
45

U.S. Bureau of Mines/NIOSH Mining Electrical Safety Research: 
A Legacy of Protection Against Shock, Fires, and Explosions

Michael R. Yenchek
NIOSH, Pittsburgh, Pennsylvania, United States

Gerald T. Homce
NIOSH, Pittsburgh, Pennsylvania, United States

ABSTRACT:  This paper reviews the 100-year history of federal electrical safety research in the U.S min-
ing industry, originally by the US Bureau of Mines, and as carried on today by NIOSH. First, there is a brief 
historical review of the use of electrical power in mining and an examination of the associated shock, fire, and 
explosion hazards. These hazards were the impetus for government intervention to improve the safety of U.S 
mineworkers. The evolution of electrical power systems and equipment in mining then serves as a backdrop 
for a review of continued electrical safety research. The paper concludes with a recap of the contributions made 
to mine worker electrical safety by federal research efforts, and thoughts on where the future will lead such 
research under NIOSH.

INTRODUCTION
This paper reviews the 100-year history of federal 
electrical safety research in the U.S mining industry, 
originally by the US Bureau of Mines, and as carried 
on today by NIOSH. First, there is a brief histori-
cal review of the use of electrical power in mining 
and an examination of the associated shock, fire, and 
explosion hazards. These hazards were the impetus 
for government intervention to improve the safety of 
U.S mineworkers. The evolution of electrical power 
systems and equipment in mining then serves as a 
backdrop for a review of continued electrical safety 
research. The paper concludes with a recap of the 
contributions made to mine worker electrical safety 
by federal research efforts, and thoughts on where 
the future will lead such research under NIOSH.

Early in its history, the lack of federal safety 
regulations forced the Bureau into an advisory role 
for the mining industry. Since the Bureau had no reg-
ulatory powers, it relied principally on publications, 
such as technical papers and bulletins, to enlighten 
the industry about potential hazards. These sugges-
tions were to be the precursors for the mandatory 
rules and regulations that later governed the use of 
electricity in mining. Many of the “good practices.” 
were the result of surveys of operators and manufac-
turers as was the case for the installation of cables 
in shafts and boreholes (Ilsley and Gleim 1932). At 
that time, several states had enacted laws governing 
mining equipment based upon the recommendations 
of the Bureau of Mines. It was only later, in 1946, 
that a federal safety code for bituminous coal and 
lignite mines was enacted. Ultimately, the Federal 
Coal Mine Safety Act of 1952 provided for annual 

inspections and gave the Bureau limited enforce-
ment authority. However, it was the passage of the 
Coal Mine Safety and Health Act of 1969 that greatly 
influenced and expanded the Bureaus research, with 
much work being accomplished through grants and 
contracts. In 1973, the Bureau of Mines electrical 
safety functions associated with equipment approv-
als transferred to the Mining Enforcement and Safety 
Administration (MESA, later MSHA).

The Bureau of Mines was actively involved in 
electrical safety research since its inception in 1910. 
An electrical section was organized in 1909 under 
the technologic branch of the U.S. Geological Survey 
(Ilsley 1923) and continued under the Bureau. The 
act establishing the Bureau detailed its scope, which 
included in part, investigating the methods of min-
ing especially in relation to the use of explosives and 
electricity (Powell 1922). Technical Paper 4 (Clark 
1911), describing the purpose and equipment of the 
Bureau’s electrical section stated that, “There is a 
distinct branch of electrical engineering in connec-
tion with the equipment of mines. The conditions in 
mines are very different from those on the surface. 
Not only is it more difficult to install and properly 
maintain electrical equipment underground, but, 
unless suitable precautions are observed, the pres-
ence of such equipment in mines adds danger to a 
calling already hazardous.” The paper also acknowl-
edged the cooperation of various state inspection 
departments and equipment manufacturers in safe-
guarding life and property underground.

By 1910, electricity was already being used 
underground for haulage, lighting, driving pumps, 
fans, drills, coal cutting machines, and hoists, for 
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detonating explosives, and for signaling. Both direct 
and alternating current were used, the former much 
more extensively. Direct current (DC) was distrib-
uted at up to 600 volts, while alternating current 
(AC) at over 2,000 volts was carried a short distance 
underground to feed motor-generator sets or rotary 
converters. Explosives could be detonated by batter-
ies, magneto generators, or power circuits. Signals, 
which may include lights, bells, and telephones, 
were operated principally from batteries.

Technical Paper 4 (Clark 1911) recognized the 
temporary nature of electrical service at many points 
and the fact that many workers did not appreciate its 
inherent danger. These dangers from electricity were 
classified as shock, fire, and explosions. Shock haz-
ards included the trolley wire and other bare conduc-
tors along with ungrounded equipment. Fires could 
result from grounds to coal, flashing of motors, and 
short circuits. Explosions could originate from arc-
ing and sparking that could ignite methane or dust 
accumulations.

The electrical section of the Bureau was origi-
nally a part of the experimental station in Pittsburgh, 
PA and was initially staffed by an electrical engi-
neer, an assistant electrical engineer, a junior elec-
trical engineer, and an electrical engineering aid 
(Powell 1922). The section’s purpose (Clark 1911) 
was to “attempt to discover the causes of accidents 
from the use of electricity in mines and to sug-
gest means for the prevention of such accidents; 
to make tests of the safety of electrical equipment 
under conditions most conducive to disaster; and to 
make such tests of a general nature as bear upon the 
safety of electricity in mines, accidents attributed 
to electrical causes, etc.” The laboratory, initially 
at the Government Arsenal at Fortieth and Butler 
Streets in Pittsburgh, was primarily for testing min-
ing equipment. It featured direct current capability 
up to 750 volts and alternating current up to 2000 
volts for power, and 30,000 volts for high potential 
tests. Two galleries were used for testing electrical 
equipment in the presence of explosive gas. The 
smaller consisted of a boiler-iron box with connec-
tions for gas and air, heavy plate-glass observation 
windows, and pressure-relief vents. Incandescent 
lamps and other small items were evaluated in this 
chamber. The larger was a tube designed to represent 
a short section of a mine entry, thirty feet long and 
10 feet in diameter, and was used for tests of larger 
apparatus such as motors and switches (Clark 1911). 
This facility can be contrasted with the present-day 
Mine Electrical Laboratory, which is located at the 
NIOSH Pittsburgh Research Laboratory. Established 
in the early 1980s, it can support full-scale testing of 
mine electrical power system components, and over 

the years has been used for projects examining min-
ing safety issues such as fuse performance, electric 
motor failure, trolley system faults, electric motor 
circuit protection, electrical cable performance, and 
overhead power line hazards. It is equipped with 
electrical power supplies capable of delivering volt-
age up to 100 kV AC or DC, and current up to 50 
kA AC, as well as a secure control room from which 
tests and experiments can be controlled and observed 
safely. It has also been used to support Mine Safety 
and Health Administration investigations. A small 
rail haulageway at Lake Lynn was used for trolley 
system research.

This research history is organized by major 
types of electrical apparatus, i.e., explosion-proof 
enclosures, motors, trailing cables, trolley wires, etc. 
Within each category, the work is listed chronologi-
cally along with mine technological developments. 
Space limitations precluded inclusion of some 
related areas such as communications, lasers, and 
instrumentation as well as research that was appli-
cable mainly to non-mining industries.

PERMISSIBLE EQUIPMENT
Electrical equipment used in potentially methane-
laden atmospheres must be housed in explosion-
proof (X/P) enclosures or be of intrinsically-safe 
design, so as to have insufficient energy, under 
normal or faulted conditions, to ignite a methane-
air mixture. The earliest electrical safety investiga-
tions involved the explosion hazards associated with 
various types of electrical apparatus already in use 
in gaseous underground coal mines. These included 
portable electric mine lamps, motors, storage-bat-
tery locomotives, mine lamp cords, gas detectors, 
danger signals, and coal-cutting apparatus. A series 
of schedules, published by the Bureau of Mines, 
specified the evaluation fees and requirements for 
the use of such equipment in gaseous mines and 
further stated that the Bureau would give its seal of 
approval to acceptable apparatus as being permis-
sible. Schedule 2, approved by the Secretary of the 
Interior, October 26, 1911 was the first schedule 
issued and covered testing of motors. The Bureau 
published revised requirements (Schedule 2A) for 
test and approval of explosion-proof electric motors 
in 1915 (Clark 1915). This included tests where the 
motor casing was filled and surrounded with the 
“the most explosive mixture of Pittsburgh natural 
gas and air.” Subsequent tests would prove that the 
results obtained with natural gas and pure methane 
were essentially the same (Leitch, Hooker, and Yent 
1925). The motor would be operated at rated speed 
and the gas mixture ignited by a spark inside the 
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casing. Gas mixtures would be varied and coal dust 
added in over fifty tests prescribed to determine the 
greatest internal enclosure pressure.

Occasionally excessive pressures, due to “pres-
sure heaping.” would be recorded especially where 
two internal compartments were joined via a small 
interconnecting passage (Gleim 1929). The condi-
tions leading to these excessive pressures were bet-
ter defined in a subsequent study (Gleim and Marcy 
1952). A metallic foam material, investigated for 
potential use in large volume enclosures as a vent 
and flame arrestor, performed satisfactorily for meth-
ane-air mixtures (Scott and Hudson 1992).

Tests were also conducted on broken incan-
descent lamps to relate newly introduced tungsten 
filament temperatures to the “fire damp.” (methane-
air) gas ignition threshold (Clark 1912) and to show 
that broken lamps can ignite methane-air mixtures 
(Clark and Ilsley 1913). These tests also showed that 
higher wattage carbon filament lamps were neces-
sary to ignite a given methane-air mixture compared 
with tungsten filaments. They were followed up by 
tests of electric lamps for miners for permissibility 
according to Schedule 5, a key criterion of which 
was that (Clark, 1914) “under no circumstances can 
the bulb of a completely assembled lamp be broken 
while the lamp filament is glowing at a temperature 
sufficient to ignite explosive mixtures of mine gas 
and air.” Electric cap lamps were introduced and 
approved under Schedule 6. Yet in 1935, more than 
half of the Nation’s miners still used open carbide 
lights for illumination (Zellers and Hooker 1935).

The first electrically powered coal mining 
machine, the coal cutter, was seeing widespread use 
by the 1920s (Morley 1990). Tests to determine the 
permissibility of cutting machine components were 
conducted in a new gallery in Pittsburgh (at that 
time located on Forbes Avenue adjacent to Carnegie 
Mellon University) which was designed jointly by 
the Bureau and the Jeffrey Manufacturing Company 
(Ilsley and Gleim 1920). This chamber shown in 
Figure 1 (Ilsley, Gleim, and Brunot 1941) consisted 
of a cylindrical steel tank with an internal diameter 
of 10 feet and a height of 4½ feet. Four observation 
windows were spaced equally around the chamber.

The Bureau recognized the potential fire and 
explosion hazards from batteries used in mine loco-
motives. Investigations indicated that the safety of 
the locomotive would depend largely on the proper 
care of the batteries. Therefore, mechanical endur-
ance tests were devised to prove their adequacy and 
later were incorporated into Schedule 15 (Ilsley and 
Brunot 1922). The first storage-battery approval was 
issued in 1921 (Brunot and Freeman 1923).

Permissible equipment and explosives lists 
were published annually as Technical Papers. 
Periodically guides, based upon the latest approval 
schedules, were issued to facilitate the field inspec-
tion of permissible equipment (Gleim 1932; Gleim 
1954) and, for machine designers (Gleim, James, and 
Brunot 1955). By 1923, a number of electric appara-
tus had been listed as approved including: 5 electric 
cap lamps, 20 coal-cutting machines, 4 electric drills 
and 5 battery locomotives (Ilsley 1923). Despite 
the publication of approval requirements, the wide-
spread use of unapproved equipment in underground 
mines persisted into the 1920s (Ilsley 1922). From 
1910 to 1924, there were 499 fatalities in disasters 
and fires caused by ignitions from electrical appara-
tus and circuits (Ilsley 1924). However, by the end 
of the decade there was a noticeable increase in the 
use of permissible equipment, even though maintain-
ing them in permissible condition was still a prob-
lem (Gleim and Freeman 1932). By the mid 1930s 
rock-dust distributors, air-compressors, pumps, and 
room hoists were added to the classes of permissible 
equipment.

In the early 1980s, a guide was prepared for 
the design of explosion-proof electrical enclosures. 
It addressed those aspects of design that affected 
enclosure strength and ruggedness. Materials such 
as polycarbonates, as well as adhesives and sealants, 
which may be degraded by the mine environment, 
were also analyzed (Staff 1982). Research into the 

Figure 1.  Explosion-proof motor testing gallery, 
Pittsburgh (Ilsley and Gleim 1920)
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by-products of electrical arcing in X/P enclosures 
found that hydrogen and acetylene can be formed as 
certain organic insulators decompose. Research pro-
duced acceptance criterion for adhesives and sealants 
and a design guide for explosion-proof enclosures 
(Cox and Schick 1985). Performance-based design 
and test recommendations were published for enclo-
sures containing high-voltage components (Berry 
and Gillenwater 1986). These recommendations 
were referenced by MSHA to help formulate new 
regulations governing the use of high-voltage long-
wall machines in coal mines (Federal Register 2002).

Intrinsic safety research concentrated on basic 
studies into ignition mechanisms. Factors influenc-
ing the minimum igniting current level were iden-
tified. Early work focused on capacitive discharges 
(Lipman and Guest 1959). Later, spark ignition prob-
abilities were defined for various electrode materials 
and for resistive, inductive, and capacitive circuits 
under varying temperature, humidity, and atmo-
spheric conditions (Cawley 1988; Peterson 1992).

TRAILING CABLES
Initially most of the inspection, testing, and approval 
of electrical equipment concentrated on the explo-
sion-proof integrity of enclosures. However, trail-
ing cables had been employed since shortly after the 
turn of the century and the Bureau of Mines gener-
ally accepted the cables that were specified by the 
manufacturer for a particular machine. One of their 
first uses was in connection with cable-reeled, rail-
mounted locomotives. These cables, featuring a 
weatherproof braid, had a short life and were largely 
superseded by rubber-sheathed cables in the 1920s 
when three types of cables were in general use: a 
concentric 2-conductor, a flat or twin duplex, and a 
round triplex (Ilsley, Hooker and Coggeshall 1932). 
By 1930, a new emphasis was being placed upon 
the dangers from wiring and connections outside the 
enclosures (Ilsley and Brunot 1931). Field inspec-
tions had shown that the workmanship of splices in 
concentric cables was typically poor and that they 
were seldom vulcanized to exclude moisture (Ilsley 
and Hooker 1929). Schedule 2C, published in 1930, 
specified a performance test for two-conductor trail-
ing cables subjected to abuse due to being run over 
by rail-mounted cars and locomotives (Ilsley 1930). 
The performance of twin cables was found in tests 
to be far superior to the concentric design. The over-
heating of rubber-insulated reeled cables was also 
investigated by electrical loading and measurement 
of resultant temperature rise. Revised ampacities 
were established for various cable sizes (Ilsley and 
Hooker 1931).

The standard procedure for locating faults in 
trailing cables into the 1970s was to apply a high 
level of electric power to blow a hole in the cable 
at the fault site, a crude and unsafe procedure. The 
Bureau developed safe, portable devices that locate 
faults accurately and rapidly based upon infrared, 
electromagnetic, and time domain reflectometer 
(TDR) techniques. Three manufacturers marketed 
electromagnetic devices based upon the original 
Bureau design (Bureau of Mines 1981).

Industry cable splicing practices were studied 
in a 1960 survey of 440-V and 4,160-V cables at an 
Indiana surface mine (Douglas 1960). A follow-up 
survey of industry practices uncovered deficiencies 
in cable repair and care (Williams and Devett 1962). 
In the late 1970s, cable-related research concen-
trated on improved splicing procedures for trailing 
cables (Staff 1984). Programs were initiated to rede-
sign splice kits to better protect spliced cables from 
short circuits and moisture intrusion and to increase 
mechanical strength. Improved crimp connectors and 
joining sleeves were designed. This work culminated 
in splicing workshops conducted for industry per-
sonnel and the effort saw 12 major kit manufactur-
ers improve their products based upon Bureau work. 
The operating characteristics of repaired (spliced) 
portable power cables were later compared with 
undamaged cables (Yenchek, Schuster, and Hudson 
1995) and deficiencies in the thermal rating of splice 
kit insulating tapes were noted.

In the 1980s, in cooperation with MSHA, 
the American Mining Congress and the Insulated 
Cable Engineers Association, the Bureau initiated 
an extensive investigation into the operational char-
acteristics of trailing cables powering coal mining 
machinery. Initially a relationship was established 
between electric current and resulting temperature 
rise of the cable conductors (Yenchek and Kovalchik 
1989; Yenchek and Kovalchik 1991). These exten-
sive laboratory tests were the basis for the subse-
quent development of a computerized thermal model 
for cables operating in open air (Yenchek and Cole 
1997). Machine designers could apply this interac-
tive program to determine anticipated cable tempera-
tures given the electrical load requirements of new 
machines. Accelerated life tests of cable insulation 
and jacket materials were conducted to determine the 
long-term effects of elevated temperatures (Yenchek 
and Kovalchik 1989). Arrhenius models were con-
structed that related cable thermal life to operating 
temperature for the cable materials. A correspon-
dence was then established between current load and 
useful thermal life (Yenchek and Kovalchik 1993). 
Using this methodology and knowing the electrical 
characteristics of a particular machine, a designer 
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could theoretically predict and compare the avail-
able service lives of different cable sizes. Finally, 
research was conducted to measure the temperature 
of cables wrapped on shuttle car reels as shown in 
Figure 2 (Kovalchik, Scott, Dubaniewicz, and Duda 
1999). A novel method was devised to measure 
internal cable temperatures with an imbedded optical 
fiber. This work allowed for a more accurate calcula-
tion of ampacity derating factors for reeled cables, 
especially under cyclic loads.

ELECTRICAL POWER SYSTEMS
In 1916 in cooperation with professional societies, 
operators, and equipment manufacturers, the Bureau 
of Mines published a suggested guide for the instal-
lation and use of underground and surface electri-
cal equipment in bituminous coal mines (Clark and 
Means 1916). In 1923 a suggested guide for elec-
trical safety inspection was published (Ilsley 1923) 
and in 1926 one for the design of accessories used 
in permissible equipment (Ilsley and Gleim 1926). 
A subsequent publication covered surface as well 
as underground installations and recommended the 
National Electric Code as a suitable reference (Gleim 
1936). Ultimately an electrical safety standard, co-
sponsored by the American Mining Congress and 
the Bureau, was published as a supplement to federal 
and state regulations (American Standard 1952) and 
was periodically revised.

Periodically the Bureau would publish warn-
ings to the industry about dangerous electrical sys-
tem practices. In 1929 a Bureau publication pointed 
out a hazard associated with equipment use, that of 
cables and equipment overheating due to low volt-
age on direct current systems as a result of insuf-
ficient copper and poor rail bonding (Ilsley 1929). 
Incredibly, voltages measured at equipment in some 

mines were as low as 40 to 80 volts on 250 DC sys-
tems! Yet, equipment operating at voltages greater 
than 250 volts was viewed as potentially more haz-
ardous and difficult to maintain as permissible (Ilsley 
1932). Although most mines in the U.S. were still 
using DC to power machinery in 1960, the use of 
alternating current was growing due to concerns 
with fires and voltage regulation on DC systems, 
concurrent with the lifting of AC distribution volt-
age limits underground by individual states (Morley 
1990). Also current interruption was far easier with 
AC. The Bureau, recognizing this trend, published 
recommendations for the use of AC, and endorsed 
the wye-connected, resistance-grounded neutral 
transformer secondary configuration due to its inher-
ent safety advantages (Staff 1960). In the 1970s a 
series of Application Notes (Figure 3) on a variety 
of aspects of mine power system operation were pro-
duced for distribution to the mining community. In 
1990, a comprehensive engineering reference was 
published and was used to instruct university stu-
dents on the design of mine power systems (Morley 
1990). More recently, NIOSH, in an analysis of 
underground explosions, showed that many were 
caused by electrical equipment in intake air entries. 
This led to recommendations to apply the hazardous 
location provisions of the National Electrical Code 
in these areas (Dubaniewicz 2007).

GROUNDING
A good grounding system is paramount for the pro-
tection of personnel in a mine or mineral processing 
facility. Prompted by unwillingness on the part of 
the mining industry to provide adequate grounding 
of equipment enclosures in the 1920s, a compila-
tion of best practices was published to promote the 

Figure 3.  Loose-leaf power system handbook

Figure 2.  Cable reel thermal test in the Mine 
Electrical Laboratory
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importance of grounding mine electrical systems 
to minimize shock hazards (Ilsley 1930). Bureau 
of Mines engineers characterized the effective-
ness of ground rods, machines in earth contact, and 
rail through resistance measurements (Griffith and 
Gleim 1943). The effectiveness of drill-hole casings 
as a grounding medium was confirmed through field 
measurements (Griffith and Gleim 1944). A study, 
conducted out of the Bureau’s Birmingham, Alabama 
office, showed how the impedance offered by moist 
earth could increase over time when conducting 
ground fault currents (McCall and Harrison 1952). 
To assist in mines in complying with the require-
ments for a low-resistance grounding medium, the 
Bureau undertook research to systematize the design 
of ground beds based upon soil and other environ-
mental conditions. This work led to publication of 
a guide that greatly simplified the design of driven-
rod ground beds (King, Hill, Bafana, and Cooley 
1979; Staff 1979) along with workshops (Figure 4) 
for industry personnel. Other ground bed subjects 
investigated were ground bed measurement, corro-
sion of ground rods, and composite bed materials 
(Staff 1985).

The 1969 Act required a device to monitor 
ground conductor continuity to prevent acciden-
tal electrocution resulting from high frame poten-
tials. Bureau research produced such a device, 
which served as an industry prototype (Staff 1979). 
Contractual research in the 1970s developed a method 
to monitor safety grounding diodes on underground 
DC circuits, quantified earth contact resistance for 
various electrodes, and devised a prototype device to 
measure ground return resistance for open-pit mine 
machines (Bennett, Sima, and King 1978).

ELECTRICAL MAINTENANCE
Accidents associated with the maintenance of electri-
cal equipment, especially troubleshooting and repair, 
have, over the years, been a major cause of injuries 
in mines. Design practices, including dead-front con-
struction, voltage segregation, and interlocks, were 
identified as means to minimize shock during con-
trol box maintenance (Staff 1982). Beginning in the 
1970s and continuing well into the 1990s the Bureau 
of Mines sponsored and conducted research into the 
early prediction of insulation failure in electrical 
components, focusing primarily on electric motors. 
Research efforts concentrated on sophisticated 
computer-based analysis of motor input power mea-
surements during normal operation, and included 
contract research (Kohler and Trutt 1987), in-house 
work at the Pittsburgh Research Laboratory’s (PRL) 
Mine Electrical Laboratory (Homce 1989), coop-
erative work with the Navy, and extensive field data 
collection (Homce and Thalimer 1996). The serious 
problem of electrical burns due to arc flash incidents 
in mining was addressed by identifying and promot-
ing prevention methods used successfully in other 
industries (Figure 5) (Homce and Cawley 2007). As 
part of this work, a safety training package, titled 
“Arc Flash Awareness.” was released on DVD. 
Thousands of copies were distributed directly, and 
it had extensive promotion, distribution, and use by 
other agencies and organizations, including transla-
tion into Spanish by the Electrical Safety Foundation 
International (Kowalski-Trakofler, Barrett, Urban, 
and Homce 2007).

PROTECTION DEVICES
Devices such as fuses, circuit breakers, vacuum 
interrupters, and relays are use to protect against fire 
and shock. A 1951 study out of the Bureau of Mine’s 
Birmingham, Alabama office showed that a fuse in 
combination with a short-circuiting contactor could 
provide effectively the same protection against short 
circuits as a more expensive circuit breaker (Harrison 
1951). A resettable current-limiting prototype was 
built and tested to minimize arcing during interrup-
tion of DC currents (Hamilton and Strangas 1978). 
A portable calibrator was developed for on-line use 
with DC circuit breakers (Bureau of Mines 1981). 
In the 1980s, in efforts to improve personnel shock 
protection, the Bureau investigated the application of 
sensitive ground fault relays (GFR’s) to mine power 
circuits (Trutt, Kohler, Rotithor, Morley, and Novak 
1988). Mine-worthy prototype devices with sensi-
tivities in the milliampere range were designed and 

Figure 4.  Ground bed design workshop at 
Pittsburgh Research Laboratory, 1980



51

constructed for both AC and DC circuits (Figure 6) 
(Yenchek and Hudson 1990). NIOSH investigated 
how the starting of large AC induction motors might 
cause nuisance tripping of short-circuit protection on 
coal mine power systems. A method was devised to 
provide short-circuit protection without intentional 
time delays to account for motor starts (Yenchek, 
Cawley, Brautigam, and Peterson 2002). A recent 
study concluded that the significant capacitance of 
shielded cables on mine distribution systems can 
have a detrimental effect on high voltage ground 
fault relay selectivity (Sottile, Gnapragasam, Novak, 
and Kohler 2006).

TROLLEY WIRES
The fire and shock dangers associated with the use of 
bare trolley wires for rail coal haulage had long been 
recognized by the Bureau of Mines. A 1932 Bureau 
study showed that of 71 electrical fatalities in one 
state during a 5-½ year period, 55 were from contact 
with trolley wires operating at 250 volts or less. The 
hazards associated with the use of bare trolley wires 
were tied to poor installation, lack of guarding, inad-
equate maintenance, and back-poling (Gleim 1932). 
During a 19-month period, in 1943–44, 101 mining 
fatalities resulted from four fires that originated on 
the trolley system, as the coal industry attempted to 
meet the demands of war production. A contemporary 

Figure 6.  Sensitive AC GFR’s installed in Safety Research Coal Mine

Figure 5. A ppropriate arc flash personal 
protective equipment demonstrated by NIOSH 
researcher
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Bureau publication suggested the elimination of bare, 
single-wire trolley by the application of two-wire 
overhead systems (eliminating the track as a return), 
circuit breakers that would discriminate between 
heavy fault and load currents, and diesel or battery-
powered locomotives (Griffith, Gleim, Artz, and 
Harrington 1944). In the early 1980s the Pittsburgh 
Research Center demonstrated technology that could 
detect such faults (Staff 1982). Since this approach 
required additional wiring along the length of the 
haulage way, it was never adopted by the industry. A 
final attempt to develop a ‘smart’ circuit breaker for 
trolley haulage involved tests at cooperating mines 
to develop a neural-network detection algorithm 
based upon the rectifier current signature (Figure 7) 
(Peterson and Cole 1997). A simple, low-cost means 
to detect hot trolley insulators was prototyped 
(Yenchek and Hudson 2000). Although successful, 
the smart circuit breaker and hot insulator detector 
were never deployed due to the industry-wide transi-
tion from rail to belt for coal haulage.

SURFACE MINING
The electrification of shovels and draglines began 
before 1920 (Morley 1990). As horsepower require-
ments increased, so did distribution and utilization 
voltages. An area of interest to the Bureau of Mines 
and later, NIOSH, was the electrical shock haz-
ard from accidental contact of overhead electrical 
power lines, both at surface mines and the surface 

facilities of underground mines. Such accidents usu-
ally involve high reaching mobile equipment like 
cranes or other equipment such as scaffolds and lad-
ders and are a leading cause of electrical fatalities at 
mine sites. Early contract work thoroughly analyzed 
the problem, and looked at available warning-device 
solutions (Hipp, Henson, Martin, and Phillips 1982) 
(Morley, Trutt, and Homce 1982). NIOSH developed 
and patented (Sacks, Cawley, Homce, and Yenchek 
1999) a practical low-cost concept to detect line 
contact and emit a warning (Sacks, Cawley, Homce, 
and Yenchek 2001). More recent research has evalu-
ated currently available warning devices (Figure 8) 
(Homce, Cawley, and Yenchek 2008).

ACCIDENT ANALYSES
Periodically, analyses of accidents were conducted 
which showed a continued need for research aimed 
at improving electrical safety in mines. A 1936 anal-
ysis of electrical accidents in coal mines showed 
that electricity ranked fourth as a cause of coal mine 
fatalities, excluding deaths from fires and explosions 
of electrical origin (Harrington, Owings, and Maize 
1936). Ninety percent of electrocutions were caused 
by contact with the bare trolley wire. Forty-one per-
cent of the explosions for the period 1928–1935, 
resulting in 476 deaths, were caused by the electri-
cal ignition of gas or coal dust. These were mainly 
due to the use of open-type equipment or poorly 
maintained permissible equipment. From 1930–35, 

Figure 7. T ests on DC haulageway at Lake Lynn Laboratory
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fires of electrical origin were the cause in 29% of the 
fatalities from all mine fires (Harrington, Owings, 
and Maize 1936). An analysis of electrical acci-
dents in the late 1970s and Bureau research yielded 
a cost-benefit analysis for electrical safety projects 
(Tenney, Cooley, and Elrazaz 1982). Recent NIOSH 
studies of occupational electrical injuries have indi-
cated that, despite dramatic improvements over the 
years, mining has an electrical injury rate that is still 
much higher than many other industries. These stud-
ies, in addition to highlighting the need for contin-
ued improvements in mining electrical safety, were 
very influential in the broader electrical safety com-
munity. The first (Cawley and Homce 2003) was 
described as a “landmark research study.” and “one 
of the most, if not the most, comprehensive analyses 
of occupational electrical injuries ever undertaken.” 
in the April 2004 IEEE Industry Applications maga-
zine. The second was hailed as “seminal research.” 
in the May/June 2007 edition of the same publica-
tion (Cawley and Homce, 2006). Within mining 
(Figure 9), electricity continued to rank fourth as a 
cause of death (Cawley 2003). Burns were found to 
be the leading type of injury, but were rarely fatal. 
Electrical shock was the overwhelming cause of 
electrical fatalities.

SUMMARY AND FUTURE DIRECTION
The Bureau of Mines/NIOSH electrical safety 
research program has focused on a wide variety of 
topics over its 100-year history. Research has been 
conducted to address safety issues associated with 
advancing technology as well as to develop new 
solutions prompted by regulatory mandates. Future 
priorities will be driven by surveillance, customer/

stakeholder input, and risk analyses and should 
include overhead power line, electrical maintenance, 
and lightning hazards. The technical feasibility of an 
improved power line proximity warning system that 
does not depend on electric field detection should be 
studied. There will be a continuing need to provide 
effective training for both experienced and younger, 
inexperienced maintenance personnel to increase 
awareness of electrical shock and burn hazards and 
the need for, and type of, protections available. The 
procedures for electrical maintenance can be system-
atized by developing job hazard methodologies for 
critical tasks. Finally, further investigation is needed 
in the future to achieve a better understanding of 
lightning and develop practical guidelines and rec-
ommendations that can help mine operators reduce 
the chance of ignitions and protect workers from the 
resulting hazards.
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