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Abstract

Safety, health, and productivity at the mines greatly depend on the quality of the
underground thermal climate. The costs associated with a substandard thermal work
environment can be significant. Within the last decade, sliding commodity prices and
pressure on mine operators to increase production output resulted in increased
mechanization and intense work rates. Consequently, the quality of work conditions in
underground mines have declined due to contaminants generated during production
operations as well as heat and humidity, which has been transferred to the mine air from
mining equipment and other heat and humidity sources. Based upon this, improvements in

respect to the underground climatic conditions are much needed.

This thesis aims to discuss the steps that are required to develop a heat management
policy for underground metal mines in Nevada, while reviewing heat studies aimed at
controlling the underground thermal climate. Selecting an appropriate heat stress index,
regular monitoring of temperature and humidity of the mine air in production stopes and
dead-end developments, an adequate method of heat mitigation, along with a training
program for the underground workforce are some of the necessary steps that can be defined
in an effective thermal management policy. The challenges and constraints that are
considered for the development of a thermal management policy for underground metal
mines will also be covered. A thorough investigation into the health and safety culture of
underground mining will be conducted, along with a review of risk assessment and how
this pertains to managing heat, as a contaminant, at underground metal mines in the

Western United States.
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Chapter 1: Introduction

a. Background

Heat stress has been an evolving element in society and its ability to harm workers
has affected many of the industries that are essential to modern economies around the
world. Mining is one of the most affected of these industries, with underground mining
making many advances in terms of mitigating and preventing heat stress. One of the key
components in alleviating the heat stress affecting workers in industries such as
underground mining, construction, and factory settings, is having a strategic and
established thermal management policy. Once a thermal management policy is established
and available for the workforce to utilize, the site may see an increase in production, a
decrease in fatigue related accidents, along with an increase of the overall well-being of
the workers. Many steps and case studies must be pursued before a thermal management
policy can be successful, but through this process, the safety and health of the workforce
is the first priority and that is a key element for a successful operation.

It is important to look at heat management as multiple segmented, yet connected
parts, each with different challenges and constraints associated with the bigger picture.
Heat studies, thermal management, and risk assessment; along with the health and safety
culture contribute to the overall system of heat stress management in an underground
operation. With each of these different parts being identified and studied separately, it is
possible to systematically develop heat management policies for different operations and
industries based on joining these identified principles. It is critical to evaluate each of these

issues and determine which issues will help to develop the best representation of a heat



management policy for the industry being studied—in this case, for the underground

mining industry.

b. Objectives

This area of research is part of the NIOSH study titled “Assessing, Modeling, and
Cooling Underground Workings in Deep and Hot Mines,” a 5-year mine ventilation
research focusing on improving health and safety in underground metal mines. One
important objective of the research project is to understand, analyze and engineer the
thermal and psychrometric working conditions and develop efficient cooling strategies and
systems to be used in deep and hot U.S. mines. The research team has included Dr. Pedram
Roghanchi, August Greth, Kyle Scalise, Chao Lu and other graduate students; all above
supervised by Dr. Karoly (Charles) Kocsis (P.1.) and Dr. George Danko (Co-P.1.).

The main goal of my research work is to assist NIOSH with the development of a
heat management policy to be implemented on a regional scale, with the target audience
being underground metal mines in the Western United States. A current thermal
management policy provided by a partner mine in Nevada was reviewed and evaluated to
investigate how this policy could be improved. Reviews of heat studies and thermal
management policies from similar labor-intensive industries were also researched to aid in
the development of a general heat management policy for the targeted underground metal
mining industry. Previous research in the area of thermal comfort, heat indices, and
climatic monitoring which was completed by past graduate students on this research
project—including Roghanchi, Sunkpal, and Carpenter—was also taken into account for
the development of thermal management policies. Thermal management is presently an

evolving topic and issue for the underground mining industry, with this research hoping to



provide a means and multi-faceted approach for prevention and mitigation of heat related

issues and illnesses.

c. Thesis Organization

This thesis is structured in the following order, consisting of 6 chapters, detailed below:

Chapter 1: Introduction

A brief background pertaining to the issues of heat stress in the mining industry
was explained to provide an initial setting for the review of heat studies. The objectives of

this research study, along with the entire NIOSH project are also explained.

Chapter 2: Heat Studies, a Review

This chapter investigates and reviews heat studies performed for the underground
mining industry, relating to heat illnesses, health and safety while working underground,
as well as the progression of heat indices and heat control in underground mines. A
literature review of current heat control practices, along with past research pertaining to

heat issues in industrial settings was completed to summarize this information.

Chapter 3: Thermal Management Policy: Design & Development

This chapter explores and explains the steps to be taken in order to develop and
implement an effective thermal management policy. These steps include: (1) establishing
a heat stress index for the selected work environment, (2) developing and implementing a
form of continuous climatic monitoring, (3) selecting and employing methods and systems
of heat mitigation for the underground work environment, and (4) establishing a workforce

training regime which includes workforce empowerment in some capacity. A critical area



of thermal management also includes reviewing the approach that mine management uses
and whether it is effective with the workforce to change and mitigate heat stress related

issues at the site.
Chapter 4: Health and Safety Culture in the Underground Mining Industry

This chapter assesses current safety culture in relation to heat stress and issues,
along with the evolving approach to health and safety from modern mining companies.
Safety cultures from many industries have been studied to assess the effectiveness and
strategic approaches for management in regards to the health and safety of the workers.
Once the thermal environment is not considered favorable to workers, health and safety
may not remain an important factor. The overall outlook and approach of the safety culture
at mining operations needs to be more than just wearing the appropriate PPE, and rather to
adopt a personnel culture motivated by the comprehensive health and safety principles

adopted by the entire operation, with this being practiced every day.
Chapter 5: Conclusions

In this chapter, the closing analyses of this research study are discussed along with

possible areas of future research within the ventilation project as a whole.



Chapter 2: Heat Studies, a Review
This chapter will provide a review of heat issues in underground mines and some
of the known safety and production concerns found in the mining industry that can be
connected to heat stress. Established heat indices and how this affects the heat control

underground will also be reviewed.

a. Why is Heat an Issue?

i. Background

When workers are exposed to heat repeatedly over many years, the chance of
developing conditions related to heat stress increases significantly. Heat illnesses are
common in the underground mining industry—more specifically underground metal
mines—especially in South Africa and Australia where the climate is much hotter
compared to North America (Donoghue, 2004). Hot and humid conditions are encountered
in deep, underground mines where possible heat sources such as virgin rock temperature,
geothermal gradient, and auto-compression are prevalent. As a contrast to the underground
metal mines in South Africa and Australia, the mines in the United States encounter heat
issues locally underground, particularly in the production workings and confined areas with
limited ventilation, rather than the widespread heat issues. This is due to the different types
of heat sources and their contributions encountered in underground metal mines. As the
mining industry looks to the future, mechanization underground will continue to increase,
and whether it is in the form of diesel-powered or electric-powered mining equipment,
some amount of heat will have to be removed or managed in order to protect the

underground workforce (Roghanchi, 2017).



The underground mining industry has dealt with different heat illnesses throughout
the course of history. Some of the most well-known conditions are heat stroke, heat
exhaustion, and heat cramps; with heat stroke being the most serious of these conditions,
which can often prove fatal (Donoghue, 2004). Heat related illnesses can also contribute to
multi-organ tissue damage and disturbances to the central nervous system. The human body
undergoes metabolism; that is then accompanied by heat generation. This can change the
resting body core temperature from roughly 37° C due to interaction with the surrounding
climate. Mine workers may either feel hot or cold sensation based on the type of

environment and the airflow velocity (Sunkpal, 2015). A review of common heat-related

illnesses associated with hot, underground mines is shown in Table 1.

Table 1: Heat related illnesses associated with hot underground mines (Brake & Bates, 2002;
Donoghue 2004; Jacklitsch et al., 2016; Roghanchi, 2017)

Heat Cause Symptoms Treatment
IlIness
An individual develops “heat The rash may Heat rash usually goes
rash” when the pores ARE appear as blisters | away on its own.
blocked and sweat cannot escape. | or red lumps. Lightweight clothing
The cause of heat rash is often Heat rash may may help to decrease
friction on the surface of the skin. | cause itchiness or | the itchiness.
a prickly feeling.
It is usually
Heat rash developed in the
parts of body that
rub together such
as neck, upper
chest, under
breasts and in
elbow creases.
Refers to a fainting episode that Dizziness, The affected individual
occurs when an individual in a hot | lightheadedness, | should sit or lie down
environment does not have weakness, loss of | in a cool place.
Heat . . .
adequate blood flow to the brain, consciousness, Elevating the legs
syncope :
causing the person to lose pale or sweaty above the level of heart
consciousness. This commonly skin, weak pulse. | may help to promote
occurs when someone is standing blood returning to the




for long periods of time without
movement or sudden rising from a

sitting or lying position in the heat.

heart. Rehydration with
water or a sport
beverage helps to
resolve the symptoms.

“Heat cramps” are painful, brief
muscle cramps. Muscles may
spasm or jerk involuntarily. The

Heat cramps signs
and symptoms are
painful muscle

Heat cramps usually go
away on its own.
Resting in a cool place

mine workers, cause the
underground personnel to perform
work in an increasingly unsafe
manner, and generate irreversible
damage to the brain and other
internal organs.

Seizures.

Heat - . g
Cramos mechanism of heat cramps is spasms usually and drinking cold water
P unknown but they can be caused involving the or sport drinks helps to
by dehydration or lack of adequate | legs, chest or control the severity of
electrolytes in the diet. abdomen. the symptoms.
“Heat exhaustion” is a condition Heavy sweating, | The activity must stop
whose symptoms may include paleness, muscle | immediately. Heat
heavy sweating and a rapid pulse, | cramps, tiredness, | exhaustion can be self-
a result of your body overheating. | weakness, treated. Decreasing
dizziness, body temperature is
headache, nausea | crucial to treat the heat
Heat - - A
. or vomiting, exhaustion. Resting in a
exhaustion S Lo
fainting. cool place and drinking
cold fluids may help.
Prompt medical
attention is necessary if
the symptoms do not go
away within an hour.
“Heat stroke” is the most serious Confusion, Heat stroke is a very
illness, which occurs when the altered mental serious illness, which
core temperature of the human status, slurred carries a high risk of
body rises above 40°C (104 °F). speech, loss of fatality within the
Core temperatures in excess of consciousness, underground
40°C can seriously damage the dry skin or environment when the
Heat . . . L oy
stroke thermoregulation functions of the | profuse sweating. | climatic conditions are

not immediately
corrected.

Heat exhaustion is often encountered in the underground mining environment and

consists of symptoms such as fatigue, headache, dizziness, nausea, anorexia, syncope, and

shortness of breath. These symptoms are readily felt by miners when they do occur but not

always addressed or reported. In addition, the study conducted by Donoghue (2004)




specifies reported events of heat cramps and heat stroke from certain South African gold
mines but also specifies that heat stroke cases had not been reported by the Australian
mining industry (Donoghue, 2004). In today’s mining industry, reported heat illness events
in the United States are published by NIOSH and reviewed in order to make future
recommendations for working in hot and humid environments. In addition, to actively
report heat illnesses, NIOSH is also recommending that the employer should adopt
acclimation plans for new and returning workers. It is shown that in operations in hot and
humid environments, the lack of an acclimation plan continues to be a major factor with

workers’ heat related illnesses and possible fatalities (Jacklitsch et al., 2016).

The overall issue of heat in underground mining operations relates to negative
impacts on the performance and production rates, but most importantly impacts the ability
of the underground workforce to perform their duties in a safe manner (Brake & Bates,
2002). Many illnesses have been associated with repeated exposure to heat stress, with
studies explaining the numerous side effects. Even though heat stress has been an
occupational hazard in underground mining for quite some time, there are many ways to

effectively mitigate heat as a contaminant.

b. Influence of Heat on Safety in an Underground Work Environment

It has been shown that high temperature and humidity levels generated by sources
including, but not limited to, auto-compression, strata heat, and mechanization
underground such as electric and diesel mining equipment can affect the health and safety
of the underground workforce as a result of heat related illnesses (Sunkpal et al., 2017).

This issue of worker safety stems from the mine workers focusing on cooling their bodies



which takes attention away from their level of safety, thus affecting themselves and

potentially their coworkers.

Occupational health hazards in the mining industry have been studied in depth for
many years. Donoghue (2004) provided a summary explaining many of these hazards by
grouping them into separate categories such as physical, chemical, psychosocial, biological
and ergonomic. Two of the addressed physical hazards are heat stroke and heat exhaustion,
frequently associated with deep underground mining in South Africa. A less well known
heat illness—Miliaria rubra or “mucker’s mange,” which is a heat rash that is caused by
the sweat glands deep in the epidermis becoming blocked was also mentioned (Donoghue,
2004). These physical hazards can be related to fatigue during the work day, which
increases the risk of accidents occurring, thus safety in the underground work environment

becoming an issue.

Brake & Bates (2001) conducted a study on fatigue levels in industrial workers
under some amount of thermal stress on extended shifts. This study contributed self-paced
working to a decrease in the fatigue levels of workers. It is among the workers’
responsibility to understand heat stress hazards and to “follow proper work practices and
control procedures to help protect the health and provide for the safety of themselves and
their fellow workers.” (NIOSH, 2016). Self-paced work, along with work-rest cycles and
cooling PPE are just some of the known practices that increase the level of safety while

working in hot and humid environments.

One of the most important parts of heat management, when concentrating on safety

underground, is the heat index chosen to protect the underground workforce. These heat
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indices are designed, proposed and selected to protect workers, thus establishing a safe

working temperature and humidity threshold in the production workings.

c. Heat Indices & Heat Control

Selecting and implementing an accurate heat stress index that is representative of
the thermal climate present in the selected underground mine can lead to heat stress
management practices that are easier to understand and can be quickly implemented by
mine management when issues with heat stress arise. Selection of an appropriate heat stress
index is usually complemented by heat stress mitigating methods which are part of a heat
management strategy, which can include: (a) selection of a heat stress index, (b) a detailed
evaluation of the underground climate, (c) a detailed evaluation of heat sources, and (d)
development of methods and systems to remove the heat generated by auto-compression,
strata, and mining equipment during production operations (Roghanchi & Kocsis, 2017).
Although the selection of heat stress indices can prove to be challenging, once the
appropriate index has been identified, many health and safety issues related to heat stress

can be avoided by successfully managing the underground thermal climate.

A heat stress index helps to mold three areas of environmental parameters into a
single number to assist mine operators to quickly and quantitatively assess the underground
thermal climate of the selected mine; this includes personal, physiological and thermal
environmental parameters (Roghanchi & Kocsis, 2017; Roghanchi et al., 2015; Graveling,
1988; MacPherson, 1962). There are also three different types of heat stress indices, such
as: (a) rational indices, (b) empirical indices, and (c) direct indices. Rational indices are

developed by using only the heat balance equation of the condition at hand; they can also



11

be grouped into predictive and reactive indices. Empirical indices are based on both
objective and subjective strain assessments—being developed through experiments in the
field and usually expressed by an environmental parameter rather than physiological
parameters. Lastly, direct heat stress indices consist of several measured parameters,
including the quantities of relative humidity, airflow velocity, along with wet-bulb and dry-
bulb temperature (Roghanchi & Kocsis, 2017; Roghanchi et al., 2015; Epstein et al., 2006;
Brake & Bates, 2002). Direct and empirical indices are developed using statistical and
mathematic methods; and are not based on the energy balance equation. For mining
operations in particular, it may be true that rational heat indices have been more
comprehensive and accurate when compared to direct and rational indices, but one issue is

the large amount of data which needs to be collected coupled with complex calculations.

With large amounts of different types of data, heat indices can prove to be difficult
to analyze in order to fit and accurately measure a specific and unique environment—in
this case an underground mine. Over the past 100 years, the number of heat indices
available has increased to over 160, with these being published for several different types
of thermal environments. It is important to note that each heat index is not created equally,
with many not suited to be used within the mining industry. Below in Figure 1, this graph
from Roghanchi & Kocsis (2017) shows the progression of the number of available heat

indices from 1905 to 2012.
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Figure 1: Progression of heat indices from 1905-2012 (Roghanchi & Kocsis, 2017)

Cumulative number of indices

With this constant increase of heat indices from all types of industries around the
world, it has become an increasingly difficult and complicated effort when attempting to
select the best heat index that fits a unique situation such as a work area in an underground
mine. Adding to the complexity of this situation is that, at this time there is no heat index,
or a “universal index” that will fully explain or represent conditions underground and
correctly manage these conditions (Roghanchi & Kocsis, 2017; Epstein et al., 2006; Brake
& Bates, 2002; Freitas & Grigorieva, 2015; Belding, 1970, Gagge & Nishi, 1976). This
complexity leads to a rather “blind” decision making process when developing a thermal
management policy—which may be attributed to the large amount of data that is to be

collected in order to produce a thermal comfort model (Roghanchi & Kocsis, 2017).

One of the most important parts of heat management is the chosen method of heat
control. This can be contributed to the development and factors that are to be integrated
into a thermal comfort model. In order to begin assessing thermal comfort, it is important

to consider that this parameter is a state of mind rather than a physical factor. Sunkpal
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(2015) developed and validated a thermal comfort model for hot underground metal mines.
This entailed extensive data collection and the investigation of thermal comfort models that
have been previously used. The thermal balance of a mine worker was validated in order
to analyze the overall thermal comfort level (Sunkpal, 2015). Once a thermal comfort
model has been developed, it is important to choose an appropriate heat mitigation
technique to be used at the underground mine. This will vary from mine to mine, however

each of these processes begins with choosing an appropriate heat stress index.

d. Existing Heat Management Codes: Worldwide

Since working in heat has posed concerns across many industries throughout the
world, many countries have some level of heat stress management codes in effect. Many
of these countries have looked to the United States, Australia, Canada, South Africa, and
the United Kingdom for inspiration with heat management codes. This is explained by the
fact that these countries have diverse mining economies with histories of heat issues in
underground mines, along with the push for scientific research within this area. In addition,
most of the transnational mining companies that are present today, originate from the above
countries. The following heat stress management codes demonstrate the approach for
providing a practical basis while designing regulations related to working in hot
environments (Internal communication, 2017). This summary from various local and
international regulatory bodies was compiled from their respective agencies, along with

Webber et al. (2003) and previous research complied with this NIOSH research study.
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I United States of America
Both the National Institute for Occupational Safety and Health (NIOSH), and the
Mine Safety and Health Administration (MSHA) adhere to the standards issued by each,
with MSHA enforcing and retaining these standards through inspections at actively
operating mining operations. NIOSH emphasizes, as a recommendation, that
measurements remain simple and predictive of workers’ physiological strain, along with
the wet-bulb globe temperature (WBGT) meeting requirements for similar simple

calculations. NIOSH defines hot working places as follows:

e Any combination of air temperature, humidity, radiant temperature, or air
velocity exceeding a WBGT of 26.1°C for men, and 24.4°C for women
(Webber et al., 2003).

e Employees should not be subjected to any combination of thermal
conditions or physical work that raise the core body temperature above

38°C (Internal communication, 2017).

ii. South Africa
With South Africa’s extensive history of deep and hot underground mines, the
government introduced legislation, the South African Mine Health and Safety Act, in 1996.
This act defines the temperature range of an “abnormally hot environment” in an
underground mine to be t.> 37°C and twy,>32.5°C. If the temperature of the active working
area falls within this range, only emergency work—which may fall under re-establishing a

safe working thermal environment—can take place. This act also specifies a series of steps
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indicating a methodology for categorizing the thermal environment, in controlled mines

(Internal communication, 2017), and is shown below in Table 2.

Table 2: Summary of methodology for categorizing the thermal environment in controlled South
African UG mines (Adapted from Internal Communication, 2017; Mine Health and Safety Act,
1996)

Step 1 | Sub-divide the mine into measurement areas
Step 2 | Sub-divide the measurement areas into activity areas as per the activity area
Evaluate the risk assessment undertaken in the code of practice for an
Occupational Health Program on Thermal Stress Section 8.1.1.1 “Risk
Assessment and Control” and undertake a base-line survey for the
following parameters inter-alia of the environmental thermal load

e Wet-bulb temperature (°C)
Dry-bulb temperature (°C)
Radiant temperature (globe temperature) (°C)
Velocity (m/s): stoping and ventilation
Air volume per square meter of the face in m%/s: development
Indices (discomfort index, effective temperature; wet bulb globe
temperature, etc.)

Step 3

Webber (2003) summarized regulations appointed by legislation within the South
African government, along with discussions from the officials of this department. This
summary is shown below in Table 3. Webber (2003) also observed that due to high volumes
of climatic data being recorded from the mines, there could be advances made in thermal

stress management but the measurements are crude, and are not being effectively used.

e Mine workings where employees must travel or work
must be properly ventilated to “maintain safe and

Regulation 10.6.2 healthy environmental conditions”

e Ventilated and ambient air must be diluted of any
harmful and noxious gases, along with dust

o Airflow velocity near the working face of any active

Regulation 10.7.1 stope will not be less than 0.25 m/s on average, for the
complete working height

o Airflow quantity measurements for the following areas
will not be less than 150 cubic decimeters/second for
each m? of the average cross sectional area of the
excavation

Regulation 10.7.2
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e Development tunnel
e Drive cross-cut
e Raise/winze near a shaft bottom
e Employees are not allowed to work in areas where
conditions may induce heat stroke, unless the working
practice follows a code approved by the Principal
Inspector of Mines

Regulation 10.12

Table 3: Summary of South African mining regulations (Adapted from Webber, 2003)

In addition to the above regulations and procedures, the South African Mines

Occupational Hygiene program categorized the thermal environment by increasing

temperatures. This is shown in Table 4.

Table 4: Categorization of the thermal environment (South African Mines Occupational Hygiene
Programme, 2002)

Category Temperature range | Interpretation Action
--Work may be
a |bezsco e
Abnorhall ta>37.0°Cor Unacceptable risk assessmentp
Y| Globe temperature > | of heat disorders Y
hot 370 °C supervision and
' protocols. HSM
mandatory.
29.0 > tup < 33'5 ¢ Potentially
andta< 37.0°C ;
B | conducive to heat | --HSM mandatory
Globe temperature: )
disorders
as for ta
s;aSt><t"V§7<02? (':0 ¢ Potentially
C a ' | conducive to heat | --HSM mandatory
Globe temperature: )
disorders
as for ta
--No special
precautions
o Environmental
twb < 27.5 OC and Risk of heat monitoring must be
twp < 32..5 °C . - L
D .| disorders sufficiently sensitive
Globe temperature: L o
as for t negligible to detect critical
wb upward drifts in the
environmental heat
load. The monitoring
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program to satisfy this
requirement should be
specified

iii. Australia
Australia enlists the Mine Safety and Inspection Act of 1994 to regulate the air
temperature and ventilation requirements in underground mines. Below in Table 5,
different legislation that has been applied to the mining industry in different regions of
Australia is listed, along with the date the legislation took effect. Since different types of
mining occurs in different regions of the country, there are slight differences in the

standards put forth by each region.

Table 5: Australian mining legislation by state (Internal communication, 2017)

N Date
State Legislation Effective
Western Australia | Mines Safety and Inspection Act 1994
Queensland Mining and Quarrying Safety and Health Regulation | 2017
New South Wales | N/A N/A
Victoria N/A N/A
South Australia Work Health and Safety Regulations 2012
New Zealand Health and Safety at Work Act 2015

The Department of Industry and Resources of Western Australia also released a
guideline for the “Management and Prevention of Heat Stress” in 1997. This guideline
explains different factors and effects of heat stress, methods for reducing heat stress, and
the evaluation of the heat stress load (Government of Western Australia, 1997). Webber et
al. (2003) also explains various regulations in the Mines Safety and Inspection Act, relating

to ventilation and air temperature in underground mines. These are summarized below:
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e Regulation 9.14.1-Air in underground workplaces:
o The underground mine manager must ensure that ventilated air has a
sufficient volume, airflow velocity, and air quality.
o This air must remove contaminants from blasting or mining operations to
ensure a healthy working environment.
e Regulation 9.15.1-Air temperature:
o Responsible employees must ensure that all other employees do not suffer
from extreme hot or cold temperatures underground.
o If hot or humid conditions are to be encountered, all employees must be
provided with training to avoid any heat illness or harmful effects.
e Ventilation Regulation 4.13-Hot conditions underground (State of Victoria):
o If the underground air temperature in an area where a worker is residing
exceeds 28°C wet-bulb, then the manager must exhaust all measures to

reduce the risk of heat related injuries or accidents.

Table 6, below, explains the air cooling power (ACP) limits applied to underground
mines in Australia. Since these underground mines tend to be highly mechanized, these
limits are designed to protect workers if areas get too hot and micro-climate cooling—such
as the addition of an air-conditioned cab on mobile equipment—is not efficient enough to

cool the worker (Webber et al., 2003).

Table 6: Prescribed actions for increasing levels of air cooling power (Webber et al.,
2003)

Australian prescribed actions for various levels of Air
Cooling Power (ACP)
ACP (W/m?) | Course of action
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<155 Remove workers from area
115-140 Monitor conditions
140-220 Acclimate exposed workers
>220 Acceptable conditions

v, New Zealand
New Zealand’s key health and safety law is the “Health and Safety at Work Act”
of 2015. There are also numerous other pieces of legislation that can be applied to the

mining industry of New Zealand, as seen below (MinEx, 2017):

e Health and Safety at Work Act 2015 (HSWA)

e Health and Safety at Work (Mining Operations and Quarrying Operations)
Regulations 2016 (MOQO Regulations)

e Health and Safety at Work (General Risk and Workplace Management)
Regulations 2016 (GRWM Regulations)

e Health and Safety at work (Hazardous Substances) Regulations 2017 (HSHSR)

e Health and Safety in Employment Regulations 1995 (HSE Regulations)

e Hazardous Substances and New Organisms Act 1996 (HSNO)

This health and safety act, when applied to mitigating heat issues, sets controls for

high temperature and humidity (Table 7).

Table 7: New Zealand controls for temperature and humidity (Minex, 2017; Approved Code of
Practice (ACOP), 2014)

Temperature Action

Wet bulb (tw) > 25°C | An air velocity of not less than 0.5 meters per second should
be provided

ET >28°C Manage the health of persons by meeting the requirements of
the Australian Institute of Occupational Hygienists (AIOH): a
guide to managing heat stress
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ET > 30°C Ensure persons do not work in the mine unless carrying out
work in an emergency situation to a Standard Operating
Procedure
V. Canada

The regulations set in Canada for workers exposed to hot environments are based
on threshold limit values (TLVs) that are based on and calculated from measurements of
the wet-bulb globe temperature (WBGT), which is ultimately provided by the American
Conference of Governmental Industrial Hygienists (ACGIH). TLVs provide a limit to
ensure the core temperature of a worker’s body does not exceed 38°C (Kenny et al., 2009).
Canadian employers in many provinces are also required to have an implemented heat
stress management program, with active administrative and engineering controls.
Appendix A-3 shows a summarized table of the Canadian Labor Force Codes for
Occupational Heat Stress by province (Internal communication, 2017). Below in Table 8,

the ACGIH criteria for heat stress exposure is shown (ACGIH, 2017).

Table 8: ACGIH heat stress exposure criteria (ACGIH, 2017)

AIIocatlpn of TLV® Action Limit
Work in a
Work/Rest
Cycle Light Moderate | Heawy |VeryHeawy| Light | Moderate | Heavy |Very Heavy
75-100% 31 28 -- - 28 25 -
50-75% 31 29 27.5 -- 28.5 26 24 --
25-50% 32 30 29 28 29.5 27 25.5 24.5
0-25% 325 315 30.5 30 30 29 28 27

Vi, United Kingdom
Great Britain and the United Kingdom use basic effective temperature (BET) to

monitor hot working areas in underground mines. This standard was put forth by the
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National Coal Board, most recently in 1980 (Webber et al., 2003). The BET is also

commonly referred to as the effective temperature (ET) which is used around the world in

the mining industry. Table 9, below, from Webber et al. (2003) summarizes heat regulation

in the United Kingdom (Internal communication, 2017).

Table 9: Heat regulations for the United Kingdom (Webber et al., 2003)

Source

Criteria

Comment

National Coal Board

BET >28°C for 1.5 hours
during any shift incurs a heat

(1980)
allowance payment
National Coal Board | 27.2°C: partially mechanized
(1963) 28.3°C: fully mechanized B
BET (°C) Watts -Watts: the product of metabolic
30.2 210 work rate and body surface area,
Lind (1963) 27.4 349 typically 1.8 m?
26.9 490 -Not highly acclimatized but
well-trained for work
BET 30.0°C: light work BET = Effective temperature,
WHO (1969) BET 28.0°C: moderate work | basic scale
BET 26.5°C: hard work
vii.  France

The government of France has regulations in place for underground mines with

temperatures over 28°C. These mines are to be considered “hot mines” (Webber, Franz,

Marx, & Schutte, 2003). The resultant temperature, as shown below, has also been used in

the mining industry in France. This is a resultant of the effective temperature from Yaglou

(1927); and contains the dry-bulb temperature, the wet-bulb temperature, and the air

velocity.

tres = O'Btdb + O'7twb %
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viii.  Germany

Germany employs many different heat regulations, as put forth by the Federal
Mining Decree of 1984. These differ for salt mining and non-salt mining (Webber et al.,
2003), can be found in Appendix A-5. In the German coal mining industry, the effective
temperature is used as a heat stress index, as it is common in many other European
countries as well (Wagner, 2011). As an example, the Ruhr coal mining district in Germany
employs a reduced shift time of 6 hours when the effective temperature exceeds 28°C.
Additionally, if the effective temperature exceeds 29°C, the shift time is further reduced to
5 hours. If the effective temperature increases further to 32°C, then all work stops except

rescue work (Wagner, 2011).

iX. Conclusions

Mining regulation throughout the entire mining industry varies by country
depending on the size of the industry and the type of extraction being performed. Much of
the early mining regulation in the United States was centered on the underground coal
mining industry. In 1977, the Federal Mine Safety and Health Act was put into effect,
which governs MSHA'’s activities and actions across the mining industry in the United
States. When it comes to heat stress, the United States issues working standards through
NIOSH, as previously discussed, but does not have legislation put forth by MSHA to
regulate the conditions in which employees are subjected to while working. Most leading
mining companies in the United States design their own criteria to address working in hot
environments in order to protect mine workers, but the laws in the United States, from

MSHA, do not regulate this. This is shown below in the excerpt from MSHA’s
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Metal/Nonmetal Health Inspection Procedures Handbook (Mine Safety and Health

Administration (MSHA), 2006).

“MSHA has no standards or regulations that specifically address heat
stress and that can be cited for enforcement purposes. However, 30 CFR 8§
56/57.20002 requires mine operators to make sufficient potable (drinkable)
water available to miners, and 30 CFR 88 56/57.15006 requires operators
to provide equipment to protect miners from hazards in the work
environment. 30 CFR Parts 46 and 48 require appropriate hazard training
for all miners. 30 CFR 88 56/57.18010 requires that an individual capable
of providing first aid be available on all shifts” (Mine Safety and Health
Administration (MSHA), 2006).

MSHA also references the published threshold limit values (TLVs) for heat stress

from the ACGIH (1999). This is shown below in Table 10, with the work-rest cycle

regulation addressed through the TLV’s. Light work is defined as sitting or standing, while

controlling machines. Moderate work may include walking with moderate lifting, along

with working with hand tools. Heavy work includes digging, heavy lifting, and shoveling

(Mine Safety and Health Administration (MSHA), 2006).

Table 10: Work-rest cycles addressed by MSHA (Mine Safety and Health Administration

(MSHA), 2006)

Examples of Permissible Heat Exposure TLVs (WBGT)

Work-Rest Regimen Work Load
Light °C(°F) | Moderate °C(°F) | Heavy °C(°F)
Continuous Work 30.0 (86) 26.7 (80) 25.0 (77)
75% work, 25% rest, each hour 30.6 (87) 28.0 (82) 25.4 (78)
50% work, 50% rest, each hour 31.4 (89) 29.4 (85) 27.9 (82)
25% work, 75% rest, each hour 32.2 (90) 31.1(88) 30.0 (86)

In conclusion, when comparing regulation in the mining industry of the United

States to some of the other countries listed above, many of these countries have passed
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mining regulations specifically mentioning and targeting working in hot or cold conditions.
Australia and New Zealand, for example, have very comprehensive laws addressing
working in hot environments, and the steps that management must take to control or
mitigate these hazards. Other countries such as France or the United Kingdom, have
regulations targeting working in hot environments through certain types of mining, such as
underground salt and coal. In the United States, MSHA defines parameters related to heat
stress but there is no solid regulation to control what workers are exposed to. NIOSH
supports the protection of mine workers by issuing standards and criteria for working in
hot and cold conditions, which most mining companies use to design their respective heat
stress management policies. As heat stress management becomes more important and
widespread throughout the industry, there will eventually be a need for regulation in

reference to working in hot or cold conditions.
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Chapter 3: Thermal Management Policy: Design & Development

In order to design a sustainable and successful heat management policy, a series of
steps must be put in place and carried out to ensure simple and timely development. These
steps include: (1) establishing a heat stress index for the underground thermal climate, (2)
creating or continuing a form of climatic monitoring in areas where heat is an issue, (3) a
method of heat mitigation, (4) a workforce training regimen, and (5) a procedure that

management will follow to ensure the heat management policy remains effective.

a. Establishing a Heat Stress Index

The selection of a heat stress index can play a pivotal role in the management of
the underground climate in metal mines experiencing issues with heat. A heat stress index
serves as a simple indicator in a very complex system, allowing for step by step assessment
of the climatic conditions that workers are exposed to. Over time, these indices have
become more expansive in terms of types of parameters used in development. Historically,
only a limited number of environmental parameters were used in development but heat
indices are now developed to include behavioral parameters such as clothing and metabolic
rate in order to include another aspect to aid in thermal comfort assessment and prediction.
By implementing heat stress indices, the operation is establishing exposure limits, also
known as threshold limit values, and doing so under a wide range of environmental

conditions (Roghanchi & Kocsis, 2017).

During the planning and design phase, mining operators must use pre-established
guidelines to develop the heat stress index and be sure that it is proven to perform under

predicted mine heat loads. Depending on the heat load of the mine, the heat stress index
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can help with determining the optimum heat control method—such as increased ventilation
in production areas or forms of cooling (e.g. PPE), along with establishing safe work limits,
while also evaluating thermal comfort limits. In order to accurately assess the mine’s
predicted heat load in relation to the success of the heat index, all of the factors should be
given a valid weight in relation to the total heat strain. This will assist with heat mitigation
and control as well. Overall, the process and interpretation of developing the heat index
and the subsequent results should be straightforward for ease of practice by mine workers.
However, it is noted that complexity during the planning and design phase is more

favorable rather than during the operational phase (Roghanchi & Kocsis, 2017).

If the mine is already in an operational phase, the steps to develop a heat stress
index move towards ease of application. In order to establish an accurate heat stress index
that will be useful to mine operators, the measurements and calculations needed to develop
the index must also be relatively simple and straightforward. If mine operators cannot
interpret this index with ease, it will not be useful and may even be disregarded. Also,
during the development process, if the measurements needed, instruments used, or
protocols issued are detrimental to worker performance or production, establishing the heat
index will become more difficult during the operational phase. Heat indices are designed
to provide mine workers with protection but there has not yet been a defined method or
procedure for selecting a proper stress index for a complex underground climate. By using
a comprehensive set of comfort parameters—including metabolic rate, air velocity, skin
temperature, etc.—rather than the conventional climatic parameters of only air temperature
and/or humidity, this provides a way for rather simple indices to be developed and

implemented while still including imperative thermal comfort factors.
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b. Climatic Monitoring

In order to understand and manage the heat and humidity loads in an underground
mine, a form of continuous climatic monitoring must be established and maintained
throughout the operation of the mine. Underground mines are never at a steady state and
each mining environment is rather unique when it comes to heat load distribution; this
makes for rather complex climatic monitoring scenarios. Many factors such as depth of the
mine, level of mechanization, type of power source, along with rock thermal properties can
contribute to the total heat load of a mine. It is very important to develop a monitoring plan
focusing on climatic conditions in production areas of the mine, focusing on factors such
as dry-bulb temperature, wet-bulb temperature and relative humidity. If the elevated
temperature or humidity levels become troublesome for mine workers in a production area,
having a ventilation system that is able to respond to these conditions by increasing airflow
to the specified area will help with increasing safety and production. If ventilation alone
cannot achieve this, factoring in another type of heat mitigation such as a cooling system

or cooling PPE is essential for the safety of underground mine workers.

A continuous climatic monitoring study was conducted with partner mines in
Nevada. This was performed by collecting data for over one year from both the primary
and auxiliary ventilation systems in order to better understand the heat generated from
different sources and how the present ventilation systems perform with mitigating this heat.
Through this data collection and subsequent climatic modeling, the present heat sources
were quantified, and this data was used to develop a best practice for the selected mines—

with both operations being underground metal mines with localized heat issues. By
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developing a climatic model that was used to simulate, assess and interpret a large amount
of climatic data that was recorded underground, it become much easier to develop a
continuous climatic monitoring program at an underground mine. Many of the mines in
Nevada deal with heat issues on a localized scale rather than widespread throughout the
entire mine. As a result, “ACR Smart-Reader Plus 4” multi-channel data loggers, were
placed in key areas such as near the face of a development heading, and in an auxiliary
duct near production areas. Since production areas are commonly changing, setting up a
data collection system in one area rather than multiple areas can prove to be difficult. This
may cause small stints of data to be recorded rather than monitoring an area long term;
however, it is helpful to see how the heat loads of areas change once production moves
elsewhere. Figure 2 below, shows the layout of the data loggers when placed in production

stopes.

ACR#1

U
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Figure 2: ACR data logging layout in production stope

FACE

As surface temperature and temperature fluctuations above ground contribute

heavily to the heat load of the underground mine, it is important to employ a continuous
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climatic monitoring system to both monitor heat sources underground, along with the
fluctuations of temperature and relative humidity on the surface. Transient heat processes
greatly influence the temperature of the ventilated air and its surrounding environment and
it is important to be able to understand, quantify and predict these occurrences in order to
properly manage the underground thermal environment. Measured climatic data, shown
below in Figure 3, from the study conducted showed that it could take up to 24 hours for a
development heading in a production area to reach equilibrium with the surrounding

environment (Roghanchi, 2017).
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Figure 3: Example of dry-bulb temperature change from a development heading
(Roghanchi, 2017)

Using the results from the climatic monitoring program, an operation can make the
decision on what is the best way to ventilate the area to keep mine workers within the
specified thermal comfort limit, established from the heat stress index. If ventilation alone

is not enough, some type of cooling system or cooling strategy may be necessary.
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c. Heat Mitigation

Once the heat stress index is established and a climatic monitoring program has
been implemented, it is now important to develop a system or means of mitigating the heat
sources. It is important to keep in mind that since every mining operation is unique, one
type of heat mitigation may not work for another operation even if the two are regionally
close in proximity or employ the same type of mining method. Some of the primary

methods of heat mitigation are listed below:

Primary and auxiliary ventilation systems
Ventilation-on-demand (VOD) control system

Cooling system (localized or mine wide)

Cooling vests/PPE

Exchanging mine power/equipment source (diesel to electric)

Due to the difference in heat load profiles around the world, each underground
mining scenario is to be looked at as unique. It is very important for the mine operator to
have a full understanding of the major heat sources, along with a plan to mitigate the heat
sources that show the greatest contributions to the combined heat load. This will lead the
mine operator to selecting the optimum heat control method for the particular operation.
Below in Figure 4, the heat load profiles from three underground mines in Canada (a),
Australia (b), and the United States (c), are shown and compared. This shows and explains
that the heat load profile may change between mines in different regions of the world due
to factors such as the virgin rock temperature, which influences auto-compression, and the
level of mechanization underground, which influences the total heat load contribution from

equipment (Brake, 2002; Kocsis & Hardcastle, 2010; Roghanchi, 2017).
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N Autocompression M Strata heat WEquipment ® Other

(@)

B Autocompression M Strata heat WEquipment M Other
(b)

W Autocompression M Strata heat MEquipment ® Other
(©)

Figure 4: Comparison of heat load profiles in different mining regions (a) Canada (Kocsis &
Hardcastle, 2010); (b) Australia (Brake, 2002), and (c) the United States (Roghanchi, 2017)
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I Ventilation Systems

The primary and auxiliary ventilation systems of an underground mine deliver fresh
air to all active workings of the underground mine. The primary ventilation circuit consists
of intake(s) airways in which fresh air passes through to be delivered to the underground
workings, along with exhaust(s) airways where air passes through after ventilation work
areas. Fans, aiding the movement of ventilating air, are installed on surface at the top of
the shafts (intake or return) and throughput the mine (e.g. booster fans) (MacPherson,
2009). In some instances, re-designing the primary and/or auxiliary ventilation system of
an underground mine in order to provide adequate volumes of fresh air to production
workings, will be less costly and should be explored before any cooling or refrigeration
system is considered. An example of this would be switching the auxiliary ventilation
system from a “forcing” setup to an “exhausting” setup, if there is a large amount of heat
coming from auxiliary fans to the production area, with dust being another issue at the face
(Roghanchi, 2017). This was successfully performed at an underground mining operation
in Nevada, which was part of a previous research study, and a reduction of heat in the

production area was observed.

ii. Ventilation-on-demand
Another innovative technology that is being adopted by mining operations around
the world that faces ongoing heat issues, is ventilation-on-demand (VOD) control systems.
This type of system has been a research focus in the mining industry and has seen
continuous evolution and improvements since a period of energy price increases in the
early 2000s. A VOD system can usually reduce the total air volume delivered underground

by 10-30%, as a function of the total size of the mine, the depth of the mine, and the level
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of mechanization present. As a result, the operating costs, in $/year, can be reduced from
20-40%. This is dependent on the respective mine’s production rate, the depth of the mine,
the selected mining method, and the level of mechanization present underground (Internal

communication, 2017).

Below are the results of a completed case study by Howden Group in 2016, shown
in Figure 5. Besides the cost and energy savings from VOD systems, this can increase the
level of safety in underground mines by actively ventilating areas when it is needed and

maintaining safe working temperatures for mine workers.

Mine 1: Energy savings Mine 2: Energy savings Mine 3: Energy savings
(Actual results using VOD) (Actual results using VOD) (Actual results using VOD)
Mining method: Mining method: Mining method:

Long-hole transverse stoping Long-hole longitudinal & transverse Long-hole longitudinal retreat
Tonnage: 3,400 tpd Tennage: 3,500 tpd Tonnage: 4,000 tpd

Alrflow: 1,350,000 CFM Alrflow: 600,000 CFM Alrflow: 1,700,000 CFM

Enargy cost CAD 20.075/kWh Energy cost: CAD $0.05/kWh Energy cost: USD $0.18/kWh
Life of mine: 9 years Life of mine: 9 years Life of mine: 9 years

Direct operating savings: CAD $2.44/1 Direct operating savings: CAD $2.07/t Direct operating savings: USD $2.08/4
Met LOM savings including cost MNet LOM savings including cost MNet LOM savings including cost
of ownership: CAD $1.63/t of ownership: CAD $0.77/1t of ownarship: USD $0.94/
Simple payback: 0.5 years Simple payback: 0.5 years Simple payback: 2.5 years

i
@p&é’ @@" y fd& b‘”ﬁ @p&f @@c& ’ f@ g o @p&f @@& ’ cn“@ . «F
S i $
& & e cﬁﬁ S
{,‘P

Figure 5: Mine case study for VOD comparison (Howden, 2016)



iii. Cooling Systems

There are many types of cooling systems used for different types of heat issues

within an underground mine. Some of the types commonly found in underground mining

operations include centralized (bulk) cooling, spot cooling, and micro-climate cooling

systems. Ice storage underground is also a historic type of cooling used in rather cold

climates, which generates cooling capacity on surface stored in broken rock or ice

formations underground during winter. Each of these systems has its advantages and

disadvantages for the unique types of operations they can be implemented in, as shown

below in Figures 6 & 7.

Cooling System Cooling Capacity Mobility E?E::::é‘: Cost
Surface Bulk Cooling High Stationary Low High
Underground Bulk Cooling Medium-High Stationary Low-Medium High
Ice Storage Medium-High Stationary Low-Medium Medium-Low
Spot Low-Medium Partially Mobile Medium-High Medium-Low
Micro-Climate Low Fully Mobile Maximum Low

Figure 6: Comparison of commonly used cooling systems (Greth et al., 2017)

Cooling System

Advantages

Disadvantages

Surface Bulk Cooling

Provides the greatest amount of
cooling

Limited by the depth of the mine

Underground Bulk Cooling

Generates the largest amount of
cooling capable underground

Must reject heat to a return airway or
through return waterlines to the surface

Ice Storage

Utilizes natural cooling processes to
reduce operating costs

Limited to cold climates

Must reject heat to a return airway or

worker

Spot Mitigates heat in localized areas .
through return waterlines to the surface
Workers are unable to always remain in
. . Cools area directly around the mine air conditioned cabs
Micro-Climate

Current cooling garments aren’t optimal
for use in the mine environment

Figure 7: Advantages and disadvantages of cooling systems (Greth et al., 2017)
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Considering that mine ventilation is traditionally the first step in mitigating heat, it
IS important to note that some of the above cooling systems are integrated with existing
ventilation, in order to only operate when ventilation alone is not adequately removing heat
from the area. This may help reduce capital and operating costs. In order to determine
whether an operation should consider investing in a cooling system, extensive climatic data

collection is necessary in order to dynamically model the underground mine environment.

iv. Cooling PPE (Micro-Climate)

Micro-climate cooling systems don’t actually cool the surrounding mining
environment, rather acting to cool the area directly surrounding the worker. An example of
this technology which is widely used in the industry today, is the development of air-
conditioned cabs on underground mining equipment. This keeps the worker separated from
the heat for most of the shift except when they exit the vehicle. Less commonly seen in the
mining industry, are cooling vests, worn by the miner through the entire working shift.
Historically these were used in some hot underground mines, but have been nearly
completely phased out. A 2016 study concluded that using only current cooling garments
cannot protect the worker from excess heat exposure in the underground mining
environment. Cooling garments can still be used to mitigate heat exposure but should not
be used as the primary source for a reduction in heat load (Greth et al., 2017; C. Al Sayed

etal., 2016).

V. Mine Power Systems
Another method of heat mitigation may include evaluating the power sources

within the underground mine. This includes studying the role that mining equipment plays
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in the heat and humidity loads within production areas. One of the drawbacks of diesel-
powered equipment within underground mines, in addition to increased heat and humidity
load, is diesel particulate matter, or DPM, which is emitted through the exhaust system of
the mobile equipment. The actual exhaust from the equipment consists of gases including
carbon monoxide (CO), carbon dioxide (COz2), and nitrogen oxides (NOz). This exhaust is
then diluted by the mine ventilation system, ensuring that fresh air is delivered to the
production areas. DPM is identified as a carcinogen and consists of many primary
carbonaceous particles that agglomerate to form a multifaceted, fractal-like morphology
(Ristovski et al., 2012; Kocsis, 2017). While the production of DPM is a major issue with
diesel-powered equipment, the heat and humidity that is also produced by these engines

pose health and safety risks for the mine workers.

It has been studied that diesel powered equipment produces nearly three times more
heat than a battery powered or electric vehicle for the same mechanical work output
(McPherson, 1993; Sunkpal, 2015; Roghanchi, 2017). This heat generated can be divided
into three parts: (1) with one-third being generated by the radiator and the body of the
equipment, (2) one-third appearing as heat in the gases of the exhaust system, and (3) the
final one-third generated by the friction produced by the machine while it is operating
(McPherson, 1993; Sunkpal, 2015; Roghanchi, 2017). The difference between diesel and
electric engines when referring to heat production can be most noted in the production of
latent heat. With each liter of diesel fuel that is consumed, this produces roughly 1.1 liters
of water which can be measured through the moisture content of the exhaust gases.

However, this factor could be increased when incorporating the amount of water
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evaporating from cooling systems, or from being produced within emission control systems

(McPherson, 1993; Sunkpal, 2015; Roghanchi, 2017).

If an underground mining operation were to choose to switch the equipment fleet
from diesel powered to electric/battery powered, this could have numerous benefits
concerning health and safety, but also poses many challenges such as capital expenditures,
equipment maintenance, and worker training. Eliminating or reducing DPM production in
the underground mining environment will result in an overall reduced heat load, and could
help maintain a healthier and safer environment for mine workers. The mine could also see
a reduction in mine operating costs due to lower ventilation requirements (Fox et al., 2018).
As research for underground mining equipment continues to investigate the applicability
of electric powered haulage vehicles, numerous mining operations all over the world have
started implementing electric/battery powered mining equipment on a small scale. This
will likely continue as the trend for increased mechanization in the underground mine
environment continues, along with the possibility of reduced operating costs associated
with lower ventilation requirements. Battery producers and equipment companies also
continue to investigate extending battery life in order for this type of equipment to be
sustainably used in the underground mining environment (Kocsis, 2017; Fox et al., 2018).
As mine operators seek out change for greater cost savings and improved health and safety

conditions, mine power sources will likely continue to play a role in heat mitigation.

It is up to the mining operation management and engineering department to conduct
an extensive study to determine which method of heat mitigation would be most effective

for that unique operation. Many underground metal mining operations operate with a
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shorter life-on-mine than, for example, an underground stone or industrial mineral mining
operation. This may prevent large investments such as changing the entire, or fractions of
an equipment fleet to mitigate heat underground. It is essential for underground mining
operations to factor in heat mitigation techniques during the initial planning phase rather

than during the operation phase.

d. Workforce Training & Empowerment

Without the support and understanding of the workforce, an implemented heat
stress management policy would not be successful. These policies are for the benefit of the
mine workers, therefore, it is important to have a training plan and dialog setup between
mine management and the workforce. There are several types of strategies currently
applied in different industries to educate the workforce when affected by heat stress. These
include, but are not limited to: self-paced work, work/rest cycles, acclimation programs,
and workforce participation programs. As workforce culture continues to change and
develop in the mining industry, becoming further centered on mine workers and their well-
being, the conversation between management and mine operators will continue to cultivate

more ways to combat heat on an administrative level.

I Self-Paced Work Strategies
Mine workers complete tasks on a shift-by-shit schedule, so there has historically
been pressure from mine operators for workers to complete enough tasks to get to a certain
point in the cycle of mining. This practice has been mostly abandoned in the precious
metals industry in the United States, with modern mining companies now adopting

comprehensive safety programs, safety goals now overpowering the production targets.
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Since workers respond differently to working in a hot and humid environment due to
factors such as level of acclimation, physical fitness, and overall health, the act of self-

paced work or self-regulation will affect each worker differently.

This method has been researched in the surface construction, electrical and foundry
industry which showed that “few workers voluntarily work at a pace that requires
sustaining an average heart rate >110 bpm for any length of time” (Miller et al., 2011). It
was shown that workers in a ceramic foundry would automatically adjust the rate or pace
of work, therefore no signs of heat stress would be found throughout a shift, thus reducing
the cumulative risk (Parikh et al., 1978). Since these workers were able to autonomously
adopt the method of self-regulation, Miller et al. (2011) recommended this practice as an
effective measure in managing heat stress. However, the effectiveness of self-regulation or
self-pacing can be constrained by the workers’ awareness and knowledge of heat stress.
Physiological factors such as a sense of thirst or sweat rate can show individual differences
of self-paced work and can cause workers to disregard the practice. If self-paced work is
to be employed, the workers must be openly empowered and thoroughly trained to ensure

the effectiveness of this type of work (Rowlinson et al., 2014).

In another study, 150 construction workers in Australia and the United Arab
Emirates (UAE) were monitored on two different worksites for 12 hours over a 2 day
period each. Different environmental parameters, such as heart rate and core body
temperature, were measured in order to quantify heat stress using the thermal work limit.
This study stated that highly motivated workers or workers that are unable to control their

own work rate are at the greatest risk for heat strain (Miller et al., 2011; Armstrong et al.,
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1987; Heled et al., 2004). The workers studied in Australia were well educated on the topic
of heat strain when compared with the workers in the UAE. This study showed that
comparatively uneducated workers also understood the importance of self-regulation
which enabled them to continue to work in harsh conditions without further evidence of
heat or physiological strain. Further, the study explains that well-hydrated and acclimated
workers who understand the act of self-pacing may be permitted to continue safely working
in conditions that may have been prohibited by most conventional heat stress indices
(Miller et al., 2011). This technique is to be paired with a flexible management approach
while also combining the thermal work limit and the importance of hydration, acclimation

and self-pacing (Miller et al., 2011, Brake & Bates, 2002).

With extensive research from different industries in the area of self-paced working,
these strategies can be molded and adopted by the underground mining industry in order
to mitigate heat strain in mine workers. This technique, when combined with acclimation

and education, can help prevent heat strain in workers while working in variable conditions.

ii. Work-Rest Cycles
Another strategy for managing heat stress with means of workforce training is
known as a work-rest schedule or cycle. This cycle takes into account the amount of time
an individual may be exposed to heat or cold stress conditions while working. This also
factors in applicable environmental conditions, specific clothing requirements, and fitness
levels for specific individuals completing the task. Work-rest cycles serve as short,

intermittent breaks over a long, typically 10-12 hour shift, and are better at reducing fatigue
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than a single, long break. It is also more effective if these breaks are taken in a cooler area

than the working area (Roghanchi P. , 2017).

Work-rest cycles have been shown to improve overall productivity, along with
reducing heat stress. It is also essential that supervision of mine workers participating in
the program is given, because moving from working 100% to 0% in a hot environment can
pose risks. Brake & Nixon (1998) state that having high rest components in the work-rest
cycle is highly unproductive—placing workers under very high levels of thermal stress

with little to no productive gain (Brake & Nixon, 1998).

If a mining operation is to adopt a work-rest schedule, it must have temperature
controls in place to distinguish different work-rest cycles as temperatures in the working
area increases. This temperature scale will be derived from the selected heat stress index
which corresponds to the working conditions. If the temperature is to change drastically,
the work-rest cycles must also be adjusted to working in the extreme hot or cold
temperatures. If only the wet-bulb temperature is being used, there may be other factors
being left unaccounted for (heart rate, humidity, airflow velocity), in which heat strain
could still be possible. In order for this scheduling to be effective, these factors must be

implemented into the planned thermal management policy.

iii. Acclimation Programs
The process of acclimation, or acclimatization, has been studied many times to
understand the important parameters that are needed in order for workers to acclimate to a
specific climate (e.g. work area) successfully. The thermoregulation process of the human

body relies on factors such as physical fitness, level of acclimation, state of hydration,
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gender, and age. Other parameters such as previous heat-related illness, difficulty in
acclimating, hypertension, weight, drug use, and alcohol use may also effect acclimation
processes (Roghanchi, 2017; Havenith, 1985; Kenny et al., 2009). For a healthy worker to
acclimate to a hot and humid environment, this process may take roughly 7 to 14 days in

some cases (Roghanchi, 2017; DOD 1980, 2003; NEHC, 2007; ACGIH, 2014).

It is important to note that acclimation cannot be included while developing a heat
stress index (Roghanchi, 2017; McPherson, 1962; Budd, 2008). The amount of heat strain
experienced by a person, for a given amount of heat stress, may be different for an
acclimated worker rather than a non-acclimated worker. It is common for heat indices to
not differentiate between acclimated and non-acclimated (Roghanchi P. , 2017). The
process of acclimation may show an increase in the amount of sweat from workers, along
with an earlier onset of sweat. When workers are acclimated, there may be increased skin
blood flow, along with a reduction in heart rate. The human body will also begin to use fat
storage for energy during heavy work, saving carbohydrates for even heavier work

(Jacklitsch et al., 2016).

During the process of acclimation, the body will become fully acclimated with brief
daily exposure to heat. This process does not require or suggest that a worker should be
exposed to these conditions for an entire day or 24 hours. The minimum time for
acclimation to occur is 2 hours/day, which may also be split up into 1-hour increments
(Department of Defense (DOD), 2003). Acclimation to heat can be recovered in 2 to 3 days

after exposure, but cannot be recovered after more than a week of absence (Victoroff &
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Yeoman, 2017; Lind and Bass 1963; Wyndham 1973). Below, in Table 10 is a suggested

acclimation schedule from NIOSH (2017).

Table 11 shows a 5-day acclimation schedule for workers with no previous
experience working in heat. The amount of time for full acclimation to occur may change
with the individual, along with the amount of heat and humidity load found in the work

area. Located in Appendix-Al, the acclimation process is described in full (NIOSH, 2016).

Table 11: NIOSH suggested acclimation schedule (Victoroff & Yeoman, 2017)

MIOSH Acclimatization Recommendations
for New Workers

1st day 20% usual work duration
2nd day 40% usual work duration
3rd day 60% usual work duration
4th day 80% usual work duration
Sth day 100% usual work duration

MIOSH Acclimatization Recommendations
for Workers with Previous Experience” with

the Same Job

1st day 50% usual work duration
2nd day 60% usual work duration
3rd day 80% usual work duration
dth day 100% uswal work duration

FWarkers retfurning from amn absence

iv. Training & Participation
One of the most important areas of thermal management policy is the training
provided by an authorized team and the reception of this training from the mine workers.

For a policy to be successful, each step must be thoroughly understood and each level of
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the employee must be compliant at all times. The process of acclimation is the most notable
step from this type of policy that requires workers to be continually trained and educated
on the safety and health matters. Mine workers should be able to identify heat related ilIness
or heat stress conditions, and mitigate to their best ability. If nothing can be done to ease
the situation, supervisors or management must also be trained to combat this type of issues
and employ a cooling method or system. It is of utter importance that an open line of
communication is left between workers and management to have discussions regarding the

risk of heat related illnesses.

With many mining operations now implementing well-rounded safety programs, it
is essential that heat management policy becomes a key part of these programs. Without
input from mine workers, the program may not see as much improvement and may go on
dealing with isolated heat related illnesses. Each step of a thermal management policy must
be reviewed on a timely basis, and updated if trends change—such as an increase or
decrease in heat-related injuries or illnesses, or emerging research findings regarding heat

stress becomes available.

e. Thermal Management Protocol

In order for mine management to successfully develop and implement a thermal
management policy, there must be a general understanding of where the heat is coming
from, how it is affecting the mine workers, and what techniques, methods and systems will
work to mitigate the heat load in specific areas of the mine (e.g. production stopes) and
throughout the mine. Implementing a thermal management policy into an operation’s

health and safety program, or general operating criteria; can improve many different areas
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throughout the entire operation, as shown below in Figure 8. By successfully and

strategically mitigating heat stress and heat illness, the operation may see a reduction is

time loss injuries and near-miss situations. The general health of the workforce may be

improved, along with the productivity of miners working in heat (NIOSH, 2016).

/—[ Safety ]—\

* Allows for
empowerment of the
mine worker

* Reduces fatigue-
induced decisions

» Makes way for
improvement of PPE
in hot environments

Heat Management
/—[ Sustainability

* Ensures that adequate
heat management and
ventilation is guaranteed
in the operation

* Curbs extraneous costs
for EH&S when a
policy is enacted

o %

o

Health

» Reduces cases of
fainting, heat stroke &
heat exhaustion

» Educates workers on
early signs of heat
strain

* Heat related safety can
be a target of wellness
plans

o

/—[ Productivity h

 Acclimation allows for
scheduled breaks

» Fewer production
delays due to heat
related accidents

* Workers could carry
climatic monitors to
address heat issues

immediately /

Figure 8: Possible benefits from adopting heat management (Adapted from NIOSH, 2016, 2017;

I Engineering Controls

Roghanchi, 2017)

There are a number of engineering controls that can be applied to a situation that is

exhibiting or creating a heat illness risk for mine workers. These controls act to regulate

the amount of environmental heat load in the work area; which inherently may change the
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process of operations, such as ventilation or method of work output (NIOSH, 2016).
NIOSH differentiates engineering controls by the type of heat that is being dealt with; such
as convective, radiant or evaporative heat controls. Since underground mining deals with
reducing the heat load differently than for example, surface mining, the heat load must be
examined and quantified precisely. Two commonly used engineering controls for reducing
heat load include: (1) modifying/upgrading the ventilation system in areas that are
experiencing high heat load, along with (2) introducing air-conditioned cabs on mobile
equipment that will be working in areas of high heat load. Both of these cases deal with
convective and radiant heat, and NIOSH explains that this can be dealt with by “modifying
air temperature and air movement” or “to shield the worker from the radiant heat source”

(NIOSH, 2016).

ii. Administrative Controls

Administrative controls help combat the occupational heat stress and risk factors
associated with working in an underground mining environment. By implementing these
controls to minimize risks pertaining to the thermal environment, physical work demands,
and clothing (PPE) requirements, workers are less exposed to risks of lowering health and
safety (NIOSH, 2016). Administrative controls are developed where it is impractical or
impossible to control the environment with only engineering controls. These controls are
developed by, and reflect standards such as occupational exposure limits (OELS),
recommended exposure limits (RELs), ACGIH threshold limit values (TLVs), and 1ISO
standard 7243 (NIOSH, 2016). It is standard, per NIOSH (2016) recommendations, to

divide up these controls into five categories or strategies, as listed below:
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¢ Limiting/modifying the duration of exposure time (e.g. work limit)
¢ Reducing the metabolic rate component (e.g. work intensity) within the total heat load
of a work area through self-pacing methods and techniques
e Enhancing the heat tolerance of the workers
o Heat acclimation or physical conditioning
e Training workers regarding safety and health procedures for work in hot environments
e Medical screening of workers to be aware of which individuals have low heat

tolerance and/or low physical fitness

Once these initial parameters have been outlined, specific controls for an
underground mining operation can be developed. If a mine deals with the heat on a
widespread and year-round level, rather than a seasonal or localized level, there may be
different types of administrative controls to mitigate this heat and keep workers safe. For
an underground precious metals mining operation in the state of Nevada, or the Western
United States in general, administrative controls may consist of rotating personnel, limiting
exposure time, and implementation of work-rest cycles in cooled down areas, as shown in

a currently implemented thermal management policy.

Below in Table 12, a timeline concerning personnel roles related to heat
management for a developing mining operation is shown. This table strategically lays out
duties for each employee involved with each stage of mining. If an operation was to
disregard heat stress until it started having negative effects on the workforce, the results

would not be favorable to mine management. On the other hand, if the operation decides
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to incorporate heat stress management into every stage of the mine plan, the issues

surrounding heat stress will likely be solved faster and production may not be affected.

Table 12: Mine Personnel and their roles regarding heat management in each phase of mining
(Modified from Rowlinson et al., 2014)

Stage of Work

Personnel

Objectives

Contracting

Mining Company, Contractors

Set achievable targets (timing, budget)

Mandate heat stress management in
contracts

Design

Consulting Firm

Inform clients of heat stress issues
which may arise

Documentation of heat stress areas
underground

Planning

Contractors, Project Engineers,
and Managers

Schedule work for cooler time-periods
underground (e.g. fall, winter), rotate
workers

Ensure cool area for rest period

Establish surveillance and risk
assessment system

Provide hygiene facilities, staff, health
screening and first-aid, training, etc.

Operation

Safety Superintendent

Day-to-day planning of work;
assessment of goals; dynamic heat risk
assessment

Mine Manager, General
Foreman

Decision making on mandatory breaks

Enable self-pacing

Mine Workers

Follow mandatory breaks; drink water;
take rest; etc.

Self-pace upon empowerment; self-
treatment on early signs of heat illness

Watch for coworkers’ symptoms

Safety Workers, Ventilation
Engineer

Enforcement, documentation of heat
mitigation techniques

Insurance, Contractors

Financing inevitable loss, compensation

In closing, there are numerous benefits that may come from managing heat in

underground mines as a contaminant. Multiple engineering and administrative controls can

be used to address this issue. Once heat is looked at as an illness-causing pollutant, the

perception of heat in the eyes of the mine workers may be changed, and more preventative
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measures may be taken to ensure the daily protection of the workers. Heat can be managed
in many ways, and should be treated differently in these diverse environments; such as in

coal mines, metal mines, non-metal mines, etc.
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Chapter 4: Health and Safety Culture in the Underground Mining
Industry

a. Overview of the Health and Safety Focus in the Mining Industry

It is common to see safety as a leading goal for most major mining companies.
Dating back to the Chernobyl disaster in the 1980’s, the idea of a “safety culture” was first
discussed and developed (Gotvall, 2014), leading to a model of organizational culture by
Schein (1992). This model divided the aspect of an organizational culture into three levels:
(a) artifacts, (b) espoused values, and (c) basic assumptions. Artifacts are defined as “all
the phenomena that one sees, hears, and feels when one encounters a new group with an
unfamiliar culture” (Schein, 1992). To an underground miner, this may include new types
of PPE to be worn underground such as a respirator or self-rescuer, or the type of
communication to be used on the radio, such as how to call for dispatch. Espoused values
are the strategies, goals, and philosophies of the organization (Schein, 1992). This may be
reflected on the company’s website; including the mission statement or award programs
(Kosmoski, 2014). Basic assumptions are defined as “unconscious, taken-for-granted
beliefs, perceptions, thoughts, and feelings” (Schein, 1992). This part of the model is more
difficult to define because these feelings tend to explain the behavior of the general group,
as well as the expectations of the group (Kosmoski, 2014). This feeling becomes the new
normal for the group, and some may not even realize how deep-rooted it becomes. An
example of this includes never leaving a worker behind, or always wearing fall protection
when working above a certain height or around an open raise. By viewing a safety culture

as an organizational model with separate variables, it becomes easier to assess and quantify
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actions taken by mine workers and management. This may aid management in developing
ways to change how safety is viewed by individuals, or even on a large company-wide

scale.

Even though organizational models can become complex and labor-intensive to
understand, the focus on safety has evolved into a lifestyle for virtually all mining
operations being run by leading mining companies in the United States. With some safety
programs continually growing and evolving, this can lead to over-complicating simple
statistics, thus creating the program to become somewhat taxing (Webb, 2016). It is up to
the user, or the company on how to analyze and understand a certain safety culture. Having
the ability to model and understand these cultures through multi-part systems, or to
simplify the equation down to the roots, presents an opportunity for companies to have

many different choices and research approaches to choose from.

i Risk Management Approach
It is now fairly common for companies to release safety statistics, celebrate
achieved safety goals, and attempt to involve every employee on site with safety
contributions. Companies are now also embracing risk management techniques in order to
improve health and safety at operations. Below is a flowchart, Figure 9, outlining the steps
in creating a successful risk management plan, which can contribute to a successful health

and safety program (Oraee et al., 2012).
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Figure 9: Steps for creating a successful risk management plan (Oraee et al., 2012)

A risk management plan, coupled with a safety culture centered on preventing
occupational injury and illness, can help outline the path for the development of an
effective thermal management policy. As safety cultures of mining operations continue to
evolve, so will the approach of risk management and risk assessment. Risk management
can be applied to virtually all areas of a mining operation, with different strategies used for
identifying risk, reducing risk, and finally preventing loss (Karmis, 2001). This process is

commonly structured in five steps, as shown below.
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Risk identification: this serves as a stage to identify all hazards and situations that
may be contributing to or have the potential to cause harm or loss to the employee
or company (Joy, 2004).

Risk analysis: the attempt to understand and analyze the magnitude or severity of
the potential events caused by the risk (Joy, 2004).

Risk reduction/elimination: decisions made to control or reduce the risk (Joy,
2004).

Risk financing: raising funds to properly cover expenses for the potential risk or
required mitigate techniques.

Process administration: a systematic approach from management assuring that the

risk is mitigated and understood for the future.

It is common to see management approach risks with different strategies based on

the level of severity of the situation. One of the common techniques for analyzing risk is

to use risk assessment matrices. This process has been used for over 20 years in the mining

industry and is also used frequently by the military (Donoghue, 2001). A mining operation

may use a combination of techniques in order to quantify different types of risks such as:

High frequency events (i.e., hand injuries, back injuries, general health issues)
High severity losses (i.e., fatalities, rock falls)

High cost events (i.e., major production stoppage, equipment loss)

One of the key areas to focus on while preventing risk, which can also be applied

in a safety culture approach, is new miners or employees. It is known that a high percentage

of injuries happen to new miners, and if management is to focus their risk management
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approach to this population, it is likely that high-frequency events and accidents may be
reduced (Karmis, 2001). One way to do this is to focus on new miner training and how this
is incorporated into the overall safety culture of the operation. If heat stress and heat-related
ilinesses are one of the many health-related subjects covered when educating new miners,
these workers will become more aware, and accidents will likely be reduced due to the

increase of heat-related education.

One of the newer approaches of risk management in the mining industry is known
as “hazard concentration.” This was investigated in a research study for an underground
gold mine in Quebec, Canada with a method known as Analytic Hierarchy Process (AHP)
(Badri, Nadeau, & Gbodossou, 2013). With the research aim being to propose a method
for managing nearly all risks that a mining project may be subjected to, the study took 250
potential hazards into account, including several different types of heat issues, in order to
evaluate the applicability of implementing this process into the Quebec area mining
industry. Even though this study evaluated a wide range of hazards, this showed that many
different aspects of heat could be managed through a risk management approach (Badri,

Nadeau, & Gbodossou, 2013).

b. Review of a Current Thermal Management Policy Implemented in Nevada

In order to investigate how heat control relates to health and safety in today’s
mining industry, a current thermal management policy was provided by a partner mine,
which was then reviewed and evaluated. This policy is currently implemented and updated
on an annual basis at an operating underground precious metals mine in the state of Nevada.

Previous research concerning climatic data collection was also conducted at this particular
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site, assisting with further understanding of the climatic conditions underground. For this
policy, procedures were developed for working in both hot and cold stress conditions—
since both conditions are readily seen in Nevada throughout the different seasons. Each
section will be addressed below, followed with conclusions and recommendations in

closing.

I. Personnel Roles
This policy is audited during the first quarter every year in order to determine its
effectiveness in preventing heat/cold stress related injuries. By reviewing any injuries and
action plans associated with those injuries, management can then critique and improve the
training program for supervisors and employees in order to prevent future injuries. In
addition to auditing the policy, all mine climate monitors are to be examined to confirm

they remain functional.

(1) Employees:
It is the employees’ responsibility to report any area where elevated temperature
and humidity conditions may be causing health and safety issues, and to then
attempt to mitigate the issue or contact another employee who is more qualified to
address the problem. If an area is deemed to be too hot, any employee has the right
to shut down mining activities in that area. If intense work is required, the
temperature must be recorded and if it is between 90-94°F, the employee must

communicate this with the shift supervisor on an hourly basis.
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(2) Supervisors:
It is the supervisor’s responsibility to measure the effective temperature (ET) in
areas where heat may be an issue. If the ET exceeds 90°F, a formal risk assessment
must be completed with followed by heat mitigation methods. All supervisors will
be trained how to use a digital psychrometer (to determine the effective

temperature) & an anemometer (to measure airflow).

(3) Engineering:
The ventilation engineer will assess areas for heat issues and will then advise on

heat mitigation methods and techniques.

(4) Trainers:
The training department must train all employees who may be exposed to heat
based upon job responsibilities. This will be conducted during safety meetings,
MSHA (new hire and annual refresher), along with mobile equipment task training.
This department will also be trained to recognize, prevent, and treat signs of heat

related illnesses.

ii. Climatic Monitoring
In order to measure the dry-bulb temperature, the wet-bulb temperature, and the
relative humidity, a digital psychrometer is usually used. A digital anemometer can also be
used to measure airflow velocity along the drifts and within the production workings.
Models of instruments may vary but each employee is instructed to understand how to use

the instrument.
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iii. Working in Heat Stress Environments
After determining if a work area is subject to heat stress issues by measuring the
effective temperature, a supervisor must then follow the direction of water intake and work-
rest cycles. This will be performed by completing a field level risk assessment, team based

formal risk assessment, and a confined space entry permit.

(1) Work-rest cycles:
The specified work-rest cycles, shown below in Table 13, are determined by
measuring the effective temperature of the area. Once the ET exceeds 90°F, the
work being completed in that area will cease, and the ventilation engineer or safety
engineer will be notified to put engineering or administrative controls in place. This
effective temperature is calculated using both dry-bulb and wet-bulb temperature,

using the formula below:

ET (°F) = 15 + 0.4(dry bulb + wet bulb)

Table 13: Work-rest cycles for current thermal management policy

Effective Temperature

Work Time (minutes) Rest Time (minutes)

Range (°F)

82-83 Caution while working

84-85 50 10

86-87 45 15

88-89 40 20

>90 Implement administrative/engineering controls
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(2) Hydration:

e All employees are trained to recognize the symptoms of heat stress or illness, and
are required to acknowledge these symptoms to be dealt with accordingly.
Employees are also encouraged to drink plenty of water before, during, and after
working; with the rule of 8oz per 20 minutes. Heat stress symptoms such as
becoming disoriented, confused or having flu-like symptoms are not to be
ignored. These symptoms, along with others such as a worker no longer sweating
with the skin becoming hot and dry, and a worker requesting to be removed from
the hot area, are not to be ignored.

e Acclimation, and the process of, is also addressed as a controllable factor in
dealing with heat strain.

e It is also noted that workers need to be drinking enough fluids to make up for
80% of the working sweat loss. Fluids include electrolyte mixture as well as

water. A urine color chart is also given to alert workers of the levels of hydration.

(\2 Administrative & Engineering Controls
In addition to the requirements already stated, there are specific administrative and
engineering controls that are carried out if the effective temperature exceeds 90°F in an

area. The engineering controls are as stated below:

e Re-evaluate the ventilation system in a specified area(s)
e Provide air-conditioned cabs on mobile equipment:
o Any work performed outside of the cab must follow the corresponding work-

rest cycle
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o The air inside the cab must also be measured for effective temperature and

must not exceed 84°F

Administrative controls are performed to adjust and evaluate adverse conditions manually.

These controls, as outlined in the policy, are stated below:

¢ Rotate workers/personnel

e Limitation of exposure time with frequent breaks in cool areas or air-conditioned
chambers

e Cooled water must be available for workers

e Cooling PPE (i.e., hard hat lines, cooling vests, thermal collars)

e Monitoring of workers that are working alone in hot areas

V. Recommendations

While this policy is comprehensive and may be proven effective for this particular
operation, there are limitations as well. By measuring the climatic conditions with only the
effective temperature, there are other parameters that may go unnoticed. This may include
individual human factors, such as weight, age, fitness level, history of working in hot
environments, and many more. Heat stress regulations put forth by MSHA address
measuring threshold limit values (TLVs) by only the WGBT, rather than incorporating
more factors like the ET index does with air velocity and relative humidity taken into

account.

As underground mining operations continue to expand and mechanization
increases, these localized heat issues experienced in the underground mines specific to

Nevada, may become more general and prevalent. With the combination of continuous
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climatic monitoring, developing a validated thermal comfort model, and a comprehensive
thermal management policy centered on protecting the health and safety of mine workers,
it will become possible for heat to become manageable, this may even include a risk

assessment approach.

c. Assessing Safety Cultures in Underground Mining in Relation to Heat

Management

The concept of safety cultures and their purpose in underground mining as a pillar
of the operation’s safety goals and relatability to the modern industry has evolved over the
past few decades. Most modern mining operations in the United States now conduct
business with safety serving as their top priority, outweighing production rates in terms of
success. Safety cultures can be assessed in a number of ways; it is commonly known that
having engineered safeguards and formal management systems is essential, but it is equally
important to have secured the commitment of the workforce in order for the operation to
keep safety as a top priority. The evaluation of safety cultures at certain
operations/organizations has proven to be difficult. The observation of safety performance
may be carried out; however, understanding the cultural assumptions that influence this

behavior can be difficult to measure or fully understand (Kosmoski, 2014).

This research area of safety cultures in the underground mining industry is
important when associated with the risk of heat stress and the process of thermal
management with the underground workforce. As soon as workers become discontent with
the thermal environment that they are exposed to, it is a likely safety and health hazard.

This affects the workers’ ability to function at their most productive state, decreases their
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satisfaction at work, and the worker may even move away from working towards the
company’s goals (Roghanchi, 2017; Sunkpal, 2015). If mining companies and their
individual operations put thermal comfort on the priority list, the reaction from the
workforce is bound to be positive. Such a goal can be associated with current health and
safety programs along with engineering and production goals—to maintain a comfortable
working environment while building a quality mine and extracting the mineral sustainably.
Establishing thermal comfort as a key part of the safety culture of an operation extends the
reach of these new programs and gives more opportunity for the workforce to become

involved with heat management related endeavors.

Today, heat in underground mines in Nevada is more of a localized problem—
within production headings and active mining areas—rather than a widespread or regional
issue. However, as mining on the Carlin trend and surrounding areas transitions from open-
pit to underground, newer operations could be faced with unforeseen heat issues. If a
company or new operation holds heat management as a pillar of their safety culture
standards or is building the standard into their health and safety program, the culture of the
entire operation could see a shift towards an empowered and vigilant workforce, ready to
understand and work through these issues. Depending on the operation, the mine workers
may be fully acclimated and undisturbed by localized heat issues, but for a non-acclimated
workforce, there may be push back or objections towards management for unknown heat
issues underground. If these new operations make heat management an important part of
their safety culture, it becomes easier to resolve these issues without disrupting production

or causing a safety issue.
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d. The Future of Health and Safety: Looking Forward

As the mining industry progresses, the health and safety culture associated with this
extractive industry will also continue to evolve. Whether it’s in the way of more efficient
sweat-wicking PPE, or new ways of assessing occupational risks, this industry will adapt
to the changing issues encountered. As autonomous technology improves and
environmental regulations change, there may be changes to mining methods or types of
mining performed, but the health and safety aspect of the industry will always stay focused

on the workers who are performing these tasks and helping the industry evolve and prosper.

The modern, international economy around the world will continue to use minerals
that must be mined through underground mining methods, and this will continue to subject
mine workers to potential heat and health hazards. In order to protect these workers, along
with the sustainability of the entire United States mining industry, the focus on health and

safety must continue to evolve and remain the most important part of the entire process.
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Chapter 5: Conclusions

a. Objectives
With heat posing a risk to many mine workers at underground mine operations
across the United States, the development of thermal management policies to protect mine
workers health and to prevent heat related illness is of utmost importance. The objective of
this research work is to assist NIOSH with the development of a heat management policy
to be implemented on a regional scale, with the target audience being underground metal
and non-metal mines in the Western United States. The following steps were completed to

advance the development of thermal management policies:

1) A current thermal management policy provided by a partner mine in Nevada
was reviewed and evaluated to investigate how this policy could be improved

2) Reviews of heat studies and thermal management policies from similar labor-
intensive industries were also researched to aid in the development of a heat
management policy

3)  Previous research in the area of thermal comfort, heat indices, heat mitigation
and climatic monitoring was reviewed and applied to the development of heat

management policies

b. Recommendations

In order for an operation to develop and implement a successful thermal

management policy, a strategic approach is necessary with steps outlined below:

e Data collection leading to:

o Development of a thermal comfort model
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o Development of a continuous climatic monitoring system
Selection an appropriate heat stress index incorporating:

o Wet-bulb temperature

o Dry-bulb temperature

o Relative humidity

o Airflow velocity

o Human factors (i.e., metabolic rate, sweat rate, level of hydration,

clothing, PPE)

Regular monitoring of temperature and humidity of the mine air in
production stopes
Adequate method of heat mitigation

Training program for the underground workforce

Further discussion points are continued below:

Heat management in the underground mining industry could benefit from
adopting strategies commonly used in similar labor-intensive industries,
such as:

o Surface construction

o Highly mechanized factories

o Foundries
Implementation of an acclimation program could greatly benefit newly
employed mine workers and experienced mine workers returning to work

after an extended time off (less than two weeks)
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e Even though heat is not a widespread issue right now in Western United
States metal mines, as mining progresses deeper, this issue could have
lasting effects considering that:

o Thermal management needs proper planning before initial stages of
operation
o Case studies can be extremely helpful in the development of new

policies regarding heat stress

c. Future Research

There has been much advancement in the way of climatic monitoring & modeling,
along with understanding the thermal balance of the human body. While a large amount of
research has been conducted for industries outside of mining, it is necessary for the
underground mining industry to continue to investigate health and safety issues related to
working in hot and humid environments. The underground mine environment is unique
and variable, with many questions remaining on large and small scales. With each
parameter of health, safety, and productivity, heat can affect mine workers in many
different ways. There are countless future research topics in this area, and listed below are

future topics relating to this area of health and safety research:

e Implementation and monitoring of thermal management policies in
underground mines

e Application of ventilation-on-demand (VOD) systems to provide adequate
air volumes to the development and production workings, and the

sustainable approach to decreasing the heat load in underground mines
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e Further study and analyze the physiological parameters related to heat stress
and the human body, especially in underground mining

e Long-term case study to monitor workers with histories of heat stress and
heat related illness

e Applicability of commercially available personal monitoring equipment
related to core body temperature, sweat rate, and heart rate as related to heat

stress
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Topics

Additional information

Disadvantages of
being unacclimatized

Benefits of acclimatization

Acclimatization plan

Level of acclimatization

Maintaining acclimatization

Readily show signs of heat stress when exposed to hot environments.
Difficulty replacing all of the water lost in sweat.

Failure to replace the water lost will slow or prevent acclimatization.
Increased sweating efficiency (earlier onset of sweating, greater sweat
production, and reduced electrolyte loss in sweat).

Stabilization of the circulation.

Work is performed with lower core temperature and heart rate.

Increased skin blood flow at a given core temperature.

Gradually increase exposure time in hot environmental conditions
over a period of 7 to 14 days.

For new workers, the schedule should be no more than 20% of the
usual duration of work in the hot environment on day 1 and a no more
than 20% increase on each additional day.

For workers who have had previous experience with the job, the
acclimatization regimen should be no more than 50% of the usual
duration of work in the hot environment on day 1, 60% on day 2, 80%
on day 3, and 100% on day 4.

The time required for non—physically fit individuals to develop
acclimatization is about 50% greater than for the physically fit.

Relative to the initial level of physical fitness and the total heat stress
experienced by the individual.

Can be maintained for a few days of non-heat exposure.

Absence from work in the heat for a week or more results in a
significant loss in the beneficial adaptations leading to an increased
likelihood of acute dehydration, illness, or fatigue.

Can be regained in 2 to 3 days upon return to a hot job.
Appears to be better maintained by those who are physically fit.
Seasonal shifts in temperatures may result in difficulties.

Working in hot, humid environments provides adaptive benefits that
also apply in hot, desert environments, and vice versa.

Air conditioning will not affect acclimatization.

Adapted from [Moseley 1994; Armstrong and Stoppani 2002; DOD 2003; Casa et al. 2009; ACGIH 2014; OSHA-NIOSH 2011].

Citation: (Jacklitsch, Musolin, & Kim, 2016)




Appendix A-2

75

Item

Actions for consideration

1. Engineering Controls

Body heat production of task (M)

Radiative load (R)

Convective load (C)

Maximum evaporative cooling by
sweating (E,....)

(=]

. Administrative Controls

Acclimatization

Work schedule

Hydration
Rest and recovery

Extreme heat event (e.g.,
heat wave)

Reduce physical demands of the work; use powered assistance for heavy tasks

Interpose line-of-sight barrier; use furnace wall insulation, metallic reflecting screen, heat reflective clothing;
cover exposed parts of body

If air temperature is above 35°C (95°F), reduce air temperature, reduce air speed across skin, wear clothing

If air temperature is below 35°C (95°F), increase air speed across skin and reduce clothing

Increase cooling by decreasing humidity and/or increasing air speed

Decrease clothing

Gradually increase exposure time in hot environmental conditions over 7-14 days

For new workers, the schedule should be no more than 20% of the usual duration of work in the hot environment
on day 1 and no more than 20% increase each day

For workers with experience with the job, the regimen should be no more than 50% of the usual duration of work
in the hot environment on day 1, 60% on day 2, 80% on day 3, and 100% on day 4

Shorten duration of each exposure;

more-frequent short exposures are better than fewer long exposures

Schedule very hot jobs in cooler parts of day when possible

Encourage water intake at frequent intervals to prevent dehydration (1 cup every 15-20 minutes)

Shaded and/or air-conditioned space nearby

Heat alert program

Other considerations

3. Personal protective clothing
and equipment

Worker medical evaluations
Fatigue or mild illness not related to the job may temporarily contraindicate exposure (e.g., low-grade infection,
diarrhea, sleepless night, alcohol ingestion)

Cooled air, cooled fluid, or ice-cooled conditioned clothing

Reflective clothing or aprons

Idapted from Belding [1973] and OSHA-NIOSH [2011].

Citation: (Jacklitsch, Musolin, & Kim, 2016)




76

Appendix A-3

Governing Legislation Date

Body Effective

British The Occupational Health and Safety (OHS) Regulation 2005

Columbia and Part 3 of the Workers Compensation Act

Alberta -- --

Saskatchewan | Chapter S-15.1 of the Statutes of Saskatchewan, 2013 2014

Manitoba Manitoba's Workplace Safety and Health Act Operation of | 2011
Mines Regulation

Ontario Ontario’s Occupational Health and Safety Act 1990

Quebec Regulation respecting occupational health and safety 1979

New General Regulation -Occupational Health and Safety Act | 2001

Brunswick

Nova Scotia Workplace Health and Safety Regulation Section 2.1 and | 2014
2.3

Newfoundland | Occupational Health and Safety Regulations under the 2012

& Labrador Occupational Health and Safety Act

Prince Edward | Occupational and Health and Safety Act General 2013

Island Regulations

Citation: (Internal communication, 2017)
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Category | Temperature range Interpretation | General action
A WB> 325 °C or DB > 37.0 °C or | Unacceptable Work may be undertaken only on a
Abnormally | Globe temperature > 37,0 °C risk of Theat | basis of expert risk assessment,
hot disorders supervision and protocols.
See Note: (1) and (2) below HSM mandatory.
B 290 >WB<325°C and DB < 37,0 °C | Potentially HSM mandatory
Globe temperature: as for DB conducive o
See Note: (3) heat disorders
C 27.5>WB<29.0°C and DB < 37,0°C | Potentially HSM mandatory
Globe temperature: as for DB conducive o
See Note: (3) heat disorders
D WEB «27.5°C and DB <325 °C Risk of heat | No special precautions
Globe temperature: as for DB disorders Environmental monitoring must be
See Note (4) neghgible sufficiently semsitive to detect
critical upward drifts in the
environmental heat load. The
monitoring programme to  satisfy
this requirement should be specified

Note : (1) Temperatures above 32,5 °C wet-bulb or 37 °C dry-bulb

Employees should not be exposed to this category as a matter of routine unless on the basis of expert
risk assessment, supervision and protocols.

The HEG concept, as applicable to other categories, does not strictly apply. However, where selected
employees, including brigadesmen,undertake such work, systems should be in place to ensure that
adequate recovery is ensured and that exposures are linked to the medical surveillance record.
Because of the acute consequences of heat exposure, such areas must be clearly designated as ‘No
entry “or ‘No go * areas. The code of practice must make reference to the mine standard(s) relevant
to these contingencies.

{2) Although certain indices conveniently use globe temperature as an alternative to dry-bulb,
especially where GT — DB > 2°C | care should be exercised when high dry-bulb temperatures are
recorded in combination with high solar heat loads because of a possible summation of heat loads.

{(3) In order to create a more sensitive data base for both environmental management and the
monitoring of health and safety statistics, the subdivisions B and C should be used for record
purposes. Mines are nevertheless at liberty to also use any other procedure to enhance the sensitivity
of data. HSM practices remain identical for B and C.

{4) The need for close monitoring of even “cool * environments is that “no special
precautions’, ie. in terms of a formal HSM programme. are required. In view of the acute
consequences of critical escalations in the environmental heat load, ongoing monitoring is of
fundamental importance.

Citation: (South African Mines Occupational Hygiene Programme, 2002)
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Comparison of heat stress criteria used in various countries
Country Source Criteria Comment
USA ACGIH All sources provide comparable values, with some
AlHA minor differences in their means of determination
OSHA T, =380°C
NIOSH (1986)
Australia | Victoria Trade Council ACGIH TLVs Includes guidance on heat stress measurement,
medical requirements, heat acchimatization
and othar protective measures,
as well as requlations for work in haat
Franca Governmant Thosa mines with temperatures above 28°C Official requiremants stated, with
Regulation are considered to be particularly hot discussion of workload effects
Germany Fadearal Mining Non-salt mining: BET = Basic Effective Temperature
Decree (1984) 1. for Ty, >28°C or BET »25: Provisions mada for rest breaks, period of
® B-h max. shift if =3 h at: acchmatization, workers' age
Tas =28°C (to max. BET of 28°C), or BET 25-29°C. and work to ba performed during emergencies,
® 5-h max. shift if 2.5 h at BET of 28-30°C. a.g. mine rascue operations
2. Personnal should not be exposad to BET =30°C,
axcept for a 4-month max. period directly
followed by a G-weak break and
if BET = 30°C, a max. 5 h daily axp. er
if BET =30°C, 2.5 h max. daily exp.
3. In face operations, only 1/3 of employees
can be exposed to a BET =30°C.
Saft mining: Provision for spacial pracautions to ensura that
1. For Tap >28°C: physiological effects of the work environment
* 7-h max. shift if: aquate to a BET=30°C.
more than 5 h at Ty, of 28-37°C, or
mare than 4.5 hours at Tan of 37-46°C.
= 6.5 h max. shift if 4 h at T, of 46-52°C.
2. Parsonnal should not be exposed to Tas >30°C or Tas 27°C
axcept whare special means ensura that physiological
affect is less than that of Ty, 52°C or T, of 27°C.
Great Mational Coal BET >2B°C for 1.5 hours during any shift incurs
Britain Board (1880) a haat allowanca payment.
National Coal 27.2°C part. mechanized
Board (1963) 28.3°C fully mechanized
Lind (1963) BET 30.2°C: 210 W Watts as the product of metabolic work rate and
BET 27.4°C: 349 W body surface area, typically 1.8 m2
BET 26.9°C: 480 W Mat highly acclimatized but well trained for wark.
WHO (1969) BET 30.0°C: light wark BET = Effective tamperature, basic scale
BET 28.0°C: mod. work
BET 28.5"C hard work

Citation: (Webber, Franz, Marx, & Schutte, 2003)
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Adjusted Light work Moderate work Heavy work
temperature (“F)' {minutes work/rest) {minutes work/rest) {minutes work/rest)
o MNormal Normal MNormal
91 MNormal Normal MNormal
92 MNormal Normal MNormal
93 MNormal Normal MNormal
o4 MNormal Normal MNormal
95 MNormal Normal 45715
O6 MNormal Normal 45715
97 MNormal Normal 40720
o8 MNormal Normal 35725
99 MNormal Normal 35725
1040 MNormal 45715 30530
1M MNormal 40720 30530
102 MNormal 35525 25735
103 MNormal 30030 20740
104 MNormal 30030 20040
105 MNormal 25/35 15/45
10a 45715 200040 Caution
107 40020 15/45 Caution
108 3525 Caution® Caution
109 30530 Caution® Caution
110 15/45 Caution® Caution
111 Caution' Caution® Caution
112 Caugtion Caution® Caution
“With the assumption that workers are phrysically fit, well-rested, fully hydrated. under age 40, and have adequate water intake and
that there is 30% RH and natural ventilation with perceptible air movement.
*Mote: Adjust the temperature reading as follows before going to the temperature column in the table-
Full sun (no clouds): Add 13
Partly clowdy/overcast: Add 7
Mo shadows wisible/work is in the shade or at night: no adjustment
Per relative humidity:
10%: Subitract 8°
20%: Subtract 4°
30%: No adjustment
40%: Add 3°
50%: Add &®
60%: Add 9°
"High levels of heat stress; consider rescheduling activities.
Adapted from EPA [1993].

Citation: (Jacklitsch, Musolin, & Kim, 2016)



