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The objective of this study is to make a critical evaluation of the magnitude
and extent of electrostatic hazards in typical U.S. mining operations and to assess
the adequacy of techniques, materials, and equipment for detecting and minimizing
these hazards. This was accomplished with an incident-accident survey, mine
visits, literature search, and engineering analysis. It was cgncluded that it
would be desirable to (1) utilize ground fault interrupters to minimize stray
current from electrical utilities, (2) decrease the current and electrostatic
gensitivity of electric detonators used in areas with a high incidence of light-
ning strikes or troublesome stray currents, (3) institute quality control and
test standards for blasting material and protective devices, (4) establish an
electrostatic monitoring program for loading ammonium nitrate and fuel oil in
plastic-lined holes, and (5) establish a risk criteria for operator exposure in
mines.
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FOREWORD
, This report was prepared by Herciles Incorporated, Allegany
Ballistics Laboratory, Cumberland, MD, under USBM Contract Number
J0308113. The contract was initiated under the Mineral Health and
Safety Technology Program. It was administered under the technical
direction of the USBM Pittsburgh Research Center with Mr. Karl Becker
acting as Technical Project Officer. Mr. Patrick J. Neary was the
contract administrator for the Bureau of Mines. This report isg a
summary of the work recently completed as a part of this contract
during the period September 1980 to March 1982. This report was
submitted by the authors on March 15, 1982, "
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INTRODUCTION

BACKGROUND

The Bureau of Mines was established in the public interest with part
of their charter to conduct inquiries and scientific and technologic inves-
tigations concerning mining and the preparation, treatment, and utilization
of mineral substances, as well as to promote health and safety in the min-
eral industries. Federal Safety Standards for both metal and nonmetal,
open pit and underground mines as well as for sand, gravel, and crushed
stone operations and surface coal mines reflect the results of this work.
One requirement that is now law is that when electric detonaters, delay
connecters, blasting caps, etc., are used, charging shall be stopped immed-
iately when the presence of static electricity or stray current is de-
tected. Charging operations will not be resumed while these conditions
persist,

The electrostatic sources may be, but are not restricted to, electri-
cal storms, loaders, plastic loading hose, plastic liners, and electro-
statically charged persoms. A variety of procedures, devices, and acces-
sories is currently in use to direct and/or minimize the hazard.

A review of the éensitivity, reliability, effectiveness, and utiliza-
tion of these devices and procedures in typical mining operations was re-—
quired.

OBJECTIVE

The contractor was authorized to make a critical evaluation of the
magnitude and extent of electrostatic hazards as well as their role in past
accidents/incidents in blasting operations and to assess the adequacy of
techniques, materials and equipment for detecting and minimizing these haz-
ards.

SCOPE OF WORK

The objective was accomplished in four tasks as follows:

1. Review of Accident Reports

Accident reports for the five years (1976 to 1980) were reviewed
for incidents or accidents that can be directly attributed to, or are sus-—
pected of having been caused by, electrostatic or electrical current phe-
nomenon. These were reviewed for frequency of similar accidents or inci-
dents and for various common factors.

2. On-Site Visgits

A total of 16 on-site visits were made to review mining methods
and the measures presently employed for detecting and assessing electro-
static hazards. These visits included a cross—section of the U. 5. Mining
Industry.



3. Engineering Analysis

This task was undertaken to review the hazards of mining prac-
tices based on the sensitivity of blasting materials to inadvertent activa-
tion by electrostatic discharge or stray curreats. The sensitivity data
were obtained from a survey of technical data published by the Bureau of
Mines, the IME, Explosive Manufacturers and other sources.

4, Evaluation of Techniques to Minimize Hazards

A variety of materials, techniques, or instruments have been de-
veloped to minimize the hazards assoclated with static electricity in
mines. This task included an evaluation of these approaches to minimizing
the hazards identified in the engineering analysis and provides recommenda-
tions for additional development or regulation to improve mine safety where
problems still exist.



DISCUSSION

I. ACCIDENT/INCIDENT SURVEY

A survey was performed of accidents and incidents which occurred dur-
ing the years 1976-1980 involving static electricity and stray currents in
coal and metal/monmetal mining operatioms in the United States, including
both surface and underground mines. The contractor sought reports on acci-
dents or incidents involving explosives, blasting agents, and detonators
with one of the following possible causative factors: (1) lightning/elec-
trical storms, (2) static electricity (associated with dust storms, snow
storms, pneumatic loading of blasting agents, electrostatic discharges from
human operators, etc.), (3} induced currents from radio frequency trans-
mitters or nearby power lines, or (4) stray electrical currents (fault cur-
rents from electrically-powered machinery or equipment, galvanic currents,
ground currents through conductive rock strata, exposed battery terminals,
ete.). A "stray current" was loosely defined as any electrical current
entering a blasting circuit or conducting through blasting-related materi-
als (such as safety fuse) other than that which was intended for electrical
initiation of detonators at the proper time.

A. Obtaining Reports

Accident reports were obtained from several locations within the
structure of the U. 8. Department of Labor, Mine Safety and Health Adminis-
tration (MSHA).

The survey was initiated by obtaining a computer printout of all
accidents having "explosives' or "explosions" as a key word, with a brief
narrative description for each. This listing was obtained from the MSHA
Health and Safety Analysis Center (HSAC) in Denver, Colorado, through the
Bureau of Mines liaison office in Denver. A total of 893 accidents or in-
cidents was listed in this compilation which included the years 1978-1980.
(Listings with narrative descriptions were not computerized prior to 1978.)
Of the 572 coal mine listings, many were minor methane ignitions of no con-
sequence.

From a review of the HSAC list, 27 metal/nonmetal mine and 18
coal mine listings were identified which might possibly have had static
electricity or stray currents as a causative factor. Due to the brevity of
the narrative descriptions and the fact that the listing did not cover 1976
and 1977, it was evident that the survey could not be based solely upon a
review of available information at HSAC.

During one of the on-site mine visits, the MSHA Metal/Nonmetal
Subdistrict Office in Salt Lake City, Utah was visited. It was clear from
this visit that the most productive place to obtain the accident/incident
reports would be at the MSHA district/subdistrict offices. Since it was
not feasible to visit each office, a letter of request was sent to each



MSHA metal/nonmetal and coal subdistrict office (or district office, for
those districts not divided into subdistricts) asking the office to review
their files for the years 1976-1980 and send copies of reports for acci-
dents having stray currents or static electricity as a possible causative
factor. This request produced 69 reports, 22 of which were applicable to
the present analysis.

The compilation of reports was completed by requesting and re-
ceiving from HSAC, via the Bureau of Mines liaison office in Deuver, copies
of microfiche documentation for accidents identified from the original HSAC
data and not obtained from the district/subdistrict offices. Eight docu-
ments were obtained from this request, seven of which were applicable to
the present study.

The above procedure resulted in records for 29 accidents or inci-
dents in the U, S. coal and metal/nonmetal mining industries for the five-
year period from 1976 to 1980 which have static electricity or stray cur-
rents as a possible causative factor. This is a rather small number when
compared to the size of the U. S, mining industry but it nevertheless is a
significant number. These 29 accidents resulted in six fatalities and 31
injuries.

B. Review of the Data

The accident survey pointed out cases that were attributable to
(1) 1lightning, (2} stray current, or (3) unknown causes. HNo cases were
identified as being caused by static electricity; however, some of those
listed as "unknown" could have resulted from electrostatic causes.

Lightning was a causative factor in four underground and five
surface mine cases.

In the area of stray current, 12 cases were reviewed, eight were
underground and four were in surface mines. Of these, only three were
strictly related to stray current. These include (1) a shot that occurred
when the only suspect source was a 7200 VAC single phase overhead trans-
mission line 150 ft from the site, (2) a shot that occurred in a situation
where poor power cable connections existed with highly conductive rock con-
ditions, and {(3) a condition where uninsulated splices were close to but
not touching electrical circuits.

Several other cases were listed in the reported summary as being
attributed to "stray current." These involved direct contact with live
circuits due to poor working conditions/habits and one due to a faulty
blasting machine. These do not require a specific analysis and can be cor-
rected by operating procedure changes.

Iypical cases where static electricity is suspected as a causa-
tive factor are (1) a situation where an electric detonator exploded in a
rock picker's hand, and (2) a case where a bore hole shot while a blaster's
helper was pushing powder into the hole.

10



The accident survey was not as productive as anticipated. The
general type of information available is summarized in this report in Table
I-1. The nine cases directly associated with lightning, three cases of po-
tential stray current, and the lack of a clear case where static electric-
ity was identified as a causative factor did not present sufficient data
for statistical analysis of controlling factors.

The review did point out the following areas of concern:

1. Warning of Incipient Lightning

Sufficient warning is neither available nor is it being uti-
lized to remove the personnel from the blast site when lightning hazards
are present. In the nine cases reviewed where lightning was a causative
factor, only three times were the personnel evacuated before the premature
detonation occurred.

2. Likelihood of Premature Detonation by Lightning

In the cases reviewed where lightning was involved, the pre-
mature detonation did not involve activation of the complete system. This
indicates that the current introduced into the firing circuit is marginal
for electric detonators and that less sensitive caps may improve the safety
cf the operation. The following is representative of the charges detonated
in 2z round when it is subjected to lightning:

One of 14 charges detonated
Partial round detonated

14 of 20 charges detonated
Three of 12 charges detonated
73 of 114 charges detonated

C C o OO0

Laboratory studies should be undertaken to determine why the
undetonated material was not susceptable to lightning.

3. Accident Reports

Accident reporting could be made more effective if the for-
mat were standardized and required to contain additional technical data
such as:

- Detailed description of the blasting arrangement
and the blasting materials
- Soil conductivity
- Representative conductivity of blasting agents, hose, etc.

The reports surveyed are summarized in Table I-1l.

11
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C. Specific Cases

Several of the cases are typical examples of specific hazards that
can occur in a mining operation and are presented 1in detail as .an
illustration of the problem.

1. Accident Due to Stray Current from Electrical Equipment(l)

An accident occurred on September 23, 1976, at a limestone
quarry. The most likely cause of the accident was stray current from a
water pump. The situation at the mine is illustrated in Figure I-1.

At 9:00 a.m. on the day of the accident a cold front ap-
proached from the southwest with 14 to 17 mph winds. The sky was overcast
and light rain showers fell; however, no atmospheric electrical activity
was evident.

A 6-inch centrifugal water pump, "Flyt'" brand, powered by a
75~hp, 440-volt 3-phase motor, was being used to pump water from the pit
sump. The pump was located approximately 275 feet to the southeast of the
face being loaded. The electrical circuit to the pump was comprised of a
100-ampere, 500 VAC, Westinghouse safety switch, located in the main plant
distribution center which fed one-half mile of overhead powerlines to a
400~ampere, 600 VAC, Square D switch. The power was then fed through a
170-ampere, 440-volt, pump control box. Neither the control box nor the
switch was connected to a low resistance ground; i.e., power company ground
line.

A General Electric Geoprene 2/0 A.W.G. four conductor, Type
W, power cable supplied power from the pump control box to the pump. The
power cable was 200 feet long and contained two poorly constructed, insu-
lated splices. There was also evidence of dry rot within the cable. Ap-
proximately 50 feet of the cable was constantly showered with water from a
leak in the pump discharge line. The last 15 feet of the power cable lead-
ing to the pump was underwater.

The only overload protection afforded the pump was three
100~ampere, super lag renewable fuses located in the Westinghouse safety
switch. The fuses had blown £frequently. On the morning of the accident,
one fuse had to be renewed and the pump contrcl box was reset.

The limestone ledge where the accident occurred had a water
course running through it, with the rock strata being separated by several
narrow horizontal seams of chert and flint. Tests revealed that the ground
resistance between the quarry face and the water pump area ( ~275 ft) was
400 ohms.

The blasthole round consisted of 32 holes, 62 feet deep and
3-1/2 inches in diameter. The shot was drilled in a multiple row pattern
with holes and rows fired in sequence from ome end. Stemming, (fine rock
materials) 3 to &4 feet in depth, was used in each hole. Each hole was double
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primed, using 18 gm duPont Detaprimec) primers with each cap; the caps were
the Hercules Millidet® delay series (periods 0 through 5) with 40- and
80~foot legwires. Each hole was locaded with 31 sticks of Hercules A-3 Gel
Power. The caps were shunted with an aluainum foil shunt with a polyure-
thane exterior insulation. At the time of the investigatiom, three caps
were found not shunted and their wires were in contact with the ground.

Thirty of the holes were loaded and preparations were under-
way to clean two holes that had obstructions in them. The obstructions had
occurred 50 feet below the collar of each hole where a water course inter-
sected the holes.

Description of Accident

A maintenance man, arrived &t the operation at approximately
5:45 a.m. on the day of the accident. His normal duties included starting
the pit water pump and checking and performing general maintenance on the
plant. At 6:15 a.m., the Westinghouse safety switch which serviced the
pump began to smoke. He turned off the power to the switch and continued
his maintenance duties. At 7:10 a.m., he began to work on the switch. He
found that one of the 100-amp renewable fuses in the switchbox had blown
and that two of the incoming phase wires had arced and shorted across. At
8:10 a.m., the wiring and fuse were repaired and he turned the power back
on. He then drove over to the pump control box, reset the breakers, and
started the pump. The pump appeared to operate normally so he returned to
the plant.

The normal shift employees arrived at the operatiom at 7:00
‘a.ms — their regular starting time. The assistant superintendent, made his
assignments for the day. Two drillers were assigned to accompany and as-—
sist the assistant superintendent in loading 32 previously drilled holes.
A haul truck operator and another individual were to haul rock from the pit
to the plant. Another operator was assigned to operate a front-end loader
in the pit. The loading operations were conducted directly in front of the
round being charged. Reportedly, on a past occasion, the loader operator
requested that he not be required to operate the loader under these condi-
tions. He had also contacted the business agent of the Operating Engineers
Local, and repeated this request. Company officials felt there was no
hazard and this practice continued.

At about 8:30 a.m., a sales distributor arrived on the prop-
erty to assist in the charging of the round. Work was not progressing very
well due to adverse weather conditions. Most of the holes had 6 to 3 feet
of water in them, plus material from the water course. About 10:30 a.m.,
30 of the 32 holes had been charged. The two remaining holes had to be
cleaned due to the fact that they were completely plugged. While loading
was 1n progress, a storm front passed through and the loading personnel sat
in their vehicles on several occasions until the wind and rain subsided:

A mechanic, was instructed by a supervisor to get the dozer,

hook up the jumper cables and start the compressor motor. This work was
performed and he backed the dozer away from the loading area and shut off the
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engine. He then helped the others connect the air hose to the drill. The
air track drill was being moved in position to clean the holes when the
premature blast occurred.

At the time of the blast, the loading operator was perform-
ing his assigned duties - loading haulage trucks in the pit. He was about
35 feet away, facing the pit wall, when one of the front holes detonated.
Flyrock from the blast seriously injured him and did extensive damage to
the front—end loader. He was found in a semi-conscicus condition, attempt-
ing to climb out of the loader, with apparent severe head injuries.

The shunted leg wires from the two caps that detonated were
found in the rockpile created by the blast.

Cause of Accident

The cause of the accident was premature detonation of a
charged blasthole by stray or static current induced into the blasting cir-
cuit. Contributing causes included, (1) charging of holes under adverse
weather conditions, (2) operating the pit water pump in the immediate area
of the blast site, and (3) the undesirable condition and location of the
power cable going to the pit water pump.

2. Accident Due to Electrostatic Discharge or Stray Current(2)

An accident occurred on Jume 23, 1980, at an underground
gold mine. The cause was not clearly defined but could have resulted from
electrostatic discharge from the operator.

The VCR (Vertical Crater Retreat) Stope mining method was
being utilized. Six—inch diameter down holes were drilled to the drift be-
low from the top drift. Holes were spaced on an 8 foot by 9 foot pattern
with extra holes drilled as needed. After the entire stope was drilled,
all equipment was removed from the stope and the area was made ready for
blasting.

Each down hole was measured to determine the exact depth of
the hole. Holes were loaded from the top and the explosives were initiated
at the bottom. Single or double decking of explosives was used, depending
upon the thickness needed to be blasted. A single deck of explosives was
loaded in the feollowing manner: two wedges were cut from a 4 by 4 by 12
inch pine block with each wedge having a 1/2-inch hole drilled into the
tapered end. Ensign-Bickford strip mine special Primacord was fed through
the hole in the wedge and tied. The wedge was lowered into the hole to
within 5 feet of the bottom of the hole. The other wedge was dropped into
the hole, and the £first wedge pulled tight blocking the hole. A foot of
loose muck was pushed down the hole, blocking the bottom. Two 30-pound
cartridges of DuPont Tovex WS-7(F) Water Gel were cut and dropped into the
hele. An Atlas l-pound Deckmaster primer was placed on the primer cord and
slid down the hole. A foot of loose muck or sand and 10 to 12 feet of
water was used as stemming. A double deck charge, another charge loaded
and stemmed over the first one.
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In the stope area, where the blasting accident occurred, 23
single deck charges and 5 double deck charges were loaded, making a total
of 28 loaded holes, with 28 I-pound Deckmaster primers and 1,280 pounds of
water gel. The 28 down hole strip mine detonating cords were tied into 300
feet cof Ensign-Bickford E cord trunk line. Two duPont instant caps were
taped to the double looped truck line for connection to the lead lines
leading to the blasting station.

Description of the Accident

At 0700 hours on the day of the accident, three VCR Stope
blasting loaders, were assigned to the task of preparing the stope area,
for blasting. Work progressed normally until approximately 2:00 p.m., at
which time the loading was completed, the stope area was cleaned and the
two zerc delay detonators were placed paraliel to the trunk line and se-~
cured with black electrical tape. Two operators proceeded to tie the deto-
nators to the blasting line, while the other operator went to the 4400
level to "danger off"” the scram area.

While testing the lead lines, they found a break in omne
line, repaired it and recheciked the circuit. They then decided to hock up
one lead to the blasting machine, so that when the other stopes in the area
waere blasted, they would not have to spend so much time in the smoke hook-
ing up leads. (The VCR Stope was to be blasted after all persons were
cleared from the area.). They attached one lead wire to the machine, and as
an operator was scraping the other lead wire with a knife, the shot went
c¢ff. DBoth men thought that someone else had blasted, as they had unot
hooked the other lead wire to the machine. They were not aware that their
round went off until they saw the smoke coming out of their blasting area.

An investigation of the VCR Stope area revealed that the dis-
tance from the location of the blasting machine to where the two electric
zero detonators were connected to the leads was approximately 220 feet.
The presence of a mucking machine and a string of eight rocker cars made
the task of hooking the lead wires to the blasting machine somewhat diffi-
cult because of the close quarters. The clearance between the rib and the
mucker was measured and founda to be thirty inches. The lead wires, that
the miners had repaired earlier, had not been insulated by taping; however,
the bare spot in the one wire was separated from the surrounding rock,
power cables and/or pipe by a distance of one foot. A 440 volt switch box
was located at the intersection, but the lead wires were hung at least
three feet above the box and were properly installed on wooden insulators
all the way to the blast area.

Current leakage and resistance checks were made of the area
by a4 company electrician and an MSHA inspector, Results showed no voltage
leakage, and the resistance was within acceptable limits.

The blasting machine had been checked in the company elec-
trical shop on June 1, 198C, and sent to the mine on June 16, 1980, It was
returned to the electical shop again on June 24, 1980 (the day after the
accident), by an MSHA inspector and tested again in his presence. It was
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found at this time that there was some current leakage. It was thought at
this time that this might have caused the premature blast by hooking up one
lead wire and touching the case with the other; however, after setting up a
test with the same blasting machine, using approximately the same length of
lead wire connected to two zero detonators, the detonators could not be in-
itiated in any way except by connecting the leads to the machine and shoot-
ing in the normal manner. The blasting machine was then sent to Denver
Technical Support Center for further tests. A sample of the detonating
cord was also sent to Denver Technical Support Center for tests.

An investigation was also made to see if it were conceivable
that another blast in the vicinity of the VCR Stope, or that nearby drill-
ing might have caused the premature blast; this proved not to be the case.

In an effort to explore every conceivable cause, the lead
miner voluntarily submitted to a polygraph test. Results of the test
showed that the two miners in the VCR Stope did not hook both leads to the
blasting machine, did not knowingly shoot the round, and that their state-~
ment that, when the blast occured, they thought some other crew had shot
another round, was true.

Cause of the Accident

Although the direct cause of the accident could not be de-
termined, the investigation group reached the following unanimous conclu-
sion:

Had the two miners not removed the safety shunt from the
lead wires 30 minutes prior to blasting time and inserted one lead wire
into the blasting machine and started scraping the other lead wire in the
¢close proximity of the blasting machine, this blasting accident would not
have occurred. :

3. Incident Due to Lightning(3)

An incident occurred due to lightning in an underground lead
and zinc mine on Jume 21, 1978. At the time of the incident, operations
were proceeding normally and stray currents were not measured after the in-
cident. Lightning activity has caused problems in other areas of the mine;
therefore, this incident was attributed to lightning.

The mining method used here was cpen stopes with random-
pillars. Diesel-powered mobile equipment was used in some areas while
electric and pneumatic-powered equipment was utilized in the remaining
areas of the mine. Lead-zinc ore was transported from stope chutes to the
shaft pockets with railmounted diesel-powered trains and was crushed under-
ground before. it was hoisted to the surface for processing in the mill.

The area of the stope involved was located above the tenth
level, and access was provided through a heading off the tenth level. An
electric slusher was installed near the ore pass from the eleventh level
which intersected the stope at the end of the access heading.
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The 1l4-hole round was loaded with ANFO and primed with elec-
tric detcnators which had 8-foot copper leg wires. A4 single series circuit
arrangement was used. The circuit and main firing line were checked with a
blasting galvanometer and found to be satisfactory. The other end of the
firing line was shunted and located & feet from the blasting machine.

At about 1:55 p.m,, after preparing the round for firing,
two operators proceeded to work in the lower section of the stope which was
in a safe area. At about 2:08 p.m., they heard an explosion. They then
proceeded to the shaft telephone and notified the mine office,

On the day of the investigation a volt—-ohm meter was used to
check for stray currents. All pipes, electric conductors, slusher, slusher
cable and the ground in the area were checked. No stray currents were ob-
served.

The hoist-man reported that a severe electrical storm ap-—
proached from the east and that lightning struck in the vicinity of the
mine at the time that the blast reportedly occurred. An electrician also
reported an unexplained arcing of electricity had occurred on the seventh
level at a time which coincided with the lightning and the blast,.

Cauge of the Premature Ignition

Since stray currents were not observed in the stope area on
the day of the investigation and since the lightning strike and the arcing
on the seventh level coincided with the blast, it is presumed that the
cause of the ignition was electric current entering the blasting circuit
from the lightning during the storm.

4, Incident Due to RF or Induced Currents(a)

Une of the accidents reviewed occurred in an area where high
voltage power lines and microwave antennas were present. Since the actual
cause of the incident was not determined, this mode of initiation is of
special interest.

A premature initiation of a charged hole occurred on May 16,
1978 at about 7:30 a.m. The mine superintendent notified the field office
the following day at 1:00 p.m., and the investigation began on May 18, 1973.

Three vertical holes had been drilled in the gray shale
overburden on Z20-fcot centers. The area had been benched prior to drill-
ing, and the noles were 25 feet deep and & inches in diameter. The drill-
ing was doue with a Chicage Pneumatic diesel-powered drill mounted on the
bed of a 190 International truck, and electrical power was not available in

the immediate vicinity.

Two of the three boreholes were charged in preparation for
blasting. Each charge consisted of about 75 pounds of nitro-carbo-nitrate,
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with Hercules dynamite primer and a 12 millisecond electric detonator with
40-foot leg wires, A certified foreman who was in charge of the 3-man crew
had been assisting the shooter in charging the holes. The other two em-
ployees were in the process of tramming the drill equipment from the bench.

The entire crew was about 100 feet away from the first
charged hole when it detonated. The battery for blasting had unot been
brought to the blasting site at the time of the detonation. None of the
men were injured. Minor damage resulted was sustained by a car passing by
on a nearby highway. Flyrock penetrated the roof of a home abcut 250 feet
north of the blast area, but there were no injuries.

The cause of the accident was assumed to be either static or
stray electric current. A 7,200 volt a.c., single phase distribution power
circuit installed on 40-foot high poles was about 150 feet from the blast
area, A microwave transmission tower was about 1 mile south of the area.
It was operated at 48.66 k Hz, but was reported to have been idle at the
time of the blast. The leg wire shunts of similar detonators were exam-
ined. They were made of aluminum and were a little thicker than a chewing
gum wrapper. The leg wires may not have been properly shunted at the time
of the blast. It could not be determined whether CB or short-wave radios
were being operated in the vicinity at that time,

5. Accident With a Bulk ANFO Truck(3)

At the time of the incident the truck was being operated im-
properly while located over filled shot holes. The accident is of interest
since the truck could have been the source of an electrostatic discharge.

On Thursday, June 22, 1978, the day shift crew reported to
work at the dragline pit, at approximately 7:00 a.m. The blast pattern
being used was a seven row drilling pattern with 9 inch diameter boreholes
varying in depth from approximtely 35 feet at the pit to approximately 60 to
65 feet at the highwall sice. Most of the blast holes had been drilled on
the lower bench of the overburden and a drill operator proceeded to complete
the drilling operation. The blast holes on the upper benches had been
drilled previously.

The procedure used to charge holes was as follows: First,
two “"wet bags"” were dropped in the holes, These "wet bags"” were E-2 crushed
ANFO prills, manufactured by Monsanto Chemical Company, and packed in bags
6 in. x 40 in. long. These were followed by a Sierra Chemical Company's
cast .primer containing an Atlas Rockmaster ® delay electric blasting cap
with 80 foot leg wires. Enough "wet bags" were then added until the hole
was "dried." If more than four "wet bags"” were needed to dry a hole, the
hole was primed again, After the holes were primed, the truck containing
the bulk ANFO, (Monsanto's HX-30 ANFO having a demsity of 0.85 g/cc) was
positioned to complete filling the holes. The truck (a D.M, 600 Mack)
equipped with a Hydra-Hauler for bulk ANFO for transportation to the blast-
ing site, had a capacity of approximately 12 tons and was equipped with four
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separate bins to transport bulk explesive. Apparently 400 pounds of ANFO
was in the forward bin at the time of the accident; the other three bins
were empty.

Usually the bulk material was poured out of the wvertical
auger on the rear of the truck. This auger was able to swing to each side
of the truck so that the truck would not be required to pass over the holes
to fill them. On the day of the accident, the vertical auger was not in
working condition so the ANFO had to be discharged from a door at the end
of the horizontal auger underneath the truck. This meant that the truck
would have to straddle charged holes in order for the ANFGC to be poured
into the unext hole. The blasting crew finished charging two rows of holes
on the upper bench and moved to the lower bench to begin charging the three
rows of 45 feet deep blast holes on this level. In charging the holes on
the lower bench, the truck was driven forward over the third row of holes.
The crew stemmed all the holes they had previously charged as they pro-
gressed down the row, When the blasting crew finished charging the third
row of holes, the truck was moved to begin on the middle row of holes. The
middle row of holes was dry, so all that was needed was an electric blast-
ing cap and primer before the bulk explosive was added. Rather than driv-
ing the truck forward over the middle row, the crew backed the truck over
this row. Thus the truck was directly over a completely charged hole while
filling the next one. The blasting crew finished charging the first hole
in the middle row but did not stem it. They then backed the truck to begin
filling the second hole, The explosion occurred during loading of the sec~
ond hole. It occurred in the charge hole directly under the truck, blowing
a l5-inch diazmeter hole through the bottom of the truck in the area of the
third bin from the rear of the truck. In addition, the explosion blew out
the back window of the cab, blew off all four bin doors and injured all four
men .

L. Incident/Accident Summary

The total compilation consisted of 29 acclidents or incidents in the
U.S. coal and metal/nonmetal mining industry for the five year pericd 1976-
1980, Six of these were attributed to lightning - too small a data base for
statistically significant conclusions.

The records were reviewed and the information was classified into seven
categories. These are presented in Table I-1 and include the following in-
formation:

0 Mine Information
o Area
o Mine Type
o Mining Methods
o Accident Date
o Information Pertaining to the Accident
o Primary Cause
o Accident Summary
o Injuries
o Explosives and Equipment
o Other Factors

38



These data were then examined for frequency of occurrence for mine
type, mining method, substance mined, district, cause, phase of operation,
explosive type, cap and booster type, and weather conditions. Metal and
nonmetal data were compiled separately from coal data. These results are
summarized in Table I-2. The data are compiled only on a single factor
basis. The data base was too small for a review on a multifactor basis
(e.gv, "electric detonator in uranium mines” or "lightning in high wall
operations"). The correlation study did point out the following:

o Electric Blasting Caps

Electric blasting caps were found to be involved in most cases.
However, two cases involved nonelectric cap and fuse indicating
that the elimination of electric detonators would not eliminate
the problem.

¢ Substance Mined

The review did not indicate a significantly higher frequency
for conductive ore mines as opposed to nonconductive ones. Ten
occurrences were in uranium, gold and zinc mines as opposed to
seven in limestone, talc, granite, and sandstone mines.

o Cause of Accidents

Lightning was the major cause with six occurrences; five were
attributed to human error. All these could have been avoided.
Three were attributed to stray current and three others were
cases where the details of the occurrence were too sketchy to
assess causes.
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II. VISITS TO MINE SITES

An important phase of the evaluation of the magnitude and extent of
electrostatic hazards was to observe actual practices in the mines. A to-
tal of sixteen mines representing a cross section of the mining industry
were visited, The schedule of visits is included as Table II-l, The areas
of concern to the analyst were (1) utilities at the mines which may produce
stray currents, (2) loading techniques that may generate electrostatic
charges, (3) personnel who may accumulate static charges or who, through
improper actions, may inadvertently permit electrical currents to flow
through the bridgewire circuits, (4) control and transportation of explo-
sive materials, (3) blasting techniques, and (6) environmental factors.

TABLE II-1. SCHEDULE OF MINE VISITS

Type Mine Location
l. Salt - Underground Louisiana
2. Zinc - Underground Tennessee
3. Limestone - Mine/Quarry Tennessee
4, Coal - Underground - Kentucky
5. Uranium - Underground Utah
6. Copper - Open Pit = = Arizona
7. Tungsten -~ Underground Nevada
8. Silver/Copper - Montana
9. S8ilver/Copper Idaho
10. Trona - Underground Wyoming
11. Lead - Underground ‘ ~ Missouri
12. Limestone = Underground ‘ Kansas
13. Limestone - Underground Kansas
14. Gypsum -~ Underground. . Kansas
15, Coal - Open Pit (2 properties) " Pennsylvania

16, Coal - Underground : West Virginia

A. Mine Utilities

Electrically powered equipment is used in both undeérground and surface
mining operations. The mines observed were supplied with electrical
service from the local utilities ranging from 3 Phase 4160 VAC to 60 cycles
single phase 120 VAC service. In general, this service terminates at sub-
stations on the mine property. From this point the service is installed
and maintained by the amining company who uses the National Electrical Code
and CFR 30 for guidance. A variety of electrical service installations
were observed during the mine visits. A series of photographs (Figures II-1
through II-8) is included to illustrate the working environment as it is
related to electrical service. Figure II-1 shows a typical substation where
the utility company's responsibility ends. Figure II-2 shows a typical in-
stallation of a master breaker/fuse panel for a mine. Figure II-3 illus-
trates the transfer of utilities to working areas via a tunnel. Figure II-4
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Figure I1-2. Typical Power Control Panel for Mine Utilities



Figure 11-3. Typical Service Tunnel Carrying Utilities into Mine
(Air, Water, Electricity, Communications)
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Figure H-5. A 440V Water Pump in Quarry Operation (Note: This is a potential
source of electricity that has direct contact with quarry ground water)
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Figure I1=6. Underground Power Distribution Station
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shows an installation for a conveyor unit. Though they are generally lo-
cated a considerable distance from the blasting site, they nevertheless
serve as a potential source of stray currents. The remaining photographs
(Figures II-5 through II-8) show a typical installation for electrical serv-—
ice (1) from a distribution station, (2) to a portable transformer, (3) to
a pump, and (4) to a cutting machine. Based on these observations, it was
not difficult to conceive of damage to the electrical distribution system
from rock falls and hence stray current problems.

1. Grounding Techniques

Grounding techniques used in mines were not standard. Various
grounding systems that were observed include the following:

a. The best grounding system observed utilized an ex-
tensive surface grounding grid at the transformers
outside the mine. Another ground was brought into
the mine and was distributed to all of the substa-
tions. In addition, all of these stations were
connected to the earth ground using 6 to 10 ft long
copper grounding rods which were surrounded by a
6 in. diameter layer of CaCl,; part way below
ground level. All water and air lines as well as
rails were grounded to the rods.

b. Another grounding system observed, consisted of
grounding the transformer on the surface but not
carrying the ground down to the substations. Each
substation has a ground rod driven into the floor.
All of the machinery was grounded by a cable back
to the substation. Pipes were attached to roof bolts
and also grounded at the substation.

C. The third grounding system observed had a grounded
transformer on the surface. Each substation was
grounded to a copper rod driven into the mine floor.
The piping was not attached to the ground system but
was attached to roof bolts or wall hangers.

2. Ground Fault Interrupters

Ground Fault Interrupter (GFI)} systems were observed in use at some
mines. The primary purpose of the use of a GFI, in most instances, was to
protect personnel from electrical shock. They may also serve as a means
for reducing to a safe level stray current leakage, from electrically oper-
ated equipment to detonators and other blasting materials. Among the mines
utilizing GFI systems, most had no regularly scheduled inspections of the
systems to observe the current trip levels. In one mine visited, they ex-
perienced unwanted actuations of the GFI systems about once a week indicat=
ing current leakage problems. At this time, the mine is involved in non-
electric blasting but if the current leakage problem can be solved, the mine
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can have the option of blasting with electric detonators safely. The
observation that CGFI systems were actuatzd so frequently in mines making
use of them was significant; it indicated that current leakage problems
need to be addressed.

/

3. Cables

‘ Many miners fail to recognize potential hazards associated with
electrical cables in mines. Cables were observed to have been strung along
the floor where they might be run over by machinery or be damaged by scale
dropping from the ribs or the back. Unguarded light bulbs in work areas or
temporary wiring constitute a source of stray current. Blasters sometimes
string firing lines far away from other utilities but electricians later
install power lines that intersect the firing Iline or they tie cables to
the same roof bolt,

4. Firing Circuits

During the mine visits, the investigators had the opportunity to
review some of the standard techniques utilized in the layout of blasting
circuits. The problem areas noted were (1) firing lines contacting ma-
chinery, (2) untaped splices ingserted into the unlcaded bore holes during
hookup, (3) variations in wire types, and (4) buildup of electrostatic
charges on operators.

The miners interviewed during the visits agreed that firing wires
should be composed of solid copper. However, most of them used stranded
copper duplex cable because of its lower cost and availability. The type
of wire used for firing lines varied even more. It was observed that they
ranged from commercial firing lines obtained from explosive distributors to
bell cord or reject telephione wire., This constitutes a wide variation in
botli circuit resistance encountered and capability to withstand abrasion.

These deviations can be detected when the <c¢ircuit continuity is
checked. The common practice observed was that 1if the needle of the cir-
cuit checker moved, the circuit was suitable for blasting. Very few miners
observed, calculated the expected circuit resistance and compared it to the
measured resistance.

The cables on mucking or hauling machines could ke damaged during nor-
mal operations. It was observed that machinery often was parked just
around the corner from the face and in preparation for blasting, a portable
firing line was dropped over the machinery and its cables. Since these
machines are a potential source of electrical energy, the location cleose to
the face while loading and blasting is of concern.

B, Explosives Handling and Storage

In many wmines observed, the underground magazines contained a suffi-
cient supply of explosives and detonators for several days of blasting. The
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method of tramsporting these materials to the face was quite varied (train,
front-end loader, pickup truck, golf cart, ANFO loading truck). In one
mine the blaster put stick powder in a conductive plastic bag which was
placed in a wooden box and dragged with a rope to the various faces to be
loaded, While it was apparent that the magazine storage area was being
properly organized and managed, safety precautions were relaxed when trans—
porting blasting materials for btlasting or disposal. Figure II-9 illus-
trates a case where blasting materials were being transported properly -
here a well-marked, electrically operated cart having a separate box for
detonators and sufficient blasting materials for only one blasting round
was being used. A poor storage practice is shown in Figure II-10 where
damaged explosives, that were removed on about a weekly basis, were stored
with blasting materials ready for use. Figure II-11 shows a violation of
regulations; stick powder, primed with detonators, was being transported to
the face.

Poor handling practices can and have resulted in incidents due to con-
tact with electrical or electrostatic stimuli. The regulations in this area

are sufficient if enforced.

C. Pneumatic Loading of ANFO

Pneumatic loading of ANFO presents a potentially hazardous situation
since electrostatic charge generation, from the movement of the ANFO in the
loaaing hose, is a well-known phenomenon. The concern is primarily associ-
ated with its use with electric detonators but may apply to other blasting
materials or personnel as well.

1. Equipment

It was observed that there exists much diversity in the pueumatic
delivery equipment used. Some of the pots {(containers) used were simply
containers manufactured for other purposes. In one case a container, ini-
tially intended for sand blasting, was used; 1t could be loaded with ~50
1bs of ANFC. Others used were truck mounted units having a capacity of 250
1b. Figure II-12 shows a one-man loading operation with the operator guid-
ing the hose with one hand while he operated a full throat ball valve with
the other hand., In this case, it is more difficult to control the pressure
and hence control the loading rate or density. In two man operations ob-
served, a three way valve was operated by one man while the other c¢ne did
the loading; the loading rate and density were easily controlled here.
Figure II-13 shows a larger capacity "prill pot" mounted on a truck with
the control valves mounted on the pot. One man controlled the pressure at
the truck, and the other one did the loading; he had the capability of
loading from the mine floor or from a hydraulic boom. Tigure II-14 shows a
typical 2 man operatiom.

In all cases observed, the air was compressed at the utilities
area of the mine or on the surface. Some moisture had been removed from
the air by virtue of the compressing process.
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Figure I1=11. Stick Powder Prepared with Hercudet Caps
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Figure 11-12. One Man ANFO Loading Technique
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These details, while not entirely related to electrostatic haz-
ards, have been cited to illustrate some of the diversity in equipment and
loading techniques observed, and the foregoing is not intended as a com—
plete survey of the subject.

2. Semi-conducting Loading Hose

" The use of semi-conducting hoses for loading ANFO is mandatory in
the Federal Regulatioms (30 CFR 57.6-195). 1In all observations made on the
various mine visits, semi-conducting hose was being used., However, the ob-
servers were told, by miners, of alleged cases where personnel in other
mines experienced electrostatic shocks from hoses that were nonconductive.
No incidents of ignition were reported.

Electrostatics is of particular concern in this operation since
one of the common observed loading methods is to load over the cap and lead
wires. Typically, an electric detonator with a small booster is placed in
the end of the ANFO loading hose. The cap wires are untangled and slid
along with the hose to the back of the hole. The air valve is opened push-
ing the ANFO into the hole as the hose is backed out toward the collar.
The alleged electrostatic shocks experienced by miners could also be a
source of premature explosion in the hole.

3. Grounding
Five different methods for grounding ANFO loading equipment were
observed; these are given below:

a. A grounding cable from the pot to a roof bolt.

b. A grounding cable from the pot or truck to a stake
pushed into a damp muck pile.

c. A chain attached to the pot or truck with the other
end (sometimes with a plate attached) dragging on
the mine floor.

d. A chain and clip arrangement with the clip attached
to the pot or valve with the other end inserted into
the borehole.

€. A chain and clip arrangement with one end c¢lipped to
the pot or truck and the other end clipped to a water
pipe or messenger cable.

While several of the other grounding methods are not deemed
satisfactory, the method under (e) was in direct violation of Federal
Regulation 30 CFR 57.6-134 which prohibits grounding to water lines, air
lines, rails or to permanent electrical grounding systems.
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D. Bulk Loading

Several surface mine operations were vigsited with particular emphasis
on observing procedures for bulk loading of ANFC or slurry. Plastic liners
were used in some ol these operations. Figures II-15 and II-16 show primed
holes with and without liners. Federal Regulation (30 CFR 57.6-198) pro-
hibits the use of plastic nole liners only for pneumatic loading of blasting
agents into holes containing electric detonators. None of these operations
usec pneumatic loading techniques since the holes were vertical down holes;
however, nonelectric initiation systems were being used in the two cases
where liners were used. In both cases (a coal stripping operation and a
quarry operation) the ANFO was loaded from bulk ANFO trucks fitted with an
auger. In the coal operation, the Hercudet initiating system was used while
an arrangement of detonating cord and boosters was used as the initiator in
the quarry operation. In another quarry operation, utilizing electric deto-
nators, no plastic liners were used and the ANFO was poured from 50-1b bags
intc the hole by hand. These three cases are quite typical of bulk loading
operations. -

E. Lightning Detection

Lightning is a major concern im electric blasting. It was observed
that relatively few miners were aware that lightning storms can present haz-
arus even when at large distances from the blasting site. Weather reports
or personal observaticns constituted the lightning warning system used at
most mines visited. Criticism of lightning detectors ranged from false
alarms to the inability of miners to hear the audible warning alarms over
the noise of machinery. At most mines, blasting activities are halted if
there is evidence of an electrical storm in the vicinity and in some under-
ground gassy mines visited, personnel are evacuated out of the mine when
electrical storms approach.

Cne mine visited had previously experienced a premature blast from a-
lightning strike. This mine was quite wet and close to the surface. The
grounding grid was connected to the skip tower as well as to the water and
air pipes. It was reported to the observer that they believed that ground
currents from the strike were picked up by the grid and conducted into the
mine, causing the premature blast.
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Figure li-16. Primed Borehole without Liner in Process of Being Filled
from Overhead Auger Delivery Truck
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III. SENSITIVITY OF TYPICAL DETONATORS

Electric detonators are designed to be activated by the application of
electrical current to the device. Typically, the current heats a bridge
wire which causes an ignition charge to react which in turn causes a primary
charge to react which causes the main charge (base charge) to detonate. If
the cap contains a delay element, it is situated between the ignition and
primary charges and it introduces a time delay between application of the
current and detonation of the base charge, Variations in the typical ar-
rangement of active elements cited may be encountered,

Electric caps are subject to initiation by electrical or electrostatic
energy auring use 1f sufficient stimulus is applied across the bridge wire
or between the bridge and the case. These two modes are of primary inter-
est where R.F., stray current, and electrostatic stimull are present in
mining operations. The test data available to define sensitivity to elec-
trical stimuli are characterized as follows:

1, Maximum Nonfiring Current (MNFC)

In this test, individual caps are subjected to a con-
tinuous current for 30 seconds. The maximum current at
which these caps fail to fire is known as the maximum
nonfiring current.

2. Minimum Firing Current (MFC)

The minimum current that will ignite an individual cap
within 0.5 second after application of the current 1is
known as the minimum firing current.

3. Critical Firing Current ( CFC)

The current that will detonate 30 caps of the same
type, when connected in series, is known as the critical
firing current.

4, Mixed Critical Firing Current (MNCFC)

The current that will detonate 30 caps of mixed types
(instantaneous and delay caps) when connected in series,
is known as the mixed critical firing current.

5. Electrostatic Sensitivity ~ Maximum Nonfiring Voltage

The maximum voltage at which a cap will not detonate
when subjected to a discharge from various rated capacitors
when this discharge is directed from shunt to shell or
through the bridge wire is known as the maximum nonfiring
voltage.
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Commercial electric detomnators are designed to have a minimum firing
current of more than 0.25 amps. This lower limit establishes the guideline
for determining safe limits on stray currents to prevent accidental
detonation of explosives.

Several sources were reviewed to determine the firing current for
presently available caps. The values found range from 0.20 to 0.54 amps.
The data are summarized in Tables III-l and IIl-2:

TABLE ITI-1. COMPARISON OF ELECTRICAL CHARACTERISTICS
OF ELECTRICAL DETONATORS

Minimum Max KNom Voltage
Firing Current(a) Firing Current(b) Breakdown(c)
Manufacturer (amps DC) (amps DC) KV
Manufacturer A
Type 1 0.35 0.20 1.22
Type 2 0.30 0.20 1.385
Manufacturer B
Type 2 0.40 0.30 2.025
Manufacturer C
Type 1 0.65 0.50 2.310
Type 2 0.60 0.45 1.830

(a)5 consecutive caps shall be ignited within 0.5 seconds after
application of the specific current.

(b)10 consecutive caps shall not fire after application of the
specified current for 30 seconds.

C/The cap shall not exhibit current leakage in excess of one
milliamp when tested shunt to shell
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TABLE III-2. MAXIMUM NC-FIRE CURRENTS FOR VARIQUS DETONATORS
OBTAINED FROM THE BUREAU OF MINES( 6)

TIL**
Detonator* \ Current, Amp
Manufacturer No. 4
Type 1 .31
Type 2 .26
Type 3 .54
Type 4 .48
Type 5 .53
Type 6 .43
Type 7 .30
Manufacturer No. 2
Type 1 .34
Type 2 .32
Type 3 .33
Type 4 .33
Type 5 .46
Manufacturer No. 5 '
Type 1 .25
Type 2 . 24
Type 3 .26
Type 4 .25
Type 5 .25
Manufacturer No. 6 (Foreign)
Type 1 . .35
Type 2 .35

#A11 detonators utilized a copper alloy shell unless other-
wise indicated; current applied for 10 sec.

**Highest test level at which 10 non—initiations were ob-—
served; test interval was 10 ma.

A. Electrostatic Sensitivity

The sensitivity of electric detonators to short electrical pulses was
recently investigated by Southwest Research Institute. It was found that
blasting caps from different manufacturers and even different types of caps
from the same manuafacturer exhibited markedly different responses to pulsed
electrical excitation. The range of values was from 2.5 to 10 milli-
joules.(zo)
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1. Electrostatic Sensitivity

The Bureau of Mines performed tests to assess the electrostatic
sensitivity of a variety of commercial detomators; the electrical parameters
of their circuit were a 10kV potential, variable capacitance and zerc ohmic
resistance, Results of these tests are presented in Table III-3 and they
show that the threshold initiation level (TIL) values ranged from 16 to 350
mj in tests where the discharge was applied to the leg wires or pin-pin
(P-P) mode., In tests where the discharge was applied between the shunted
leg wires and the detcnator's metal case (designated as the pin-case (P-C)
mode), the TIL values observed ranged from 36 mi to greater than 12 j.
Thus, overall, commercial detonators appear to be less sensitive to initia-
tion from "static” discharges in the P-C mode. Note the values of less than
6 mj that were obtained for the first results in the table; this was for a
military designation detonator that contained no anti-static protection de-
vices whereas all the commercial detonators did have anti~static devices or
features of ome type or another (both P-P and P-C protecticn}. These re-
sults suggest that the various anti-static features are effective.

The Bureau of Mines also performed another test on all the deto-
nators listed in Tabtle III-3. This was a test to observe their suscepta-
bility to initiation from electrostatic discharges from human beings. The
test parameters in these tests were a 20 kV potential, variable capacitance
and 5000 ohms resistance. These parameters were adopted as a result of a
study by Amicone.® The capacitor energy here is 100 mj and while this exact
value is possibly subject to dispute, it is viewed by Bureau of Mines per-
sonnel as more or less a worst case situation since it is believed that one
is more likely to encounter much lower energies (perhaps 15-50 mj) stored on
humans .

Results of these tests showed that none of the commercial detonat-
ors could be initiated in this "worst case” test; however, the military item
dia s0.

The Bureau of Mines also performed electrostatic sensitivity tests
on nonelectric detonators designed for use with safety fuse. In these tests
they insertea a needle shaped pin electroede into the fuse well to within 1.6
mm (1/16 in) of the ignition charge. The electrode was insulated from the
metal shell of the detonatoer and the detonator case was grounded; these
tests were similar to pin-case tests performed with electric detonators ex-
cept the potential used was 5kV. Results of these tests are presented in
Table 1II-4; the TIL values for three manufacturers' detonators ranged from
less than 4 to 14 mji. Thus the nonelectric detonators appear to be signifi-
cantly more sensitive to electrostatic discharges than their electric coun-
terparts. Though there aprarently éxists limited published Iinformation on
the effectiveness of anti-static devices in detonators, the results from the

*fmicone, R. G., C. T. Davy and J. B. Campbell, "Electrostatic Hazard to
Electroexplosive Devices From Personnel-Borne Charges,” Franklin Institute
Monograph 55-1, The Franklin Institute Research Laboratories, Philadelphia,
Pa., Feb. 1965, 26 pp.
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TABLE III-3, RESULTS OF ELECTROSTATIC SENSITIVITY TRIALS
FOR VARIOUS ELECTRIC BLASTING capSl,Z2

Test3,DP TIL Energy

Detonator Designation® Mode mj
1 Manufacturer No. 1

(Military EB Cap) p-pd 16

(Military EB Cap) P-C® 16
1 Manufacturer No. 2

No. 6 Instant P-P 250

No. 6 Instant P-C 4000
2 Manufacturer No. 2

Delay-—100 ms P-P 112

Delay-—100 ms P-C 500
3 Manufacturer No. 2

Delay--250 ms P-P 56

Delay-—250 ms P-C 4000
4 Manufacturer No. 2-

No. 8 Instant P-P 5¢

No. & Instant P-C 4000
5 HManufacturer No. 2

Instant, steel shell pP-P 56

Instant, steel shell P-C 4000
1 Manufacturer No. 3

No. 6 Instant P-P 16

No. ¢ Instant P-C 4000
2 Manufacturer No. 3

No. 6 Delay No. 1 p-p 20

No. 6 Delay Neo. 1 P-C 12500
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TABLE III~3.

Detonator Designation®

1

Manufacturer No. &

Instant No. 6
Instant No. 6

Manufacturer No., 4

Instant Ne. 8
Instant No. 8

Manufacturer No. 4

Lelay~-~25 ms
Delay-~25 ms

Manufacturer No. 4

Delay--25 ms with steel
Delay=-25 ms with steel

Manufacturer No. 4

Delay——175 us
Delay—-175 ms

Manufacturer No. &

Delay——25 ms with steel
Delay~~25 ms with steel

Manufacturer No. 4

Delay-—325 us
Delay--325 ms

Manufacturer No. 4

Delay~—25 ms with steel
Delay——25 ms with steel

Manufacturer No. 4

Delay-—-1000 ms
Delay—1000 ms

shell
shell

shell
shell

shell
shell

68

( CCNTINUED}

Test8d,b TIL Energy
Mode mj
P-P 56
P-C 112

4000

(repeat)

P-P 56
P-C 1000
pP-~P 36
P-C 112
P-P 56
P-C 112
P-F 36
P-C 56
P-P 36
P-C 36
P-P 36
P~C 500
p-P 36
P-C 112
P-P 36
P-C 112



TABLE III-3. ( CONTINUED)

Testd»D TIL Energy
Detonator Designation® Mo de mj

10 lManufacturer No. 4

~elay--25 ms with steel shell P-P 36
Delay~-25 ms with steel shell p-C 500

11 HManufacturer No. &

Delay-—-500 ms, Al shell P-P 36
Delay--500 ms, Al shell P-C 112

1l Manufacturer No. 5

Instant P-P 16
Instant p~-C 4000

2 Manufacturer No. 5

Delay--50 ms P-P 56
Delay--50 ms p-C 4000

3 Manufacturer No. 5

Delay-~2.9 sec P-P 36
Delay——2.9 sec P-C 12500
8Tegt parameters: constant potential = 10 kV: variable

capacltance; zero series resistance.

ball EBC's utilized copper alloy outer shells unless
otherwise indicated, Numbers in parenthesis after deto-
nator designation indicate BuMines' identification num-—
ber.

Chumbers in parenthesis after detonator designation indi-
cate BuMines identification number.

dp.p (pin-pin) - indicates that the discharge was applied
across the two separated leg wires, i.e., as in the nor-
mal initiating mode.

€p-C (pin-case) - indicates that the discharge was ap-
plied with the high potential lead on the shunted leg
wires and with the ground lead on the outer metal shell
{(case) of the detonator.

NOTE: All leg wires were shortened to a length of 7.6 em
(3 in.) for all tests.
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electric detonator with no apparent anti-static features and the results from
the nonelectric detonators suggest that the anti-static devices in commercial
electric detonators provide at least some protection against initiation from
electrostatic stimuli.

An effective method for reducing the electrostatic and stray current
hazard to electric detonators is toc keep them shunted until the final hook-up
in the blasting cycle. Manufacturers invariably have their detonators
shunted, by one means or another, when they are distributed. Hercules has
measured the shunt resistances of various companies’ detomators and found that
there exists a variation in resistance among detonators from the same manufac-
turer as well as differences in average resistance values among different com—
panies’' detonators. Typical results of these measurements are shown in Table
II1I-5 for various companies' detonators together with data for a case where
bare lead wires were simply twisted together. The shunt resistances observed
for commercial detonators range overall from $.017 to 4.0 ohms. Some of the
resistance values observed approached or exceeded the legwire plus bridgewire
resistance and needless to say, in these cases, one~half or more of the cur-
rent from an inadvertent electrostatic discharge or stray current would flow
through the bridgewire. It can be demonstrated that some of these '"shunted"
detonators could be initiated with a 1.5 volt flashlight battery. These re-
sults are given simply to emphasize that good shunting methods should be used
and good quality controcl of a given shunting method maintained for maximum
safety.

TABLE III-4. RESULTS OF ELECTROSTATIC SENSITIVITY TRIALS
FOR SEVERAL NONELECTRIC, FUSE BLASTING cars(7)

Detonatord TestP Mode TIL Energy, mij
Manufacturer No. 2 Point electrode 14
No. 6 Strength
(C-1644)¢
Manufacturer No. &4 Point electrode 4
No. 6 Strength
(Cc-1423)

Manufacturer No. 5 Point electrode 14
No. 6 Strength
(C-1726)

3A11 detonators utilized copper alloy outer shells unless otherwise
noted.

brest parameters: constant potential - 5 kV; variable capacitance;
zero series resistance.

CNumbers in parenthesis after detonator designation indicate Bureau
of Mines identification number.
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TABLE III-

5, RESISTANCE OF TYPICAL SHUNTS

Average
Resistance?

(Ohms)

Mfg. No. 5 Tape Plus Foil

Mfg. No. 2 Coiled Wire
(Spring)

Mfg. No. 2 Clip

Mfg. No. 4 Rolled
Aluminum

Twisted WireP

AThe resistance was measured
the second wire leaving the

0.027

0.38

0.019

2.5

0.024

from one lead wire entering the shunt to

shunt.

Maximum Minimum Range
0.047 0.020 0.027
0.75 0.05 0.7
0.022 0.017 0.005
4,7 0.7 4,0
0.027 0.021 0.006

b1n this case, two bare leads were twisted together and the resistance

measured.

71



1V, ENGINEERING ANALYSTS

Information obtained from the accident/incident survey as well as that
obtained from mine visitations was instrumental in establishing a basis for
making assessments on potential hazards from electrostatic sources, stray
current sources and lightning, Before specific recommendations can be of-~
fered, potential hazards must be examined in the light of sources of elec-
trical stimuli and sensitivity of the blasting materials or devices in-
volved., This, combined with results of other experimental and theoretical
studies, can form & basis on which to make assessments. This section is di-
vided intoc seven elements, six of which represent particular operations or
electrical sources that were associated with potential hazards while the
remaining element constitutes a review of methods for detection and minimi-
zation of hazards.

A, Pneumatic Loading of ANFO in Underground Blast Holes

ANFO is a blasting agent containing ammonium nitrate prills with 5-6%
No. 2 fuel o0il. The mixture is free flowing and as such can be pneumatic-
ally loaded into boreholes, Pneumatic loaders are of two basic types -
eductors (utilizing the venturi principle) and pressure pot loaders where
the ANFO is contained in the pot under constant pressure.

In 1968, the Bureau of Mines studied the subject of pneumatic load-
ing(g) and offered specific recommendations for minimizing electrostatic
nazards. These recommendations are repeated below.

RECOMMENDED PRACTICES AND PROCEDURES FOR MINIMIZING
ELECTROSTATIC HAZARD

In addition to all normal safety practices in the handling of electric
blasting caps or electric bridgewire detonators, it is strongly recommended
that the operator:

1. Test to assure continuity of the electric detonator
legwire bridgewire-legwire circuit prior to insertion
of the cap inte charge or borehole. This testing
should be accomplished with an electric blasting cap
galvanometer suitable for use with the type of cap
being employed in the blasting operation.

2. ¥Keep the legwires shunted but not otherwise connected
to ground during loading of the blasting agent into
the borehole. This will minimize the possibility of
extraneous stray currents through the legwire to shell
circuit, Detonators with plastic shells, and with the
insulation on the lead wires in good condition, may
have the shunted legwires grounded i1f desired.
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3. Assure that the borehole is discharged prior to hook-
ing up the detonator leads, This assurance is pro-
vided by burden resistivities of less than about
107 ohnm ¢m, reduction of the charge delivered to
the borehole and discharge of the borehole during
loading througnh control of resistivity of the ANFO
and use of a semi-conductive loading tube, and damp-
ening of the shot hole walls and use of an additional
return path from the borehole.

4. Assure that the coperator is discharged pricr to hand-
ling the detonator leads. The simplest way of assur-
ing that the operator is discharged is to have him
discharge himself immediately prior to handling the
leads.

5. 4Assure that the blasting cap leads are never carried
to the ANFO loader. This will further minimize possi-
ble hazards from stray currents and hazards from such
things as charged loader cases.

6. 4Assure that a semi-conductive loading tubing is uti-
lized.

Adherence to these recommendations (1, 2, and 3) should remove any
electrostatic hazards associated with the bottom~primed hole. <Collar prim-
ing remains preferable, since it minimizes the probability of mechanical
damage to the cap. Collar priming also minimizes any hazard from stray cur-
rents, from the power distribution system or from lightning, by minimizing
the "exposure time" of the initiator. In collar priming, assurances that
the borehcle is discharged can be obtained as simply as with the operator:
a grounding wire can be attached to two metal plates one of which iIs posi-
tioned near the operator's feet and the other brought into contact with the
loaded column of ANFG prior to insertion of the priming charge.

Pneumatic loading of ANFO was observed during the mine visitations. It
was found that collar blasting was not being used routinely and that the
recommendation to use semiconductive hose was the only practice routinely
followed,

Problem Area

The potential hazard is the generation and accumulation of static
charges during pneumatic loading.

As a result of tests performed by Prugh and Rucker,(g) at 22 loca-
tions in 18 mines as well as seven above-ground locations, a correlation be-
tween current carried by blasting agent particles with absolute humidity and
loading rate was obtained. Thelr equation for the relationship had the fol-
lowing form:

I= 600f3 microamperes
(Hg)
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where f and Hp were the loading rate (lb/min) and absolute humidity
(grains of moisture/lb of dry air) respectively.

Using a previously published value(10) for the loading rate of an
APM “powder monkey” of 25-90 lb/min and an absolute humidity wvalue of 10
zrains/lb {(typical value expected for the air wunder pressure in this
system), the current would be:

I = (600)(90)/103 = 54 pamps or 5.4 x 1072 coul/sec

As is well known, current values of 50 ma or less are considered acceptable
current levels when taking blasting circuits measurements with blasters gal-
vanometers or ohmmeters, hence, in this particular case the safety factor is
about 1000, The loading rate would have to be increased by about a factor
of 1000 or the humidity value decreased by a factor of 10 to realize the 50
ma current level, In fact, no conceivable attainable combinations of load-
ing rate and humidity wvalues will cause the current to reach the 50 ma
level. Prugh and Rucker also found that the amount of current generated by
moving ANFO prills is relatively independent of whether or not the hose was
conductive or not. Thus, since modern commercial detonators have earlier
been shown to require a current of about 250 ma for initiation, the hazard
of initiating electric blasting caps by currents generated in this method
appears to be negligible.

While little hazard exists from these currents, it should be empha-
sized that a potential hazard may exist if these moving charges are per-
mitted to accumulate in sufficient quantity and potential on the loading
equipment, accessory equipment, the borehole or possibly the operator. In
Table III-3 the Bureau of Mines(7) cited threshold initiation values for
the electrostatic initiation of commercial detonators. The lowest value
measured was 16 mj in the legwire to legwire mode and 36 mj when applied
between the shunted legwires and the outer metal case of the "detonators.
These values are in substantially good agreement with Prugh and Rucker's
corresponding values of 10 m3i and 30 mj.

To reduce the hazard from electrostatic charge buildup on the equip-
ment, borehole, etc., the generated charges should be dissipated continu-
ously so that the accumulated energies are at all times well below that
which would initiate detonators. To gain a perspective on the relaxation
time i.e., (the time required for a charge to dissipate by leakage, which
is equal to € €,/ yor RC), we will consider a typical case, that would
apply if the rock strata were relatively conductive or if semi-conductive
hose were used.

The relaxation time may be calculated using the expression
tr=€€0/?
where: t, 1s the relaxation time
€ 1is the dielectric constant = 2.6
€, is the permittivity in a vacuum = 8.85 x 10-14

Y is the conductivity = 4 x 10™14

74



The main factor resisting the transfer of charge is the low conductiv-
ity of ANFO. The conductivity is variable depending upon the make-up of the
ANFO, any contaminates or minor constituents, and the moisture present,
The conductivity of several samples of ANFO was determined: (1) for a rela-
tively dry, uncontaminated mixture of AN prills and fuel oil, Y= 4 x
10~14 mho/cm, (2) for a commercial ANFO sample, Y = 2 x 10712 gpho/cm
and for a special aluminized ANFO, ¥ = 1.2 x lO"g mho/cm., The relaxation
time, t,, for these three samples would be (1) 5.75 sec, (2) 0.12 sec,
and (3 2 x 1073 sec¢c, respectively. The semi-conductive hose and/or the
rock strata should have a conductivity greater than that of the ANFC {stand-
ard) to minimize the hazardous accumulation of static charges.

On the other hand, if the borehole is relatively nonconductive and if
nonconductive loading hose is used then a hazardous buildup of static
charges can occur as described below.

Evaluation of Stored Electrical Energy in a Pneumatically
Loaded Hole Without Charge Dissipation

Example Loading Conditions

Hole is 20 feet deep and 2 inches in diameter
Loading rate (f) is 90 pounds of ANFO per minute
ANFO density ~ 50 pounds per cubic foot

Bore hole electrical capacitance estimated to

be 20 pf/fr(8)

o Humidity (Hg) is 10 grains/lb of dry air

© 0 0O ©

The electrical charge can be estimated by considering the electrical
current (I) produced by the operation in the equation I = 600 f/HE3. For
this example, I = 600 (90)/103 = 5,4 x 10~ coul/sec. The loading time
can be determined by the relationship

ty = dv/R

where: tj is the loading time
is the loading density of ANFO = 0.029 1b/in.3

t
d
v is the volume of the hole
R

= 754 in.3
is the loading rate = 90 1ib/min = 1.5 l1b/sec
Therefore in the example, t; = 14.6 sec and the electrical charge (I x

t1) is 7.9 x 10™% coul,

The electrical energy can be estimated by using the equation for the
energy of charged condensers, :

E = G2
2C

where: Q = charge = 7.9 x 1074 coul
C capacitance of borehole = 20 ft borehole length x
20 pf/ft = 400 pF

— = 780 Joules
20400 x 10712y
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This calculation results in an energy that is believed to be a gross
overestimation erring in the direction of safety. It is believed that a
more realistic energy value would be about 0.02 Joule. This is based on
Hurry's'll) observations of 10,000 volts potential which when used in the
equation E = 1/2 CV2 yields 0.02 Joules. Yet, this value must be con-
sidered to be a hazardous energy, especially to electric blasting caps.

B. ANFO and Slurry Bulk Loading in Surface Mines

Bulk loading of explosives at surface mine operations is becoming a
standard technique. This is accomplished with bulk mix/load trucks and by
operateors pouring ANFO prills manually from plastic lined paper bags. The
potential problems associated with these operations are somewhat different
than those associated with underground pneumatic loaders. The principle
differences are a result of (1) the large size of the bore holes (length
and diameter) which increases the electrical capacitance, (2) the use of
plastic liners which inhibits the relaxation of electrostatic charges, and
(3) the potential sources of ignition due to the presence of a bulk de-
livery truck.

When the bulk explosive is a slurry, the material conductivity due to
the water content decreases the electrostatic hazard. Some of the
ingredients, however, can increase the sensitivity of spilled materials or
abnormal mixes due to the presence of aluminum powder, gun propellant, etc.

The presence of an electrostatic hazard depends on how well the ground
can dissipate the charge entering the hole and the sensitivity of the
explosive material.

The evaluation of the energy was approached theoretically, utilizing
the following empirical relationship,

E = 102 tr2 (1 - e f1/tn?
50 650 L
where: E = residual energy
I, = input charge rate, coul/sec
tr = relaxation time, sec
€ =

= dielectric constant of material
under consideration

€5 = permitivity in a vacuum in
farads/cm

L = height of material in borehole (cm)

ty = Jlpad time, sec
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The derivation of this relationship may be found in the Appendix.

Evaluation of Stored Electrical Energy in a Surface
Mine Blasthole Loaded With Bulk ANFO

o Blasthole Loading Condition

Hole Size: Diameter —-10 in.; Depth - 60 ft (filled to 30 ft)
or 914.4 cm

Loading rate: 500 lb/min

ANFO properties:

Conductivity 4 x 10714 mho/cm
Density = 0.029 1b/in,3
Electrostatic charging rate = I, = 3 x10™% coul/sec

Loading time = 817 1bL/500 1b/min = 98 sec
o Energy Estimate for Hole in Conductive Rock Strata

tr = (2.6)(8.85 x 10714 _ 5 75 sec
4 x 10” =% .

Relaxation time

12¢:2 (- e—tl/?r)z
o °r
50 €< L
Q

Residual Energy

CGr10h? 5057 @ - o855
50 (2.6)(8.85 x 107 +%) (914.4)

E = 283 joules

0 Energy Estimate for Hole With a Nonconductive Plastic Liner

Relaxation time (based on conductivity of liner of 1 x 10'16)
= 37 minutes or 2200 sec

(3 x 10=%)2 (2200)2 (1-e-98/2200y2
50 (2.6) (8.85 x 1071%) (914.4)

Residual Energy

7.8 x 10% Joules

[l

Nonmconductive bore hole liners are often used for wet hole conditions.
In this situation, the liner increases the relaxation time to ~ 37 minutes
based on a typical liner conductivity of 1 x 1071 mho/cm. The resicual
energy is higher than situations where there is no liner; however, in both
cases there can be very high residual energies involved because of the non-
conductive nature of ANFO, Since the time constant for charge dissipation
through the plastic liner exceeds the time constant for charge redistribu-
tien in the explosives, the charge will diffuse to the walls forming an
equipotential surface. The potential of this surface can be large and not

77



reach the maximum value until some time after the filiing operation. If the
bore hole is treated as a simple capacitor with the liner as the dielectric
and the explosive as one plate and the ground as the other surface, a large
potential can result. The voltage on the capacitor will be dependent on the
breakdown voltage of the plastic liner. For plastic films, the dielectric
strength can vary from 500 (polyethylene) te 10,000 volts/mil (polypropyl-
ene). Thus for the polyethyleme liner 7 mils thick used in quarrying opera-
tions visited during this study, the breakdown voltage would be 3500 volts,

Potential Hazards

The residual energy that would be hazardous to operations with elec—
troexplosive devices would be conditions that permit accumulation and dis-
charge of energies in the range of 14 mJ which is a typical for the nonelec-
.tric detonators. DBased on the energy relationship utilized, this could
occur when the bore hole conductivity is less than 5.8 x 10712 pho/em.

For the case of nonconductive hole liners, the use of electric deto-
nators is a potential problem and they are currently not utilized im con-
junction with liners. The electrostatic sensitivity of explosive items
other than electric detonators range from 0.0022 J for lead azide to 1.26
for non-NG dynamite. This indicates that initiation of these items under
certain bore hole loading conditions, is also of concern. The analysis is
inconcliusive, but does indicate the need for additional study and possible
regulations.

C. Mine Operator as a Source of Electrostatic Initiation Energy

Blasting operations in both surface and underground mining are laber
intensive. The operators are interacting with the variocus blasting compon-—
ents from the time they are removed from the storage area until they are
detonated. Typical situations where the operator can inadvertently apply
electrostatic energy to the blasting components are illustrated in Figure
Iv-1. ) '

An analysis to classify how important the operator is as an initiation
source in a mine requires: (1) consideration of the amount of energy that
a man can release Iin a spark discharge, and (2) a comparison of this energy
to the sensitivity of blasting components in a system.

1. Operators as a Source of Stored Electrostatic Energy

A circuit commonly used to simulate an electrostatically charged
human is a 500 pf capacitor charged to 20 KV potential discharged through a
5000 ohm series resistor into the detonator.(7’ Another source quotes a
value of 400 pf discharging through 100,000 ohms.(13)  This equates to an
energy of 100 millijoules. A third source treats the available energy as
15 mJ obtained from a human of 150 to 300 pf at 10 K volts. From the lit-
erature it can be concluded that the source of electrostatic energy from a
human can be between 15 and 100 millijoules. The environment in a mine and
the miner's dress can affect this energy. '

A typical miner will not be dressed to reduce static accumulation

via conductive shoes, etc., as are the operators producing the blasting com-
ponents in wmanufacturing facilities. The miner will most likly be wearing

78



ab1pyos)(q 214D§s0s103 |3 WOy uoLD4U] 4O
921n0§ [DI4Ua40d D S| Jojouad() atoyp) suopjonyis Bulisolg aulyy * | -A| 94nBiy

JTOH O1INI SIAISO1dX3
ONIddOYa ITHHM ANVH
HONOYHL 3a1TS SIHIM dVD

dNAOOH TVYNI4d ONRNG
© 4O 1OHS ONRIM FTIHM O4NV ONIGVOT ITIHM INIZVOYW LV

STIM dvD ONILOVINOD  STUIM dVD ONILDOVINOD SIAISOTdX3 dN ONIADId

N
¢

79



heavy- work shoes or boots, coveralls, wet suits, etc. The mine environ-—-
ment can alse vary widely in temperture and humidity conditions such as 80°F,
10% RH in the southwest to 45°F, 80% RH in the northeast. An evaluation of
various parameters affecting the energy of charge accumulation on humans is
treated in the ensuing paragraphs:

a. Capacitance

The electrical capacitance of the operator is formed primar-
ily between the scle of his shoes and his feet with the shoe acting as a di-
electric. One factor that influences the capacitance is the size of the
shoe, The bottom surface of the foot and the ground constitute a parallel
plate capacitor governed by the equation:

- €6, 4
d

= Dielectric constant

= Permittivity in a vacuum
= Plate Area

= Plate Separation

= oW

A study conducted by the BEBritish Ministry of Aviation(14)
showed, as expected, that shoe size increased the contact area and sub~-
sequently capacitance. It was determined that a person wearing a size 11
shoe had a capacitance ~ 257 greater than a person wearing a size 6 shoe,.
The capacitance values, Table IV-1l, range from 160 pf to 200 pf.

TABLE IV-1. EFFECT OF SIZE OF FOOTWEAR ON CAPACITANCE
OF PERSON STANDING ON LINOLEUM FLOOR(14)

Size of Shoe " Capacitance, uft F

160
175
180
190
200
200

[l g
O W oo~

The type of footwear utilized in the mine is not a controlled
factor. The influence of the type of footwear and surface was also considered
by The Ministry of Aviation(l“%. For our purposes, the data in Table 1IV-2
for leather and rubber are most applicable and the capacitances observed are
in the range cited above.

b. Available Energy

Electrostatic charge generation can occur by the rubbing ac-
tion of different materials and occurs, for example, by the simple action of
rising from a chair or by a miner rising after having been seated on
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equipment. This takes place for a variety of natural fibers, but is us-
ually more Frogounced for some synthetic fibers having high resistivities.
Figure 1IV-2 17) shows the effects of surface resistivity on voltages and
hence energy for various fabrics with energies ranging from the yj range up
tc about 12 mj. (The given body capacitance was held constant at 220 pf and
the chair in this case was covered with a PVC coated cotton seat cover.)
While the higher calculated energies (~ 12 mj) would appear to approach the
maximum no fire energy level for detonators (previously shown to be about
16 mj in the pin~pin mode), it should be remembered that the 16 mj value
was obtained in a test set-up containing no series discharge resistor.

The surface resistivity of these materials is also a func-
tion of the relative humidity with lower resistivities for higher humidi-
ties; this is shown in Figure 1v-3al15) where resistivities drop roughly
four to five orders of magnitude for a relative humidity increase from 15
to 80%Z. The figure also shows maximum attainable voltages decreasing sev-
eral orders of magnitude over the same range of humidity increase.

fnother typical wa a human accumulates electrostatic
charges is by walking. Table IV-3 14) shows typical capacitances, poten-
tials, leakage resistances and electrostatic energies for insulated and
conductive footwear on insulated and conductive flooring. The stored en-
ergy values observed for the various combinations range from 3 x 10~9 to
10~% joules.

c. Body Resistance

Resistance of the human body can vary depending on contact
area and pressure., This in turn will alter the characteristics of the dis-
charge. Typical discharge resistance values for different hand and finger

; i in Table IV-4.(9)
pressures as well as needle point contact, are shown in Table R
The lowest values were obtained for hand area (20 cmz) contacts, and they
ranged from 340 to 590 ohms for five different subjects. Relatively high
resistances up to 6.7 x 10° ohms were observed in needle point comntacts.

Table IV—S(ls) shows the insulation resistance, potentials
and charge relaxation times for different sole materials worn by humans.
Conductive rubber soles provide an insulation resistance of 10° to 106
ohms; whereas, ordinary rubber soles have a resistance of lO13 ohms and
the corresponding RC decay times are about .05 and 200 sec while the cor-
responding energies would be 1.6 x 1008 J and 1.6 x 1072 J. These data
indicate that a miner wearing ordinary rubber boots could retain electrical
charges for several hours providing he did not have hand, finger or other
body contact with ground.

Table IV-6(14) shows fingertip resistances at different
voltage levels for severzl subjects; the measurements were obtained with
current flowing continuously. It 1s to be noted that body resistance de-
creased significantly as the potential was increased from 12 teo 60 volts -
for one subject (No. 3) it decreased to about 6% its initial value. Thus,
human body resistance, for a given set of circumstances, is difficult to
define.
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TABLE

Footwear

Composi-
tion

Composi~
tion
A/S

Rubber

Conductive
Rubber

Conductive
Rubber

Conductive
Rubber

Conductive
Rubber

IV_B .
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CAPACITANCES, POTENTIALS, AND ENERGIES DUE TO FooT(14)
MOVEMENTS OF PERSONS IN INSULATING AND CONDUCTIVE
FOOTWEAR ON INSULATING AND CONDUCTIVE FLOORING
Capaci- Potential, V, Leakage Energy,
_ tance, Volts on Resistance, 1/2 cvo,
Floor C,UUF Foot Sliding R, Megohms ergs
Lincleum 150 1,000 1,000 750
Conduc- 200 1,000 1,000 1,000
tive
Rubber
A/lS 425 100 500 to 1,000 21
Rubber
Linoleum 160 200 1,000 32
A/S 405 60 1,000 7
Rubber
Dry 290 20 6 to 12 0.6
Concrete
Conduc- 1,450 2 to 10 1 0.03 to 0.7
tive
Rubber



TABLE IV~4. DYNAMIC RESISTANCES AT THE HAND AND FINGERTIPS OF
VARIOUS SUBJECTS, IN onms(1%)

Subject Hand, Area Fingertip, Needle Point
No. 20 cm? Area 0.8 cm? Moderate Contact Light Contact
1 430 1900 4,5%10% 6.7x107
2 550 1400 7.4x10% 6.5x107
3 590 1500 6.5x10% 2.2x105
4 340 4400 2.1x10% 4,4x107
5 490 1900 5.2x10%4 0.8x103

TABLE IV-5. RESISTANCE, DECAY TIME AND POTENTIAL FOR
VARIOUS SHOE MATERIALS(14)

Resistance
Sole (ohms) Decay Time (sec) Potential Volts
Conductive Rubber 1x10° - 1
Conductive Rubber 1x10° 0.05 8
Leather 1.5x107 0.1 60
Leather 2x108 0.17 200
PVC 3x10° 0.7 2500
Rubber 1x1013 200 4000 to 8000
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TABLE 1IV-6.

Subject
No.

1

2

FINGERTIP RESISTANCES OF A NUMBER OF SUBJECTS AT

DIFFERENT(14) APPLIED POTENTIALS
(CONTINUOUS-CURRENT METHOD)

Resistance (X 1000 £ ) Measured With

Applied Potential

400

1200

400

150

150

300

225
340
400
270
80
27

240

24 v

86

36 Vv

180

45

20

48 v

96

320

150

160

48

219
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2. Hazards of Electrostatic Discharges From Humans

At this point, we wish to comment briefly on possible hazards to
detonators and blasting materials with regard to static discharges from hu-
mans. First, these discharges were characterized by Tucker{17) and re-
ported in the annuals of the New York Academy of Sciences. Two curves, that
are reproduced in Figures IV-4 and -5, were presented and they show current
as a function of time for a discharge off a bare finger and off a metal tool
held by a subject, Though peak currents are quite high, they concluded that
body voltages of at least 71 Kv would be required to initiate PETN. This
explosive is most often the explosive used in detonating cords or used as a
base charge in detonators and is used as a constituent in some booster ma-
terials. Unpublished data from Bureau of Mines tests as well as results of
Hercules tests show that PETN is more sensitive to initiation from electro-
static sparks than NG sensitized explosives and certainly more sensitive
than blasting agents such as ANFO. Thus,; static discharges from humans do
not present a significant hazard insofar as most explosives and blasting
agents are concerned. '

The initiation of electric detonators is, very possibly a differ-
ent matter. For sake of demonstration, if the static charge energy on a
human is 15 mj, and using the statiec sensitivity data in Table III-3 which
show TIL values as low as 16 mj, then the probability of initiation would
be 2 x 1072 which is unacceptably high.

D. Radio Frequency and Induced Current Hazards

The use of blasting agents for mining purposes has a long history with
a typical consumption of 2.5 billion pounds iIin one year (1975)(18),
Through the end of World War II, improvements were made in blasting safety
by replacing treacherous primaries with more stable materials such as the
replacement of lead azide with secondary expleosives as wused in EBW
(explosing bridgewire) systems., However most commercial detonators still
utilize a primary explosive.

Parallel with this effort there has been a trend toward increasing
energy thresholds in the initiator systems. Since the 1940's, a 0.25 amp
no-fire level was common for standard blasting caps. This is still the
ingustry standard in 1982,

The military continued to develop less sensitive caps due to the
increased intensity of radar fields resulting in first a2 1 amp no-fire
requirement and later the present 1 amp, 1 watt no-fire requirement. The
open wire palr and single wire, ground return circuits were replaced with
low impedance, twisted, shielded pairs isolated from ground which further
reduces the susceptibility to inadvertent firing.

The sensitivity to electrostatics has not been ignored either. The
design criterion is generally that they must pass a 25 KV discharge from a
500 pf capacitor through 5000 ohm resistance in both the pin-to-pin and pin-
to—case mode or 0,3125 J.
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The electric detonators presently used in mines do not have this re-
duced current sensitivity. They are normally 0.25 amp no-fire with a sens-
itivity of 4 mJ to 500 mJ being observed. The presence of electromagnetic
radiation in the radio frequency range has increased over the years. The
safety guide for use of electric blasting caps in this environment is sup-
plied by the Institute of Makers of Explosives (IME). This criterion is
based on a cap sensitivity of 40 mw no-fire level.

According to IME Publication No. 20, the few cases of caps being fired
accidentally by Rf pickup on the wires would not have occurred if the table
of distances had been followed. No information has been developed in this
study to require a change in these guidelines. However, surveillance of RE
source at mine sites should be a continuing effort as new Rf producing de-
vices are developed.

The secondary effect of induced currents on operating equipment is not
covered by these guidelines and should be addressed in future publications.

E. Lightning

The following is a summary of an evaluation performed by Southwest Re-
search Institute (SRI) 20) | ‘This study of lightning warning technology
indicates that four alternatives may be pursued in implementing an effec-
tive electrical storm safety program. These are: (1) to encourage the use
of common sense safety practices, (2) to use one of the lightning warming
systems tested, (3) to develop a system which meets the unique needs of the
mining industry, and (4) to develop a device independent safety specifica~
tion in terms of electric field strengths, number of 1lightning events,
ete, In the following discussion these alternatives are considered.

1. Common Sense Safety Practices

One approach in reducing exposure to lightning hazards is to ex-
plore a knowledge of the local climatology. At Kennedy Space Center, for
example, peak summertime thunderstorm activity occurs around 1400-1500 lo-
cal time, To ensure minimum downtime and reduce the possibility of acci-
dental predetonation, blasting schedules can be adjusted accordingly.

Also a broadcast receiver can be tuned to a frequency which is
not used by a transmitting station, and one can listen for static crashes
to estimate if lightning is occurring in the area. This information cou-
pled with visual observations of cloud formations has been used extensively
to forecast potentially hazardous lightning conditionms.

A major concern in the common sense approach is the lack of exact
knowledge about the location of lightning events and the consequent use of
subjective judgement. While the common sense approach is extremely appeal-
ing from a cost consideration, the incurred risk may be substantial, As a
tradeoff among the various safety alternatives, this approach represents
minimum cost and maximum risk.
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2. Lightning Warning System Evaluation

An alternative approach to preventing lightning induced predetona-
tion is the use of one of the devices tested. BSRI stated that an effective
automatic lighting warning system (LWS) has the following advantages over
relying on weather observations:

a. On overcast days warning is provided when storm sys-—
tem buildup cannot be seen from the ground.

b, Operations can continue until evacuation is initi-
ated based on storms detected within a predeter-
mined hazardous range.

c. Operations can resume when lightning passes beyond
the hazardous range.

d. Warning is provided when the entire crew is engaged
in operations.

An automatic lightning warning system which provides the above capabil-~
ity is required to ensure maximum safety in blasting operations. Of the de-
vices evaluated in the SRI study, three evidenced unacceptable performance.
The flash counter proved to be unacceptable because of its noise suscepti-
bility and it required continual recalibration of the alarm threshold. The
corona point sensor also evidenced a high degree of noise susceptibility and
a vulnerability to direct lightning strikes. The false alarm rate observed
in the performance of the azimuth/range locator was determined to be intol-
erable.

Acceptable techniques among the devices tested were the field mill,
radicactive probe and the triangulation locator. The field mill device
{which measures electric field strength, flash rate and ambient background
noise level) exhibited failure-to—alarm rates which were of concern; how-
ever, as a cost tradecoff, this device appeared to be cost effective as an
off-the~shelf single point sensor in comparison to the triangulation lo-
cator. Closely comparable in performance to the field mill was the radio-
active probe which measures potential gradient and changes in the gradi-
ent, This system also had a relatively high failure~to—alarm rate and ex-—
hibited probe saturation effects which may require a development effort to
correct. The overall best performance was obtained from the triangulation
system; however, this system is ineffective against overhead lightning haz-
ard buildup since it reports only cloud-to—-ground lightning flashes.

Based upon the results of this evaluation study, the system presently
available commercially which technicaly best satisfies mining safety re-
quirements is the triangulation location system.

Table IV~/ compares the performance of each LWS under conditions of
frontal, convective, and orographic storms. The units generally provide 30
+ 10 minute warning time prior to storm location at 10 nautical mile range
with the exception of the azimuth/range locator and the corona point de-
vice. The azimuth/range locator tends te warn one hour or more in advance
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of 10 nmi range. This is apparently due to the wvariability of received
signal strength and the assumed mean amplitude at the given ranges. As a
result, range is underestimated with apparent 10 mmi range locations indi-
cated one hour before the storm reaches this radius.

The results of the LWS evaluation are for specific equipment items and
are not necessarily representative of all similar devices. Each manufac-
turer's device should be evaluated on its own merits.

F. Review of Methods for Electrical Hazard Minimization

1. Ground Fault Systems

Stray current from mine electrical equipment is of concern in mine
operations from the standpoint of both the exposure of operators to electri-
cal shock hazard and premature activation of electric detonators. The sur-
vey identified mine accidents where stray current from electrical equipment
was a probable cause for the accident. Ground fault devices are designed
to provide additional protection against line-to-ground shock hazard,

During the mnine visits, it was found that not all mines have
ground fault systems. Of those that did, each had experienced trips be-
cause of ground fault incidents. Some mines had trips of the systems
weekly while others have had one a year. There is no doubt with this his-
tory of occurrences that the ground fault system is needed in mines to pro-
vide practical protection against electrical accidents. If this type of
system is not present, miners are exposed to potential hazards when working
around any electrical equipment as well as the hazards of stray current
running in the grounding system of the mine during blasting operations.

A study by Biegelmelier entitled, "The Electrical Impedance of the
Euman Body at 50 Hz Alternating Current"(21) discusses the potential cur-
rent through & human in contact with an electrical source and methods of
ground fault protection. One surprising result was the immediate omset of
high current levels at voltages just over 100 V for contact surface areas
such as those present when electrical accidents occur while handling tools.
It is apparent from the data that the body impedance drops sharply as the
voltage is increased. Thus, even when dry, the skin forms only relatively
slight protection against fatal electrical accidents, Furthermore, the
moistness of the hand, if it has been wetted with normal tap water or rain
watey, does not play a decisive role. Ounly with exception- ally conductive
solutions does the body impedance drop significantly.

Biegelneier demonstrated that ground fault interrupters could be
properly adjusted and provide complete protection for a human being who was
in a situation where he could not let go of the source that bound him to it.
His results showed that, at about 200 volts potential, body currents ex-
ceeding 100 ma could be observed for contact surface areas prevailing when
gripping metal tools. In fact with contact surface areas of only 1 cmz,
currents exceeding 30 ma were observed. Under similar conditions, the haz-
ard is lessened if the current is entirely through the shoes to ground.
However in planning preventative measures, worst case parameters should be
considered.
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A standard tripping level is not specified in the National Elec~
trical Code for personnel protection; however, typical values are 0.03,
0.3, 0.5, and 1 amp according to Biegelmeier. Based on his studies, a
value of 0.1 amp as a standard, would provide maximum protection.

The maximum no—fire level for electric detonators 1is 250 ma;
therefore, to provide stray current protection for these devices, a 0.1 amp

standard is also advisable.

2. Semi-Conductive Hose for Pneumatic Loading of ANFO

The safety aspects of the use of semi-conducting hose_ in pneu-
matic loading operations were amply demonstrated by duPont(?) and by
Gates Rubber Company. 11) Both studies demonstrated that, properly used,
" these hoses reduced electrostatic hazards significantly.

One concern is that, while new hose may have a given resistance,
its resistance may change over a periocd of usage or time. Several samples
of new and used hoses were obtained during the mine visits. The time ele-
ment for the used hoses was unknown. Results of resistance measurements on'
these hoses are given in Table IV-8. The resistivity of the six samples of
new hoses varied from 1.93 x 109 to 3.95 x 10® ohms/cm. For the two
cases (samples 3 and 4) where measurements from new and used hoses were
available, the resistivity of the used hoses increased by 9% and 4%, re-
spectively. Thus, used hoses can lose some of their semi-conductive prop-
erties presenting another factor that should be taken into consideration
when surveying the electrostatic hazard in pneumatic loading operations.

TABLE IV-8. COMPARISON OF RESISTIVITY OF VARIOUS SEMICONDUCTIVE
HOSE SAMPLES OBTAINED DURING MINE VISITS

Length Hose Size Resistvity, ohm/cm
Sample in. in (ID) New Used
1 6 5/8 2.36x106 -
2 6 1 1.93x106 -
3 3 3/4 3.95x106 4,32x106
4 6 3/4 2,00x100 2.09x106
5 6 3/4 - 2.06x109
5 6 3/4 2.06x10% -
7 6 3/4 1.98x103 -

NOTE: The resistivity was calculated by dividing the applied test
voltage (2800 V) by the current measured on a hose sample
between two metal clamps. This result was then divided by
the length of the hose between the clamps.
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3. Stray Current Monitors

Stray current monitoring devices have been developed for mine use.
Typical devices are (1) the VAC blasting meter by Bitronics, (2) duPont
Blasters Multimeter Model 101, and (3) GM 100 Ground Fault Monitor by Austin
Powder Company. Comments concerning these meters are as follows:

a. VAO {(Volt Amperes Chms)} Blasting Meter

This is a multi-purpose meter covering the range of values
applicable to mining operations as follows:

Chms 0, 8, 16, 32, 64, 112, 192, INF

Volts ¢.5, 1.0, 1.5, 2.0, 2.5

Amps 0, 0.5 0.10, 0.15, 0.20, 06.25, 0.30

———— T e
red zone
This device is not for continuous monitoring.

The instrumentation booklet for the device refers to pin jacks
marked A-V and V. No such markings were found on the meter available to
Hercules, Also Page 6 of the instructions indicates that in the case of
conductive ores, various metal conductors such as rails, pipes, and ducts
should be connected to the ore body by means of heavy copper wire attached
to low resistance grounds driven into the ore bedy. It appears that this

practice could introduce electrical currents.

b. DuPont Blasters Multimeter Model 101

This meter is manufactured for duPont by Simpson Electric Com-
pany for use in mine applications. Like the VAU blasting meter, it does
not offer continuous monitoring or alarm capability.

c. Austin Model GM 100 Ground Fault Monitor

This meter is furnished with a built-in alarm system that is
activated when the input current approximates 50 milliamperes DC and/or 50
milliampers RMS AC., A meter was not available for this study, therefore
additional comments are not provided.

4. Lightning Warning Devices

The event that is the highest contributor to mine accidents, as to
electrical/electrostatic causes, is lightning. Warning devices were evalu-
ated by SWI in another study(zo) and will not be discussed in detail.
Several types of devices are available, according to the referenced report,
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such as radioactive probes, field mill devices, Corcna point devices, flash
counters, triangulation locations and azimuth/range locators. The objec—
tive of these devices is to provide early warning of lightning so that the
mine operators can safely stop blasting operations and remove personnel to
a safe area until the potential danger passes.

Each of the devices evaluated by SRI exhibited advantages and
disadvantages which are discussed in the report. The data presented can be

useful for evaluation of particular operations.

5. DMonelectric Blasting Systems

a. NONEL System

The NONEL system, manfactured by Nitro Nobel,(zz) is a
closed system with each drill hole served by a separate NONEL unit. It is
delivered complete to the blasting site and consists of a moisture proof as-
sembly of a suitable length of NONEL tube, a detomator and a transmitter
cap with connecting block.

The safety features of the system, as reported by the company,
are as follows:

. (1) Immune to electricity =~ the immunity applies to
all types of electricity - stray currents from
fixed installation and safety-lamp Dbatteries,
earth potentials in the immediate proximity of
power lines, current leakage in conductive ore
bodies and static electricity. The immunity of
NONEL toc electricity 1is absolute and does not
need to be measured or checked.

(2) Immune to thundery weather = charging can take
place without interruption throughout the working
day even in climates where recurrent stoppages
due to threats from nearby atmospheric disturb-
ances otherwise have to be taken into account.

(3) Immune to radio and radar - the risk of inadver-
tent initiation via vradio waves 1is generally
considered to be extremely slight, but it is
nevertheless one of those hazards which are
difficult to foresee and thus difficult to pro-
tect against. NONEL is totally wunaffected by
radic and consequently it 1is also completely
immune to marine radar and radio signals from
low-flying aircraft.

This, in turn, means that radio techniques can
now begin to be adapted for underground use and
that the benefits of communication radic camn be
enjoyed also on blasting sites.
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{(4) Immune to jolts and blows -~ tests have shown that
the NONEL tube does not react even to very hard
blows. This ensures great safety in transport
and handling, but particularly in the course of
actual charging.

(5) Fireproof - the plastic hose itself burns, but
the explosive cannot be made to detonate by fire,
not even by an open flame introduced right into
the tube,

(6) Safe delay -~ with detonating cord, there has al-
ways been a certain risk that blast stone, gas,
etc,, would tear off the cord before all holes
had been reached by impulses,

With NONEL, the impulse goes straight into the

hole, where the delay element in the detonator

takes over the time keeping while the round fires
. over. A

When it comes to the influence of the delay ele-
ment on dispersion and thus on fragmentation and
ground vibrations, the NONEL system does not dif-
fer from the electric¢ detonator, since the deto-
nators themselves are of nearly identical con-
struction.

The system appears to correct many of the problems associated with
EB caps in areas where stray currents, RF energy or lightning exists. How-
ever, electrostatic incidents were reported by customers using the system
as initially fielded. The material Iinside the system was semi-conductive
and-would conduct a charge to the cap and discharge to the case through the
primer material. The design of the cap was changed to incorporate a static
bleed hole in the tubing to allow the charge to dissipate at a preferred
spark gap point.

The cap at the end of each line is a modified electric deteonator.
The modification involves removing the bridgewire and does not effect the
explosive material in the cup. Therefore, the sensitivity of the NOKEL
detonator remains unchanged from the originmal electric detonator which is
governed by the primary explosive involved.

This system is reported to withstand 60,000 volts applied to the
NONEL line using the static bleed hole without an arcover to the cap case.
These results indicate that the NONEL system should be immune to electro-
static discharges in this voltage range, however, no test data were avail-
able to Hercules so that comment could be made on claim that it is safe to
use in lightning storms or "thundery weather.”
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b. Hercudet™ System

System Description - Hercudet is a nonelectric delay blasting
cap system for the initiation of commercial explosives. The principle of
operation is to fill a firing circuit (a circuit consisting of the Hercudet
caps and interconnecting tubing) with a detonable gas mixture, The caps
are then initiated by igniting the gas mixture from a firing chamber. Since
the caps are nonelectric, and the system is inert during installation of the
"firing circuit, the Hercudet system eliminates hazards generally associated
with the use of electrical blasting caps.

The Hercudet system is composed of three primary subsystems:
(1) a bottle Box Assembly, (2) a Elasting Machine Assembly, and (3) the Fir-
ing Circuit. A gimplified diagram of the system is shown in Figure IV-6.
The Bottle Box Assembly's function is to supply components of the gas mix-
ture and nitrogen for purging and pilot valve operation, The function of
the Blasting Machine is to meter the gas mixture and pump it through the
firing circuit, and to fire the mixture. The Firing Circuit consists of
the blasting caps, and the interconnecting tubing and fittings for piping
the gas mixture to each cap. 1In the paragraphs that follow, each of these
subsystems will be discussed in greater detail.

The Bottle Box contains the supply for the three gases (fuel;
oxidizer - 093 and inert - Nz) which are used in the blasting machine.
As each of the three gas supplies is similar, only one will be described.

Gas 1is supplied from a pressure cylinder. A fill line with
check valve is provided for recharging of the gas c¢cylinders. The cylinder
can be valved off by a shut-off valve on the c¢ylinder. Integral tc this
valve is a safety relief which provides protection in the event of overpres—
surization (e.g., high temperature in a fire). Gas supply remaining is
monitored via the pressure gauge. A primary gas regulator reduces the pres-
sure to around 175 psig for delivery to the Blasting Machine in a flexible
hose with quick-disconnect. )

System Operation - The following system operation describes how
a firing circuit is completed and tested, how the circuit is charged and
checked, and finally fired. It is based on observation of a quarry shot.

(1) Individual caps are lowered in holes and holes
loaded with explosive and stemming.

(2) Individual caps are circuit tested with the hand
pump tester. Any "bad" caps are marked for re-

placement.

(3) Connections are made from cap-to—-cap to form the
circuit for the several cap—-lines.

(4) Each cap-line is circuit tested.
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(5) The cap-lines are connected to the trunk line and
the trunk line and tail lines run from the blast
area to the firing point.

(6) The bottle box is connected to the blasting ma-
chine and the blasting machine is connected to
the trunk line.

(7) The blasting machine is actuated to charge the
firing circuit wuntil all tail lines indicate
approximately 504 Oy on the 0y analyzer.

(8) The shot is fired.

Safety Aspects of the Design - The Hercudet nonelectric delay
blasting system offers a method for initiating commercial explosives. The
blasting cap is nonelectric, with plastic tubing replacing wires, A gase-
ous mixture is introduced to a firing network of small plastic tubing after
all preparations for firing are complete. Until the mixture is introduced,
the network is inert except for the cap itself. After charging, the gas
mixture is ignited from a specially designed blasting machine, and the re-
action travels through the firing circuit at a rate of 8,000 ft/sec to in-
itiate the caps.

Some of the safety features are:

0 Cannot be initiated by radio frequency energy,
stray current, or static electricity.

0 The only nonelectric initiation system with cir-
cuit test capability.

0 The gas reaction within the Hercudet tubing cannot
initiate or dead-press main explosives charge.

Analysis of the System — When the system design was reviewed in
this study, several items of concern were as fecllows:

During the mine visits, an abnormal use of a Hercudet system
was observed., In this case, the operators installed the system normally.
However, in the process of evaluating the vapor concentration in the tubing,
they were found to be checking the concentration at the blast hole rather
than at the gas charging station. This situation placed the operators back
at the bore hole where inadvertent ignition could have produced a serious
accident.

The caps are designed to be initiated by the stimuli from a
vapor reaction. Except for the mode of initiation, Hercudet caps are very
similar to conventional nonelectric blasting caps. Since incidents (see
Table I-1, Page 12) have been reported with initiation of conventionally
fused nonelectric caps, it is important to remember that the Hercudet sys-
tem is only as immune to electrostatic hazards as the caps attached to the
end of the tubing.
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0. Electrostatic Discharge Protection for Electric Detonators

One concern with electro explosive devices is inadvertent activa-
tion due to electrostatic discharge between the input lead wires and the
metallic case or closure, To protect against this mode of firing, many
techniques have been proposed. A review of the resistive techniques was
provided by Rosenthal and Leopold.(‘3) The following section is from
their discussion of protection by resistive padding.

Protection by resistive padding =~ recognizing that an equivalent
series resistance is always available, protection can be accomplished by in-
stalling a resistance (R,) across the cap. The resistance can be linear
and can be externally applied or built (intrinsic) into the hardware of the
system. The lead wires or pins can be painted with a conducting coating so
as to make comnection to the outside case. This continuous coating over the
back end of the device is the padding resistor. This procedure has been
successfully employed for hermetically sealed devices. Another variation of
this technique based on intrinsic resistive padding employs a header made of
conducting plastic., The input leads are molded into this plastic, and when
the outside metallic case is crimped over the header, the composite assembly
is a nearly perfectly shielded enclosure. The idea that the cap becomes a
near equipotential shield precludes any internal electric field formation.
The imperfectness of the shield is a consequence of requiring two ports to
feea the bridgewire energy.

Another successful esoteric approach employs a nonlinear resistor
material such as silicon carbide or =zinc oxide as the dissipative mate—-
rial. These ceramic-like materials can be employed as resistor assemblies
or can be integrally made a part of the header system. Because these mate~
rials exnibit small or negligible conductivity at normal voltages, they do
not interfere with the regular firing modes. However, they conduct readily
at the higher voltages and serve as the equivalent of a breakdown diode
(i.e., Zener), with higher joule ratings.

Resistance padaing protects by two means - simple voltage division
limits the voltage that can appear across the cap. For example, if the Rp
built into the device is 200 ohms/pin to case, then for a 5000 ohms resistor
(Rg) only 4 percent of the available voltage will ever be transferred to
the internal device gap. It is important to note that the typical bridge-
wire header is less than 10 ohms (most often in the range of 1~5 ohms) so
that the pin to pin shunting resistance does divert a small fraction of the
firing energy. This penalty cannot be avoided but should be considered neg-—
ligible as a practical consideration. The reduced voltage can insure that
there will never be an internal discharge. There is a secondary protection
mechanism offered by resistive padding. For a given spark gap, there is a
time of formation. By insuring a rapid discharge, the breakdown can be
cheated and prevented from forming. )

These or similar devices are available in blasting caps used in
mines and appear to be beneficial.
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7. DuFont Pneumatic Loading Calculator

DuPont has devised a slide rule type instrument for quick field
evaluations of electrostatic hazards associated with pneumatic loading. In
essence, the calculator can provide the operators with the maximum loading
rate that 1is compatible with a previously measured ground return resist-
ance. Other parameters considered are the absolute humidity and legwire
lengths of the detenators. The first step is to measure and record the re-
sistance between a metal rod, inserted all the way into a borehole that is
loaded with ANFC, and the end of the loading hose. Mother preliminary
measurement taken is the relative humidity (RH) and temperature (T). The
absolute humidity (AE) is then located from RH and T scales on the slide
rule., At this point the maximum loading rate to be used and length of
legwires (indication of the depth of borehole and hence its capacitance)
are used in the slide rule calculation to find a maximum allowable resist-—
ance for these conditions. Then so long as the slide rule resistance is
greater than the measured resistance, safe loading can proceed.

The slide rule appears to be a useful tool. While the use of semi-
conductive hose generally solves most electrostatic problems in loading op-
erations, the slide rule method can forewarn an operator i1f semi-conductive
hose resistances (and rock strata resistances) have increased with time or
blasting site. This, together with other precautions such as are outlined
by Litchfield(s) (e.g., making sure that the blaster grounds himself be-
fore handling the cetonator wires, keeping the detonator leads shunted but
not grounded to guard against stray currents, etc.) should reduce the prob-
ability of accidental initiation of electric blasting caps to acceptable
levels. ‘
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS -

SUMMARY

The objective of this study was to make a critical evaluation of the
magnitude and extent of electrostatic hazards and to assess the adequacy of
techniques, materials, and equipment for detecting and minimizing these
hazards.

The evaluation of the magnitude and extent of the hazard was accom-
plished by the accident survey. The key word for the survey was "explo-
sives" or "explosioms." A total of 893 incidents or accidents were identi-
fied for the period 1979-1980. The review was extended to include the
period between 1976 and 1978 which yielded another 49 reports for a total
of 942 incidents/accidents.

The review of the data separated the incidents into 572 coal mine in-
cidents, many of which involved minor methane ignitions of no consequence,
and many that were nonapplicable. The final result was 29 accidents or in-—
cidents in the U. S. coal and metal/nonmetal mining industry for the five
year period from 1976 to 1980 as the reported magnitude of the problem.

This level of incidents seems small compared to the man hours involved
in the mining industry and the quantity of explosives used for a five year
period. The purpose and scope of the Occupational Safety and Health Act of
1970, however, states that every employer covered under the Act must fur-
nish to his employees a place of employment which is free from recognized
hazards that have caused or are likely to cause, death or serious physical
harm to his employees. The 22 incidents cited resulted in six fatalities
and 31 injuries.

The secoud criteria that is normally applied is that the work eaviron-
ment shall not reduce the life expectancy of the individual. This cannot
be applied within the scope of this report since the life expectancy of a
miner must include all hazards and only electrostatics was addressed in
this study.

The types of incidents that have occurred can be categorized as fol-
lows:

1. Incidents Attributed to Lightning

Six incidents were attributed to lighting. In some of the cases
abnormal situations were present but in several others, all known preventa-
tive procedures were adhered to.

2. Incidents Due to Stray Currents

Six incidents fall into this category. However, three of these
are attributed to human error since the current was applied to the deton—
ators due to abmormal, unacceptable actions or practices.
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Several of the incidents were readily attributed to faults in mine
electrical utilities.

3. Incidents Where the Cause Is Unknown

Several incidents that were reviewed must remain in the unknown
cause category. A review of the incident reports at this time did not af-
ford a better resolution of the cause (other than pure speculation) without
additional facts.

CONCLUSIONS

The assessment of the adequacy of techniques, materials and equip-—
ment for detecting and minimizing these hazards was accomplished by on-site
visits to mining operations, review of technical reports and review of ma-
terials and devices. The following are specific areas that were addressed.

1. Lightning

Lightning was found to be the greatest cause of mine incidents re-
lated to the subject of this report. Breakdown of the atmospheric dielec-
tric starts at a field strength of about 3 x 108 V/meter at ground level.

At an average field of about 107 V/meter streamers and spark discharges
may develop over large distances; many kilometers in the case of lightuning.

The most obvious hazards are caused by the direct lightning
strikes. The secondary effects are branching discharges and junction
steamers, induced currents in conductors and, consequently, the stimulation
of blasting materials by currents.

The detonators presently utilized in the U. S. are not immune to
this stimuli and the intent of the safety regulations are clear in that
safety is obtained by withdrawing from the area. It states "when electric
detonators are used, charging shall be suspended and men withdrawn to a
safe location upon the appreoach of an electrical storm."

The key to increased safety is how to get the warning to the oper-
ators in time.

In a study by Southwest Research Institute, six devices for early
warning were reviewed including: (a) Flash—Counter Warning System, (b) Cor-
ona Point Warning System, (c) Radicactive Probe System, (d) Field Mill Warn-—
ing System, (e) Azimuth/Range Warning System, (f) Triangulation Location
System, (g) Modified Lightning Flash Detector, and (h) an Optical Lightning
Detector.,

Of the six devices, the Azimuth/Range Locator and Corona Point De-
vice showed generally unacceptable performance as lightning warning systems.
The one hour or more warning and clear times plus the high false alarm rate
are the disqualifying features of the Azimuth/Range Device. The late warn-
ing time and high probability of failure to alarm are the primary disquali-
fying features of the Corona Point Device.
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The remaining four units are:

{a) The Triangulation Systems which showed overall best
performance of all the systems tested in all perform-
ance categories.

(b) The Flash Counter which suffered from a high prob-
ability of failure to alarm.

{c) The Radioactive Probe using static field sensing and
measurement of field changes.

(d) The Field Mill device using static field plus flash
counting and radio noise criteria for alarm
indication.

2., Electric Detomnators

Electric detonators were invelved in 15 of the incidents recorded
for the period 1976-1980. The basic mining electric detonator is a one {1)
ohm bridge wire with a (0.25 amp no fire current) specification. This is
the technology of the 1940's. Other advances have been included to reduce
static sensitivity by use of wvarious devices. The development of military
caps has continued, spurred by the presence of radar fields where they are
used. This led to the specification of a 1 amp, 1 watt no fire requirement
which can be met.

The European blasting industry has also made advances in the de-
sign of detonators aesignated as HU which require 500 to 1000 times the
energy of our commercial detonators.

It is quite clear from results of this study that the use or de-
velopment of electric detonators that are less sensitive to current and
electrostatic stimuli would go a long ways toward solving the hazard in
gquestion., However, because of foreseeable ramifications of such a step;
e.g., the cost to the manufacturers and the fact that other extant acces-
sories (blasting machines, etc.) may be incompatible with the new detonat-
ors, this may not be feasible from a pragmatic point of view. Although all
aspects must be considered before implementation, this still should be seri-
ously considered. The alternative recommendation is to create a greater
awareness of the stray current and electrostatic hazard and encourage the
mining industry to make greater use of existing guidelines for assessing
these hazards.

3. Pneumatic Loading of ANFO

Major advances in the safety of this operation have been accom-—
plished by the use of conductive loading hoses. This has been verified by
studies in the field and laboratory. The airveying of ANFO over cap wires
still seems to be introducing unnecessary exposure to miners if the collar
priming technique is adequate.
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4., Bulk Loading

The major concern in this area is the high residual energy de-
veloped by the flow of ANFO down boreholes. For boreholes in conductive
rock strata, energies can typically range from ~ 0.1 Joule (ANFO with a
conductivity of 2 x 10712 mho/cm) to > 280 Joules (ANFO with a conductiv-—
ity of & x 10714 mho/cm). For boreholes with a nonconductive liner, the
energies are higher, up to 8 x 104 Joules for ANFO with a conductivity of
4 x 10714 pho/cm. The hazard is lessened by the standard practice of not
using electric caps or cap and fuse in these holes. The voltage accumula-
tion on the plastic could be significant; however, insufficient data are
available at this time to consider the energy as a possible initiation
source for explosive. It was noted in the mine visits that electrostatic
charges are generated on the nonconductive delivery hose used on the bulk
truck to such a degree that spark discharge to grounded operators is possi-
ble and even probable. This should be corrected.

5, Stray Currents

Stray currents can be a cause of incidents or accidents in mines.
Several of the incideats reviewed were a direct result of stray current
from utilities in the mines.

In view of the complexity of electical utilities and devices in
mines and the apparent inadequacy of present detection methods, it seems
reasonable that the use of ground fault systems should be made mandatory.

6. Miner Awareness of Hazards

It is the opinion of the investigators that miners are not fully
informed as to the nature of explosive related hazards in mining operations
or the importance of strict adherence to approved procedures as the best
method of controlling these hazards., Special training courses should be
promoted by the Bureau of Mines.

7. Accident/Incident Report Format

The format of Accident/Incident report was not sufficiently
detailed to permit precise evaluation of causes. Often when reviewing and
comparing reports, vital information about <¢limate, explosives or
procedures was omitted. It would aid future investigations of accidents
and hazard evaluations of mining operations if a more detailed format could
be set up for reporting accidents.

RECOMMENDATIONS

The following are specific recommendations that should be considered
to improve mine safety. However, the economic impact of these
recommendations should be evaluated before they are implemented.
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1. Establish a More Formal Criteria for Evaluating Operator Safety

The incident survey conducted as a part of this work indicated
that electrostatics was responsible for only a small portion of the safety
problems in the mining industry. The present Code of Federal Regulations
addresses specific known hazards in blasting and provides operating parame-—
ters for preventing accidents. These regulations or IME specifications es-
tabish guidelines such as that requiré detomators to have a no fire current
sensitivity of no less than 0.25 amps. This does not adequately define the
exposure of an operator to injury in a mine. His exposure is a summation
of the probability of death or injury due to all events associated with his
work day. Each specific task, such as wiring a blasting round, is a fune-
tion of (1) the probability of the cap meeting a specified sensitivity,
{2) the probability of his performing the operation incorrectly due to
limited training or enforcement, (3) the probability of a source of initia-
tion being present, and (4) the frequency of performing a specific task. A
methodology for determining this level of risk has not been established for
the mining industry, but could be beneficial for evaluation of mine safety
on an individual basis and setting priorities for research programs to
identify and correct problem areas.

The U. S. Army has established very restrictive guidelines gov—
erning the design and operation of munition plants. While the highly form-
alized Risk Analysis procedures which are utilized by the Army to demon-
strate compliance with these risk criteria may not be literally applicable
and appropriate to the minimg industy, the philosophy of establishing cri-
teria for acceptable risk to a miner's life and limb - coupled with a sys-
tematic approach to the identification and correction of unacceptable haz-
ards - definitely is applicable, appropriate and badly needed in the mining
industry. The following excerpt from the Army Standard is included only as
an example of how an effective risk criteria can be established.

This excerpt from the Military Standard establishes the hazard
classification and the c¢riteria for acceptble risk for designing and oper-
ating an explosives manufacturing operation or an ordnance loading facility.

Category
Designation Hazard Classification and Consequences
Category I Catastrophic: Death, or severe personnel injury

{permanent total disability), or system loss ex-~
pected as consequence of failure mode occurrences.
NOTE: A Category L hazard can be counteracted or
controlled so that the system, including counter-
measures, represents a Category II, III, or IV
hazard. If the probability of occcurrence of the
failure mode for the system is unacceptably high,
Category I hazards within the system will be con-
trolled or counteracted to assure the system, as a
whole, does not represent a Category I hazard.
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Category
Designation ' Hagzayxd Classification and Consequences

Category II Critical: Personnel injury, which results in per-
manent partial disability, or critical system damage
expected as a consequence of failure mode occurrence.
NOTE: A Category II hazard cam be counteracted or
controlled so that the system, including counter-
measure, represents a Category III or IV hazard. If
the probability of failure mode occurrence for the
system is unacceptably high, Category II Category 11
hazards within the System will be controlled or
counteracted to assure the system, as a whole, does
not represent a Category II hazard.

Category 111  Marginal: Personnel injury, limited to temporary
total disability, or noncritical system damage ex-—
pected as a consequence of failure mode occurrence.
NOTE: A Category III hazard can be counteracted or
controlled so that the system, including counter-
measures, represents a Category IV hazard. Coun-
termeasures or controls will be effected within the
constraints of cost, schedule, and system effec-
tiveness.

Category IV Negligible: No personnel injury, other than medical
treatment injury (First Aid), or system damage ex-—
pected as a consequence of failure mode occurrence.
NOTE: Countermeasures or controls are unnecessary.

The design goals for each accident category in a project will be no
greater than the following mean probability values:

Accidents Accidents

Accident per per
Category Facility-hr Man-hr

1o 1076 -

I8 - 10~/

1la 1077 -

118 - 10~6%

I1lg 10-3 -

1114 - 10-6%

Iv 1 1

*NOTE: The sum of the probabilities of a Category IIZ or IILY
accident occurring shall be 1076 per manhour or lower.

NOTE: The severity of the conseguence alone determines the
"category of hazard, irrespective of the effectiveness of
control or the probability that the hazard will be trans-—
posed into an undesired event.
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This risk methodolegy is desirable, but from a practical view-
point, would require a considerable time to institute. A desirable interim
step would be the utilization of a preliminary hazard analysis concept. Tor
Government programs, this is utilized to (1) establish potential problems
associated with a particular operation, (2) review the techniques used or
available to introduce safety into the operations, and (3) identify areas
of uncertainty or where studies must be conducted to establish safe opera-
tions. For mining operations, this would form the basis of safety review
on an individwual basis and would be formalized on a form unique to each
nine and supplied by the mine.

2. Lightning Protection

If economically feasible, it is recommended that electric deto-
nators be developed that are less sensitive to electrostaitc stimuli. Winile
it is tempting to recommend development of electric detonators that are less
sensitive to currents as well, it is believed that this may make them incom-
patible with existing blasting circuits and will require concurrent develop-
ment in this area. Other measures or alternatives would be to encourage or
perhaps require the exclusive use of nonelectric initiating systems in these
areas and to adopt and deploy a network of ome or more lightning sensor sys-
tems that are judged, by Government and industry experts, as having the most
desirable features.

The following recommendations were made by Southwest Research who
reviewed lightning warning systems in a separate study. Hercules' endorses
these recommendations as being appropriate to and consistent with the find-
ings of this study. '

(1) Based on the terrain dependent predetonation haz-
ard observed in this work, it is recommended that
effective mine safety lightning warning system
performance specifications be developed indepen-—
dent of sensor technology and based on actual ex-—
plosive hazard. 4n extensive survey should be
performed to determine incidence of simulated
detonation versus terrain for the development of
this specification.

(2) In the event sufficient interest exists among the
mining industry users, a network of triangulation
lightning location sensors should be deployed to
provide lightning mapping data to concerned min-
ing operations. The deployment and operational
expenses of the network can he prorated through a
moderate subscription rate of shared cost by the
individual users., Initial outlay will be approxi-
mately $500,000 with monthly operating costs near
$5,000 for a 20 station net in the eastern United
States. The western United States may benefit
from the existing Bureau of Land Management light-
ning location network.
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{e¢) If the mining industry prefers single point sensors
at each mining site, then an adaptive lightning warn-
ing system should be developed to reduce the failure
to alarm rates of existing devices. It is anticipated
that an adaptive system could be developed and mar-—
keted in production quantities at a cost comparable
to existing moderately priced devices, say
$5,000~$7,000 (1979 dollars).

3. Stray Currents

To minimize the hazards of stray currents, the following recom-
mendations should be considered:

{a) Encourage or perhaps even require, the use of ground
fault interruptors on all electrical service fur-
nished to mining sites where explosives are employed.

(b) Institute a development program for a stray current
monitor and establish exact criteria for use and

calibration of the equipment.

4. Pneumatic Loading

(a) Establish exact method and standard for grounding
during pneumatic loading. This is difficult since
the conductivity of the mine can be a significant
variable. It is the opinion of the writers that the
following should be considered:

(1) Provide integral grounding between all compon~—
ents of the pneumatic loading system with the
resistance mnot to exceed some small wvalue
such as 10 ohms.

(2) Insure that the operator becomes a part of
the grounded system by requiring conductive
gloves or no gloves be worn while loading.

(3) Provide a loading system ground to the mine
by either a ground rod near the face or a
ground in a breaker hole in the face.

{(b) Establish criteria for determining the conductivity
of pneumatic loading hose. Semi-conductivity is al-
ready defined in CFR 29, part 1910.109(2) as hose of
not more than two megohms resistance over its entire
length and of not less than 5000 ohms per foot. This
could be included in the mining regulations. The
measuring method should specify the method of probe
attachment and applied voltage. The Army specifi-
cation for floor conducitivity tests (Paragraph 7.7
of DARCOM-R~-385-100) should be considered. This calls
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calls for the use of a suitably calibrated
ohmmeter which operates on a normal open-
circuit output voltage of 500 volts D.C.
and a short circuit current of 2.5 millamp-
eres.

(c) 1Institute an experimental program to determine
the safety of airveying over cap wires.

5. Bulk Loading

Theoretical calculations indicate that the energy generated while
loading a borehole exceeds the initiation level for explosive material. It
is recommended that a study of Bulk Loading charge generation be undertaken
to obtain field measurements for charge generation rates and hole capaci-
tances to determine the electrostatic environment during bulk loading.

6. Cap and Explosive Quality

Cap and explesive quality standards should be established for
blasting materials. The following are some of the items that should
require certification:

(1) Cap nofire current.

(2) Cap ESD sensitivity.
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APPENDIX

I. CALCULATION OF THE ENERGY (E) IN AN UNLINED BOREHOLE
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Energy

Electric field
Charge density
Volume of Cylinder
Radius of hole
Height of material
in hole

= Dielectric constant
= Permittivity

Voltage on hole
Charge on hole
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For the case of the ground being conductive, the charge will dissi-
pate during loading. The dissipation factor for q was as follows:

q =1 t (1 —-e‘tL/tr) I = Charging current,
°c T e coul/sec
tr = Relaxation time,
sec
tL = Loading time, sec

Energy with unlined borehole

E=[Tofr (1 - t/tn]?
50 ¢ €, L

II, CALCULATION OF ENERGY E IN AN UNGROUNDED BOREHOLE
(NONCONDUCTIVE ROCK OR A PLASTIC BOREHOLE LINER)

2 )
E = EE%LWT: ‘ q = Total charge on hole
€6 p = Dielectric constant
of liner
€ =

o Permittivity

For the ungrounded hole, the total charge would be:

q:It I

oL o Charging current,

coul/sec
Loading time, sec

(3 x 10—4 coul/sec) (98 sec) 0d

2.94 x 1072 coul

(2.94 % 107%)2

50(2.5) (8.9 x 10 %) 910 em

i

8.54 x 104 Joules

Voltage on the hole:

23)2 ¢ = Electri 1
v = ( C = Electrical capacitance
of hole.

[z (8.54 % 10° Joules)]
$.39 x 10 S UF

1.78 x 10° volts
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