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Abstract

Background: Though mining remains a vital shiftwork industry for U.S. commerce,

problems of continued prevalence of mineworker fatigue and its mitigation persist.

Publications and reports on fatigue in mining appear to be rich and diverse, yet

variable and remote, much like the industry itself.

Methods: The authors engaged in a brief nonexhaustive overview of the literature

on sleep and fatigue among mineworking populations.

Results: This overview covers: potential sources of fatigue unique to mine work (e.g.,

monotonous and disengaging Work Tasks, underground environments and light

exposure, remote work operations); evaluation of mitigation strategies for mine-

worker fatigue or working hours (e.g., shift‐scheduling and training); and areas for

future research and practice (e.g., fatigue risk management systems in mining,

mineworker sleep and fatigue surveillance, lighting interventions, and automation).

Conclusions: Fatigue continues to be a critical challenge for the mining industry.

While research on the problems and solutions of mineworker fatigue has been

limited to date, the future of fatigue research in mining can expand these findings by

exploring the origins, nature, and outcomes of fatigue using advancements in

lighting, automation, and fatigue risk management.
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1 | INTRODUCTION

Once a prehistoric practice, mining remains a pivotal global industry

positioned at the intersection of international geopolitics, natural

resource management, infrastructure development, and environ-

mental sustainability. Materials built with mining‐derived minerals

comprise most components found in infrastructure, computers,

technology, medical devices, and military hardware,1 to name only a

few. As the saying goes: if it can't be grown, it must be mined.2 There

are an estimated 193,790 mineworkers in the United States,3 while

some estimate there could be as many as 672,000 total individuals

employed by the mining industry nationally4 spread across 13,046

active mine sites.5

While mining is a diverse industry where day‐to‐day operations

vary greatly by sector (e.g., metal, coal, industrial minerals, sand, and

gravel), excavation techniques (e.g., surface, underground, highwall,

and dredging), machine equipment (e.g., haul trucks, continuous/

longwall coal machines, drill rigs, and power shovels), and mine size

(e.g., less than 12 working personnel and 1200+ mine production

staff), one common experience among mineworkers is evident and

that is worker fatigue. However, the characteristics of fatigue and

sleepiness in the mining workforce, its burden on mining production
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and worker wellbeing, and evidence‐based countermeasures to al-

leviate these burdens all remain largely undocumented or unknown.

The present manuscript provides a brief nonexhaustive overview of

potential sources of fatigue and sleepiness unique to mine work, the

evidence regarding the prevalence and burden of fatigue and slee-

piness in mining, evaluation of mitigation strategies for mineworker

fatigue or working hours, and areas for future research and practice.

Before the overview is presented, we want to briefly acknowledge

that differences exist between fatigue and sleepiness while at the same

time noting that—throughout this manuscript—the term fatigue is at

times used as a generic concept which can encapsulate various sub-

dimensions such as sleepiness. In general, we use the term fatigue to

most closely align with Phillips' definition6: “a suboptimal psychophy-

siological condition caused by exertion…such that original levels of

mental processing or physical activity are maintained or reduced” (p. 53).

Given the limited depth of research on this topic in mining, we attempt

to note specific sources and relevant terms where applicable.

2 | MINING OCCUPATIONAL HAZARDS
AND SOURCES OF FATIGUE

Despite having a reputation as a hazardous industry, it should be

noted that the mining industry has made substantive safety im-

provements over the last century and particularly over the last few

decades.7–10 Nevertheless, various hazards from diverse sources

(e.g., psychosocial, environmental, and physical) remain inherently

present in many mining jobs and tasks. The problem is that many of

the hazards prevalent in mining can also be common sources of dif-

ferent types of fatigue and sleepiness, such as cognitive, physical,

psychological, and so forth. Some of the hazards most commonly

noted among mining experts and researchers include: body positions

and ergonomic issues, dim lighting, heat, heavy metal exposure, in-

creased commute times, monotonous/disengaging tasks, noise, nox-

ious/toxic fumes, remote/rural work locations, vibration (including

hand and whole body), work‐life balance, and workload.11–17 In-

dividual factors such as diet, physical fitness, and illness have also

been identified as contributors toward fatigue for mineworkers.18

Legault19 argues that it is the simultaneous combination of these

hazards and factors that can make mineworkers particularly suscep-

tible to fatigue in comparison to other industries where these factors

are often not all present at the same time. However, much like in

construction and oil and gas, fatigue in mining remains a concern

because mineworkers must constantly monitor and respond to the

aforementioned hazards. It is the complex and dynamic interaction

between the human, social, and organizational components (i.e., the

sociotechnical system)20 of a mining environment which necessitates

human factors approaches to sleep and fatigue, such as error man-

agement, hazard assessment, and risk reduction. In other industries,

such approaches have been utilized to address fatigue by formalizing

the incorporation of task‐ and behavior‐based protective behaviors

to fatigue‐proof work processes and reduce the safety risk associated

with fatigue‐related human error.21

The following is a brief, cursory overview of how some of the

more distinctive factors inherent to mining contribute to the pre-

valence and unique combination of various subdimensions of mine-

worker fatigue.

2.1 | Monotonous and disengaging work tasks

The associations between long‐haul trucking and cognitive fatigue

have been well established.22 Although, in comparison, there is far

less research on mining haul trucks and fatigue, the similarities be-

tween long‐haul and haul truck operation are noticeable. Operating a

haul truck is usually an entry‐level position in large‐scale surface

operations and has been described as monotonous work conducted

for long periods in a sedentary position, often in a hot and un-

comfortable cab.23 In contrast to the tedium of haul truck operation,

mines can be characterized as dynamic and highly variant

work environments24 where skills such as decision‐making and ha-

zard recognition are critical for worker safety.25 Additionally,

musculoskeletal disorders (MSDs) are relatively common in mining

due to the “intermittent heavy physical work, reduced task variation,

sedentary work in fixed postures and whole‐body vibration”

(p. 302).16 Susceptibility to MSDs is pertinent, as pain due to MSD

injury has been shown to negatively correspond with perceived sleep

quality in mining populations.26 A detailed 2018 analysis of five

fatalities involving haul trucks at an Indonesian coal mine revealed

root causes to be either cell phone usage due to boredom and

monotony or cognitive fatigue and sleepiness due to long commute

times and shift schedules.27

2.2 | Underground environments and light
exposure

The lack of natural light in underground mining environments is an

important factor for fatigue, specifically with regard to circadian

rhythms and the alerting effects of light exposure.12 Underground

miners have much less natural light exposure than other workers,

even when they are on a steady daylight schedule. For instance, for a

typical workday from 7:00 a.m. to 3:30 p.m., a miner in the Pitts-

burgh, PA, area would at best receive 47% of daylight on June 21 (the

summer solstice) and only about 15% of daylight on December 21

(the winter solstice).28 Thus, there is a high likelihood of fatigue, even

among miners who work daylight shifts. A lack of the 24‐h cycle of

light and dark results in circadian disruption (CD) that can lead to

sleepy and fatigued workers, who are 69% more likely to be involved

in safety incidents.29 Second, underground miners work in mines with

artificial lighting where the ambient light levels are much lower

compared to other workers in workplaces using artificial lighting. For

instance, the ambient illuminance (lux, or lx) for a roof bolter operator

would be about 22 lx, which is in comparison to night‐shift nurses'

ambient lighting environment of about 300 lx.30 A significant portion

of miners work in underground mines where they spend most of the
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working day in dim lighting conditions. Working in dim light has ad-

ditional consequences by considerably decreasing cognitive func-

tions, such as alertness and reaction time, which can lead to a greater

likelihood of mistakes being made. This could be one factor why

underground miners have higher fatality rates per 100,000 full‐time

equivalent employees in comparison to surface miners; for instance,

2015 data indicate an underground fatality rate of 20.8 versus the

surface fatality rate of 7.0.31

2.3 | Effects of remote site mining operations
on sleep and fatigue: Commute time, health, and
work‐life balance

Mines are typically far away from urban and residential areas, posi-

tioned instead closest to ore bodies and sedimentary locations that

are sometimes situated in remote areas. This has several implications

regarding sleepiness and cognitive fatigue for workers. Most notably,

workers in the mining industry have, on average, the longest com-

mutes of nearly any other industry.32 In extreme cases, such as the

fly‐in fly‐out (FIFO) and drive‐in drive‐out operations common in

Australia or the so‐called “man camp” arrangements, workers must

choose between one‐way commutes lasting several hours or living

on‐site for weeks on end. A 2008 survey of Australian coal miners

(n = 917) revealed that two‐thirds of the sample commuted between

1 and 3 h, about one‐fifth between 3 and 5 h, and about one‐eighth

traveling more than 5 h.33 More recently, it was discovered that this

population drives on average 473 km (293.9 miles) to get home (with

a third driving over 600 km or 372.8 miles), often‐times driving after

being awake for up to 20 h on the last day of shift.34 Indeed, a 2005

analysis of commuting‐related crashes to and from Australian coal

mines found that 21.9% (n = 28) of vehicle incidents traveling home

were because the driver fell asleep.35

3 | EXPOSURES TO LONG WORKING
HOURS AND SHIFTWORK IN MINING AND
THEIR ASSOCIATIONS WITH INJURIES AND
FATALITIES

As with similar industries like construction and oil and gas extraction,

a considerable degree of mine work is organized in continuous 24/7

shiftwork arrangements where fatigue remains a consistent concern

for workers and mine management. While the precise burden of fa-

tigue and sleepiness on the U.S. mining industry has not been spe-

cifically evaluated, there are some alarming data, nonetheless. For

instance, the mining industry continues to lead other industries on

average weekly hours worked, specifically with miners working an

average of 46.6 h per week in 2019.3 This is at least 4–5 h more on

average per week than the construction (39.3), logging (42.0), and oil

and gas industries (42.8), and more than 12 h greater than the

average U.S. worker (34.0). According to Mine Safety and Health

Administration (MSHA) data,5 for all active U.S. mines with greater

than 20 employees (n = 1,438), 98.5% of mining operations used

shifts 8 h or longer (139,758 employees), 44.2% had shifts 10 h or

longer (74,491 employees), and 19.7% had shifts at least 12 h long

(46,808 employees). Long hours could partially explain why some

estimates suggest an average of one “fatigue‐related event” per 52 h

of haul truck operation, and that an average of 1 s out of every 9 h of

haul truck operation is spent with the driver on duty asleep at the

wheel.36

Although it is difficult to determine the roles of sleep deprivation,

different types of fatigue, or consecutive shifts/working hours in any

given safety incident, these factors have been highlighted to varying

degrees in several MSHA fatality investigations.37–47 In one incident,

sleep deprivation was identified as a contributing factor in the

drowning death of a dredging operator foreman after it was dis-

covered that the incident occurred during the 11th hour of his 15th

consecutive 12‐h shift (i.e., more than 180 work hours since having a

day off).39 A recent analysis of U.S. mining injury data revealed that

nearly one‐tenth of all MSHA reportable injuries between 1983 and

2015 occurred after 9 h on a shift (9.6%, n = 52,206), ranging from

5.5% of injuries in 1983 to 13.9% of injuries in 2015.48 In this ana-

lysis, researchers discovered that significant predictors of long‐

working‐hour injuries included irregular shift start time (e.g., outside

of typical morning and evening shift start times), elevated ambient

temperature, welding at time of injury, small mine size (less than 20

employees), being a contractor, working offsite at time of injury, and

working on Sunday at time of injury. Study results found that long

work hours increased the risk for workplace fatalities by 32% (odds

ratio [OR] = 1.32; 95% CI: 1.18–1.48) and increased the risk for

injuries among two or more workers by 73% (OR = 1.73; 95%

CI: 1.58–1.89).

Not unlike other safety‐sensitive industries, the accumulation of

sleep debt over consecutive shifts—especially night shifts—can lead

to elevated ratings of self‐reported fatigue levels49 and injury risk for

miners. Additionally, Muller et al.50 compared reaction times among

miners working consecutive 12‐h shifts (10 consecutive day shifts, 5

days off, 8 consecutive night shifts, 5 days off, etc.) to reaction times

of participants with a blood alcohol content (BAC) of 0.05% and

found that night‐shift workers demonstrated impairment after only

four consecutive shifts, whereas day‐shift workers displayed im-

pairment consistent with a BAC of 0.05% after eight consecutive

shifts.

4 | RESEARCH ON FATIGUE MITIGATION
STRATEGIES IN MINING

On the basis of what is known about the burden of fatigue and

sleepiness in mining, as well as the environmental and psychosocial

conditions that often result in mineworker fatigue, there remains very

little peer‐reviewed empirical work conducted in mine settings which

aims to demonstrate beneficial and comprehensive improvements to

worker sleep and fatigue. Most of the work in this area has focused

on shift schedules, with studies generally falling into two camps:
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demonstrating deleterious effects of consecutive workdays on sleep

and performance (especially night shifts)51,52 and comparing fatigue

or fitness for duty before and after a change in shift‐scheduling or

rotation.53–58

However, there are some notable exceptions of research focused

on topics outside of shift‐scheduling. Drory59 demonstrated a re-

duction in perceived fatigue with rest breaks and secondary tasks

(e.g., vigilance task, voice communication task) during a simulated

haul truck driving task, and Paech et al.60 found that night‐time

breaks were more conducive for sleep and recovery for Australian

FIFO train workers than day‐time breaks, which is consistent with

other work in this area. While Kerin and Aguirre58 discussed shift‐

scheduling at length, a training evaluation of a Managing a Shiftwork

Lifestyle education session was also included, which resulted in de-

creased caffeine consumption and improvements in daytime hours of

sleep when working night shifts and in gastrointestinal health. Finally,

Eiter et al.61 showcased a human factors‐focused case study at a

small mining operation which—through participatory design

methodology—improved haul truck driving visibility and working

hours.

5 | FATIGUE MITIGATION METHODS IN
MINING: POTENTIAL FUTURE FOCI

While there are many potential future directions for innovative em-

pirical research, applications, and discovery when it comes to mine-

worker fatigue,62 we present five broad areas which are arguably the

most needed or perhaps most fruitful in fatigue mitigation: fatigue

risk management systems (FRMS), surveillance, intervention evalua-

tions, lighting, and automation.

5.1 | FRMS

First and foremost, more research demonstrating the potential via-

bility and translational value of FRMS in mining could be very ben-

eficial for fatigue mitigation. A single intervention by itself—

regardless of how systematically designed and executed—can have

limited long‐term applicability outside of a comprehensive FRMS,

which allows for ongoing, iterative, and participative improvement.

Future work could perhaps capitalize on existent FRMS structures,

toolkits, and recommendations in other industries63,64 and develop

similar tools and guidance for mining. To this end, some more pro-

gressive Australian mining companies have adopted an error man-

agement approach that focuses on improving FRMS system resiliency

over strictly risk‐reduction strategies.21

5.2 | Surveillance

The true burden of fatigue on the mining industry is not fully un-

derstood. To address the magnitude and severity of this complex

issue, further research and surveillance need to be conducted

throughout the industry to assess and understand the risk and to

study the intersection of people, tasks, equipment, and environment

in relation to fatigue.

The U.S. mining industry is not required to record, collect, or

maintain data on the role of sleep or fatigue in any given incident or

fatality. Comparatively, the National Transportation Safety Board

under the U.S. Department of Transportation uses a thorough and

detailed methodology to determine whether fatigue was a probable

cause or contributing factor in transportation incidents.65 While such

investigations are perhaps too complex and time‐consuming to be

enacted for every reportable incident in mining, there may be ways of

incorporating additional information, questions, or items into existent

surveillance methods so that the burden of fatigue in mining may be

more accurately quantified and tracked longitudinally. For example,

while capturing a 2‐week sleep history for workers involved in a

safety incident may be too difficult or burdensome, recording the

number of consecutive shifts/hours worked before the incident took

place would be fairly straightforward information to obtain. Regard-

less of the measurement method, concepts such as user acceptance

and perceived utility are vital for this population, especially for

technology‐based measures.18

Such improvements in fatigue surveillance would allow re-

searchers and practitioners to address critical questions that are

unique to the sleep and fatigue experiences of mineworkers. One

discernible use of surveillance would be to compare fatigue‐related

incidents among different operations and commodities in both un-

derground and surface operations. Another potential area for in-

vestigation is determining what role exposure to chemicals and

metals plays in the prevalence of fatigue among mineworkers. Ac-

cording to a 2004 overview of occupational health hazards in mining,

mineworkers, in comparison to other similar sector workers (such as

construction and logging), can be exposed to a wider array of in-

organic compounds such as crystalline silica, diesel particulates, ar-

senic, nickel compounds, lead, cadmium, manganese, platinum,

cobalt, coal dust, cyanide, xanthates, mercury, hydrofluoric acid, and

sulfur dioxide gas, to name a few.13,14 Not only can mining metal

exposures pose general environmental and human health risks,66 but

metallic exposure (lead and cadmium, in particular) may potentially be

associated with sleep–wake cycle disruption.67

5.3 | Intervention evaluations

Empirical studies focused on the mitigation of fatigue in the mining

industry have often focused on isolated factors (e.g., sleep/shift

schedules, environmental conditions), warranting a human–systems

integration approach to fully investigate the multifaceted combina-

tion of factors associated with mine work and nonwork effects on

mineworker fatigue. For example, secondary findings from mine-

worker fatigue studies suggest some anecdotal or ancillary benefits

from miners engaging in self‐pacing strategies to compensate for

physically laborious work during extended shifts54 and incorporating
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miner input into shift‐scheduling design changes.58,68 Implementing

and evaluating worker‐centered interventions aimed at mitigating

mineworker fatigue and rooted in occupational health psychology

and/or total worker health principles69–71 would be of great benefit

to researchers and practitioners alike, including the pre–post eva-

luation of frameworks such as the mineworker fatigue conceptual

model.18 Intervention strategies adopted by other industries that

have been suggested for fatigue mitigation in mining include: estab-

lishing ergonomic requirements for job tasks, training on improving

sleep quality and reducing stress factors, psychomotor performance

monitoring, increasing opportunities for rest, systems analysis of

fatigue‐related incidents, recognizing and assessing symptoms of

sleep disorders, sleep hygiene tips, and healthy lifestyle

promotion.12,15

5.4 | Lighting interventions

One factor that could benefit from intervention research in mining is

lighting. As mentioned earlier, light has both visual and nonvisual

impacts on the human body, enabling us to visually perceive the

world and nonvisually experience circadian effects and acute effects

that include fatigue, alertness, concentration, and performance on

cognitive tasks;72 hence, light drives our fundamental physiological

functioning. Light has been successfully implemented as an inter-

vention to address shiftwork‐related fatigue and CD in other in-

dustries, such as health care and aviation. Lighting interventions are

the most effective means to address CD, given that circadian rhythms

are driven by the day/night cycle of light. Although various studies

indicate light can be an effective intervention,73–75 it has not yet

been used as a fatigue intervention in mining, perhaps due to the

challenging and diverse underground environments. There are very

few industries other than underground mining where workers spend

almost the entirety of the working day in near‐total darkness and

must constantly adapt to a changing working environment.

Lastly, the application of a lighting intervention in underground

mines is a necessary approach to a difficult problem. Implementation

of a lighting intervention is the only way to address the lack of light

during the workday and to potentially increase alertness and correct

disruption to circadian rhythms, which are critical for preventing fa-

tigue. Such an intervention would have widespread applicability to

underground mines and could be adapted for use in other sectors

where inadequate light is of major concern.

Providing light as an intervention is not without controversy.

Using light‐emitting diode (LED) lighting technologies has raised

concerns of exposure to potential blue‐light hazards resulting in

retinal damage that is typically irreversible. A quantitative study

conducted by the Lighting Research Center found that the blue‐light

hazard risk from LEDs is no greater than from other light sources.76

Blue light at night can suppress melatonin and this has been linked to

negative health consequences; however, red light exposure can in-

duce alertness while reducing melatonin suppression.77

5.5 | Automation

As with other similar industries, automation continues to shape and

change the nature of mine work. A recent report by the U.S. Mine

Safety and Health Research Advisory Committee78 estimates that

leading automation practices (e.g., fully automated surface haul

trucks and underground mining sections) might be broadly im-

plemented in some commodities of large‐scale mines within the next

10–15 years. Among other concerns regarding the general intersec-

tion of fatigue, automation, and human–machine interaction in

mining, the added facets of isolation, remoteness, dynamicity, sig-

nificantly sized equipment, and massive throughputs of big data

within a historically archaic industry leave many questions still left

unresolved, such as: is automation the solution to all of our fatigue

concerns? Specifically: to what extent can and should humans be in-

volved in the human–computer interaction aspects of automated mining

equipment, and what implications might this have for work design,

training, and monitoring fatigue? As with other industries, mining may

run the risk of facing its own automation conundrum79 in which

automation lowers situation awareness in human operators, thus

reducing the ability to safely and effectively utilize manual override

(especially under conditions of compromised vigilance, i.e., fatigue

and sleepiness). However, there may also exist an opportunity to

utilize automation aspects of machine learning to improve fatigue‐

specific health and safety management responses in mining by ana-

lyzing leading indicators of sleepiness and performance decre-

ments.80 As automation expands its rapidly growing presence and

permeation in the industry, the role of the human mineworker and

concerns regarding their sleep health, job task requirements, alert-

ness levels, and overall readiness for work will need to be a priority

for researchers and practitioners, alike.

6 | CONCLUSION

Fatigue continues to be a critical challenge for the mining industry.

While research on the problems and solutions of mineworker fatigue

has been limited to date, the future of fatigue research in mining can

expand on these findings by exploring the origins, nature, and out-

comes of fatigue using advancements in lighting, automation, and

fatigue risk management. Evaluations of sleep and fatigue interven-

tions that target specific health and safety behavior could further

advance our understanding of how best to mitigate hazardous con-

sequences and focus on improving worker wellbeing.

ACKNOWLEDGMENTS

The authors would like to thank U.S. mineworkers for the incredible

and difficult work that they do every day. We hope you and your

families are staying healthy during these difficult times, and that the

information in this article is used to maintain and improve your

wellbeing and safety. Additionally, the authors would also like to

thank Dr. Jerry Poplin, Dr. Brianna Eiter, Mr. Todd Ruff, and

836 | BAUERLE ET AL.



Dr. Douglas Johns for their insight, editing, and reviews in the pre-

paration of this article.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

DISCLOSURE BY AJIM EDITOR OF RECORD

John Meyer declares that he has no conflict of interest in the review

and publication decision regarding this article.

AUTHOR CONTRIBUTIONS

Timothy J. Bauerle: Lead author; draft preparation and editing; lit-

erature review; coordination of coauthor; internal reviews. John J.

Sammarco: Draft preparation and editing; lighting literature review;

provision of citations. Zoë J. Dugdale: Draft editing; critical evalua-

tion of arguments; formatting. Drew Dawson: Critical evaluation of

review in larger context of literature; provision of resources and

citations; general subject matter expert for authors.

DISCLAIMER

The findings and conclusions in this paper are those of the authors

and do not necessarily represent the official position of the National

Institute for Occupational Safety and Health, Centers for Disease

Control and Prevention. Mention of any company or product does

not constitute an endorsement by NIOSH.

ORCID

Timothy J. Bauerle http://orcid.org/0000-0002-6621-9916

REFERENCES

1. Schulz KJ, DeYoung JH, Seal RR, Bradley DC. Critical mineral re-

sources of the United States: economic and environmental geology
and prospects for future supply Geological Survey Professional
Paper 1802. 2018.

2. Panchuk K. Physical Geology. 2nd ed. University of Saskatchewan;

2019. https://openpress.usask.ca/physicalgeology/front-matter/
physical-geology/

3. Bureau of Labor Statistics NAICS 212000—Mining (except oil and
gas), May 2019. National industry‐specific occupational employment
and wage estimates [Data table]. Accessed October 18, 2021.

https://www.bls.gov/oes/current/naics3_212000.htm
4. Garside M Total employment in the United States mining industry

from 1998 to 2019 (in 1,000). Statistica, Chemicals & Resources,
Mining Metals & Minerals. 2020. Accessed October 18, 2021.
https://www.statista.com/statistics/193214/employment-in-total-

us-mining-industry-since-1998/
5. Mine Safety and Health Administration Mines [Data set]. Mine Data

Retrieval System; 2020. Accessed October 18, 2021. https://www.
msha.gov/mine-data-retrieval-system

6. Phillips RO. A review of definitions of fatigue‐and a step towards a

whole definition. Transport Res Part F: Traffic Psychol Behav. 2015;
29:48‐56.

7. NIOSH. One Hundred Years of Federal Mining Safety and Health Re-

search (Information Circular 9520). Department of Health and Human

Services, Centers for Disease Control and Prevention, National In-
stitute for Occupational Safety and Health (NIOSH); 2010. https://
www.cdc.gov/niosh/mining/UserFiles/works/pdfs/2010-128.pdf

8. NIOSH. All Mining Disasters: 1839 to Present [Data table]. Depart-
ment of Health and Human Services, Centers for Disease Control
and Prevention, National Institute for Occupational Safety and
Health (NIOSH); 2013. https://www.cdc.gov/niosh/mining/statistics/

content/allminingdisasters.html
9. International Council on Mining and Metals Benchmarking 2018

safety data: Progress of ICMM Members [Annual safety report].
2018. Accessed October 18, 2021. http://www.icmm.com/safety-
data-2018

10. Centers for Disease Control and Prevention. Underground coal
mining disasters and fatalities—United States, 1900–2006. MMWR

Morb Mortal Wkly Rep. 2009;57(51):1379‐1383.
11. Abbasi S. Defining safety hazards and risks in mining industry: a

case‐study in United States. Asian J Appl Sci Technol. 2018;2(2):

1071‐1078.
12. Butlewski M, Dahlke G, Drzewiecka M, Pacholski L. Fatigue of mi-

ners as a key factor in the work safety system. Procedia Manuf. 2015;
3:4732‐4739. doi:10.1016/j.promfg.2015.07.570

13. Donoghue AM. Occupational health hazards in mining: an overview.

Occup Med. 2004;54(5):283‐289. doi:10.1093/occmed/kqh072
14. Elgstrand K, Sherson D, Jors E, et al. Safety and health in mining: part

2. Occup Health Southern Africa. 2017;23(4):28‐39.
15. Haskins B Fatigue risk in your operations. AusIMM Bulletin.

2019;Apr:64‐70. https://search.informit.org/doi/10.3316/ielapa.
438234555838192

16. McPhee B. Ergonomics in mining. Occup Med. 2004;54(5):297‐303.
doi:10.1093/occmed/kqh071

17. Mining Review Africa Mining health safety—7 common risks to

protect yourself against. March 6, 2020. Accessed October 18,
2021. https://www.miningreview.com/health-and-safety/mining-
health-safety-7-common-risks-to-protect-yourself-against/

18. Drews FA, Rogers WP, Talebi E, Lee S. The experience and man-
agement of fatigue: a study of mine haulage operators. Mining Metall

Explor. 2020;37:1837‐1846.
19. Legault G. Sleep and heat‐related changes in the cognitive perfor-

mance of underground miners: a possible health and safety concern.
Minerals. 2011;1(1):49‐72. doi:10.3390/min1010049

20. Baxter G, Sommerville I. Socio‐technical systems: from design

methods to systems engineering. Interact Comput. 2011;23(1):4‐17.
21. Dawson D, Chapman J, Thomas MJW. Fatigue‐proofing: a new ap-

proach to reducing fatigue‐related risk using the principles of error
management. Sleep Med Rev. 2012;16(2):167‐175. doi:10.1016/j.

smrv.2011.05.004
22. Wise JM, Heaton K, Patrician P. Fatigue in long‐haul truck drivers: a

concept analysis. Workplace Health Saf. 2018;67(2):68‐77. doi:10.
1177/2165079918800509

23. Schutte P, Maldonado C. Factors affecting driver alertness during the

operation of haul trucks in the South African mining industry. Safety in
Mines Research Advisory Committee; 2003.

24. Scharf T, Vaught C, Kidd P, et al. Toward a typology of dynamic and
hazardous work environments. Hum Ecol Risk Assess Int J. 2001;7(7):
1827‐1841. doi:10.1080/20018091095429

25. Eiter BM, Kosmoski CL, Connor BP. Defining hazard from the mine
worker's perspective. Min Eng. 2016;68(11):50‐54. doi:10.19150/
me.6832

26. Carlisle KN, Parker AW. Psychological distress and pain reporting in
Australian coal miners. Saf Health Work. 2014;5(4):203‐209. doi:10.
1016/j.shaw.2014.07.005

27. Sudiyanto J, Susilowati IH. Causes of fatal accidents involving coal
hauling trucks at a coal mining company in Indonesia. KnE Life Sci.
2018;4(5):59‐70. doi:10.18502/kls.v4i5.2539

28. Cornwall C, Horiuchi A, Lehman C. NOAA ESRL Sunrise/Sunset Cal-

culator. NOAA ESRL; 2020. https://www.esrl.noaa.gov/gmd/grad/
solcalc/sunrise.html

BAUERLE ET AL. | 837

http://orcid.org/0000-0002-6621-9916
https://openpress.usask.ca/physicalgeology/front-matter/physical-geology/
https://openpress.usask.ca/physicalgeology/front-matter/physical-geology/
https://www.bls.gov/oes/current/naics3_212000.htm
https://www.statista.com/statistics/193214/employment-in-total-us-mining-industry-since-1998/
https://www.statista.com/statistics/193214/employment-in-total-us-mining-industry-since-1998/
https://www.msha.gov/mine-data-retrieval-system
https://www.msha.gov/mine-data-retrieval-system
https://www.cdc.gov/niosh/mining/UserFiles/works/pdfs/2010-128.pdf
https://www.cdc.gov/niosh/mining/UserFiles/works/pdfs/2010-128.pdf
https://www.cdc.gov/niosh/mining/statistics/content/allminingdisasters.html
https://www.cdc.gov/niosh/mining/statistics/content/allminingdisasters.html
http://www.icmm.com/safety-data-2018
http://www.icmm.com/safety-data-2018
https://doi.org/10.1016/j.promfg.2015.07.570
https://doi.org/10.1093/occmed/kqh072
https://search.informit.org/doi/10.3316/ielapa.438234555838192
https://search.informit.org/doi/10.3316/ielapa.438234555838192
https://doi.org/10.1093/occmed/kqh071
https://www.miningreview.com/health-and-safety/mining-health-safety-7-common-risks-to-protect-yourself-against/
https://www.miningreview.com/health-and-safety/mining-health-safety-7-common-risks-to-protect-yourself-against/
https://doi.org/10.3390/min1010049
https://doi.org/10.1016/j.smrv.2011.05.004
https://doi.org/10.1016/j.smrv.2011.05.004
https://doi.org/10.1177/2165079918800509
https://doi.org/10.1177/2165079918800509
https://doi.org/10.1080/20018091095429
https://doi.org/10.19150/me.6832
https://doi.org/10.19150/me.6832
https://doi.org/10.1016/j.shaw.2014.07.005
https://doi.org/10.1016/j.shaw.2014.07.005
https://doi.org/10.18502/kls.v4i5.2539
https://www.esrl.noaa.gov/gmd/grad/solcalc/sunrise.html
https://www.esrl.noaa.gov/gmd/grad/solcalc/sunrise.html


29. Folkard S, Akerstedt T. Trends in the risk of accidents and injuries
and their implications for models of fatigue and performance. Aviat
Space Environ Med. 2004;75(3 suppl):A161‐A167.

30. Griepentrog JE, Labiner HE, Gunn SR, Rosengart MR. Bright en-

vironmental light improves the sleepiness of nightshift ICU nurses.
Crit Care. 2018;22(1):295. doi:10.1186/s13054-018-2233-4

31. NIOSH. Mining facts—2015. Department of Health and Human
Services, Centers for Disease Control and Prevention, National In-
stitute for Occupational Safety and Health (NIOSH); 2015.

https://www.cdc.gov/niosh/mining/works/statistics/factsheets/
miningfacts2015.html

32. American Community Survey Which professions have the longest
commutes? Accessed October 18, 2021. https://www.census.gov/
programs-surveys/acs/ and https://priceonomics.com/which-

professions-have-the-longest-commutes/
33. Whitwell B, Rogers N. Commuting and fatigue in mine shift workers.

Sleep Biol Rhythms. 2009;7(s1):A37.
34. Davey J, Potter C, Armstrong K. Drive in drive out coal miners: an

accident waiting to happen. Injury Prev. 2016;22:A314. doi:10.1136/

injuryprev-2016-042156.880
35. Mabbott N, Cornwell D, Lloyd B, Koszelak A. Crashes on the way to

and from coal mines in NSW. Coal Board Health & Safety Trust; 2005:
1‐47.

36. Caterpillar Inc Fight fatigue with a multi‐level approach. Published
online 2016. Accessed October 18, 2021. http://s7d2.scene7.com/
is/content/Caterpillar/CM20160920-39039-44665

37. Mine Safety and Health Administration. Accident investigation report:
surface coal mine. Fatal other (asphyxiation) accident, April 9, (Accident

report no. FTL95C09). United States Department of Labor; 1995.
https://arlweb.msha.gov/FATALS/1995/FTL95C09.HTM

38. Mine Safety and Health Administration Accident investigation re-
port: surface coal mine. Fatal slip or fall of person, April 15, 1995
(Accident report no. FTL95C11). United States Department of La-

bor; 1995. Accessed October 18, 2021. https://arlweb.msha.gov/
FATALS/1995/FTL95C11.HTM

39. Mine Safety and Health Administration Accident investigation re-
port: surface nonmetal mine. Fatal slip or fall of person accident,
September 28, 1997 (Accident report no. FTL97M52). United States

Department of Labor; 1997. Accessed October 18, 2021. https://
arlweb.msha.gov/FATALS/1997/FTL97M52.HTM

40. Mine Safety and Health Administration. Report of investigation:
surface coal mine. Fatal powered‐haulage accident, April 2, 1997

(Accident report no. FTL97C08). United States Department of
Labor; 1997. Accessed October 18, 2021. https://arlweb.msha.gov/
FATALS/1997/FTL97C08.HTM

41. Mine Safety and Health Administration Report of investigation:
surface preparation plant and loadout facility. Fatal powered haulage

accident, April 4, 2003 (Accident report no. CAI‐2003‐08). United
States Department of Labor; 2003. Accessed October 18, 2021.
https://arlweb.msha.gov/FATALS/2003/ftl03c08.pdf

42. Mine Safety and Health Administration Report of investigation:
underground coal mine. Fatal electrical accident, October 23, 2004

(Accident report no. CAI‐2004‐23). United States Department of
Labor; 2004. Accessed October 18, 2021. https://arlweb.msha.gov/
FATALS/2004/ftl04c23.pdf

43. Mine Safety and Health Administration Report of investigation:
surface coal mine. Fatal powered haulage accident, April 2, 2009

(Accident report no. CAI‐2009‐05). United States Department of
Labor; 2009. Accessed October 18, 2021. https://www.msha.gov/
sites/default/files/Data_Reports/Fatals/Coal/2009/ftl09c05.pdf

44. Mine Safety and Health Administration Report of investigation:

surface coal mine. Fatal powered haulage accident, September 3,
2010 (Accident report no. CAI‐2010‐44). United States Department
of Labor; 2010. Accessed October 18, 2021. https://www.

msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2010/
ftl10c44.pdf

45. Mine Safety and Health Administration Report of investigation:
preparation plant. Fatal electrical accident, July 27, 2011 (Accident

report no. CAI‐2011‐12). United States Department of Labor; 2011.
Accessed October 18, 2021. https://www.msha.gov/sites/default/
files/Data_Reports/Fatals/Coal/2011/ftl11c12.pdf

46. Mine Safety and Health Administration Report of investigation:
surface nonmetal mine. Fatal powered haulage accident, November

7, 2013 (Accident report no. MAI‐2013‐15). United States Depart-
ment of Labor; 2013. Accessed October 18, 2021. https://www.
msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2013/
ftl13m15.pdf

47. Mine Safety and Health Administration Report of investigation:

surface NONMETAL Mine. Fatal powered haulage accident, January
25, 2018 (Accident report no. MAI‐2018‐01). United States De-
partment of Labor; 2018. Accessed October 18, 2021. https://www.
msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2018/
Fatality%20%231%20-%20January%2025%2C%202018%20-%

20Final%20Report_0.pdf
48. Friedman LS, Almberg KS, Cohen RA. Injuries associated with long

working hours among employees in the US mining industry: risk
factors and adverse outcomes. Occup Environ Med. 2019;76(6):

389‐395. doi:10.1136/oemed-2018-105558
49. Paech G, Jay S, Lamond N, Dorrian J, Roach G, Ferguson S. Factors

affecting self‐reported fatigue levels in miners. Sleep Biol Rhythms.
2009;7(s1):A36‐A37.

50. Muller R, Carter A, Williamson A. Epidemiological diagnosis of oc-

cupational fatigue in a fly‐in–fly‐out operation of the mineral in-
dustry. Ann Occup Hyg. 2007;52(1):63‐72. doi:10.1093/annhyg/
mem058

51. Baulk SD, Fletcher A, Kandelaars KJ, Dawson D, Roach GD. A
field study of sleep and fatigue in a regular rotating 12‐h shift

system. Appl Ergon. 2009;40(4):694‐698. doi:10.1016/j.apergo.
2008.06.003

52. Paech GM, Jay SM, Lamond N, Roach GD, Ferguson SA. The effects
of different roster schedules on sleep in miners. Appl Ergon. 2010;
41(4):600‐606. doi:10.1016/j.apergo.2009.12.017

53. Baker A, Heiler K, Ferguson SA. The impact of roster changes on
absenteeism and incident frequency in an Australian coal mine.
Occup Environ Med. 2003;60(1):43‐49. doi:10.1136/oem.60.1.43

54. Brake DJ, Bates GP. Fatigue in industrial workers under thermal

stress on extended shift lengths. Occup Med. 2001;51(7):456‐463.
doi:10.1093/occmed/51.7.456

55. Castellucci HI, Altamirano I. Changing the shift system in a mining
company: an intervention study. Hum Factor Ergon Man. 2017;28(2):
81‐89. doi:10.1002/hfm.20725

56. Duchon JC, Keran CM, Smith TJ. Extended workdays in an under-
ground mine: a work performance analysis. Hum Factors. 1994;36(2):
258‐268. doi:10.1177/001872089403600207

57. Hanoa R, Baste V, Kooij A, Sommervold L, Moen B. No difference in
self reported health among coalminers in two different shift sche-

dules at Spitsbergen, Norway, a two years follow‐up. Ind Health.
2011;49(5):652‐657. doi:10.2486/indhealth.ms1280

58. Kerin A, Aguirre A. Improving health, safety, and profits in extended
hours operations (shiftwork). Ind Health. 2005;43(1):201‐208.
doi:10.2486/indhealth.43.201

59. Drory A. Effects of rest and secondary task on simulated truck‐
driving task performance. Hum Factors. 1985;27(2):201‐207. doi:10.
1177/001872088502700207

60. Paech G, Ferguson S, Banks S, Dorrian J, Roach G. The influence of

break timing on the sleep quantity and quality of fly‐in, fly‐out
shiftworkers. Ind Health. 2014;52(6):521‐530. doi:10.2486/
indhealth.2014-0102

838 | BAUERLE ET AL.

https://doi.org/10.1186/s13054-018-2233-4
https://www.cdc.gov/niosh/mining/works/statistics/factsheets/miningfacts2015.html
https://www.cdc.gov/niosh/mining/works/statistics/factsheets/miningfacts2015.html
https://www.census.gov/programs-surveys/acs/
https://www.census.gov/programs-surveys/acs/
https://priceonomics.com/which-professions-have-the-longest-commutes/
https://priceonomics.com/which-professions-have-the-longest-commutes/
https://doi.org/10.1136/injuryprev-2016-042156.880
https://doi.org/10.1136/injuryprev-2016-042156.880
http://s7d2.scene7.com/is/content/Caterpillar/CM20160920-39039-44665
http://s7d2.scene7.com/is/content/Caterpillar/CM20160920-39039-44665
https://arlweb.msha.gov/FATALS/1995/FTL95C09.HTM
https://arlweb.msha.gov/FATALS/1995/FTL95C11.HTM
https://arlweb.msha.gov/FATALS/1995/FTL95C11.HTM
https://arlweb.msha.gov/FATALS/1997/FTL97M52.HTM
https://arlweb.msha.gov/FATALS/1997/FTL97M52.HTM
https://arlweb.msha.gov/FATALS/1997/FTL97C08.HTM
https://arlweb.msha.gov/FATALS/1997/FTL97C08.HTM
https://arlweb.msha.gov/FATALS/2003/ftl03c08.pdf
https://arlweb.msha.gov/FATALS/2004/ftl04c23.pdf
https://arlweb.msha.gov/FATALS/2004/ftl04c23.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2009/ftl09c05.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2009/ftl09c05.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2010/ftl10c44.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2010/ftl10c44.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2010/ftl10c44.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2011/ftl11c12.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Coal/2011/ftl11c12.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2013/ftl13m15.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2013/ftl13m15.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2013/ftl13m15.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2018/Fatality%20%231%20-%20January%2025%2C%202018%20-%20Final%20Report_0.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2018/Fatality%20%231%20-%20January%2025%2C%202018%20-%20Final%20Report_0.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2018/Fatality%20%231%20-%20January%2025%2C%202018%20-%20Final%20Report_0.pdf
https://www.msha.gov/sites/default/files/Data_Reports/Fatals/Metal/2018/Fatality%20%231%20-%20January%2025%2C%202018%20-%20Final%20Report_0.pdf
https://doi.org/10.1136/oemed-2018-105558
https://doi.org/10.1093/annhyg/mem058
https://doi.org/10.1093/annhyg/mem058
https://doi.org/10.1016/j.apergo.2008.06.003
https://doi.org/10.1016/j.apergo.2008.06.003
https://doi.org/10.1016/j.apergo.2009.12.017
https://doi.org/10.1136/oem.60.1.43
https://doi.org/10.1093/occmed/51.7.456
https://doi.org/10.1002/hfm.20725
https://doi.org/10.1177/001872089403600207
https://doi.org/10.2486/indhealth.ms1280
https://doi.org/10.2486/indhealth.43.201
https://doi.org/10.1177/001872088502700207
https://doi.org/10.1177/001872088502700207
https://doi.org/10.2486/indhealth.2014-0102
https://doi.org/10.2486/indhealth.2014-0102


61. Eiter BM, Steiner L, Kelhart A. Application of fatigue management
systems: small mines and low technology solutions. Min Eng. 2014;
66(4):69‐75.

62. Bauerle T, Dugdale Z, Poplin G. Mineworker fatigue: a review of

what we know and future decisions. Min Eng. 2018;70(3):33.
63. American Petroleum Institute. API recommended practice 755: Fati-

gue risk management systems for personnel in the refining and petro-

chemical industries. 2nd ed. The American Petroleum Institute; 2019.
https://www.api.org/oil-and-natural-gas/health-and-safety/refinery-

and-plant-safety/process-safety/process-safety-standards/rp-755
64. National Safety Council Managing fatigue: developing an effective

fatigue risk management system. 2019. Accessed October 18, 2021.
https://www.nsc.org/work-safety/safety-topics/fatigue/survey-report

65. Marcus JH, Rosekind MR. Fatigue in transportation: NTSB in-

vestigations and safety recommendations. Injury Prev. 2017;23(4):
232‐238. doi:10.1136/injuryprev-2015-041791

66. Huang Y‐N, Dang F, Li M, Zhou D‐M, Song Y, Wang J‐B. Environ-
mental and human health risks from metal exposures nearby a Pb‐
Zn‐Ag mine, China. Sci Total Environ. 2019;698:134326. doi:10.

1016/j.scitotenv.2019.134326
67. Teixeira L, Coutinho G, Cozendey‐Silva E, et al. Literature review

about the effects of chemical exposure to lead and cadmium in the
sleep‐wake cycle. Occup Environ Med. 2018;75:A290‐A293.

68. Baker A, Heiler K, Ferguson SA. The effects of a roster schedule
change from 8‐ to 12‐hour shifts on health and safety in a mining
operation. J Hum Ergol. 2001;30(1–2):65‐70.

69. Anger WK, Elliot DL, Bodner T, et al. Effectiveness of total worker
health interventions. J Occup Health Psych. 2015;20(2):226‐247.
doi:10.1037/a0038340

70. Beehr TA. Interventions in occupational health psychology. J Occup
Health Psych. 2019;24(1):1‐3. doi:10.1037/ocp0000140

71. Hurrell J. Organizational stress interventions. In: Barling J,
Kelloway E, Frone M, eds. Handbook of Work Stress. Sage Publica-

tions; 2005:623‐646.
72. de Kort YAW. Tutorial: theoretical considerations when planning

research on human factors in lighting. Leukos. 2019;15(2–3):85‐96.
doi:10.1080/15502724.2018.1558065

73. Meijer K, Robb M, Smit J. Shift work fatigue in the petroleum in-
dustry: a proactive fatigue countermeasure. Paper presented at:
Society of Petroleum Engineers, October 9–11, 2017; San Antonio,

TX. doi:10.2118/187048-ms

74. Souman JL, Tinga AM, Pas SFT, Ee RV, Vlaskamp BN. Acute alerting
effects of light: a systematic literature review. Behav Brain Res. 2018;
337:228‐239.

75. Viola AU, James LM, Schlangen LJ, Dijk D‐J. Blue‐enriched white
light in the workplace improves self‐reported alertness, performance

and sleep quality. Scand J Work Environ Health. 2008;34(4):297‐306.
doi:10.5271/sjweh.1268

76. Bullough JD, Bierman A, Rea MS. Evaluating the blue‐light hazard
from solid state lighting. Int J Occup Saf Ergon. 2017;25(2):1‐21.
doi:10.1080/10803548.2017.1375172

77. Figueiro M, Steverson B, Heerwagen J, et al. Light, entrainment and
alertness: a case study in offices. Light Res Technol. Published online
2019. doi:10.1177/1477153519885157

78. Mine Safety and Health Research Advisory Committee. Report and
Recommendations for Strategic Research Areas from the Metal Mining

Automation and Advanced Technologies Workgroup. National Institute
for Occupational Safety and Health; 2019:1‐20. https://www.cdc.
gov/niosh/mining/UserFiles/workshops/AutomationAdvancedTech/
MMAAT_MSHRAC_Report_Final_508.pdf

79. Endsley MR. From here to autonomy: lessons learned from
human–automation research. Hum Factors. 2017;59(1):5‐27.

80. Talebi E, Rogers WP, Morgan T, Drews FA. Modeling mine work-
force fatigue: finding leading indicators of fatigue in operational data
sets. Minerals. 2021;11(6):621.

How to cite this article: Bauerle TJ, Sammarco JJ, Dugdale ZJ,

Dawson D. The human factors of mineworker fatigue: an

overview on prevalence, mitigation, and what's next. Am J Ind

Med. 2022;65:832‐839. doi:10.1002/ajim.23301

BAUERLE ET AL. | 839

https://www.api.org/oil-and-natural-gas/health-and-safety/refinery-and-plant-safety/process-safety/process-safety-standards/rp-755
https://www.api.org/oil-and-natural-gas/health-and-safety/refinery-and-plant-safety/process-safety/process-safety-standards/rp-755
https://www.nsc.org/work-safety/safety-topics/fatigue/survey-report
https://doi.org/10.1136/injuryprev-2015-041791
https://doi.org/10.1016/j.scitotenv.2019.134326
https://doi.org/10.1016/j.scitotenv.2019.134326
https://doi.org/10.1037/a0038340
https://doi.org/10.1037/ocp0000140
https://doi.org/10.1080/15502724.2018.1558065
https://doi.org/10.2118/187048-ms
https://doi.org/10.5271/sjweh.1268
https://doi.org/10.1080/10803548.2017.1375172
https://doi.org/10.1177/1477153519885157
https://www.cdc.gov/niosh/mining/UserFiles/workshops/AutomationAdvancedTech/MMAAT_MSHRAC_Report_Final_508.pdf
https://www.cdc.gov/niosh/mining/UserFiles/workshops/AutomationAdvancedTech/MMAAT_MSHRAC_Report_Final_508.pdf
https://www.cdc.gov/niosh/mining/UserFiles/workshops/AutomationAdvancedTech/MMAAT_MSHRAC_Report_Final_508.pdf
https://doi.org/10.1002/ajim.23301



