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FOREWORD

This volume is one of a series of reports on the fire safety aspects of polymeric
materials. This work reported here represents the results of the first in-depth study
of this important subject. The investigation was carried out by a committee of
distinguished polymer and fire technology scholars appointed by the National A-
cademy of Sciences and operating under the aegis of the National Materials Ad-
visory Board, a unit of the Commission on Sociotechnical Systems of the National
Research Council.

Polymers are a large class of materials, most new members of which are man-
made. While their versatility is demonstrated daily by their rapidly burgeoning use,
there is still much that is not known or not widely understood about their proper-
ties, In particular, the burning characteristics of polymers are only now being fully
appreciated and the present study is a landmark in the understanding of the fire
safety of these ubiquitous materials.

In the first volumes of this series the committee has identified the limits of
man’s knowledge of the combustibility of the growing number of polymeric ma-
terials used commercially, the nature of the by-products of that combustion and
how fire behavior in these systems may be measured and predicted. The latter
volumes deal with the specific applications of polymeric materials, and in all cases
the committee has put forth useful recommendations as to the direction for future
actions to make use of these materials safer for saciety.

Harvey Brooks, Chairman
Commission on Sociotechnical Systems




ABSTRACT

\\Jhis volume in the series on the Fire Safety Aspects of Polymeric Materials
focuses on the fire safety aspects of natural and synthetic polymeric materials
prevailing or constituting the substance of mines and bunkers. The methodology of
fire scenario development is described and mine fire scenarios are presented. Fire
dynamics and the materials used in mines are then critically reviewed. Design cri-
teria for mines, mine equipment, and mine fire detection and suppression systems
are examined in detail and smoke and toxicity hazards are identified. Conciusions
are drawn and appropriate recommendations are set forth, _
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PREFACE

The National Materials Advisory Board {NMAB) of the Commission on Socio-
technical Systems, National Research Council, was asked by the Department of
Defense Office of Research and Engineering and the National Aeronautics and
Space Administration to ‘‘initiate a broad survey of fire-suppressant polymeric
materials for use in aeronautica! and space vehicles, to identify needs and oppor-
tunities, assess the state of the art in fire retardant polymers (including available
materials, products, costs, data requirements, methods of test and toxicity prob-
lems), and describe a comprehensive program of research and development needed
to update the technology and accelerate application where advantages will accrue in
performance and economy.”’

In accordance with its usual practice, the NMAB convened representatives of the
requesting agencies and other agencies known to be working in the field to deter-
mine how, in the national interest, the project might best be undertaken, It was
quickly learned that wide duplication of interest exists, At the request of other
agencies, sponsorship was made available to all government departments and agen-
cies with an interest in fire safety, Concurrently, the scope of the project was
broadened to take into account the needs enunciated by the new sponsors as well as
those of the original sponsors.

In addition to the Department of Defense and the National Aeronautics and
Space Administration, the total list of sponsors of this study now comprises Depart-
ment of Agriculture, Department of Commerce (National Bureau of Standards),
National Fire Prevention and Control Administration, Department of Interior (Bu-
reau of Mines, Division of Mining Research, Health, and Safety), Department of
Housirg and Urban Development, Department of Health, Education and Welfare
(National Institute of Occupational Safety and Health), Department of Transporta-
tion {Federal Aviation Administration, U.S. Coast Guard), Department of Energy,
Consumer Product Safety Commission, Environmental Protection Agency, and the
Postal Service,

The committee was originally constituted on November 30, 1972. The member-
ship was expanded to its present status on July 25, 1973. The new scope was
established after presentation of reports by liaison representatives which covered
needs, views of problem areas, current activities, future plans, and relevant resource
materials. Tutorial presentations were made at meetings held in the Academy and
during site visits, when the committee or its panels met with experts and organiza-
tions concerned with fire safety aspects of polymeric materials. These site visits
(upwards of a dozen) were an important feature of the committee’s search for
authentic information. Additional inputs of foreign fire technology were supplied
by the U.S. Army Foreign Science and Technology Center and NMAB staff.
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CHAPTER 1

INTRODUCTION

1.1 Scope and Methodology of the Study

The charge to the NMAB Committee on Fire Safety Aspects of Polymeric Ma-
terials was set forth in presentations made by the various sponsoring agencies. Early
in its deliberations, however, the committee concluded that its original charge
required some modification and expansion if the crucial issues were to be fully
examined and the needs of the sponsoring organizations, filled. Accordingly, it was
agreed that the committee would direct its attention to the behavior of polymeric
materials in a fire situation with special emphasis on human-safety considerations.
Excluded from consideration were firefighting, therapy after fire-caused injury, and
mechanical aspects of design not related to fire safety.

The scope of the committee’s study includes: (1) a survey of the state of perti-
nent knowledge; (2) identification of gaps in that knowledge; (3} identification of
work in progress; (4) evaluation of ongcing work as it relates to the identified gaps;
(5) development of conclusions; (6) formulation of recommendations for action by
appropriate public and private agencies; and (7) estimation, when appropriate, of
the benefits that might accrue through implementation of the recommendations.
Within this framework, functional areas were addressed as they relate to specific
situations; end uses were considered when fire was a design consideration and the
end uses were of concern to the sponsors of the study.

Attention was given to natural and synthetic polymeric materials primarily in
terms of their composition, structure, processing, and geometry (i.e., film, foam,
fiber, etc.), but special aspects relating to their incorporation into an end-use com-
ponent or structure also were included. Test methods, specifications, definitions,
and standards that deal with the foregoing were considered. Regulations, however,
were dealt with only in relation to end uses.

The products of combustion, including smoke and toxic substances, were consid-
ered in terms of their effects on human safety; morbidity and mortality were
treated only as a function of the materials found among the products of combus-
tion. The guestion of potential exposure to fire-retardant polymers, including skin
contact, in situations not including pyrolysis and combustion was addressed as
deemed appropriate by the committee in relation to various end uses.

In an effort to clarify understanding of the phenomena accompanying fire,
consideration was given to the mechanics of mass and energy transfer (fire dynam-
ics). The opportunity to develop one or more scenarios to guide thinking was
provided; however, as noted above, firefighting was not considered. To assist those
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who might use natural or synthetic polymers in components or structures, consider-
ation also was given to design princioles and criteria.

fn organizing its work, the committee concluded that its analysis of the fire
safety of polymeric materials should address the materials themselves, the fire
dynamics situation, and the large societal systems affected. This decision led to the
development of a reporting structure that provides for separate treatment of the
technical-functional aspects of the problem and the aspects of product end use.

Accordingly, as the committee completed segments of its work, it presented its
findings in the following five disciplinary and five end-use reports:

Volume 1 Materials: State of the Art

Volume 2 Test Methods, Specifications, and Standards

Volume 3 Smoke and Toxicity {Combustion Toxicology of Polymers)
Volume 4 Fire Dynamics and Scenarios

Volume 65 Elements of Polymer Fire Safety and Guide to the Designer
Volume 6 Aircraft Civil and Military

Volume 7 Buildings

Volume 8 Land Transportation Vehicles

Volume 9 Ships
Volume 10 Mines and Bunkers

1.2 Scope and Limitations of This Report

This report specifically examines the polymeric materials used in mines and
bunkers. Underground mines and bunkers can be conceived of as two- or three-
dimensional underground structures that are closed systems dependent on forced
ventilation,

The term “mines’’ is used in this report to convey the traditional meaning of the
word — i.e., the space and operations used in recovering solid mineral or organic
deposits on the surface or underground. Not included, however, is the recovery of
liquid or gaseous deposits such as oil, natural gas, and liquefied sulphur. The term
““metal and non-metal” is used to designate all mines that do not produce coal, an
accepted practice of the U,S. mining industry. Since underground mines are more
susceptible to polymeric fire hazards than surface mines, emphasis is placed on this
type. Ancillary structures including mills and preparation plants are excluded from
consideration in this report,

A large number of underground mines are coal mines, man-made voids carved
out of combustible material. They usually contain heavy powered equipment and
methane is constantly diffused from the walls. There typically are several exit
corridors. Egress from the greatest number is by slope, drift, or adit; egress from
many is by a combination of slope, drift, adit, ladder, vertical hoist, and elevator;
egress from a few is by vertical hoist alone. Underground coal mines generally are
structured horizontally or on a slight slant (two dimensions). Metal mines usually
do not contain combustible ores or gases, but they go deeper than and contain
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much more wood than coal mines and make frequent use of explosives. They often
are constructed in a multi-layered fashion (three dimensions).

Only those bunkers that are underground spaces similar to mines in layout,
construction, usage, human occupancy, or intensity of activity are considered in
this report, and the term “mines’’ is used in the text to include both mines and
bunkers. Bunkers that are used for storage, living, or recreational purposes must
have good access and egress routes, be compartmentalized to control fire spread,
and have a smoke ventilation system. Aside from these considerations, the problems
of polymeric materials usage and fire safety are analogous to those involved with
other tacilities of similar function, and reference should be made to Volumes 7 and
8 in this series, Buildings, and Land Transportation Vehicles. Bunkers used for
liquid storage are outside the scope of this report, and bunkers constructed for
military purposes are not discussed because of security reasons.

Fire ignition sources in mines and bunkers vary, but the most frequent are
electricity (arcing or overheating), welding, and mechanical heat (friction). The
special problems of limited access, forced ventilation, and powerful ignition sources
require that great care be exercised in the use of polymeric materials to avoid any
additional fire hazard because of ease of ignition, rapid flame spread, and evolution
of smoke and toxic fumes.

1.3 Bunkers — A Special Consideration

A bunker originally was considered to be a large bin, a bin for fuel on shipboard,
a sand pit, or some other artificial fortification. Today, it is normally thought of as
an underground or abhoveground fortification to seclude humans, ammunition, or
other supplies. However, underground space is used in many other ways. Some of
these underground installations are similar to mines {i.e., they have limited access
and have a soil or rock overburden), and, in some cases, they are actually located in
spaces that were formerly mines.

Underground space may be classified as to its depth from the earth’s surface,
method of formation, earth strata, or use. To relate to conventional (aboveground)
buildings, the following end-use classification is presented:

1. Storage — One of the principal uses for underground space, including natural
caves, is for storage (e.g., dry storage for goods; refrigerated storage; storage
of records, agricultural products, petroleum products, gold and other pre-
cious metals, and munitions). Underground facilities are particularly well
suited to cold storage and these represent about one-tenth of the nation’s
capacity. Some burial spaces also may fit this category.

2. Transportation — Extensive use is made of underground space in the form of
vehicular tunnels, subway stations, parking garages, and ancillary facilities.
Some garages may be underground extensions of high-rise buildings devel-
oped to conserve spaces.

3. Commerce ~ Underground shopping centers, including various types of
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shops, restaurants and nightclubs, are found in a few scattered locations
including Washington, D.C., Crystal City, Va., Atlanta, Ga., and the Kansas
City, Mo., area.

4. Manufacturing — Relatively few manufacturing plants are found in under-
ground space but some examples include a precision instrument producer,
boat manufacturer, pool table assembler, and printer. These uses usually are
limited to those that require a special environment (e.g., free from vibration
or with controlled humidity).

5. Agricultural — Natural caves or artificial cellars are widely used for proc-
essing and storing wine. Mushroom farms are occasionally located in aban-
doned limestone mines or other underground spaces. The recovery of guano
from natural caves is another usage example.

6. Office Space — Offices are found underground to a limited extent where
underground space is being utilized for other purposes (e.g., shopping cen-
ters). Others are constructed for defense security purposes.

7. Utilities — Extensive use is made of underground utilities. In addition to
extended sewage systems and the simple burial of pipes and cables, there are
multi-use tunnels that contain cables and pipes. Some use is also made of
underground space for sewage and water treatment plants,

8. Institutional — This includes schools, libraries, museums, and hospitals.
These uses represent essentially depository (storage) facilities and temporary
living and working quarters, laboratories, lecture halls, and display centers.
In most cases, these underground facilities are extensions of high-rise build-
ings.

9. Habitation — Limited use is made of underground space for human resi-
dences. These homes may be designed with a view into an open atrium and
have only a few feet of scil cover.

10. Defense — Defense usage most closely fits the conventional definition of a
bunker. Included, however, are missile silos, command and communications
facilities, aboveground munition bunkers, and air raid or bomb shelters.

These examples are not intended to be all inclusive, but rather to give perspec-
tive to the many uses of underground space. Consideration of the Kansas City area,
where approximateiy 25 million square feet of underground space have been devel-
oped for many purposes, can contribute to identifying the scope of such develop-
ment. This area is particularly suited to the development of underground space
because of extensive limestone mining operations, suitable geology, and a need for
space that makes use of such space economically attractive.

Although the number of people working, living, shopping, or traveling under-
ground is relatively small compared to the total population, it does represent a
significant amount and appropriate consideration must be given to fire safety.
Examination of a list of uses presented above gives an indication of the wide variety
of polymeric materials that will be found in underground space.
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Although the development of underground space has been retatively limited in
the United States, this trend may change in the future because of energy considera-
tions and the lack of choice aboveground space. In many cases, the determination
will be based on economics.

Major differences that must be examined in considering the fire safety aspects of
polymeric materials in underground space as opposed to conventional buildings are
the limitations in venting smoke and heat, access by firefighting equipment, and
avenues of egress. Fire in an unventilated underground space is an adiabatic process
since heat cannot escape or be removed as it is in aboveground fires. Also, the
oxygen content will be depleted rapidly and the products of combustion therefore
will be different from those in an open fire. On the other hand, if forced ventilation
is induced in an underground space fire, both of the above conditions will change
abruptly and a wide array of possibilities become feasible,

1.4 Committee Viewpoints

Members of the committee are involved with materials research and develop-
ment, applications, and system design and evaluation; liaison representatives deal
with research and development, regulation, procurement, operations, and analysis.
Thus, aspects of each material (and its problems) were subjected to a full spectrum
of expertise. Full and extensive communication over the lengthy period of the
committee’s operation provided an unusual base for augmentation of the expertise
and rounding of knowledge.

Many statements about the fire safety aspects of polymeric materials appear in
each of the reports published as a result of the committee’s study. Members of the
committee wish to emphasize that such statements, including judgmental ones in
regard to fire safety aspects of materials, especially end uses, apply only to the
specific situations that pertain (e.g., suitability of a material from a fire safety point
of view depends on many factors, including ease of access, ease of occupant egress,
proximity of ignition hazard, proximity of other materials, thermal flux and dura-
tion of ignition source, ambient oxygen partial pressure, and fire and smoke detec-
tion and suppression systems in place). This list is not all inclusive, but only indica-
tive of the kinds of concerns that must be considered in making a materials selec-
tion.

Statements in this volume must not be taken out of context and applied to the
use of identical materials in other situations. In addition, the changing nature of the
problem as time goes on and additional experience is acquired must be recognized
by the reader as it was by the committee. This viewpoint must be emphasized so
that information that appears in all published reports of this committee’s study is
not misused by taking it out of context.

1.5 Organization of This Report

Chapter 2 in this report summarizes the conclusions and recommendations of
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the committee. Chapters 3—6 are devoted to a review of the state of the art of the
subject material,

Specifically, Chapter 3, Fire Dynamics and Scenarios, includes statistics on mine
disasters, explains development of fire scenarios, and presents severat such fire
scenarios. These scenarios of mine fires involving polymeric materials are inspired
by real incidents and attempt to illustrate the most frequent hazardous situations.
These scenarios are analyzed with attendant explanations of related fire dynamics.
However, the reader is cautioned against accepting these synthesized scenarios as
reports of actual events.

In Chapter 4, Materials, the potential contribution of polymeric materials to
mine and bunker fires is described. Examined in detail are natural and man-made
materials, their application in the mining environment, and expected behavior in a
fire situation. Emphasis is placed on specific danger and prevention areas.

Chapter 5, Design Criteria in Mine Safety and Hazard Control, reviews present
knowledge, explores fire and explosion control, and describes the mine environ-
ment and applied materials and equipment with relation to fire and explosion
hazard, The effect of imposed regulations upon design, materials selection, and
operating practices is then examined; areas of current and proposed research that
would improve mine fire control are delineated.

In Chapter 6, Smoke and Toxicity, experimental and clinical data are examined,
and the effects of temperature of combustion on various materials are explored.
Considerations specific to mine and bunker environments are presented.

In the afterword, general and societal considerations are discussed. The implica-
tions of mine disasters to workers, mining economics, and society in general are
considered. The rote of legislation and union activity in mine safety also is briefly
explored.

Appendixes present statistics on fires in United States and United Kingdom
mines; a review of the combustion products of polymers and the physiological
hazard of selected combustion products; a review of toxicity; information concern-
ing the evaluation of the hazard of smoke, toxic fumes; and measurements of
smoke opacity.
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CHAPTER 2

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

ntroduction

This chapter summarizes the conclusions derived and recommendations ad-
vanced by the committee after reviewing the state of the art and current, ongoing

resea

rch efforts. No attempt has been made to rank these conclusions and recom-

mendations or to offer quantitative definition of the efforts proposed. General
conclusions are presented without associated recommendations followed by specific
conclusions and recommendations, which are a summary of those presented in
Chapters 3 through 7. For a full exposition of the committee’s views, the reader is
referred to the conclusions and recommendations in each chapter.

2.2 General Conclusions

1.

Mining is a dangerous operation. Underground mining is considered to be
among the most hazardous occupations today in the United States, with fire
and explosion being among the most feared hazards. A mine, in effect, is an
underground factory with a maze of corridors; it has low, flat roofs and tong,
limited escapeways and is dependent on forced ventilation. This confining
geometry and limited accessibility intensify the fire hazard.

Coal mines are carved out of combustible natural oligomeric and polymeric
material (coal) and often contain a highly flammable gas (methane). The
walls and roofs of coal mines often are fragile and prone to crumbling and
erosion, Large amounts of coal dust, which can form an explosive mixture
with air, are generated during production,

Metal and non-metal mines are more numerous than coal mines and use much
more structural timber, a highly combustible natural polymeric material.
These mines often are deeper, have longer egress routes, and have more
elaborate, three-dimensional layouts than coal mines. Some of these mines
contain flammable, toxic, or radioactive gases.

All mines are increasingly employing more powerful equipment for produc-
tion, wheeled transportation, conveying, and construction, These machines
use large amounts of high-voltage electricity, are prone to frictional overheat-
ing and, thus, represent powerful potential sources of ignition. They also
contain large amounts of polymeric materials (potential fuels) in the form of
electric insulation, hydraulic fluid and hoses, tires, conveyor belits, lubricating
oils and greases, and diese! fuel.

Mine ventilation systems and mine development techniques also reflect in-
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creasing use of polymeric materials (e.g,, brattice cloth and polyurethane
foam),

6. Bunkers and other underground spaces exist in many forms or constructions
and are used for a great diversity of activities. Some are very similar to mines
and many findings in this volume apply to these spaces; however, others are
underground extensions of high-rise buildings or transportation systems and
are at least partially covered in Volumes 7 and 8 of this series, respectively.

7. All organic polymers will burn if exposed to a strong enough ignition source
and supplied with sufficient oxygen.

8. Absolute fire safety of polymeric materials does not exist; there are always
trade-offs in safety, utility, and cost.

2.3 Specific Conclusions and Recommendations
2.3.1 Fire Dynamics and Scenarios

Conclusion: Mine fire scenario development and analysis is important in provid-
ing the basis for material selection, design criteria development, test method valida-
tion, regulation, personnel! training, and research and development efforts. Recom-
mendation: Individuals involved in mine fire investigation, development of design
criteria, and direction of research and development should be trained to develop
and use mine fire scenarios. (See Vol. 4)

Conclusion: Several basic processes associated with the burning of polymeric
materials in a mine environment are poorly understood. This lack of knowledge
limits fire prevention and suppression efforts. Recommendation: Ongoing fire re-
search programs should be expanded and accelerated to include: (1) design and
performance of medium- and large-scale fire experiments fully instrumented to
collect maximum amounts of data related to combustion, explosion, and toxicity
on a diversity of materials under a variety of spatial and ventilation conditions; {2)
development of scaling factors, knowledge of size and spatial influences, and in-
formation on three-dimensional effects; (3) development of theories, schematic
representations, and mathematical and computer models of all important fire-
related processes susceptible to such treatment.

2.3.2 Materials

'

Conclusion: The selection of materials for use in mines and bunkers is of special
concern because of the additional hazards imposed by limited access and egress
routes. Still, in selecting polymeric materials with improved fire safety characteris-
tics, competing functional, economic, and safety requirements must be reconciled.
Of particular concern are wood (structural timber), ventilation cloth, conveyor
belts, electrical conductor insulation, and polyurethane foam used for stoppings
even though a particular material is used in small quantity. Recommendation: The
susceptibility of all these materials to fire should be substantially diminished or
usage should be stopped: Methods to decrease the ignitability of wood (e.q., coating

——— e
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or precharring) should be developed. The ignitability and rapid flame spread rate of
ventilation cloth should be decreased {greatly improved substitutes are available).
Electric conductor insulation should be improved, and acceptance requirements
should become more stringent so as to exclude polyvinyl chloride. All insulation
should meet the more severe requirements. The requirements for foam should be
examined and more restrictive specifications (e.g., that would require polyurethane
foam to be replaced with something better) should be established. All approved
foams should meet the new requirements,

2.3.3 Design Criteria in Mine Safety and Hazard Control

Conclusion: The fragmented approach to design criteria development for mine
hazard control is no longer acceptable (See Chapter 3). Recormmendation: Design
criteria development in the future should be based on an overall systems approach
after advanced research efforts produce the necessary input elements.

Conclusion: The fire safety of mine operations has improved significantly during
recent years, but several of the advances made require further development, modifi-
cation, or refinement and aimost none have been implemented widely. It should be
recognized that no study of the cost and benefits of the recommended work has
been made. Recommendation: Meaningful test methods should be developed for
belt conveyor systems: full-scale fire tests should be performed and efficient detec-
tion and suppression systems should be perfected. Reliable acceptance test methods
should be developed for the rating, selection, and evaluation of conductor insula-
tions in the mine environment. The newly developed hydraulic fluids (water-in-oil
emulsion types) should be perfected or a suitable replacement found. The develop-
ment of new types of fire-sensing instruments should be continued and their appli-
cation augmented. The development of tube bundle technology should be con-
tinued and expanded to other areas of mine fire safety applications. Spontaneous
combustion research should be continued and accelerated in anticipation of the
development of deeper seams and the western coal mines. The development of mine
fire prevention and suppression technology should be continued. Development of
methods of methane drainage, face ignition quenching, remote mine sealing, and
fire and smoke protection in shafts should be perfected as should coal dust explo-
sion barriers, sound suppressents, and structural reinforcements. Surface mining
vehicle and machinery fire protection programs should be more fully utilized. The
programs and the systems developed should be applied to large haulage vehicles,
augers, drills, shovels, and drag lines.

2.3.4 Smoke and Toxicity

Conclusion: Data relating to the toxicity of combustion and pyrolysis products
of materials in experimental or actual fires are sparse; available studies are designed
only to identify lethal levels. Little is known of the additive or synergistic effects of
toxic agents. Recommendation: A central agency should be established to collect
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and analyze data and promulgate information regarding the toxicity of the combus-
tion and pyrolysis products of polymeric materials in test and actual fires. Studies
should cover the incapacitating effects as well as the lethality of individual toxic
agents and their likely combinations. Toxicity data on fire victims also should be
collected by paramedical rescue personnel and medical centers.

10




CHAPTER 3

FIRE DYNAMICS AND SCENARIOS

3.1 Introduction

Man has experienced fire for many thousands of years. As with other useful but
potentially dangerous and destructive forces, it became imperative that he learn to
use and control fire, Practical solutions for many fire situations were developed
gradually and empirically, argely on the basis of post-fire investigation and without
full understanding of the processes associated with ignition, combustion, fire
spread, detection, and extinguishment. This approach, however, is no longer accept-
able given society’s increased technological capability and awareness of the value of
human life and safety. Thus, a more sophisticated approach to fire prevention and
control is required especially in the highly hazardous mine environment.

Although the number of fatalities resulting from mine fires is relatively small,
fires together with explosions are a dreaded hazard in mining, particularly coal
mining, and the potential for loss of life and property from these disasters is
substantial, (Statistics on mine fires in the United States and the United Kingdom
are presented in Appendix A). [t therefore is of the utmost importance that the
best available methods be used to assess and analyze the sources of the hazards. The
continuing mechanization of coal mining, which involves the use of hydraulic
equipment, plastics and large quantities of electricity, has intensified the chance of
fire while minimizing loss of human life from non-fuel accidents.

The concept of using fire scenarios as a tool for gaining a better understanding of
mine fires is introduced in this chapter. Fire scenario development and analysis are
described and selected scenarios are presented, The state of the art of fire dynamics
also is discussed in terms of the characteristics of mine fires, the properties of fumes
behind the fire zone, the forces developed by these fumes, and the ventilation
disturbances caused by fires. Gaps in knowledge are identified and approaches for
developing improved fire prevention and control measures are proposed.

3.2 Mine and Bunker Fire Scenarios

Real fire situations in mines, especially during the initial stages of development,
are seldom observed by trained personnel, How a fire was initiated often can be
deduced by carefully examining the remaining evidence, and the sequence of events
often can be reconstructed with reasonable reliability; however, in some cases, most
evidence is completely destroyed and any attempt at analysis is restricted to mere
speculation, The development and analysis of fire scenarios therefore can be of
great value by permitting alternative fire development sequences to be considered,

1"
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by tending support to speculations and deductions, and by providing guidance for
the design of useful experiments,

3.2.1 Guidelines for Development

Mine fire scenarios are best based on real fire incidents that lend themselves to
plausible extrapolation of the important elements. Fortunately, mine fire reports
are compiled by the U.S. Bureau of Mines {BuMines), and there is a large number of
real incidents from which to choose. In this section, the important physical ele-
ments of a mine fire that belong in a scenario are considered. Major emphasis is
placed on the physical behavior of fire rather than on the human element even
though it is recognized that people enter the scenario by preventing, detecting,
extinguishing, or starting the fire and by escaping from or being injured or killed by
the fire.

3.2.1.1 Pre-Fire Conditions

The important elements of a fire incident generally are established long before
the incident. The physical layout of the mine, the structural elements used, and the
equipment selected decisively affect the events that lead to a fire incident, and a
great deal of attention must be given to these pre-fire conditions.

Consequently, the first step in the development of a mine fire scenario should be
to gather all important pre-fire data. Included may be information on the general
layout of the mine; the production rate; the number of personnel employed per
shift; the location of conveyors and vents; vent flow direction and volume; the type
and physical condition of the mining, transportation, and auxiliary equipment em-
ployed; maintenance records and housekeeping conditions (e.g., the accumulation
of coal dust/oil mixture on working machinery); and the location and condition of
permanent and movable electric power distribution lines, switch gear, and failure
protection equipment. The basis for materials selection also should be examined;
where and how materials were used and stored should be established; and compli-
ance with applicable codes, regulations, and procedural instructions should be con-
sidered.

3.2.1.2 Ignition Source

The typical fire scenario starts with ignition, which may be characterized as the
bringing together of an energy source and a combustible substance in the presence
of an oxidizing atmosphere so that a self-sustaining exothermic reaction occurs.
Ignition sources in mine fires usually involve electric arcs; overheated conductors;
or the frictional heat that results from electrical or mechanical failures, malfunc-
tions, or accidents, Spontaneous combustion of materials also occurs with some
frequency, and human error {welding or improper or unauthorized use of fire or
electric heat) is another contributor. If possible, the ignition source should be
characterized quantitatively in the fire scenario in terms of:

12
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1. Maximum temperature (°C),

2. Energy release rate {cal/sec or watts},

3. Time of application to target (sec}, and

4. Area of contact (cm?).

In considering the ignition of solid materials (e.g., polymers, coal, coal dust and
oil mixture), it is most important to recognize that a “‘strong” source will ignite the
target whereas a “‘weak’’ one may not. The “strength” of the source depends on the
energy flux and the time of application to the target or on the product of these
two. Ignition of gaseous targets, on the other hand, can occur with a very weak
source even if the flashpoint temperature is reached only for a moment. The meth-
ane and air mixture frequently encountered in coal mines is such a target and its
flash point, which depends on its concentration, is important,

3.2.1.3 Material First Ignited

Of major importance in developing a mine fire scenario is definition of the target
material first ignited by the energy source. This first step in the fire chain —and a
favorable point at which to break it — represents a transition from a transient
(accidental) energy release to an uncontrolled exothermic reaction of combustible
fuel and oxygen that is capable, if not checked, of accelerated growth to cata-
strophic proportion. Whether ignition occurs under a given energy release depends
on the physical and chemical properties of the target material; therefore, a detailed
description of these properties is essential if the probability of ignition is to be
assessed properly.

Most organic gases, liquids, and solids will ignite if heated to a sufficiently high
temperature in the presence of an adequate oxygen supply. Combustible gas mix-
tures and certain dust and air mixtures (e.g., coal dust) are ignited more easily than
liquids and solids. In coal mines, where such mixtures are unavoidable, the concen-
tration of the gaseous (or dust) fuel must be reduced below the flammable limit by
a well designed, high-volume forced ventilation system. Thus, it is important in
mine fire scenarios to define the type, concentration, and temperature of various
fuels (or dust} and the ventilation air velocity (ft./min.) or rate of replacement
{ft.3/min.).

Liquid organic fuels also can be ignited quite easily depending on their physical
state (pool, foam, mist, or spray) and temperature, and these parameters are impor-
tant in the fire scenario. If the temperature of an organic pool is increased above
the flash point, ignition of the fuel vapors above the pool will occur and the poo!
will sustain burning. In a mine environment, the most common organic liquids are
hydraulic fluids, lubricating oils and greases, and diesel fuel. It is quite common, for
instance, to find an accumulation of mixtures of oil and grease and coal dust on
work equipment (cutters) and transport equipment (trolleys and conveyors). Al
though the total prevention of such an accumulation is rather difficult (if not
impossible), good housekeeping practices should require frequent removal. All these

13
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elements are of importance and should be considered in the development of fire
scenarios,

Quite frequently solid polymeric materials are the first materials ignited in a
mine, These combustibles comprise electric insulation, hydraulic hoses, rubber vehi-
cle tires, conveyor belts, ventilation cloth or polyurethane foam used for temporary
or permanent seals, and structural timber. The coal bed itself (although not consid-
ered as polymeric material) and coal dust, its fragmented product, also can be early
targets of ignition. How easily a solid polymeric target will ignite depends on the
chemical composition and physical form of the material.

Generic terms such as polystyrene and polyurethane are not adequate to de-
scribe synthetic polymers. Most of these materials contain a variety of additives;
some are composed of several polymers; and some exhibit an altered chemical
composition as a result of reaction with the environment. All of these factors can
substantially modify the combustibility and fire-sustaining characteristics of the
base polymer. Surface texture (smooth or frayed), form (solid, rigid, or flexible
foam), structure (open or closed cell), and density and layer thickness (surface to
volume ratio) are physical properties that, together with geometric configuration,
have a significant effect on the behavior of a polymeric material in a fire situation.

The thermal properties of solid targets play a vital role in determining ease of
ignition, Since the ignition of asolid requires that the temperature of its surface be
raised to some critical value (i.e., the ignition temperature}, heat conduction from
the exposed surface to the interior will affect the time of ignition. This heat-
transfer mechanism may become crucial to a scenario if the heat flux is of relative-
ly short duration. Material properties of thickness and thermal diffusivity (i.e., the
ratio of thermal conductivity to heat capacity) as well as heating rate and physical
thickness determine whether a target material behaves in a ‘“‘thermally thin” or
“thermally thick’” manner (see Volume 4 of the committee’s report). The ignition
time of a “thermally thick’’ material is relatively independent of physical thickness;
it is controlled by ‘‘thermal inertia’ the product of heat capacity {per unit volume)
and thermal conductivity. The ignition time of “thermally thin’’ materials (e.g.,
vent cloth fabrics used in mines) is proportional to the product of heat capacity and
physical thickness.

In the case of composite structures, the properties of the layers used under
surface films or sheets {e.g., the materials supporting belts) also will affect ease of
ignition. To be considered are the strength of the bond between the exposed and
the supporting layer, the thickness of the layers, and the thermal conductivity of
the supporting material.

The geometric configuration of a material also can influence ease of ignition.
Flat surfaces and single solid members generally are more difficult to ignite than
closely stacked pieces or members having folds and crevices. Similarly, vertical or
downward-facing surfaces are more susceptible to ignition than those facing upward
because of increased heat transfer from a rising convective heat plume.

14
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3.2.1.4 Combustion Types — Flaming and Smoldering

Some combustible materials burn in either a smoldering or a flaming mode, but
generally only solids with very low thermal conductivity (e.g., plastic foam or fiber
pad) can smolder. Whether a material burns in the smoldering or flaming mode may
be determined by the ignition source. A high-temperature ignition source (e.g., an
open flame) usually will initiate flaming combustion whereas a low-temperature
source (e.g., an overheated wire) is more likely to result in smoldering combustion.
A restricted air supply fike that in a closed compartment or the interior of parti-
tions also is more likely to result in smoldering combustion.

Smoldering combustion is characterized by a slow spread rate, a relatively low
temperature, the absence of visible flame, and the production of smoke and gas. In
developing mine fire scenarios it is important to note that the products of smolder-
ing combustion are different from those of flaming combustion and that a transi-
tion to flaming combustion after a long smoldering period may result in a rapidly
spreading fire because of the preheating of the fuels and the accumulation of
combustible gases during smoldering. In addition, smoldering or deep-seated fires
are difficult to extinguish (i.e., a gaseous extinguishing agent may extinguish flames
but the residual charcoal may continue to burn by “glowing combustion’’ and the
flame might rekindle after the extinguishant has dissipated). Flaming combustion is
characterized by visible flames, a high temperature, and a rapid spread rate. Its
presence ususally does not go undetected for long. Thus, smoldering combustion is
generally the more insidious hazard, and the possibility of its occurrence should be
considered carefully in investigating accidents and developing scenarios.

3.2.1.5 Fire Propagation

The course of a fire after ignition is determined by the rate of fire growth and
the time at which various defensive actions are initiated. These factors are therefore
very important elements in the mine fire scenario.

Fires grow by spreading over the surface of an ignited fuel element, by spreading
from one contiguous target to the next, or by jumping across a gap from one fuel
element to the next., The rate of fire propagation over a horizontal or downward-
facing solid surface generally is rather slow, However, the fire can spread rapidly if
the material is ‘‘thermally thin'’ or has been preheated by convection or radiation
or if there is forced ventilation. If the physical layout permits, upward propagation
{e.g., through shafts and vertical ducts) will occur very rapidly and at a progres-
sively increasing rate. |f the originally ignited material is separated by a gap from
the nearest secondary combustible target, it will either die out or spread across the
gap. "Jumping the gap’’ can occur by a variety of modes. The secondary target can
be preheated (by convection or radiation) until it pyrolyzes and emits flammable
vapors that spread across the gap and are ignited. If the primary burning materia! is
a thermoplastic, it may spread the fire by melting and dripping burning droplets
onto the secondary material.
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The specific environment prevailing in mines and bunkers will have a great effect
on the rate of fire spread. The normal forced ventilation in mines will greatly
accelerate fire spread; however, when forced ventilation is stopped, oxygen is con-
sumed rapidly and fire spread is greatly decelerated. An effective, frequently prac-
ticed means of controlling fires in mines consists of inhibiting oxygen flow to the
fuel by sealing off the fire-affected area. When this is done, however, the concentra-
tion of combustible gases increases and an explosion or reignition of the fire at an
accelerated rate can occur when ventilation is restarted, Additionally, if the burning
material is a structural support and is mechanically weakened by the fire, the mine
shaft or duct can collapse and alter the fire spread situation by limiting or en-
hancing ventilation and curtailing extinguishing or sealing operations.

The foregoing illustrates why it is unwise to make any change to the mine
ventilation system without careful consideration by and agreement among compe-
tent, responsible persons. In coal mines, miscontrol of ventilation during a fire has
resulted in explosions and in rapid, upwind burning of the coal ribs and roof. The
subject is further discussed below,

3.2.1.6 Evolution of Smoke and Toxic Gases

During the early stages of a mine fire, the forced ventilation system usually
provides abundant oxygen, but when ventilation is interrupted, the fire environ-
ment rapidly becomes oxygen lean. This situation results in incomplete combustion
and the production of highly toxic gases and fumes. Depending upon the types of
polymeric material present, the typical products of incomplete combustion may
include carbon monoxide, hydrogen cyanide, nitrogen oxides, ammonia, hydrogen
sulfide, phosgene, and many other compounds. Most of these are highly toxic to
human life. Smoke (suspended solids) is also dangerous to life in that it can plug
airways and carry adsorbed gases, liquids, and residual heat to the respiratory tract.

Underground mine access and egress routes usually are very limited and the
spread velocity of toxic fumes and gases generally is more important than the
spread velocity of the fire itself. Thus, the response to a fire situation in a mine is
different from that in a building or aboard a ship or airplane where the first
response usually is an attempt to extinguish it with something immediately avail-
able (e.g.,, a cup of coffee, water, or a cloth). In a mine, the first response must be
an immediate start of evacuation while simultaneously cutting off the ignition
source; only then can an attempt to extinguish the fire be made.

In assessing the effects of fumes and toxic gases in a mine fire scenario, the
following points should be considered:

1. Because of their physical and chemical properties, smoke and gases offer an
opportunity for early fire detection and initiation of evacuation and extin-
guishment operations. Thus, an efficient alarm and communications system is
extremely important,

2. Smoke and gases can rapidly incapacitate personnel; therefore, evacuation
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operations are of paramount importance.

3. The high concentrations of smoke and furnes present in a mine fire dictate
that firefighters carry complete oxygen support systems when downwind of
the fire. Dense smoke also may curtail rescue and fire control efforts on the
downwind side.

4. The high concentrations of gases and fumes also can have residual effects on
mine equipment and materials. Exposed machinery may corrode or be cov-
ered with a flammable, corrosive and often electrically conductive film,

3.2.1.7 Detection

The first detection of the fire is a critical element in a mine fire scenario because
of the time required to evacuate personnel through limited escape routes. Auto-
matic detection equipment may be sensitive to heat or to the particulate or gaseous
products of combustion, Fire detectors are most effective in mines when located on
or near face-cutting equipment and in the vent system downstream of active opera-
tions.

How automatic detection equipment responds to products of combustion is
important and may depend on the concentration of gases, the particle size of
smoke, the velocity of smoke and gases flowing past the detector, the orientation of
the detector chamber to the flow, and the sensitivity setting and operating charac-
teristics of the detection instrument. In scenario development it is important to
remember that under different ventilation conditions the same materials will pro-
duce smoke having different particle sizes and will have different combustion char-
acteristics, In addition, the characteristics of the smoke may change as it “‘ages” and
smaller particles agglomerate into larger ones.

3.2.1.8 Extinguishment

At some point in a mine fire scenario, extinguishment and fire control activities
will be initiated. A consideration of extinguishment techniques is beyond the scope
of this study, but it should be noted that the effectiveness of control and extin-
guishment efforts depends on the burning characteristics of the polymeric materi-
als, the spread rate of the fire, and the time lapse between first ignition and
detection. The accessibility of the fire scene to firefighters and the time required to
reach the scene also are factors to consider in mine fires.

3.2.1.9 Summary of Essential Scenario Elements

The mine fire scenario should describe all significant factors and events in the
development of the fire and should cover as many as possible of the following
points:

1. The pre-fire situation should be described.
2. The source of ignition energy should be identified and described in quantita-
tive terms,
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3. The first material to be ignited should be identified and characterized in
terms of its chemical and physical properties.

4, Other fuel materials that play a significant role in the growth of the fire
should be identified and described.

5. The path and mechanism of fire growth should be determined; particular
attention shouid be given to fuel element location and orientation, ventila-
tion, compartmentation, and other factors that affect fire spread.

6. The possible role of smoke and toxic gases in detection, fire spread, and
casualty production should be determined.

7. The possibility of smoldering combustion as a factor in the fire incident
should be considered.

8. The means of detection, time of detection, and the state of the fire at the
time of detection should be described.

9. Defensive actions and evacuation procedures shouid be described, and their
effects on fire control should be determined.

10. Interactions between personnel in the mine and the fire should be detailed.
11. The time and sequence of events, from the first occurrence of the ignition
energy flux to the final resolution of the fire incident, should be established.
The complete scenario should permit generalization from the particular incident
described, and it should provide the basis for exploration of alternative paths of fire
initiation and for analysis of the effects on fire control of changes in materials,
design, and operating procedures. As noted earlier, the scenario should be based on
real fire incidents or should take some of its elements from real fire incidents. These
incidents should be fully documented by a post-accident investigation report and an
analysis designed to determine how and where the fire started and progressed until
its termination. The scenario also can be based on a report of a fully instrumented,
full-scale test burn. In either case, the development of a fire scenario will remain an
art rather than a scientific presentation of irrefutable evidence until existing fire
dynamics knowledge is augmented by additional research. Nevertheless, if con-
structed to be as complete and as accurate as possible, the fire scenario can be an
effective tool for use in improving the fire safety of mining operations by increasing
man’s ability to visualize and comprehend the events.

3.2.2 Guidelines for Analysis

Analysis of well developed, plausible scenarios is an effective methodology for
developing economical and efficient methods of fire prevention and contro! in
mines and bunkers. One method of fire scenario analysis involves the careful ex-
amination of each element of the fire incident, the posing of relevent questions
regarding each, and the identification of alternatives that could have prevented the
incident. In conducting such an analysis, the following should be considered:

1. Pre-Fire Situation — Were existing codes, standards, and operating procedures

adequate? Were they enforced? |f not, what should be done to correct the
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situation? Were the materials and equipment used properly selected? Were the
materials in good physical condition and was the equipment properly main-
tained? What housekeeping practices and conditions prevailed prior to the fire
incident, and what actions should be taken to correct any deficiencies?

. lgnition Source — What was the ignition source and for how long was it in
contact with combustible material? Could the ignition source be eliminated
by education or by design?

. Ignited Material — What were the chemical and physical characteristics of the
ignited material (its shape, form, and application)? Where was it located in
relation to walls, equipment, and other combustible materials? Did melting or
dripping of the ignited material affect fire spread? Did the ignited material
collapse? What was the heat-release rate at the time the ignited material was
fully involved? Could another less flammable or more fire-retardant material
have been used in place of the ignited material? Were flammability tests on
materials intended for this application available and adequate?

. Combustion Type — Did smoldering precede flaming? If not known, was the
ignited material capable of smoldering? What were the volume and composi-
tion of gases generated by the smoldering fire? Given the prevailing ventila-
tion conditions, how quickly did a dangerous concentration of smoke and
toxic gases develop and spread?

. Fire Spread — How much time elapsed before the originally ignited target was
fully involved in the fire? What was the mechanism of ignition transfer to a
second combustible material? What was the flame spread rate and how did it
change as ventilation conditions were altered? What effect did the material
properties of the first two materials ignited have on the rate of fire spread?
Would material substitutions and design modifications have affected fire
spread?

. Smoke and Toxic Gases — Of what value were smoke detectors? Did their
absence or presence and location have an effect on the final outcome? Did
dense smoke hinder escape, Which fuels contributed significantly to the de-
crease in visibility? What effects did toxic substances have on personnel (i.e.,
extent of injuries, interference with escape efforts, and deaths)? Which toxic
substances were most responsible for injuries and from which fuels did they
evolve?

. Extinguishment — How much time elapsed between ignition, first detection,
start and finish of evacuation, and initiation of extinguishment efforts? Which
estinguishment or fire control techniques were used and how successful were
they? Would the use of different extinguishment techniques or materials or
better trained firefighters have improved efficiency or reduced injuries and
damages.

. Secondary Effects — Did any secondary occurrences such as a rekindling of
the fire, explosions, flashovers, and post-flashovers occur? What caused these
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incidents? Did structural collapse occur? If so, was any code violated? Was
any change in ventilation conditions involved? Were established procedures
followed?

3.2.3 Selected Mine Fire Scenarios

In order to demonstrate that fire scenario development and analysis is a produc-
tive methodology for improving the fire safety performance of polymeric materials
in mines, a number of scenarios are presented below.

It must be emphasized that these scenarios are not considered to be perfect or,
in some cases, even satisfactory. Most of these incidents were based on actual mine
fires; however, sufficient documentation was not always available, examination was
not always adequate, and follow-up experimental demonstration of undetermined
causes, occurrences or consequences was sometimes lacking. Thus, these scenarios
also illustrate the importance of in-depth data collection and follow-up examina-
tion, including experimental demonstration,

3.2.3.1 Insulation and Hydraulic Hose Fire Caused Short Circuit
(Sorrel and Lyon, 1973)

Summary

The fire occurred when a trailing cable short-circuited on the reel of a cutting
machine at the face of the mine. The nearest office of the U.S, Bureau of Mines was
notified by the superintendent: he stated that all men, except persons engaged in
firefighting activities, were on their way to the surface. Another inspector was sent
to the neighboring coal mine, which was connected with the mine involved, to issue
an order requiring that all persons be withdrawn from and be prohibited from
entering the neighboring mine.

At the time of the fire, 150 employees were underground at the mine involved,
and 112 were underground at the neighboring mine, All employees escaped unas-
sisted and there were no injuries. Property damage was confined to the cutting
machine. The investigation was completed the following day.

Pre-Fire Conditions

The mine was opened by three shafts and one slope. Of the 301 men employed,
255 worked underground and produced an average of 4,000 tons of coal per day.
The room-and-pillar system of mining was used, but pillars were not extracted. At
least two separate and distinct travelable passageways, one of which was ventilated
by intake air, were maintained between the working sections and the surface.

The mine was ventilated by an axial-flow fan that was properly installed on the
surface and equipped with the necessary safety devices. The mine surfaces ranged
from damp to dry; loose coal and coal dust were not permitted to accumulate in
active workings. Rock dust, in ample quantities, was applied to within 40 feeu of
the working faces, including open crosscuts.
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Coal was transported from the areas in shuttle cars, discharged onto belt convey-
ors, and t.ansported to a mine-car loading facility. Men were transported under-
ground in battery-powered, track-mounted personnel carriers. Underground, the
coal was discharged from drop-bottom mine cars into a hopper and then trans-
ported by belt conveyor to the surface.

Electric power {4160 volts ac) was purchased from a local utility company to
operate a 300-kilowatt rectifier located on the coal-producing section, This supplied
275 volts dc power for the electric face equipment. The 4160 volts ac was reduced
to 480 volts for the underground belt conveyor motors. The frames of 80 percent
of the electric face equipment were grounded by means of silicon diodes; the
remaining 20 percent were grounded by means of trailing cables. The trailing cables
were of the flame-resistant type, and all were equipped with suitable short-circuit
protection.

The machine involved in the fire was a permissible type rubber-tired cutting
machine equipped with a 125-horsepower cutting motor, a 45-horsepower pump
motor, and two 500-foot lengths of No. 4/0, single conductor, Type W flame-
resistant cable. The cable contained one permanent splice approximately 8 feet
from the reel entrance gland and was protected by a short-circuit relay. The relay
was adjusted to operate at an instantaneous current of approximately 1,825 amperes
and to lock out if a solid short circuit occurred. The hydraulic system of the cutting
machine contaired approximately 95 gallons of flammable hydraulic fluid. The
approved record book indicated that the machine had been inspected by a qualified
person 12 days before the fire.

Firefighting equipment was readily available. It consisted of dry-chemical fire
extinguishers, water under pressure with sufficient fire hose to reach each working
face, and rock dust.

Description

When the fire occurred, the cutting machine had finished cutting the face of an
entry on the intake side of the working section, and the machine operator’s helper
sumped the bar of the machine in the right rib of the left crosscut. The trailing
cable then short-circuited on the reel and ignited the jacket of the cable. The fire
spread to the outer jackets of the hydraulic hoses. The helper and the regular
machine operator immediately left the machine without actuating the fire-
suppression system installed on the machine, deenergized the power, and notified
the men on the working section to proceed to intake air.

A trained mine-rescue team was dispatched to the fire area. The line brattice had
been installed to within 10 feet of the face with 13,000 cubic feet of air reaching
the end of the brattice. The fire hose, which was connected to the end of a 2-inch
waterline, was extended to the entry and water was applied directly to the fire.
During the firefighting operation, the fire-suppression system on the machine was
thermally actuated. The fire was extinguished approximately 1-3/4 hours after it
started.
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Analysis

The machine involved was provided with an operative fire-suppression system
that consisted of 40 pounds of dry chemicais and two manual actuators., The
actuators were readily accessible, but the system was not manually actuated. The
system contained eight spray nozzles, four of which were directed toward the reel
compartment. Adequate firefighting equipment was readily available.

The machine involved was examined by a qualified electrician 12 days before the
fire. The trip relay for the trailing cable in the face box was in operative condition.
The only splice in the trailing cable was a permanent splice 8 feet from the reel
entrance gland. The cable insulation on the cabie next to the reel was brittle and
cracked due to excessive heat. This was possibly due to oxidation or migration of
the polymeric insulation plasticizer. Approximately 50 feet of the trailing cable was
on the reel at the time of the fire. The hydraulic oil tank remained intact, and *' 2
oil in the system was not a factor in the fire.

The fire started as a result of a high-resistance fault in the trailing cable. The
resistance of the fault limited the current to a value lower than needed to actuate
the circuit protective device. The resultant arcing ignited the insulation.

Analysis of the scenario suggests that:

1. Electrical equipment should be inspected by qualified persons as often as
necessary to ensure safe operating conditions. The inspection should inctude
an examination of the trailing cable on reels.

2. Operators of electrical equipment should be trained to actuate fire-
suppression devices.

3.2.3.2 Fire Caused by Spontaneous Combustion
— Smoke, Heat, Toxic Gases (Matekovic, 1971)

Summary

During his normal duties, the day-shift fire boss detected smoke, heat, and
carbon monoxide gas at the base of a pillar located two entries (about 200 feet)
from a previously sealed area in the mine. He notified the mine superintendent who
telephoned a mine inspector making a spot safety inspection in another section of
the mine. An investigation was started immediately. The cause of the incipient fire
was determined to have been spontaneous combustion; there were no injuries.

Pre-Fire Conditions

The mine was opened by four slopes, one drift, and one shaft into the coal bed,
which ranged from 20 to 25 feet in thickness. A total of 206 men, 179 under-
ground, w. ‘e employed on one maintenance and two coal-producing shifts per day,
5 days per week. Average daily production was 4,000 tons of coal.

The entries were developed by the room-and-pillar method. Entries were driven
on 80-foot centers and crosscuts were turned on 90-degree angles at 80-foot inter-
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vals. During initial development, approximately 8 feet of coal was extracted adja-
cent to the immediate roof, leaving between 12 and 17 feet of bottom coal, 7 feet
of which was recovered during second mining.

During development of one of the entries that was close to ine fire, excessive
heating was encountered. This forced mining operations tc be discontinued and the
entries to be sealed. Due to natural physical conditions, the area was subject to
heavy bumps, heaving, sloughage, and fractures in the bottom coal.

Firefighting materials consisting of portable firefigl ting units, waterlines, high-
pressure rock-dusting machines, and rock dust materials for construction of seals
were available at the mine. Twelve 2-hour and six 1-hour self-contained breathing
units were available on the surface. Sixteen 45-minute Chemox units also were
available at fire stations located underground. The use of these units was not
required during sealing operations.

The last regular federal inspection of this mine had been completed two months
before the fire. A spotsafety inspection was in progress in another area of the mine
at the time.

Description

The day-shift fire boss discovered smoke and detected carbon monoxide gas
when approaching the seals during his regular inspection. He called the mine super-
intendent who, with a small crew, proceeded to the area. Tests were made to
measure the carbon monoxide and methane content in the mine atmosphere. Tem-
porary fire-resistant plastic curtains were installed to exclude the air from the
affected area. The mine superintendent ordered all persons not engaged in correct-
ing the condition to leave the mine.

The company and the federal mine inspectors arrived and tested the air with a
carbon monoxide gas detector; the carbon monoxide content was 250 parts per
million, A 2-inch fire hose was installed and water was applied to the hot area. An
hour later the air was tested again and only 50 parts per million of carbon mon-
oxide were present.

Three temporary seals of 3 inch by 12 inch by 4 foot planking were started to
seal off the area. These were cored by three permanent seals constructed of 6 inch
by 8 inch by 3 foot ties laid longitudinally “skin to skin,’’ fitled with inert material,
and plastered on the outside. Sealing operations were completed on the following
day.

Analysis

The smoke, heat, and carbon monoxide were caused by spontaneous combus-
tion. This scenario suggests only that the daily patrol of this area should be main-
tained.

3.2.3.3 Major Mine Fire and Fatalities Caused by
Arcing Trolley Cable (O'Rourke et al. 1971)
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Summary

The fire occurred in the straight-mains section of the mine, Of the 125 persons
underground, 11 were working in this section. Nine of these persons escaped and
two were killed. One additional person died accidentally 21 days later fighting the
fire. The fire hegan when the end of a trolley wire fell in an entry (empty track) of
the straight mains section and came in contact with the grounding clamp attached
to the track rail.

Pre-Fire Conditions

A total of 349 persons, 263 working underground, were employed on 3 shifts
per day, 5 and 6 days per week. Coal production averaged 5,850 tons per day.

The mine was opened by one slope and five shafts into the coal bed, which
averaged 84 inches in thickness in the fire area. The immediate roof consisted of
wild coal, laminated shale, and sandstone. The floor was hard shale and fire clay.
The volatile ratio of the coal in this mine was 0.39, indicating that the coal dust was
explosive. The mine was developed by the room-and-pillar method and pillars were
recovered. Entries were driven in sets of four to seven, 16 feet wide, with crosscuts
at suitable intervals., The mine was ventilated by three propeller-type exhaust fans
that provided 940,000 cubic feet of air per minute. Auxiliary fans were used to
ventilate the working faces. Required tests for methane and other hazards were
made.

Continuous-type mining machines were used and loaded into shuttle cars, trans-
ported to loading ramps, and transferred onto steel mine cars. The loaded cars were
gathered by section trolley locomotives and placed in sidetracks for further trans-
portation by tandem locomotives to the rotary dumps at the shaft bottom. Coal
was hoisted to the surface preparation plant from a bin at the bottom.

Electric power was purchased at 26,000 and 28,000 volts ac and transformed tc
7,200, 3,000, 440, 220, and 110 voits ac for use on the surface and underground.
Direct-current power at 290 volts was provided for underground use by 11 conver-
sion units provided with the required safety devices.

The dc power circuit in the straight mains was supplied with 290 volts by two
750 kilowatt, silicon diode rectifiers. These rectifiers were located approximately
2,500 feet and 3,500 feet from the working faces. The circuit breaker on the closer
rectifier was set at 3,500 amps and on the farther rectifier, at 3,300 amps. The
direct-current power was transmitted over a 400 milli circular mills cooper trolley
wire along the entry to the working section. The negative circuit consisted of
70-pound rail track extended along the road haulageway. This track was parallel to
a negative 1,000 milli circutar mills copper cable that extended to the working
section. Up to this point, single-bonded 40-pound rail track was used for entering
branches. A 7,200 volt ac power cable, supported by messenger cable suspended
from the roof in the entry, supplied the power centers and portable rectifiers which
provided 550 volts ac and 250 volts dc for use by the face equipment.

A trained and fully equipped mine rescue team was available at the mine. Water-
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lines, fire hose, high-pressure rock-dusting machines, and 2,000 gallon-capacity
water cars, properly equipped, were available underground.

Description

A stoper operator, in the course of tracing a pressure failure on a roof bolting
machine, opened a canvas check installed in an entry and observed yellow smoke.
He closed the check and went to notify the foreman of the fire. The two men then
traveled through several entries and crosscuts unti! they met a shuttle car operator.
Due to the dense smoke, the foreman instructed the other two men to notify the
crew to leave the section. He then attempted to locate the source of the smoke but
dense smoke in several entries forced him back to a section still having clear air. He
was able to reach and open a trolley switch in a crossover that was one of the power
sources to the trolley wire in the track leading to the smoke-filled section. He then
ran to a mine phone, notified mine officials and the crew in a nearby mine section
and instructed a motorman to open the other trolley switch that supplied power to
the fire area.

Meanwhile, the other two men notified the utility man and the men in the
adjacent entries, They all assembled at the check curtain of their entry. A continu-
ous-miner operator and a roof bolter decided to return for their safety lamps. When
the roof bolter did not return, the operator followed him as far as he could, called
several times but received no answer, and returned to the assembled group.

The group then proceeded out of the mine. On the way they met the foreman
and informed him that the roof bolter was still in the section. A mason who had
been installing a stoping on the right side of the mains also was not accounted for at
this time,

The section foreman of the adjacent mains arrived and the two foremen started
to force fresh air through the affected entries. These efforts proved futile.

The assistant superintendent issued orders to evacuate all other areas of the mine
and to short circuit the ventilation at the crosscut. Checks were erected across the
intake entries at this point. A mandoor was opened into the left return, and a hole
was made in the stoping in the right return. Efforts to locate the missing men also
were futile.

Several state and federal inspectors arrived and the first sign of an active fire
soon was observed by two inspectors and two foremen when the plastic check
across the entry melted. A waterline paralleling the haulage road was broken to
allow the water to flow into the fire area and the quantity of air passing over the
fire was further reduced by opening additional mandoors. A 2,000-gallon water car
arrived at the scene and the fire was attacked directly.

A sampling station was established to monitor the air returning from the fire
area in the left return and an hour later it was found that combustibles had reached
a dangerous point. All persons were withdrawn from the mine.

Officials of the coal mine company, the United Mine Workers of America
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{UMWA), a local rescue organization, and the U.S. Bureau of Mines jointly planned
rescue of the two missing men. Accordingly, the drilling of boreholes into the face
area was started immediately, and as these holes penetrated the mine workings,
efforts were made to contact the trapped men by lowering phone communications.
Geo-phones also were used to detect sound vibrations underground; however, these
efforts were futile. Ultimately, approximately 90 boreholes were drilled into the
mine workings in and around the fire area, and various materials were introduced
through these holes in an effort to control the fire.

Five days after the start of this incident, it was decided that the trapped men
could not have survived the gases produced by the fire. Since direct attack was
ineffective, it was agreed that the fire area would be flooded with water pumped
from the surface through boreholes into the face areas. Eight days later, expansion
foam was introduced from the surface through 13 boreholes into the intake airways
near the fire area.

The maximum high-water level was reached on the eighteenth day. On the
twentieth day, mine rescue teams entered the area and direct firefighting was re-
sumed; however, the fire had spread be'ond its last known location. Due to in-
creased concentrations of combustibles, all nersons were again withdrawn from the
mine, On the twenty-first day, a state mine inspector was accidentally drowned
during the firefighting operations.

During the next six months, underground dams were erected remotely to raise
the water level, the mine was repeatedly inspected, roof sections were reinforced,
bulkheads were erected, and the mine was purged with nitrogen and flooded with
water. After an inspection made at the company’s request 168 days after the fire
was detected, rehabilitation work was permitted in several sections of the mine.
Attempts to recover the entombed men were to be pursued without interruption.
After all information indicated that the fire was extinguished 281 days after the
original incident, it was decided to de-water the area behind the bulkheads and it
was estimated that approximately 50 million gallons of water were impounded
behind these bulkheads.

Recovery operations proceeded slowly because many seals had to be removed,
crosscuts made, and sampling stations for gas analysis established as each area was
reopened. The ventilation system also had to be modified continuously.

The body of the roof bolter was found in 3 feet of water, several days after
recovery operations started and almost 18 months after the fire began. The body of
the mason was found in a crosscut the next day.

At that time, it became necessary to modify the ventilation system significantly.
Concurrently, the entire mine was completely inspected to determine whether it
was feasible to resume operations. Almost 26 months after the initial incident,
production was resumed in all but one of the active workings of the mine.

Analysis

The fire most probably began when the end of the trolley wire fell and came in
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contact with the grounding clamp attached to the track rail. The trolley wire and
insulating anchor were found lying on the mine floor at the compressor nipping
station. Examination of the trolley wire and the attached anchor indicated that the
clamp attaching the hanger to the trolley wire was partially consumed by electrical
short circuit. Evidence indicated that heat had softened the vinyl-type insulation in
the hanger bell used to anchor the trolley wire. The trolley wire and the soft
insulation then pulled free from the hanger bell, allowing the end of the trolley wire
to drop to the mine floor and strike one of the compressor ground clamps. This
resulted in the partial destruction of the anchor and the ground clamps. The second
ground clamp with a negative and frame ground conductor was intact.

Analyses of samples of coal and coke collected in the area of the compressor
nipping station indicated that temperatures had been higher in the roof area than
near the bottom. After removing the trolley wire anchor bolt assembly, samples
were collected from the inside of the hole and at the roof line. The analyses of
these samples indicated that the temperatures had been higher inside the hole than
at the roof line outside the hole. This indicated that the hanger probably had been
grounded and had generated heat which softened the insulation in the bell and
thereby allowed the trolley wire to drop to the mine floor and strike the negative
ground clamp, thus initiating the fire.

Analysis of this scenario suggests that:

1. In addition to the anchoring device, an insulated hanger should be provided at
the ends of trolley wires and trolley feeder wires to prevent the wires from
making contact with the mine fioor or mine track rails if the anchoring device
fails.

2. Circuit breaker short-circuit trip settings should be consistent with the power
transmission system, The power transmission system should be evaluated peri-
odically to determine if adequate short-circuit protection is provided during
normal mining and idle periods.

3. When any smoke or abnormal amounts of fumes are detected in a mine, a
thorough search should be initiated and continued until the source is deter-
mined and eliminated.

3.2.3.4 Cutting Machine Caused Fire
(Jarvis, 1967)

Summary

The fire occurred on a mining machine at the face of a working place in the
mine. The fire apparently started in the area of the cutting motor and the resulting
arcs and flame ignited accumulations of oil and coal dust on the machine, some of
the hose in the hydraulic system, the front tires, and wiring. The fire was fought
directly with dry-chemical fire extinguishers and water and was completely extin-
guished the same day. The 18 men working in the only section active at the time of
the occurrence assisted in fighting the fire. There were no injuries, and damage was
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confined to the machine, which was considered to be a total loss.
Pre-Fire Conditions

The mine was opened by drifts into the coal bed. Of the 43 men employed, 40
worked underground. An average of 700 tons of coal per day was loaded by a
mobile loading machine into rubber tired mine cars.

The mine was developed by the room-and-pillar method. The immediate roof in
the fire area varied from firm to fragile shale. The mine was classified as nongassy.
Ventilation was induced by a propeller exhaust fan installed on the surface. Loose
coal and coal dust had not accumulated in dangerous quantities at the time of the
last federal inspection before the fire and rock dust had been applied to within 30
feet of all faces.

The mining machine involved in the fire was equipped with a 50-horsepower
cutting motor and a 30-horsepower pump motor. Except for the accumulations of
oil and coal dust on the machine and the condition of the cutting motor, it was
maintained in good mechanical condition. The machine was equipped with two
parallel 300-foot lengths of single conductor, No. 1/0 flame-resistant trailing cables
that were without short-circuit protection. The hydraulic system for the machine,
which ruptured during the fire, had a capacity of 90 gallons and was filled with
flammable hydraulic fluid.

Firefighting equipment consisted of a 30-pound dry chemical system on the
mining machine, dry-chemical fire extinguishers on each mobile unit and at strate-
gic locations, and a high-pressure rock-dusting machine with ample quantities of
rock dust.

Description

The fire occurred when the mining machine operator and a helper completed
undercutting the face of a working place and began turning the machine to start a
crosscut to the left. Intensive arcs and flame suddenly issued from the area of the
cutting motor and ignited accumulations of oil and coal dust on the machine, some
of the hose on the hydraulic system, the front tires, and wiring. The operator
actuated the firefighting system on the machine and had the power removed before
the rapidly spreading fire and dense smoke forced retreat from the immediate area.

A line curtain was erected and the contents of all fire extinguishers at the mine
were emptied on the machine; however, the fire continued to burn. Meanwhile, a
pump was installed and 500 feet of 2-inch plastic water line was run to the fire area.

Water was applied to the fire, and it was extinguished about 1-1/2 hours later. A
small dam was built with bags of rock dust to contain the water to cool the
machine and material in the fire area. State and federal inspectors assisted in the
firefighting operations and kept the area under constant supervision until it was
determined that the area had cooled to the extent that there was no danger of
rekindling.
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Analysis

The fire apparently started in the cutting motor, which was known to be in poor
operating condition. The resulting arcs and flames ignited accumulations of oil and
coal dust on the machine, some of the hydraulic hoses, the front tires, and the
wiring.

This analysis suggests that:

1. Trailing cables should be provided with suitable short-circuit protection, and

there should be some means for disconnecting power from the cable.

2. Electric equipment should be inspected as often as necessary to ensure safe

operating conditions, and any defect should be corrected promptly.

3. Mining equipment should be cleaned as necessary to prevent oil and coal dust

from accumulating on its surface,

4. Consideration should be given to the use of fire-resistant hydraulic fluid in

mining equipment.

3.2.3.5 Polyurethane Foam Fire Caused by Spontaneous
Combustion (Freemen 1969)

Summary

The second-shift mine foreman detected the fire in a crosscut between the intake
and return air courses of the mine. The fire occurred when urethane foam applied
to a cinder block and wood stopping ignited spontaneously. Of the 64 men in the
mine, 15 were in areas ventilated with air that passed by the fire, An hour after the
fire was detected company officials ordered all men except those attempting to
control the fire out of the mine. The fire was extinguished completely within the
next hour. No injuries occurred and property damage was confined to the stopping
and foam machine.

Pre-Fire Conditions

The mine was opened by two drifts, three manways, three return airways, a rock
tunnel, and two openings. The coal was of high-volatile bituminous rank and the
coal dust was highly explosive. A total of 244 men were employed and an average
of 4,000 tons of coal per day was produced with ripper-type continuous miners,

Development was by the room-and-pillar method. The mine was classed as gassy.
Ventilation was induced by two axial-flow fans driven electrically and exhausting
420,000 cubic feet of air per minute.

Materials and tools for firefighting purposes were placed at strategic locations
throughout the mine. Self-generating oxygen breathing units and gas masks were
maintained underground, and self-rescuers were available in ali active working sec-
tions.

Description

On the day of the fire, three cinder block stoppings and one combination cinder
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block and wood stopping separating the intake and return airways had been coated
with urethane foam on the first shift. When the crew finished coating the stoppings,
they cleaned the equipment, left the portable foam machine near the stoppings,
placed the spray gun in a bucket containing acetone near the machine, and departed
for the surface. The 8 foot by 20 foot slant was provided with two cinder block
stoppings equipped with 6 foot by 8 foot wooden doors and was erected to form an
air lock.

About 45 minutes later, the foreman detected black rolling smoke in the tiaulage
entry, an intake airway. Upon investigating, he found the smoke coming from the
slant connecting with the right back raise, an idle section. Unable to approach close
enough to determine the cause of the smoke, he suspected it might be from the
2,300-volt power cable. He immediately telephoned the surface and notified the
superintendent. The crew working near the fire was contacted and instructed to
retreat and remain on intake air until given further instructions.

The general mine foreman, superintendent, and safety committeemen departed
immediately for the trouble area. Enroute they disconnected the 2,300-volt power.
The mine officials entered the smoke area and discovered flame issuing from the
5-gallon bucket containing acetone in which the urethane foam spray gun had been
left to soak. The flame was extinguished immediately with a 20-pound dry chemical
fire extinguisher and the bucket was removed from the area. A small fire detected
at the lower left corner of the wood and cinder block stopping was extinguished
with three bags of rock dust. The general mine foreman and an employee entered
the return air course and traveled with the air to the back of the stopping. They
found the wood door and the frame around the door on fire. This fire was con-
trolled but not extinguished using two 20-pound dry-chemical fire extinguishers. At
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