this and exposure times
are frequently the only exposure data available for summarization of effects; and (3) work planning may only be
conducted in terms of WBGT and exposures levels (individual differences being unknown).
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2.5 Effects on Performance

Performing physically demanding work in excess heat increases internal heat production and
raises the core temperature of the body, the heart rate, and oxygen consumption, and will alter
blood chemistry. It can lead to growing discomfort, loss of physical strength and endurance,
impaired cognitive performance, and, if not addressed, exhaustion, disorientation, and collapse.

2.5.1 Physical Strength and Endurance

Studies have demonstrated heat effects on the performance of tasks requiring physical
endurance, such as repetitive lifting (Maresh et al., 2014) vigorous cardiovascular exercise
(Gonzalez-Alonso et al., 1999), and construction work (Mohamed & Srinavin, 2002). The
experience of occupational heat stress, whether related to climate or proximity to heat
generating equipment, is strongly associated with workplace accidents and injuries (Ramsey et
al., 1983). Perspiration produced in response to heat can contribute to slips and falls.

2.5.2 Cognitive Performance

Of the ECs addressed in this report, the effects of heat on cognitive task performance have
probably received the most research attention over the last 50 years. Nevertheless, authors
have continued to argue that questions concerning the effects of heat on human performance
remain unresolved (e.g., Gaoua, 2010; Grether, 1973; Kobrick & Fine, 1983; Ramsey &
Morrissey, 1978; Ramsey, 1995). The non-equivalence of key variables and differences in
subject populations across studies are cited as the main reasons for disparate research results
(Chase et al., 2005). Key variables also include task difficulty differences (Chase et al., 2005),
degree and duration of exposure, task familiarity and training, and experimental methodologies
(Hancock & Vasmatzidis, 2003; O’Brien et al., 2007). Some cognitive effects of heat exposure,
for example, are significantly moderated by the extent of training, but many studies do not
clearly describe the degree of training or even account for training and familiarity effects in
repeated measures.® Gaoua (2010) reprised these and other issues that tend to make
aggregation of findings across studies inconclusive.

Ramsey (1995), in his classical attempt to clarify the underlying causes of conflicting research
results, separated the effects of heat on cognitive performance by whether the task was simple
or complex. Generally speaking, simple cognitive tasks were defined as those requiring only low
effort perceptual or motor skills (e.g., simple reaction time, memory recall). These simple
cognitive tasks were found to be less vulnerable to heat stress than more effortful, complex
tasks (e.g., a dual task, visual motor tracking, and vigilance). Simple and effortful cognitive tasks
also tended to show both onset and asymptote of deleterious effects at different temperatures.
Effortful cognitive tasks generally show both earlier onset and earlier asymptote than simple
ones, as shown in Figure 2.3. The assertion that a fundamental physiological process may
govern the effects on simple mental tasks was supported by evidence that simple mental task

5 A related long-term issue in heat and all other environmental performance testing is the instability of task
performance during repeated trials (Bittner, Jr. et al., 1986; Echeverria et al., 2002); overtrained tasks represent quite
different capabilities than those very infrequently performed (e.g., performed only during a flood or other emergency
situation). Overtraining or overlearning is repetition of a skill until it can be performed automatically, freeing attention
to focus on other things.
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performance degenerates near the NIOSH threshold for physiological collapse, which is also
shown in Figure 2.3.6

As also discussed for other ECs, thermal discomfort shows distinct effects on effortful attentive
and central executive processes. When experiencing discomfort from heat, subjects report
mentally dwelling on the discomfort, thereby taxing limited mental resources. Regarding heat,
Gaoua et al. (2012) showed that performance of a working memory task (e.g., a complex
cognitive task) was significantly impaired when skin temperature (and not core temperature)
increased by 3 °C (~5.4 °F), a condition in which individuals reported a significant increase in
discomfort. Further suggesting a discomfort related explanation for these effects, cooling the
skin of the head preserves some complex cognitive functions far more quickly than core or brain
temperature would be reduced (Gaoua et al., 2012). Heat effects also appear for tasks requiring
attention and executive control that were performed under more natural conditions. For
example, simulator studies of driving have shown an increase in both missed signals (Wyon et
al., 1996) and failure to maintain a safe driving position on the road (Daanen et al., 2003) under
moderate heat stress.

2.5.3 Sensation and Perception

There is some evidence that heat stress can cause degradation of basic sensation and
perception. As discussed by Echeverria et al. (1994), for example, the majority of studies
examining the relationship between heat exposure and vision have concluded that temperatures
inducing physiological strain also adversely affect visual acuity.

2.5.4 Recommended Limits

Guidelines in the form of Recommended Alert Limits ” and Recommended Exposure Limits have
been developed to ensure that the health of most workers is not adversely affected by heat.
When applying these guidelines, however, professional judgment remains important because
individual differences (i.e., task skills, age, gender, and cardiovascular health) and other
unaccounted for situational factors (e.g., clothing, caffeine/alcohol intake, etc.) may affect how a
particular worker responds to heat exposure (Jacklitsch et al., 2016). For workers outfitted in
protective clothing, the appropriate guidelines are those applicable to an environment that is
10°F (~5.6°C) higher (i.e., add 10°F [~5.6°C] to the observed WBGT temperature when applying
the guideline to account for reduced heat dissipation caused by the protective clothing)
(Jacklitsch et al., 2016).

Jacklitsch et al. (2016) includes NIOSH heat stress Recommended Alert Limits and
Recommended Exposure Limits for both nonacclimated and acclimated workers. These criteria
consider both work-rest intervals (recognizing that when working for shorter intervals, humans
can bear higher temperatures without adverse health effects) and the physical intensity of the
work. The NIOSH Recommended Alert Limits and Recommended Exposure Limits were derived
using a physiologically based approach primarily focusing on worker safety. Figure 2.4 and

6 Ramsey (1995) essentially represents a summary of young, nonacclimatized subjects performing sedentary tasks.
For comparison between simple tasks and underlying physiological limits, the “NIOSH Physiological Limit” portrayed
in this figure was earlier derived in NUREG/CR-5680 by recasting the estimated NIOSH exposure limits for
sedentary, nonacclimatized workers (later shown in Figure 2.4). The NIOSH limits shown here are estimated to
provide for 95 percent protection of workers.

7 Recommended Alert Limits are NIOSH recommended heat stress alert limits for nonacclimatized workers.
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Figure 2.4 Recommended heat stress exposure limits by recommended alert limits
(RALSs). Values shown are for a “standard man” of 70 kg (154 Ib) body weight
and 1.8 m2 (19.4 ft?) body surface. The “standard man” is used to normalize
the data from the variability found in human beings.

Figure 2.5 graphically show the conditions under which a worker’s total heat exposure is within
the acceptable combinations of metabolic and environmental heat limits for work tasks that
cover a wide range of physical effort. Specifically, they show Recommended Alert Limits for 60-,
45-, 30-, and 15-minute work periods for acclimated and nonacclimated workers. Below each
curve, 95 percent of the general population of manual workers should be able to successfully
maintain a safe thermal homeostasis. Sharply contrasting with these basic NIOSH limits are
physiological collapse temperatures shown in the left boundary of the figure as derived by
Hancock and Vasmitizidis (2003). Their limit of ~102°F for 150 minutes exceeds the NIOSH
~92°F limit for acclimated sedentary workers. This difference points to significant population,
analytic, and/or criteria differences, and caution is recommended when considering their
research described later in the next chapter.

Hancock and Vasmatzidis (2003) present a framework for setting heat performance limits for
different types of cognitive tasks that contrasts with earlier research (as noted immediately
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Figure 2.5 Recommended heat stress exposure limits by recommended exposure limits
(RELs). Values shown are for a “standard man” of 70 kg (154 1b) body weight
and 1.8 m2 (19.4 ft?) body surface. The “standard man” is used to normalize
the data from the variability found in human beings.

The parallel lines in Figure 2.6 are described by the equation:
WBGT = a —5.435log, T (2-3)

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. Table 2.1 is a tabulated version of these values.

As noted earlier, the Hancock and Vasmatzidis (2003) recommendations for significant EC
performance effects are also overlaid in Figure 2.4 and Figure 2.5. The range in these figures is
remarkably higher than the NIOSH safety recommendations of Jacklitsch et al. (2016). Although
above). Their approach is nominally associated with a dynamic rise in deep body temperature.
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Table 2.1 Intercept values for task performance limits in heat

Curve Task Type Empirical | Tolerance | Empirical | Tolerance |Dynamic Rise
Intercept | Adjusted Intercept | Adjusted |in Deep Body

for ET* Intercept | for WBGT” | Intercept | Temperature

Limits for ET Limits for WBGT (°C)
Limits Limits
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
E Physiological 57.06 55.00 66.56 65.00 1.67
Tolerance
Source: Hancock and Vasmatzidis (2003)
* ET is effective temperature; » WBGT is the wet bulb globe temperature

presented by Hancock and Vasmatzidis (2003) was based on the extreme environments in
which exceptional soldier, pilot, and/or astronaut populations might be required to perform.
Though the Hancock and Vasmatzidis (2003) recommendations may be used, the NIOSH
ranges are arguably more conservative for ensuring worker safety during flooding events.



2.6 Potential Mitigation Measures and Their Effectiveness

The key to mitigating the effects of heat on performance is to provide ways for workers to
maintain equilibrium between heat production and heat loss, for example by reducing metabolic
heat production, lowering the WBGT, or increasing heat loss. The following mitigation
approaches are recommended by Echeverria et al. (1994):

2.7

If feasible, use engineering approaches to mitigate heat effects. This is generally the
preferred approach. These modifications should take into account the level of physical
exertion required by the tasks being performed and the relative acclimation of those
performing the work, with exposure time and work rest schedule guided by the
recommended limits shown in Figure 2.4 and Figure 2.5. Increase worker capacity to
achieve heat loss without dehydration or electrolyte depletion by maintaining a hydration
schedule and providing air movement. This will help avoid dehydration related
performance decrements and negative health effects.

Improve acclimation and physical fithess before exposure. Improving general worker
physical fitness through fitness programs can improve the coping abilities of the
workforce as a whole. Within certain limits, after 7 to 14 days of consistent but controlled
exposure to heat (Armstrong & Stoppani, 2011; Moseley, 1994), the body can acclimate
to the heat, and homeostatic mechanisms can again maintain homeostasis. This may
ameliorate some of the effects on performance; however, it is important to remember
acclimation does not erase performance decrements. Although acclimated workers may
be at lower risk for heat

related illness, they cannot necessarily work as effectively in high temperatures as they
can at more comfortable ones.

Reduce exposure to external sources of heat and provide cooling through protective
garments, such as water-cooled garments, air cooled garments, wetted overgarments,
and ice packet vests. Care should be taken with garments involving ice because they can
interfere with normal physiologic functions and workers' performance (White & Hodous,
1987). During exercise or work in the heat, specific cooling of the head may protect the
brain, which contains the most heat susceptible nervous tissue, from damage.

NIOSH may be consulted for a contemporary amplification on the mitigation approaches
outlined above.

Interactions of Heat with Other Environmental Conditions

WBGT includes the heat related impacts of concurrently occurring humidity and wind. In
addition to humidity and wind, heat also may occur concurrently with standing and moving water
and precipitation during floods and tropical storms, as well as with vibration and noise (e.g.,
when heavy equipment is in use).

2.8 Summary of Research on Heat Impacts

The state of the literature addressing the effects of heat on performance demands can be
summarized as shown in Table 2.2.



Table 2.2 Heat effects on performance literature summary

Applicable Levels Assumptions
of Information and Limitations

Performance Demands Related to Impacts | on Applicabilit

Detecting and Noticing
Attention, memory, vigilance, switching, acuity, perception and 2 (c)(d)
threshold perception

Sensation and visual recognition 2 c
Pattern recognition, discrimination, evaluating, hypothesizing, 2,34 (d)
diagnosing, and integrating

Reasoning, computation, interpreting, classifying, goal setting, 3,4 (c)(d)
Elannini, adaitini, evaluatini/selectini oitions

Fine motor skills - discrete & motor continuous, manual dexterity 3 (c)
Gross motor skills — heavy and light 2 (a)
Other neuroihisioloiical functions 2 ibi
Reading and writing 4 (c)(d)(e)
Oral face-to-face and electronic communication 2 (c)(d)
Cooperation, crew interaction, and command and control 4 (c)(d)

Assumptions and Limitations of Applicability

(a) Several identified studies demonstrate quantitative effects on tasks requiring gross motor skills, such
as box lifting, cardiovascular exercise, and construction work. However, this quantitative information has
not been united in a way that allows one to predict the degree to which gross motor skills in general could
be affected at different WBG Ts/exposure times.

(b) When prolonged exposure to heat causes hyperthermia, neurophysiologic damage is observed when
deep body temperatures reach 104 °F (41 °C) or above. At the individual level, body composition, age,
and fitness level (among other individual differences variables) can determine speed and susceptibility to
hyperthermia.

(c) “Simple” cognitive tasks requiring little conscious effort tend to show effects at the approximate heat
levels suggested by NIOSH’s Recommended Exposure Limits. This may include tasks such as acuity,
recognition memory, perception, sensation, and visual recognition. Given that perception is affected, most
other tasks “downstream” in cognitive information processing will also be affected.

(d) “Complex” cognitive tasks, those requiring conscious effort, show effects at much lower levels of heat
(see Figure 2.3), with instantaneous effects beginning at 88oF WBGT, which asymptote as low as 70oF
after around 120 minutes of exposure. This may include tasks requiring directed and sustained attention,
effortful memory recall, vigilance, task switching, and all effortful higher cognition and meta-cognition
processes, such as evaluating, hypothesizing, cooperation, efc.

(e) Purely mechanical portion of writing task is likely to respond similarly to expected fine motor skills here.
Level of Information Categories (1 to 4)

(1) Quantitative information that is directly applicable to determining the quantitative impact of an EC on a
performance requirement and can be directly used to support the proof-of-concept approach.

(2) Quantitative information that is of some applicability in determining the degree of impact of an EC on a
performance demand (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). Under
certain assumptions regarding the variation of impacts with changing severity between the two limits, this
information might be used with the proof-of-concept model to provide usable information.

(3) Qualitative information. General agreement exists that the EC affects performance, but the measured
impacts are not reported in the research literature, not even for limits. Performance may also be affected
because an essential cognitive function is primarily impaired. This information might be used to inform a
sensitivity analysis using the proof-of-concept model.

(4) No information (a gap).
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3 COLD

3.1 Introduction

Outdoor workers at NPPs can be exposed to cold air and water temperatures, especially during
the winter in humid continental or subarctic climate zones. Control room workers and
maintenance personnel can also occasionally be exposed to cold air temperatures inside
buildings. The effects of cold air temperatures on workers are exacerbated by air movement
and/or moisture. These both intensify the subjective experience of cold and serve to wick heat
away from the body considerably more efficiently than still air and dryness. Direct contact with
cold materials can also wick heat away from the body.

Exposure to cold temperatures can overwhelm the body’s ability to maintain thermal balance
and cause cold stress. Hypothermia occurs when cold stress produces a drop in the body’s core
temperature. Hypothermia can result in clumsiness and confusion and result in physical and
mental errors. As the hypothermic condition worsens, respiration slows, starving the brain and
other tissues of oxygen, making errors even more likely. Hypothermia can be fatal in its
extremes; thus, strict monitoring and a system of controlled warming breaks are needed to
ensure that workers do not become hypothermic when working in cold environments.

There is considerable evidence that exposure to cold also affects worker performance before
individuals becomes hypothermic. Most straightforward are cold’s effects on manual dexterity,
tactile discrimination, and strength, which appear to be due to physiological causes (e.g.,
thickening of the synovial fluid within the joints, cold rendering the sensory apparatus inoperable
(numbness), as well as nerve conduction speed reductions).

The evidence for cognitive deficits due to pre-hypothermic cold exposure tends to be strongest
for memory, including short term retention and recall and working memory (arguably due in part
to discomfort and/or distraction, much as for heat). The research literature shows mixed results
for other cognitive abilities, including reaction time, attention and vigilance tasks, reasoning, and
mathematics tasks. There is some evidence that cognitive deficits can persist for as much as an
hour after cold exposure ceases, which should be considered when scheduling post-warming
break tasks that are essential and have heavy cognitive requirements.

Figure 3.1 provides an overview of cold attributes as well as their literature support levels and
MA relevance.

3.2 Attributes and Units of Measurement

Temperature is a measure of the degree of hotness or coldness of an object or body.
Specifically, temperature is a measure of the average kinetic energy of the particles in an object.
It is typically expressed either as degrees Fahrenheit (°F) or as degrees Celsius (°C)' The
temperature of both air and water are measured with thermometers.

A cold environment has been arbitrarily designated as one in which the air temperature is below
10 °C (50 °F) for a shirt sleeved worker (i.e., wearing a shirt but no jacket (Cold Environmental,
n.d.). However, the functional perception and impact of cold are dependent on a negative heat

! These units are interrelated by the relationship °C = 5/9 (°F -32). Throughout the report numbers corresponding
to both units are presented, with the first being that primarily employed in the salient literature and the second a
computed approximation of the alternative (most often in parentheses).
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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)

| | v
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)
T\
v v v
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)
/ ! P c
v

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

Pri S d Quantifiable based Discussed in Inferred by research

rimary econdary on literature literature team from literature

____________________ >

Figure 3.1 Cold effects overview?

balance between the worker and the environment (e.g., an overdressed worker could be hot at
the same temperature a normally dressed worker would be comfortable). Cold soaked objects
are objects that have relatively low heat energy with which workers might come into contact
(e.g., metal tools or handrails exposed to low temperatures for long enough to become cold).
Exposure to a cold environment or cold soaked objects can reduce the heat energy in portions
of a worker’s body, especially exposed hands and other extremities.

For most NPP workers, the effects of cold will usually result from the direct attributes of air
temperature and movement (albeit exposure to cold soaked objects is always a concern).
However, when flooding occurs during winter months, water temperature (and potentially that of
other liquids) may also be a source of cold stress.

Under normal circumstances, the homeostatic mechanisms of the human body maintain its
internal (core) temperature set point (~98.6 °F/37 °C), as outlined earlier in Section 2.4.1.
However, exposure to a cold environment and/or cold soaked (Cold Environmental, n.d.) objects
can negatively affect these adaptive mechanisms, making thermal balance difficult to maintain.

2 Only some performance demands are listed here, as others may not be significant for the example condition.
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When cold is combined with moving air, convection of heat from the skin’s surface is especially
efficient. This intensifies the subjective experience of cold and rapidly reduces first surface and
then core body temperature. The same is true for exposure to cold water, albeit heat transfer
from body to water is typically more rapid than to air.

The Wind Chill Index combines measured air temperature with air speed to represent what is
felt on exposed skin. As with standard air temperature measurement, this index is measured in
°F or °C. Table 3.1 shows the NWS Wind Chill chart, with frostbite zones identified. 3

3.3 Time Variation of Cold

Depending on when an MA begins and how long it takes to complete, personnel may or may not
be exposed to low temperatures. More importantly, because the air temperature during a flood
may change, personnel exposure to this EC may also be variable in time. In other words, the
severity of an EC is time dependent and may vary significantly over the duration of execution of
a manual action or task.

Figure 3.2 illustrates an example of temporal variation in cold during phases of a hypothetical
flooding event in which three MAs (MA 1, MA 2, and MA 3) are performed sequentially with
intervening recovery breaks. During a prospective or ongoing flooding event, forthcoming cold
variations may be predicted via weather reports or impending sunset, and this information can
be used in planning work activities to minimize cold effects.

Table 3.1 Time to frost bite based on wind and cold temperature

Temperature (°F)
20 15 10 5 -10

Wind (mph)

9
8
7
6
5
4
4
3

Frostbite Times |:| 30 minutes I:l 10 minutes [:l 5 minutes

Wind Chill (°F) = 35.74 + 0.621T — 35.75(V%16) + 0.4275T(V°1)
Where, T = Air Temperature (°F) V = Wind Speed (mph)

Source: NOAA-NWS, 2017 (effective 11/01/01)

3 A frostbite zone is a wind chill at which skin, if exposed for a certain duration, will freeze.
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Start
End
Start
End
Start
End

Air Temperature

[]
flood event duration

.. _______________________ '
site preparation period of recession of
for flood event inundation water from site
Conditions are met Arrival of flood Water beginsto  Water completely
for entry into flood waters on site recede from site  receded from site
procedures of and plant in safe
notification of and stable state that
impending flood . can be maintained
Time —» indefinitely

Figure 3.2 An illustration of low air temperature variation during an example of a
hypothetical flooding event

3.4 Mechanisms of Action

The mechanisms of action postulated for the effects of cooling (i.e., loss of heat or negative heat
storage) on human behavior are similar to those of heat effects, physiological and

psychological. Physiological mechanisms, and the resulting physiological effects, tend to be
more prominent with longer and more extreme cold exposure. Psychological mechanisms, and
the resulting psychological effects, may also be prominent in the early stages of less extreme
cold exposure. In fact, the psychological sensation of cold can begin in some contexts and
individuals around room temperature (i.e., ~75 °F /24 °C). The subjective experience of pain,
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and eventually numbness, occurs when actual skin temperatures are reduced to between ~68—
61 °F (~20-16 °C). These threshold levels are listed in Table 3.2.

3.41 Physiological

Cold stress occurs in reaction to a body’s loss of thermal balance. Technically, thermal balance
is defined in terms of the amount of heat energy stored in the body as a function of metabolism,
convection, radiation, and evaporation. In the following conceptual equation for heat balance,
the units of all variables are measures of heat energy per unit of time (i.e., rates or fluxes):

S=M+C+R+E (3-1)

where S is rate of heat storage, M is metabolic rate, C is convective flux, R is radiative flux, and
E is evaporative energy flux (NUREG/CR-5680, Echeverria et al., 1994)4.

Rate of heat storage (S) may be positive (reflecting increasing energy in storage, which leads to
an increasing body temperature), negative (reflecting a decreasing body temperature), or
approach zero (reflecting that the body is in thermal balance). The metabolic rate of the body,
M, a source of heat energy, is always a positive number. Convective (C) and radiative (R) fluxes
may be either positive or negative (depending on whether they are serving as a positive or
negative source of heat energy). Evaporation (E) consumes heat energy and therefore is
negative (a source of cooling). Thus, thermal balance is defined as any condition in which S is
approaching zero. In using this concept to assess the effects of exposure to cold, the
assumption is made that the starting temperature of the individual is normal (i.e., at ~98.6 °F).
When rate of storage is negative, the adaptive mechanisms of the body are no longer
maintaining a stable internal heat level (i.e., at ~98.6 °F), and core temperature will begin to
drop. This will lead to one or more of three bodily responses: (1) heat production; (2) heat
conservation; and (3) slowing of the nervous system. Both heat production and heat

Table 3.2 Temperatures above which no cold effects occur

Air Hand Skin
Temperature | Temperature
Effect of Exposure to Cold (°F) (°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

4 Equation (3-1) is a recasting of the classical human heat balance equation that has been broadly extended in
contemporary discussions of cold and heat modeling (Parsons, 2014, pp. 33-34ff).
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conservation are attempts by the body to counteract loss of heat to the environment. Slowing of
the nervous system is a side effect of the loss of heat and cooling of the body. These responses
are typically perceived by workers as “uncomfortable” (Marcus & Belyavin, 1978; Parsons,
2014).

The body can produce additional heat through involuntary shivering and voluntary exercise,
both of which increase metabolism, and tend to return the body toward heat storage balance in
cold situations (i.e., S — 0). To conserve heat, blood vessels in the extremities constrict, and
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 as well as subject the worker’s extremities to increased risk of
frostbite. Finally, the nervous system begins to slow to preserve energy. Prolonged cold
exposure and the associated loss of heat ultimately lead to decreased heart and respiration
rates and slowed nerve conduction, which affect strength and coordination, thereby adversely
affecting gross and fine motor skills. These detrimental effects are compounded by a
corresponding reduction of skin, muscle, and joint sensitivity (with increasing joint and muscle
stiffness). These effects become especially pronounced as the length and degree of exposure
increases.

In summary, sensory and motor task performance tends to diminish progressively under
exposure to cold due to:

° decreased sensation as a consequence of skin temperature reduction
. mobility and dexterity reductions due to thickening of the synovial fluid within the joints
. reduction in muscle capacity and effectiveness due to falling muscle temperature

. reductions in nerve conduction speed (and thus sensory and motor abilities) due to
nervous system wide slowing.

Beyond these effects are potential complications at the neurochemical level. For example, the
endocrine system shows distinct changes due to cold exposure (most typically down regulation,
perhaps after a brief up regulation). Cold stress alters the concentration of the catecholamines,
dopamine, epinephrine, and norepinephrine in the central nervous system. Concentrations of
the glucocorticoid stress hormone cortisol have also been shown to increase in response to
intermittent cold exposure (Lupien et al., 2007; Paulauskas et al., 2015). The impacts of these
neurochemical alterations remain to be explored, though cold associated down regulation of the
levels of neurotransmitters in the prefrontal cortex (associated with attention and judgment) and
other cortical regions have been shown to have detrimental effects on cognition, especially
working memory and attention (Paulauskas et al., 2015). These alterations might contribute to
some disruption of fine and gross motor performance, though they are most directly associated
with psychological effects.

3.4.2 Psychological

Past researchers have tended to explain the psychological effects of cold by one of two
predominant theories: distraction theory and arousal theory. Distraction theory (e.g., Teichner,
1958) posits that cold stress draws limited attentional resources away from physical and
cognitive tasks, interfering with effective and efficient performance (see Enander, 1987). The
distracting cold stimulus competes with cognitive tasks for attentional resources, and attention
becomes focused on feeling cold rather than the efficient completion of the cognitive aspect of



the task at hand. 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
may be experienced. According to distraction theory, as this discomfort continues or increases,
the probability of performance deficits tends to increase.

Arousal theory, in contrast, posits that cold stress initially increases sensory alertness and
arousal, briefly improving both physical and cognitive performance. However, as cold becomes
more extreme or persists, it outpaces the compensation provided by this arousal, and
performance decrements begin to occur. Both theories fit the preponderance of effects shown in
the research literature, but arousal theory additionally explains the performance improvements
found by some authors from relatively mild cold stress (e.g., Poulton & Kerslake, 1965; Provins
& Bell, 1970; Wilkinson et al., 1964).

Supporting these psychological explanations for cold’s effects on performance, several studies
suggest that the temperature of extremities (hands and feet) is particularly important to the
experience of discomfort. As temperature declines, workers tend to experience the least
discomfort just after the point when cold extremities have signaled the brain to engage adaptive
heat production and/or conservation (Cabanac, 1969; Chatonnet & Cabanac, 1965; Gagge et
al., 1967), but then workers experience increasing discomfort as extremities remain cold over
time. Deep body (core) temperature plays a secondary role to that of extremity temperature in
discomfort (Cabanac et al., 1969, 1972; Chatonnet & Cabanac, 1965; Marks & Gonzalez, 1974)
and tends to correspond more closely with physiological effects.

As discussed above, complementing the distraction- and arousal-theory explanations of
cognitive performance are recent findings that cold exposure can affect the levels of
neurotransmitters in the brain in both the prefrontal cortex (associated with attention and
judgment) and other cortical regions. This has been found to have detrimental effects on
cognition, especially working memory and attention (Paulauskas et al., 2015).

3.5 Effects on Performance

3.5.1 Manual Dexterity and Tactile Sensitivity

Local cooling of the hands shows relatively consistent impacts on the performance of tasks that
require manual dexterity, tactile discrimination, and strength. Manual dexterity becomes
impaired at hand temperatures of ~54-59 °F (~12—15 °C). Tactile sensitivity (due to numbness)
becomes impaired at somewhat lower hand temperatures of ~46-50 °F (~8-10 °C) (Enander,
1987). These effects tend to be far more pronounced for fine motor skills tasks, such as those
requiring fine rather than gross finger manipulations (Chen et al., 2010; Dusek, 1957). 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).

Almost a century ago, Osborne and Vernon (1922) showed that cold temperatures increase the
frequency of industrial accidents. For example, in their sample population of ammunition
workers, minor cuts were lowest when temperatures ranged from 69-65 °F (21-18 °C) but
increased by 34 percent when temperatures fell below 55 °F (13 °C). This field observation is
squarely within the range of experimental manual dexterity degradation in laboratory settings
and contemporary field investigations (e.g., Anttonen et al., 2009). Certain fine manual tasks,
like picking up small objects, are affected at hand temperatures of 55 °F (13 °C), presumably
because the attendant numbness does not allow discrimination of small objects from surfaces. It
is possible that workers’ shivering responses in cold environments may also interact with any



direct effects of the cold on performance. Hancock et al. (2007), for example, have suggested
that shivering may indeed produce motor effects similar to those caused by vibration.

3.5.2 Muscular Strength

Muscular strength typically begins to deteriorate at higher temperatures than does manual
dexterity. Indeed, at skin temperatures in the extremities below ~81 °F (27 °C), reductions in
both muscular strength and endurance have been reported (O’Brien et al., 2007). This effect is
especially pronounced when individuals are working in cold water (or other liquids). Local
cooling of arms and legs can quickly reduce muscle strength and endurance, increasing the risk
of sinking and drowning.

3.56.3 Psychology and Cognition

Some authors have demonstrated cognitive effects resulting from prehypothermic cold
exposure, but with considerable variability across individuals and studies. In a meta-analysis of
studies on temperature exposure effects, Pilcher et al. (2002) concluded that reasoning,
learning, and memory tasks were more negatively affected by cold exposure than attention and
perceptual tasks ®. Whereas, reaction time and mathematical processing tasks showed nearly
no effect sizes for the temperature ranges studied (50-64 °F/10-18 °C, and under 50 °F/10 °C).
A number of studies have detected fairly consistent degradations in various memory abilities,
including short term memory recall (Coleshaw et al., 1983; Davis et al., 1975; Patil et al., 1995;
Thomas et al., 1989) and working memory (Shurtleff et al., 1994; Thomas et al., 1989).
However, reasoning tends to show less straightforward results; some studies show a decrement
(e.g., Davis et al., 1975) and others show no effect (Baddeley et al., 1975; Coleshaw et al.,
1983; Lockhart et al., 2005). A body of other studies have shown cold exposure effects for
vigilance tasks (Allan et al., 1974 [below 32 °F/0 °C]; Muller et al., 2012 [below 50 °F/10 °C] ),
whereas others have shown little effect (Baddeley et al., 1975 [~41 °F/5 °C]; Hancock, 1986 [55
°F/13 °C]; Mackworth, 1950 [<69 °F/21 °C]; Marrao et al., 2005 [11 to 39 °F/-12—4 °C]).

The mixed effects of cold on cognitive performance are considered to be occurring prior to the
onset of hypothermic conditions. However, because the onset of hypothermia may be subtle, it
is possible that the participants in some of these studies had slipped into hypothermic conditions
unbeknownst to the researchers and their performance was degrading as the subject
progressed through hypothermia. Some studies (e.g., Muller et al., 2012) have shown that
cognitive deficits can persist for as much as 1 hour after cold exposure ceases and the
physiological measures of cold stress have returned to baseline (e.g., skin temperatures,
thermal sensation).

3.5.4 Recommended Limits

Table 3.3 shows the risk of hypothermia, or hypothermia danger level, at various cold exposure
temperatures and durations, as presented by Ramsey (1975). The temperature ranges and
effects shown in the table may not hold for every individual, however, because the onset and,
phases of hypothermia vary across individuals depending upon age, body size, and other
individual differences. Consequently, these guidelines should be applied very conservatively

5 A large effect size was found for reasoning, learning, and memory but a small effect size was found for attention
and perceptual tasks, per Cohen’s d. Cohen's d is an effect size measure frequently used in meta-analyses that
indicates the standardized difference between two means (Cohen, 1974; Cohen, 1988).
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Table 3.3 Danger levels for risk of hypothermia

Temperature ] Danger Level

-23 °F (-31 °C) and above |Little Danger — The maximum danger is a false sense of security,
although exposures over 5 hours may be dangerous

-72 °F to -24 °F
(-58 °C to -30 °C)
-73 °F (59 °C) and below |Great Danger — Flesh may freeze within 30 s
Source: Ramsey, 1975

Increasing Danger — Danger of freezing exposed flesh within 1 min

Table 3.4 shows the American Conference of Governmental and Industrial Hygienists (ACGIH)
threshold limit values (TLVs) for working in cold conditions, based on the prevailing wind speed
and air temperature (i.e., the wind chill factor). The assumed work/break schedule includes a 4
h work period with moderate to heavy activity, with normal breaks (i.e., 10-min breaks) taken
once every 2 h and an extended break (e.g., lunch, dinner) after 4 h of work. The ACGIH also
recommends warm up periods of 10 min at a 72 °F (22 °C) location . The ACGIH TLVs
establish a minimum for worker safety to avoid even mild hypothermia. It assumes that workers
can regulate their thermal balance by donning and loosening or removing protective clothing as
needed to keep warm while avoiding sweating. Sweating is to be avoided because it
significantly increases the subsequent potential for hypothermia due to the exacerbating effect
moisture has on bodily heat loss.

This ACGIH work schedule applies to any 4-h work period of moderate to heavy work activity,
with warmup periods of 10 min in a warm location and with an extended break (e.g., lunch) in a
warm location at the end of the 4-hwork period. Table 3.4 applies only if workers are wearing
dry clothing and doing moderate-to-heavy work activities. To use the table for light-to-moderate
work activities, the recommendation is to move down one line to decrease the maximum work
period and increase the number of breaks.

3.6 Potential Mitigation Measures and Their Effectiveness

Potential mitigations for cold temperature effects on NPP worker performance fall into three
primary categories: (1) engineering controls, (2) administrative controls, and (3) medical
controls. Engineering controls change the environment such that the amount of cold to which
the worker is exposed is reduced by either increasing heat flow or insulating the worker from the
cold.

Possible engineering interventions include the following:

. Heat the area around the workstation to reduce workers’ effective cold exposure. Electric
resistance heaters or space heaters can be effective, but require careful placement and
safe operation, including proper venting for those that have dangerous emissions (e.g.,
carbon dioxide, carbon monoxide). In windy areas, such as on a loading dock, radiant
heaters, which do not heat the air but only the person who is working in a fixed location,
can serve this purpose.

6 Note that Muller et al. (2012) showed cognitive deficits can persist up to an hour after a cold stimulus is removed.
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Table 3.4 Threshold limit values for cold exposure

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

Air Temp. No Noticeable . ]

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

-26°101-15% to (Norm breaks) 1 | (Norm breaks) 1 |75 min.| 2 [55min.| 3 |40min.| 4

-28° -19°
_22130 _224:0 (Norm breaks) 1 | 75 min. 2 55 min. 3 40 min. 4 30 min. 5
-32° to | -25° to . . . .
3q0 | oge |78Min.| 2 |85min.| 3 |40min.| 4 |30min.| 5 |
3 :O -30 :O 55 min. 3 40 min. 4 30 min. 5 Non-emergency
37 34 | work should
-38° to |-35° cease
38 :o 35 jo 40 min. 4 30 min. 5 I Non-emergency
il . work should l
o o on-emergency cease
-40 :O -40 :O 30 min. 5 Non-emergency | Work should
420 | 44 work should cease l
- cease
43°to| 45°to | M ETCSERSY l
below | below ¢
cease

Source: American Conference of Governmental and Industrial Hygienists (ACGIH, 2012)

o Erect windbreaks (e.g., hung tarps or even well-placed vehicles) to partially shield
workers from wind and help hold in heat that may be being provided by heat lamps or
other sources.

e  Cover metal tool handles and equipment controls with thermal insulating material to
reduce cold transmission to hands (while also providing grip) and design machines and
tools so they can be operated without having to remove mittens or gloves.

. Provide warming huts near the work location. Effective warming huts only need to be
warmed to 72 °F (22 °C).

. Insulate cold surfaces such as walls, valves, and pipes to raise the radiant temperature
felt by the workers.

Administrative controls are introduced to reduce the effects of excess cold on work
performance. These controls entail decisions about task assignments: when specific tasks
should be done during a work day, who should do them, and the maximum length of exposure
time for workers engaged in physical and mental tasks. Examples of administrative controls
include the following:
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When possible, schedule outdoor work during warmer seasons or during the warmest
part of cold days.

Assign more workers to jobs exposed to cold to reduce the duration of an individual’s
cold exposure.

Require workers to wear appropriate protective clothing to maintain a core temperature of
~97 °F (36 °C) and encourage workers to be vigilant in self-regulating, adding or
removing/loosening clothing as necessary, in order to avoid both sweating.7 and
becoming too cold.

Provide protective clothing ensembles whose total clothing thermal insulation (Clo) value
is adequate for the temperature. One Clo affords 13 °F (~7 °C) of protection; workers are
assumed to be comfortable at 69 °F (19.4 °C). For example, a jacket and insulated pants
rated 2 Clo each (4 Clo total for 52 °F/28.6 °C protection) will afford comfort at 17 °F (-8.3
°C) temperature 8. Clothing suggestions include:

Jacket and insulated pants rated for the to be exposed temperature.

Insulated hat, as much heat is lost from the head/neck region (as much as 1/3 of total
heat loss).

Gloves or mittens.

Warm shoes/boots and socks. Waterproof boots or coverings should be worn to keep
feet dry or time in such conditions should be limited.

Do not allow skin exposure at temperatures below -25 °F (-32 °C).
At temperatures below 60 °F (15.6 °C), constantly wet feet are subject to trench foot.

Repeated skin exposure to temperatures between freezing and 60 °F (15.6 °C) can result
in chilblains.

Exposed skin should be covered to prevent skin irritation from cold.

Help workers who become wet at air temperatures below 36 °F (2 °C) to immediately
change into dry clothing and obtain treatment for frostbite.

Equip workplaces where the temperature may fall below 61 °F (16 °C) with suitable
thermometers and anemometers to monitor temperature changes (at least every 4 h for
workplaces with temperatures below the freezing point) and wind chill.

Provide warming and break schedules consistent with the ACGIH recommendations.

Provide older adults who have circulatory problems with an appropriate combination of
extra insulation, additional heat, and/or reduced cold exposure periods.

Encourage workers to engage in mild to moderate physical activity, either as part of the
job at hand or otherwise, to aid metabolic heat production and possibly to distract their
attention from the cold sensation.

Teach workers and supervisors to be mindful of the signs and consequences of frostbite
and hypothermia while working in the cold. Signs of frostbite include a prickling sensation
on the skin, numbness, and abnormal red or white skin color. The onset of hypothermia

7 The amount of metabolic heat necessary to bring sweat on the skin’s exposed surface to vaporization temperature
can be many times larger in cold temperatures than at room temperature (72 °F/22 °C), which can easily exhaust
workers’ energy reserves and make hypothermia more likely.

8 However, exposed skin should be covered to avoid frostbite
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may be subtle, but shivering, which is observable, is a cue that an individual may be
becoming hypothermic.

. Monitor workers to prevent hypothermic conditions, whose onset may be subtle, and be
aware that even when workers are encouraged to take periodic breaks throughout the
day to rewarm themselves, cognitive effects may persist. Implement medical controls
only under appropriate supervision because careful monitoring is necessary to achieve
the desired benefits while minimizing possible adverse effects and costs. Possible
medical controls include the following:

. Ingestion of caffeine, most commonly in the form of coffee, which may increase the
metabolic rate and provide additional metabolic heat to counter cold exposure.

. Cold acclimation, which can improve workers’ ability to cope with low temperatures and
wind chill. Some authors have shown cold acclimation can result in reduced
vasoconstriction, increased skin temperature, delayed onset of shivering, reduced stress
hormone release, and reduced discomfort (see Makinen et al., 2006), all of which may
mitigate some of the negative effects of cold.

. Some of the cognitive effects of cold exposure may be moderated by overtraining 9
workers on the task (O’Brien et al., 2007). For example, U.S. Army and other military
personnel have shown maintenance of normal performance levels for skills from weapon
disassembly and/or reassembly and target shooting to vigilance, working memory, and
serial addition/ subtraction for individuals performing these tasks under cold exposure
conditions (Clarke & Jones, 1962; O’Brien et al., 2007; Oksa et al., 2006). On the one
hand this may partially explain the sometimes-equivocal effects in extended repeated
measures studies of cold: over time, participants become increasingly overtrained as the
study progresses. Likewise, this may also partially explain the equivocal effects of cold
observed for various cognitive abilities. No effect or even improvement in cognition have
been found in studies where the participants are soldiers, who are specifically overtrained
to perform under thermal extremes.

3.7 Interactions of Cold with Other Environmental Conditions

Cold would often be encountered with standing or moving water during winter flooding events.
Likewise, precipitation and/or fog and high relative humidity, followed by a drop in air
temperature to below 32 °F (0 °C) may lead to ice coatings that reduce ground and tool traction
and obscure displays. Vibration, particularly from chainsaws and other powered hand tools, can
exacerbate the effects of cold on tactile sensitivity and hand strength in the short term. With
extended exposure can also lead to Hand-Arm Vibration Syndrome, with increasingly severe
neural, vascular and muscular degeneration as exposure persists (e.g., Heaver et al., 2011).

3.8 Summary of Research on Cold Impacts

The state of knowledge regarding the effects of cold on performance demands is summarized in
Table 3.5.

9 Qvertraining or over-learning is repetition of a skill until it can be performed automatically, leaving the conscious
mind available to focus on other things



Table 3.5 Cold effects on performance literature summary

Applicable Levels Assumptions

of Information and Limitations

Performance Demands Related to Impacts | on A
Detecting and Noticing
Attention, memory, vigilance, switching, acuity, perception and 2,3 (b)(c)
threshold perception
Sensation and visual recognition 3 b) (c
Pattern recognition, discrimination, evaluating, hypothesizing, 4 (b) (c) (d)
diagnosing, and integrating
Reasoning, computation, interpreting, classifying, goal setting, 2,3 (b) (c)
Elannini, adaitini, and evaluatini and selectini oitions
Fine motor skills — discrete and motor continuous, and manual 2 (a) (b)
dexterity
Gross motor skills — heavy and light 2 (a)(b)
Other neurophysiological functions 3 b
Reading and writing 3 (b) (c) (e)
Oral face-to-face and electronic communication 4 (b) (c)
Cooperation, crew interaction, and command and control 4 (b) (c)

Assumptions and Limitations of Applicability

(a) Fine motor skills tend to begin to suffer at around hand skin temperatures of 59 °F (15 °C) and gross
motor skills begin to suffer at about 54 °F (12 °C), depending on the specific task. However, skin must
be exposed to cold for some time before it drops to this temperature.

(b) The ACGIH recommends specific exposure duration limits by temperature and wind speed, with
recommendations not to work at certain combinations of temperature and wind speed (Table 3.4).

(c) Supposed “pre-hypothermic” cold exposure seems to have a more pronounced effect on cognitive
tasks that might be considered “complex” (e.qg., learning, reasoning, memory), than those requiring little
directed resources (e.g., perception, “basic” attention [i.e., simple attention capture]).

(d) Among the items in this category, only reasoning seems to have been examined, and shows
inconsistent effects at best.

(e) The purely mechanical portion of the writing task is likely to respond similarly to what is expected
from fine motor skills here.

Level of Information Categories (1 to 4)

(1) Quantitative information that is directly applicable to determining the quantitative impact of an EC on
a performance requirement and can be directly used to support the proof-of-concept approach.

(2) Quantitative information that is of some applicability in determining the degree of impact of an EC on
a performance demand (e.q., 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).
Under certain assumptions regarding the variation of impacts with changing severity between the two
limits, this information might be used with the proof-of-concept model to provide usable information.

(3) Qualitative information. General agreement exists that the EC affects performance, but the
measured impacts are not reported in the research literature, not even for limits. Performance may also
be affected because an essential cognitive function is primarily impaired. This information might be used
to inform a sensitivity analysis using the proof-of-concept model. No information (a gap).
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4 NOISE

4.1 Introduction

Noise, defined as unwanted, unpleasant, or annoying sound, is a common and significant
problem in many industrial settings. Noise from NPP turbines and machinery, transport and
construction equipment, weather, as well as coworker discussions can all qualify as noise.
Exposure to very loud noise or prolonged exposure to loud noise can cause permanent hearing
loss as well as stress, apathy, general depression, ischemic heart disease, and hypertension.
Noise activates the brain’s reticular activating system, the portion of the brain responsible for the
“fight-or-flight” response. Consequently, noise can have significant impacts on hearing, general
health, and the perceptual, motor, and cognitive components of MAs. Occupational noise has
been associated with reduced worker productivity and higher error rates. Some authors hold
that the arousal of the reticular activating system accounts for noise’s inverted-U effects on
performance, where initial stimulation may improve performance, but increased stimulation
subsequently leads to a decrement.

Noise interferes with external communication but also with internal auditory working memory.
External communication interference can disrupt performance of tasks that involve teamwork.
Working memory interference can disrupt information processing, especially holding available
and manipulating units of information (e.g., reading and interpreting text, performing mental
arithmetic, as well as remembering and understanding auditory information). Impacts on these
fundamental cognitive functions likely make themselves felt “downstream” (i.e., later in the
performance sequence) in more complex tasks, e.g., text comprehension, verbal
communication, and long-term memory storage and retrieval.

Figure 4.1 provides an overview of the attributes of noise, the extent of research on its effects
on performance, and its relevance for MAs.

4.2 Attributes and Units of Measurement

Noise can be defined as pressure variations in air resulting from vibrations that are perceived by
humans to be annoying, unpleasant, and/or distracting (i.e., unwanted sound). The vibrations
can originate from various sources, including equipment and vehicles; the movement of earth,
water, or air; and from human or animal vocalizations. Being a special case of sound, noise
shares sound’s characteristics, including the following:

. Amplitude — the distance between the midline (or point of zero energy) of a wave and its
crest or trough, which represents the amount of energy being transported by the wave
(often characterized in units of root mean square [rms] over time when aperiodic). The
larger the amplitude, the more energy the sound wave has, and the louder it will tend to
be perceived.

. Frequency — the number of oscillations (cycles) in a simple sound wave that occur in one
s. Frequency is measured in hertz (Hz) with 1 Hz being one cycle per second. Higher
frequency sound will be higher in perceived pitch. Complex sound, effectively reflecting a
spectrum of frequencies, is typically displayed as a frequency distribution by relative
amplitude.

. Duration — the length of time the noise is present.



Condition Noise
Example 80-90 dBA, 10,000-15,000 Hz
high pitch, intermittent Noise
I
Y ) ) ) v
Attributes Intensity Frequency Type (continuous, impulse, Duration Waveform
and Units (dBA) (Hz) intermittent) (s) (square, random)
I I
Y v Y
Mechanisms Reticular Activating System Attention and/or working S
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 I
v 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

Discussed in
literature

Quantifiable based
on literature

Inferred by research

Primary team from literature

Secondary

Figure 4.1 Noise effects overview'

° Waveform — the form or shape the noise wave takes. Waveforms can be described as
the changes that occur in the noise’s amplitude over time. Subtle differences in waveform
can cause sounds of the same frequency and amplitude to be experienced differently
(e.g., a concert high “C” played on a trumpet vs. saxophone).

. Periodicity — the sound waves of intermittent (aperiodic) noise are not equally spaced and
have varying intensities, whereas continuous (periodic) noise waves are repetitious and
equally spaced and have no variations or breaks in intensity.

The most common unit of measurement for the sound intensity level of noise is the decibel (dB),
which is represented on a logarithmic scale of the ratio of a sound wave’s amplitude relative to a
reference amplitude. It can also be defined as the logarithm of the ratio of the stimulus’ sound
pressure (in Pascals) relative to a reference pressure 2. Because the human ear is most
sensitive to frequencies around 3,000 Hz and less sensitive to lower and higher frequencies, a
weighted scale based on this frequency response, the A-weighted decibel (dB(A)), is often used
when referring to the subjective loudness of noise. Figure 4.2 shows equal loudness curves for

" Only some performance demands are listed here, as others may not be significant for the example condition.

2 Reference pressure of 20 x 10 pascals, the pressure at which the average young adult can just detect
a 1,000 Hz tone.
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Figure 4.2 Equal loudness curves (after Nave, 2016). Subjective loudness measured in
phons.

noises of different frequencies. As seen in the figure, the difference between noise intensity (in
dB) and subjective loudness (measured in phons) varies for different frequencies. That
difference is least in the 300-3,000 Hz frequency range, which is the frequency range of normal
voice communication.

The sound levels experienced by workers in NPPs are likely to vary along the range shown in
Figure 4.3. Noise levels in offices are likely to be approximately 65 dB(A), while noise levels in
the turbine building of an NPP are very likely to exceed 85 dB(A) and may often be louder than
115 dB(A). Thunder from close lightning strikes is typically <120 dB(A) though if extremely close
(<10 m) it will be experienced as a shock wave well above the threshold for pain (~140 dB(A),
Rakov & Uman, 2003).

Various readily available electronic devices can be used to measure noise intensity (dB(A) and
other characteristics) in industrial settings, including sound level meters, octave band analyzers,
and noise dosimeters. Hand held sound level meters are often used to identify areas that
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Figure 4.3 Relationship between perceived loudness and sound intensity (Source:
NUREG/CR-5680, Echeverria et al., 1994 Figure 3-5)

feature elevated noise levels, and full shift noise dosimetry (see below) is used for further
evaluation. An octave band analyzer allows evaluation of noise intensity at all frequency ranges
relevant to human hearing. Taking readings at each of a number of frequency ranges provides a
spectral signature of the noise, which allows an analyst to determine which octave bands
contain most of the total radiated sound power. This information can be used to choose specific
abatement approaches. Finally, a noise dosimeter is used to evaluate an individual employee’s
exposure during a sampling period. Noise dosimetry averages noise exposure over time and
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reports results as total work area exposure or a percentage of the permissible exposure limits
(see Section 4.6 on Potential Mitigation Measures).

The figure, in addition to showing the loudness of some common sounds, shows how perceived

loudness double for every 10 dB increase in intensity. At levels below 60 dB, the graph line is
difficult to distinguish from the horizontal axis.

4.3 Time Variation of Noise

Depending on when an MA begins and how long it takes to complete, personnel may or may not
be exposed to severe noise. More importantly, because the noise attributes during a flood may
change, personnel exposure to this EC may also be variable in time. In other words, the severity
of noise is time dependent and may vary significantly over the duration of execution of a manual
action or task.

Figure 4.4 illustrates the variety of noises and variations in noise levels encountered during a
hypothetical flooding event during which three MAs are performed sequentially (MA 1, MA 2,
and MA 3). With the exception of operational machine and system noise, specific levels from the
mix of sources may only be broadly estimable in advance. Consequently, statistical,
probabilistic, and worst-case considerations are useful planning information for possible future
flooding events.

4.4 Mechanisms of Action

Noise is primarily experienced through the hair cell receptors in the cochlea of the inner ear.
These cells selectively resonate to the vibrations of the noise sound wave and this resonance is
translated by the brain into perceived noise. In addition, low-frequency sound (2-200 Hz), which
is emitted during storms and by road, industrial, and construction vehicles and industrial
equipment (e.g., compressors, air conditioning units, generators, etc.), can be perceived
through both hearing and touch (EnHealth Council, 2004). Low-frequency noise of this type can
affect the semicircular canals of the inner ear, the body position, balance, and orientation
sensors of the body. When this apparatus is impacted by intense (exceeding 130 dB(A)) low-
frequency noise, even when the worker is not consciously aware of the stimulation, it can
disrupt balance and induce a type of perceptual conflict iliness (akin to seasickness that
produces dizziness and nausea). These low-frequency noise impacts can substantially disrupt
gross motor task performance (e.g., standing steadiness, walking carrying capability, as well as
manual handling performances such as lifting, pushing, etc.). Low-frequency noise, perhaps not
unexpectedly, tends to be rated subjectively as being more annoying than many other types of
sound.

441 Stress, Arousal and Annoyance

Many of noise’s effects on performance may be tied to its observed tendency to produce
arousal, stress, and annoyance that affects an individual’s ability to focus attention on the task
at hand (Botteldooren et al., 2008; Schlittmeier et al., 2015). As noted above, noise can
stimulate the reticular activating system of the brain, which is responsible for mediating the
transition from baseline wakefulness to high attention, as well as the transition from sleep to
wakefulness. The reticular activating system produces downstream effects in the hypothalamic-
pituitary-adrenal axis to release stress hormones into the brain and bloodstream (e.g., cortisol,
epinephrine, norepinephrine). The “fight-or-flight” response to stress and danger is produced by
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Figure 4.4 An illustration of noise variation during an example of a hypothetical flooding
event

the reticular activating system (via epinephrine and/or norepinephrine). When noise is sufficient
to produce reticular activating system activation, it could produce broad health and performance
related impacts, from effects on transient cognitive performance (e.g., interrupting attentive and
memory processes) to longer term stress related health effects on the body (e.g., ischemic heart
disease, hypertension). While broadly enhancing gross flight-fight performance (e.g., strength),
a high level of arousal in itself also interferes with performance involving complex skills, fine
muscle movements, coordination, steadiness, and general concentration (Dovan, 2013). As with
the direct effect of low-frequency noise noted above, reticular activating system activation may
disrupt gross motor skills (e.g., standing steadiness, walking carrying, as well lifting, pushing,



etc.). Supporting the practical import of the noise arousal theory is the fact that decreasing
ambient noise in work environments has been shown to reduce job related stress (e.g., Leather
et al., 2003), while exposure to continuous noise has been shown to lead to general depression
or apathy in workers (arguably from extended flight-fight activation). These effects are more
pronounced when noises start and stop out of the worker’s control than when workers have
some control over the noise (Broadbent, 1970; Klein & Seligman, 1976; Wohlwill et al., 1976).

44.2 Memory and Communication

Noise interferes with the phonological loop segment of working memory that deals with acoustic
information, such as speech and the interpretation of written words. Consequently, noise
disrupts the performance of tasks that involve processing verbal information: reading and
interpreting text, as well as those involving remembering, understanding, and manipulating
auditory information. In this regard, task irrelevant noise of diverse frequencies, intensities, and
types can have particularly adverse impacts on articulatory working memory and disrupt
attention to verbal information. This impact is either caused by interfering with the processes
that maintain order within auditory working memory, or by interrupting the execution of
deliberate rehearsal processes (Hughes et al., 2007). Impacts on these fundamental cognitive
functions may also affect subsequent aspects of more complex tasks, such as text
comprehension, verbal communication, and long-term memory (as well as further downstream
effects indirectly on seemingly unrelated tasks, e.g., fine and/or gross motor task performance).

Speech noise, especially multi speaker background conversations, is among the most disruptive
type of noise for many cognitive tasks, having effects that other nonlanguage types of noise do
not (Sundstrom et al., 1994). Speech noise effects on performance are so ubiquitous they have
been named “the irrelevant speech effect” (i.e., impaired recall in the presence of speech that is
irrelevant to the task at hand) (Salamé & Baddeley, 1982). Particularly when the semantic
content of the speech noise is relevant to the task at hand or the individual performing the task
(e.g., the cocktail party effect described by Cherry, 1953), speech noise can access the
phonological-loop working memory process, competing with and drawing attention away from
ongoing verbal and/or reading tasks. These tasks require the individual to maintain and operate
on information in current focal attention, and the informational content in irrelevant speech noise
can replace workers’ task relevant verbal information in the phonological loop. This replacement
degrades the memory trace and affects performance of downstream tasks, such as long-term
memory and communication tasks. Figure 4.5 presents Baddeley’s (Baddeley & Hitch, 1974)
model of how speech noise affects the working memory process for verbal tasks by competing
for limited resources in the phonological loop.

Research has shown that there is considerable individual difference in how severely both non-
speech and speech noise affects cognitive functions. Individuals with particularly high working
memory capacities appear to be less susceptible to auditory distraction by task irrelevant
speech noise than individuals with lower capacities (Soérqvist, 2010). Individuals with high
working memory capacities also appear to be able to overrule the distractive nature of task
irrelevant speech through cognitive control.

4.5 Effects on Performance

451 Overview

Noise can cause a variety of direct and indirect effects on both health and task performance.
Sudden and/or prolonged loud noise, as noted earlier, can do direct damage to the noise
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Figure 4.5 Baddeley’s working memory model (Baddeley & Hitch, 1974)

detecting hair cells, often causing permanent hearing loss along specific frequency regions.
Short-term exposure to loud noises can produce temporary changes in auditory perception,
making ears feel stuffed up and sounds appear temporarily quieter, a symptom of a temporary
threshold shift. It may also cause temporary tinnitus or ringing in the ears. These effects may
last for minutes to hours after noise exposure, but, if repeated, can lead to permanent hearing
loss and/or tinnitus. The distraction and annoyance of noise can affect aural communication,
attention, simple and complex cognition, vigilance, and fine motor skills.

4.5.2 Aural Communication

Noise can affect aural communication, primarily by masking the communicated information (i.e.,
affecting the receiving pathway). Masking can be especially problematic during busy responses
to floods and other incidents at NPPs when machinery, vehicles, and workers are all moving
through a location simultaneously and/or there is ongoing storm related noise. The noise
masking effect on communication may have a significant causal relationship with noise related
incidents and accidents. High noise levels have been associated with higher accident and error
rates, as well as lower productivity (Broadbent & Little, 1960; Noweir, 1984; Wilkins & Acton,
1982); whereas, reducing workplace noise levels has been found to reduce both error and
accident rates (Broadbent & Little, 1960; A. Cohen, 1974). The need to maintain receiving
pathways for sound creates a tradeoff dilemma regarding the use of noise blocking equipment
(e.g., ear plugs) for those working in noisy environments.

4.5.3 Attention

Noise conditions that individuals find most annoying have the greatest detrimental effect on the
performance of tasks that require attention (Schlittmeier et al., 2015). Studies of environmental
noise in communities have found that above ~50 dB(A), every 5 dB(A) increase in sound
intensity increases the percentage of the population that finds it annoying by about 10 percent
(Schultz et al., 1976; USEPA, 1973). In Figure 4.6, sound levels are plotted against the
percentage of workers who are highly annoyed, as determined through extensive surveys.
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Above 70-80 dB(A), most workers will be highly annoyed. This is near the industry
recommended health standard of 85 dB(A) for an 8-h day (see Section 5.8). Thus, adverse
performance effects are expected even at these acceptable noise levels. Subjective annoyance
reactions to noise may have a reciprocal relationship with noise’s perceptual and cognitive
effects. Annoyance may be driven by subjects’ perceptions of effects on their ability to maintain
attention and other perceptual and/or cognitive faculties, or noise related annoyance may be a
partial cause of these performance effects.

4.5.4 Simple and Complex Cognition

The effects of noise on simple and complex cognitive task performance have been studied
extensively in office and industrial environments as well as in research laboratories. Continuous
noise typically has little if any effect on simple perceptual tasks not involving audition (e.g.,
through interference. Noise has clear detrimental impacts on psychomotor integration tasks
(e.g., driving and other tasks where two limbs are involved in control), cognitive tasks involving
attention and memory, and more complex tasks involving verbal information (e.g., verbal
communication and verbal and reading comprehension) (Hancock & Desmond, 2001). Noise
also tends to show a greater negative influence on task performance accuracy than completion
speed. Intermittent (or aperiodic) noise tends to disrupt performance of these tasks more than
continuous noise (Casali & Robinson, 1999; Szalma & Hancock, 2011).
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The Salamé-Baddeley (1982) irrelevant speech effect is one of the most consistent effects of
noise on cognitive performance. As indicated in earlier sections, speech noise that is irrelevant
to the task at hand shows distinct effects on a number of cognitive tasks that are fairly
independent of noise intensity, at least at normal ~55-95 dB(A) speech intensity ranges (Jones,
1990) Irrelevant speech, as discussed earlier, appears primarily to affect processes involving
working memory (e.g., reasoning, mental arithmetic, and problem solving) rather than attention.
Further, meaningful speech disrupts reading and text comprehension more than meaningless
(unrelated words) speech (Jones, 1990). Clearly, particularly significant irrelevant speech noise
impacts are to be expected on verbal tasks rendered in office environments, where meaningful
side conversations are common.

Both generalized and speech related noise show their clearest disruptive effects on auditory
perception and higher-level cognitive processing involving the auditory modality. However, a
body of recent evidence suggests these disruptive effects may cross modalities as well.
Reflecting this, Hidaka and Ide (2015) presented bursts of white noise with a visual stimulus
(Gabor orientation patches) where participants were instructed to make an orientation decision
(left or right tilt of lines). The authors found that noise presented both at the same time as the
target visual stimulus (temporally congruent), and same side as the target stimulus (spatially
congruent) maximized mistaken decisions. The authors suggest that suppression of the visual
task by temporally and spatially congruent auditory noise may reflect an adaptive process. This
process serves to reduce a weaker visual input to optimize processing of the stronger and/or
more salient auditory input (even though not central to the visual task in focus). The Hidaka-lde
results may also be interpreted as reflecting the difference in processing speeds for auditory
and visual stimuli, auditory signals being processed ~30 milliseconds before simultaneously
presented visual signals (Bittner, 1972). It should be noted that this is one of only a small
number of studies demonstrating a cross modal effect and thus it may be very specific to the
particular combination of noise characteristics and cognitive tasks examined. A meta-analysis
showing no effect of auditory noise on visual tasks reinforces this possibility (Szalma &
Hancock, 2011). Further research is needed to clarify whether noise affects naturalistic visual
tasks under conditions pertinent to NPPs.

4.5.5 Vigilance

Vigilance tasks, especially those requiring routinized manual responses to relatively frequent
targets, show fairly consistent effects of noise (Kjellberg, 1990). These effects often involve
increased fast response errors, which may reflect an inability to withhold routinized motor
responses in the presence of noise stress. In other vigilance studies, subjects have shown
specific accuracy reductions for low-probability targets as well as an inability to adapt effectively
to changes in target probability (Dornic & Fernaeus, 1981; Smith, 1985). This latter effect
probably reflects a strategic shift by subjects to focus noise limited attention on certain stimuli
(e.g., high probability stimuli) at the expense of others. Vigilance and other focused attention
tasks appear especially vulnerable to ongoing noise that is unpredictable in period, frequency,
and intensity (e.g., Smith, 1988; Smith & Miles, 1987).

4.5.6 Fine Motor Skills
Evidence of noise effects on performance of fine motor tasks is somewhat equivocal. Sudden,
loud noise reliably produces startle effects, disrupting nearly all fine motor tasks at least

temporarily (e.g., May & Rice, 1971). More recently, Nassiri et al. (2013) detected negative
effects of noise on several practical fine motor control and manual dexterity tasks. In this study,
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the authors varied the periodicity, intensity, and frequency of the noise, concluding that
aperiodic and high-frequency noise were especially important in determining these effects.
However, an earlier study by Weinstein and MacKenzie (1966) found that white noise at 100 dB
actually improved manual dexterity, supporting the inverted-U hypothesis?. It is likely that the
true pattern of noise effects on fine motor tasks, beyond those evoking startle responses, is
highly dependent on the specific noise characteristics such as intensity, frequency, and
periodicity, albeit accident and productivity data indicate that it is probably safe to assume
detrimental effects in noisy industrial settings.

4.5.7 Noise Effects on Taxons

Hancock et al. (2005) proposed estimates of the impact of noise on each of several taxons (i.e.,
variants of the performance demands discussed in Volume ). In this approach, the impact of
noise is represented as an impact factor, reflecting the percentage degradation or improvement
that noise causes to baseline levels of accuracy and speed. As can be seen in Table 4.1, the
authors maintain that the impact of noise on the speed and accuracy of perception are minimal,
but they do not discriminate verbal/textual auditory and visual perception tasks from those of
other modalities. As discussed by Jones (1990), Hancock et al. suggest significant noise
adversely impacts both speed and accuracy of numerical analysis. They maintain that noise has
a significant impact on the speed of discrete fine motor skills and a moderate impact on both the
speed and accuracy of continuous fine motor skills. Also, similar to other authors, they assert
that noise affects the accuracy but not the speed of reading/writing and oral communication
(Szalma & Hancock, 2011). These estimates may be useful in providing a sense of the breadth
of adverse impacts of noise on NPP worker performance but should probably not be taken as
hard rules.

4.5.8 Recommended Limits
The major health and safety organizations have published permissible exposure limits for sound

intensity exposures. When noise levels and durations exceed the standards, worker exposure
should be controlled. As seen in Table 4.2 the NIOSH and ACGIH standards recommend a

Table 4.1 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

3 The “inverted-U hypothesis posits that an operator’s performance tends to graphically follow an inverted-U course
as stress/activation is increased. Typically, there is a low level of performance at a low stress/activation level. This,
with stress/activation increases, is then followed by an increase to something of a (maximal) performance plateau
before ultimately a downward slide in performance (Lysaght et al., 1989).

4-11



Table 4.2 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).

maximum 8-h day exposure limit of 85 dB(A), whereas OSHA recommends a maximum of 90

dB(A)/8-h day. Exposure to impulsive or impact noise should not exceed 140 dB peak sound
pressure.

4.6 Potential Mitigation Measures and Their Effectiveness

A variety of mitigation measures are available to reduce worker exposure to noise (e.g.,
Weinstein, 1982). Research has shown that adverse performance effects occur at noise

exposures below those considered safe limits and that noise abatement measures are effective

in raising productivity and reducing accidents (Broadbent & Little, 1960). Mitigation strategies

involve noise abatement and/or protecting the worker, as discussed below. Noise abatement

strategies could include the following:

° Isolate or dampen machinery that produces noise through its vibrations. This can be

accomplished passively using flexible materials and mechanical linkages to absorb the
vibrations, or actively using sensors or actuators to produce destructive interference that

serves to cancel out the noise.

° Modify the speed of the machinery to lower the intensity of vibrations or to produce
different, less annoying vibration frequencies.

. Reduce or eliminate sound transmission to the workforce, if the equipment cannot be
silenced or significantly dampened.

o Reduce high-frequency noise exposure by increasing the distance between the

noise source and the worker. Increasing distance is less effective for equipment that

produces highly annoying low frequencies, which attenuate less rapidly over
distance than high frequencies (EnHealth Council, 2004).

o Place barriers of sound reducing material between the noise source and the worker;

isolate the work area from the noise using sound proofing materials. These

materials can absorb 70 percent of the noise that strikes them and are effective for

both low- and high-frequency noise.

o  Reduce irrelevant speech noise, especially during the performance of essential
tasks.

Worker protection strategies could include the following:

. Provide effective ear protection and enforce its use. Workers should use ear protection

when exposure is above that identified in Table 4.3 and it cannot be abated by other



methods. Because ear protection can mask both noise and important sounds, thereby
impairing communication and leaving the user open to accidents and/or injury, noise
abatement is a first priority.

o Recent scientific advances have produced active hearing protectors, which contain
electronics that cancel incoming sound waves. These protectors have potential, but
a recent review (Giguére et al., 2011) suggests they may under or overprotect at
different times, and that they should be tested against standards to assure they do
not allow more than 85 dB(A) through to the ear under a wide range of ambient
noise circumstances.

° Limit the time workers spend in noisy environments, especially when allowable noise is
continuous, or workers are exposed to aperiodic noise or low-frequency noise.

4.7 Interactions of Noise with Other Environmental Conditions

During weather events, noise may co-occur with heat, cold, wind, lightning, and standing and
moving water. Vibration is also likely to accompany noise.

4.8 Summary of Research on Noise Impacts

The state of the research literature regarding the impacts of noise on performance demands is
summarized in Table 4.4.

Table 4.3 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



Table 4.4 Noise effects on performance literature summary

Performance Demands

Applicable Levels
of Information

Related to Impacts

Assumptions and
Limitations on
Applicabilit

Detecting and Noticing
Attention, memory, vigilance, switching, acuity, perception

3

(@) (d) (e) (f)

and threshold perception
Sensation and visual recognition
Pattern recognition, discrimination, evaluating,

h otheS|2|n diagnosing, and integrating

Reasoning, computation, interpreting, classifying, goal

settlni ilannmi adaitlni &evaluatlni/selectmﬁ oiuons

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

Gross motor skills — heavy and light (a)
Other neuroihiswloilcal functions (a)
Reading and writing a) (b) (d) (e) (f
Oral face-to-face and electronic communication (a) (d ) (e)
Cooperation, crew interaction, and command and control 2,4 (a) (d) (e)

Assumptions and Limitations of Applicability

(a) The type of noise can have radically different effects, depending on the particular mix of performance
demands making up a task. Therefore, research effects tend to be on very controlled tasks and noise
types, which makes generalization difficult.

(b) The Hancock et al. (2005) IMPRINT model recommendations claimed statistically significant impacts
on accuracy and speed, and provided a magnitude of the impact of noise on numerical analysis, fine
motor-discrete, and reading and writing skills, but did not recommend specific impacts by type and/or
magnitude of noise (see Table 4.1), which are important factors when determining the effects on
performance demands. These estimates might be useful for bracketing possibly expected negative
impacts of noise on NPP worker performance, but they should not be taken as hard rules.

(c) Hancock et al. (2005) claimed a consistent effect on fine motor, but other authors have also shown
either no effect or improved performance under certain contexts.

(d) Sudden, loud noise evokes startle effects and can disrupt most tasks completely for a short period of
time.

(e) Speech noise has very consistent effects on communication, comprehension, production and working
memory.

() Noise can completely disrupt auditory perception and may cross modalities to visual perception.
Level of Information Categories (1 to 4)

(1) Quantitative information that is directly applicable to determining the quantitative impact of an EC on a
performance requirement and can be directly used to support the proof-of-concept approach.

(2) Quantitative information that is of some applicability in determining the degree of impact of an EC on
a performance demand (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).
Under certain assumptions regarding the variation of impacts with changing severity between the two
limits, this information might be used with the proof-of-concept model to provide usable information.

(3) Qualitative information. General agreement exists that the EC affects performance, but the measured
impacts are not reported in the research literature, not even for limits. Performance may also be affected
because an essential cognitive function is primarily impaired. This information might be used to inform a
sensitivity analysis using the proof-of-concept model.

4) No information (a gap).
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5 VIBRATION

5.1 Introduction

Vibration can be defined as an oscillating motion that serves to transfer mechanical energy. It is
characterized by a >1 Hz frequency, or frequency spectrum, and associated acceleration. '
Transmitted from objects and dissipated in the body, the mechanical energy of vibration may
induce a variety of human performance effects. Vibration of the body can be divided into (1)
whole-body vibration, and (2) single, exposed limb vibration. Of these, whole-body vibration is
produced when vibration is transferred from vibrating support structures into the whole of the
body (e.g., via the seating in a moving vehicle, floors in contact with heavy machinery).

Particularly with regard to gross motor activities, most behavioral effects research addresses
whole-body vibration. Whole-body vibration has consistently shown adverse effects on visual
acuity and manual tracking tasks, such as those involving eye-hand coordination and fine motor
skills, as well as on postural stability with effects on standing steadiness and associated gross
motor activities (e.g., walking). Costa et al. (2014) have reported substantial evidence of
cognitive effects with occupationally relevant exposures; however, such effects have historically
appeared more equivocal (see Griffin, 2012). Significant effects also appear to be associated
with longer exposure, with “perceptual conflicts” arguably arising from vibration induced optical
blur and vestibular (e.g., Bittner & Guignard, 1985a, 1985b; Helmkamp et al., 1984). These are
reflected in post whole-body vibration standing-unsteadiness effects and sometimes nausea
with some cognitive indications. Research indicates that cognitive task performance may be
enhanced at low levels of whole-body vibration but then degrades rapidly as discomfort
increases. In part, this is attributed to mechanical interference with responding (Woldstad et al.,
1982), which broadly appears to be a reflection of the inverted-U relationship between
significant stressors (and stress hormones) and cognitive performance (e.g., Lupien et al.,
2007). The complexities of these relationships are not yet fully understood and remain an area
for future research.

Exposed limb vibration tends to occur most often when personnel use an oscillating tool or
operate a control that is located or linked to a vibrating surface. In both cases, the primary effect
is transmission of vibration into the limb in contact with the device (e.g., hand-arm vibration-),
which affects the accuracy with which the individual can control the device. Long-term or
chronically exposed limb vibration also may cause permanent vascular, neural, and
musculoskeletal disorders in the limbs (Popevi¢ et al., 2014)2. The majority of the research
literature on vibration considers only behavioral effects while the vibration is occurring.
However, as shown by Popevic¢ et al. (2014), chronic exposure effects may continue after the
stimulus ceases (e.g., Griffin, 2012; Helmkamp et al., 1984; Savage et al., 2016). In actual work
environments, vibration very often coincides with other ECs. For example, vibration rarely
occurs in the absence of noise (e.g., mechanically induced vibration in air), but may also co-
occur with heat, cold, and moving water during flooding events. Figure 5.1 summarizes vibration
attributes, literature support levels, and MA relevance.

"Very low frequency (<1 Hz) oscillatory motion is not a large concern in the present research context because it is
most typically an issue for extended transits aboard ships, aircraft, and other conveyances (Bittner & Guignard,
1985a, 1985b; Griffin, 2012; Kennedy et al., 2004).

2 Cold is noted as chronically interacting with vibration in the development of Hand-Arm Vibration Syndrome.
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Condition Vibration
Exambple 6 Hz, 0.5 g rms, random, whole- Noisel Temperature?
P body vibration (e.g., 80-90 dB(A), Intermittent Noise) (e.g, 70-80 °F)
1
v v v v v
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
v v ) )
Mechanisms Mechanical disruption Perceptual disruption Stress, discomfort, .
. . . Fatigue
of Action (e.g., motor control) (e.g., visual) anxiety
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
v v
. Isolate vibration source from Adapt workstations to vibration .
Potential . Tactile gloves,
. operators (e.g., shocks, energy- (e.g., larger readouts, collimated . .
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 5.1 Vibration effects overview?

5.2 Attributes and Units of Measurement

The oscillation inherent in vibration is characterized primarily in terms of frequency and
acceleration. Of these, frequency is often measured in terms of the number of oscillation cycles
per s, which are expressed in scientific units of hertz (Hz), with 1 Hz = 1 cycle per s.
Acceleration is proportional to the force (also referred to as severity) of the vibration and is often
measured in meters per second-squared (m/s?). Acceleration may also be expressed in terms of
the acceleration due to gravity (g), which is 9.8 m/s? (hence, an acceleration of 1 g = 9.8 m/s?).
Because acceleration and the frequency spectrum tend to change over time, instruments that
measure vibration acceleration often display the peak acceleration, its root mean square (rms),
or its average absolute value rather than attempting to characterize the entire wave structure
over time. These averaged acceleration values may be expressed in units of rms (m/s?), rms

(g9), or peak-g.

The waveform, or shape of the vibration wave, is a third characteristic of vibration whose
differential effects on performance have not been studied in detail. The waveform is the pattern

3 Only some performance demands are listed here, as others may not be significant for the example condition.
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of peaks and troughs in the vibration. Echeverria et al. (1994) noted that vibration can be
characterized into three broad categories:

. simple harmonic vibration — is a simple repeating motion.

° complex harmonic vibration — is a more complicated repeating motion consisting of a
combination of simple harmonic vibrations with different frequencies and accelerations.
Instead of having a single peak in each cycle, complex harmonic vibration might have
several peaks of differing amplitude in each cycle.

° random vibration — consists of a series of motions that occur without a systematic pattern.
Most vibration tends to be random.

The direction of the vibration can also be characterized with respect to the direction(s) of
propagation in three-dimensional space in relation to a vibrating object or the worker. From the
perspective of a seated individual, a vibration’s motion can occur in any combination of front-to-
back (x-axis), side-to-side (y-axis), and up-and-down (z-axis). Small accelerometers may be
orthogonally mounted to measure vibration in these three directions. These devices can be
mounted on a vibrating object to measure its vibration or placed on the surface supporting the
worker to measure whole-body vibration (NUREG/CR-5680, Echeverria et al., 1994).

Exposure time (in s, min) is a fifth important characteristic of vibration when it applies to the
human body. This may be measured by the specific accelerometer apparatus used or a simple
timing device.

5.3 Time Variation of Vibration

Depending on when an MA begins and how long it takes to complete, personnel may or may not
be exposed to severe vibration. More importantly, because the vibration attributes during a flood
may change, personnel exposures to this EC may also be variable in time. In other words, the
severity of vibration is time dependent and may vary significantly over the duration of execution
of a manual action or task.

Figure 5.2 demonstrates random waveform, variable frequency, and intensity vibrations as they
might occur during a flooding event. As shown, three MAs (MA 1, MA 2, and MA 3) may be
subjected to somewhat different mixes of these vibrations. Components of these mixed
vibrations may be anticipated during use of hand tools, moving vehicles, as well as from some
stationary equipment (e.g., powered torque wrench, vehicles, and generators). However, storm
induced vibrations, in contrast to this equipment related sources, may be difficult to anticipate
and characterize immediately before or during a flooding event. Statistical, probabilistic, and
worst-case scenario analyses may be used for consideration of storm induced vibrations.

5.4 Mechanisms of Action

Researchers studying the effects of whole-body vibration on performance have long identified
mechanical disruption of perception, stress and anxiety, discomfort, and fatigue effects from
exposure to vibration, but few have addressed both vibration’s mechanisms of action and the
potential for modulating them (Lupien et al., 2007; Woldstad et al., 1982). Recent meta-analyses
of vibration effects on human performance (e.g., Conway et al., 2007; Hancock et al., 2005)
suggest that despite the perception among some researchers that vibration’s effects on
performance have been settled, the mechanisms by which vibration causes some of its effects
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Figure 5.2 An illustration of vibration variation during an example of a hypothetical
flooding event

and their interactions are not thoroughly understood. Reflecting this, the Conway et al. (2007)
meta-analytic study suggests that research on vibration has had quality issues, because only 13
of 224 relevant papers on whole-body vibration met their inclusion criteria. 4 Not surprising, in
their study, they reported that the most consistent and largest effects of whole-body vibration on
performance were on performance of perceptual tasks. 5 Both whole-body and object vibration,

4 Exclusion criteria were based on the judged quality of studies by the authors using a mix of criteria, including data
being sufficient for computing effect sizes (often missing in older studies).

5 Hedge's g = -1.79, which indicates a large effect size.
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as noted earlier, can blur vision or the appearance of an object or readout, thereby interfering
with visual acuity (particularly for vibration approaching 30 Hz). This affects reading accuracy
and any subsequently associated cognitive or motor activities.

5.4.1 Disruption of Perception

The mechanism by which vibration affects visual and manual tracking tasks is straightforward.
First, moving stimuli are less easy to apprehend visually and relative movement between the
viewed object and the retina results in image blurring. Poorer visual performance is a
consequence. Some methods may be used to minimize this induced blur (e.g., collimated
display ¢) and reduce the associated performance decrement. When the eye itself is vibrating at
or near its resonant frequency of 30 Hz, vision can be completely disrupted (Lawton & Miller,
2006).

5.4.2 Mechanical Disruption of Motor Control

Vibration mechanically disrupts the control needed in tracking tasks or tasks requiring fine hand
and/or arm control. Methods of stabilizing the hand and arm can markedly enhance
performance, as illustrated by Woldstad et al. (1982). Both visual perception and more complex
tasks that require input via visual perception and/or controlled motor responses are likely to
show vibration effects when the frequency and/or acceleration become sufficiently severe.

5.4.3 Stress, Arousal, and Discomfort

Vibration effects on performance may also be mediated through stress and anxiety, which have
well demonstrated effects on arousal. Some studies (e.g., Ljungberg et al., 2004; Jessica K.
Ljungberg & Neely, 2007) have shown increased subjective stress and aversiveness with
vibration, especially when exposure durations were increased for individuals particularly
sensitive to vibration. Subjective discomfort studies have noted errors, in part attributed to the
tendency of exposed individuals to rush to complete a task and/or become preoccupied with the
discomfort. Discomfort appears to be a function of both the vibration frequency and
acceleration, as well as the duration of exposure. Many studies involving vibration, particularly
the earliest, examined only relatively short exposure times (Conway et al., 2007). Studies of
longer exposures found both greater subjective discomfort and more chronic effects (Helmkamp
et al., 1984; Ljungberg, 2009). This is not surprising given the well-established generalized
effects of stress, anxiety, and discomfort on arousal and performance (see Hancock &
Desmond, 2001; Lupien et al., 2007).

The ISO historically has provided guidance on the combined frequency acceleration ranges that
individuals can tolerate before experiencing discomfort as seen in Figure 5.3. In the figure,
exposure boundaries are shown across frequencies with points above an exposure time curve
being tolerated for a shorter time than points on or below the curve. Discomfort would likely be a
primary concern (if any were an issue). The rms-g discomfort limits for even relatively short
periods (e.g., <0.04 rms-g across the frequency spectrum at 1 hour) are well below any
expected effects for visual acuity (>0.1 rms-g at all frequency levels as seen in Figure 5.3) and
essentially below those for initial effects on manual tracking (itself only an ~10 percent tracking
variation at >0.1 rms-g).

6 A display that uses mirrors or other technology to produce a parallel (or close to parallel) beam of rays; a display
that provides a long viewing distance for the observer
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5.5 Effects on Performance

Workers exposed to whole-body vibration experience effects on attention, visual acuity, and
manual tracking.

5.5.1 Attention

Vibration effects on attention related performance, likely mediated through stress and anxiety,
tend to follow the discomfort tolerance limits shown in Figure 5.4. Studies of discomfort effects
have found that individuals tend to make more errors as they rush to complete tasks and/or



become preoccupied with discomfort (e.g., Griffin, 2012; Guignard et al., 1982; Ljungberg et al.,
2004). Guignard et al. (1982) reported that attention sensitive performances tended to follow the
discomfort lines established by the ISO as shown in Figure 5.4, but that visual performance did
not (as reflected in Figure 5.3 vs Figure 5.4). Reza et al (2012) showed that vibration increases
both subjective and physiological workload (i.e., National Aeronautics and Space Administration
[NASA] Task Load Index and heart rate), adversely affecting reaction time performance. Studies
by Seidel et al. (1988) and Ljungberg and Neely (2007) indicated that both strain and cognitive
aftereffects follow vibration exposures. These patterns of vibration effects on attention and
related cognition are consistent with the generalized effects of stress, anxiety, and discomfort on
arousal and performance (see Hancock & Desmond, 2001; Lupien et al., 2007).

5.5.2 Visual Acuity

The ability to read text and distinguish objects visually is dependent on frequency and
acceleration, as seen in Figure 5.3. The broken curve in Figure 5.4 represents the combinations
of vibration frequency and acceleration under which error-free reading may be anticipated. For
each subsequent curve above 0 percent, the probability that a single character will be misread
increases by 10 percent. When the characters are part of text, however, the effects of vibration
may be overcome by the context that meaningful phrases or sentences provide (e.g., Tulving et
al., 1964). The adverse effects may also be moderated for numerical sequences where second
readings can serve as a check against important misreads.

5.5.3 Cognition

A meta-analysis conducted by Conway et al. (2007), based on only 13 articles, included only
one providing evidence that cognitive processes were moderately susceptible to whole-body
vibration’. In contrast, Sherwood and Griffin (1992) had previously shown differences in
learning rates for visual stimuli for a subject population undergoing vibration; and later for
learning name team associations. Likewise, Schipani et al. (1998) showed decrements in time
sharing, memorization, inductive reasoning, attention, and spatial orientation after vibration.
However suggestive, neither of these latter studies was designed to disentangle the vibration’s
higher cognition effects from simple input/output visual perception and motor effects. For
example, Ljungberg and Neely (2007) found that when noise was present with whole-body
vibration, perceived stress was significantly higher than with noise alone, suggesting a cognitive
interaction of noise and whole-body vibration. This theoretical disaggregation of effects is
unlikely to be of operational concern because noise and vibration are expected to be coupled in
flooding events where vibration is an issue.

Sustained >1 Hz vibration can lead to nausea or motion sickness (Helmkamp et al., 1984),
which have been found to negatively affect subjects’ abilities to perform a variety of perceptual
and cognitive tasks after vibration exposures (Lawton & Miller, 2006). Relatively brief rest
periods following exposure can remedy motion sickness in most people. Simple harmonic
vibration was judged most likely to impair performance by causing nausea or motion sickness
(NUREG/CR-5680, Echeverria et al., 1994). Low-frequency (<1.0 Hz) vibration over time also.
tends to induce motion sickness (Bittner & Guignard, 1985a, 1985b; Griffin, 2012; Hancock et
al., 2005).

7 Hedge's g = -0.52, indicating a moderate effect size.
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Figure 5.4 Effects on visual acuity by observed vibration characteristics (ISO in
NUREG/CR-5680, Echeverria et al., 1994)

5.5.4 Manual Tracking and Fine Motor Tasks

Manual tracking (e.g., adjusting the level of a liquid using a knob), and similar behaviors where
hand-eye coordination is necessary to control an object’'s movement can be disrupted by
vibration (Lawton & Miller, 2006; Woldstad et al., 1982). Vibration frequency and acceleration
are important determinants of manual tracking effects as illustrated in Figure 5.5. The broken
curve in this figure shows the boundary for combinations of vibration frequency and acceleration
that may be anticipated to have no appreciable effect on manual tracking. At every subsequent
curve above 0 percent, the size of the target must be increased by 10 percent to maintain error-
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free performance. In other words, to maintain baseline manual tracking performance without
error, when acceleration and frequency of the vibration fall along the first unbroken line (labeled
“10%” in the figure), the size of the target the individual uses to calibrate their tracking behavior
must be increased by 10 percent. Conway et al (2007) also found that fine motor tasks were
negatively affected by vibration 8.

8 Hedge's g = -0.84, indicating a large effect size



5.6 Potential Mitigation Measures and Their Effectiveness

A variety of approaches have the potential to reduce or eliminate the effects of vibration. As with
noise, mitigation approaches include measures to reduce exposure by reducing or blocking
transmission of the vibration to the worker and also by protecting the worker.

Vibration abatement and recovery strategies include the following:

° Isolate or dampen the vibration of equipment to the extent possible.

. Isolate or provide damping for workstations (e.g., energy absorbing
apparatuses/materials such as shocks). Tuned mass dampers (harmonic absorbers) can
be used to reduce the intensity of harmonic vibrations.

e  Adapt workstations to mitigate vibration and its effects.

o  Provide larger dials and readouts (following guidance in Figure 5.5 if the
acceleration/frequency remains consistent). However, very large visual displays
may exacerbate motion sickness effects.

o  Provide collimated displays and redundant auditory indicators.
o  Adapt workstations and seating to stabilize worker limbs and spine.

. Limit the amount of time personnel are exposed to vibration, thereby reducing discomfort
and increasing safety.

. Provide a 30-min rest break after work exposed to vibration to reduce performance after-
effects.

5.7 Interactions of Vibration with Other Environmental Conditions

Vibration effects are nearly always accompanied by significant noise in practical situations
(Ljungberg, 2009). Vibration may also co-occur with cold (Scheffer & Dupuis, 1989), heat,
standing and moving water, and precipitation.

5.8 Summary of Research on Vibration Impacts

The state of the research addressing the effects of vibration on performance demands is
summarized in Table 5.1.



Table 5.1 Vibration effects on performance literature summary

Applicable Levels of | Assumptions and
Information Related Limitations on

Performance Demands to Impacts Applicabilit
Detecting and Noticing
Attention, memory, vigilance, switching, acuity, 3,4 (a)
perception and threshold perception

Sensation and visual recognition 1 a) (b
Pattern recognition, discrimination, evaluating, 3,4 (a) (b)
hypothesizing, diagnosing, and integrating

Reasoning, computation, interpreting, classifying, goal 3,4 (a) (b)

setting, planning, adapting, and evaluating and
selecting options

Fine motor skills — discrete and motor continuous, and 1 (a) (c)
manual dexterity

Gross motor skills — heavy and light 4 (d)
Other neurophysiological functions 4 a)(d
Reading and writing 2 (@) (b)
Oral face-to-face and electronic communication 3,4 (a)
Cooperation, crew interaction, command and control 3,4 (a)

Assumptions and Limitations of Applicability

(a) Higher levels of discomfort (Figure 5.3) associated with neurochemistry and cognitive processing
impacts.

(b) Probability of visual acuity mistakes increases as vibration acceleration and frequency change
according to Figure 5.4. This drives downstream effects on any cognitive activity requiring visual acuity
(e.qg., reading, memorization of items visually, computation, etc.). Adaptation is increasingly necessary
(in the form of increasing target size) as vibration acceleration and frequency change according to
Figure 5.4.

(c) Tracking performance disruption shown in Figure 5.5.

(d) Variety of vestibular and ocular disruptions reported (e.g., impacting standing steadiness, nausea).
Level of Information Categories (1 to 4)

(1) Quantitative information that is directly applicable to determining the quantitative impact of an EC on
a performance requirement and can be directly used to support the proof-of-concept approach.

(2) Quantitative information that is of some applicability in determining the degree of impact of an EC on
a performance demand (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).
Under certain assumptions regarding the variation of impacts with changing severity between the two
limits, this information might be used with the proof-of-concept model to provide usable information.

(3) Qualitative information. General agreement exists that the EC affects performance, but the
measured impacts are not reported in the research literature, not even for limits. Performance may also
be affected because an essential cognitive function is primarily impaired. This information might be used
to inform a sensitivity analysis using the proof-of-concept model.

(4) No information (a gap).
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6 LIGHTING

6.1 Introduction

During a flooding event, NPP workers may be required to perform MAs when lighting conditions
are not ideal. For example, interior and exterior lighting may be lost or maintained at low,
emergency levels. Sunlight may be substantially reduced by clouds and precipitation and/or
nightfall. The primary effect of low or otherwise problematic light levels is to decrease the speed
and/or accuracy of tasks involving visual detection and/or perception. Inadequate lighting can
make some tasks very difficult to perform, especially when the task depends upon an ability to
attend to smaller objects and/or objects that have low object background contrast.

Too much light can be as disruptive to the performance of MAs as too little light. The intensity of
light, i.e., the amount of illuminance from light source(s), directly affects the amount of light
reflected from objects in the environment (i.e., their luminance). When luminance is too intense,
the resulting glare can make it difficult to perform tasks involving visual perception. Glare that
completely disrupts vision is technically referred to as dazzle.

Light's spectral characteristics or the particular range (or colors) of its visible electromagnetic
spectrum are also essential to certain tasks. Sunlight typically includes wavelengths across the
visible spectrum, whereas artificial light can lack one or more wavelengths. For this reason,
artificial light sources have the potential to either enhance or adversely affect task performance.
For example, red lighting rather than full spectrum lighting enhances night vision and therefore
can improve the ability of a worker to detect distant signals at night. Narrow band green light
(wavelength ~530-550 nm) has been found to increase alertness and omitting light perceived
as blue (wavelength <470 nm) from broad spectrum fluorescent light has been shown to reduce
alertness compared to light including these wavelengths. This indicates that tasks that rely on
alertness (e.g., vigilance) may suffer when shorter wavelength light is absent (e.g., Bittner, Jr. &
Kinghorn, 1997; Chellappa et al., 2011). In addition, lighting with deficiencies in some
wavelengths can make it difficult for workers to discriminate between colors (e.g., color coding
of resistors in electronics work).

Unlike natural light, many sources of artificial light also flicker, or turn on and off very quickly
(e.g., light emitting diodes [LEDs]). The frequency of flicker can affect perception, particularly
when combined with movement of the light source (Wilkins & Lehman, 2010). Wilkins and
Lehman also reported that flicker at frequencies >1,000 Hz can produce illness similar to motion
sickness, featuring symptoms that include headaches, fatigue, and nausea. Wilkins and
Lehman (2010) cautioned that long wavelength (i.e., red) LED displays may be perceived as a
series of dots under vibration if their refresh rates are relatively slow (e.g., 60 Hz).

For the greatest visual acuity, light intensity should be increased in a balanced proportion
relative to the intricacy of the visual task involved. Too little illuminance for the intricacy of the
work will generally slow performance and cause errors due to perceptual difficulties, whereas
too much illuminance will limit performance due to reflection or glare. Individual differences also
affect optimal lighting conditions. For example, because of age related changes in the eye, older
adults tend to require higher illumination for the same job than their younger counterparts.

Figure 6.1 provides an overview of the key attributes of lighting, as well as the extent to which
each has been researched and is relevant to the performance of MAs.



Condition Lighting
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Mitigation headlamps and direction
Primary and Secondary ECs and Effects Extent of Literature
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Figure 6.1 Lightning effects overview'

6.2 Attributes and Units of Measurement

Light, at a single frequency, can be conceptualized as a wave, which has the following
characteristics:

° Frequency — is the number of waves per unit time, often measured in the number of
waves that pass a point in a given time (e.g., cycles per second).

° Wavelength — is the distance between waves or cycles. For light, wavelength is
measured in nanometers (nm) (or billionths of a meter).

Because frequency can be easily computed from wavelength, and vice versa? discussions in
the scientific literature typically use one or the other exclusively. The human performance
literature typically uses wavelength (nm).

' Only some pe