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FOREWORD 

This volume is one of a series of reports on the fi re safety aspects of polymeric 

materials.  Th is work reported here represents the resu lts of the fi rst i n-depth study 

of this  important su bject. The investigation was carried out by a committee of 

d istinguished polymer and fi re 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 Commiss ion on Sociotechnica l  Systems of the National 

Research Counci l .  

Polymers are a large class of materials,  most new members of which are man

made. Wh i le their versati l ity is demonstrated dai ly  by thei r  rapidly burgeoning use, 

there is sti l l  much that is not known or not widely understood about thei r  proper

ties. In particu lar, the burn ing characteristics of polymers are only now being fu l ly  

appreciated and the present study is a landmark in  the understanding of  the fi re 

safety of these u biquitous materials. 

In the fi rst vo lumes of th is series the committee has identified the l im its of 

man 's knowledge of the combusti bi l ity of the growi ng number of polymeric ma

terials used commercial ly, the nature of the by-products of that combustion and 

how f ire behav ior in  these systems may be measured and predicted. The latter 

volumes deal with the specific appl icati ons of polymeric materials, and in a l l  cases 

the comm ittee has put forth usefu l recommendations as to the di rection for future 

actions to make use of these materials safer for society. 

Harvey Brooks, Chairman 

Commission on Sociotechnical Systems 
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ABSTRACT 

This  volu me in the series on the F i re Safety Aspects of Polymeric Materi als 

focuses on the fi re safety aspects of natural and synthetic polymeric materia ls 

prevai l i ng or constituting the substance of mines and bun kers. The methodology of 

f ire scenario development is descri bed and mine fi re scenarios are presented. F i re 

dynamics and the materials used in mi nes are then critical ly reviewed. Design cri

teria for mines, mine equipment, and mine f ire detection and suppression systems 

are examined in  deta i l  and smoke and tox icity hazards are identified. Conclusions 

are drawn and appropriate recommendations are set forth. 

Volume 1 

Vol ume 2 

Volume 3 

Volume 4 
Vol ume 5 

Volume 6 

Vol ume 7 

Vol ume 8 

Volume 9 

Vol ume 1 0  

VOLUME S OF THIS SERIE S 

Materia l s :  State of the Art 

Test Methods, Specifications, and Standards 

Smoke and Tox icity 

F i re Dynami cs  and Scenarios 

E lements of Polymer F i re Safety and Guide to the Designer 

Ai rcraft : Civi l and M i l i tary 

Bui ldi ngs 

Land Transportation Veh icles 

Shi ps 

Mines and Bunkers 
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PRE FACE 

The National Materials Advisory Board ( NMAB )  of the Commission on Socio

technical Systems, National Research Counci l ,  was asked by the Department of 

Defense Office of Research and Engi neering and the National Aeronautics and 

Space Admi nistration to "in itiate a broad survey of fi re-suppressant polymeric 

materials for use in aeronautical and space veh icles, to identify needs and oppor

tunities, assess the state of the art in fi re retardant polymers ( including avai lable 

materials, products, costs, data requ i rements, methods of test and tox icity prob

lems), and descri be a comprehensive program of research and development needed 

to u pdate the technology and accelerate appl ication where advantages wi l l  accrue in  

performance and economy." 

In  accordance with i ts usua l  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 wi de du pl ication of interest ex ists. At the request of other 

agencies, sponsorship was made ava i lable to all government departments and agen

cies with an interest in fi re safety. Concurrently ,  the scope of the project was 

broadened to take into account the needs enunciated by the new sponsors as wel l as 

those of the original sponsors. 

In addition to the Department of Defense and the National Aeronautics and 

Space Administration, the tota l l ist of sponsors of th is study now comprises Depart· 

ment of Agriculture, Depa rtment of Commerce ( National Bureau of Standards),  

National F i re Prev·ention and Contro l Admin istration, Department of I nterior (Bu

reau of Mines, Divis ion of Mining Research, Health, and Safety ) ,  Department of 

Housing and Urban Deve lopment, Department of Health, Education and Welfare 

( National Institute of Occu pational Safety and Health ),  Department of Transporta· 

tion ( F ederal Aviation Administration, U. S. Coast Guard ) ,  Department of Energy, 

Consumer Product Safety Comm ission, Envi ronmental Protection Agency, and the 

Postal Service. 

The committee was original ly  consti tuted on November 30, 1 972. The mem ber· 

ship was expanded to its present status on July 25, 1 973. The new scope was 

establ ished after presentation of reports by l ia ison 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 fi re safety aspects of polymeric materials .  These site visits 

(upwards of a dozen)  were an i mportant feature of the committee's search for 

authentic information. Additional  inputs of foreign fi re technology were suppl ied 

by the U.S. Army Foreign Science and Technology Center and NMAB staff. 
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CHAPT E R  1 

INTRODUCTION 

1 . 1  Scope and Methodology of the Study 

The charge to the N MAB Committee on F i re Safety Aspects of Polymeric Ma

terials was set forth in presentations made by the various sponsoring agencies. Early 

i n  its del iberations, however, the committee concluded that its origina l charge 

required some modification and expansion if the crucial issues were to be ful l y  

examined and the needs of the sponsoring organizations, f i l led .  Accordingly, i t  was 

agreed that the committee wou ld di rect its attention to the behavior of polymeric 

materials i n  a fi re situation with specia l  emphasis on human·safety considerations. 

Excluded from consideration were fi refighting, therapy after fire-caused inju ry ,  and 

mechanical aspects of design not related to fi re 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 ongoing work as it rel ates to the identified gaps; 

(5) development of conclus ions; (6) formu lation of recommendations for action by 

appropriate pu bl i c  and private agencies; and (7) estimation, when appropriate, of 

the benefits that might accrue through i mplementation of the recommendations. 

Withi n  th is framework, functional areas were addressed as they relate to specific 

s ituations ; end uses were considered when fi re 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 primari ly  in 

terms of their composition, structure, processing, and geometry ( i .e . ,  fi l m ,  foam, 

f iber, etc. ) ,  but specia l  aspects relating to their incorporation into an end-use com· 

ponent or structure also were included. Test methods, specifications, def in itions, 

and standards that deal with the foregoing were considered .  Regu lations, however, 

were dea lt  with on ly in relation to end uses. 

The products of combustion, i ncluding smoke and toxic substances, were consid

ered in terms of the ir  effects on human safety ; morbidity and morta l i ty were 

treated only as a function of the materials found among the products of combus· 

tion. The question of potential exposure to fi re-retardant polymers, including skin 

contact, i n  s ituations not including pyrolysis and com bustion was addressed as 

deemed appropriate by the committee in re lation to various end uses. 

In an effort to clarify understanding of the phenomena accompanying fi re, 

consideration was given to the mechan ics of mass and energy transfer (fire dynam

ics) .  The opportun ity to develop one or more scenarios to gu ide th in king was 

provided ; however, as noted above, fi refighting was not considered. To assist those 
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who m ight use natura l or synthetic polymers in  components or structures, consider

ation a lso was given to design principles and criteria .  

I n  organizing its work, the committee concluded th at its ana lysis of  the fi re 

safety of polymeric materials shou ld address the materials themselves, the fi re 

dynamics situation, and the large societal systems affected. This decis ion led to the 

development of a reporting structu re 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 

find ings in the fol l owing five disci pl inary and five end-use reports : 

Volume 1 Materia ls :  State of the Art 

Volume 2 Test Methods, Specifications, and Standards 

Vol ume 3 Smoke and Toxicity (Combustion Toxicology of Polymers) 

Vol ume 4 F i re Dynamics and Scenarios 

Vol ume 5 Elements of Polymer F i re  Safety and Gu ide to the Designer 

Volume 6 Aircraft Civ i l  and Mi l itary 

Vol ume 7 Bui ldings 

Vol ume 8 Land Transportation Vehicles 

Volume 9 Sh ips 

Vol ume 1 0  M ines and Bun kers 

1 .2 Scope and Limitations of This Report 

This report speci fical ly examines the polymeric materials used in m ines and 

bun kers. Underground mines and bun kers can be conce ived of as two- or three

dimensional underground structu res that are closed systems dependent on forced 

vent i lation. 

The term "m ines" is used in this report to convey the traditional meaning of the 

word - i .e., the space and operations used in recovering sol id m ineral or organ ic 

deposits on the surface or underground. Not included, however, is  the recovery of 

l iquid or gaseous deposits such as oi l ,  natural gas, and l iquefied su lphur. The term 

"metal and non-meta l" is used to designate a l l  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 su rface mines, emphasis is placed on th is 

type. Anc i l lary structures incl uding mi l ls and preparation plants are excluded from 

consideration in this report. 

A l arge number of underground mines are coal mines, man-made voids carved 

out of combust ible  materia l .  They usual ly  contain heavy powered equi pment and 

methane is constantly diffused from the wal l s .  There typica l ly are several ex it 

corridors. Egress from the greatest number is by s lope, drift, or ad it; egress from 

many is by a combination of slope, drift, adit, l adder, vertical hoist, and elevator; 

egress from a few is by vertical hoist alone. Underground coal mines genera l ly  are 

structured hori zonta l ly  or on a sl ight sl ant (two d imensions ) .  Metal mines usua l ly  

do  not contain combust ible ores or gases, but they go deeper than and contain 
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much more wood than coal mi nes and make frequent use of explosives. They often 

are constructed in a mult i- l ayered fashion (three di mensions ) .  

Only those bunkers that are underground spaces si mi lar  to mines i n  layout, 

construction, usage, hu man occupancy, or intensity of activity are considered in  

th is  report, and the term "mi nes" is used in the text to inc lude both m ines and 

bun kers. Bun kers that are used for storage, l iving, or recreat ional purposes must 

have good access and egress routes , be compartmenta l i zed to control f ire spread, 

and have a smoke venti lation system. Aside from these considerations, the problems 

of polymeric materials usage and fire safety are analogous to those involved with 

other fac i l ities of s imi lar function, and reference shou l d  be made to Vol umes 7 and 

8 in th is series, Bu i ldings, and Land Transportation Vehicles. Bunkers used for 

l iquid storage are outside the scope of this report, and bunkers constructed for 

mi l i ta ry purposes are not discussed because of security reasons. 

F i re ignition sources in mines and bunkers vary, but the most frequent are 

electricity (arcing or overheating) ,  weldi ng, and mechanical heat ( friction) .  The 

special  problems of l im ited access, forced venti lation, and powerfu l ignition sources 

requ ire that great care be exercised in the use of polymeric materials to avoid any 

additional fi re hazard because of ease of ignition , rapid fl ame spread, and evolution 

of smoke and toxic fumes. 

1 .3 Bunkers - A Special Consideration 

A bunker original ly was considered to be a large bin, a bin for fuel on sh ipboard, 

a sand pit, or some other artificia l  fort ification. Today, i t  is normal ly thought of as 

an underground or aboveground fortification to seclude humans, ammunition, or 

other suppl ies. However, underground space is used in many other ways. Some of 

these underground instal lations are s imi lar  to m ines ( i .e . ,  they have l im ited access 

and have a soi l  or rock overbu rden) ,  and, in some cases, they are actual ly located in  

spaces that were formerly m ines. 

Underground space may be classified as to its depth from the earth 's surface, 

method of formation, earth strata, or use. To rel ate to convent ional (aboveground) 

bui ldings, the fol lowing end-use c lassification 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, agricu l tural products, petroleum products, gold and other pre

cious metals, and munitions ) .  Underground faci l ities are particularly wel l 

suited to col d 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 

veh icu lar tunnels, su bway stations, park ing garages, and anci l lary fac i l ities. 

Some garages may be underground extensions of h igh -rise bu i ldings deve l

oped to conserve spaces. 

3. Commerce - Underground shopping centers, incl uding 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. Manufacturi ng - Relative ly  few manufacturing plants are found in  u nder· 

ground space but some examples incl ude a precision instrument producer, 

boat manufacturer, pool table assembler, and printer. These uses usua l ly  are 

l im ited to those that requ i re a special environment (e.g., free from v i bration 

or with control led humidity ) .  

5 .  Agricultural - Natural caves o r  artificial  cel lars are widely  used for proc

essing and storing wine. Mushroom farms are occasiona l ly  located in aban

doned l i mestone mi nes or other underground spaces . The recovery of guano 

from natural caves is another usage example. 

6. Office Space - Offices are found underground to a l i mited extent where 

underground space is being uti l ized fo r other purposes (e.g., shopping cen

ters ) .  Others are constructed for defense secu rity purposes. 

7. Uti l ities - Extensive use is  made of underground uti l ities. In addition to 

extended sewage systems and the s imple  burial of pipes and cables, there are 

multi-use tunnels that contain cables and pipes. Some use is a lso made of 

underground space for sewage and water treatment plants. 

8. I nstitutional - This includes schools, l i braries, museu ms, and hospitals .  

These uses represent essential ly  depository (storage) fac i l ities and temporary 

l iv ing and working quarters, laboratories, lecture hal l s, and display centers. 

In most cases, these underground facil ities are extensions of h igh-rise bui ld

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 atr ium and 

have only a few feet of soi l cover. 

1 0. Defense - Defense usage most closely fits the conventional def in ition of a 

bunker. I ncluded, however, are missi le  s i los, command and commun ications 

fac i l ities, aboveground munition bun kers, and air raid or bomb shelte rs .  

These examples are not intended to be al l inclusive, but rather to g ive perspec

tive to the many uses of underground space. Consideration of the Kansas City area, 

where approximately 25 mi l l ion square feet of underground space have been devel

oped for many purposes , can contri bute to identifying the scope of such develop

ment. Th is area is  particu l arly suited to the development of underground space 

because of extensive l imestone min ing operations, suitable geology, and a need for 

space that makes use of such space economica l ly  attractive. 
Although the number of people worki ng, l i ving, shopping, or travel ing u nder

ground is relative ly  smal l  compared to the total popul ation, it does represent a 

sign ificant amount and appropriate consideration must be given to fire safety . 

Examination of a l ist of uses presented above gives an ind ication of the wide variety 

of polymeric materials that wi l l  be found in underground space. 
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Although the deve lopment of underground space has been rel atively l i mited in  

the Un ited States, th is trend may change in  the future because of energy considera

tions and the lack of choice aboveground space. In many cases, the determ ination 

wi l l  be based on economics. 

Major differences that must be examined in  considering the fire safety aspects of 

poly meric materia ls  in underground space as opposed to conventional bui ld ings are 

the l im itations in venting smoke and heat, access by f irefighting equi pment, and 

avenues of egress. F ire in an unventi l ated underground space is an ad iabatic process 

since heat cannot escape or be removed as it is in aboveground fi res. Also, the 

oxygen content wi l l  be depleted rapidly and the products of combustion therefore 

wi l l  be different from those in an open fire .  On the other hand, if forced venti l ation 

is induced in  an underground space fire, both of the above conditions wi l l  ch ange 

abruptly  and a wide array of poss i bi l i ties become feasi ble. 

1 .4 Committee Viewpoints 

Members of the committee are involved with materials research and develop

ment, appl ications, and system des ign and eva l uation; l iaison representatives deal 

with research and development, regu lation, procurement, operations, and analysis. 

Thus, aspects of each material (and its problems) were subjected to a fu l l  spectru m 

of expertise. Fu l l  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 fi re safety aspects of polymeric materials appear in 

each of the reports pu bl ished as a resu lt of the committee's study. Mem bers of the 

comm ittee wish to emphas ize that such statements, including judgmental ones in  

regard to  fi re safety aspects of  materia ls ,  especial ly end uses, apply on ly  to  the 

specific s ituations that pertain (e.g., su itabi l ity of a material from a fi re safety point 

of view depends on many factors, including ease of access, ease of occupant egress, 

prox imity of i gn ition hazard, proxim ity of other materia ls, thermal flux and dura· 

tion of ignition source, ambient oxygen partial pressure, and fire and smoke detec

tion and suppression systems in place). Th is l ist is not a l l  inclusive, but only ind ica

tive of the k inds of concerns that must be considered in making a materials selec

tion. 

Statements in this volume must not be taken out of context and appl ied to the 

use of identical materials in other situations. In addition, the changing nature of the 

problem as ti me 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 al l pu bl ished reports of th is committee's study is 

not misused by tak ing it out of context. 

1 .5 Organization of This Report 

Chapter 2 in this report summarizes the concl usions and recommendations of 
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the committee. Olapters 3-6 are devoted to a rev iew of the state of the art of the 

subject materia l .  

Specifica l ly, Chapter 3 ,  F i re Dynamics and Scenarios, incl udes statistics on mine 

disasters, expla ins development of fire scenarios, and presents several such fi re 

scenarios. These scenarios of mine f ires involving pol ymeric materials are inspired 

by real incidents and attempt to i l lustrate the most frequent h azardous situations. 

These scenarios are analyzed with attendant explanations of rel ated f ire dynamics. 

However, the reader is cautioned against accepting these synthesized scenarios as 

reports of actua l  events. 

In Chapter 4, Materia ls ,  the potential contri bution of polymeric materia ls  to 

mine and bu nker fi res is descri bed. Examined in deta i l  are natural and man-made 

materia ls, their  appl ication in the min ing environment, and expected behavior in  a 

f i re situation. Emphasis is placed on specific danger and prevention areas . 

Chapter 5, Design Criteria in Mine Safety and Hazard Control ,  reviews present 

knowledge, explores f ire and ex plosion control ,  and descri bes the mine env iron

ment and appl ied materia ls  and equipment with rel ation to fi re and explosion 

hazard. The effect of imposed regu lations upon design ,  materials selection, and 

operati ng practices is then exami ned ; areas of current and proposed research that 

wou ld improve mine fire control are del ineated. 

In Chapter 6, Smoke and Tox icity, experimental and cl in ica l data are exam ined, 

and the effects of temperature of com bustion on various materi als are explored. 

Considerations specific to mine and bun ker environments are presented. 

I n  the afterword, general and societal considerations are d iscussed. The impl ica

t ions of mine d isasters to workers, mi ning economics, and society in general  are 

considered. The role of legislation and un ion activity in mine safety also is  brief ly  

expl ored. 

Appendixes present statistics on fi res in United States and United K ingdom 

mines ;  a rev iew of the combustion products of polymers and the physiologica l 

h azard of selected combustion products ; a review of toxic ity ; information concern

ing the eval uation of the hazard of smoke ,  tox ic fumes ;  and measurements of 

smoke opacity. 
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CHAPTER 2 

SUMMARY OF CONCLUSIONS AND RECOMME NDATIONS 

2.1 I ntroduction 

This chapter summarizes the conclusions derived and recommendations ad

vanced by the committee after reviewing the state of the art and current, ongoing 

research efforts. No attempt has been made to ran k  these conclusions and recom

mendations or to offer quantitative definit ion of the efforts proposed. General 

conclusions a re presented without associated recommendations fol lowed by specific 

conclusions and recommendations, which are a summary of those presented in 

Chapters 3 through 7. For a fu l l  expos ition of the committee's views, the reader is  

referred to the conclusions and recommendations in each chapter. 

2.2 General Conclusions 

1 .  Min ing is a dangerous operation. Underground mining is considered to be 

among the most hazardous occupations today in the United States, with fi re 

and explosion being among the most feared hazards. A mine, in effect, is an 

underground factory with a maze of corridors ; it has low, fl at roofs and long, 

l imited escapeways and is dependent on forced venti l ation . This confin ing 

geometry and l i mi ted accessi bi l i ty intensify the f i re hazard. 

2. Coa l  m ines are carved out of combusti ble natura l ol igomeric and polymeric 

materi a l  (coal ) and often contain  a h igh ly fl ammable gas (methane) .  The 

wal ls  and roofs of coal mines often are fragi le and prone to crumbl ing and 

erosion. Large amounts of coal dust, which can form an explosive m ixtu re 

with a i r, are generated during production. 

3. Metal and non-metal mines are more numerous than coal mines and use much 

more structural ti mber, a highly combusti ble natura l  polymeric material .  

These mines often are deeper, have longer egress routes, and have more 

elaborate, three-d i mensional l ayouts than coa l mines. Some of these m ines 

contain f lammable,  toxic, or radioactive gases. 

4. Al l mi nes are increasingly employing more powerful  equ ipment for produc

tion, wheeled transportation, conveying, and construction . These m ach i nes 

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 fue ls )  i n  the form of 

electric insu lation, hydraul ic fl uid and hoses, t ires, conveyor belts, lubricati ng 
oils and greases, and d iesel fue l .  

5 .  Mine venti lation systems and mine development techniques a lso reflect in-
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creasing use of polymeric materials (e.g., brattice cloth and polyurethane 

foam) .  

6.  Bun kers and other underground spaces exist in many forms or constructions 

and are used for a great diversity of activities. Some are very s imi lar  to m ines 

and many findings in th is vol u me apply to these spaces; however, others are 

underground extensions of h igh-rise bu i ldings or transportation systems and 

are at least partia l ly  covered in  Vol umes 7 and 8 of th is series, respectively. 

7.  Al l organ ic polymers wi l l  burn i f  exposed to a strong enough ign ition source 

and suppl ied with sufficient oxygen .  

8 .  Absol ute fi re safety of  polymeric materials does not ex ist; there are always 

trade-offs in  safety, uti l i ty, and cost. 

2.3 Specific Condusions and Recommendations 

2.3. 1 F ire Dynamics and Scenarios 

Conclusion: Mine fire scenario deve lopment and analysis is important in provid· 

i ng the basis for materia l  selection, design cri teri a  development, test method val ida

tion ,  regu lation, personnel tra in ing, and research and development efforts. Recom

mendation: Individuals involved in mine fire investigati on, development of design 

criteria ,  and di rection of research and development should  be trained to develop 

and use mine fire scenarios. (See Vol. 4)  

Conclusion: Several basic processes associated with the bu rn ing of polymeric 

materia ls in  a mine env ironment are poorly understood. This lack of knowledge 

l imi ts fire prevention and suppression efforts. Recommendation: Ongoing fi re re

search programs shou ld  be expanded and accelerated to incl ude :  ( 1 )  design and 

performance of medium- and large-scale fi re experi ments fu l ly  instrumented to 

col lect maximum amounts of data related to combustion, explosion, and tox icity 

on a d ivers ity of materials under a variety of spatia l  and venti lation conditions; (2 )  

development of  sca l ing factors, knowledge of  size and spatia l  influences, and in 

formation on three-dimens ional effects; (3) deve lopment of  theories, schematic 

representations, and mathematical and computer models of all important fi re

related processes suscept ible to such treatment. 

2.3.2 Materials 

Conclusion: The selection of materials for use in mines and bunkers is  of spec ial  

concern because of the additional hazards imposed by l im ited access and egress 

routes. Sti l l ,  in selecting polymeric materials with i mproved fi re safety characteris

tics, compet ing functional,  economic, and safety requ i rements must be reconci led. 

Of particu lar  concern are wood (structural timber) ,  venti lation cloth, conveyor 

belts, electrical conductor insulation, and polyurethane foam used for stoppings 

even though a particular materia l  is used in  smal l quantity. Recommendation: The 

susceptibi l ity of a l l  these materials to fire shou ld  be su bstantia l ly  d iminished or 

usage should be stopped : Methods to decrease the ignitabi l ity of wood (e.g., coating 
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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 requi rements for foam should be 

examined and more restrictive specif ications (e.g., that would require polyurethane 

foam to be replaced wi th 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).  Recommendstion: 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 i mproved signif icantly during 

recent years, but several of the advances made require further development, modifi

cation, or refinement and almost none have been implemented widely. It should be 

recogn ized that no study of the cost and benefits of the recommended work h as 

been made. Recommendstion: Meaningful test methods should be developed f or 

belt conveyor systems : full-scale f ire 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

t ions in the mine environment. The newly developed hydraulic fluids (water-in-oil 

emulsi on types) should be perfected or a suitable replacement found. The develop

ment of new types of f ire-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 f ire safety applications. Spontaneous 

com bustion research should be continued and accelerated in antici pation of the 

development of deeper seams and the western coal mines. The development of mine 

f i re prevention and suppression technology should be continued. Development of 

methods of methane drainage, face ignition quenching, remote m ine sealing , and 

f i re and smo ke protection in shafts should be perfected as should coal dust explo

sion barriers, sound suppressents, and structural reinforcements. Surface m ining 

vehicle and machinery f ire 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; ava ilable studies are designed 

only to identify lethal levels. Little is known of the additive or synergistic effects of 

t ox ic agents. Recommendstion: A central agency should be established to collect 
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M I NES AND BUNKERS 

and analyze data and promu lgate information regarding the tox icity of the com bus

tion and pyrolysis products of polymeric materials in test and actua l  fi res . Studies 

should cover the i ncapacitating effects as wel l  as the lethal i ty of ind iv idual tox ic 

agents and thei r  l i ke ly combinations. Tox icity data on f ire victims a lso shou ld be 

collected by paramedical rescue personnel and medical centers. 
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CHAPTER 3 

FIRE DYNAMICS AND SCE NARIOS 

3.1 I ntroduction 

Man has experienced fire for many thousands of years . As with other usefu l but 

potential ly  dangerous and destructive forces, it became imperative that he learn to 

use and control f i re. Practica l solutions for many fi re s ituations were developed 

gradua l ly  and empirica l ly, largely on the basis of post-fire investigation and without 

fu l l  understanding of the processes associated with ign ition, combustion, fi re 

s pread, detection, and extinguishment. This approach, however, is no longer accept

able given society's increased technologica l  capabil ity and awareness of the value of 

h uman l i fe and safety. Thus, a more soph isticated approach to fi re prevention and 

control is requi red especial ly in  the h igh ly hazardous mine environment. 

Although the number of fata l i ties resu lti ng from mine f ires is re latively smal l ,  

f i res together with explosions  are a dreaded hazard in  mining, particu larly coal 

m i n i ng, and the potential for loss of l i fe and property from these disasters is 

substantia l .  ( Statistics on mine fi res in the United States and the United Kingdom 

a re presented in  Appendix A) . It therefore is of the utmost i mportance that the 

best avai l able methods be used to assess and analyze the sources of the hazards . The 

continu ing mechanization of coal min ing, wh ich involves the use of hydrau l ic 

equipment, plastics and large quanti ties of electricity , has intensified the chance of 

fi re whi le min imiz ing loss of human l i fe from non·fuel  accidents.  

The concept of using fi re scenarios as a tool for gain ing a better understanding of 

m ine fires is introduced in this chapter. Fire scenario development and analysis are 

descri bed and selected scenarios are presented. The state of the art of fi re dynamics 

a l so 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 venti l ation 

disturbances caused by fi res. Gaps in knowledge are identified and approaches for 

developing improved fire prevention and control measu res are proposed. 

3.2 Mine and Bunker Fire Scenarios 

Real f i re situations in m ines, especia l ly  during the init ial  stages of developmen t, 

a re seldom observed by trained personnel. How a fire was in iti ated often can be 

deduced by carefu l ly exa mining the remaining evidence, and the sequence of events 

often can be reconstructed with reasonable re l iabi l i ty ;  however, in  some c�ses, most 

evidence is completely destroyed and any attempt at analysis is restricted to mere 

s pecul ation. The development and ana lysis of fire scenarios therefore can be of 

great va lue by permitting alternative fire development sequences to be considered, 
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M I N ES AN D BUNKERS 

by lending support to speculations and deductions, and by providing gu idance for 

the design of usefu l experiments. 

3.2. 1 G uidelines for Development 

Mine fi re scenarios are best based on real fi re incidents that lend themselves to 

plausible extrapolation of the important elements. Fortunately,  m ine f ire reports 

are compi led by the U.S. Bureau of Mines ( BuMines ),  and there is a l arge number of 

real incidents from which to choose. In this  section, the important physica l  e le

ments of a mine fi re that belong in  a scenario are considered. Major emphasis is 

placed on the physical behavior of fi re 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 inju red or k i l led by 

the fire. 

3.2. 1 . 1  Pr• Fire Conditions 

The important elements of a fire incident general ly are establ ished long before 

the incident. The physical l ayout of the mine,  the structu ral elements used, and the 

equipment selected decisively affect the events that lead to a fi re incident, and a 

great deal of attention must be given to these pre-fire conditions. 

Consequently, the fi rst step in the development of a mine fi re scenario should be 
to gather al l important pre-fi re data. I ncluded may be information on the general 

l ayout of the mine; the production rate ; the number of personnel employed per 

shift; the location of conveyors and vents; vent f low direction and volume; the type 

and physical condition of the mining, transportation, and auxi l iary equ ipmen t  em

ployed ; maintenance records and housekeeping conditions (e.g., the accumulation 

of coa l  dust/oil mixture on work ing mach inery) ; and the location and condition of 

permanent and movable electric power distri bution l ines, switch gear, and fai l ure 

protection equi pment. The basis for materials selection also shou ld be examined ; 

where and how materials were used and stored should  be established; and compli

ance with appl icable codes, regulations, and procedural instructions shou ld  be con

sidered. 

3.2.1 .2 Ignition Source 

The typical fi re scenario starts with ignition, which may be characterized as the 

bringing together of an energy source and a combusti ble su bstance in the presence 

of an oxidizing atmosphere so that a self-sustaining exothermic reaction occu rs. 

Ignition sou rces in mine fires usual ly  involve electric arcs ; overheated conductors ;  

o r  the frictional heat that results from electrical o r  mechanical fai l u res, malfun� 

tions, or accidents. Spontaneous combustion of materials also occurs with some 

frequency, and human error (welding or improper or u nauthorized use of fi re or  

electric heat) i s  another contri butor. If  possi ble, the ign ition sou rce shou ld  be 

characteri zed quantitatively in the fi re scenario in terms of : 
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F I R E  DY NA M I CS AND SCENAR IOS 

1 .  Maximum temperature (° C) , 

2. Energy release rate (cal /sec or watts ) ,  

3.  Time of  appl ication to  target (sec),  and 

4. Area of contact (cm2 ). 

In  considering the ign ition of sol id  materia ls  (e.g., polymers, coal ,  coal dust and 

oil mixtu re) ,  it  is most important to recogni ze that a "strong" source wi l l  ign ite the 

target whereas a "weak" one may not. The "strength" of the source depends on the 

e nergy fl ux and the time of appl ication to the target or on the product of these 

two. I gn ition of gaseous targets, on the other hand, can occur with a very weak 

source even i f  the flashpoint temperatu re is reached only  for a moment. The meth· 

a ne and air mixtu re frequently encountered in coal mines is such a target and its 

flash point, which depends on its concentration, is i mportant. 

3.2.1 .3 Material Fint Ignited 

Of major i mportance in developing a mine fi re scenario is defin ition of the target 

m ateria l  fi rst ignited by the energy sou rce . This fi rst step in the f i re chain - and a 

favorable point at which to break it - represents a transition from a transient 

( accidenta l )  energy release to an uncontrol led exothermic reaction of com busti ble 

fuel and oxygen that is capable, if not checked, of accelerated growth to cata

stroph ic proportion. Whether ignition occurs under a given energy release depends 

on the physical and chemical properties of the target materi al ; therefore, a deta i led 

description of these properties is essentia l  if the probabi l ity of ign ition is to be 

assessed properly. 

M ost organic gases, l iqu i ds,  and sol i ds wi l l  ign ite if heated to a sufficiently high 

temperature in the presence of an adequate oxygen supply. Com bustible gas m ix

tures and certain  dust and air mixtu res (e.g., coal dust) a re ignited more eas i ly than 

l i qu ids and sol i ds.  In coa l  mines, where such mixtu res are unavoidable, the concen

tration of the gaseous (or dust) fuel must be reduced below the flammable l i m it by 

a wel l designed, h igh-volume forced venti l ation system . Thus, it is important in  

mine f ire scenarios to define the type, concentration ,  and temperature of various 

fuels  (or dust) and the venti lation air velocity (ft./min . )  or rate of replacement 

(ft.3 /min . ) .  

Liquid organ ic fuels  a lso can be ignited qu ite eas i ly depending on their  physical 

s tate (pool ,  foam, mist, or spray) and temperatu re, and these parameters are i m por

tant in the f i re scena rio. I f the temperatu re of an organ ic pool is increased above 

the flash point, ign ition of the fuel vapors above the pool wi l l  occur and the pool 

wi l l sustain  burning. In a m ine envi ronment, the most common organic l iquids are 

h y drau l ic  flu ids, lubricating oi ls and greases, and diesel fuel .  It is qu ite common ,  for 

i nstance, to find an accumulation of mixtures of oi l and grease and coal dust on 

work equ ipment (cutters) and transport equi pment (tro l leys and conveyors ) .  Al

though the total prevention of such an accumul ation is rather difficult (if not 

impossible),  good housekeeping practices shou l d  require frequent removal .  All these 
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M I N ES AND B U N K ER S  

elements are of importance and shou l d  be considered in  the developmen t  of  f ire 

scenarios. 

Quite frequently sol id  polymeric materials are the fi rst mate ria ls ignited in a 

m ine. These combusti bles comprise electric insu l ation, hydrau l ic hoses, rubber veh i· 

c le tires, conveyor belts, venti l ation cloth or polyurethane foam used for temporary 

or permanent seals, and structura l t imber. The coal bed itself (although not consid· 

ered as polymeric materia l ) and coal  dust, its fragmented product, also can be early 

targets of ignition. How easi ly a sol id  pol ymeric target wi l l  ign ite depends on the 

chemical composition and physical form of the materia l . 

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 a ltered chemical 

composition as a result of reaction with the environment. All of these factors can 

substantia l ly  modify the com bustibi l ity and fi re-sustaining characteristics of the 
base polymer. Surface texture (smooth or frayed) ,  form (sol id, rigid , or flexible 

foam) ,  structure (open or closed ce l l ) ,  and density and layer th ickness (surface to 

volu me ratio) are physical properties that, together with geometric configuration, 

h ave a sign ificant effect on the behavior of a polymeric material in a f ire situation. 

The thermal properties of sol id  targets play a vita l role in  determ ining ease of 

ign ition. Since the ignition of a sol id requ i res 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 wi l l  affect the time of ign ition. This heat· 

transfer  mechan ism may become crucial to a scenario if the heat f lux is of relative· 

ly  short duration. Material  properties of th ickness and thermal diffusivity ( i .e . ,  the 

ratio of thermal conductivity to heat capacity )  as wel l  as heating rate and physical 

thickness determine whether a target material behaves in  a "thermal ly th in " or 

"thermal ly thick" manner (see Volume 4 of the committee 's report ) .  The ignition 

time of a "thermal ly thick" material is relatively independent of physica l th ickness; 

it  is control led by "thermal inertia" the product of heat capacity (per unit volume) 

and thermal conductivity. The ignition t ime of "thermal ly th in" materials (e.g., 

vent cloth fabrics used in mines) is proportional to the product of heat capacity and 

physical thickness. 

In the case of compos ite structures, the properties of the layers used u nder 

surface fi l ms or sheets (e.g., the materials supporting belts) also wi l l  affect ease of 

ign ition. 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 materia l .  

The geometric configuration o f  a material also can infl uence ease o f  ignition. 

F lat su rfaces and single sol id  members general ly  are more difficul t  to ignite than 

closely stacked pieces or mem bers having folds and crevices. Sim i larly, vertical or 

downward-faci ng surfaces are more susceptible to ignition than those facing upward 

because of increased heat transfer from a risi ng convective heat p lume. 
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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 

genera l ly  on ly  sol ids with very low thermal conductivity (e.g., p lastic foam or fi ber 

pad) can smolder. Whether a materia l  burns in  the smol dering or fl am ing mode may 

be determined by the ignition source. A h igh-temperature ignition source (e.g.,  an 

open flame) usua l ly wi l l  in itiate fl aming combustion whereas a low-temperature 

source (e.g., an overheated wi re) is more l i kely to result in  smoldering combustion. 

A restricted air supply l i ke that in a closed compartment or the interior of parti· 

tions also is more l i ke ly to result  in  smoldering com bustion. 

Smoldering combustion is characterized by a s low spread rate, a relatively low 

temperature, the absence of vis ible flame, and the production of smoke and gas. I n  

developing m ine f i re scenarios i t  is important to note that the products o f  smolder

ing combustion are d ifferent from those of flaming combustion and that a transi

tion to flami ng combustion after a long smoldering period m ay resu lt in  a rapidly 

spreading fi re because of the preheating of the fuels and the accumulation of 

combustible gases du ring smoldering. In addition, smoldering or deep-seated fi res 

are difficu lt  to extinguish ( i .e., a gaseous extingu ish ing agent may exti ngu ish flames 

but the residual charcoal may continue to burn by "glowing combustion" and the 

flame might rekindle after the extinguishant has dissipated) .  F laming combustion is 

characteri zed by visi ble f lames, a h igh temperatu re, and a rapid spread rate. I ts  
presence ususal ly  does not g o  undetected for long. Thus, smoldering combustion is 

general ly the more ins idious hazard, and the poss ib i l i ty of i ts occu rrence should be 

considered careful ly  in investigating accidents and developing scenarios. 

3.2.1 .5 F ire Propagation 

The course of a fi re after igni tion is determined by the rate of fi re growth and 

the t ime at which various defensive actions are in itiated. These factors are therefore 

very important elements in the mine fi re scenario.  

F i res grow by spreading over the surface of an ign ited fuel  element, by spreading 

from one contiguous target to the next, or by jumping across a gap from one fuel 

e lement to the next. The rate of fi re propagation over a hori zontal or downward

facing sol id  surface general l y  is  rather slow. However, the f i re can spread rapidly if 

the material  is  "thermal ly  thin"  or has been preheated by convection or radiation 

or if there i s  forced venti lation. I f  the physical l ayout perm its, upward propagation 

(e.g., through shafts and vertical ducts ) wi l l  occur very rapidly and at a progres

sive ly increasing rate . If the origina l ly  ign ited materia l  is separated by a gap from 

the nearest secondary combustible target, it wi l l  e ither 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 ) unti l it pyrolyzes and em its flammable 

vapors that spread across the gap and are ign ited. I f  the primary burn ing material is  

a thermoplastic, i t  may spread the fi re by melt ing and dripping bu rning droplets 

onto the secondary materia l .  
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The specific envi ronment prevai l i ng i n  m ines and bunkers wi l l  h ave a great effect 

on the rate of fi re spread. The normal forced vent i lation in m ines w i l l  greatly 

accelerate fi re spread ; however, when forced venti l ation is stopped, oxygen is con· 

sumed rapidly and fi re spread is greatly decelerated. An effective, frequently prac· 

ticed means of contro l l ing fi res in m ines consists of inhi biting oxygen f low to the 

fuel by seal ing off the fi re·affected area. When th is 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 venti lation is restarted. Additiona l ly, if  the burn ing 

material  is a structural support and is mechanica l ly  weakened by the f ire, the mine 

shaft or duct can col lapse and alter the fi re spread situation by l i miting or en· 

hancing vent i lation and curtai l ing extinguishing or seal i ng operations. 

The foregoing i l l ustrates why it is unwise to make any change to the mine 

venti lation system wi thout carefu l consideration by and agreement among compe

tent, responsible persons. In coal mines, m iscontrol of venti l at ion during a fire h as  

resu lted in  explosions and i n  rapid, upwind burn ing o f  the coal  ri bs and roof. The 

subject is further discussed below. 

3.2. 1 .6 Evolution of Smoke and Toxic Gases 

During the early stages of a m ine fire, the forced venti lation system usual ly 

provides abundant oxygen, but when venti l ation is interrupted, the f ire environ· 

ment rapidly becomes oxygen lean. Th is s ituation results in  i ncomplete com bustion 

and the production of highly toxic gases and fumes. Depending upon the types of 

polymeric material  present, the typica l  products of incomplete combustion m ay 

include carbon monoxide, hydrogen cyanide, n itrogen oxides, ammonia, hydrogen 

su lfide, phosgene, and many other compounds .  Most of these are h igh ly toxic to 

human l i fe. Smoke (suspended sol i ds) is also dangerous to l ife in that it can plug 

airways and carry adsorbed gases, l iquids, and residual heat to the respiratory tract. 

Underground mine access and egress routes usua l ly  are very l imited and the 

spread velocity of toxic fumes and gases genera l ly  is more important than the 

spread velocity of the fire itself. Thus, the response to a fire s ituation in a m ine is 

different from that in  a bui ld ing or aboard a sh ip or a i rplane where the first 

response usua l ly  is an attempt to extingu ish it with something immediate ly avai l ·  

ab le  (e.g., a cup of coffee, water, or a cloth ) .  I n  a mine, the fi rst response must be 

an immediate start of evacuation wh i le s imultaneously cutting off the ignition 

sou rce ; on ly then can an attempt to extingu ish the f ire be made. 

In assessing the effects of fumes and toxic gases in a mine fi re scenario, the 

fol lowing points shou l d  be considered : 

1 6  

1 .  Because of thei r physical and chem ical properties, smoke and gases offer an 

opportunity for early f i re detection and init iation of evacuation and exti n· 

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 i mportance. 

3.  The high concentrations of smoke and fumes present in  a mine fi re dictate 

that fi refighters carry complete oxygen support systems when downwind of 

the fire. Dense smoke also may curta i l  rescue and fi re control efforts on the 

downwind s ide .  

4. The h igh concentrations of  gases and fumes also can have residual effects on 

mine equ i pment and materials .  Exposed machinery m ay corrode or be cov

ered with a f l amma ble,  corrosive and often electrica l ly  conductive f i lm.  

3.2. 1 .7 Detection 

The f irst detection of the f i re is a critical e lement in a m ine f i re scenario because 

of the time required to evacuate personnel through l im ited escape routes. Auto

matic detection equi pment may be sensitive to heat or to the particu late or gaseous 

products of combustion. F i re detectors are most effective in mines when located on 

or near face-cutting equi pment and in  the vent system downstream of active opera

tions. 

How automatic detection equ ipment responds to products of com bustion is 

i mportant and may depend on the concentration of gases, the particle s ize of 

smo ke, the velocity of smoke and gases flowing past the detector, the orientation of 

the detector chamber to the f low, and the sensitivity setting and operating charac

teristics of the detection instrument. In scenario development it is important to 

remem ber that under different  venti lation conditions the same materials wi l l  pro

duce smo ke having d ifferent particle si zes and wi l l  have d ifferent combustion char

acteristics. I n  addition, the characteristics of the smoke may change as it "ages" and 

smal ler particles agglomerate into l arger ones. 

3.2. 1 .8 Extinguish ment 

At some point in a m ine fi re scenario, extinguishment and f ire control activ ities 

wi l l  be in itiated. A consideration of extingu ishment techn iques is beyond the scope 

of th is study, but it should be noted that the effectiveness of control and extin

guishment efforts depends on the burn ing characteristics of the polymeric materi

a ls, the spread rate of the fi re ,  and the time lapse between first ignition and 

detection .  The accessi bi l ity of the fi re scene to firefighters and the time required to 

reach the scene also are factors to consider in mine f ires. 

3.2.1 .9 Summary of Essential Scenario Elements 

The mine fi re scenario should  descri be a l l  significant factors and events in the 

development of the fi re and should cover as many as possible of the fol lowing 

points : 

1 .  The pre-fire situation shou l d  be descri bed. 

2. The source of ign i tion energy shou ld  be identified and described i n  quantita

tive terms. 
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3. The first material to be ign i ted shou l d  be identified and ch aracterized in  

terms of its chemical and physica l properties. 

4. Other fuel materials that play a significant role in the growth of the f ire 

shou ld  be identified and described. 

5. The path and mechanism of fi re growth shou ld  be determined ;  particu lar  

attention should  be given to fue l  e lement location and orientation, venti la

tion, compartmentation, and other factors that affect fire spread. 

6. The possible role of smoke and toxic gases in  detection, fi re spread, and 

casualty production should  be determi ned. 

7. The possibi l i ty of smoldering combustion as a factor in the f ire incident 

should be considered. 

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

time of detection shoul d  be descri bed. 

9. Defensive actions and evacuation procedures shou ld  be descri bed, and the i r  

effects on fi re control should be determined. 

1 0. Interactions between personnel in the mine and the f i re shou l d  be detai led.  

1 1 . The t ime and sequence of events, from the fi rst occurrence of the ign ition 

energy f lux to the final resolution of the fi re incident, shou ld  be establ ished. 

The complete scenario shou ld  permit genera l i zation from the particu lar incident 

described, and it shou ld provide the basis for exploration of alternative paths of f ire 

in itiation and for analysis of the effects on fi re control of changes in materials, 

des ign, and operating procedures. As noted earl ier, the scenario shou ld be based on 

real f ire incidents or shou ld take some of i ts elements from real fire incidents . These 

i ncidents should be fu l ly  docu mented by a post-accident i nvestigation report and an 

analysis designed to determine how and where the fire started and progressed unti l 

its termination. The scenario  also can be based on a report of a fu l ly  instrumented, 

fu l l -scale test burn. In  e ither case, the development of a f i re scenario wil l remain an 

art rather than a scienti fic presentation of i rrefutable evidence unti l existing fi re 

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 f i re safety of min ing operations by increasing 

man's abi l ity to visua l ize and comprehend the events. 

3.2.2 Guidelines for Analysis 

Ana lysis of wel l  developed, plausible scenarios is an effective methodology for 

developing economical and efficient methods of fi re prevention and control in 

m ines and bunkers. One method of f ire scenario ana lysis involves the carefu l 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 

i ncident. In  conducting  such an analysis, the fol lowing shou ld  be considered : 

1 8  
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s ituation? Were the materials and equi pment used properly selected? Were the 

materials in good physical condition and was the equ ipment properl y  mai n

tained? What housekeepi ng practices and conditions preva i led prior to the fi re 

incident, and what actions shou ld be taken to correct any deficiencies? 

2. Ign i tion Source - What was the ignition source and for how long was it in 

contact with combustible materia l? Cou ld  the ign ition source be e l iminated 

by education or by design? 

3. Ignited Material - What were the chemica l  and physical characteristics of the 

ign ited materia l  ( its shape, form, and appl ication ) ?  Where was it located in 

rel ation to wal ls ,  equ i pment, and other combusti ble materials? Did melt ing or 

dripping of the ignited material  affect fi re spread? Did the ign ited materia l  

col lapse? What was the heat-release rate at the time the ign ited materi al  was 

fu l ly  involved? Could another less flammable or more fi re-retardant materi al 

have been used in  place of the ign ited materia l?  Were f lammabi l i ty tests on 

materials intended for th is appl ication avai lable and adequate? 

4. Combustion Type - Did smol dering precede flaming? I f  not known, was the 

ignited material  capable of smolderi ng? What were the volume and composi

tion of gases generated by the smoldering fi re? G iven the prevai l i ng venti l a

tion conditions, how quickly did a dangerous concentration of smoke and 

tox ic gases deve lop and spread? 

5. Fire Spread - How much time elapsed before the origi nal ly  ign ited target was 

fu l ly  i nvolved 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 vent i lat ion conditions were altered? What effect did the material 

properties of the fi rst two materials ign ited have on the rate of fire spread? 

Wou ld material su bstitutions and design modifications have affected fi re 

spread? 
6. Smoke and Tox ic Gases - Of what value were smoke detectors? Did their  

absence or presence and location have an effect on the final outcome? D id 

dense smoke h i nder escape. Which fuels  contri buted sign ificantly to the de

crease in vis ibi l i ty? What effects did toxic su bstances have on personnel ( i .e. ,  

extent of injuries, interference with escape efforts, and deaths)?  Which toxic 

substances were most respons ible  for injuries and from which fue ls did they 

evolve? 

7. Ext inguishment - How much time elapsed between ign ition, fi rst detection, 

start and fin ish of evacuation, and in i tiation of extinguishment efforts? Which 

esti ngu ishment or fi re control techn iques were used and how successfu l were 

they? Would  the use of different extingu ishment techniques or materia ls or 

better trained fi refighters have improved efficiency or reduced inju ries and 

damages. 

8. Secondary Effects - Did  any secondary occurrences such as a rekindl ing of 

the fire, explosions, flashovers, and post-fl ashovers occur? What caused these 
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i ncidents? D id  structural col lapse occur? I f  so, was any code violated? Was 

any change in ventil ation conditions involved? Were establ ished procedures 

fol lowed? 

3.2.3 Selected Mine F ire Scenarios 

In order to demonstrate that fire scenario devel opment and analysis is a produc

tive methodology for improving the fi re safety performance of polymeric m aterials 

in  mi nes, a number of scenarios are presented below. 

I t  m ust 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 

f i res ; however, sufficient documentation was not always ava i lable, exam ination was 

not always adequate, and fol l ow-up ex perimental demonstration of undeterm ined 

causes, occurrences or consequences was sometimes lacking. Thus, these scenarios 

a lso i l l ustrate the importance of in-depth data col lection and fol low-up exam ina

tion ,  including experimental demonstration. 

3.2.3. 1  Insulation and Hydraulic Hose F ire Caused Short Circuit 
(Sorrel and Lyon, 1 973) 

Summary 

The fi re occurred when a tra i l ing cable short-circu ited on the reel of a cutting 

machine at the face of the mine. The nearest office of the U.S. Bureau of M i nes was 

notified by the superintendent:  he stated that a l l  men, except persons engaged in  

f i refighting activities, were on their  way to the surface. Another inspector was sent 

to the neigh boring coal mine, wh ich was connected with the mine involved , to issue 

an order requ ir ing that a l l  persons be withdrawn from and be proh i bited from 

e ntering the neigh boring mine. 

At the time of the f ire, 1 50 employees were underground at the m ine involved, 

and 1 1 2  were underground at the neighboring mine. Al l em ployees escaped u nas· 

s isted and there were no inju ries. Property damage was confined to the cutting 

machine. The investigation was completed the fol lowing day . 

Pre- Fire Conditions 

The mine was opened by three shafts and one s lope. Of the 301 men employed, 

255 worked underground and produced an average of 4,000 tons of coal per day. 

The room-and-p i l l a r  system of min ing was used, but p i l l ars were not extracted. At 

least two separate and d istinct travel able passageways, one of wh ich was venti l ated 

by intake air,  were ma intained between the working sections and the su rface . 

The mine was venti lated by an ax ia l -flow fan that was properly instal led on the 

surface and equ ipped wi th the necessary safety dev ices . 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 with in 40 feet 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 transported to a mine-car loading fac i l i ty .  Men were transported u nder· 

ground in battery-powered, track-mounted personnel carriers. Undergrou nd, the 

coal was discharged from drop-bottom mine cars into a hopper and then trans

ported by belt  conveyor to the su rface . 

E lectric power (41 60 volts ac ) was purchased from a local uti l ity company to 

operate a 300-k i lowatt rectifier located on the coal-producing section. This suppl ied 

275 volts de power for the electric face equ ipment. The 4 1 60 volts ac was reduced 

to 480 volts for the underground be lt conveyor motors. The frames of 80 percent 

of the electric face equ ipment were grounded by means of s i l icon d iodes ; the 

remai n ing 20 percent were grounded by means of tra i l ing cables. The tra i l ing cables 

were of the flame-resistant ty pe, and a l l  were equ ipped with suitable short-c i rcu it 

protection. 

The mach ine involved in  the fire was a permissi ble type rubber-ti red cutting 

machi ne equ ipped with a 1 25-horsepower cutt ing motor, a 4 5-horsepower pump 

motor, and two 500-foot lengths of No. 4/0, single conductor, Type W flame

resistant cable. The cable contained one permanent spl ice approxi mately 8 feet 

from the ree l entrance gland and was protected by a short-c i rcuit re lay .  The rel ay 

was adjusted to operate at an instantaneous cu rrent of approx imately 1 ,825 amperes 

and to lock out if a sol i d  short circuit occurred. The hydrau l ic system of the cutt ing 

machine contai r:ed approx imate ly  95 gal lons of flammable hydrau l ic fl u id .  The 

approved record book in dicated that the machine had been i nspected by a qua l i fied 

person 1 2  days before the f i re. 

F i refighti ng equ ipment was readi ly avai lable.  It consisted of dry-chem ica l f ire 

extingu ishers, water under pressu re with sufficient fire hose to reach each working 

face, a nd rock dust. 

Description 

When the fire occurred, the cutting mach ine had finished cutting the face of an 

entry on the intake s ide of the working section , and the mach ine operator's helper 

sumped the bar of the mach ine in the right ri b of the left crosscut. The trai l i ng 

cable then short-c ircu ited on the reel and ignited the jacket of the cable. The f ire 

spread to the outer jackets of the hydrau l ic hoses. The hel per and the regu l ar 

machine operator immediately left the m achine without actuating the f i re· 

suppress ion system instal led on the mach ine, deenergized the power, and notified 

the men on the working section to proceed to intake a i r. 

A trained mine-rescue team was d ispatched to the f i re area. The l ine brattice had 

been i nsta l led to with in 1 0  feet of the face with 1 3,000 cubic feet of air  reaching 

the end of the brattice. The fi re hose, wh ich was connected to the end of a 2-inch 

waterl i ne, was extended to the entry and water was appl ied directly to the fi re . 

During the fi refighting operation, the fire-su ppression system on the m ach ine was 

thermal ly  actuated. The fire was extingu ished approx imately 1 -3/4 hours after it 

started. 
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Analysis 

The mach ine involved was provi ded with an operative fire-su ppression system 

that consisted of 40 pounds of dry chemicals  and two manual actuators. The 

actuators were readi ly  access i ble, but the system was not manua l ly  actuated. The 

system contained eight spray nozzles, fou r of which were directed toward the reel 

compartment. Adequ ate firefighting equipment was readi ly  ava i lable. 

The mach ine involved was exami ned by a qua l i fied electrician 1 2  days before the 

f i re. The tri p relay for the tra i l ing cable in  the face box was in operative condition. 

The only spl ice in  the tra i l ing cable was a permanent spl ice 8 feet from the reel  

entrance gland. The cable insulation on the cable next to the reel was brittle and 

cracked due to excessive heat. This was possi bly  due to oxi dation or m igration of 

the polymeric insu lation plasticizer. Approx imately 50 feet of the tra i l ing cable was 

on the reel  at the time of the fire. The hydrau l ic oi l  tan k  remained intact, and the 

o i l  in the system was not a factor in the fi re. 

The fi re started as a resu lt  of a h igh-resistance fault in the trai l ing cable. The 

resistance of the faul t  l i mited the current to a value l ower than needed to actuate 

the circu it protective device. The resu ltant arcing ign ited the insu l ation. 

Analysis of the scenario suggests that : 

1 .  E lectrical equipment shou ld  be inspected by qual i fied persons as often as 

necessary to ensure safe operating conditions. The inspection should include 

an examination of the tra i l ing cable on ree ls. 

2. Operators of electr ica l  equ i pment shoul d  be tra ined to actuate fi re

suppression devices. 

3.2.3.2 F ire Caused by Spontaneous Combustion 
- Smoke, Heat, Toxic Gases (Matekovic, 1 971 ) 

Summary 

During his normal duties, the day-sh i ft f ire boss detected smoke, heat, and 

carbon monox ide gas at the base of a pi l lar located two entries (about 200 feet) 

from a previously sealed area in  the mine. He notified the mine superi ntendent 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 f ire 

was determi ned to have been spontaneous combustion ; there were no inju ries. 

Pre- Fire Conditions 

The mine was opened by four slopes, one drift, and one shaft i nto the coal bed, 

wh ich ranged from 20 to 25 feet in thickness. A total of 206 men, 1 79 under

ground, were employed on one maintenance and two coal-producing shifts per day, 

5 days per week. Average dai ly production was 4,000 tons of coal .  

The entries were developed by the room-and-pi l lar 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. Dur ing init ia l  devel opment, approximately 8 feet of coal was extracted adja· 

cent to the i mmediate roof, leaving between 1 2  and 1 7  feet of bottom coal ,  7 feet 

of which was recovered during second min ing. 

D uring deve lopment of one of the entries that was close to the fire, excessive 

heating was encou ntered. This forced min ing operations to be discontinued and the 

entries to be sealed. Due to natu ral physica l  conditions, the area was su bject to 

heavy bumps, heav ing, s loughage, and fractures in the bottom coal .  

F i refighting materials consisting of portable fi refighti ng units, waterl ines, high· 

pressure rock-dusting mach ines, and rock dust materials for construction of sea ls 

were ava i lable at the mine. Twelve 2-hour and six 1 -hour self-contained breath ing 

units were avai lable on the surface. Sixteen 45-m inute Chemox units also were 

ava i lable at fire stations located underground. The use of these units was not 

requ ired during seal ing operations. 

The last regu lar federal inspection of this mine had been completed two months 

before the fi re. A spot safety inspection was in  progress in another area of the mine 

at the time. 

Description 

The day-shift f ire boss discovered smoke and detected carbon monoxide gas 

when approach ing the seals during his regu lar  inspection.  He cal led the m ine super

intendent who, with a sma l l  crew, proceeded to the area. Tests were made to 

measure the carbon monox ide and methane content in the mine atmosphere. Tem

porary fi re-resistant plastic curtains were insta l led to exclude the air from the 

affected area. The mi ne 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 ai r with a 

carbon monoxide gas detector; the carbon monox ide content was 250 parts per 

mi l l ion. A 2- inch f ire hose was insta l led and water was appl ied to the hot area. An 

hour l ater the air was tested again and only 50 parts per m i l l ion of carbon mon

oxide were present. 

Three temporary seals of 3 inch by 1 2  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 la id longitudinal ly "skin to skin," fi l led with inert materia l ,  

and plastered on the outside. Seal ing operations were completed on the fo l lowing 

day. 

Analysis 

The smoke, heat, and carbon monoxide were caused by spontaneous com bus

tion. This scenario suggests only that the dai ly patrol of th is area shou ld  be main

tained. 

3.2.3.3 Major Mine Fire and Fatalities Caused by 
Arcing Trolley Cable (O' Rourke et al. 1 971 ) 
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Summary 

The f ire occurred in the straight-mains section of the mine. Of the 1 25 persons 

underground, 1 1  were worki ng in this section. N ine of these persons escaped and 

two were k i l led. One additional person died accidenta l ly  21  days later fighting the 

f ire.  The fire began when the end of a tro l ley wi re fel l in  an entry (empty track) of 

the straight mai ns section and came in contact with the grounding clamp attached 

to the track rai l .  

Pre-Fire Conditions 

A tota l of 349 persons, 263 worki ng underground, were employed on 3 shifts 

per day, 5 and 6 days per week. Coal production averaged 5,850 tons per day. 

The m ine was opened by one slope and five shafts into the coal bed, wh ich 
averaged 84 inches in thickness in the fi re area. The i mmediate roof consisted of 

wi ld  coal ,  lami nated shale, and sandstone. The floor was hard shale and f i re clay. 

The volati le ratio of the coa l in  th is mine was 0.39, indicating that the coal  dust was 

explos ive. The mine was devel oped by the room·and·pi l l a r  method and p i l l ars were 

recovered. Entries were driven in sets of four to seven, 1 6  feet wide, with crosscuts 

at su itable interva ls. The mine was venti lated by three propel ler-type exhaust fans 

that provided 940,000 cubic feet of air per m inute. Aux i l iary fans were used to 

venti late the work ing faces. Requi red tests for methane and other hazards were 

made. 

Continuous-type min ing machines were used and loaded into shuttle cars, trans

ported to loading ramps, and transferred onto steel m ine cars. The loaded cars were 

gathered by section trol ley locomotives and placed in s idetracks 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 bi n at the bottom. 

E lectric power was purchased at 26,000 and 28,000 volts ac and transformed to 

7,200, 3,000, 440, 220, and 1 1 0 volts ac for use on the surface and underground. 
D i rect-cu rrent power at 290 volts was provided for underground use by 1 1  conver· 

s ion un its provided with the requi red safety devices. 

The de power circuit in the strai ght mains was suppl ied with 290 volts by two 

750 ki lowatt, s i l icon diode rectifiers. These rectifiers were located approx imately 

2,500 feet and 3,500 feet from the working faces. The c ircu it breaker on the closer 

recti fier was set at 3,500 amps and on the farther rect ifier, at 3,300 amps. The 

d irect-current power was transmitted over a 400 m i l l i  ci rcu lar m i l ls cooper trol ley 

wi re a long the entry to the working section. The negative ci rcu it  consisted of 

7�pou nd ra i l  track extended along the road haulageway. Th is track was paral lel  to 

a negative 1 ,000 mi l l i  ci rcu lar  m i l ls copper cable that extended to the working 

section. Up to th is point, s ing le-bonded 4�pound rai l  track was used for entering 

branches. A 7, 200 volt ac power cable, supported by messenger cable suspended 

from the roof in the entry, suppl ied the power centers and portable recti fiers which 

provided 550 volts ac and 250 volts de for use by the face equi pment. 

A tra ined and fu l ly  equ ipped mine rescue team was ava i lable at the m ine. Water-
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l i nes, f ire hose, h igh-pressure rock-dusti ng machi nes, and 2,000-ga l lon-capacity 

water cars, properly equi pped, were ava i lable underground. 

Description 

A stoper operator, in the course of tracing a pressure fai l u re on a roof bolting 

machine, opened a canvas check instal led in an entry and observed yel l ow smoke. 

He closed the check and went to notify the foreman of the fi re. The two men then 

traveled through several entries and crosscuts unti l they met a shuttle car operator. 

Due to the dense smo ke, the foreman i nstructed 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 h i m  back to a section sti l l  having clear a i r. He 

was able to reach and open a trol ley switch i n  a crossover that was one of the power 

sou rces to the tro l ley wi re in the track leadi ng to the smoke-fi l led secti on. He then 

ran to a mine phone, notified mi ne officials and the crew in a nearby m ine section 

and i nstructed a motorman to open the other trol ley switch that suppl ied power to 

the f i re area. 

Meanwhi le, the other two men notified the uti l i ty man and the men in the 

adjacent entries. They a l l  assembled at the check curtain of their  entry. A continu

ous-mi ner operator and a roof bolter decided to return for their safety lamps. When 

the roof bolter did not retu m, the operator fol lowed h im as far as he cou ld, cal led 

several t imes but received no answer, and retu rned to the assembled group. 

The group then proceeded out of the mine. On the way they met the foreman 

and i nformed him that the roof bolter was sti l l  in  the section. A mason who had 

been insta l l ing a stoping on the right side of the mains also was not accou nted for at 

th is time. 

The section foreman of the adjacent mains arrived and the two foremen started 

to force fresh a i r  through the affected entries. These efforts proved futi le.  

The assistant su perintendent issued orders to evacuate a l l  other areas of the mine 

and to short ci rcu it the venti l ation 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 r ight retu rn. Efforts to locate the miss ing men also 

were futi le .  

Several state and federa l inspectors arrived and the fi rst s ign of an active fi re 

soon was observed by two inspectors and two foremen when the plastic  check 

across the entry melted. A waterl ine para l le l ing the haulage road was broken to 

al low the water to flow into the fi re area and the quantity of air passing over the 

fire was fu rther reduced by open i ng addit ional mandoors. A 2,000-ga l lon water car 

arrived at the scene and the fi re was attacked di rect ly. 

A sampl i ng station was establ ished to monitor the a ir  return ing from the fi re 

area in the left return and an hour later it was found that combusti bles had reached 

a dangerous point. Al l persons were withdrawn from the mine. 

Offici a ls of the coal mine company, the United M ine Workers of America 
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( U MWA), a l ocal rescue organization, and the U.S. Bureau of Mines jo intly planned 

rescue of the two missi ng men. Accordingly, the dri l l ing of boreholes into the face 

area was started immediate ly, and as these holes penetrated the m ine workings, 

efforts were made to contact the trapped men by lowering phone communications. 

Geo-phones also were used to detect sound vi brations underground; however, these 

efforts were futi le.  U lt imately, approx imately 90 boreholes were dri l l ed into the 

mine workings in and around the fi re area, and various materials were introduced 

through these holes in an effort to control the f ire. 

F ive days after the start of this incident, it was decided that the trapped men 

cou ld not have su rvived the gases produced by the fire .  Since d i rect attack was 

i neffective, it was agreed that the f i re area wou ld be flooded with water pumped 

from the su rface through boreholes into the face areas. E ight days later, expansion 

foam was introduced from the surface through 1 3  boreholes into the intake ai rways 

near the f i re area. 

The max i mu m  high-water level was reached on the eighteenth day. On the 

twentieth day, mine rescue teams entered the area and di rect firefighting was re

sumed; however, the fi re had spread beyond its l ast known location. Due to i n· 

creased concentrations of combustibles, al l persons were aga in withdrawn from the 

mine. On the twenty-fi rst day, a state m ine inspector was accidental ly drowned 

during the fi refighting operations. 

Duri ng the next six months, underground dams were erected remotely to raise 

the water level,  the mine was repeatedly inspected, roof sections were reinforced, 

bu lkheads were erected, and the mine was pu rged with nitrogen and flooded with 

water. After an inspection made at the company's request 1 68 days after the fi re 

was detected, rehabi l i tation work was perm itted in several sections of the m ine. 

Attempts to recover the entombed men were to be pursued without interruption. 

After all information indicated that the fire was extingu ished 281 days after the 

original i ncident, it was decided to de-water the area behind the bu l kheads and it 

was estimated that approx imately 50 mi l l ion gal lons of water were impounded 

behi nd these bu lkheads. 

Recovery operations proceeded s lowly because many seals had to be removed, 

crosscuts made, and sampl i ng stations for gas analysis establ ished as each area was 

reopened. The venti lation 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 1 8  months after the fi re began. The body of 

the mason was found in a crosscut the next day. 

At that time, it  became necessary to modify the vent i lation system significant ly .  

Concu rrently, the en ti re mine was complete ly inspected to determ ine whether it  

was feasi ble to resume operations. Al most 26 months after the in itial i nci dent,  

production was resumed in a l l  but one of the active worki ngs of the m ine . 

Analysis 

The fi re most probably began when the end of the trol ley wire fe l l  and came in  
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contact with the grounding clamp attached to the track rai l .  The tro l ley wire and 

insu lating anchor were found ly ing on the mine floor at the compressor n ipping 

station. Examination of the trol ley wire and the attached anchor indicated that the 

clamp attach ing the hanger to the trol ley wi re was partia l ly  consumed by electrical 

short circuit. Evidence indicated that heat had softened the vinyl-type insu l ation in 

the hanger bel l  used to anchor the trol ley wire. The trol ley wire and the soft 

insu lation then pul led free from the hanger bel l ,  al lowi ng the end of the trol ley wire 

to drop to the mine floor and strike one of the compressor ground cl am ps. Th is 

resu lted in the partial  destruction of the anchor and the ground clamps. The second 

ground clamp with a negative and frame ground conductor was intact. 

Ana lyses of samples of coa l and coke co l lected in the area of the compressor 

n ipping station indicated that temperatures had been higher in the roof area than 

near the bottom. After removing the trol ley wire anchor bolt assembly, samples 

were col lected from the i nside of the hole and at the roof l i ne . The analyses of 

these samples indicated that the temperatures had been h igher inside the hole than 

at the roof l ine outside the hole. This i ndicated that the hanger probably had been 

grounded and had generated heat wh ich softened the insu lation in the be l l  and 

thereby a l lowed the trol ley wire to drop to the mine floor and strike the negative 

ground clamp, thus in itiating the fi re .  

Analysis of th is  scenario suggests that : 

1 .  I n  addition to the anchoring device, an insu lated hanger  shou ld be provided at 

the ends of trol ley wires and trol ley feeder wires to prevent the wires from 

making contact wi th the mine floor or mine track rai ls if the anchoring device 

fai ls.  

2. Circuit breaker short-ci rcuit  trip settings shou ld be consistent with the power 

transmission system. The power transmission system shou ld  be evaluated peri

odical ly to determine if adequate short-c ircuit protection is provided during 

norma l mining and idle periods. 

3. When any smoke or abnormal amounts of fumes are detected in a mine, a 

thorough search shou ld be in itiated and conti nued unti l  the source is deter

mined and e l imi nated. 

3.2.3.4 Cutting Machine Caused Fi� 
(Jarvis, 1 967) 

Summary 

The fi re occurred on a min ing machine at the face of a working place in  the 

mine. The fi re apparently started in the area of the cutting motor and the resu lting 

arcs and f lame ign ited accumu lations of oi l  and coal dust on the machine, some of 

the hose in the hydrau l ic system, the front ti res, and wiring. The fi re was fought 

directly with dry-chemical fi re extinguishers and water and was complete ly extin

gu ished the same day. The 1 8  men working in the only section active at the time of 

the occurrence assisted in  fighting the fire.  There were no injuries, and dam age was 
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confined to the mach ine, 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 

mobi le loading machine into ru bber ti red mine cars. 

The m i ne was developed by the room-and-pi l lar method. The i mmediate roof in  

the fire area varied from firm to fragi le  shale. The mine was class ified as  nongassy. 

Venti l ation was induced by a propel ler exhaust fan insta l led on the surface. Loose 

coal and coal dust had not accumulated in dangerous quantities at the time of the 

l ast federal i nspection before the fire and rock dust had been appl ied to with in  30 

feet of a l l  faces. 

The m in ing machine involved in the fi re was equ i pped with a 5o-horsepower 

cutting motor and a 3D-horsepower purnp motor. Except for the accumulations of 

oi l  and coal dust on the machine and the condition of the cutt ing motor, it  was 

mai ntained in good mechanical condition. The mach ine was equ i pped with two 

para l le l  30Q-foot lengths of single conductor, No.  1 /0 flame-resistant tra i l ing cables 

that were without short-ci rcu it protection. The hydrau l ic  system for the machine,  

wh ich ruptured dur ing the fi re, had a capacity of 90 gal lons and was fi l l ed with 

flammable hydrau l ic  f lu id. 

F i refighting equipment consisted of a 3Q-pound dry chemical system on the 

min ing mach ine, dry-chemical fire exti ngu ishers on each mobi le  unit and at strate

gic locations, and a high-pressure rock-dusti ng machi ne with ample quantities of 

rock dust. 

Description 

The fi re occurred when the min ing mach ine operator and a hel per completed 

undercutting the face of a working place and began turn ing the machine to start a 

crosscut to the left. I ntens ive arcs and flame suddenly issued from the area of the 

cutting motor and ign ited accumu lations of oil and coal dust on the machine, some 

of the hose on the hydraul ic  system, the front ti res, and wiring. The operator 

actuated the firefi ght ing system on the machine and had the power removed before 

the rapidly spreadi ng fi re and dense smoke forced retreat from the immediate area.  

A l i ne curta in was erected and the contents of al l fi re extingu ishers at the mine 

were emptied on the mach ine ; however, the fi re continued to bu rn.  Meanwhi le, a 

pump was insta l led and 500 feet of 2-inch plastic water l ine was ru n to the f i re area. 

Water was appl ied to the fi re, and it was exti ngu ished about 1 - 1 /2 hours later. A 
sma l l  dam was bui l t  with bags of rock dust to contain  the water to cool the 

mach ine and material  in  the fire area. State and federa l inspectors assisted in the 

f i refighting  operations and kept the area under constant supervision unti l it was 

determined that the area had cooled to the extent that there was no danger of 

rekind l ing. 
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Analysis 

The fi re apparently started in the cutting motor, wh ich was known to be in poor 

operat ing condition. The resulting arcs and fl ames ign ited accu mulations of o i l  and 

coal dust on the machine, some of the hydrau l ic  hoses, the front ti res, and the 

wiri ng. 

This  analysis suggests that : 

1 .  Tra i l ing cables should be provided with suitable short-ci rcu it protection, and 

there shou l d  be some means for disconnecting power from the cable. 

2. E lectric equ i pment shou ld  be inspected as often as necessary to ensure safe 

operating condi tions, and any defect shou l d  be corrected promptly .  

3. Min ing equipment shou ld  be  cleaned as necessary to prevent oi l and coal dust 

from accumu lating on its surface. 

4. Consideration shou ld be given to the use of fi re-resistant hydrau l ic flu i d  in 

min ing equipment. 

3.2.3.5 Polyurethane Foam Fire Caused by Spontaneous 
Combustion ( Freemen 1 969) 

Summary 

The secon�shift m ine foreman detected the fi re in a crosscut between the intake 

and return a i r  courses of the mine. The fi re occurred when ureth ane foam appl ied 

to a cinder block and wood stopping ignited spontaneously.  Of the 64 men in the 

mine, 1 5  were in areas venti lated with air that passed by the fi re. An hour  after the 

fire was detected company officials ordered al l men except those attempting to 

control the fire out of the mine. The fi re was exti ngu ished complete ly with in the 

next hour. No i nju ries occurred and property damage was confined to the stopping 

and foam mach ine. 

Pre- Fire Conditions 

The mine was opened by two drifts, three manways, three return a irways, a rock 

tunnel ,  and two openings. The coal was of high-volati le bitum inous rank and the 

coal dust was h igh ly explos ive . A total of 244 men were employed and an average 

of 4,000 tons of coal per day was produced with ri pper-type continuous miners. 

Development was by the room-an�pi l lar  method. The mine was cl assed as gassy. 

Venti l ation was induced by two axi al-flow fans driven electrica l ly  and exhausting 

420,000 cubic feet of air per minute. 

Materials and tools for firefighti ng purposes were placed at strategic locations 

throughout the mine. Self-generati ng oxygen breath i ng units and gas masks were 

maintained u nderground, and self-rescuers were avai lable in a l l  active work ing sec

tions. 

Description 

On the day of the fi re, three cinder block stoppings and one combination cinder 
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block and wood stopping separating the intake and return ai rways had been coated 

with urethane foam on the fi rst shift. When the crew finished coating the stoppings, 

they cleaned the equ ipment, left the portable foam mach ine near the stoppings, 

placed the spray gun in a bucket containing acetone near the mach ine, and departed 

for the surface. The 8 foot by 20 foot sl ant was provided with two cinder block 

stoppi ngs 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 ro l l i ng smoke in the hau lage 

entry, an intake ai rway. Upon investigating, he found the smoke com ing from the 

s l ant connecting with the right back raise, an idle sect ion . Unable to approach close 

enough to determine the cause of the smoke, he suspected it might  be from the 

2,30o-volt power cable. He immediately  telephoned the su rface and notified the 

superi ntendent. The crew working near the fi re was contacted and instructed to 

retreat and remain on intake air unti l given fu rther instructions. 

The general mine foreman, superintendent, and safety committeemen departed 

i mmediately for the trou ble area. Enroute they disconnected the 2,300-volt power. 

The mine offic ials entered the smo ke area and discovered flame issu ing from the 

5-ga l lon bucket containing acetone in which the urethane foam spray gu n had been 

left to soak. The fl ame was ext inguished immediately with a 2Q-pound dry chemical 

f i re extinguisher and the bucket was removed from the area. A smal l fi re detected 

at the lower left corner of the wood and cinder block stopping was exti ngu ished 

with three bags of rock dust. The general mine foreman and an employee entered 

the return a i r  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 fi re was con· 

trol led but not extingu ished using two 2Q-pou nd dry-chem ica l f ire extingu ishers. At 

this time, officials ordered a l l  men, except those engaged in contro l l ing the f ire, to 

l eave the mine. 

F i re control continued by water bucket brigade and rock dust wh i le  a f ire hose 

was obtained from fire stations and connections made to the nearby waterl ine 

outlet. When the fire house was placed in service, the enti re area on the intake side 

of the stopping was soaked thoroughly. The hose then was passed through a hole 

broken in the stopping and the fi re on the back side of the stopping was extin· 

gu ished immediately. 

The fi re ign ited a sma l l  amount of coa l near the stopping, burned a l l  the foam 

from the wood and cinder block stopping, burned part of the wooden door and 

frame, destroyed all hoses and plastic connections on the foam mach ine, and 

charred a timber set about 7 feet away from the stopping. The th ree nearby cinder 

block stoppings also coated with urethane foam that day were exam ined and 

charred foam materia l  was found at several places. Foam material on these stop

pings ranged up to 1 4  inches in th ickness. 

Analysis 

Prior research has shown that a th ick mass of urethane foam can ign ite spontane· 
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ously. The charred foam material  found on the stoppings involved in  th is fi re 

indicated that the fire started spontaneously in foam appl ied in a thick mass. 

Analysis of the scenario suggests that : 

1 .  Permanent stoppings should be constructed of sol id,  substantial,  incombusti· 

ble mater ia l .  

2. The th ickness of the foam l ayer on a si ngle pass shou ld  not exceed 4 inches. 

Subsequent appl ications should not be made unti l the fi rst layer is  cured and 

is no l onger tacky when touched. Foam appl ications of 1 inch are adequate 

for seal ing purposes. 

3. Workmen assigned to apply urethane foam shou ld be instructed in the proper 

appl ication procedu re and shou ld  be informed of the hazards involved. 

4. Areas freshly coated with urethane foam shou ld be inspected for heat. 

3.2.3.6 Conveyor Belt and Coal Oust Fire 
Presumably Caused by F rictional Heat (Gay 1 970) 

Summary 

The fi re of u ndetermi ned origin occurred near the belt conveyor head where the 

conveyor discharged onto the main slope belt in the mine. Smoke was discovered 

coming from the a ir  shaft at the main fan by the second-sh i ft mine foreman, who 

was work ing the third sh ift as a watchman at the surface faci l ities of the m ine. No 

inju ries were susta ined by persons fighting the fi re, and property damage was con· 

fined to the conveyor belt  and accessories. 

Pre- Fire Situation 

The mine was opened by a 40-foot shaft and a 350-foot slope into the h igh· 

volati l e  coal bed, wh ich averaged 50 inches in thickness. A total of 39 men were 

employed, and an average of 500 tons of coal was produced per day. 

The mine was being developed using the room-and-pi l lar  method and conven· 

tional equ ipment. Pi l lars were not being extracted. The immediate roof was hard 

shale of undetermined thickness. Ventilation was induced by a propel ler fan ex

hausting 50,000 cubic feet of air per minute. The m ine surfaces ranged from wet to 

dry, and dangerous accumu l ations of loose coal and coal dust were not present in 

the active underground workings. 

Three belt  conveyors were used. One was insta l led in  the slope and extended 

from the slope bottom to a coal-storage bin on the surface, a distance of approx i· 

mately 400 feet. The other two conveyors extended i nto the mine approx imately 

3,240 and 1 ,800 feet, respectively. The conveyor belts were 36 inches wide and 

were equ i pped with s l ippage and sequence switches. 

Electric power at 1 3,200 volts ac, reduced by a bank of three transformers, was 

uti l i zed to su pply 440 and 220 volts ac to the surface motor insta l l ations and the 

No. 2 bel t conveyor drive motor. 
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Description 

When the mine ceased operations for the week, the belt conveyors were emptied 

of coal in  transit to the surface. The mine forman had observed no unusual  condi

tions at this time. At midn i ght, the second-sh ift mine foreman, who was assigned 

the duty of surface watchman, saw smoke coming out of the fan open ing and 

immediately notified the mine presi dent who assigned another forem an to accom

pany the fi rst i n  i nvestigating the fire.  The two men wal ked down the s lope and, at 

the bottom, discovered an active fi re in the vicin ity of the No. 2 belt  head. They 

reported thei r  f indings to the president and requested aid from the fi re department 

of the two nearby towns. 

Water was pumped from fi re trucks and from a nearby river into the mine at 

several locations. The prolonged burning of the belt ignited wooded roof supports 

along the belt entry and a third coal pi l l ar near the bel t  head. The volume of a i r  was 

reduced by opening the explos ion door at the fan. Line brattices were used to 

d i rect the venti l at ion air at the s ight of the f i re. Several permanent stoppings were 

opened to pe rmit smo ke and fu mes to enter the mai n retu rn. 

The heat generated by the fire weakened the bolted roof and it fel l  a long the 

length of the entry from the slope to the entrance crosscut. Loadi ng of the burning 

material was started at three locations. The fire was considered total ly  extingu ished 

when the fal len materia l  was completely removed 1 1  days after inception of the 

fire. Approx imately 800 l i near feet of conveyor and 400 feet of rope-su pported 

structure were destroyed by the f ire . 

Analysis 

The exact cause of the fi re cou l d  not be determined because of the extensive 

damage. I t  is  be l ieved, however, that the f i re began after the belt was stopped at the 

end of the last production shift when frictional heat from a defective bottom belt 

rol ler  ign ited the conveyor bel t  and accumulated coal  dust. 

Ana lysis of the scenario suggests that:  

1 .  Coal dust and loose coal shou ld  not be permitted to accumulate in  dangerous 

quanti ties under, along, or around belt  conveyor structures. 

2. When stopped prior to idle periods, belt conveyors shou ld be i nspected care

ful ly in thei r entirety. 

3. Belt rol lers and bearings shou ld be lu bricated frequently and shou l d  be i n

spected frequently and thorough ly to determ ine whether there are any bro

ken beari ngs or "frozen " rol lers.  Any defects found should be corrected 

promptly. 

4.  The ve locity of air along belt  conveyors shoul d  be l i mited. 

3.2.3.7 Coal Bed F ire Caused by Blasting 
( fanok and McMonies, 1 970) 

Summary 
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The fi re occurred i n  the coal bed after 40 charged boreholes were fi red s imulta

neously at the faces of the east and north approaches in a new shaft being devel

oped. All of the workmen were on the surface when the f ire occu rred. The fi re, 

which was confined to the east approach, was extingu ished by flooding the bottom 

of the shaft with water. There were no i nju ries and no property damage. 

Pre- Fire Situation 

A total of 31 men were employed constructing a new venti lation shaft at th is 

l ocation. The shaft was 1 8  feet in  d iameter and 483 feet deep. At the t ime of the 

f i re,  four approaches in the coal bed were being deve loped Each 1 7  foot by 8 foot 

approach was to extend 30 feet i nto the shaft bottom. 

Venti lation i n  the shaft was induced by two aux i l iary-type blower fans located 

on the su rface and powered by 20-horsepower motors. Corrugated tu bing, 20 

i nches in diameter, extended from each fan to with in 9 to 5 feet of the shaft 

bottom. 

F i refighting equ i pment was readi ly  ava i l able on the surface. It consisted of water 

from three 1 ,000-ga l lon storage tanks, six 20-pound multi purpose f ire extin

guishers, and an adequate supply of rock d ust. 

Description 

Prior to the fi re, s ix men were d ri l l i ng boreholes in  the coal face of the east and 

north approaches. In order to e l imi nate an overhang at the face of the east ap

proach, boreho les, about 2 feet deep, were dr i l led - two in the roof strata (one in 

each corner) and three about 4 feet apart in the coal bed near the roof. A total of 

35 holes, 6 feet deep, were dr i l led in the coal face of the north approach . Each hole 

in the east approach was charged with a half stick of exp losive and each hole in the 

north approach was charged with four or five sticks of explosive. Al l charged holes 

were stemmed with incombusti ble material  and the leg wi res of the detonators were 

connected in series. 

After the entire crew was hoisted to the su rface, the power was disconnected 

from the shaft, the two fans were stopped, and the ends of the fan tu bings were 

c losed and raised about 5 feet up the shaft. The 40 charged holes then were f ired 

s imu ltaneously from a 220-volt ac ci rcu it on the su rface . The fan tu bings were 

opened and lowered from the surface and the two fans restarted . About 30 m inutes 

later, the men were being lowered i nto the shaft when they encou ntered smoke 

about 50 or 60 feet from the top of the shaft. The men were hoisted to the su rface 

i mmediately. 

Shortly thereafter the bottom of the shaft was flooded with water from three 

1 ,000-ga l lon storage tan ks and a nearby creek. About 1 0  tons of rock dust also 

were dropped i nto the shaft. 

The fol lowing day, after approximately 1 50,000 ga l lons of water had been 

pumped i nto the shaft, no smoke cou ld be observed and no carbon monoxide was 
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detected in  the a ir  returning from the shaft. The water  level was 1 0.5 feet above the 

bottom of the coal bed when pumping was discontinued. 

F ive days after the blasting, wi th the water removed from the shaft, the two fans 

operati ng and no i nd ication of f i re in the shaft, company officials and personnel of 

the U. S. Bureau of M ines were lowered in a bucket to the bottom of the shaft. A 

careful examination indicated that the fire was extingu ished. I n  the east approach, 

coke was found on the roof and ri bs for a distance of 10 feet out from the face; 

methane was being freely l i berated from the u pper right and left corners .  

Analysis 

The f ire probably started when a fi red shot or series of shots, which were 

overbu rdened and/or underburdened, ignited gas being emitted by the feeders. 

Analysis of the scenario suggests that: 

1 .  Ventilating fans shou ld  not be stopped and tubing providing face vent i lation 

should  not be removed during blasting operations. 

2. Boreholes shou ld  be properly placed, charged, and stemmed to prevent m is

f i res or blown-out shots. 

3. An exami nation for fi res shou ld  be made as soon as the smoke and dust from 

blasting operations is removed by venti l ation in the shaft. 

3.2.3.8 Coal F ire Caused by an Electric Arc 
and a Subsequent Explosion (Dobis, et al. 1 965) 

Summary 

The f ire occurred al ong the north mains track hau lageway of the mine. An 

explosion of the d isti l l ate by-products from the burn ing coal and other com busti

bles in  the h igh-temperatu re, lean-a i r  env ironment occu rred about an hour l ater, 

shortly after the main venti lating fan, which had been stopped by a foreman for 1 5  

to 20 minutes, was restarted. 

When the fire began two foremen and five workmen were engaged in m isce l l ane

ous work near the scene of the occurrence and a foreman and two workmen were 

tramming the continuous-min ing machine i nvolved in the fire. Six men died of 

asphyx iation and one man, who was found unconscious, died en route to a hospita l .  

The foreman and two workmen engaged in  tramming the continuous miner escaped 

through the drift portal .  

The fi re was in itiated b y  a short c i rcuit when the top o f  the traction pump drive 

on the stripped-down continuous mi ner being trammed on the north mains track 

hau lageway contacted the energized trol ley and/or trol ley feeder wires . The resu l t

i ng electric arc and flame ign ited the ru bber belting used for i nsu lation on top of 
the traction pump drive, head coal and ri bs, hydrau l ic  hoses, and o i l .  U. S. Bureau of 

M ines i nvestigators be l ieve the explosion originated at the scene of the fire because 

the intentional stoppi ng of the main venti l at ing fan permitted disti l l ate by-products 

from the burn ing coal and other combusti bles to accumulate in the h igh-
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temperatu re, lean-air env ironment. These gases were ign ited when the fan was re· 

started and they were enriched and moved into the fi re zone. The force of the 

explosi on extended through the north mains entries, a distance of about 1 ,800 feet, 

and was dissipated as it traveled toward the drift openings and through the fan 

shaft. 

Pre- Fire Conditions 

A tota l of 1 60 men were employed, 1 40 underground, and an average of 3 , 1 00 

tons of coal was produced per day. The mine was opened by three drifts and a shaft 

into a h igh-volati le  coal bed, wh ich averaged 80 inches in thickness. Analysis of a 

raw coal sample taken from the coal bed in the mine showed a volati le  ratio of 0.46 

percent, indicating that the coal dust was explosive. 

A b lock system of min ing was fol lowed. Mu ltiple entries in  sets of four to nine 

were 1 2  to 1 5  feet wide, and crosscuts were made at intervals  of 80 to 1 05 feet. 

Min ing in two sections was accompl ished with conventional mechanical equ ipment, 

a ripper, and a borer-type continuous min ing mach ine. P i l l ars were being partia l ly  

extracted in two working sections. Roof bolts were be ing used in a l l  active areas of 

the mine. 

The mine was classified as gassy. Venti lat ion was induced by an ax ial-flow ex

haust fan insta l led on the su rface. Overcasts and permanent stoppings were con

structed of incombustible material .  Main doors were not used or needed . Check 

curtains and l i ne brattices were used to conduct a i r  to the face areas. The air from 

al l  parts of the mi ne was returned to the upcast fan shaft. Each section was venti la

ted by a separate spl i t  of air. 

The mine su rfaces ranged from dry to definitely wet. Water sprays were used on 

the two continuous miners, on al l roof-bolting machines, and at several of the main 

belt heads to al lay the dust at its source. Uniform dust surveys had been made in 

the m i ne since it was opened. Apparently the appl ication of rock dust prevented 

further spread of the explosion. 

E lectric power at 1 1 0, 220, 440, 4, 1 60, 7,200, and 23,000 volts ac and 3,200 

volts de was used on the surface and at 440, 4, 1 60, and 7,200 volts ac and 300 volts 

de was used underground. 

The trol ley wire was instal led on bel l -type insu lators, 8 to 20 feet apart, at least 6 

inches outside the ra i l  and had a vertical  clearance ranging from 54 to 69 inches 

from the top of the rai l along the haulage. Circu it protection for the de trol ley and 

feeder system was provided by automatic t ime delay reclosing c i rcuit breakers at 

the rectifier stations. 

A state-trained and ful ly  equ ipped mine rescue team composed of company 

personnel was ma intained at the mine. Self-rescuers were provided for employees 

undergrou nd and were kept in boxes in the working areas of the various sections. 

Emergency escapeways from each working section to the su rface were in safe 

condition for travel and reasonably free from obstructions. 
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Description 

Prior to the f ire, production in the mine was discontinued and a borer-type 

continuous mi ner was being trammed from the surface to the west mains faces, a 

d istance of approximately 1 0,800 feet. The machine was partly dismantled to 

faci l itate tramming through restricted areas . The tramming operation was per

formed by two men and supervised by the shift foreman. Seven other men were 

deeper inside the mine. One section foreman and two men were rock dusting in the 

west mains area ; another section foreman and th ree men were mov ing equ ipment in 

the north ma ins area. 

As the continuous mi ner approached the junction of west mains, after being 

moved some 4,000 feet towards its destination, the top of the traction pump drive 

of the mach ine came in  contact with the energized trol ley and/or trol ley feeder 

wi res. The resu lt ing short circuit caused intense arcing and flame that ign ited the 

coal roof and ri bs and the ru bber belting used as insulation;  the hydrau l ic hoses and 

oi l  ignited l ater. The sh ift foreman, who was standing 30 to 40 feet beh ind the 

continuous miner when the fire started, instructed the two men to try to extingu ish 

the fi re wh i le  he proceeded by personnel carrier to the power switches to de

energize both the ac and de power ci rcu its ;  however, s ince the personnel carrie r  

received i ts power from the trol ley wi re, the shift foreman had  to  reclose the de  

switch. He tried to contact the trapped men by pagephone but rece ived no re

sponse ;  he then telephoned the superintendent and suggested that the main venti lat· 

ing fan be stopped to prevent smoke from entering the sections where the seven 

men were working. The superintendent agreed and shut down the main venti lating 

fan. Meanwh i le, the two men at the continuous miner expended the contents of a 

sma l l  f ire extinguisher and appl ied 1 5  to 20 bags (30 pounds) of rock dust to the 

f i re.  These efforts were ineffective, and one of the men, wh i le  getti ng a hose, also 

tried unsuccessfu l ly  to contact the trapped men by pagephone. After the hose was 

connected to a nearby waterl ine, water was appl ied to the bu rning materials, but 

both men were forced to retreat because of the rol l back of dense smoke. They and 

the shift foreman then returned to the surface. 

An hour after the fire began or 30 minutes after the fan was restarted, a team 

entered the mine and found the f irst evidence that an explos ion had occu rred. They 

attempted to contact the trapped men without success, exam ined the situation , and 

cut  the trol ley wire to remove the short ci rcu it. 

Rescue teams su bsequently found that several mandoors and stoppings had been 
blown out by the explosion, causing short circu iting of venti l ation. Twenty-one 

incipient fi res also were found and exti ngu ished . As the rescue operation pro

ceeded, stoppings were erected, the venti l ation system modified, and a ir  hoses were 

con nected. 

Approx imately 1 1  hours after the original  incident, one section foreman was 

found unconscious some 4,600 feet from the fi re area. He was removed immediate

ly but died on the way to the hospita l .  Shortly thereafter, the bodies of two men 

36 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


F I R E  DYNAM I CS AND SCENAR IOS 

were found 2,000 feet from the fire area, and the bodies of four men, 1 ,600 feet 

from the f i re area. 

When the seven v icti ms were found, i t  was discovered that they had th irteen 

self-rescuers. The i nner and outer l ids of two of these units were detached from the 

cartridges ind icating that they could  have been used ; however, the nose cl ips were 

not in p lace. Two extra unused self-rescuers a lso were carried by the afore

mentioned men. A self-rescuer removed from the cannister but not activated for use 

was found in the carrying receptacle on the belt  of the section foreman , who was 

found unconscious; an unused self-rescuer found nearby may have been d iscarded 

by h im.  The four  victims in the north mains had seven self-rescuers ; however, no 

evidence was found to indicate that the victims had attempted to use them . 

I mmed iately after the bodies of the victims were brought to the su rface, a l l  work 

was d i rected to fighting the fi re by di rect methods. Whi le water was being appl ied 

at several points, wo rk was started to reinforce and tighten the plastic stoppings 

that h ad been erected during the init ia l  exploratory tri ps and to replace the tempo

rary stoppings with concrete block stoppi ngs . Efforts to move out the fal l s  and hot 

materia l  were started on the fi fth day after the exploration . On the tenth day, the 

continuous mi ner was u ncovered. Duri ng the next seven days, the moving out of 

the h ot materia l  continued, and the roof and ri bs were supported by crossbars, 

posts, and numerous roof bolts. Moving out of the hot material  was completed 27 

days after the fi re occu rred. The fi re area then was cooled with water and kept 

u nder survei l lance for several shifts. No one was injured during the recovery opera

tions. 

Analysis 

The ci rcumstances under which the gases accumulated and the soot residue from 

the fire and/or explosion was deposited indicate that the gases entering the explo

s ion were prima ri ly the disti l l ate by products of coal in  a high-temperatu re envi ron

ment with a low or d iminish ing oxygen-ai r  content. The gases contained several 

h ydrocarbons, carbon monox ide, and possibly a sma l l  amount of free hydrogen.  

Soot and co ke were observed in  a l l  eight entries for distances of approx imately  

2,350 feet out  from and 600 feet in  from the junction of  west mains. Twenty-one 

s moldering f i res were found extendi ng 1 ,350 feet from the orig in of the explosion . 

The force of the explos ion radiated from the fi re area and traversed distances of 

a bout 1 ,300 feet out from and 600 feet in from the area. Thi rteen concrete block 

s toppings were blown out; fou r other stoppings were d ispl aced. Man doors in  un

damaged stoppings were either blown off or blown open. F ive overcasts were de

stroyed and one was damaged. The force of the explosion also reached the su rface 

and one of the explosion doors at the fan was blown open but explosive forces 

d iss ipated rapidly as they traveled toward the drift openi ngs. 

D isconnecting switches were not insta l led in the de trol ley and trol ley feeder 

l ines. Improper or inadequate short-circuit protection in the de power system per

mitted the i n tense arc. 
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No employee was stationed on the su rface to receive and dispatch emergency 

cal ls  originating in the mine. No attempt was made to restrict the velocity of the a i r  

over the f ire and  reduce the amount of  smoke and gases brought by  the a i r  current 

into the inner mine workings, and no attempt was made to short c ircuit the con
tam inated a i r  from the f ire into the return. The main vent i l ating fan was stopped 

intentional ly for 1 5  to 20 minutes and then restarted without proper consideration 

of consequences - a d isastrous explosion resu lted. 

The location of the bodies indicated that the trapped men had tried to reach 

safety;  arrows and chalk marki ngs made by the victims on stoppings and track ra i l s  

were found i n  several locati ons. S ix  men died from asphyx iation fol lowing the mine 

f ire and explosion; a foreman found unconscious 22 hours later presumably died of  

carbon monoxide poisoning whi le  enrou te to a hospital .  Only 2 of the 1 3  sel f

rescuers found in the possession of the 7 victi ms showed evidence of attempts to 

use them. 

It appears that th is f ire occu rred when a continuous miner being trammed in the 

mine came in contact with the energ ized trol ley and/or trol ley feeder wires ; the 

resu lting short circu it  caused i ntense arcing and flame that ignited the coal roof and 

r ibs and hydrau l ic rubber belti ng used as insul ation. When the main fan was 

stopped, explosive gases accumul ated i n  and around the fi re zone; when the fan was 

restarted, some of the oxygen-en riched gases were moved into the f ire area where 

they were ign ited. 
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Analysis  of the scenario suggests that : 

1 .  When moving bu l ky equ ipment a long mine routes where clearances are smal l ,  

special precautions shou ld be taken t o  insure that : (a )  n o  men are worki ng 

near the area;  (b) power wi res are deenergized along the travel route ; (c) a l l  

employees connected with the tramming operation are thorough ly tra ined 

concerning procedures, the location of cutout switches, and the location and 

use of fi refighti ng equipment; and (d) a surface d ispatcher is posted to relay 

emergency cal ls .  

2.  Al l  organ ic materials used in  underground operations shou ld be reevaluated 

for fire safety at reasonable intervals to keep up with advancing technology. 

These materials i nclude conductor insu lation, temporary i nsu lation, hydrau l ic 

f lu id and hoses, t ires, conveyor belt material sealants, and brattice cloth 

materi a l .  

3 .  Contro l of  venti l ation, both surface i nduced or modified u nderground, shou l d  

be d irected by the best ava i l able technical authority ; decis ions shou ld b e  

based on the latest known information concerning the subsu rface s ituation 

(especi al l y  the location of men underground in case of fire or imm inent 

f ire/explosion s ituation) .  

4. The safety of a l l  men underground shou ld be improved by : (a)  train i ng them 

to  u se se l f-rescuers and  to  carry such un its at a l l  times, (b) tra in ing them i n  

the procedures to be fol lowed i n  case of f ire or explosion, (c) tra in ing them 
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to erect barricades i n  an emergency, and (d) tra in ing them in f irefighti ng 

procedures. 

5. Underground electrical equ i pment should be provided with the best protec

tion technology can offer, i nc l uding adequate short-c ircu it protection for de 

power systems and disconnecting switches in trol ley and tro l ley feed wires at 

adequate intervals and near the beginning of each branch l ine. 

3.2.3.9 Conveyor Belt and Timber Fire Caused 
by Electric Arc (Phil l ips, 1 969) 

Summary 

The f ire was discovered at a metal overcast a long a belt  conveyor about 1 80 feet 

from the be lt conveyor drive. The fire was i nit iated when electrical arc ing ign ited 

combustible materials.  The arcing was caused when a roof fal l  dis lodged a metal 

overcast onto the 480-volt ac power wi res. 

Because it was the mi ners' vacation period, only two men were i n  another part 

of the mine when the fi re occurred. There were no injuries, and property damage 

was confi ned to a 25-foot sect ion of the belt conveyor, a portion of the 480-volt ac 

power wi res, and several wooden timbers.  The f ire apparently did not spread rapid· 

ly because the belt entry and surrounding territory were clean and wel l covered 

with rock dust. The fi re was extingu ished the same day, and the area was kept 

u nder survei l lance unti l it was complete ly cooled by the appl ication of water. 

Pr• Fire Condition 

The mine was opened by three drifts and nine curcu lar  shafts into the h igh

volati le  coal bed, wh ich averaged 84 inches in thickness. The coal dust was ex

plosive. 

A tota l of 204 men were employed, 1 64 undergrou nd, and production averaged 

4,500 tons of coal per day. Because it was the mi ners' vacation period, the mine 

was idle and on ly  one section foreman and a pumper  were in the mine when the fi re 

occurred. 

The immediate roof in the fire area was com posed of 1 0  inches of coal ,  which 

was left to hel p support a fragi le  shale about 2 feet in th ickness. The m ine was 

c lassified as gassy. Vent i lation was induced by three ax ial-f low exhaust fans. The 

belt entry, the supply-track-haulage road, and a paral le l  entry were used as intake 

a i rways. Al l of the entries i n  the area of the fi re were adequately rock-dusted. 

Suitable f i refighting equipment and materia ls  were provided throughout the m ine. 

Shuttle cars transported coal from the face regions to the dumping point on each 

section. Wel l  insta l led, f lame-resistant belt  conveyors took the coal to the su rface 

preparation plant. 

E lectric power at 1 2,000 volts ac was conducted underground through two 

boreholes and reduced to 7,200, 4, 1 60, 440, 220, and 1 1 0 volts. The h igh -voltage 

c i rcuits were protected against overloads by oil circuit breakers equ ipped with 
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instantaneous and time overcurrent relays and ground fault  trip relays. The u nder

ground belt  drive motors were operated with 440 volts ac. 

Description 

A resident near the mine fan smel led smoke and informed a company official .  

The general superintendent entered the mine and other company officials fol lowed 

shortly.  A search of the entire mine was made and the f i re was discovered about 2 
hours later by the general superi ntendent. He immediately deenergized the power. 

The fi re was extinguished with the contents from two f ire extinguishers and four 

bags of rock dust, which were obtained from the nearby belt  conveyor drive. 

Although the flame was completely extingu ished, additional water was appl ied for 

several hours to cool the fire area. The fire area then was patrol led unti l the 

investigating committee arrived. 

D ifficu lty in  locating the fire was due to the smoke and fumes bei ng diverted 

directly i nto the return ai rways through the opening created when the overcast was 

d islodged. As the fire area was being rehabi l i tated, it was determ ined that the 

overcast was no longer needed for venti lation purposes; therefore, block stoppings 

were erected separating the intake and retu rn ai rways. 

Analysis 

When the roof fa l l  disl odged the metal overcast onto the 480-volt ac power 

conductors, a fault occurred between two phases of the secondary circu it and the 

resistance of the fau lt  was too h igh to permit sufficient fau lt cu rrent to f low and 

open the fuses in the primary c ircuit. The resultant electrical arcing ign ited the 

wooden t imbers and bel t conveyor. 

Analysis of this scenario suggests that grounding transformers, a cu rrent-l im iting 

resistor or an equ ivalent grounding device, and an automatic circuit breaker e

quipped with a ground-trip circuit shou ld be insta l led in the secondary c ircu its from 

the de lta connected transformers to provide ground fau lt protection for the electric 

c i rcu its and equ ipment. 

3.3 Fire Dynamics 

F i re is one of the major hazards of underground min ing. The inherent danger of f i re 

is greatly exacerbated by the natu re of mines - i .e., restricted areas, l i mited accessi

bi l ity and egress routes, forced venti lation, the presence of bu l ky equipment with 

high-power e lectric components, roof support problems, a potential for explosive 

concentrations of dust and gas in  the a i r. A fire situation in  a mine is further 

compl icated by the often complex layout of the mine and the associated airflows 

and velocities in  various sections of the mine. 

G iven th is s ituation, it i s  that the nature and behavior of fi re in  a mine environ

ment be well understood. Extensive work has been done in th is area by many 

nations and a body of information developed on the bas is of experience and post-
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f ire investigations. Government and industria l regu lations based on this knowledge 

have greatly improved fi re prevention and control .  

New and more sophisticated approaches are needed, however, to further reduce 

or e l iminate the hazards of mine fires. Research efforts d i rected toward the in· 

depth understanding of the h igh ly complex processes associated with mine fi res 

should be continued and expanded. Of particu lar importance are wel l  designed, 

medium- and large-scale ex periments and the col lection and correlation of the great 

variety of data needed to deve lop mean ingful theories and models. 

The material presented below is paraphrased or quoted from a report by G reuer 

( 1 973). I t  is intended to summari ze the state of f ire dynam ics knowledge related to 

mine f i res. Please note that on ly the qu oted words are G rauer's and some judicious 

deletions have been made without altering the mean ing. 

3.3. 1 "Properties of Mine F ires" 

3.3. 1 . 1  "Modes of Fire Propagation" 

Mine f ires propagate : " 1 ) through local i zed heat feedback from the flames; 2)  

through al l  over heat feedback from the fumes . . .  " "F i res of the fi rst type are 

control led by the same mechanisms as unconfi ned f ires in the open . • .  " ( i .e.,  

rad iation and convection from the flames and hot gases heat the com bustible mate

rial in the i mmediate vici nity of the f ire before they mix with the general ai rstream .  

The latter does not become hot enough t o  ignite o r  t o  generate gaseous fuel from 

the combust ible materia l ) .  Because combustion occurs on ly i n  the i mmediate vicini

ty of the combust ible  materia l ,  considerable quantities of oxygen can pass through 

the fire without be ing consumed. F i res of th is type are therefore frequently cal led 

u nconfined or oxygen-rich f i res. 

The second type of f i re occurs where the genera l  air stream becomes hot enough 

to generate gaseous fuel from the combustible materi al ,  a long wh ich it passes . Th is 

type of f i re grows until all ava i lable oxygen is consumed, l im iting the heat develop

ment and frequently is termed "confined" or "fuel-rich" because the high tempera

tures required for th is type of fi re propagation are,  outside of m ines, reached only 

in  confined passages. 

Although most accidental mine fi res bei ng started by relative ly smal l ign ition 

s ou rces, develop i nto oxygen-rich f i res and stay oxygen -rich , fuel- rich fi res have 

been much more thorou{tlly studied. Figure 1 is a schematic representation of a 

fue l -rich f ire.  The fi re has al ready passed through the cool ing zone and only heat 

transfer processes due to forced convection occur ( i .e . ,  the wal ls of the ai rway are 

cooled and the a ir  is heated ) .  

I n  the charcoal zone, the carbonized res idue of the fue l which sti l l  is hot enough 

to react with the oxygen in the air is burned. The heating of the ventilation a ir  

continues, and its oxygen content is reduced. 

In the combustion section of the pyro lysis  zone, the volati les produced by the 

decomposition of the combust ible material are burned in the venti l ating air. The gas 

4 1  
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Figure 1. Zones dellfi/O(Jtld by fuel·rich fires (Greuer, 1973). 

temperatures rise to a maximum and the oxygen content is reduced to zero. I n  the 

excess fue l  section of the pyrolysis zone, the fumes are sufficiently hot to cause 

pyrolysis of the combusti ble material . The absence of oxygen wi l l ,  however, pre

vent combustion and the pyrolys is  products remain as excess fuel in the fumes. The 

heat consumption of the pyrolysis causes the temperature of the fumes to drop. 

F inal cool ing of the fumes occurs in the preheating zone where the airway 

section in front of the fire is  preheated and dried. Heat is transferred from the 

fumes to the a irway ma in ly  by forced convection, but radiation a lso may be in

volved close to the pyrolysis zone. 

F igures 1 and 2 i l l ustrate the zones of a fuel -rich and an oxygen-rich f ire respec

tively.  Because volati les evolve only in the immediate vicinity of flames, no pyroly

sis zone exists in the l atter. The decrease in the oxygen content and the increase i n  

the carbon content o f  the a i rstream a s  wel l  a s  its temperature increase i n  the 

combustion zone wi l l  be less for oxygen-rich than for fuel-rich f ires. 

3.3. 1 .2 Controll ing Mechanisms and Equil ibrium States 

In an unconfined fire with one-di mens ional  fl ame spread ( F igure 3 ) ,  the relation 

between the rate of f lame advance, V, and the width of the fire,  L,  wi l l  be as  shown 

by curve 1 in F igure 4. For L < Lo, no propagation of the fi re takes place due to 

inadequate heat transfer ahead of the fl ames . For L < Lo. V wi l l  increase with L as 

the emissivity and height of the fl ames increase unti l  the extension of the fire, L, 

has reached such a magnitude that V is no longer influenced by L. If D is the depth 

of the fuel bed consu med by the fi re, a its specific weight and B the velocity with 

wh ich the fire penetrates the fuel bed, the rate of fuel added to the fire (per un it 

width of flame front) is V *D *a and the rate of fuel consumption is L * B * . I n  a fu l l y  

developed fi re, V and L are constant with respect to ti me and V * D * = L *B * hence 
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Cooling Zone Preheating Zone 

Figure 2 Zones delltlloped by oxygen-rich fires (Greuer, 1973). 

8 

t--- L ---1 

Figure .l Model of one dimensionel spread of fire. 

V = (8/0 )  L (as indicated by curve 2 in  F igure 4 ) .  Poss i ble  values of L and V are 

ind icated by the two intersections of curves 1 and 2. Of these, LV, is, however, not 

a stable condition (since for L < L1 curve 1 shows V < (8/0 ) L, wh ich indicates a 

decreasing fi re, and for L > L1 it shows that V > (8/0) L, wh ich indicates an 

i ncreas ing f i re) . If a f ire is i n itiated with L < L1 , it wi l l  die out, and if it is in itiated 

with L � L1 , it wi l l  adjust itse lf  to the condition L = L2 • 

The rate of fuel added to a f ire in a mine roadway or duct is best expressed by 

the dimensionless parameter :  

V + = C*V* O *a *Pf/(Va *a* A) 
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Figure 4. Relationship between V and L in unconfined 
fires. 

where C = the mass of a i r  requi red for complete combustion of unit mass of fuel , P 

= the perimeter of the roadway, f = the fraction of perimeter that is covered with 

com bustible mater ials ,  V = air ve locity, aa = the specific weight of the a ir, and A =  

a cross section of the roadway. 

Analogously, the rate of fuel consumption is expressed by :  

L� = C* L * B*a* P*f/(Va*aa*A) 

During its early stages a f i re in a m ine roadway or duct is control led by local heat 

transfer effects close to the fue l surface and therefore, it behaves l i ke an unconfined 

f ire ( F igu re 5). As the fire increases, however, additional  heat transfer from the 

fumes wi l l  occur and provide an additional i ncrease of V� with L � which becomes 

very large when the temperature of the fumes exceeds the threshold beyond which 

pyrolysis of the fuel becomes very rapid. A pea k is reached when L � = 1 when a l l  

the oxygen i n  the a i r  supply i s  consumed. A further increase in  L + results in a 

decrease V� s i nce excess fuel causes the temperature of the fumes to drop. 

Since for fuel rich f ires the pyrolysis zone has to have a certa in  length and 

considerable cool ing of the fumes due to heat transfer to the wal l s  occurs and since 

a considerable temperature difference between combusti ble material  and a ir  m ust 

exist to faci l i tate heat transfer, the heat quantities needed to ign ite a fuel rich fi re 

are most probably much h igher than predicted .  A burn ing rate of 40 l b/m in of 

mineral oil over 1 0  min utes in  a venti lation current of 22,000 ft3 /min  was about 

the min imum to start a fu.e l  rich t imber fire. 
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Figure 5. Relstionship between V • end L + in confiMd 
timber fires. 

3.3. 1 .3 Observations in  Accidental and Experimental Mine F ires 

Timber has pl ayed a prominent role in most large mine fires and a lmost a l l  

publ ished observations on the properties of  accidental fi res deal with ti m ber f ires; 

hence, systematic experimental investigations have concentrated on them . "How

ever, the fire control l i ng mechanisms and the relati onship  of the dom inating para

meters do not depend on the type of combusti ble material so that the ins ights 

ga ined from timber fi res can be used for other fi res, too." 

The great number of fire experiments conducted routinely by experimental 

m i nes a l l  over the world usua l ly  a im at testing the inflammabi l ity or fire resistance 

of materials and equi pment used underground or at measuring the efficiency of f i re 

ext inguish ing devices .  Since the fi res have usua l ly  no opportunity to deve lop fu l ly  

to an equ i l i bri um state, the results obtained from these tests have l ittle general 

val idity. 

( 1 )  Composition of Combustion Products 

The composition of combustion products can be calcu lated when the fuel com

position and the a ir/fuel ratio is known. For industria l  fuels . . .  charts exist which 

relate C02 ,  CO and 02 concentrat ions in  the fumes with the fue l/a i r  ratio. I t  is 

concluded that most accidental mine fi res are oxygen rich fi res since they are 

started by relatively sma l l  ignition sources. 

(a) Fumes and Dispersion 
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The fumes have a tendency to form a layer al ong the roof. In u nventi lated or 

laminar venti lated ai rways th is  layer is dispersed by molecu lar motion only,  which 

is a very slow process. Turbu lent dispersion requi res that the kinetic energy of the 

turbulent particles, formed by the venti l ating air  cu rrent is h igh enough to over· 

come the buoyancy forces. Since th is  kinetic energy is proportional to the air 

velocity, a certa in minimum velocity is requ ired for the turbu lent d ispersi on of such 

layers. 

I n  l ittle-venti lated airways the fumes wi l l  therefore mainly travel and the fire wi l l  

propagate along the roof. I n  incl i ned descensiona l ly  venti lated airways a ir  can flow 

into the f ire down-h i l l  a long the floor whereas the fumes are trave l l ing and the f i re 

is spreading uph i l l  a long the roof. 

The velocities with wh ich mi ne fi res spread in unventi lated ai rways or with 

wh ich they spread in  venti l ated airways upwind aga inst the air current are smal l 

compared with those in other directi ons .  The ir  propagation is easier to control,  too. 

Backing of smoke can be fought by increasing local air vel ocity and us ing transverse 

brattice or shields to block the lower cross section of the a irway .  No systematic 

investigations on fire propagation velocities against air currents and few on the 

extension of backed smo ke layers are known although many of the insights gained 

from the studies of gas layers wou ld  be transferable to these problems. 

F i re propagation as wel l as the backing of smoke aga inst the a irfl ow has so far 

a lways been negl ig ible in  West German coa l m ines. The reason is most probably the 

h igh a ir  velocities associated with longwa l l  mining. Only a few cases are known 

where the backed smoke reached extensions of up to 1 00 ft. F i res propagating 

a long the roof against the vent i lating air current cou ld always be extingu ished 

easi ly. 

I n  the experimental coa l m ine of the United States Bureau of M i nes the length 

of the backed smo ke layer was 1 00 ft. with an air ve locity of 1 20 ft./min.  50 ft. 

with 1 80 ft./min . ,  and 1 0  ft. with 230 ft. /min .  In the best known instance of 

backed smoke which was in 1 91 0  at Wh itehaven Col l iery in G reat Britain with 372 

yards aga inst an intake vent i l ation speed of some 325 ft./min . ;  86 men were lost. In 

this case, however, the venti lation must have been descensional and one can suspect 

that intermittent a i rf low reversals occurred. 

In f i re experiments in t imbered tunnels the f ire ve locity aga inst the a irflow d id 

not exceed 20 ft. /hr.  However, in h igh volati le coa ls the rate of propagation out· 

ward can be both rapid and extensive whereas its rate of travel inward is fai rly s low 

or negl igible. On occasion the rate of spread can be 1 50 ft./hr. aga inst a venti l ation 

speed of 1 50 ft. /min. 

( b) Heat of Reactions 

The heat of reaction for com plete combustion is equal  to the lower calori f ic 

value of the fue l. For incomplete combustion it must be corrected by subtracting 

the heat of  combustion of any unburnt fue l  due to l ack of oxygen or d issociation .  
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One has to consider, fu rthermore, that the products of combustion can incl ude 

sol ids as wel l  as gases . 

The ca lculat ion of the adiabatic f lame temperature is re lative ly cum bersome, 

si nce, in addition to the specific heat variations of the com bustion products, the ir  

composition changes with temperature, due to dissociation , m ust be considered . 

Besides trial and error methods the use of charts is therefore advisable . 

Calculations of ad iabatic flame temperatures are based on the assumption of a 

perfectly mi xed gas stream pass ing through the f ire .  This assumption holds for 

fuel-rich fires but not for oxygen-rich f i res. Therefore , one can ,  for the latter, 

expect a wide range of flame temperatures being present in one and the same f ire.  

I t  is possi ble  to esti mate the highest temperature the fumes can theoretica l ly  

reach after the combustion products have been mi xed with the excess a i r .  I n  oxy

gen-rich timber fi res a h igher temperature than 1 ,692° F has never been observed .  

To determine the temperature of  the fumes requ i res the same ca lcu lations which 

a re necessary for the calculation of the ad iabatic flame temperatu res. An additional 

compl ication is that ma ny pyrolysis products enter the fumes between the f lam e

zone and the gas sampl ing point. 

Experience shows that the temperatures of the fumes beh ind oxygen-rich tim ber 

fires are considerably lower than 1 ,700° F.  If  they were th is h igh , a pyrolysis zone 

wou ld develop and the f ire would become fuel- rich . Beh ind fuel-rich fi res the 

temperatu res are much lower than the ad iabatic flame temperatu res. The reasons 

for th is are the large heat transfer from the fl ames to the wal l s  of the a irway. caused 

by the h igh f lame temperatures and the addition of gaseous pyrolysis products at 

temperatu res lower than those of the gas stream. 

(2) Coal F ires 

Coal f i res, especia l ly coa l dust fi res, are more frequent than tim ber f ires. How

e ver, less attention is given them in the l i terature and very few results on system atic 

f i re experiments have been pu bl ished. The reason may be that they are less danger

o us than tim ber fires. Al though coal dust is a materia l  with one of the lowest 

i gn ition temperatures encou ntered undergrou nd, the rate of growth of a fi re in coa l 

d ust is low. It is about 3 1 /2 inches/hr. ,  dropping to 2 in . /hr. when the coa l dust is 

mixed with stone dust. Coa l dust fi res, therefore, do not pose any serious threat to 

l i fe or production. The danger of coal dust is instead as an ign iter and fuse to other 

more flammabl e  materials. " Lump or sol id  coal fi res are usua l ly  not too serious a 

r isk to l ife e ither, espec ial ly i n  the ir  early stages." Coal ,  has approx imately 5 per

cent volatiles in anthrac ite and 40 percent volati les in h igh volati le bitum inous coal .  

H owever, th is is  a much lower volat i le  content than wood which has 75-85 percent 
vol ati l es. Su bstantial disti l l ation of vol ati le  matter on ly  begins at about 600° F and 

becomes rapid at about 1 ,300° F whereas the corresponding temperatures for wood 

a re approximately 400 and 550° F .  Also the coa l ignition temperatu res are h igher, 

a l though the latter are not constants but depend on oxygen concentrations, ex

posure times, m i neral contents, etc. 
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Due to its economic importance as  one of the principal energy sources, the 

com bustion of coal in industrial processes has been the subject of a vast number of 

investigations. This does not however apply to the accidental combustion of coal in  

u nderground mi nes, where, except for fire extingu ish ing equ ipment, no systematic 

work seems to have been done. Due to the complexity of f ire, it wou ld be risky to 

try to develop a model for such f i res. 

Since coal is a fue l that is d ifficu l t  to ignite one can expect coal fi res, at least for 

h igher ran king coals, to be oxygen-rich fi res. Fuel· rich fi res wi l l  main ly occur as a 

temporary phenomenon after a reduction in venti lation .  

Few data have been pu bl ished on  the composition of com bustion products of 

open u nderground coal fi res. Al l deal with oxygen-rich fi res, probably due to the 

l im i ted extensi on of the fuel beds provided. 

No data have been pu bl ished so far on fuel consumption, extension and vel ocity 

of coal fires. 

3.3.2 Temperature of Fumes Behind the F ire Zone 

All major forces exerted by mine fi res on the venti lation can be considered as 

thermal forces. For their determi nation the knowledge of the temperatu re changes, 

caused by the fi res, is indispensable. This appl ies less to flame· or pyrolysis zones, 

wh ich are comparatively short, than to the much longer a irway sections downwind 

of the f ire which can experience considerable temperature changes, too. 

The temperatu re of the fu mes leaving a flame- or pyrolysis-zone is changed by 

mix ing wi th other air currents and by heat exchange with the airway walls.  The 

effects of mix ing are easy to describe. Except for the entropy, each individual 

property of the m ixture is equal  to the mass-weighted arithmetic mean of the same 

properties of the constituents. No further detai led discussion of mix ing processes is 

therefore necessary. Less s imple to descri be are the heat exchange processes . 

3.3.2.1 Steady State Heat Exchange with Airway Walls 

The assumption of an inf in ite heat capacity of the rock surrounding an ai rway 

l eads to constant rock temperatu res and to a steady heat exchange process between 

a ir  and rock. If the rock, before exposure to the fumes with the temperature t, had 

assu med the average temperature t of  the venti l ating air ,  the heat transfer d from 

the fumes to the rock can be described by : 

where a 
p 
L 

= heat transfer coefficient 

= peri meter of ai rway 

= length of a i rway 

Th is w i l l  cause a change of temperatu re in the fumes by : 
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dq 
dtf = - -

G *c p 

= mass f low rate of fu mes 

Cp = constant pressure specific heat of fumes 

tfo = temperature of fumes at the beginning of the airway ( L=O )  one obtains 

a p L 
tf = ta + (tfo - ta l exp 

G *c p 

The mean temperature of the fumes in the airway, which is frequently used for 

the determination of therma l forces, i s :  

1 - exp 

3.3.2.2. Non-Steady-State Heat Exchange with Airway Wal ls 

aP* L 

G * c p 

A more accurate treatment has to take into account the l i m ited heat capacity of 

the rock surrounding the a irways. Whenever a heat exchange between the a ir  and 

the wal l s  occurs, a gradua l ly  thickeni ng layer of rock with temperatures between 

the original rock temperature and the air bu i lds up. This layer forms an insulation 

and lets the heat exchange dec l ine with time. 

Due to the i mportance of accurate temperature precalcu l at ions in deeper m ines 

with cl imatic d ifficulties, many attempts at the calcul ation of the non-steady state 

heat exchange between ai r and rock have been made. Within the scope of th is 

report it  is imposs ible to quote every single paper wh ich ex ists on th is topic. On ly 

those, which became better known because they suggested an i mprovement of 

existing solutions and whose resu lts are appl icable to mine fires shal l be discussed. 

The non-steady state heat exchange between rock and air  is a very complex 

problem s ince it comprises ( 1 )  the heatflow by conduction with in the rock, (2) the 

heat transfer by convection and rad iation from the rock to the a ir  or vice versa, and 

(3) the heat transfer associated with mass flow. 

Heat f low by conduction can be determined with the hel p  of Fou rier's equation 

of heat conduction : 

a t 1 
= a V

2
t + -- W 

a T c *
y

' 
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t = rock temperature 

T = time 

a k = therma l d iffusivity of rock 

, 
cy 

k = heat conductivity of rock 

c = specific heat of rock 

y
' 

= spec ific weight of rock 

W = heat generation per un it  volu me inside rock 

In applying th is equation on the heat exchange in m ine a i rways, the fo l lowing 

assu mptions are usua l ly  made : the rock is homogeneous and isotropica l ,  the tem·  

peratu re of  the rock surrou nding the ai rway is un iform at  the begi nn ing of  the heat 

exchange, the a irway has a c ircu lar  cross section, the heatflow para l le l  to the ai rw ay 

is neg l igi ble, no heat sources or s inks exist in the rock,  no change of phase of the 

rock humidity occurs.  

Fourier's equation of heat conduction can then be expressed in  cy l indrical co
ord inates in  the fol lowi ng form : 

a t a
2

t 1 a t  
- = a  - + -* 
a T a r

2 
r a r 

Under the additional assumptions : the origi nal rock temperature remains p re· 

served at a sufficient distance from the a irway ; the wal l temperature equals the a i r  

temperatu re (heat transfer coeff. o < = oo ) ; the a i r  tem peratu re along the airway 

does not change with time. 

( 1 )  Mass Transfer 

In the preheating zone of a fire, where sign ificant pyrolysis or other chem ical 

reations no l onger take p lace the ma in  sou rces for heat transfer by mass transfer a re 

the condensation and evaporation of water. Principa l ly ,  heat transfer by mass trans

fer cannot be cons idered separate ly from heat transfer by convection at the su rface 

and from heat flow by conduction in the interior of a wal l ,  s ince the mass transfer 

changes the therma l properties of both the su rface and interior. Due to its tech nical  

importance a vast amount of research has been done on th is problem ;  th is report 

has to l imit  i tse l f  to such work done on mi ne a irways. 

(2) Velocity of Fire Propagation 

F i re propagation a long a roadway is due to heat transfer by radiation and con

vection. The l atter takes place as  natura l  convection, caused by a ir  movement as  the 

resu lt of  buoyancy forces of the hot fumes and as  forced convection, caused by the 
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venti l ating a i r  current. Since the air movements creating the convection provide the 

f ire at the same time with fresh oxygen, heat transfer by convection has a larger 

inf luence on the propagation of fires than radiation. And since the a i r  velocities as 

the result of buoyancy forces are qu ite low, forced convection in the d i rection of 

the venti l ating a i r  current is usual ly  considerably larger than natura l  convection .  

A f i re in  an  unventi lated or  l i ttle venti l ated airway wi l l  therefore spread in both 

d i recti ons, upwind and downwi nd. Since the oxygen supply upwind is better, the 

propagation ve locity in th is d i rect ion may even be higher than downwind. The 

h igher the velocity of the venti lat ing air cu rrent becomes, however, the stronger the 

tendency of a f ire to spread downwi nd. 

(3) Radiation 

Nonpo lar symmetric mo lecu les such as 02 , N 2 and H2 are relative ly transparent 

to thermal radiation. Heat transfer radi ation is, therefore , neglected u nder ordinary 

venti l at ion conditions with few exceptions by venti lation engineers. Polar, un· 

symmetric molecu les,  such as C02 , H 2 0, CO, S02 and many hyd rocarbons can 

enter into thermal rad iation exchange appreciably at the temperatures encountered 

in m i n e  fires. The ir  contri bution to the heat exchange between fumes and airway 

wal ls should therefore be assessed and if necessary taken into account. 

The order of magnitude of heat transfer by rad iation from a gas to a black 

surrounding can be ca lcu l ated by : 

where = constant = 0. 1 723 Btu /ft .2 0 R4 hr. 

= area of black surrounding 

emissiv ity of gas at temperature T g 

absorptiv ity of gas at temperature Tg for 

rad iation from a black body at temperature T w 

I f  the surround ing is not black but gray with an emiss ivity t: gr• the net heat 

transfer can be found by considering success ive absorptions and reflections . Hottel 

and Egbert ( 1 942) performed a ca lculation for t: gr = 0.8 - 0. 9, the range most 

frequentl y  encountered. They suggest the use of a factor t: eff to take into accou nt 

the dev iation of a gray from a black surrounding and find that this factor can be 

approx imated by : 

s gr + 1 

t: eff = 
---

2 
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The emissivity e: g is a fu nction of the gas concentration, the th ickness of the gas 

body and the temperature. Because concentration and th ickness complement each 

other in the i r  effects on the radiation, it is possi ble to consider the em issiv ity as a 
function of the ir  product. It has become customary to express the concentration by 

the partia l  pressure Pc of the radi ating gas measured i n  atmospheres and the thick

ness by the average length of paths for the radiant beams, measured in feet. Jakob 

( 1 959) shows as an example a d iagram for the emissivity e: of C02 as a function of 

the product Pc L and the temperature T g· 

3.3.3 Forces Developed by Fumes 

Temperature changes of the vent i l at ing a ir ,  caused by mine f ires, have two m ajor 

effects on the venti lation : 

• a thrott l ing effect, 

• a natural draft effect. 

Before both effects are numerical ly  assessed it seems advisable to define the 

energy sca les i n  wh ich they are measured. 

Energies in  m ine venti lation are either expressed per unit weight of a i r  

(ft.-l b./l b. )  and then cal led heads (h) ,  or per un i t  volume of  a ir  ( ft.-l b./ft. 3 
= 

l b./ft.
2

) and then cal led pressures (p) .  Since the re l at ionsh ip  between unit  weights 

and volumes is the specific weight a ( l b. /ft. 3 ) ,  heads and pressures are rel ated by 

the specif ic weight, too: h = p/a. 

With in  a venti lation system a can undergo considerable ch anges. This has the 

consequence that equal energy quantities must sometimes be expressed by consider

ably  d ifferent pressures, a fact wh ich compl icates the appl ication of energy bal

ances. To overcome this  d ifficulty but sti l l  to maintain the uc;e of the fam i l iar units 

of pressures, heads are frequently expressed as pressures by multiplying them with a 

constant conversion factor, based on a standard specific weight of as = 0.075 

l b./ft. 3 and the factor 1 /5. 1 94  i nches WG/( I b. /ft.
2 

) :  

0.075 
h (ft. ) * -- = h (in. WG ) 

5.1 94 

The th rottl i ng effect arises from the summation of heat and pressure losses 

which resu lt  from temperature changes in  a m ine fire.  I t  w i l l  occur mainly in the 

immediate v ici n ity of the f ire. A certain additional thrott l ing effect is caused by the 

changes in k inetic energy of the preva i l i ng air current. ( For a sophisticated mathe
matical treatment of these relationsh ips and effects see G reuer's Report pp . 

68-7 1 ) .  

The great number of mislead ing statements found in the l iteratu re concerni ng 

the natural draft ma kes it advisable to first  discuss its defin i ti on and the m ore 

popular methods for i ts determi nation. 
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Natural draft is caused by the convers ion of heat into mechanical energy, which 

is then avai lable to propel the air and to overcome friction losses. For such a 

conversion u nder steady state conditions cycl ic processes are necessary ,  which are 

prov ided by every loop of the venti lation network. The amount of heat converted 

in a cycl ic  process into mechanical work is indicated by the area enclosed by th is 

process in  a �v d iagram. Th is statement can eas i ly be proved by applying the fi rst 

law of thermodynamics,  in venti l ation frequently cal led the energy equation, in the 

form : 

Z = elevation 

for a i rways without fans to a loop, which results in : 

f dh< is the sum of a l l  friction losses experienced by the air, flowing through th is 

loop, f v dp is the energy necessary, to balance these losses. 

I f, in the ai rways of the loop, mechanical energy dw is exchanged between a ir  

and su rrounding (fans, dropping water, etc. ) ,  one obtains 

- ; v dp + ; dw = ; dh L 

I n  th is case both, the heat energy f v dp and the mechanica l  energy f dw have 

to balance the losses. 

The natural draft expressed as energy per unit weight of air is cal led the natural 

venti l ation head h N and its magnitude is consequently :  

N atu ra l  draft is a lways tied to a cycl ic process, to a loop. Statements on natural 

draft without specifying the loop where it is developed are not too meaningfu l .  

a adZ + dp = 0 

F or the loop formed by the raise and the hose one obtains : 

- t ( o f - o al dZ = f dp 

and si nce - f ( o f - o a l dZ = PN and ; dp is the reading of the manometer, the 

latter i ndicates p N· 
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3.3.4 Qual itative Prediction of Ventilation 
Disturbances Caused by Fires 

Thrott l ing  and natural draft effects can cause cons iderable changes in  the quan

tity of venti lati ng a ir  currents and someti mes even reverse thei r d irection .  These 

changes are not l imited to the ai rway at a fire but can occur in neigh boring ai rways 

as wel l .  

The  dangers caused by  air  quantity reductions can in  nongassy m ines be neg

lected. In  gassy mi nes they can, however, lead to formation of explosive m ixtures 

with a l l  the i r  pertinent dangers, wh ich are especia l ly  obvious when the explosive 

mixtu re travels through the firezone. 

Airfl ow reversals  can be the cause of even more severe hazards. CO- laden air can 

enter the intake ai rways and poison large sections or all of the m ine. In gassy mines 

explos ive mixtu res can be formed since every ai rflow reversal is preceded by a 

period of ai rflow reduction. Even in non-gassy m ines explosions can be caused by 

explosive fumes, which after a reversal of a i rfl ow reach the fi rezone again .  

Ventil ation disturbances in  the form of  smoke layers have been discussed. Since 

they are an easy to survey local phenomenon and can always be fought by local a ir  

veloci ty i ncreases, no further comments seem to be necessary . 

3.3.4.1 Horizontal Airways 

Open fi res in horizontal a irways, with only negl ig ible temperature ch anges i n  
fol lowi ng non-hori zontal ai rways, have a throttl ing but no natural  draft effect. The 

resu lt is an a irf low decrease in the ai rway on the fire and a l l  a irways in series with 

it. Due to sma l ler frict ion losses in these a irways, the venti lating pressure of the 

a irway on fi re wi l l  i ncrease and counteract the throttl ing effect. Air quanti ty de

creases of up to 30 percent were observed, however, rockfal l  may have been at least 

partia l ly  responsi ble. 

A reversa l  of a irf low in  the airway on fi re and the pertinent airway in series 

cannot occu r. It is, however, possible in diagonal ai rways, wh ich are connections 

between paral le l  a irways, whose a irf low direction is determ ined by the resistance 

ratios of the para l le l  a i rways . 

3.3.4.2 Ascensionally Ventilated Airways 

Open fi res in ascensiona l ly  venti l ated ai rways a lso cause a throttl ing as a natu ral 

draft effect. If the temperatures or the elevation changes beh i nd the f i re are not too 

sma l l ,  or the a i r  quantities are not too large, the natural d raft wi l l  usual ly be 

stronger than the throttl i ng effect and increase the ai rflow. If enough com bustible 

material is present, the i ncreased oxygen supply wi l l  then i ntensify the f ire so that 

considerable natural drafts are f ina l ly  deve loped. 

The increase in a i rf low in the a irway at fire is accompan ied by a decrease in  

para l le l  a i rways. I f  the original venti lating pressu res for the  para l le l  airways are 

sma l l ,  even airflow standsti l ls and reversa ls with a l l  the i r  dangerous consequences 
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can occur. Remed ies for stabi l i zing the ai rflow i n  para l lel ai rways are an i ncrease of 

the res istance of the ai rway on fi re, wh ich wou ld at the same time reduce the 

oxygen supply and f i re intensity, and an increase in  the venti l at ing pressures . The 

latter aim can be accompl ished by i ncreas ing the fan pressure or by loweri ng the 

resistance in the intake and return ai rways to the paral l el a i rways. 

3.3.4.3 Descensionally Ventilated Airways 

Open f ires in descensional ly  venti l ated a i rways cause , besides the ever present 

throttl ing effect, a natural draft, wh ich is opposed to the origi na l  venti l ati ng pres

sure and has a tendency to decrease or even reverse the a irf low. A decrease in  

a i rf low usual ly decreases the  intensity of the fi re, too. The reduced natural draft, 

again  permits a large r  a i r  supply, wh ich in turn increases f i re intensity and draft. 

Except for the case of l i mi ted natural drafts due to smal l elevation changes beh ind 

the fi re and a lack of combusti ble material or for the case of very h igh origina l  

venti lat ing pressures, one can expect a v io lent fl uctuation of the a irf low in  descen

sional ly  venti l ated ai rways on f ire .  

Whether a permanent a irf low reversal takes pl ace depends on several factors . 

There have to be sufficient e levation changes for the fu mes on both sides of the 

f ire. A fi re at the bottom of a shaft or raise wi l l  not develop enough n atu ral draft to 

in it iate a reversa l ,  a fi re at the top not enough to mainta in it. 

The oxygen content of the fumes is usual ly considerably lower than that of the 

fresh a i r. I t  i s  especia l ly  low behind fi res of h igh intensities .  If these h igh i ntensities 

effect an ai rflow reversa l ,  the fi re is at fi rst venti lated with oxygen poor a i r, which 

wi l l  reduce the fire i ntensity. If the plug of oxygen-poor fumes, trave l l i ng back 

through the fi re, is long enough, no permanent reversal w i l l  be possi ble.  When 

decrease of a i rflow, standsti l l  or reversal take pl ace as early as possible permanent 

reversa l may occur. Th is can be su pported by a low origi na l  venti l at ing pressu re 

acting on the ai rway, or by a fi re developing  fast to a h igh i ntensity . 

Permanent reversal after a longer fi re duration can occu r, when the fire is sup

p l ied  with oxygen from damaged compressed a ir  l i nes or from other ai rways, joi n

i ng the return a i rway of the fi re. 

Whi le  in ascensional venti lation a i rways para l l e l  to the a irway fi re are endangered 

by a i rflow standst i l l s  and reversals, in descensional venti lation the airway on f i re 

i tsel f  is endangered most. The decrease i n  a i r  quantity i n  the descensiona l ly  venti l at

e d  a i rway causes, l i ke the throttl i ng effect in hori zontal a i rways, an increase in the 

venti lating pressure of para l le l  a i rways. 

The means to stabi l i ze the ai rflow in the descensiona l ly venti l ated airway is to 

i nc rease the venti l at ing pressure acting on this ai rway. This can be done by in 

creasing the fan pressure and by thrott l ing para l le l  a i rways. 

Since the throttl ing effect as wel l  as the n atural draft have a tendency to reduce 

the a i rflow, fi res i n  descensiona l l y  venti lated a irways usua l ly  don't reach the i n

tens ity of fi res in ascensional venti lation and propagate with a considerably slower 

velocity. 

55 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


M I N ES AND BUNKERS 

3.3.4.4 Examples of Airflow Revenals 

For each of the three poss ibi l i ties d iscussed above, fi res in horizontal ,  ascension· 

a l ly  and descensiona l ly  ventilated ai rways, one example of an a irflow reversa l  in  a 

mine fi re is given below. 

( 1 )  Horizontal Airway 

At the D u kla  m ine ( CS R )  two paral le l  venti lation spl its were connected by a 

d iagon al airway. The th rottl ing effect of a fi re (Ju ly 7, 1 96 1 ) i n  one of the spl its 

reversed the ai rflow i n  the d iagonal ai rway and a l lowed fumes to fl ow i nto the 

i nta ke a irways of the other spl i t. As a resu lt  1 08 miners were k i l led .  

(2) Ascensionally Ventilated Airway 

I n  the Roche-la-Moliere mine on June 30, 1 928, a fi re in the raise 3-4 close to 

junction 4 occu rred. The deve loped natural draft at fi rst caused an a i rf low reversal 

in a i rways 8-7-5-2, 7-6-3 and 6-5. Here ,  48 m iners were k i l l ed .  Later, after the f i re 

had moved down the ra ise away from 4 towards 3, the a i rflow normal ized aga in  i n  

these ai rways but a short reversal i n  a i rway 4· 1 occu rred. 

(3) Descentionally Ventilated Airway 

Woropajew ( 1 957) descri bes a fi re in a R ussian coal m i ne, working a dipping 

seam. The f ire started i n  the descensional ly  venti l ated raise 2-3-4 at point 3.  The 

natural draft reversed the a i rflow in  the ra ise and fi nal ly  became so strong that even 

i n  the inta ke ai rway a reversal occurred. 

3.3.4.5 Suitable Ventilation Plans 

Suitable venti lation p lans are of great hel p for every type of venti l ation planning 

and, therefore, for the pred iction of vent i l ation disturbances caused by m ine fires, 

too. They shou ld conta in  the main features of the venti lation system, without 

confus ing deta i l s  and the s ign i ficant venti l ation data. The former shou ld  com prise 

the ai rways, location of fans, venti lation doors, regul ators, sea ls  and dams, venti la

tion cu rtains and ducts, crossings, explosion barriers, production worki ngs, trol ley 

and D iesel haulage roads. The latter should i ncl ude d irection and magn itude of a i r  

currents, concentrations of  hazardous gases, measuring stations, elevations of  a i r

ways, fan heads or pressures and mine vent i lating heads or pressures for the indiv id

ual ai rways. I f  it  is fou nd too d ifficu l t  to enter these data into the plans, they 

should be kept in up to date reference files, wh ich can be used in conjunction with 

the venti l ation plans. That such plans are possi ble is proved by the fact that they 

are requi red by law in several countries. 

For the planning of f ire fighting measures additional p lans should be provided, 

wh ich conta in informat ion on the water and compressed air p ipe l ine systems, 

stored fi re fighting and survival equ ipment, telephone l i nes, etc.  They shou ld be 

plotted in the same sca le and P!lrspective as the venti l ation plans to fac i l i tate 
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simu ltaneous use. 

( 1 )  Plans in Use 

The venti lation plans actual ly used vary widely .  The s implest type is based on 
plan maps, which i n  many cases suffice, especial ly  when al l  m ine workings are more 

or less situated i n  one plane. 

For more complex layouts of openings, as resu lts from m ining more than one 

coa l seam or ore deposits with a larger vertical extension, plan m aps become too 

confusing and perspective plans are preferred. The type of projection, if not pre

scri bed by law, is usua l ly  a compromi se between clarity of the map and the ease 

with which hori zontal and vertica l  d istances can be read from the map. 

Occasional ly,  but not too frequently, models are used as a three d imensional 

image of a venti l ation system. The Dutch coal  m ines favored these, bu i lt  from wires 

of different colors to indicate the function of a irways. The work involved in chang

i ng the models and the prohi bitive costs of keeping records for certa in  time periods 

and providing copies requ i red that the models be used only in addition to other 

venti lation p lans. 

Qu ite frequently s impl i fied vent i l ation plans are derived which show only the 

more important a i rways of a vent i l ation system. This  i s  especial ly the case when 

venti lation network calcu lation are performed and one tries to keep the number of 

a i rways going i nto the calcu lation as sma l l  as possi ble .  Another reason is to gain a 

better understanding of the mutual interaction of the a irways comprisi ng the sys

tem. Several types of such s i mpl if ied plans are in use. 

When venti lation netwo rk ca lcu lat ions were sti l l  main ly performed manual ly ,  

with many venti lation engineers i t  became popu lar  to represent venti l ation plans in  

a n  abstract form resembl ing electric wi ri ng d iagrams. I n  these plans the configura

tion of the network is more conspicuous than in map plans or perspective d rawings. 

Airways in series or paral le l  can be grouped together and replaced by equivalent 

resistors. In contro l led spl itting the number and location of the necessary regulators 

to enforce the wanted a i rflow distri bution is more eas i ly  found. In natu ral spl itting 

the d iagonal ai rways, which cause difficult ies in network calcu lations, are more 

e as i l y  detected. 

An even clearer picture of the network configu ration is obta ined when in sche

matic venti lation plans the cross ing of ai rways or the overl apping of loops are as far 

as poss ible avoided. Since plans of this type are most widely used in Poland (where 

they are requi red by law for every m ine)  they are usua l ly  known by the i r  Pol ish 

name as "canonical plans". They are, however, gai n ing i ncreas ing popularity in 

other cou ntries as the basis  of emergency plans, too, s ince they are especia l ly suited 

to detect possi ble i nstabi l i ties in venti lation systems. 

To judge the inf luence of several pressure sou rces in  a venti l ation network on the 

stabi l ity of the a i rflow in  se lected ai rways qual itatively and, as far as possi ble, 
quantitative l y  the Pol ish engineer Budryk suggested the use of a so-ca l l ed "closed 
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schematic plan" nowadays more frequently cal led a "Budry k  plan".  Characterist ic  

for th is p lan is that the ai rway, whose stabi l ity is to be judged, forms the boundary 

between those parts of the network wh ich are dominated by one of the pressu re 

sou rces. Although quantitative predictions about the stabi l ity of an ai rway are on l y  

possible for comparative ly simple networks, the Budryk plan a l lows va luable con

clusions as how to increase the stabi l ity of th is a i rway. The name "closed p lan" 

orig in iates from the fact that every a i r  current is thought to be short circu ited 

through the atmosphere (which in fact it i s ) .  

Every ai rway or  group of  a i rways, whose stabi l ity must be investigated and every 

new location of a pressure sou rce leads theoretica l ly  to a d ifferent Budry k  plan. I n  

the practice o f  fire emergency plans vent i l at ion engineers usua l ly  l i m it the ai rways 

to escape routes or stabi l ity bou ndaries, beyond which no ai rf low reversal shou ld 

occur and the location of the pressure sources to a irways where natura l drafts can 

be created by fi res. Even i f  no actual  Budry k  p lans h ave been plotted, fam i l i ar ity 

with the pri nci ples on wh ich they are based can be of considerable help in selecting 

the right measu res to stabi l i ze the ai rflow i n  critical ai rways. 

Definition of Ventilating Heads and Pressures 

I t  has been mentioned that the data contained in vent i l ation plans should in

c lude mine venti lating heads or pressures. These are d i fferences in the energy con

tent of the air between two points of the network, or, when the two points are the 

begi nn ing and end of an a i rway, changes in the energy content of the air when 

moving through this ai rway. Si nce they indicate the stabi l ity and economy of 

ex isting a i rf low as wel l  as the di rection of potential a irflow, thei r use has become 

very popu lar with venti lation engi neers. 

According to the above def in ition of heads and pressu res,  m ine venti l at ing heads 
h Mv are energy d ifferences per un it  weight and mine venti l ation pressu res PM V  
per un it  vol ume of a ir. Being differences in  energy contents they can be determ ined 

from the ene rgy equation in the fol lowi ng form : 
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dVa
2 

v dp + d Z  + -- + dhM V  = 0 
2g 

A comparison with the energy equation i n  the form : 

dV 
2 

a 
v dp + dZ + -- + dh L - dh F = 0 

2g 
h F = fan heads 
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3.3.5 Quantitative Predictions of Venti lation 
D isturbances Caused by Fires 

PF = fan pressures 

If the natural and thrott l ing effects are known or can be calcu lated from other 

data, the i nfluence of a fi re on the ai rflow distri bution in a venti l ation system can 

be determi ned in a venti lation network calculation. If  sufficient data on the net

work as the basis of the network calcu lation and a computer for the execution of 

the calcu lation are ava i lable, th is is no great effort. 

Where th is is not the case and the calculations have to be done manual ly ,  

venti lation engi neers i nvest igating the infl uence of a f ire must qu ite frequently be 

content with abridged and s impl if ied network calcu lat ions for the immediate v icin i

ty of the fire. Since it is usua l ly  here that the f ire has the greatest influence on the 

venti lation, these calcul ations can be very usefu l .  The accuracy expected from the 

resu lts determi nes the extent of permiss ible s impl i fications . To keep the manual 

work i n  tolerable l imits, vent i lation engineers, moreover, l i m it the network calcula

tions frequently to the i nvestigation of especial ly critical states, l i ke the criteria for 

a i rfl ow standst i l l s  and reversals. 

Network calculations for the vic in ity of the fire are usua l ly  based on pressures, 

since the specific wei ght of the a ir  in a l im ited area, except for the changes caused 

by the fi re itself, remains fai rly  constant. As pointed out above, it makes no 

d ifference in principle if venti lation calcul ations are based on energies per unit  

weight (heads ) or energies per u nit  volume (pressures) and ventilation engineers 

traditi onal ly prefer the pressure approach. 

3.4 Conclusions and Recommendations 

Conclusion: The f ire propagation process over the surface of sol id polymeric 

m ateri als is  not completely understood. The process is v iewed primar i ly from re

s u l ts of experi mental ev idence and is on l y  part ia l ly  supported by sem i-empirical 

theories. Recommendation: Theories fu l ly  descri bi ng the fi re propagation process 

should be developed and shou ld be based on extensive experimentation at various 

s ca l es accompanied by accu mu l ation and correlat ion of a large volume of data. 
Conclusion: Fuel-rich fi res are fai rly we l l  descri bed in the l i terature, but no 

schematic re presentation of oxygen-rich f ires (except for tim ber) have been pu b

l ished in the past. Recommendation: Oxygen-rich fires shou ld  be thorough ly i nves

tigated, documented and descri bed, and a schematic model for th is process sh ou ld 

be developed. 

Conclusion: Mine fi res, seldom remain at steady state because of the physical 
confinement. Thus, an orig ina l ly oxygen- rich fi re becomes a fuel- rich f ire after the 

avai lable oxygen is  exhausted. (This s ituation also can reverse if venti l ation is ap-
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pl ied subsequently, as in  the incident descri bed in  section 3.2.3 .8.9 above) .  The 

non-steady-state f i re propagation process is not fu l ly  u nderstood. Recommenda

tion: A mathematical model shou ld be deve loped to descri be and predict the non

steady-state burning process. 

Conclusion: Most early mine f ire experiments were di rected toward testing the 

flammabi l ity (or f ire resistance) of materials and equ ipment. Since such fires have 

usual ly no opportun i ty to reach an equ i l i brium state, the resu lts have l i ttle general 

val id ity. Recommendation: Design and conduct experiments in  which steady-state 

conditions are reached for meaningful data generation. 

Conclusion: F i re propagation velocities against air  currents (frequently encoun

tered i n  real mine fires) have not been investigated even though the results of such 

studies could be d i rectly appl ied to understanding the phenomena. Recommenda

tion: Experi ments shou ld be conducted to study in deta i l  the development and 

velocities of smoke (gas) l ayers and fire spread under a wide range of venti l aton 

conditions and duct i ncl i nation angles. 

Conclusion: Coal dust fi res, although more frequent and h av ing lower ign ition 

temperatu res than timber fires, have not been studied, proba bly because of the i r  

l ow propagation rate. These f ires, however, can act as ign ition sources to dangerous 

secondary fuels, especia l ly the synthetic polymers that are gain ing increased uti l i za

tion in m ines. Even worse is the potentia l  of coal dust fi res to become coal dust 

explosions. Recommendation: Systematic fi re experiments shou ld be conducted on  

coal  dusts of  various origin, composition, and  size d istri bution corresponding to  rea l  

mine environments. 

Conclusion: There has been surprisingly l i ttle work done on the composition of 

the combustion products of fuel -rich (open, underground) coal  fi res, whereas the 

oxygen-rich coal f i re has been studied extensive ly.  Specifical ly ,  information on the 

process of ignition, composition of combustion products, and propagation vel ocity 

of fuel-rich coal fi res is l acking. Recommendation: The importance of medium- and 

large-scale coal mine fire experiments has been recogn ized and such experiments are 

now being conducted. It is obvious that these experiments are very expensive and 

difficu l t  to perform especia l ly with the added requirement of protecting the envi 

ronment. It  i s  of  utmost i mportance to continue and expand these experimental 

programs to generate the l acking information. However, because of the high cost, 

ful l advantage should  be taken of these experiments to extract a l l  possible fi re

related information. They have to be wel l designed, wel l planned, and fu l ly  instru

mented not on ly  for the primary information sought but also for al l possi ble  s ide 

effects and information. 

Conclusion: Theoretical approxi mation of mine fire dynamics h as been based on 

one- or two-dimensional representations in the past. These appear to be inadequate 

for the complete understanding, descri ption, and prediction of a irflow phenomena 

i n  mine fi res. Recommendation: Develop a three-dimensional model in  order to 

c losely approxi mate buoyancy phenomena and associated flow reversals that devel -
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op in  mine fi res. This may requi re extensive large-scale experi mentation and a 

complex mathematica l approach. Of particu l ar interest is the study of the inter

action of natura l draft, induced venti l ation and throttl ing effect of the fi re i tself.  

Conclusion: Venti lation plans employed to date genera l ly  are suitable for most 

contingencies. They are overly s impl ified, however, for reasons of convenience and 

economy. Better plans cou ld substantia l ly  i mprove the efficiency of fire su pression. 

Recommendation: After sufficient information and u nderstanding of the essential 

e lements of fire dynamics become avai l able, a highly soph isticated, general com
puter venti lation mode l  shou ld be employed. The basic model cou ld be pro

grammed to individual mines and updated frequently as mine deve lopment pro

gresses. Such a model it  would provide rapid, optimized solutions and ava i lable 

options in case of fire incidents. 
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CHAPTER 4 

MATERIALS 

4.1 I ntroduction 

Selection of a polymeri c  material possessing the opti mum fi re safety characteris· 

t ics for a particular appl ication is  a complex and difficult  task because so many 

factors must be considered. General fi re-consciousness in  system des ign, the use of 

structural materi als with improved fi re safety characterist ics, fi re and explosion  

potential  detection equ i pment, and fi refighti ng procedures and  equ ipment a re 

equal ly  im portant aspects of coping with fire hazards and must be viewed together 

and analyzed i n  a systems approach to the problem. I n  addition, i n  eva luat ing 

polymeric materia l s  with improved fire safety character istics, competing fi re safety 

requ irements must be assessed and trade·offs made (e .g., a decrease in ease of 

ignition or fl ame spread that a lso leads to an increase in the production of smoke or 

toxic com bustion products might not be tolerable in  situations where egress is 

l i mited ) .  

4.1 .1 F ire Safety Characteristics of Polymeric Materials 

No organic polymeric material can withstand intense and prolonged heat with· 

out degradation, even in the absence of oxygen. Given sufficient oxygen and energy 

i nput, all organic materia ls  wi l l  burn. (Meta ls also wi l l  exh i bit  some undesi rable 

characteristics under these conditions. ) There are,  however, several methods for 

reducing the fi re hazard of polymeric materials incl uding :  

1 .  Developing and us ing polymers with fi re safety characteristics that are inher· 

ently better than those of the wel l-known materia ls. (Some materia ls  of th is  

type are ava i l able commercia l ly now, but most are very expensive. ) 

2. I mproving the fi re safety characteristics of ava i l able, low-cost materials with 

f i re retardants ( i .e . ,  by coating the surface of the materials or by incorporat· 

ing a fire retardant i nto the bu l k  materia l  at some appropriate process i n g  

stage ) .  

3. Com bi ning two or more materia ls in  a way that uti l i zes the best propert ies of 

each (e.g. ,  pl acing stee l plates on each s ide of a plywood s lab) .  

Polymers may be f ire retarded by introducing fi l lers such as a lumina trihydrate 

or active compounds into the bu l k  materia l .  The former lowers the fi re load either  

by  absorbing heat or  by d i luting the fuel .  The l atter, usual ly  halogen , phosphorus ,  

n itrogen, antimony o r  boron compounds, may be used in  synergistic combination. 

One may also d isti ngu ish between reactive and non-reactive retardants according to 

whether or not they form cova lent bonds with the polymer. 
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The bu rn ing of a polymeric so l id  is essentia l ly  a three-stage process consisting of 

a heati ng phase, a thermal pyrolytic phase, and an i gn ition phase. The behavior of a 

polymer duri ng the in it ia l  heating phase depends considerably on its com position. 

Thermoplastic compositions genera l ly  wi l l  melt  between 1 00° C and 250°C. The 

loss of rigid ity that occurs at the softening poi nt of such materials and the su bse

quent decrease in me lt viscos ity as the temperature increases in many cases al low 

these l iquids to recede from the ignition source at a sufficiently rapid rate to 

prevent thei r su bsequent pyrolysis and ignition. This phenomenon apparently h as  

l ed to some erroneous conclusions based o n  smal l-sca le tests concern ing the flam · 

mabi l ity of such compos iti ons in a rea l  fi re s ituation. Thermosets and most natu ral 

polymers, such as wood and ce l l u lose, remain essentia l ly  unchanged dimensiona l ly  

dur ing  th is early heating phase . 

At some l ater stage i n  the heati ng phase, thermal decomposition occu rs with the 

evolution of gaseous products whose flammabi l ity wi l l  depend u pon the chem ical 

composition of the origi nal materia l .  The temperature and rate at which th is stage 

occurs depends u pon the thermal stabi l ity of the material  and the chem ica l de

composition reactions occurring under the existing fi re conditions. The flam· 

mabi l ity of a sol id is  determi ned largely by its behavior at this stage in the bu rning 

process. The establ ishment of a sel f-susta in ing f lame is predominantly dependent 

upon the generation of sufficient fuel gases from thermal pyrolysis to produce a 

flammable oxygen-fuel mixture close enough to the sol i d  fuel so that sufficient heat 

can be transferred from the fl ame to the sol id  su rface by rad iation or convection to 

sustain  pyrolys is  at an acceptable rate. This means that the flame zone usua l ly  is  

spatial ly  removed by some smal l d istance from the fuel  surface. A separation of 

flame and sol id fuel is necessary in order to al low d i lution of the pyrolytic fuel 

gases with sufficient oxygen to make the mixture fl ammable. 

Pyrolysis genera l ly  proceeds in  three close ly rel ated stages. Between 1 00° C and 

250° C, sufficient thermal energy is ava i lable on ly for such low energy reactions as 

the el im ination of fu nctional groups, usua l ly  from the end of the ch ain, and of 

sma l l  molecu les l i ke water and hydrogen hal i de .  Between 250° C and 500° C, suffi· 

c ient energy becomes ava i l able to break the h ighest energy chem ical bond usual ly 

contained i n  the structure of most polymers. 

These react ions often can lead to the "u nzipp ing" of polymer chains and the 

d issemination of flammable monomer or sma l l  chemical fragments. Both products 

can susta in gas-phase flame reactions; however, in some cases, these fragments wi l l  

recombine, which leads to the formation of  aromatic condensed r ing  systems th at 

a re stable under the pyrolytic conditions. When this happens, a th ird stage of the 

pyrolysis begins and the aromatic condensed structures are condensed fu rther at 

temperatures near 500°C with the eventual e l i minat ion of most elements other than 

carbon. The result is a carbon char that is highly insulat ing and difficu lt to ign ite at 

n ormal oxygen concentrations. If the char can be mainta ined in a viscoel astic state 

during the intermediate pyrolysis stage, the gases evolved wi l l  be trapped in the 
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viscous l iquid and the char wi l l  expand into a carbon foam. The formation of th is 

special  type of pyrolytic char is cal led intumescence. Such char-form ing reactions 

are desi rable because they convert a f lammable polymer to a less f lammable ch ar 

wh i le s imultaneously reducing the quantity of flammable gases. I f  such a conversion 

can proceed because of the nature of the polymer structu re in  the absence of 

phosphorus, halogen or heavy metal additives, h ighly toxic by-product gases are 

el iminated and the off-gases are no more tox ic than carbon diox i de or carbon 

monox ide. 

With increasingly higher temperatures, the rate of production of the gaseous 

degradation products increases unti l a m ixture with the oxygen of the ai r is reached 

that exceeds the fl ammabi l i ty l imit  and ignition occurs. Continued burn ing at this 

stage is dependent upon the transfer of sufficient heat from the flame to the 

condensed phase to mainta in  an adequate supply of fl ammable gaseous decom posi

tion products and, of course, u pon the presence of a supply of oxygen in  the 

surroundi ng atmosphere sufficient to support com bustion. The chemica l  reactions, 

genera l ly  occurring i n  the gas phase at flame temperatu res, are free-radical in 

nature.  

4.1 .2 Fire-Retardant Mechanisms 

There are four major mechanisms for a ltering the flammabi l ity of common com

mercial polymers : 

1 . Alteration or reduction of the heat of combustion of the total polymer 

composition. 

2. I nh ibition of the gas-phase combustion reactions. 

3. Alteration of the condensed-phase pyrolytic reactions to enhance the forma

tion of char. 

4. Appl ication of an intu mescent coating (exposu re of the coating to the ther

mal  flux of a fi re expands the coating into therm al l y  stable intu mescent ch ar, 

which then protects a su bstrate from the ignit ion source) . 

4.1 . 3  Economic Factors 

Cost is an important aspect of f ire hazard reduction. Thermal ly  stable polymers 

with superior f i re safety characteristics may be too expensive for routine use.  The 

appl ication of fi re-retardant coati ngs is sometimes a cost-effective approach ; how

ever, it is l im ited to a rel atively smal l number of uses. 

The cost of fi re retardation by the incorporation of a fi re retardant in the 

polymer varies greatly, depending on the particu lar  compound or treatment used 

and the performance level desired. F i re retardation normal ly increases the cost of 

the material ,  except when the des ired measu re of protection can be obtained with 

i nexpensive inert fi l lers. 

4.2 Specific Polymeric Materia ls 

4.2. 1 Wood 
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By vol ume, more wood is used in mines than any other polymeric materia l .  

Serving principa l ly  to support wal ls  and overheads, timber is more readi ly  ign ited 

than coa l ,  but i t  has been accepted because of its cost-effectiveness, slow charring 

rate, and good strength retention under fi re .  

F i re-retardant treatments and coatings avai lable for use with l u m ber and wood

base products are descri bed in Volu me 1 Materia ls-State of the Art, Chapter 2, 

Sections 3 and 4.3, and Chapter 7. The chemical treatments reduce the h azard of 

i nitial  ign ition;  decrease the rate of surface flame spread, the init ia l  rate of heat 

release, and the total smoke development ; and render the materi al less su bject to 

after-fl aming and afterglow. These treatments increase the cost of the wood prod

ucts by 50 to 1 00 percent and have some effect on moisture absorption, appear

ance, strength, machin ing, glu i ng, and fin ishing characteristics. Most of these treat

ments also are l imited to appl ications in low-moisture envi ronments, and a m ine 

atmosphere typica l ly  has a relative humidity of 90 percent. There is also some 

question about the ro le of f lame retardants in wood in  producing toxic gaseous 

products during combustion. 

The use of fi re-retardant coati ngs for wood genera l ly  has been m ore l i m ited than 

the chemica l  treatments because thick fi l ms appl ied in  several coats are required 

and specia l  care must be taken in  h igh-humidity envi ronments. In work recently 
completed at DeBel l and Richardson ( Bau m 1 977),  fire-retardant poly imide/fungi-

cide formu lations for coating mi ne timbers were screened. The curable poly imide 

appeared to be fl ame retardant and evolved a min imum of fumes when exposed to a 

flame. The question of whether rot increases the fl ammabi l ity of timber sti l l  re

mains open. 

At the Pittsburgh Min ing and Research Center, precharri ng of wood to a depth 

of 2 m m  is being evaluated as a means for making it less flammable. Evaluation 

using l aser ignition reveals that a combination of zinc chloride i mpregnation plus 

precharring is the best treatment. 

4.2.2 Thermoplastics 

4.2.2.1 Polyvinyl Chloride 

The flammabi l i ty characteristics of and fi re-retardation meth ods for polyvinyl 

chloride ( PVC) and its formu lations are described i n  Volume 1,  Section 5.3.3. PVC 

is one of the lowest priced of the commercia l  thermoplastic polymers and has been 

sold commercia l ly  for more than 35 years. It can be formul ated into a wide variety 

of com positions with properties varying from soft elastomers to tough rigid poly

mers. (The appl ications of PVC i n  m ines are discussed below i n  Section 4.3) .  It is 

the least f lammable of the low-cost large-vol ume thermoplastics because of its h igh 

(g-eate r than 50 percent by weight) ch lorine content. The f lammabi l ity of the 

many ava i l a ble commercial  formul ations can vary widely from rel atively low in the 

absence of an outs ide fl ux to rapid burning, depending on the natu re of the m ateri

als added (e.g., plasticizers, fi l lers, impact modifiers, and reinforcements) .  
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When exposed to a flame or to excessive heat, PVC can emit hydrogen ch loride 

at relatively low temperatures in a h igh ly endothermic process. This, together with 

i ts h igh chlorine content, accounts for the low flammabi l i ty of the u ncom pounded 

polymer since the hydrogen chloride keeps oxygen away from the surface of the 

plastic. Decompos ition products vary according to the amout or type of the com

pounding ingredients used during fabrication but may include benzene, hydro

carbons, char, and other fragments. 

Chlorinated or phosphorus-based plasticizers particularly phosphates and ch lori

nated paraffins, a lso are used in  large quantities to reduce the flammabi l ity of 

p lasticized compositions. Phosphates, particularly tricresy l phosphate, cresy l di

phenyl phosphate and 2-ethylhexyl d i phenyl phosphate, trad itiona l ly  have been 

added to PVC as p lasticizers. They a lso enhance fi re retardance ; flame-out times are 

exce l lent. 

By far the largest usage for PVC in m ine appl ications is  in p ipe ;  pi pe fittings ; 

condui t, wi re, and cable coatings; and belt  conveyors. 

4.2. 2.2 Styrene Polymers 

The general types of commercial styrene polymers and the i r  fl am mabi l i ty ch ar

acteristics are descri bed in Volu me 1 ,  Section 5.3.2. Of the various polymers, 

copolymers, graft polymers and blends in th is group, the high- impact polystyrenes 

( H I PS) and the blend/graft copolymer of acry lonitri le/butadiene/styrene (ABS) are 

the most widely used. F i re-retarded versions of both of these materials, genera l ly  

obtained by the addition of  halogenated additives (ch lorinated a l iphatics and  a l i

cycl ics and decabromo diphenyl ether) with or without antimony oxide, also are 

used. Part or a l l  of the halogen component may be incorporated in the form of 

halogenated polymers, such as PVC, in blends. The cost of the better fi re-retarded 

materials i s  about twice that of the materials that are not f i re retarded and their  

appl ication is l im ited by cost cons iderations. 

The major styrene polymer in pi pe, fitti ngs, and conduits is ABS. Low weigh t, 

easy f itting, low corros ion, and competitive cost are its major advantages over 

metal .  The f ire safety aspects of ABS p ipe have been discussed wide ly. Obviously, 

buried waste p ipe presents no fi re hazard, but the use of ABS pi pe in  exposed 

locations cou ld lead to propagation of fi res under some conditions and shou ld be 

avoided in m ine appl ications. 

4.2.2.3 Polyolefins 

The polyolefins, principal ly  low-density pol yethylene ( P E ) ,  h igh-density pol y

ethylene and polypropylene (PP) ,  comprise a U. S. market in excess of 1 0  bi l l ion  

pou nds. The amount used in  m ines is re latively sma l l  but growing. 

The polyolefins can be ta i lored and formu lated to offer a great variety of proper
t ies including vari ati ons in processabi l i ty, heat res istance, r igidity, l ight stabi l i ty ,  

printabi l i ty, friction, static properties, foam stabi l i ty ,  strength , and tough ness as 
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wel l  as fl ammabi l ity (see Volume 1 ,  Section 5.3. 1 ) .  

Chemica l l y, polyolefins are very s imi lar to paraffin wax, and they burn in m uch 

the same way - i.e., they ignite eas i ly, bu rn with a smoky flame, and melt as they 

burn. Polyolefins produce less smoke than polystyrene, and the degree of melting 

and dripping can be enhanced or decreased by choice of molecu lar weigh t, cross

l inking, fi l lers, additives, etc. The mechanism of bu rn i ng, products of combustion, 

and flame-retarding formulations are descri bed in  Volu me 1, Section 5.3. 1 .  

F lame- retardant formulations general ly  are produced by compounding with 

highly halogenated organic compounds in combi nation with antimony oxide. These 

formu l ations exhi bit i mproved resistance to i gnition in low thermal energy envi ron

ments. F l ame spread rates also can be reduced, but a l l  known fire-retardant poly

olefin compositions bu rn  readi ly  in a fu l ly  developed fire. 

Electric cable coatings are made from the various density grades of polyethy lene, 

sometimes cross-l inked and someti mes partia l ly  foamed for modified dielectric 

properties. Col d water pipe, cisterns, tan ks, and waste p ipe are common appl ica

tions for medium- and high-density P E  and PP. Polypropylene often is used in  

drainage fittings. 

Polyethylene can be chlorinated in the presence of l i!tlt  or a free radical cata lyst. 

The ch lorine content, and therefore the properties of the product, can vary con

siderably dependi ng on the extent of chlorination and the reaction conditions. 

F lammabi l ity decreases directly with increase in  the ch lorine content. 

The fl ammabi l i ty characteristics of these materials resem blE' those of poly (vinyl 

chloride) and poly (vinyl idene chloride) . Hydrogen ch loride is a m ajor com bustion 

product. 

Polyethylene can be chlorosu l fonated by methods s imi lar  to those used in the 

chlorination al ready descri bed. The reaction is represented by : 

As in the chlorination,  the propert ies of the composition can be varied widely by 

contro l l ing the extent of ch lorosu l fonation and the reaction conditions. As ex

pected, the f lammabi l ity of the polyethylene is reduced as the ch lorosu l fonyl ch lo

ride content is increased. Flammabi l ity has not been thorough ly stu died alth ough 

hydrogen chl oride and sulfu r  d iox ide are major products of com bustion. 

The volume of chlorinated and chlorosu l fonated polyethylene used i n  mines is 

rel atively low, but the latter is used extensive ly as fi re-resistant electrical wire and 

cable insu lat ion i n  ra i l  cars and other places where flammabi l i ty control is essentia l .  

4.2.2.4 Acryl ics 
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The acryl ics are polymers formed from acry l ic (R = H) or methacry l ic  (R = CH) 
esters according to the formu la :  

{CH2 - �� 
COOR' 

X 

where R ' represents an a lkyl  radical .  The major plastic in the group is the homo

polymer of methyl methacrylate ( R' = CH3 ) ,  a crystal clear material  that softens at 

about 1 00° C. 
Poly(methyl methacrylate) (PMMA) ign ites readi ly  and softens as it burns. Burn

ing rate, fuel  load, and smo ke production are less than for polystyrene. I n  burning, 

PMMA undergoes "unzi pping" pyrolysis ( reverting to monomer) from the heat of 

the ignition source, the heat of combustion, or other envi ronmental energy. The 

volati le  products of pyrolysis then burn in  the gas phase. 

Although halogen and antimony compounds have been used to reduce the burn

ing rate and ease of ign ition of PMMA, less effort has been devoted to its fi re 

retardation than to that of other po lymers. This is due partly to the fact that for 

most appl ications i t  is d ifficu l t  to affect the "unzi pping" depolymerization mech a

n ism so characteristic of this polymer. F i re-retarding additives also usua l ly  impa i r  

the excel lent transparency and agi ng characteristics of  the polymer. 

When acryl ics are used as glazing, particular ly in rel ati vely large areas, the poten

tia l  fi re hazard shou l d  be ana lyzed carefu l ly .  There is probably l ittl e  justi ficatio n  

for the use o f  acryl ics in  mines. 

4.2.2.5 Nylon 

Nylon is the generic name for synthetic polymers with amide groups occu rring 

repetitively i n  the main chain (see Volume 1, Section 5.3. 5) . 
The properties of 20 variants of a l iphatic nylon are tabulated in the Modern 

Plastics Encyclopedia ( 1 975). 

Nylon plastics play a ro le in  m ines. They appear in  smal l molded parts such as 

wi ndow and door hardware, spigots, va lves, and appl i ance components. Nylon fi l m  

has been proposed for use as air ducti ng. 

Many tests i ndicate that nylon plastics have low flammabi l ity .  They genera l l y  

self-extinguish after exposu re t o  a n  ignition sou rce because they dri p when ign ited, 

which removes the flame front and hot polymer from the burn ing part. I f  dripping 

is  prevented, the nylon burns with a smoky flame. 

F i re-retarded formulations genera l ly  are prepared using phosphorus or halogen

contain ing additives with or without addition of anti mony or iron oxides. Under 

some circumstances, halogens greatly increase the f lammabi l ity of polyamides, pre

sumably by great ly accelerati ng the degradation to volati le  fuel fragments .  The 

addition of dri p promoters, such as thiourea, has been proposed, and hydrated 
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alumina also has been used. None of these systems, however, prevents a nylon from 

burning in a fu l l y  developed fi re. 

Many molding and extrusion compositions contai n  glass fi bers or particulate 

minera l  fi l lers (as much as 60 percent by weight) to enhance certain engineering 

properties. Such fi l led materials may burn more readi ly  than thei r unfi l led counter

parts because the fi l l ers tend to reduce dri pping. The highly fi l led m aterials, how

ever, have a lower fue l va lue. 

Nylons cu rrentl y are use in  mines in re lative ly  smal l items that have not posed 

serious fi re safety problems. However, larger items (e.g., tanks, large castings, and 

other structura l appl ications) are being considered, and more attention needs to be 

given to analysis of the fire hazards that might be introduced. 

4.2.2.6 Polycarbonates 

Polycarbonates are a cl ass of polymers genera l ly  considered to be extremely 

tough and to combi ne clarity with h igh impact resistance. (These materials are 

d iscussed in Volume 1 ,  Section 5.3.9. ) The polycarbonates are significantl y  less 

f lammable  than unmodified styrene, olefi n, or acry l ic  polymers. Thei r fi re resist

ance has been improved by the addition of halogenated materia ls as additives or 

copolymers. 

It is the toughness, clarity, and impact resistance of the polycarbonates that 

make them attractive for use as hel mets, face shields, and glazing material in m ine 

appl ications. Many of the housings, handles, etc.,  of smal l appl iances and tools also 

are of polycarbonate. Before applying polycarbonate glazing in large areas, how

ever, an ana lysis should  be made of the effect of its use on the fire safety of the 

system. 

4.2.2. 7 Acetals 

The acetals are l inear homopolymers or copolymers of formaldehyde ( i .e., poly

methylene oxide) : 

[- � - o -] 
n 

( Copolymers employ ethylene oxi de or other sim i lar  comonomers ) .  

Acetal parts f ind sign ificant appl ications in plu m bing fixtu res (bal l cocks, faucets, 

showerheads, etc. ) ,  window and door hardware,  and handles and mechanical com
ponents in appl iances. They are used in re lative ly smal l amounts in min ing. (Acetal 

chemistry and flammabi l i ty properties are rev iewed in Volume 1 ,  Section 5.3. 7 ) .  

The aceta l p lastics are strong, stiff, and  tough . They are considered to  be engi

neering resins because of the ir  predictable design , processing, and end use character-
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istics. The acetals are easi ly  combusti ble. They bu rn with very l i ttle smoke and a 

nonluminous flame and l ittl e  oxygen is requ i red, Molecu lar weigh t and percent  of 

f i l ler  d ictate the amount of dripping that wi l l  occur. The products of com bustion 

are carbon d iox ide, water and some carbon monoxide. 

Phosphorous-based systems have been suggested as f lame retardants for aceta ls, 

but no commercia l  success has been achieved in th is d irection. On the other hand, 

acetals are used in  relative ly smal l parts where they do not present major f i re 

h azards. 

4.2.2.8 Polyesters 

The polyesters cons idered here are the l i near thermoplastic poly (ethylene 

terephthalate) ( P ET) , poly(tetramethylene terephthalate )  (PTMT), and thei r  modi

fications. (The cross- l i nked styrenated polyesters are d iscussed with thermosetti ng 

m aterials in Section 4. 2.3.3. ) These polymers burn with a smoky fl ame accompa

n ied by melting and dri ppi ng and l ittl e  char formation. F i re-retarded grades gen

e ra l ly  are prepared by incorporating halogen-conta in ing materials as part of the 

polymer molecu les or as additives. Metal oxi de synergists frequently are included. 

These fire-retarded systems are resistant to small ignition sources in  low heat f lux 

envi ronments but sti l l  bu rn readi ly  in  fu l ly  developed fi res. 

These polyesters are being increasingly used in com ponents of m ine su rface 

veh icles. A recent example is the replacement of zinc die cast headlamp moldings 

by polyester moldi ngs. 

4.2.3 Thermosetting Resins 

Thermoset polymers are distingu ished from the thermoplastics discussed above 

in that they become chemica l ly  cross- l i nked during  the fi nal molding. The final  

product is set into shape by primary chemical bonds and, for most practical pur

poses, no longer can be melted, reshaped, or dissolved. 

Because of the i r  brittle nature, thermosets are used almost excl usively in con

junction with various inorganic or organic fi brous reinforcements and various types 

of powdered fi l lers. These reinforcements and fi l lers often com prise more th an ha lf  

of the final composit ion and can a lter the fl ammabi l i ty or fi re safety of the total 

com posite significantl y;  therefore, it is i mportant to consider the tota l com posit ion 

before deciding upon the f lammabi l ity characteristics or fire safety of these materi

a ls. 

Because of thei r cross- l i nked natu re, thermosets general ly do not soften or dri p 

when exposed to a f lame. Such resins are inherently f ire retardant and wi l l  pass 

many common laboratory tests without the need of a fi re-retardant modification or 

addi tive. Thei r  fi re retardance, however, is a function of the mechanical stabi l i ty of 

the insulating char and is l im ited by the resistance of elemental  carbon to oxida

tion. 

4.2.3. 1 Phenol ic Resins and Molding Compou nds 
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Two genera l  types of fi rst-stage phenol ic res in are produced depending on the 

catalyst, the phenol /formaldehyde ratio, and the reaction conditions. These are 

cal led resoles and novol acs, respective ly. The physical properties of the pheno l ic 

res ins vary widely depending on the type, kind, and amount of fi l ler used;  the kind 

of reinforcement used, the phenol /formaldehyde ratio, the type of cur ing cata lyst; 

and other formu lation variables. 

Phenol/formaldehyde polymers are practical ly  a lways used in conjunction with 

f i l lers or fi brous reintorcements. The modified polymers are char-forming and do 

n ot readi ly  support combustion in  the absence of external energy input  (see Vol

u me 1 ,  Section 5.4. 1 ). 

The major use of phenol ic  res i ns is i n  resi n-bonded wood for plywood sheeti ng, 

and such composites genera l ly are less f lammable than corresponding systems based 

on wood alone. The second largest appl ication of phenol ic resins is as binders in 

f iberglass insulation. About 1 0  percent res i n  ( based on the gl ass ) is used to bond the 

gl ass f ibers to give dimensional stabi l ity to the insu lating material .  I n  th is configura· 

t ion ( i .e., l arge surface area and inert su bstrate ),  the resin can burn more readi ly  

than i n  a dense sol id  form such as  a laminate. The system does not readi ly propa

gate a flame but can propagate fire by "pun king" (glowing com bustion ) .  "Pun king" 

can be overcome by use of various nitrogen-conta in ing reactants (melam ine, di· 

cyandiamide, etc. ) in the phenol ic resin.  These compositions are used for special 

appl ications. 

Molded phenol ics have been used extensively in  various electrica l appl ications 

due to their  combination of desi rable electrical, mechan ical, and fi re-resistance 

properties. I n  some appl ications, these resins are bei ng replaced by special  thermo

plastics that have lower fabrication cost. 

4.2.3.2 Urea/Formaldehyde and Melamine/formaldehyde Resins 

The basic chemistry, properties, and appl ications of u rea/formaldehyde and 

melamine/formaldehyde resins are summarized in Volume 1 ,  Section 5.4.7. The 

only significant use of these amino resins in  mines is  for resin-bonded wood applica

t ions. 

4.2.3.3 Unsaturated Polyester Resins 

The unsaturated polyester res ins are prepared by condensing a satu rated d ibasic 

a lcohol and both a saturated and an unsaturated d ica rboxyl ic acid into a prepoly

mer (or fi rst-stage) resin. The latter then is dissolved in a v inyl  monomer, usual ly  

styrene. The cured res in  is produced by free radical copolymerization of  the styrene 

monomers and the unsaturated acid  residues. 

Phthal ic  anhydride is used most wide ly  as the saturated acid component. The 

res ins usua l ly  are compounded with a rei nforcing fabric (genera l ly  glass cloth or 

m at) with or without fi l l er  before cu ring. 

The burn i ng characteristics of unsaturated polyesters can be modified by the 
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addition of i no rganic f i l lers ; the addition of organic fire retardants ; the chem ical 

modification of the acid, a lcohol, or unsatu rated monomer component; and the 

chemical combination of organometal l ic  compounds with the resin. A wide varia· 

tion in fl ammabi l i ty characteristics can be achieved by using one or more of these 

modifications. Flame spread ratings of 25 or less, as measured by ASTM Test E-84, 

have been attai ned by using ch lorendic acid with antimony oxide as synergist. Such 

low fl ame spread ratings now can be obtained in  the absence of opacifying anti· 

mony by using the more efficient bromine-su bstituted monomers. 

Both fire-retarded and unretarded polyester resin formulations yiel d  copious 

amounts of smoke when exposed to fi re because sty rene is the major product of 

pyrolytic decomposition and styrene bu rns with a very smoky flame. The h igh 

smoke values have been reduced onl y  marginal ly by the use of relative ly large 

amounts of inorganic fi l lers such as a lumina hydrate . 

The relative toxicity of halogenated polyester resins has been a subject of con

s iderable discussion ever since their  introduction in 1 953. The chlorine contained in 

these compositions genera l ly  has been shown to be converted largely, if not quanti· 

tatively, i nto hydrogen chloride, 

Reinforced pol yester formu lations fi nd appl ications in  panels, pipes,  ducts, and 

tanks. The flammabi l i ty hazards associated with these materials in  min ing appl ica

tions is incompletely defined at th is time, General ly, a h igh degree of fi re retard· 

ance can be incorporated into unsaturated polyester compositions using avai lable 

technology, 

4.2.3.4 Epoxy Resins 

Epoxy resins genera l ly are prepared by reacting a first-stage polyfu nctional 

epoxy compound or resin with a basic or acidic cross- l inker (or "hardener") to 

yield a thermoset product cross- l inked by ether or ester l inkages. The basic epoxy 

resin can be prepared in a variety of ways although the most com mon is  the 

reaction of a polyphenol ic  compound with epich lorohydrin. 

The fl ammabi l ity characteristics of these resins can be significantly improved by 

addi ng halogen and antimony compounds, the former as either an additive or 

copolymer. The halogen compounds genera l ly  increase the tendency for generation 

of smoke on ignition .  Epoxy resins frequently are loaded heavi ly with inorganic 

f i l lers, and hydrated a lumina as a fi l ler  can decrease f lammabi l i ty. Epox y resins are 

used principa l ly  to seal pipe joints, as plastic-based paints, as mortar for bonding 

either new or o ld concrete, and as epoxy composites for e lectrical app l ications. 

Little or no fire hazard is introduced by the use of epox ies in construction d u e  

t o  the nature o f  the com positions and their  appl ications, locations, and quantit ies. 

4.2.3.5 Furan Resins 

Although furan resins cu rrently are l ittle u sed in mining appl ications, they m ight 

be used more extens ively in the future. Furan res ins are prepared by reacti ng 
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furfury l alcohol and an aldehyde - most frequently formaldehyde. Urea is often 

used as a modifying agent. The resins are hardened in situ with an acidic su bstance 

added just before appl ication. A typical curing agent wou l d  be p-toluenesu l fon ic 

acid. Although no specific l i terature reference has been found that descri bes fi re

retardant methods for furan resins, fi re-retardant formulations are ava i lable com

mercia l ly. 

4.2.3.6 Amine Resins 

Amine resins are thermoset resins prepared by the reaction of an amino com

pound with an aldehyde. The reactive amino groups (-N H2 or -N H -) are charac

teristica l ly  present as amides. The two most important commercial  m aterials are 

based on urea and mel am ine used with formal dehyde. 

Little work has been done to develop fire retardance in amino resins because of 

their  rel atively h igh heat res istance and low flammabi l i ty and their predominant u se 

i n  app l ications where flamma bi l i ty is relatively un important. A variety of phos

phorus and boron compounds have been used to reduce flammabil ity when re

qui red. 

The various amino resins find l i mited appl ication as coatings on a variety of 

metal and reinforced plastic panel su bstrates. Hardness, durabi l ity, abrasion re· 

sistance, and easy colorabi l ity are the prime reasons for their  use. 

4.2.4 Elastomers 

The fi re safety aspects of elastomers are largely determ ined by their  chemical 

structure. From this point of view they may conven iently be assigned to the several 

distinct groups descri bed below. A more complete descri ption of these compounds 

is found i n  Volume 1, Chapter 5. 

4.2.4. 1 Hydrocarbo�Based Elastomers 

The hydrocarbon-based elastomers principa l ly  comprise natural ru bber, syn

thetic cis-polyisoprene, polybutadiene, styrene-butadiene ru bber (SB R ) ,  butyl ru b

ber, and ethylene-propylene ru bber. These ru bbers are low-cost m aterials with 

good mechanical properties and, thus, are used i n  large volume appl ications such as 

automobi le and truck tires. SBR rubbers are widely used in belting. They do, 

however, bu rn readi ly and produce much smoke.  F ire-retardant additives reduce 

flame spread and ease of ignition from low energy ign ition sou rces but do not 

prevent burn ing in an i ntense fi re situation. Alu mina trihydrate is receiving i n

tensive study as a fi l ler to reduce flammabi l i ty and smoke production  in these 

elastomers. A good future seems to exi st for fluorocarbon ru bbers as a coating and 

for primary construction in hose and cable. 

4.2.4.2 Chlorine-Containing Elastomers 

The chlorine-contain ing e lastomers include polych loroprene, rubber hydro-
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chloride, ch l orinated ethylene polymers and copolymers (ch lorinated polyolefins ) ,  

and  epich lorohydrin rubbers. These materials are sign i ficantly more fi re retardant 

than the straight hydrocarbon ru bbers, but they generate extensive black smoke 

and hydrogen chloride gas when exposed to a fu l ly  developed fire. 

Ch lorinated elastomers, particularly  polychloroprene (more commonly des ig· 

nated as Neoprene ), are wi de ly used where fire retardance is important. Some 

large-scale appl ications are in electrical insulati on, foamed seat cush ions, and con

veyor belts. 

4.2.4.3 Nitri le Rubbers 

Nitr i le ru bbers are copolymers of butadiene and acrylonitri le. The ratio  of 

butadiene to acrylonitr i le is s imi lar  to the rat io of butadiene to styrene in SB R .  The 

cyanamide group i mparts to these elastomers some of the properties of the halo

gen-contain ing ru bbers but also constitutes a potential toxicological hazard. 

4.2.4.4 Polyurethane Elastomers 

Polyurethanes are polymers contain ing the group - N H-C0-0-. They are 

formed typica l ly  through the reaction of a d i isocyanate and a glycol. Because a 

variety of glycols or esters can be coupled with different d i isocyanates, a large 

variety of l i near polymers can be obtai ned in this  way. These elastomers are cross

l i nked by including a control led amount of a polyfunctional monomer (e.g., a 

tri i socyanate or trihydric a lcohol ) in the reaction. 

F i re-retardant grades, genera l ly  based on bromi ne-and/or phosphorus-contain ing 

add itives, are avai lable, but they sti l l  burn in intense fi res. Smoke generation is 

genera l ly less than with hydrocarbon el astomers, but some hydrogen cyanide gas 

may be generated. The major use of polyu rethane el astomers is in foams and in 

bel ts when extreme toughness is  needed. A future use i n  mines is  for strata rein

forcement. (The uses of polyurethane foams are described below i n  Section 4.3.4 ) .  
Reaction injection molded ( R I M )  pol yurethanes are finding increasing use on 

automobi le exteriors in such appl ications as front and rear  fender extensions, front 

fender sk irts and panels, and front or rear fender fi l lers ;  appl ications in uti l i ty 

veh icles can be expected to fol low. 

4.2.4.5 Polysulfide Rubbers 

The polysul fide ru bbers, also known as th iokols, are polymers composed of 

a l iphatic hydrocarbon chains connected by di·, tri·, and tetra-su lfi de l i n ks. Becau se 

of the i r  outstandi ng resistance to hydrocarbon solvents, they are used extensive ly as 

sea lants i n  a i rcraft fuel tanks and pressuri zed cabins but have only l i mited appl ica

bi l i ty elsewhere. 

4.2.4.6 Sil icone Rubbers 

Si l icone e lastomers generate re lative ly  l i ttle smoke, are reasonably fi re retardant  
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i n  a i r, and, when burned, have low fuel val ue. They burn slowly and produce no 

f lam ing drip. They are relatively expensive ( less so than fl uorocarbons, but more so 

than hydrocarbon rubbers) and thei r mechanical properties are m arginal  for many 

appl ications. Si l icones, however, do offer a most promising combination of f ire 

safety aspects, physical properties, and cost, and they are used in electrical insu la

tion and  seat cush ions. 

4.2.4.7 Phosphonitril ic E lastomers 

Phosphon itri l ic el astomers represent another example of "inorganic elastomers". 

The phosphorus· n itrogen backbone : 

]--( 

� c;> = N }-
p X 

b I 
R 

or 
[ 

s uppl ies the flexi bi l ity requ i red for e l astomeric properties and contributes l ittle 

fuel va lue. The various s ide groups ( R, R
'
) affect many of the characteristics of the 

e l astomers includi ng flammabi l i ty (e.g., long hydrocarbon side cha ins wou ld in

c rease flammabi l ity whereas fl uorocarbon side chains wou ld not contri bute to flam

mabi l ity but cou ld contribute to undesi rable pyrolysis products ). 

These phosphonitri l ic  materials are in the earl y stages of development, and much 

needs to be done to defi ne thei r uti l ity and appl ica bi l ity for various uses. Th is 

i ncl udes the definit ion of the combustion and pyrolysis products contri buted by 

the phosphorus and nitrogen. They represent, however, one of the main hopes for a 

l ow-smoke, low-flammabi l ity e lastomer. 

4.2.5 Foams 

Polymeric foams genera l ly  are complex mult icomponent systems that may con

tain fi bers and various f i l lers. Polymeric foams can be divided into rigi d and flexi ble 

foams. Sy ntactic foams are another type that are essent ia l ly  polymers surrou nding 

t i ny hollow spheres of another polymer or glass. F lex i ble  foams genera l ly  have an 

open cel l  structure whereas rigid foams usual ly  have a cl osed-cel l structure. 

Since more of a foam's surface is exposed to atmospheric oxygen, its rate of 

pyrolysis and burn ing is greater than that of the base polymer. The low therm al 

conductivity of foams tends to concentrate the heat on the surface of the structure 

rather than to dissipate it to underlying material or substrate. The result is rapid 

h eating and pyrolysis of the surface material when ex posed to a flame. Th is often 

l eads to an extremely rapid flame spread rate ; however, other factors may moderate 

th is effect considerably (e.g., the sma l l  amou nt of potentia l ly  f lammable materia l  

per unit vol ume in  low-density foams resu lts in  a very sma l l  amount of tota l heat 
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being avai lable per unit  a rea for flame propagation ) .  

I f  the foam material is a thermoplastic such as polystyrene, the heat o f  a flame 

rapidly melts the foam adjacent to it, and the material may recede so fast from the 

f lame front that there is no real ignition. A highly cross l inked thermoset foam, on 

the other hand, behaves in  an enti re ly  different manner. Since l ittle or no melting 

occurs, the surface does not recede from the flame front, and the foam is rapidly 

ign ited. The flame then spreads if the foam is flammable. Under the same condi

t ions, a fi re-retarded foam pyrolyzes rapidly in  the vicin ity of the fl ame, leaving a 

carbonaceous char on the surface of the materia l .  This high ly insu lating char pro

tects the remainder of the materia l  from the effects of the flame. Since carbon itsel f  

is  com busti ble, the  continued impingement of  a radiant heat flux can generate 

conti nued combustion, but the low density of the surface char genera l ly does not 

produce sufficient heat to sustain burn ing in  the a bsence of su rface heat radiation. 

4.2.5.1 Polyurethane Foams 

Polyurethanes are the reaction products of a dihydroxyl ic or polyhydroxyl ic 
compound or resin  and a di isocyanate or polyisocyanate. Polyurethane foams are 

prepared by modifying the funda menta l reaction of an isocyanate and an alcohol to 

produce a permanent cel l u lar structure in the basic polyurethane during its poly

merization by the control led introduction of a gas phase. (The appl ications of 

polyurethane foams i n  m ines are discussed below in Section 4.3.4). 

An important reaction is the trimeri zation of isocyanate to produce an iso

cyanurate ring: 

] 3 R NCO Cata lyst R -

/co......._ [ 

N N - R  'co ccf ' 
'

N
" 

I 

R 

The isocyanurate ring introduces a trifunctional cross- l i nk. It is thermal ly  more 

stable than the urethane from which it is derived and can be used to reduce the 

f lammabi l ity of polyurethanes. lsocyanurate structures can be produced by the use 

of excess isocyanate in  the presence of an isocyanurate catalyst such as a tertiary 

amine. 

The ce l lu lar nature and low thermal stabi l i ty of polyurethane foams genera l l y  

i nfluence their fl ammabi l ity. Because of the l o w  thermal conductivity,  the h igh 

surface heat flux  generated from an ign ition source, can cause a lmost instantaneous 

conversion of a polyurethane to fl ammable gases. Th is often resu lts in very rapi d  

surface flame spread a n d  h igh flaming temperatures once the surface i s  ign ited. I n  

genera l ,  fi re retardance i s  i mparted to polyu rethane foams by the chemical inco r

poration of halogen and/or phosphorus compounds. 
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Although polyurethanes themselves are nontoxic, the pyrolytic com bustion 
gases have been shown to contain considerable quantities of tox ic gases. Significant 
amounts of hydrogen cyanide have been detected in polyu rethane com bustion 
products, but its relative toxicity in gaseous mixtures contain ing l arge amounts of 
carbon monoxide has not been defin ite ly establ ished. 

4.2.5.2 Polystyrene Foams 

Low-density polystyrene foam is used as thermal insu lation, and h igh density 
foam is used for structural appl ications. The major fi re hazards from ce l l u l ar poly
styrene are the potential  for h igh burn ing rate, high smoke production, and rapid 
flame spread. These are, of course, high ly dependent on location, geometry, orien
tation, and rel ationsh ips to other materials. I gnition and burning rates also are 
affected by composition (e.g., use of flame retardants) ,  ign ition sou rce, and thermal 
env ironments. There is l ittl e justification for the use of polystyrene foam in mining 
appl ications. 

4.2.5.3 Poly(vinylchloride) Foams 

F lexi ble poly(vinylch loride )  ( PVC) foams find greatest appl ication in coated 
fabrics, c loth ing, and seating where they pro bably have l ittle effect on fire safety. 
H igh-density foams of varying flex i bi l ity are used for flooring in nonresidential  
bui ldi ngs, and the flammabi l ity hazard of PVC in  this appl ication can vary depend
ing on the type and amount of plasticizer used in the composition. 

R igid vinyl foamed extruded shapes are being used increasingly as exterior and 
i nterior trim, window casing, sandwich core material ,  and siding. The flammabi l ity 
of such materials is low, however, because of the h igh density and thermal con
ductivity of most of the products, the absence of significant amounts of flammable 
plasticizers, and the h igh concentration of inert fi l lers general ly used in the formula
tions. 

4.2.5.4 Rubber Foams 

Practica l ly  any el astomer can be made into a flex ible foam. When a chem ical 
blowing agent is used in  a dry-compounding reci pe, the foam ru bber genera l ly  is 
referred to as sponge rubber. Sponge ru bber is made mostly from natu ra l and 
styrene-butadiene ru bber although s i l icone and fluorocarbon sponge ru bbers also 
are ava i lable. 

Latex foam ru bber is made by beati ng air i nto compounded rubber latex . F luor
ocarbons with or without a ir  are used as foaming agents in some processes. Natu ral 
or styrene-butadiene rubber or blends of the two are widely  used. 

The approaches to fi re retardation in  these materials are general ly the same as 
those employed with the same bu l k  ( i .e., non-foamed) elastomer, except that post· 
treatments s imi lar, in principle, to those appl ied to wood and wood products are 
possi ble because of the cel lu lar nature of foams. 
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4.2.5.5 Urea/Formaldehyde Foams 

Urea/formaldehyde foams are made by mechan ica l ly  froth ing two aqueous re· 
action streams in a specia l  appl icator gu n. Foam comes from the gun in fu l l y  
expanded form, much l i ke shav ing cream. I t  sets in  1 0  to 6 0  seconds, cures i n  2 to 4 
hours, and dries in 1 to 2 days. The outstanding properties of these foams are the i r  
relatively good fi re safety ( low smoke production, low flame spread rate, and low 
fuel va lue) ,  good insu lation efficiency (K factor = 0. 1 8  to 0.20) , good sound insu l a· 
tion, pest repel lence, injectabi l ity into inaccessi ble  cavities, and lack of pressu re 
bui ld-up. Urea/formaldehyde foams have no flexural strength and poor dimensional  
stabi l i ty and shou l d  not be left ex posed since they are eas i ly  mechan ica l ly  damaged. 
Currently avai lable formulations a lso suffer hydrolytic instabi l i ty at h igh humidity, 
which almost certain ly ru les out their use in  certain mining appl ications where a 
h igh degree of moisture is present. 

4.2.5.6 Phenol/Formaldehyde Foams 

Phenol/formaldehyde foams have been known for a long time, but their  com· 
mercial uti l i ty has been very l imited due to the friabi l ity and corrosivity resu lting 
from the res idual  strong acid used in their  preparation. Such foams do exh i bit the 
norma l good fi re-resistance characteristics of phenolic polymers but have a ten d· 
ency to undergo "punking" (glowing combustion ) .  Recently, progress has been 
made towards overcoming these shortcom ings, and slab stock, spray appl ications, 
l aminates, and injection molded foams are in various stages of commercial develop
ment. These foams vary from 1 00 percent open-ce l l  to 80 percent closed-ce l l  ma
terials; they have K values ranging from 0. 1 9  to 0.23 depending on density and 
temperatu re. Phenol ic foam roof insulation is reported to be the fi rst plastic foam 
to obtain a Class 1 rating for an insu lated steel roof deck construction. 

4.2.6 Fibers 

4.2.6.1 Natural Fibers 

4.2.6. 1 .1 Cotton 

Cotton is essentia l ly  cel lu l ose, which is rich in moderately reactive hydroxyl  
groups and wi l l  burn under a wide variety of  conditions. Cotton in  the form of 
f iber, yarn, or fabric can be treated with fire retardants in order to reduce its 
flammabi l ity. Metal oxides and organophosphorus compounds currently are the 
successfu l potentia l ly  acceptable, du rable fi re retardants for cotton and rayon fab
rics. 

4.2.6. 1 .2 Wool F ibers 

Wool texti les genera l ly  are less flammable than cel lu losics and are used exten· 
s ive ly in  carpeting and seat covers. H igh concentrations of hydrogen cyan ide h ave 
been found in the pyrolytic off gases from wool products. F i re-retardant methods 
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for wool have not been studied as extens ive ly as those for cotton, but, genera l ly, 
the flammabi l ity of wool is decreased by treatment with organophosphorus com· 
pounds or specific salts of polyvalent metals. 

4.2.6.2 Commodity Synthetic Fibers 

Synthetic fibers represent the "commodity" items of the texti le industry and are 
produced in larger tota l volu mes than cotton and wool com bi ned. Such fi bers 
i nclude rayon, acetate, nylon, polyester, olefin, and acry lic. No fi bers in th is group 
can be considered to offer protection against di rect exposure to flame. 

B lended fabrics made of yarns contain ing two or more fi bers of different chem
ical composition and properties have attained great commercial  importance in tex
tile markets. F i ber blends pose synergistic fi re hazards that often lead to u n
expected flammabi l ity characteristics (e.g., the incl usion of even small  amounts of 
cotton in a polyester f iber garment can lead to a severe fl ammabi l i ty hazard because 
the nonfusi ble cotton prevents dri pping of the fusi ble polyester, thus increasing the 
fuel avai l able for burn ing). 

4.2.6.2.1 Specialty Synthetic Fiben 

F ibers formed from h igher-me lting-point or nonmelti ng polymers with a s ign i fi· 
cant aromatic or heterocycl ic ring content resist ignition, do not spread flame, and, 
in garments, offer a wearer protection for a brief period against injury by direct 
f lame i mpingement. 

The avai lable f ibers with these properties are Nomex (poly- [ m-pheny lene iso· 
p h t h a l amide] ) and Kevlar (poly [ p-phenylene terephthalam ide] ) . A pol y
benzimidazole ( PB I )  f iber, that offers the wearer protection against f lame impinge
ment is avai lable in developmenta l  quantities. 

4.2.6.3 1 norganic F ibers 

I norganic fi bers are important for some end uses. G lass fi bers, for example, melt 
at about 51 5°C and do not burn. However, they general ly are treated with organ ic 
finishes to enhance their resistance to abrasion and to i mprove other functional 
properties. The flammabil ity hazard of glass f ibers in  actua l  use, therefore, is s ign ifi· 
cantly modified by the presence of these organic materials. 

4.2.7 F ire-Retardant Coatings 

The use of fi re-retardant coatings is one of the oldest methods for protecti ng 
f lammable and nonflammable su bstrates from reach ing ign ition or softening tem· 
peratures. F ire-retardant coatings are either intu mescent or non-intumescent. F ire
retardant coatings are particu larly usefu l in reducing the fl ame spread character
istics of a l most any type of organic substrate. The fi re-retardant coatings shou ld  be 
formulate d  so as not to sustain combustion . However, su bstrates that thermolyze to 
y ield f lammable vapors cannot be protected by coatings in the event of a fu l ly 
developed fi re. 
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4.2.7. 1 Alkyd Coatings 

The no�intumescent, fi re-retardant coatings with the largest sales are based o n  
chlorinated alkyds predominantly prepared from ch lorendic anhydride o r  tetra
chlorophthal ic anhydride. By using the proper ch lorinated acids, coatings that have 
properties comparable to those of conventional coatings and that are also f ire 
retardant can be made. 

F i re-retardant additives also are commonly added to alkyd resins. Halogenated 
additives such as chlorinated paraffins are most commonly used in these coatings 
because of thei r low cost. Antimony ox ide is the most commonly used synergist i n  
these appl ications. 

4.2.7.2 Intumescent Coatings 

I ntumescence is defined as "an enlarging, swe l l i ng, or bu bbl ing up (as under the 
action of heat) . "  I ntumescent coati ngs are used to protect flammable su bstrates 
such as wood and pl astics from reach ing ign ition temperatu res. They a lso protect 
nonflammable substrates, such as meta ls, by preventing  them from reach ing soften
ing or  melting temperatu res. 

Conventional intumescent coatings contain several ingredients that are necessary 
to bri ng about the intumescent action : ( 1 )  a cata lyst that triggers the fi rst of several 
chemical reactions in the coati ng fi l m, (2) a carbonific compound that reacts with 
the catalyst to form a carbon residue, (3) a spumific compou nd that decomposes 
producing large quantities of gas which cause the carbonaceous char to foam into a 
protective layer, and (4) a resin  binder that forms a sk in  over the foam and keeps 
the trapped gases from escaping. Apart from these key ingredients, intumescent 
coatings also may include many other ingredients used in conventiona l  coatin gs  
(e.g., pigments, driers, level ing agents, a n d  th inners ) . 

Nonconventiona l intu mescent coatings are those in which the elements of in
tumescence are bu i lt into the resin itself. ( See Volume 1 ,  Section 8.4) .  For ex
ample, a clear intumescent epoxy coating h as been prepared by the reaction of 
triphenyl phosphite with an epoxy resin  prepared from epichlorohydrin and 
bisphenol A. The coating is prepared by adding the amine catalyst to the premixed 
epoxy- (tri phenyl phosphite ) resin just before it is app l ied. The coating consists of 
1 00  percent sol ids.  

4.3 Specific Usage of Polymeric Materials in  Mines 

As mentioned earlier, wood used as structural tim ber is the largest volume of 
polymeric material  used in underground mines. Its appl ication and fi re safety char
acteristics have been discussed in Section 4 .2. 1 and wi l l  not be repeated here .  

Coal also i s  consi dered to be a natural polymeric materi a l  and, of  course, i t  
constitutes the substance and the product of a l l  coa l mines. It  is flammable and  
subject to  very rapid combustion. Coal dust, free ly generated in m in ing, i s  not on ly 
easy to ignite but can a lso form an explosive mixture with air. However, s ince the 
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presence of coal is unavoidable in coal  mines, it does not constitute a su bject for 
material selection. For these reasons, coal is not discussed in Volume 1 or in this 
chapter;  however, its fire safety aspects are dealt with elsewhere in  th is vo lume. 

4.3. 1 Ventilation Cloth 

Brattice cloth is used to block se lected passageways in order to direct increased 
a i r  into the working face or to serve as seals for emergency venti l ation procedures 
(e.g., in the event of fi re or other mine disaster).  It may be used in the form of a 
curtain, an ai r  bag, or a parachute anchored to the mine roadway, cei l ing, or wal ls. 
Typica l ly, the brattice cloth has been made of jute, cotton, nylon, polyester rein
forced PVC, or neoprene. F i re- retardant variants are used. 

Murphy ( 1 972) has compi led data i l lustrating that performance in a large-sca le 
trial in an experimental mine correlates wel l  with the fl ame spread i ndex determined 
using ASTM Method E- 1 62 and that a fl ame spread index of 25 or less is reasonably 
safe for venti lation cloth. Fi re-retarded versions of jute, cotton, and polyvinyl 
ch loride f i lm and woven gl ass cloth used in the mine experi ment had flame spread 
i ndex values of less than 25 and flame propagation of not more than 5 fpm at 400 
fpm air velocities. 

If for some reason superior performance i s  requ i red, Nom ex ®, Kevlar ®, or PB I 
fabrics shou ld be considered. Nylon or polyester fabrics wou ld provide excel lent 
wea r properties, but it  is  not certain whether ava i lable flame-retardant form ulations 
wi l l  meet the stringent coal mine safety requi rements. 

4.3.2 Conveyor Belts 

F rictional heati ng of conveyor belts is the cause of about 8 percent of reported 
fi res, and when a belt ignites, it may conduct the f ire over great distances. Con
tro l l ing this hazard by proper materia ls selection and by improved operating pro
cedures has been reasonably successfu l.  

A conveyor belt  consists of a conveying cover, a carcass, and a bottom or pu l ley 
cover. It is constructed of elastomers (natural of synthetic rubber, polyvinyl ch lo
r ide, or neoprene), fabric (cotton, glass, asbestos, nylon, polyester, rayon),  fi ber 
cord (cotton, nylon, rayon, polyester), and wire cord ( brass or zinc-coated stee l ) .  
The elastomer i s  used for the top a n d  bottom covers o f  the belting a n d  for bonding 
together the fabric and cords. The R ubber Manufacturer's Association tabu lation of 
e lastomers most commonly used in be lti ng is reproduced in Table 1 ;  other less 
common materia ls are l isted in Table 2. Examination indicates th at neoprene wi l l 
best meet fi re safety and genera l performance requirements in m ine appl ications;  
pol yvinyl ch l oride is a second choice. Selection wi l l  be dictated by economics. 

Once an appropriate elastomer is chosen, the fi ber to be used in the cord or 
fabric can be selected considering requ i red strength , durabi l ity, humidity, and tem
perature exposure as well as cost factors. Evi dence indicates that the fi ber plays a 
secondary role in fire safety performance; however, one must remem ber th at a 
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T•bl• 1 .  Rubbers Mon OJmmonly Ulfld in Stilting. 

ASTM 
Des ignation Common 

Dl4 18-7lA Name 

CR Neopr ene 

NR Na tural 

IR Po ly i sopr ene 

l lR Bu t y l  

NIR Buna N 

SBR SIR 

BR Po lybu tad i ene 

Composit ion Gene r a l  Propert ies 

Cbl oropr ena 

laopr ane , 
Natural 

Iaopr en e ,  
synthetic 

hobu tyl ene-
I so p r ene 

Nitr i l e  
Bu tad i ene 

Styr ene-
Bu tad iene 

Good o aona and lun-checkin& r e l i l t&nc e ,  
aood r ea t a tanca t o  pe trol eua ba aed o il& 
and to abra s io n .  Also aood flame r e s is
t a nc e .  U s ed e x re n s 1v a l y  underaround 1n 
a ine conveyor bel t s  d u e  to i t l  f l ame 
r c s i a t onc e  cbora, t e r i a t ic . 

Ex c e l l ent r e s istance to c u t tin& , &Ou & iri& , 
a nd abr a 1 io n .  Good el a s t ic i ty and 
r e 1 i l 1enc y .  No t o il r e s i l tant . 

Saae proper t ies •• na tural . 

Ex c el l ent rea i l tance tO hea t .  Vary &ood 
r e a ia tenc a  to o zone and • & i na . Good 
r a 1 i 1tance to abra s io n .  No t o il r a s i l tant . 

Ex c e l l en t  r ee i a t a nc e  to va&etab l a ,  animal 
a nd petroleua o il l .  

Ex c e l l ent abralion r a l i a tanca a nd  aood 
r e s i l tanc e to cu t t in& , aou& in& and teer 1n& . 
Good bea t r e e istanc e .  No t o il re• i a tan t . 

Pol ybu tad iene A synthet ic rubber in tha &aneral purpoaa 
f ield . Can be u a ed a lone or in bland a 
w i t h  Na tural or Styrene-Bu tad iene Rubber . 
Has ex c e l l ent abr a a 1o n  r aa 1a tanc e and h i&h 
r e s il ienc y ,  a nd  excellent low taaperatu r e  
r a l 1 1 tanc a .  

NOTE : Adapted from Rubber Manufac t urers ' Ass oc i a t ion , 1973 
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Table 2. Other Synthetic Rubberlike Materials Used in S.ltlng. 

ASTM 
De s i gnat ion 
0 14 1 8 - 7 1A  

common 
Name 

FMQ 

c �  

AIR 

CllR 

B I I R  

A.� 

PVC 

AU 
EU 

EPM 

EPDH 

co 

ECO 

S i l icone 

!!)·pa l o n  

Ac ryl ic 

Chl or ina t ed 
a nd 

Br om ina t ad 
Bu tyl 

Teflon 
Kal-F 

Vinyl 

U r e thane 

Ethyl ene 
Propyl ene 
Rubber 

Ethyl ene 
Propyl ene 
Rubber 

Hyd rin 

Hyd r in 

compos ition General Propert ies 

Mod if ied- Ex c e l lent high and low temperature r a a ia -
Po l y s i l oxaneo tanc e .  Ca n  be made to g iv e  f a ir o i l  r e

s is ta nc e .  Poor phys tc ial proper tiaa a t  
room t em p era tu r es . 

Chloro
Su l ! onyl
Po l y e th y l ene 

Ac r y l a t e 
bu tad iene 

Chlo r ina t ed o r  
Brom ina t ed 
Isobu tyl ene

Isopr ene 

Tetraf luoro
ethylena 
rea in 

Polyv inyl 
Chlor id e  
r u i na 

Polyes t er 

Po l y e t her 

Ethyl ene
Propylene 

Ethyl ene
propyl ene
d iene
Ter p o l ).,.er 

Polychloro
methyl 
Ox ir ane 

Ethyl ene Ox id e  
and 
Chl orom e t h y l  
Ox i r a n tl  

Ex c e l l en t  o zone , wea ther ing and a c 1d r e
s i s t 3 nc e .  C o o d  a h r � s i o n  a nd hea t r e o 1 s 
t a nc e .  Fa i r  o i l  r n � s u nc e .  

Ex c e l l en t  for high temperature � i l  and 
a i r . Poor wa ter r e s i o tanc e .  Poo r c o l d  
f low . 

Same s ener a l  proper t i aa aa Bu ty l  ex c e p t  
i t  c a n  b e  a d h e r e J  to o r  u s ed in comb in
a t ion w i th o ther po l ym e r & . 

Ex c el l en t  h igh temper a ture proper t ies , 
chemical res i s tance and phyo ical 
proper t i es . 

A thermopla s t ic mater ial which has very 
good abr a s ion.  Ex c e l l en t  flame resis
tanc e .  Al s o  baa good raaia tance to ani

mal and v eg e ta b l e  o il s . L im i ted temper
a tu r e  ra ng e .  

Ex c e p t ional abra s i o n ,  cu t and t ear 
r e s i stanc e .  

A seneral pur po s e  synthe t ic which haa 
sood a g ing , abr a s ion a nd heat res is
tanc e .  

Same a s  EPH . 

Ex c el l en t  o il and o zona rasiatanc e .  
Cood f lame r e s i s tanc e a nd  low perme
a b il ity to cas u .  Fa ir low t •para
tur e proper t i e s . 

Ex c e l l e n t  o i l  a nd o aona r e s i s tanc e .  
F a 1 r  f l ame r e s is ta n c e  and low pe�a
ab i l i t y  to g a s e s . Cood 1�" t empera ture 
proper t i es . 

NOTE :  Adapted from Rubber Man u fac turers • As s oc iation ,  1 9 7 3  
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thermoplastic fi ber in a thermoplastic e lastomer belt m ight melt  and separate i n  the 
event of s l ippage and excessive pu l ley fricti on and, thus, avoid a friction-induced 
fire incident. Thermoplastic fi bers for th is purpose are either nylon or polyester; 
the thermoplastic e lastomer for this app l ication is polyvinyl chloride. 

When using PVC, a p lasticizer genera l ly  is required. G iven the choice of 
phthalate ester or phosphate ester plastic izers, the former increases the flam
mabi l i ty hazard whereas the phosphate esters reduce the fire hazard. 

The U. S. Bureau of Mines has devel oped a set of requirements, designated Part 
1 8, under which belts must pass two tests : one to measu re flame propagation after 
d i rect flame ign ition and the other to measu re resistance to dru m  friction ign ition. 
In current work at Factory Mutual  Research Corporation ( 1 976), attempts are 
bei ng made to conduct belt  fire tests in a fu l l-scale s imulated mine ga l lery where 
cei l i ng radiation effects enter the situation. 

4.3.3 Electrical Conductor I nsulation 

The problem of fi re safety of electrical  conductor insu lation in m ines is essen
tial ly  the same one faced by electric uti l ities and in  naval vessels, industria l  instal l a
tions, and a l l  types of bu i ld ings. Polyviny l  ch loride has been the principa l  resin used 
for almost a l l  appl ications since about 1 938. Above 600 volt ratings, PVC genera l ly  
is not used ; rubber, neoprene or cross-l i n ked polyolefins are employed. 

Cross- l inked polyolefi ns are employed in about 5 percent of insta l l ations because 
the flammabi l ity codes or the design engineers specify cross- l i nked products to 
i mprove protection against overloads and hot ambients or surges. These materia ls  
must pass the horizontal f lame test specified by Underwriters Laboratories, Inc., in  
UL 44, Paragraph 3.0. 

Large industria l  complexes and uti l i ties use cross- l in ked polyolefins  as insu lation 
in armored cables that are used exclusively for power distri bution circuits. The 
armored cable prov ides improved crush resistance. When high rel iabi l ity is required 
i n  the presence of high temperatures or h igh cu rrent density, h igher cost materia ls  
can be justified. These materials must pass the horizonta l test specified in  UL 44, 

Paragraph 3.0, but the vertical test, F R- 1 ,  specified in UL 44, Paragraph 74,  is  
optional. Nonarmored (hypalon-jacketed or neoprene-jacketed) constructions are 
used for control circu its. PVC is used in about 75 percent of these applications ( U L 
83, Paragraph 74) .  However, once again,  cross- l inked polymers (U L 44, Paragraph 
74) are insta l led for h igher rel i abi l ity. 

S i l icone insulation is used in such places as stee l m i l ls where conductor 
temperatures above 90° C are fou nd. Si l icone ru bber also is used to justify a h igher 
temperatu re of operation in the rewiring of old bui l dings where space is l im ited. 
This insu lation is required to pass the hori zontal flame test specified in UL 44, 

Paragraph 3.0, and, in some instances, the vertical flame test F R- 1 specified in U L 

44, Paragraph 74. 
The insul ation used in electric generating stations must pass the vertical f lame 
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test F R- 1  specified in U L  44, Paragraph 74, and the vertical tray test specified i n  
Institute o f  Electrica l and Electron ic Engineers ( I E E E )  383. Ethylene-propylene 
rubber (EPA)  or cross- l i n ked polyolefins with hypalon or neoprene jackets are used 
in foss i l  fuel power stations, and EPA or cross- l i nked polyo lefins contain ing halo
genated additives with hypalon or neoprene jackets are used in nuclear insta l l at ions. 
Thermoplastic fluorpolymers are beginning to fi nd increased use in nuclear power 
plants. 

Cables frequently are grouped (e.g., in trays or condu its )  in l arge fac i l ities such 
as industrial plants, hospitals, commercia l  establishments, and electric generating 
stations and often are almost inaccessi ble. A fire under these ci rcumstances can lead 
to loss of power, dense smoke, destruction of consi derable length of cable, etc. 
Many of the standard f lammabi l ity tests are performed on single i nsu lated con· 
ductors. The practice of grou ping cables does present a serious fi re hazard. (The 
relatively recent fi re at a New York City telephone exchange has served to em ph a
size the hazard of vertical and grou ped cableways and the flammabi l i ty of PVC 
insu l ation in  an actua l  fi re. )  I n  the field, the conditions for flame propagation are 
very different when cables with flame-retardant insu lation or covering are i nstal led 
in  l arge numbers. Some safeguards incl u de  insta l l ation of automatic sprink lers, 
smoke detectors, use of improved flameproof coverings, and an automatic carbon 
diox ide flooding system. 

Newman ( 1 976) has shown that PVC conduit or nonmeta l l ic  sheathed cable 
exposed to fi re evolved enough H CI to affect hu man escape potentia l  from a bu i ld
i ng. Under the same conditions, wir ing systems using steel raceways wou ld not 
adversely affect escape potential. 

4.3.4 Sealants 

Mine tunnel wa l ls  and cei l ings genera l ly  are composed of eas i ly  degradable shale, 
and sealants are requ ired to protect them from the effects of air, moisture, and 
mechanical abrasion and to control methane diffusion and generation. A sea lant 
that also serves as a thermal insulation is desi ra ble .  Ease of appl ication over i rregu lar 
and wet surfaces, rapid curetime, and mechan ical toughness are additional requ i re· 
ments. 

Urethane foam appeared to meet all these requ i rements and its acceptance was 
rapid. However, fi re and tox icity hazards soon became apparent, and the use of 
u rethane foam as a sealant in mines now is essential ly proh i bited. 

Replacements for urethane foam are the subject of ongoing  investigations. 
Sprayed fi brous rei nforced cement is one possi ble solution, and sprayed water-base 
epoxy sea lant a lso may be effective ( F ran kl in  et a l .  1 977) .  Sodium s i l icate is effec
t ive on sandstone wal l s. 

Coatings to protect existi ng polyurethane sea lant insta l l ations also are being 
s ought. Warner ( 1 975) reports that, in a fu l l-scale gal lery test, concrete with steel 
fi bers was an effective fi re-inhi biting coating over an ex isting urethane insta l l ation . 
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4.3.5 Hydrocarbon Fuels 

Gasol ine is not used in U.S. underground mines, but diesel fuel traditional ly h as  
been used i n  metal and non meta l mines to power locomotives, shuttle cars ,  
bu l ldozers, loadi ng mach ines, and other equ ipment. The use of diesel o i l  in coal 
mines in s imi lar  appl ications is fair ly recent ; therefore, fire and acc ident statistics 
are meager. It is expected, however, that the fi re safety performance of d iesel oi l  in  
u nderground mines shou ld  somewhat para l le l  that of hydraul ic  flu ids. G as  welding 
equipment (e.g. ,  oxygen-acetylene welders ) is common ly  used in  mines, but specia l  
precautions are taken both before and dur ing wel ding operations. 

4.4 Conclusions and Recommendations 

Conclusion: Materials flammabi l ity hazards are of great concern in coal and 
minera l mines because of the l imited access and egress routes, the need for forced 
venti lation, and the ever present energetic ign ition sou rces. I f adequate attention is 
paid to access routes, compartmenta l ization, and smoke venti l ation systems during  
design of  bunkers, materials selection problems are the same as  in other bu i ld ings 
with comparable occupancies, 

Conclusion: In selecting polymeric materials with improved fire safety character
istics, competing functional,  economic, and safety requirements must be reconci led. 

Conclusion: Wood represents the largest volume of polymeric material used in 
mines. It  ign ites more readi l y  than coal and it rots readi ly  in  a m ine envi ronment. I t  
may be that rotted wood is a greater fi re hazard. Recommendation: Reserach to 
find a practical method for contro l l ing the ease of ign ition and flame spread of 
mine timbers shou ld  be continued. The method of precharring wood to a depth of 
2 mm to reduce flammabi l i ty shou ld  be eva luated in a fu l l -scale tri a l .  

Conclusion: The venti l ation cloth used to direct a i r  currents dur ing normal 
working and emergency conditi ons can contri bute to the fi re safety hazard by 
igniting easi l y  and spreading flame rapidly.  Recommendation: The tentative gu ide
l i ne specifying that venti lation cloth exhi bit a flame spread rati ng of less than 25 in 
ASTM Method E- 1 62 shou ld be continued unti l evidence indicates that it is  not 
sufficient. F i bers (e.g., Nomex® or PB I )  that can out-perform any now used for 
venti lation cloth are ava i l able and under devel opment. 

Conclusion: Conveyor bel ts are a frequent sou rce of fi res because of friction 
against pul leys and accumulated spi l l age of conveyed m ateri a ls. The use of neo
prene or plasticized PVC in belts has i mproved the ir  fi re safety. Recommendation: 

Phosphate ester plastici zers shou ld be used instead of phthalate esters to fi re retard 
PVC, provided that the phosphate plasticizer does not increase tox ic smoke genera
tion. 

Conclusion: The f lammabi l ity and smoke toxicity pro blems caused by electrical 
conductor insu lation in mines are the same as those confronted in uti l ity appl ica
tions, industria l  insta l l ations, and aboard shi ps in that PVC cables i n  grouped cable
ways wi l l  bum, spread flame, and emit tox ic hydrogen ch loride vapor. Recom-
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mendation: The present requi rements for cable flammabi l i ty performance should 
be increased. 

Conclusion: A practical replacement is needed for polyurethane foam as a 
sealant for mine tunnel wal ls and ceil ings. The presently preferred sprayed steel 
f iber reinforced concrete is effective but its appl ication is cum bersome. Recom

mendation: More convenient methods for applying the sprayed fi ber rei nforced 
concrete should .be sought, and aqueous emulsions of cross l in kable thermoset 
resins that can be used to seal mine tunnel wal ls and cei l ing should be developed. 
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CHAPTE R  5 

D ESIGN CRITERIA IN MINE SAF ETY AND HAZARD CONTROL 

5.1 I ntroduction 
(Secretary of the I nterior, 1 974; Nagy and Hall 1 974; 
Chaiken and Burgess 1 977; and Mitchel l and Verakis, 1 975. ) 

Resources extracted from the earth by mi ning have long been essential to man
kind. Min ing, even in its crudest form, provided materials for implements, weapons, 
jewe l ry, and coi ns. As societies grew more soph isticated and complex, the products 
of min ing became even more important and contri buted immeasurably to the devel
opment of systems for transportation, communications, electric power generation,  
heating, construction, industri al production, defense , and agricu ltu re. 

Min ing today is a large-scale i ndustrial activity involv ing the use of heavy elec
tric-powered machi nery ( i.e., sophisticated h igh-productivity min ing machines, ex
tensive rol l i ng and conveying transportation equi pment, hoists, and large venti l ation 
systems) .  Al l of th is factory- l i ke activ ity ,  however, occurs in a h igh ly hosti l e  en
v i ronment. Surface mines are su bject to fal l s  and other dangers, but u nderground 
mines are more hazardous. Access and egress routes must be excavated and main
tained in a structura l ly  safe condition ; electricity m ust be conducted into the m ines 
to power l ights and a l l  production and transportation equipment; artificial venti l a
tion must be maintained to provide suffic ient oxygen for personnel and, often, to 
d i lute toxic gases and combusti ble dust and gas ;  and structural integrity must be 
mai ntained to prevent col lapse, to seal wa l ls aga inst abrasion, and to prevent water 
or gas seepage into the mines. 

The layout of a mine, un l ike any other industria l  fac i l ity .  changes conti nuously 
as mine development ( i .e. ,  production)  progresses. This requ i res that power l ines be 
extended, venti l ation systems altered, and critical materials and suppl ies be relocat
ed; it requi res a continual  lengthening of access, egress, and transportation routes. 
In addition, exhausted mine areas, which represent potentia l  reservoirs for water or 
gas accumul ation as wel l  as alternate escape or venti l ation routes, are subject to 
structural fai lures and must be maintained. 

Advanced design criteria are needed to el iminate or reduce the hazards in m ines, 
and the development of such criteria is the subject of th is  chapter. ( Efforts to 
control mine safety and hazards through legis lation are descri bed in Appendix B. ) 

5.2 Approaches to Design Criteria Development 

The traditional approach to mine safety and hazard control has been frag-
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mented. As h azards were discovered during post-fire or  explosion investigations, the 
problems were corrected, but l i ttle thought was given to the interaction between 
the elements ( i .e., each material and each piece of production and transportation• 
equ ipment used in a mine was considered as a separate fi re or safety hazard) .  

A more sophisticated method for dea l ing with mine safety and hazard control i s  
the systems approach. When applying th is approach, the enti re min ing operation 
including al l equipment used is considered to be one system. The effect of each 
component on the whole system is examined and alte rnate pieces of equi pment or 
materials are evaluated on the same basis. 

One way of uti l iz ing the systems approach is to devel op fire scenarios l i ke those 
descri bed in Chapter 3 to examine the effect of the incident on the whole system 
and to assess the probable impact of a lternate materials or equi pment on the 
development and outcome of the incident. The decision tree descri bed by Rou x  
( 1 977)  i s  a valuable t oo l  for applying the systems approach a s  i s  computer model
i ng, wh ich permits rapid eva luation of a great number of alternates. 

To uti l i ze the systems approach in developing new design criteria for m ines, the 
contents of the mine system must be considered in rel ation to fi re processes, and 
the mine system may be viewed as consisting of : 

1 .  Fuels - gases and dust ; structural lumber or other materi als ; com busti ble 
components of production equ ipment, conveyor systems, transportation 
equi pment, condu its, electrical distr ibution systems, and venti l ation systems 
( including insulation materials, hydrau l ic  hoses and flu id, conveyor belts, 
venti l ation cloth, etc. ) ;  sealants, stop pings, and barrier materia ls ;  wal l surfaces 
and mine products ; materials and equi pment worn or carried by personne l ;  
a n d  stored mate ria ls  and suppl ies. 

2. I gn ition sou rces - sources of spontaneous ign ition ; potential sources of arcs 
and sparks in ·an employed equipment; potential sou rces of electrical over
heating in equipment; potential sources of mechanical  (frictiona l )  overheating 
in equi pment; and appl ied sources of fl ame or arc (welding, brazing, smoking, 
etc. ) .  

3 .  F i re propagation potential - mine layout and natural  drafts ; venti l ation 
effect; forced drafts and the i r  routing and ava i lable alternates;  a ir  velocity and 
qua l ity, effect of potential fire on combusti ble gas development; modification 
of draft effects and air qual ity considering ava i l able fuels and thei r  location ;  
ava i l able alternates for venti l ation routing and air velocity and its effect on 
fire propagation ;  potential effect of fi re on structu ral integrity and col lapse 
potential ; and effect of structural modification on fire propagation (evolution 
of combustible gases alteration of draft effects, and accessi bi l ity for vent 
modification ). 

4. F i re detection and suppression systems - number, qual ity, and location of 
portable and permanent ( loca l and remote) f ire detection sensors (tem pera
ture probes, gas analyzers, particulate detectors, etc. ) ;  num ber, qua l i ty,  and 
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l ocation of fi re su ppression devices, equipment, and materials ( insta l led on 
face cutter, transportation equipment, spri n klers, portable and stationery 
equipment, rock dust pi les, etc. ) ;  number, avai labi l ity, and qual ity of trained 
f irefighting personnel,  maintenance crew members, and miners ; extent and 
qual ity of communications systems; extent and qual ity of fi re disaster plans 
and models ;  and avai l abi l ity and qual ity of enforcing authority. 

The complete appl ication of the systems approach in developing design criteria  
that provide for mine safety and hazard contro l  requi res a greater understanding of 
fire dynamics and related processes than is possible today. For example, the sea· 
worthi ness of a damaged ship can be ascertained quickly, and the effect of correc· 
tive actions (e.g., flooding selected compartments) can be i nvestigated rapidly using 
a scale model .  Simi larly, alternative mine venti l ation patterns for use during a fi re 
cou ld  be i nvestigated using mathematical and computerized models, but several of 
the input parameters have not yet been establ ished. One- and two-d imensiona l  
models of  venti l ation-throttl ing developing in a mine fire situation have been used 
and they provide a valuable starting point. However, it appears that a fu l l  three
dimensional model is requi red and the development of such a model wi l l  be ex
tremely compl icated, difficu lt, and expensive. Severa l aspects of fire propagation 
mechanisms also are poorly understood. The most reasonable way of investigating 
these areas appears to be through ex perimentation at various scales. Such programs 
now are under way, but scal i ng factors have not yet been establ ished to provi de 
even empirical means of approximation . These research programs also are expensive 
and further work is needed. 

Thus, although the objectives of mine design criteria h ave been brought into 
focus and the approach to criteria development is wel l del ineated, the means to 
achieve the goa ls  are not yet avai lable. The fol lowing d iscussion does not pretend to 
be al l  inclusive but rather attempts to present a broad overv iew of the state of the 
art and of recent developments in the most i mportant areas of mine safety hazard 
control.  Considered are fuels ;  ign ition sources; and fi re detection, ignition quench
i ng, and composite systems. Some topics are discussed i n  greater detai l  than others 
primari ly for purposes of i l lustration. 

5.3 Belt Conveyors 
(Diamond, 1 960; Nutter, 1 977; Harstein and Forshey, 1 976; Kuchla, 1 978) 

The belt conveyor was introduced as a means of underground mine transport a
tion in G reat Brita in at the turn of the century and was adopted by the U.S. coa l  
min ing industry in the early 1 920's. In it ia l ly considered to be a n  ex perimental 
curiosity, the device gained popularity rapidly because of the cost savings and 
improved operational efficiency its use made possible. 

Belts, however, can cause ignition and contri bute to fire spread. They are made 
of combusti ble polymeric materials and their drive system tends to overheat when 
mechan ica l  components malfunction. Belt conveyors are insta l led along re lative l y  
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l ong horizontal distances and often on the a ir  intake s ide of venti lation systems. 

Belt conveyors are used extensively today in mines a l l  over the world, and it is 

esti mated that 24 mi l l ion l inear feet of belting was in service in  1 977 in  U.S. 

underground coal mines alone. Statistics show that between 1 952 and 1 969 at least 

1 5  percent ( 1 34 out of 877) of reported coal m ine fi res in  the United States were 

attri bu table to conveyor belt ignition, and 70 percent of these belt fires were 

caused by frictional heating (e.g., involving a stuck rol ler or snarled belt in the belt 

drive assembly).  

Extensive efforts have been made to provide safer belt conveying systems :  i n

depth investigations have been conducted to define the problems; f i re-resistant 

belting has been developed ; smal l - and large-scale com bustion experiments have 

been performed;  and a l arge number of safety regu lations have been establ ished. 

These efforts have resulted in  a drastic reduction in  belt fi res ( i .e., to an average of 

l ess than two per year between 1 970 and 1 977) ,  but the i ncreasing use of these 

systems and the potential fi re and toxic hazard d ictate that additional development 

work be undertaken. Particularly needed are improved flammabi l i ty and flame 

spread tests, an evaluation of the toxicity of belt com bustion products, and im

proved fire detection and suppression systems. 

5.3. 1 Description 

Conveyor belts genera l ly  consist of three elements : a top or conveying cover, a 

carcass, and a bottom or pul ley cover. The carcass is usua l ly  a texti le fabric  woven 

of one or a combi nation of the fol l owing: cotton, glass, asbe�tos, nylon, polyester, 

rayon, other fi ber yams, and wire cords or cable (usual ly brass- or zinc-coated 

steel ) .  The top and bottom covers usual ly  are made of thermosetti ng or thermo

plastic el astomer, which also is used to bind together the various components of the 

belt carcass (e.g., the pl ies or layers of fabric and/or cords of natural or synthetic 

f ibers and steel ) .  

A fi ber o r  yarn i s  selected for use in  a texti l e  cord on the basis  o f  its physical 

properties ( i .e., strength, elongation, aging, dynamic fatigue resistance, adhesion 

characteristics, mi l dew resistance, heat resistance, and other properties) . In  fabrica

tion, very smal l fi bers are twisted together to form "singles," two or more "singles " 

are twisted together to form "pl ies", and two or more "plies" form a "cable". 

Synthetic yarns are produced by extrusion or by s l itting extruded or blown fi l m .  

Yarn s izes are denoted by numbers ( Hank )  i n  the American system depending o n  

the material ( i .e., cotton, asbestos, glass, etc. ) .  Continuous f i lament synthetic fi bers 

are measured by "deniers" (grams per 9000 meters of yarn ) or by the new, un iver

sal "tex num ber" (gra ms per 1 000 meters of yarn ) .  

Fabric is woven from warp yams, which run lengthwise, and fi l l ing yarns, which 

run crosswise. The properties of the fabric depend upon its construction, the m a

teria l  from wh ich it was made, and the type of weave. The most common weaving 

patterns are p la in, twist, basket, and leno. Modifications of these weave patterns are 
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produced by using a warp yarn that is stronger than the fi l l i ng yarn. Fabrics made 
in this way often are used for the belt carcass and include the woven cord, sol id  
woven, and straight warp weave. 

Materia ls  used for the top and bottom cover of mine conveyor belting are SB R 
rubber, neoprene ru bber, and PVC. The manufacturing methods used for ru bber 
belting are more complex and expensive than those used for PVC belting. Many 
types of ru bber are avai lable and they can be blended and mixed with various 
chemicals to produce requ ired physical properties. They are compounded, pre
formed into sheets, and cu red (chemica l ly  cross-l i nked) on flat or rotary presses. 
PVC belti ng is made essentia l ly  of PVC homopolymer and a phthal ate ester or other 
plasticizer. Manufacturing methods consist of relative ly s imple continuous coating 
operations. It is genera l ly  conceded that rubber belting is more abrasion resistant 
than the PVC type (especial ly  to mixtures with a high rock content) ; however, total 
l ife cost and initial cost may be traded off between the two types. 

A recent investigation ( Hartstein and Forshey 1 976) reports that SB R ru bber 
belting exhi bits good fl ame resistance and is less hazardous than neoprene or PVC 
belting in  terms of tox ic combustion products. Manufacturers of PVC belting 
(Nutter 1 977) ,  on the other hand contend that : ( 1 )  thermoplastic PVC belt wi l l 
melt and separate when exposed to excessive frictional heat (thus preventing it  
from acting as a source of ignition),  (2 )  PVC is inherently f lame resistant, and (3} 
properly chosen formu lations of PVC with flame-retardant additive wi l l  min imize 
the spread of an external ly produced f ire and the formation of hydrogen ch loride 
vapor. 

Most U. S. coa l companies use a combination of PVC and ru bber belting with 
rubber being used more on the main l ines and PVC, on panel and butt entries. 
According to Nutter ( 1 977), approx imately 8 mi l l ion of the 24 mi l l ion l inear feet 
of belting in use in underground coa l  mines is the PVC type. 

5.3.2 History of Hazard Control 

Fol lowing Worl d War I I , rubber conveyor belts gained rapid acceptance in British 
coal mines because of their contri bution to i mproved operation efficiency .  I n  Sep
tem ber 1 950, however, a disastrous fi re occurred in the Creswel l Col l iery in  Eng
l and and 80 men lost thei r l ives. Th is disaster was caused by a sta l led rubber belt  
that ignited and helped the fire to spread at  speeds esti mated at  1 00 yards per hour.  
Fol lowing th is disaster, the Nationa l Coal Board directed a l l  belt manufacturers in 
Great Britai n to proceed i mmediately with the development and production of a 
fi re-resistant belt. The National Coal Board also establ ished specifications for the 
acceptance of fi re-res istant conveyor belting, and these included a mandatory drum 
friction test. This test, as currently used in  England, is  more severe than the Inter
national Standards Organizati�n ( ISO) or the European standard drum friction test. 

The U. S. Bureau of Mines, in response to the Creswel l incident, also establ ished 
a set of requi rements, designated Schedu le 28, under which conveyor belts h ave 
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been qual ified for use since November 1 955. Two tests are requi red - one to 
measure flame propagation and the other, ignition. A drum friction test to qual ify 
belts for use in underground mines has not yet been adopted in the United States in 
spite of the overseas experience and recommendations of PVC belt manufacturers. 

Early British work to devel op fi re-resistant belting involved treating the duck to 
render it fireproof or fi re resistant and substituting a fi re-resistant materia l  (e.g., 
neoprene or PVC) for the rubber in the belt. Since the chemicals used to fi reproof 
the fabric adversely affected the properties of the carcass, efforts were concentrated 
on finding the proper fi re-resistant materia l  for the belting itself. Neoprene was not 
manufactured in England and was considerably more expensive than PVC; there
fore, the latter material was preferred and was the fi rst to be approved for use in 
coal mines operated by the National  Coal Board. The same type of PVC belting, 
which was supported by a nylon woven carcass, was introduced in U.S. m ines in the 
mid-1 950's. Early samples appeared to be fl i msy and rapidly developed "edge 
wear" , but they also exhi bited good abrasion resistance and other advantages in 
actual use. The neoprene belt ing then avai l able exh i bited poor adhesion of cover to 
fabric, developed considerable gouging and stripping, and was s ignificantl y more ex
pensive. 

Since the 1 950's hea lthy competition has developed between manufacturers of 
rubber and PVC conveyor belts and has resulted in great improvements in belt 
properties, price, and fire safety. Th is competition is sti mul ated both by the ever· 
expanding market and by the increasing stringency of government regu lations. 

The nu mber of belt-related mine fires has been reduced drastical ly  in the United 
States duri ng the past two decades. This is attri buted to the development and use of 
f l ame-resistant belting, as specified by state and federal regu lations, and other belt· 
rel ated directives. In England, there has been no reported belt ign itions due to 
frictional heat bui l dup since PVC belts were introduced. 

5.3.3 Current Research and Future Trends 

Current and projected efforts to i mprove conveyor belt system design criteria are 
focused on advancing understanding of the basic fire processes ( including genera· 
tion of toxic gases ) ;  developing i mproved tests of flammabi l ity, flame spread, and 
frictional heating behavior, and design ing sophisticated detection and suppression 
systems. 

5.3.4 Fire Tests 

The Federal Schedule 28 test designated to determine the fi re resistance of coal 
mine conveyor belts is considered of questionable rel iabi l ity. This test is performed 
on a sma l l  sample ign ited in a chamber with a Bunsen burner and the duration of 
com bustion is noted at a s ingle, fixed air  velocity. Recent larger scale experiments 
i ndicate that the resu lts of this test are not sufficiently conservative s ince frictional 
h eating behavior  and tox icity of evolved gases are not considered. The U.S. Bureau 
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of Mines is conducting in-house and contracted experi mental programs to ascertai n  
the facts. 

I n  one investigation ( Harstein and Forshey 1 976), the thermal oxidative decom
position products of the basic belt materia ls and some of their  pure ingredients 
were analysed in great deta i l .  These data provide a valuable starting point, but a 
greater number of samples and pure ingredients must be assessed u nder a much 
greater variety of conditions (temperature ,  air ve locity ,  oxygen content, etc.) .  Such 
work is now in progress. 

Medium- and large-scale laboratory fi re test programs have been and are being 
conducted to study the behavior of conveyor belt systems. Belts made of SB R 
rubber, neoprene, PVC, and natural ru bber compounds in combination with 
nylon, rayon, and cotton carcass material have been tested for f lammabi l ity using 
various intensities and sources of ignition and ai r velocity conditions. The abi l i ty to 
sustain fl ame propagation and the effects of preheating, belt width, and coal dust
grease accumulations a lso have been evaluated. 

Fu l l -scale fi re tests have confirmed some of the l aboratory-scale  resu lts and 
trends, and the inadequacy of the existing fi re retardancy acceptance test has been 
demonstrated further. In these experiments, temperature profi le versus duct length 
and time from ign ition were studied to shed further l ight on fi re-related phenome
na. 

In 1 978, experi ments were under way usi ng fu l l -scale "fire test gal leries" having 
various configurations and slopes, and belts were being tested under various mine 
f ire conditions by varying belt width , air ve locity, bu rning angle, preheating time, 
i gnition heat flux, and coa l dust-grease accumulation . Belt f ire resistance is deter
mined from measurements of flame spread rate, propagation distance, gal lery tem
perature, and the heat f lux at various sections. The results of these tests wil l be used 
to develop a more rel iable and mean ingfu l laboratory-scale fire-retardance test 
method that includes a quantitative rating system. The fu l l -scale tests also are 
uti l i zed to assess the tox ic gas formation characteristics of the various belt materi
als. These resu lts wi l l  be compared with the laboratory-scale  oxidative thermal 
decomposition studies mentioned above. 

In itial results of the gal lery tests indicate that the most important variables are 
a ir  venti lation rate, ign ition heat f lux, and distance between the belt and the roof of 
the simulated mine entry. This information is being used to design the prototype of 
a laboratory-scale fire-resistance test for conveyor belts. 

5.3.5 Fire Warning Systems 

Existing regu lations require that a fi re sensor system be insta l led at each coal 
mine belt conveyor to stop the belt drive and activate alarms  when a belt fi re 
occurs. The sensitivity, response, and durabi l ity of the various types of sensor and 
opti mum sensor spacing have been of concern in  the past. 

In a recent comparison of the various sensors and their characteristics, it was 
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found that the thermal point and thermal continuous types are most suitable for 
mine conveyor belt appl ications. They exhi bited adequate sensitivity for early de
tection and sufficient durabi l ity for the environment and rel atively econom ical .  
Response time, temperature range setting, and recommended spacing also were 
establ ished 

Com bustion detectors (photo-electric and ionization types) are high ly sensitive, 
but they are not rel iable  in dust- laden air. They also are susceptible to false activa
tion by combustion products originating in areas other than belt hau lageways. The 
same l i mitation appl ies to carbon monoxide detectors. Optical type detectors (UV 
and I R )  a lso are sensitive, but their  effective range i s  l imited and sensitivity to 
extraneous l ight sources presents additional problems. 

F uture developments in th is area, aside from technical refinement of the instru
ments, must be directed toward the systems approach to design. For example, the 
continuous monitoring of the entire mine with a "tube bundle" detection system 
wil l  al l ow measurement of the differentia l  of ai r qual i ty between belt haulageways 
and su rrounding areas; therefore, the use of the more sensitive com bustion detec
tors eventual ly may be preferred for this advanced design configuration. 

5.3.6 Suppression of Conveyor Belt Fires 

Ex isting regu lations requ ire that automatic fi re extinguish ing systems (sprinkler 
or deluge type) be insta l led at coal mine belt conveyor drives in accordance with 
specified belt areas and water flow rates and suppl ies. Provisions are made for use of 
alternative foam or dry powder chemical systems, including specifications for such 
systems. The gal lery experi ments descri bed above were uti l i zed to eva luate the 
efficiency of the various suppression and detection systems in a simulated belt 
hau lageway with various belts and under a variety of fire conditions. The adequacy 
of pertinent regul ations a lso was assessed, 

Automatic water sprinklers with self-contained actuaters were found to be re
l iable and economical and to require l ittle maintenance. The importance of sprink
ler spacing was determined and the effects of water pressure, detection tempera
ture, and spray density were eva luated. The primary disadvantage of such spri nkler 
systems is thei r fai lure when the contents freeze - a  possi ble contingency near the 
earth's surface. 

H igh expansion foam systems provide rapid fire suppress ion with low water 
requirements but maintenance requirements were h igh,  del ivery rates were slow, and 
gaps developed at the hau lageway roof because of venti lation effects. The foam 
systems a lso are prone to fa i lure at freezing temperatures. 

F i re su ppression systems employing mu lti purpose dry powder chemicals worked 
rapidly, requi red a rel ative ly sma l l  amount of chemical, and operated at low tem
peratures. The disadvantages of such systems are that individual design is required 
to provide proper powder dispersion , maintenance requ irements are high ,  and cool
ing capacity is smal l (creating the potential for re-ign ition ) .  
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The in itia l  resu l ts  of these tests confirmed the adequacy of ex isting regulations 
and provided additional knowledge concerning the operation and appl ications of 
the various systems. A more comprehensive conclusion concern ing what methods to 
use in particu lar  s ituations and how to integrate these in an overa l l  system design 
remains to be developed. 

5.4 Wire and Cable Insulation (Taylor 1 977) 

In mine fires, wire and cable insulation frequently has been the fi rst material 
i gn ited by such sources as an overheated conductor or electric spark . The burning 
insulation often ignited secondary fuels, smoke and tox ic fumes were generated as 
it decomposed, and the conductor was exposed in an un insulated form . Exam ina
tion of wire and cable insu lation as a potential fire, fume, and toxic h azard is 
therefore an important design consideration. Although wi re insu lation fi res have 
l ong been of concern to the mining industry, un iform criteria and test methods 
have been lacki ng. 

A program recently in itiated by the Department of Transportation (Taylor 
1 977) is aimed at establish ing criteria for test methods ; developing standard tests 
for flammabi l ity, smoke emiss ion, toxicity, and integrity ; and applying these tests 
to wire and cable insulating materials presently in use and to the newer polymeric 
materials being proposed. Although this study is being conducted pri mari l y  for the 
rapid transit industry, i ts resu lts should prov ide val uable data to the mining indus
try, as wel l  as al l  others, since rapid transit tunnel and mine requ i rements for 
e lectrical power and large equ ipment in confined spaces are very si mi lar. The re
sults, however, wi l l  have a low probabi l ity of appl ication to trai l i ng cables, which 
are reported to ran k h igh among causes of mine fi res. 

The intermediate resu lts and conclusions of th is program are presented below. 

5.4. 1 Test Program 

I n  Ju ly 1 976, the Department of Transportation ( DOT) awarded a contract for 
the study of electrical insulation. The stated objective of th is contract is : 

to determine whether any of the currently used electrical insu lations 
can provide a f ire safe environ ment in  terms of very low flame propaga
tion, smoke and toxic gas evol ution . . .  and determ ine whether any of 
these can meet criteria wh ich wi l l  be establ ished by taking into account 
the fi re hazards inherent in transit systems. This study is di rectly appli
cable to wire insulation used in  mines. 

Although the portion of the ( DOT) study deal ing with test method development 
is  outside the scope of this chapter, it shou ld  be mentioned that criteria were 
developed for the desired test methods and that all existing test procedures were 
eva luated Some test procedures were mod ified or new ones developed as needed to 
provide meaningfu l standard tests for f lam mabil ity ,  smoke emission, ci rcu it integri
ty, and toxicity of wire and cable insulation materia ls. 
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Samples of the various insul ation materials and wire and cable constructions 
then were obtai ned from suppliers and su bjected to the newly devel oped standard 
tests. When the committee received a report on the program (Taylor 1 977) ,  it was 
not complete, but interi m results ����ere avai lable and prel i m inary conclusions were 
offered by the program manager (except for smal l an i mal tox icity which was not 
complete) .  

5.4.2 Test Results 

The fol lowing materials and constructions were subjected to the test program : 
Single Wires (74 to tal samples) 

Poly (ethylene-chlorotrif luoroethylene) ( Ha lar®) ( E-CT F E )  
Poly imide ( Kapton®) 
Mica 
Si l icone R ubber 
Poly (f luorinated Ethylene-propylene )  (Teflon®) ( F EP) 
Poly-tetrafluoroethylene (Teflon®) ( PT F E )  
Poly (ethylene-tetrafluoroethylne)  (Tefzel®) ( ETF E )  
X L  Polyethylene (PE) 
X L  Polyolefin 
X L  Pol yv inylch loride (PVC) 
Braids 
Glass 
Nomex® 
Multiconductor Cables 

Kapton® (twisted, no jacket) 
Polyolefi n/polyolefin jacket 
Si l icone ru bber/s i l icone rubber jacket 
Teflon®/Teflon® jacket 
Tefzei®/Tefzel® jacket 
Tefzei®/Shield/Tefzel® jacket 
The flammabil ity tests indicated that : 
1 .  The selected test method is capable of providi ng repeatable test resu lts. 
2. The selected test method is capable of providing sufficient information to 

categorize the behav ior of various insu lation materials and constructions 
when exposed to f ire. 

3. The selected test method is capable of providing sufficient information to 
determine which materials and constructions provi de a fi re safe environment 
in  terms of flammabi l ity and to ran k  these materials and constructions ac
cordingly, 

4. Overa l l ,  s i l icone ru bber and poly imide ( Kapton®) insulations perform best, 
and the performance of the basic insulation can be i mproved by construction 
features such as braids and jackets. 
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The smoke emission tests revealed that: 
1 .  The National Bureau of Standards ( NBS) cham ber method is a viable 

approach to testing electrical wire and cable insu lation materials. 
2. I t  wi l l  be possi ble to use the test resu lts to categori ze the smoke em ission 

characteristics of the candidate insulation. 
3. I t  wi l l  be possible to use the test resu lts to rank  the materials and construe· 

tions in terms of thei r abi l ity to provide a fi re safe environment in terms of 
smo ke emission. 

4. I t  wi l l  be possi ble to use the test resu lts to develop standard length versus 
AWG s ize for wi re and cable testing and to establ ish rea l istic acceptance 
criteria with respect to what is ava i lable. 

5. The Teflon®, Kapton®, and mica insulations have the lowest smoke em ission. 
As can be expected, any constructions that add other materials to the basic 
materia l  decrease smoke emiss ion performance (e.g, ,  Kapton® alone performs 
better than Kapton® with Nomex® braid) .  

The ci rcu it  integrity tests indicated that : 
1 .  The B I W  test ( B I W  test = Boston I nsulated Wire test. Detai ls are ava i lable 

from Boston I nsulated Wi re and Cable Co., 65 Bay St., Boston, Mass. 021 25 
or in the cited article), is a practical test for measu ring the integrity of 
single-wire insul ation during and after exposure to fl ame. 

2. I t  wil l  be possi ble to use the test resu lts to categorize and rank insu lation 
materials and constructions with respect to thei r  abi l i ty to provide a fire safe 
environment in terms of circu it integrity. 

3. For single wi res, s i l icone ru bber provides the best circuit integrity when ex
posed to a fi re. 

Due to the interi m nature of the test data, it was not poss ible  to rank  the 
i nsu lations with respect to their abi l ity to present a fire safe envi ronment. I t  is 
i ntended, however, that this ran king wi l l  be done for each of the four tests of 
interest ( i .e. ,  flammabi l i ty, smoke emission , toxic gas eva luation, and circu it integri
ty). It also is intended that some method wi l l  be derived to develop a combined 
hazard index for the insulations and constructions that wi l l  incorporate al l fou r  
characteristics. The study contractor appears to recogn ize that, although flammabil
ity, smoke emission, and tox ic gas evolution are very important factors i n  the 
selection of the insultion materia l  for e lectric wire and cable for use i n  rapid transit 
veh icles, they must be put in  perspective with other i mportant characteristics such 
as abrasion resistance, resistance to contaminants and f lu ids, instal l ation flex i bi l ity, 
abi l ity to str ip for termi nation, abil ity to su rvive mechan ical stress and elongation,  
smal l bend radius, long l ife, and good electrical properties (e.g,, h igh insu lation 
resistance and h igh dielectric withstand voltage) .  

The insulation materials and constructions therefore also wi l l  be ranked in  terms 
of these characteristics. By establ ish ing th is fu rther ran king, it is postu lated that the 
i nformation made ava i lable to the rapid transit system designer wi l l  be i n  the most 
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usable form. The mine operator also can use this information. Based on the interi m 
data, the fol lowi ng pre l iminary conclusions were drawn : 

1 .  Standard test methods and guidel ines for electrical wire and cable insu lations 
are needed. 

2. The resu l ts of this program wil l  be a significant step towards fu lfi l l ing the 
above need. 

3. It has been poss ible to develop simple, inexpensive, repeatable tests to meas
ure the flammabi l ity and critical circu it integrity characteristics of wire and 
cable. 

4, The study wi l l  not be complete until the toxicity tests are completed. 
5, It  appears that there are insulations and constructions presently avai lable that 

can provide a fire safe environ ment in terms of flammabil ity, smoke em ission, 
and circuit  integrity. 

6. The resu lts of this study wi l l  provide valuable data to all industries and are 
not l im ited to rapid trans it system design. 

7. The results of this study must be considered with other wire and cable i nsu la
tion and construction selection criteria. 

5.5 Hydraulic Systems ( Ladov and Law 1 978) 

Hydraul ic systems have been present in underground mines ever s ince power 
equ ipment was i ntroduced. With the advance of mining tech nology, the m ach inery 
has become more powerfu l and larger and the hydrau l ic  systems have become more 
complex. 

Hydrocarbon-based hydrau l ic  flu id systems have long been recognized as a seri
ous fi re hazard. In many mine fi res, a malfunction ing electrica l  ignition source 
ignited the hydraul ic hose and hydrau l ic fluid directly or through the burning 
electric insu lation. The hydrau l ic system then ignited a secondary or tertiary fuel,  
often with the aid of external ly  accumulated coal dust and grease, and a large-scale 
fire resulted. 

Counter measures to e l im inate or min imize th is hazard involve : 
1 .  I mproved design to physical ly  separate the electrica l and hydrau l ic  com

ponents of power machinery. 
2. I mproved design of hydraul ic hoses and connections to render them fire 

resistant and lea kproof. 
3, Development of fire-resistant hydrau l ic fl u ids, 
4. Design of self-contained fire detection and suppression systems to com bat a 

developing hydrau l ic  fire, 
Items 1 and 2 are outside the scope of this study and Item 4, which is not un ique to 
hydrau l ic systems, is discussed later in th is chapter. Thus, on l y  cu rrent research 
efforts deal ing with the development of fi re-resistant hydraul ic fl u ids are discussed 
below. 

The use of fire-resistant hydraul ic flu ids in u nderground mining equipm ent has 
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i ncreased during the past 20 years. Different countries have adopted different legis· 
l ative phi l osophies concern ing these flu ids ( i .e., the use of fi re-resistant flu ids is 
required i n  essentia l ly  al l hydrau l ic  systems used underground in the United King
dom and is advised [as an alternate to fire-suppressant devices on u nattended h y
draul ic  systems] in the United States). 

In 1 975, a research program concerned with improved fire safety of coal mine 
hydrau l ic systems was in itiated ( Ladov and Law 1 978). Its objectives are to develop 
design and performance criteria for fire-resistant hydrau l ic flu id systems for use in 
u nderground equipment in  U.  S. coal m ines and to devel op fi re-resistant hydrau l ic 
f luids for use in systems meeting these criteria. Prior to in iti ation of the experi· 
mental portion of th is program, pu bl ished U.S. and foreign experience with fi re· 
resistant hydrau l ic flu ids was reviewed together with the cost-performance features 
of the various classes of avai lable fire-resistant hydraul ic  fluids. Work under this 
program was not yet complete in early 1 978; however, pre l im inary results are 
ava i lable and are summarized below. 

A review of the state of the art indicated that ava i lable fi re-resistant hydrau l ic 
f luids are classified by the I nternational Standards Organization ( I SO)  as fol l ows: 

Class Description 

HS.A Oi l -i n-water emulsions contain ing a max imum of 20 percent com· 
bustible materia l  (usua l ly  contain ing 95 percent water) 

HS.B Water- in-oi l  emulsions contain ing a maximum of 60 percent com· 
bustible materia l  (usual ly conta in ing 40-45 percent water) 

HS.C Water-glycol so lutions ( usual ly  containing at least 35 percent 
water) 

HS.D Water-free flu ids (usua l ly  phosphate-ester-contain ing fl u ids)  
I t  was concluded that the HS.B f lu ids were the most promising for possi ble use 

in u nderground hydrau l ic systems, specifical ly i n  continuous miners, shuttle cars, 
and roof bolters ;  therefore,development of advanced water·in-o i l  emulsions was 
in iti ated Since the contract under which this program is being conducted s pecifies 
that fi re-resistance levels not be compromised, the interrelations between physical 
properties of the oils, the emu lsions, and the i r  water content and the fi re·resistance 
of the emulsions were careful l y  investigated. F i re-retardancy was measu red by the 
procedures publ ished in Federal Schedu le 30 and in Factory Mutual Standard 6930. 

The ensui ng investigation establ ished the target rel ationsh ips and guided the 
development of an experi mental fi re-resistant hydrau l ic fl u id, designated XR L 1 1 1 0. 
Concurrent with f luid se lection, the establ ishment of performance criteria also was 
pursued, and the fol lowing interi m necessary feas ible parameter development  has 
been visua l ized : 

1 .  Definition of emulsion stabi l ity 
2. Rust and corrosion performance 
3. Performance evaluation in prevai l ing types of pumps (vane, ax ial piston and 

gear pu mps) ; and 
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4. Definition of l i miting operating temperatures, pressures, and mainten ance 
(f i l tration ) recommendations. 

The X R L 1 1 1 0 flu id  was manufactured in fac i l ities approx imating those of com
mercial  producers, its reproducibi l ity in commercial  production was eva l uated, and 
a n i ne-month mine demonstration test in  two continuous miners (one using both 
constant variable volu me axial piston pu mps with hydraul ic pressures up to 3200 
pou nds per square inch and the other using three tandem gear pumps operating at 
hydrau l ic pressures u p  to 1 700 pounds per square inch ) was initiated. The resu lts of 
the fi rst five months of the testing period were ava i lable to the committee, and it 
appears that the ex perimental flu id  has performed satisfactori ly  both as a l ubricant 
and as a fire-resistant hydrau l ic  flu id. I nitial inspections of both pumps and flu id 
indicated that: 

1 .  Four production batches of X R L 1 1 1  0 have met the performance criteria 
sti pulated in the research contract, demonstrating that the fl u id can be manu
factured i n  normal production faci l ities in  a reproduci ble manner. 

2. Essentia l ly  al l problems possi bly  related to hydrau l ic system malfunction 
were not related to lu bricant performance.  

3. The apparent viscosity and water content of the emuls ion remained essential
ly  u nchanged. 

4. Contamination levels were in the range of 3 to 8 mi l l igrams per 1 00 in one 
miner and h igher in the other unit, which requ i red a lu bricant change. 

5. The fi re resi stance of the X R L 1 1 1 0  used in  both miners remained good (as 
measured by the Schedu le 30 test procedure) .  

These intermediate results seem to indicate that successfu l performance can be 
expected for the enti re test period. The final  resu lts also may shed l ight on areas 
that need fu rther development (e.g., improved mechanical performance, corrosion 
protection, and improved hydrau l ic  flu id  f i ltration ) .  

5.6 Polyurethane Foam 
(Wilde, 1 972; Walter Kidde and Co., 1 974, Mitchel l et al. 1 964 and 1 966; 
Nagy, 1 973; Stephenson, 1 968; Vines, 1 973; Troley, n .d., Franklin et al., 1 9n) 

Polyurethane foam is a tough cel lu lar material usua l ly produced on site from a 
two-component mixture, dispersed through a nozzle, and sprayed onto a su rface. 
Duri ng the resulting exothermic chemical reaction, chemica l ly  or physical ly  gener
ated gas bubbles expand the mixture up to 30 times in volume. 

Urethane foam has been used in mines since the early 1 960's. I t  serves as an 
excel lent sealant and insulator for venti lation controls and strata. It is tough, flex
ible, and eas i ly  appl ied, and it expands during curi ng and has good adhesion qual
ities. The foam, however, is fl ammable and su bject to spontaneous combustion, and 
its decomposition products represent a significant toxic hazard. 

Past developments in foam technology were concerned with appl ication tech
nique, testing, flammabi l i ty, flame propagation research, and the use of flame-
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retardant additives. More recent research has concentrated on fi re dynam ics, tox
icity of foam combustion products, and development of fi re-resistant coatings. 

5.6. 1 Description 

Polyurethane foam is formed by the reaction of a poly isocyanate with a h y
droxyl compound. A typica l formulation used in mines wi l l  contain approximately 
50 percent d iphenyl methane di· isocyanate, 30 percent polyether polyol, 6 percent 
tri·chloroethyl phosphate, 1 5  percent trichlorofluoro·methane, and smal l amounts 
of cata lysts and an emulsifying agent. The foam is made by mixing the com ponents 
and spraying the mixture on the desi red surface. The heat of reaction between the 
polyol and the isocyanate vapori zes the trichlorofluoromethane whose expansion 
produces the foam. The trichloroethyl phosphate is included as a fi re retardant. 

Urethane foam appl ication usual ly  requ i res no preparation of dry, wet, or dusty 
surfaces of coal ,  rock, metal ,  wood, concrete, or fabric. It is used in m ines to : 

1 .  Provide stoppings in recovery operations fol lowing fi res and explosions. 
2. Provide stoppings, overcasts, bu lkheads, and door frames that are resistant 

to a ir  leakage, low-level ground movement, and blasting vi brations. 
3. Control the weathering of exposed strata. 
4. Reduce heat and moisture transfer from rock to the venti lating air and 

fac i l itate ai rflow. 
5. Seal strata against eff lux of gases ( i .e., methane, radioactive gases) .  
6. Provide non-load-bearing wal ls (e.g., those requ i red for aux i l iary venti l ation 

ducts and undergrou nd ex plosive magazines ) .  
7 .  Control ground water seepage at low hydrau l ic heads. 
a Reduce condensation and freezing in  machines, pipes, and air shafts. 
9. Hold shaped charges against vertical wal ls. 

1 0. In  case of a rescue operation (and on ly in  such an emergency ),  consol idate 
and seal burning gob and fi l l  voids. This is a hazardous usage. 

The use of urethane foam in mines was accepted rapidly because of its obvious 
contri bution to productivity and cost sav ings. However, fi re and tox ic effect in 
cidents soon curtai led wi despread use. 

The disadvantages of using  urethane foam in mines are that : 
1 .  It is easy to ignite. 
2. It has a h igh fl ame spread rate. 
3. The poss ibi l ity of spontaneous ign ition exists (but only with in four h ou rs  

after appl ication and only i f  improperly appl ied) .  
4 .  The smoke and gases produced on combustion are tox ic. 
5. It tends to deve lop fi res that vi rtua l l y  deplete the ai r or oxygen (in contrast 

to wood and coal fi res that go out at between 1 0  and 1 5  percent oxygen 
content). 

6. F lammable solvents may be used to clean equ ipment. 
7. Specia l ized equ i pment may be used for foam appl ication (e.g., mix ing nozz l e, 
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pumps, a n d  mixing chamber). 
8. Extensive operator training is requ i red to ensu re proper proportioning and 

mixing of ingredients, choice of ingredients, appl ication technique, protection 
and against the personal hazards involved in appl ication. 

The advantages of urethane foam derive from its outstanding properties in mine 
appl ications and include its : 

1 .  Low porosity and permeabi l i ty, which makes it an effective sealant against 
air, moisture, methane, and radi oactive gases. 

2. Strong adherence to strata and mine constructions, including damp and 
dusty surfaces. 

3. Low thermal conductiv ity, which makes it a good thermal insu lator. 
4. Abil ity to expand on cu ring, which faci l itates appl ication over i rregu lar 

surfaces and in  fi l l ing voids. 
5.. Flex i bi l i ty, wh ich minimizes detrimental effects of ground movement and 

development of cracks. 
6. Relative ly  h igh shear-strength in comparison to other sea lants. 
7. Rapid curing ti me. 
8. Appl icabi l ity in very hu mid environments because curing is accompl ished by 

chemical  reaction (rather than by water evaporation).  
9. Ease of appl ication ( i .e., the avai labi l ity of self-contained, portable packs for 

appl ication in remote areas). 
1 0. Low cost ( both material and appl ication l abor) due to eas.a of appl ication 

and speed of construction. 

5.6.2 Hazard Control 

The appl ication of urethane foam in mines started in the early 1 960's. In 1 964, 
Mitchel l  et al .  reported that it had been used successfu l ly  in experi ments to con
struct stoppings, seal mine surfaces, control watter efflux,  and serve as insu lation. 
They descri bed the foam formu lations, appl ication techniques, and physical proper· 
ties of the foam as wel l  as the fire and potentia l  toxicity hazards ; presented resu lts 
of l arge-scale s imulated coa l mine fi re tests and various laboratory flame spread and 
therma l deformation tests; and proposed a fl ame penetration test as an acceptance 
requi re ment. 

A l ater report by these same researchers ( M itche l l  et a l .  1 966) is devoted entire ly 
to the fire hazard of urethane foam in  mines. It  descri bes a large number of mine 
and ga l lery fire tests and presents an analysis of the resu lts. Appl ication recom
mendations, i ncluding l imitations, are made and fou r  certification tests ( i .e.,  excess 
or residual tolylene di isocyanate [ because of toxicity] , water-vapor permeabi l ity 
[ to estimate foam qual ity] , f lame spread, and flame endurance) are proposed. The 
report also covers spontaneous ignition of urethane foam ( its causes and prevention 
methods) .  

I n  September 1 967, a serious coal mine fi re ki l l ed nine men at the Michael 
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Col l iery in Engl and ( Stephenson 1 968) . It  was concluded th at the fi re was init iated 
by spontaneous heating of coal and reached disastrous proportions when the poly
urethane l in ing started bu rning. Su bsequentl y, five l arge-scale experi ments were 
conducted to study the behavior of polyurethane foam when subjected to ign iting 
agents of different intensity. It was concluded "that polyurethane foam as at 
present constituted is an unacceptable risk and that its use in and near the entrances 
to a l l  mines should  be discontinued." Apparently th is was not to be, however. I n  
1 972, a British researcher (Wi l de )  described seven large-scale experi ments designed 
to study several aspects of polyu rethane foam fi res, i ncluding ign ition, flame 
spread, fume composition, temperatu re profi le,  effects of fi re retardant su rface 
coatings, and burn ing of treated ti mber downwind of polyurethane fi re. This report 
examines the appl icabi l i ty of using the foam to seal  m ine fi res ( rather l i m ited) and 
offers conclusions on ex perimental resu lts but no recommendations concerning the 
use or rejection of urethane foam in mines. 

More recent U. S. investigations revea led that at least 1 0  mine fires reported 
duri ng 1 964 and 1 974 involved urethane foam (8 in coa l mines and 2 in meta l and 
nonmetal mines).  Although th is i ncident rate is rel atively low, it is serious enough 
to warrant consideration of significant modifications or alternate approaches. Th is 
committee possessed no information that would  explain the discrepancy between 
the British and American experience with urethane foam although it is read i l y  
admitted that there may be subtle differences in  composition a n d  appl ication . I t  i s  
not very l i kely that chemical composition shou ld  be a factor, but the differences i n  
appl ication technol ogy or prevai l ing strata may offer a n  explanation. 

Today, pursuant to government order less than a mile remains in certa in metal 
m ines of the many mi les of passageways in coa l ,  metal ,  and non-metal mines th at 
were coated with urethane foam. Recogn izing the considerable fire and tox icity 
hazard that these instal l ati ons represented, the U. S. Bureau of M ines sponsored a 
series of experi ments to eva luate various surface coating materials su itable to pro
tect the existing insta l l ations from excess ive flammabil ity and flame spread (Walter 
K idde and Co. 1 974 ) .  The results of th is program ind icate that f ibrous concrete 
appears to be the most effective coati ng ; it exh i bits excel lent strength and adhesion, 
and mini mal spa l l ing, and an appl ication of only 1 /2 to 1 inch (preferably 1 inch ) 
provides the desi red protection. I n  order of decreasing efficiency, the other coati ng 
materials evaluated were : Shotcrete (same as fi brous concrete without the steel 
f i bers),  F i reguard (a magnesiu m oxysu lfate cement contain ing perl i te ) ,  Mandoseal  
( a  vermicul ite cement), mineral wool, and sodiu m-s i l icate·based coatings. It is d is
cou ragi ng to note that the appl ication of even the two best materia ls is difficu l t, 
that material  is lost because of rebou nding, and that it is difficu lt  to ach ieve a 
uniform coating thickness. These problems, however, are not considered to s ign i f i
cantly alter the test resu lts and it may be that experience wi l l  improve the appl ica
tion technol ogy, Assuming that such improvements wi l l  be made, the report in
dicates that at l east two (and possibly fou r) acceptable and econom ical protective 
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coatings are avai lable t o  prov ide sufficient fire protection for existing urethane 
foam i nsta l lations. 

The same report also descri bes successfu l f ire testing of a new fi re-resistant foam, 
designated X- 1 03S. I n  the experiment, flame did not spread on the surface of the 
foam upon appl ication of an intense ign ition source, and it was concluded that the 
materia l  does not present a fi re hazard even without a protective coati ng. 

Other efforts to modify or replace traditional polyurethane foam a lso have been 
undertaken, Cal lery Chemica l ,  under a contract to the U.S. Bureau of Mi nes, has 
formul ated a nu mber of modified urethane and isocyanurate foams that offer vastly 
improved fi re-retardant properties compared to standard urethane foam (Vines 
1 973), Coatings formu lated with portland cement, mineral wool, and vermicu l i te 
have been developed and can be sprayed on with day-process equ ipment. Th is is a 
process that involves no mixing of dry material and no clean up of equ ipment. I n  
addition, the equi pment does not ge t  plugged with cement after a mine power loss. 
Frankl in  et al. ( 1 977 ) have reported that two spray coat appl ications of a water
based epoxy sealant have substantia l ly reduced shale degradation in a coal m ine. 
Materia l  and appl ication costs seem reasonable, and endurance ( after 1 8  months) 
appears to be noteworthy, but no detai l s  concerning the fire and toxicity hazard or 
comparison with urethane foam were presented. 

5.7 Mine Fire Detection 
( Nagy and Hall 1 974, Hertzberg 1 978, Hertzberg and Litton 1 976) 

The seriousness of the f ire hazard in mines was recognized by Congress when it 
enacted the Federal Coal M ine Health and Safety Act of 1 969. Section 3 1 1 of the 
Act establ ishes numerous requirements for fire protection including the use of fire 
detection devices. The requ irements for these devices are ampl ified in the standards 
publ ished in the Federal Register to implement the Act. 

There is l ittle dou bt that rapid  and re l iable fi re detection is the essential fi rst 
step in any fi re-suppress ion or alarm system and escape plan. I nitia l ly, emphasis was 
placed on detecting methane-air face ign itions and dust explosions and the early 
activation of quenchi ng devices. More recently, efforts have concentrated on the 
detecti on  of fi res during their early or incipient stages. Current research programs 
include the continu ing development of a tube bundle sampl ing technique, develop
ment and evaluation of new types of fire sensors, and general studies of the prob
lem of  spontaneous combustion. 

5, 7. 1 Sensors and Systems 

The traditional methods of detecting the presence of fi res may be classified by 
the type of detector used as fo l lows : 

1 .  Thermal contact sensors that respond to the temperature or the rate of tem 
peratu re i ncrease a t  a point o r  a long a continuous l i ne. Examples are therm� 
couples, bimeta l l ic elements, the fus ible plug of a sprin kler head, and twisted 
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wire with insulation that melts at a given temperature. These sensors genera l l y  
must be located close t o  the fire if  they are t o  operate successfu l ly. 

2. Optica l sensors that respond to the l i ght emitted by a fire or flame. These 
sensors are l imited by fie ld of view constraints and are su bject to blockage by 
dust. 

3. Combustion product detectors that can be insta l led local l y  or at remote areas 
to sense carbon monoxide, carbon dioxide, visible smoke, su bmicrometer 
particles ( invisible smoke), or a variety of other pyrolysis products carried by 
ventilation or fi re convection currents. 

4. Aerodynamic sensors that respond to the fl ow distu rbances caused by the 
fire, These sensors are usefu l for explosion detection but are rarely used for 
fires. 

5. Human observers, the most versati le and sensitive "sensors". These observers, 
however, are present on ly part of the ti me in l imited areas and cannot be 

present in sealed areas, gobs, and other inaccessible places. 
Current practice genera l ly  assumes the presence of and depends heavi ly  on 

human observers. The only current coal mine requ irements for automatic fire sen
sors relate to their use with underground conveyor belt haulageway protection. The 
regu lations are written in terms of thermal point type sensors (or com bustion 
product sensors if  they offer equivalent protecti on).  Metal and non-metal mine 
regu lations require fi re a larm systems; however, automated sensors to activate the 
a larms are not requ i red. 

F ire detection systems currently used and under development in mines can be 

categorized as : 
1 .  Attended equipment systems, 
2. Unattended equipment systems, 
3. I gn ition suppression systems, 
4. Spontaneous combustion detection system, and 
5. Whole-mine monitoring systems. 
When fire su ppression systems are insta l led on attended equipment, the operator 

usua l ly must detect the hazardous condition and must activate the suppression 
equ ipment. Use of fi re-resistant hydrau l ic  flu id  would make suppression equ ipment 
superfluous on this type of system. 

Properly instal led devices (e.g., water sprin klers and temperature sensors) are 
used to detect fires on unattended equipment, such as belt conveyor drive u nits and 
automatic loading stations, and to activate suppression systems. Additional manu al 
activators also are required on some systems. I f  equi pment uses a hydrau l ic flu id, 
f ire-resistant hydraul ic flu id  must be used in conjunction with the suppression 
systems. 

5.7.2 Recent Developments 

5.7.2.1 Tube Bundle Sampl ing 
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Bui l di ng o n  British work conducted between 1 968 and 1 972, the development 
of a continuous monitoring technique is being pursued ( Hertzberg and Litton 
1 976). The method involves the pneu matic, sequential sampl ing of many points in a 
system through branching tube bundles that lead to a si mple ana lytical station of 
h igh sensitivity, good re l iabi l i ty, and conven ient location. The samples can be ana· 
lyzed for a large number of components such as carbon monoxide, oxygen, meth
ane, or products of combustion (for the detection of rapidly developing fires).  

An obvious advantage of this system is the potentia l  for monitori ng many sam
pling stations, i ncluding inaccess ible sealed areas, at frequent intervals on a conti n
uous basis.  I ts l imitations are relatively slow response time, due to long lengths of 
narrow sampl ing tu bes, and wal l -d iffusion losses for su bmicrometer smoke particles. 
These l imitations were quantitatively evaluated by measuring tu be transit ti mes and 
smoke particulate transmissions as a function of tu be length, diameter, and pressu re 
drop ( Hertzberg and Litton 1 976) . 

5.7.2.2 Detection of Spontaneous Heating 

The gob regions of mines can now be routinely monitored for spontaneous 
heating by sampl ing tube bundles. This system was developed at the Somerset mine 
in Colorado ( Hertzberg 1 978), and the in itial system mon itored 38 points in various 
intakes, returns, working sections, and sea led areas for carbon monoxide and oxy
gen. Regions as far as a mi le  away from the sensi ng station were routinely moni
tored, and it  was possi ble  to fol low the actua l  growth of a spontaneous combustion 
s ituation in  a conventional room and pi l lar  section . Although the system is adapt
able to gobs, abandoned regions and sealed areas of a m ine where the human 
observer is not present, it also can be used in attended areas to detect problems 
sooner than the human observer. System instrumentation, tu bing arrangements, and 
power supply now are being refined. 

5.7.2.3 Spontaneous Combustion Research 

The main factors that contribute to spontaneous com bustion in coal mines are : 
( 1 )  the intrinsic reactivity of the coal ,  (2)  the geometry and configu ration of the 
seam, (3) the geological conditions and structure of the seam and its su rroundings, 
and (4) the mining method and venti l ation conditions. The intri nsic reactivity of 
the coal is the concern of a cu rrent program in itiated by the U.S. Bureau of Mi nes 
( Hertzberg 1 978). The self-heating characteristics of the coal  are being determ ined 
with an adia batic ca lori meter, and the calorimeter data show that various other 
methods of eva luating re lative reactivities correlate wel l  with one another. The rate 
of tem perature rise corre lates wel l  with the rate of production of carbon monox ide 
(CO) and carbon diox ide. Coals with h igh rates of CO production per u nit  volume 
of oxygen absorbed also have h igh self-heating rates in the adiabatic calorimeter. 
The CO index corre lates wel l  with the initial oxygen content of the coa l .  The 
development of these correl ations and analysis of various coa l deposits are expected 
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to enhance the meani ngfu l uti l ization of the tube bundle system. 

5.7. 2.4 Development of Sensors 

In the hope of achieving greater mine safety, advanced sensor deve lopment is 
being pursued. Laboratory studies indicate that su bmicrometer particles are more 
universal indicators of spontaneous self-heating than CO generation . Other mine 
com busti bles such as wood, cel l u lose, and plastics generate these particles at tem
peratures much lo����er than those at which they generate CO. A highly sensitive and 
i nexpensive sensor for these particles has been developed ( Hertzberg 1 978) and is 
being eva luated for in-mine performance. The sensor is compati ble with a properly 
des igned tube bundle sampl ing system. 

The development of ultra-v iolet and infra-red sensors for use in ignition suppres
s ion systems also is being pursued. When developed, such sensors shou ld help to 
prevent methane ignition in the face areas of coa l  m ines. Other cu rrent projects are 
concentrating on the eva luation and testing of new sensors (e.g., ionization detec
tors and semiconductor sensors ) and their performance u nder normal and pyrol itic 
conditions. 

5.8 Ignition Quenching and Fire Suppression 
( Furno 1 978, Liebman et al . 1 976, Liebman and Richmond 1 978, 
K ing, 1 978) 

5.8.1 Mine Face Ignition Quenching 

( Furno 1 978) 

The incidence of frictional spark ign ition at the mine face has increased signif i ·  
cantly with the advent of the continuous mining machine. The m ajor h azard of a 
face ignition l ies in the possi bi l ity that it may in itiate an extensive coal  dust ex
plosion. 

The research that resu lted from the 1 969 Act focused on the fol lowing 
approaches to the face ignit ion problem : ( 1 )  the reduction of methane concentra
tion through i mproved face venti lation, water infusion, and methane drainage ;  ( 2) 

the reduction of the i ncendiary tendency of tool bits through improved meta l l u rgy  
of  the bi t or  reduced bit speed;  and  (3)  the development of  an ign ition·quench ing 
device that might be i ncorporated into the design of  a continuous miner. 

The G raviner system, wh ich may be cal l ed an ign ition·quenching device, was 
developed in the 1 940's. Its early appl ication was for fixed i nsta l l ations and adapt
i ng it to mach ine-mounted appl ications was recognized as a form idable problem .  
Difficu lties included the vi bration and shocks on a continuous miner, roof fal ls, the 
dusty and humid atmosphere, and the awkward geometry with in wh ich the f lame 
detection and extinguishant dispersal are requ ired to operate.  

Research in th is area was started in the United States in  the early 1 960's. I t  was 
di rected toward devel oping a system that would provide rapid detection of an  
i ncipient methane·ai r ignition, an extingu ishing agent that would be effective 
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aga inst such ign itions, and an agent dispersa l method that woul d  ensu re adequate 
temporal and spatial distri bution of the extingu ishant. The resulting dev ice uti l i zed 
u ltra-v iolet f lame detectors, dry powder extingu ishant (potassium bicarbonate ) ,  and 
an explosive dispersal system ( primacord). A worka ble model eventua l ly  was devel
oped and successfu l ly  tested. It consisted of a 2 inch diameter, 2 foot l ong scored 
a luminum tube fitted with the dry powder and primacord and mounted on a base 
plate. The model had several shortcomings in that it generated unacceptable noise 
and a dust and grease accumulation cou l d  cause a malfunction. These and other 
problems su bsequently were investigated in l ate 1 972 ( Furno 1 978).  Th is effort led 
to the development of a cannon type dispersal system that uti l i zed mono
ammonium phosphate propel led by high-pressure nitrogen through a diaphragm 
ruptured by an electric detonator upon signal from an u ltra-violet detector. I t  was 
determined in  tria ls  that five cannons were requ i red to provide adequate protection 
for a ripper-type miner and six cannons, for a continuous-type m iner. Th is equ i p
ment was a techn ical success; however, space l imitations make use of the required 
number of quench ing devices i mpractical .  

A quench ing device uti l iz ing a commercia l ly  ava i lable extinguisher fi l l ed with 
Halon 1 301 or a hybrid system of th is chemical also has been developed ( Furno 
1 978). The exti nguisher is a spherical bottle equi pped with a dispers ion nozzle and 
an explosive release device that is actuated by the signal from a flame detector. 
Halon 1 30 1  was found to be a very efficient extinguishing agent by itself; however, 
its effectiveness improved when it was used in com bination with water or with dry 
powder ( potassium bicarbonate), and these hybrid systems are preferred for futu re 
investigation because of their  synergistic action. The fi re extinguishment character
istics of this device were investigated, and the generation of toxic fumes ( H Br and 
HF) was determined at various quenching delay times and corresponding fireba l l  
diameters. In  addition, the system was tested for uti l ization on  a tunnel-bori ng 
machine that now is being used experi menta l ly  as a new method of entry develop
ment and that can deve lop into a frictional ign ition hazard l ike other coal m ining 
machines. 

5.8.2 Coal Dust Explosion Barriers 
( Liebman et al. 1 976; Liebman and R ichmond 1 978) 

Coal dust explosions are a constant hazard in underground coal min ing opera
tions. Such disasters usual ly  fo l low accidental ign ition of a methane pocket or roof 
l ayer, which may develop sufficient violence to pick up, disperse, and ignite coal 
dust lying on nearby mine surfaces. A self-generating dust explosion then can 
develop and propagate for great distances in the mine. l nerting the coal dust by 
spreading rock dust on the mine surfaces has been the traditional  means of contro l
l ing dust explosions in U.S. coal mines; however, rock dusting is not complete ly 
adequate for conveyor beltways, transfer points, wet roadways, parked mine cars, 
return ai rways, longwal ls ,  and isolated sections. 
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The passive water barrier system that has been tested and used abroad appears to 
be an attractive means of defense against coal dust explosions and h as become the 
principal  means of protection in a number of countries. Such barrier systems 
normal ly are made up of a number of water·f i l led containers or tubs mou nted in the 
vicin ity of the mine roof. During a dust explosion, the dynamic pressure of the a i r  
resu lting from the a ir  motion ahead of  the propagating flame ti l ts or shatters the 
water containers to release and disperse the water, which acts to suppress the 
oncoming explosion. However, European research indicates that the effectiveness of 
these barriers is l i mited to a moderate ly strong dust explosion ; the water barriers 
fai l  when the explosion is weak s ince the dynamic pressu re is not strong enough to 
fractu re or ti p the water conta iners. These studies also show that the passive water 
barrier is not effective when less than about 200 feet from the explosion in itiator. 

Three experimenta l  water barriers designed especial ly  for the suppress ion of slow 
moving coal dust explosions have been developed and tested ( Liebman ,  et al . 1 976). 
One of these barriers, a modified version of a West German type, responds to 
dynamic pressu res generated ahead of an ex plosion to ti lt  the tu b and re lease its 
water for the suppression of the oncoming explosion. The other two barriers oper
ate in response to i ncreased static pressure developed ahead of the explosion. Tests 
i ndicate that the first barrier begi ns to re lease its water at a ir  speeds as low as 50 
feet per second and that the other barriers wi l l  operate at a rise in static pressu re of 
as l ittle  as 0. 5 psi. 

The barriers were found to be effective i n  stopping coal dust explosions propaga· 
ti ng at speeds as slow as 1 00 feet per second. One charge of 1 80 pounds of water 
was sufficient to suppress explosions i n  a single entry with an average cross section 
of 55 ft2 • Resu lts of the tests indicated that the minimum distance between the 
barrier and explosion in itiator shou ld  be about 75 feet. The barrier system's effec· 
tiveness in su ppressing explosions remains h igh when as l i ttle as half of the water of 
a single barrier (90 pounds) is spi l led prior to the flame arrival .  I ts effectiveness is 
diminished, however, when the barrier is located a great distance (more than 300 
feet) from the expl osion in itiator. 

A plan has been deve loped to test these water barriers in  a working mine on a 
trial basis. The plan cal l s  for insta l l ation of al l three types, of close ly specified si zes, 
d istances, and spatia l  arrangement for the protection of a beltway. Actual per· 
formance behavior wi l l  be uti l i zed as the basis for refinements and the development 
of specifications and to sti mu late widespread appl ication of the new type of coa l  
dust explosion barriers. 

5.8.3 Remote Seal ing System for Extinguishing Coal Mine F ires 
( King 1 978) 

Uncontrol led coal mine fires are of great concern to the min ing industry because 
they cannot be di rectly extingu ished and may requ i re that the enti re mine be 
sealed. The conventional  practice of constructing ai rti ght stoppings from with in  the 
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mine is difficu lt  and can involve a h igh fi re or ex plosion risk ; therefore, th is 
approach cannot always be used. In search of a more desirable approach, the U.S. 
Bureau of Mi nes explored the concept of remote sea l ing from the su rface and fou nd 
fly ash to be a suitable sea lant for this pu rpose. This technique min imizes the risk 
to the fi refighter, l im its the seal i ng to the establ ished fi re area, and expedites the 
mine recovery operati on, thus reducing potential costs and production losses. 

The syste m was deve loped to control the Federal No. 1 mine fi re and explosion 
in  1 963 (private commun ication M. Jacobson ).  The complete system i ncludes : ( 1 ) a 
sonar probe and closed circu it televis ion camera for init ia l  probing of the mine 
entry to be sea led, (2) a fly ash or f ly ash-cement system for constructing the seals, 
(3) a froth foam topping system for completing each seal ,  (4) a combustion type 
inert gas generator for convey ing the fly ash and inerting the sea led area, and ( 5) 
acoustica l equi pment for assessing the completion and i ntegrity of a sea l .  

The remote sea l ing of an undergrou nd coal mine fi re requires considerable plan
ning to resolve logistic and site preparation problems and to ensure that a l l  the 
operational phases are properly coordinated. I n itia l ly ,  a probe is lowered th rough a 
borehole to determine the geometry or nature of the passageway to be sealed ; the 
borehole must be cased and grouted to prevent water seepage and it  su bsequently 
serves as a sealant borehole. In the second phase, two adjacent boreholes are dri l led 
to deploy the acoustical equi pment that is used to mon itor the formation of the 
gross fly ash sea l and then the passageway is fi l led with the fly ash bu l k  seal ant that 
is pneumatica l ly  transported from a su pply truck on the su rface. I n  the final phase, 
a froth foam topping is added to fi l l  the crater formed by the fly ash and to 
complete the seal ; the foam is formed in place at the bottom of the borehole. An 
inert gas generator is used to min imize the ex plosion hazard during the fly ash 
fi l l i ng phase and to inert the sealed area of the passageway. In addition, a mod ified 
fly ash mixture must be used if a watertight seal is required. Al l components of the 
system are mou nted on skids or trai lers. 

The probe assembly used in the fi rst phase incl udes a low- l ight-leve l closed 
circuit te levision camera (CCTV) for visual observation of the downhole conditions 
and a sonar ranging device for accurately determining dimensions of the passageway 
or distances to large objects. I t  a lso is equ ipped with a rotator to faci l itate scanning 
and a remote reading compass to establ ish probe orientation. The probing i nforma
tion is usefu l to determine the suitabi l ity of borehole locations, sea l ing material  
requirements, potential obstructions to sea l ing, and rel i abi l ity of m ine maps and 
engi neeri ng surveys. 

Another instru mentation syste m that is vital to the successs of the remote seal
i ng operation is one that monitors the fi l l ing of the m ine passageway and deter
mines the integrity of the sea l.  The system developed in this work uses acoustic 
devices, namely a high-intensity speaker and a sensitive microphone. The speaker 
and microphone probes are lowered into boreholes that are on opposite sides of the 
sea l ant borehole. These probes are usual ly at least 50 feet from the seal being 
constructed 
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The theory of operation is based on the proven premise that a decrease in  the 
level of signal received by the microphone is proportional to a decrease in the open 
area of the passageway being sea led. In this system, the speaker probe transmits an 
ampl ified sonic pulse from a random noise generator. The sound is picked up by a 
ceramic m icrophone and transmitted to a sound level meter i n  the control console .  
A s ignal  processing module  subtracts background noise, and the signal  then i s  
d isplayed on the control console and correl ated with prior information to define 
the completeness of the seal .  Sensitivity of the sea l  checking system is greatest as 
the seal nears completion ( greater than 99 percent). Both m icrophone and speaker 
u nits are i ntrins ica l ly  fi re and explosion safe.  

Over the past 1 5  years, several attempts have been made to apply the remote 
seal ing concept in underground fi res in active coal mines, but most of these efforts 
have achieved only  l i mited or no success because of inadequate seal ant materia l s, 
seri ous equipment l im itations, or insurmountable mine water problems. A partia l ly  
successful effort occu rred a few years ago when a prototype of  the present remote 
seal ing system was used to iso late and extingu ish an underground fire at the 
Eastern Associated Coal Corporation 's Jaonne mine in  R achel , West V i rgin ia. Th is 
f ire resulted from a dera i lment and subsequent short circu it that caused a fan stop
page and made it necessary to evacuate the mine. An attempt was then made to 
seal remotely. The remote sea l ing was made from two surface sites that were over 
2500 feet apart and located on opposite sides of a h i l l  above the mine.  Six sea ls  
were constructed and each requ i red dri l l ing two adjacent boreholes t o  accommo
date acoustic seal checkers. The boreholes were 600 feet deep or less. 

Three of the seals were 95 percent ash topped with urethane foam, and the other  
three were 100 percent f ly  ash. Most of  these requi red approxi mately 1 50 tons (95 
percent sea l )  or  250 tons ( 1 00 percent sea l )  of  f ly  ash. Those that were completed 
with a foam topping required at least 2200 pounds of foam. The sea l ing operation 
was carried out us ing l iquid nitrogen tankers to provide the inert gas for deploy ing  
the fly ash and i nerting the completed seals. 

A gas monitori ng system was usefu l in indicating the effectiveness of the com
pleted seals, the adequacy of the inert gas supply system, and the potentia l  gas 
explos ion hazard before and during the remote seal ing operation. The carbon mon
oxide and oxygen levels decreased to a pproximate ly 0.01 percent with in a bo ut 60 
days after the fire began ; thereafter, they were essentia l ly  constant unti l  the remote 
seal ing was started. In comparison, the methane and carbon dioxide concentrations 
increased and reached max imu m  levels of approximately 30 and 4 percent respec
tively within  about 80 days. 

Because of supply and del ivery problems with the l iqu id n itrogen system, it  was 
not possible to maintain an inert atmosphere in the sealed area for extended periods 
during the recovery phase. Neverthe less, the seal emplacements by the m ine rescue 
teams were thought to be sufficiently successfu l so that the mine was reventi l ated 
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within a few days after completion of the seals. A prompt carbon monoxide bui ld· 
up emergency was qu ickly responded to by the fi re-control managers who "saved 
the day". The fact that the mine was reventi lated prior to its recovery was a 
s ign i ficant accompl ishment despite the incomplete sea l ing. This fie ld  experience has 
been very usefu l in  cu rrent efforts to develop a more rel ia ble and accepta ble remote 
seal ing system for use by the min ing industry in fighting m ine fi res . 

As noted above, this effort was not tota l ly  successfu l ;  it hel ped even though 
technical ly  it was a fai lure .  It was the fai lure that led to the subsequent develop
ment of the CCTV and the inert gas generator. The costs to u se the system are so 
h igh (from $500,000 for a rel ative ly smal l  job such as the Joanne mine to many 
mi l l ions of dol lars for other scenarios) that it is the "last resort" choice ( private 
communication M. Jacobson ) . 

5.8.4 Mine Shaft Fire and Smoke Protection System 
(Nagy and Hall 1 974) 

As metal and non-metal mines become deeper, larger and more mechan ized, the 
fire danger increases because of increased fuel loading in the mines and restricted 
access. This hazard was emphasized by the Sunshine mine fi re at Wal l ace, I daho, in 
May 1 972. N inety-one miners lost their l ives in this disaster. 

To hel p solve this health and safety problem and to better protect the produc
tion ca pabi l i ty of the nation's mines, deve lopment of a mine shaft fi re and smoke 
protection system for metal and non-meta l mines was in itiated by the U.S. Bureau 
of Mines. The methodology for hardware development and in-mine testing fol lowed 
that used in the Bureau 's successful  program to develop automatic fi re protecti on 
systems for large mobi le  min ing equipment. A contract to evaluate the non-coal 
mine shaft fi re and smoke hazard problem and to develop and demonstrate a 
rel i able  mine shaft fire and smoke control system was awarded in 1 974. This system 
was to be flexi ble in design so that with modifications it wou l d  be appl icable to the 
majority of metal and non-metal mine shafts and adjoining shaft stations. 

As a result of the fire and smoke problem analysis portion of the contract, 
design criteria for a mine shaft fire and smoke protection system were developed 
and the fi rst system design was generated. It uti l i zes thermal,  carbon monox ide, and 
ionized-particle smoke detectors and remote ly control led smoke doors and sprink· 
lers. The system protects both the shaft and shaft station areas. The surface control 
unit receives the fi re warn ing signal  via multi plex wiring through two separate 
routings, and underground control un its and odor a larm are activated from the 
surface to warn the miners at each shaft station and elsewhere. 

The spri n klers and doors can be opened or closed from either thei r  local control 
unit or the master control unit on the surface. Fire warning horns and l ights and 
mine evacuation signals at the underground un its also can be control led from the 
surface control unit. Automatic sprinkler actuation cu rrently is not a feature of the 
system but could be added eas i ly. 
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A shaft and shaft station mock-up su bsequently was bui l t  and system com
ponent tests were conducted. These included smoke tests of possi ble sensors to be 
used in the shaft system and test fires in the fi re box. This box was used to contai n 
the fi re in the mock-up and the in-mine testi ng. The program concl uded with the 
completion of actual fi re tests. 

After the mock-up testing, the final design was developed for the mine shaft fi re 
and smoke protection system prototype to be insta l led at the 3000 foot level of 
Consol idation Silver Corporation 's Si lver Summit shaft near Wal lace, Idaho. The 
system then was insta l led in the shaft and in-mine fire tests were conducted. 

The contract was extended for an additional 1 5  months to permit insta l l ation of 
the prototype system in  at least two operating mine shafts, long-term re l i abi l ity 
testi ng, and conduct of cost-effectiveness eva luations of optional system designs 
and uses.  

I t  appears that the fi rst-generation mine shaft fi re and smoke protection system 
has a fast response to fi re situations and that the presence of spri n klers in  the shaft 
and shaft station area is much more effective in extingu ish ing fi res than the com
monly used shaft-col l ar water rings. The cost of the system is esti mated to be from 
$1 0,000 to $40,000 per shaft station leve l ,  depending on the desi red sophistication 
of  the system. This  is a considerable investment, but given the cost of a shaft and 
the increased protection provi ded to the miner, the system represents a sign ificant 
contri bution to underground mine safety. However, it has been suggested that the 
fol lowing simple-t�achieve th ings wou l d  be a major contri bution to l i fe safety i n  
mines :  properly teaching use of se lf-rescuers, mainta in ing positive venti l ation in 
hoist rooms, having a trained mine rescue team ava i lable, mainta in ing an effective 
escapeway, and maintain ing co-activated fire doors. 

5.9 Surface Mining Equipment Protection Systems 
(Johnson 1 976) 

In surface mines, protection from equ i pment-generated fi res is best provided by 
protection devices for subsystems (e.g., veh icles and stationery mach inery) .  As 
surface mining trucks, shovels, bul ldozers, etc., become larger, the danger to drivers 
duri ng a fire emergency increases. The cabs usua l ly  are located h igh above the 
ground, and the access ladder usua l ly  is next to the engine compartment where 
most veh icle fi res occur. I n  addition, some operating compartments are cramped 
and egress is difficu lt. This increas ing fire hazard is i l l u strated by the records of 
mine equ i pment operator inju ries resu lting from fires or because a driver jumpe d  
from h is vehicle to escape a fire. 

To hel p solve this problem and better protect expensive pieces of equi pment, the 
U.S. Bureau of Mi nes has developed reasonably priced, re l iable automatic fire pro
tection systems. The prototype systems sense the flame and/or heat of a fi re and 
suppress the fi re with a B-C class, dry chemical (either automatica l ly  or upon 
manual  activation ) . The first system was developed in  and  was successfu l ly demon-
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strated during in-mine  fire tests on a 100-ton-capacity truck. Other systems have 
been developed and i n-mine tested on coal augers and large bul ldozers.  Future plans 
cal l for modification and long-term endurance testing of alternate systems on large 
dri l l s, shovel s, and dragl ines. 

5.9.1 Automatic F i re Protection Systems for Large Haulage Vehicles 
(Johnson 1 976; Johnson and Forshley 1 977) 

As mine hau lage vehicles become larger, the fire hazard increases because of the 
i ncreased height of the cab above ground, the l ocation of the ladder, and the 
driver's inabi l ity to see the fi re in time to escape because of the position of the cab 
on the vehicle, To a l leviate this problem and better protect expensive equ ipment, 
the U.S. Bureau of Mines sponsored two efforts to develop automatic fire sensing 
and suppressi on  systems for l arge haulage vehicles (Johnson and Forshey 1 977) . 

One of these efforts was aimed at defin ing the l arge mobi le vehicle fi re problem 
and developing improved fi re system design criteria to solve i t. Another objective of 
the fi rst work was to find the most fireprone class of equi pment and to solve its fi re 
problem using a system flexi ble enough to be appl ied to other l arge mobi le mine 
equ i pment. This hazard analysis study resulted in deve lopment of "dual  sensing, 
automatic with manual override, fi re detection and suppression system" for rear
dump haulage trucks with a capacity of over 1 00 tons. 

Prototypes of the system were bui l t  and demonstrated in actu�l  truck fi re tests 
and l ong-term in-mine endurance tests. The system protects the engine com
partment and fuel tan k  area with i mproved components and features optical and 
thermal sensors ; automatic controls with manual override; and fixed fire ex· 
tinguishers with pressurized B·C class dry chemical .  Control panels are located in 
the cab and can be activated manual l y  via switches at ground leve l .  Automatic 
engine shutdown was not a feature of the prototype system, but such a design 
alternative cou l d  be added easi l y. The system is flexi ble enough for use, with 
modifications, on most large mobi le  min ing equipment. 

As part of the second effort, the automatic fi re protection system prototype was 
to be i nsta l led on the 1 �ton mine truck and long-term rel iabi l ity testing was to be 
performed. This testing resu lted in devel opment of a second-generation system that 
then was subjected to long-term on-veh icle testing in 1 974. During the testing, an 
accidenta l  fi re occurred on the test truck and the prototype system automatica l ly  
sensed and extingu ished the fire. Fortu itously, the Bureau's program demonstrated 
success in a real  verification. 

5.9.2 Fire Protection System for Coal Augers 
(Johnson 1 976, Technology News 1 976) 

Fol l owing the open pit truck fire work , the U.S. Bureau of Mines expanded its 
mine equi pment fi re protection efforts to surface coal mining. This involved letting 
a contract to the Lease A F E K  Corporation of Raleigh, North Carol ina, to modify 
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and test in-mine a low-cost automatic fi re protection system for su rface coa l  augers. 
This system was fabricated and then tested on a Compton auger at the Cedar Coal 
Company, Chelyan, West Virginia. The A F E K  system features point-source heat 
sensors and two inde pendent dry chemica l extingu ish ing su bsystems, one for each 
engine and operator area on the auger. The system was subjected to six months of 
i n-mine testing and test fi red in 1 975. 

The val idation tests indicated that an effective, rel i able,  and econom ica l fi re 
suppression system can be deve loped and that : 

1 .  Such a system can be instal led for approxi mately $2,200. 
2. The system requ ires l i ttle maintenance and is s imple in design .  
3. The use o f  a nonpressuri zed extingu isher ensures rel iable discharge even after 

prol onged non-use by using  the charging gas to violently distu rb the dry 
chemical before discharge. 

4. This type of extinguisher can be readi ly recharged in the field without special  
equi pment and by relatively untrained people. 

5. The point-type thermal sensors are not damaged by vi bration, shock and 
envi ronmental conditions. 

6. The system's having its own battery power provides for 24-hour protection 
independent of the auger electrica l system either attended or unattended. 

5.9.3 Fire Protection of Surface Mining Machinery 
(Johnson 1 976 and 1 978, Nagy 1 978) 

I n  1 975 the U.S. Bureau of Mines entered into a cooperative agreement with the 
Ansul Company, Marinette, Wisconsin, to hel p  in the eva luation of a new, pneu
matica l ly  operated, low-cost, automatic fire protection system. On-veh icle testing 
on front-end loaders and hau lage trucks was the main activity of this project, and 
Ansul 's system currently is being further tested and refined. 

The Bureau 's most recent work concern i ng improved fi re protection systems 
involves testing A F E X-type system on large bu l ldozers. The Bureau 's Twin Cities 
M in ing Research Center, M i nneapol is, M innesota, is conducting th is in-house proj· 
ect with the help of Lemmons and Company, Boonvi l le, I ndiana. By the spring of 
1 976, the A F E X  system had been insta l led on a Giat/AI I is HD 4 1  tractor at the 
company's Boonv i l l e  and Sholes mine for approxi mately six months. The system 
was test fi red during March 1 976 and the dry chem ical appeared to cover the fi re 
hazard areas of th is large bull dozer wel l. No extingu ishant entered the cab and the 
system ex pel led the 40 pounds of dry chemical i n  approxi mately 1 5  seconds, which 
wou l d  give the operator enough ti me to shut down his machine and ex it. 

Concurrent with the bu l ldozer fi re system work, the Bureau is work ing with 
various mines, fi re protection equi pment compan ies, and mine equ i pment manu· 
facturers to make ava i lable rugged, cost-effective, automatic fi re protection systems 
for other classes of large, mobi le min ing equipment (e.g., shovels and large down
hole dri l l s ) .  Also under way is a major metal and non-metal health and safety 
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program to i mprove f ire protection for shafts and shaft stations. 

5, 1 0  Conclusions and Recommendations 

Conclusion: The fragmented approach to design criteria development for m ine 
hazard control is  no longer acceptable. Recommendation: Al l basic information and 
techniques needed to apply the overa l l  systems approach in mine safety and h azard 
control shou ld  be developed, 

Conclusion: Belt  conveyor systems sti l l  represent a major fire hazard in m ines ;  
acceptance test methods seem inadequate and  large-scale fire testing is incomplete. 
Recommendation: Test methods that provide a mean ingfu l and quantitative rating 
of the fl ammabi l i ty, flame spread, and toxicity of combustion products of belti ng 
materials should  be developed. A dru m  friction test ( being close to real- l ife condi
tions) for use as an acceptance standard shou ld  be devel oped and adopted. Large
scale f ire gal lery tests on belt conveyor systems shoul d  be completed or, if nec
essary, continued to col l ect a l l  the important data. These data shoul d  be correl ated 
with sma l l-scale test data and uti l ized for acceptance test and design criteria de· 
velopment. Development of more sensitive, rel iable, and economical  fi re detection, 
alarm, and suppression systems for belt conveyors shou ld be continued using overal l  
system design principles. 

Conclusion: The fi re safety of wi re and cable insu lation materia ls has improved 
in recent years, but no un iversal test methods are ava i lable for behav ior c lassification. 
Recommendation: Si mple, rel i able test methods should  be deve loped or adopted to 
evaluate flamma bi l ity, smoke emissions, tox ic fume evolution, and ci rcu it integrity 
of wire and cable insu lations appl icable to mine insta l l ations. A com bined ''hazard 
index" rating system including these and other criteria important in m ine h azard 
evaluation shou l d  be developed, 

Conclusion: As the size and nu mber of conti nuous miners and other u nder
ground power equipment employed increases, the s ize of the hydrau l ic systems 
employed also increases. The petroleum-based hydrau l ic flu i ds represent a defin i te 
fi re hazard, and the currently avai l able fi re-resistant hydrau l ic  fl uids (water-in-o i l  
emu lsions) are insufficient in  terms of mechanical and chemical performance (cor
rosion ) .  Recommendation: The development of the HS-B type hydraul ic  flu ids 
shou ld  be continued as an interi m measure, but emphasis shou ld be placed on 
deve lopment of a water-free fi re-retardant hydraul ic  flu id  that has qual ities equal  or 
superi or to petroleum- based fl u id. 

Conclusion: Development and refinement of fire sensing dev ices has progressed, 
but the i r  fu l l  potential has not yet been explored. Recommendation: Deve lopment 
and refinement of all types of fire sensor shou ld  be continued and their uti l i zation 
in the most promising appl ications should  be supported, but this shou l d  not be a 
reason to avoid using state-of-the-art technology currently.  

Conclusion: The tube bundle information relay system recently employed in  
U.S. mines and used i n  more than 40 mines in  United Kingdom and Germany for 
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sampl ing gases is  being considered a breakthrough although 9 years old .  I t  h as  
a lready resulted in  great advances i n  mine safety improvements. Th is system also 
has been employed in the chemical industry for many decades for sampl i ng gases 
and l iquids and for pneumatical ly  transmitti ng i nformation and command signals. 
Recommendation: The tube bundle as an information relay system should  be fur
ther expl oited for mine safety applications. Existing knowledge and ongoing re
search concerning the use of tu be  bundles as a gas sampl ing device should be 
exploited and expanded. The absorption of submicrometer particles by various 
tubing materials (or coatings) shou l d  be investigated. The use of tube bundles for 
l iqu id sampl ing, pressure differentia l  sensing, l iquid level indication, and tempera
ture sensing ( l iquid fi l led tube) shoul d  be explored. The use of tu be bundles for 
transmitting command signals (open ing or closing doors) and activating a larms and 
fire or explosion su ppression devices shou ld  be deve loped. Tu be bundles also shou ld 
be uti l i zed as back-up systems for electrical ly  operated equ ipment. 

Conclusion: The problem of spontaneous combustion in U.S. coal m ines is gain
i ng increased attention for two reasons : the development of deeper seams and the 
exploitation of western mines, which are more suscepti ble to this hazard. Recom

mendation: Recent studies deal i ng with the characteristics of spontaneous com
bustion and their  detection (e.g., by tube bundle sampl ing) shou l d  be accelerated to 
min imize this hazard in the new coal mines. 

Conclusion: Appl ied technology development in underground mine fi re and ex
plosion preventi on and suppression has made significant advances in recent years. 
Recommendation: Devel opment of methane drainage technology should be con
tinued Face ignition quenching systems for conti nuous miners and tunnel boring 
machines should be refined, and these quench ing devices should  be integral parts of 
new machines. The demonstration and refinement of coal dust explosion barriers 
shou ld  be continued, and their opti mum l ocation in relation to face areas should be 
identified The remote seal ing  technology recently developed for the control of coal 
mine fi res shou ld  be perfected. The ongoing mine shaft fire and smoke protection 
system development program shou ld be ampl i fied ; this system shou ld  be insta l led in 
metal and non-metal mines.  

Conclusion: Fire protection of surface mining veh icles and machinery can be 
greatly improved by the insta l l ation of automatic fi re detection and suppression 
systems. Recommendation: Existing development efforts shou l d  be continued and 
new ones in itiated as needed to provide fi re protection equ i pment for trucks, l arge 
haulage vehicles, augers, large downhi l l  dri l ls, shovels, and drag l ines. F ire detection 
and su ppression systems shou ld  be integra l parts of new surface mining veh icles and 
machinery. 
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CHAPTE R 6 

SMOKE AND TOX ICITY 

6.1 1 ntroduction 

The toxicity problems encountered in a mine or bunker fi re tend to change as 
the fi re progresses. At the time of ignition, the atmosphere is oxygen-rich and the 
toxicity is s imi l ar to that of the combustion products of the materials involved; 
l ater, the atmosphere is oxygen-lean and the toxicity is s imi lar  to th at of pyrolysis 
of the same materials. Toxicity arises from the presence of com bustion products in 
a given location. The major factors that influence human survival du ring a fi re in a 
confined s pace are : 

1 .  Thermal energy - The hazard to hu man health is either that of local thermal 
damage, usua l ly of the skin or respi ratory ai rway, or genera l ized thermal 
shock. 

2. Decreased atmospheric oxygen concentration - This factor is associated with 
a l l  materi als undergoing oxidation at a rapid rate . The health hazard is that of 
deprivation of an essential amou nt of avai l able respi ratory oxygen. In fi res 
occurring in mines or bunkers, decreased oxygen may rapidly oecome a signif· 
icant factor. 

3. Carbon monoxide and other nox ious gases and aerosols - Like other organic 
materials, any pol ymer undergoing less than complete combustion in  the 
presence of oxygen yie lds carbon monoxide.  The tox icological consequences 
of human exposure to carbon monoxide have been extensively rev iewed (Na
tional Advisory Center on Toxicol ogy 1 973, Stewart 1 976). Carbon mon
oxide is the major single cause of fatal ities in most f ire situations and is 
especia l ly  significant in the oxygen-lean atmosphere that develops in mine 
and bunker fi res. Depending on the types of organic materials present, the 
pyrolysis or combustion of polymers may produce, in addition to carbon 
monoxide, combi nations of tox icants including hydrogen cyan ide, sulfur 
compounds, nitrogen oxides, hal ogen acid gases, vapori zed fu mes of other 
hal ides such as ethyl bromide, organic gases such as ethyl bromide, aldehydes 
l i ke acrolein, and such exotic co mpou nds as the h igh ly tox ic bicycl ic phos
phates from some plasticizers ( Petajan et a l .  1 975) .  

4. Smoke - Massive exposure to smoke may result in  di rect mechanical plugging 
of airways or smoke particles may carry adsorbed gases or l iqu ids or residual  
heat to various parts of the respiratory tract and produce injury by direct 
contact. Smoke also obscu res vision, impedes escape, and h inders fi refighting 
efforts. (See Appendix C). 
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5.  Fear, pan ic, or incidental trauma - These factors are recognized causes of 
i ncapacitation and death in fi res. 

6. Pre-existing or concurrent psychophysiological disease or impai rment - Pre· 
existing heart disease has been established as a significant factor in fire deaths. 
Acute alcohol i ntoxication also may be a factor, and the disabled obviously 
are at a great disadvantage. These are on ly a few of the more apparent 
diseases and impai rments affecting an indivi dua l 's abi l ity to escape and sur
vive. 

Mines and bun kers are examples of confi ned spaces in wh ich fire represents a 
serious hazard. They may be remote from outside f irefighting assistance and 
avenues of egress may be l imited and difficult. The materia ls in  mi nes and 
bun kers that are most l i ke ly to undergo combustion or pyrolysis are natural and 
synthetic polymers ( for the purpose of th is  chapter, fue ls, l ubricants, and hy
drau l ic flu ids are excluded ) i ncluding wood, wool ,  cotton,  paper, other cel l u losic 
materia ls, and a wide range of synthetic polymeric materia ls. Polymeric materials 
currently in  use in  mines and bunkers are descri bed in  Chapter 4. There general ly 
are no speci fic requi rements regu lating nox ious gas generation for m ateri als used 
in mines and bunkers under fi re conditions. 

6.2 Perspective on Experimental Data 

The number of studies concerned with noxious gases and smoke resu lting from 
thermal degradation of polymeric materia l s  has increased during the past 1 0  years. 
Pyrolysis or com bustion products of the polymers used in mi nes and bu nkers have 
been found to include carbon monoxide ( CO) ,  carbon dioxide (C02 I. hydrogen 
cyan ide ( HCN) ,  oxides of n itrogen ( NOxl •  ammon ia ( N H 3 ) ,  hydrogen su lfide 
( H2 S) , phosgene ( COCI 2 I .  and many other compounds. The physiological hazards 
of these gases are descri bed in Appendix D and Kimmerle provides a more detai led 
compi l ati on of effects at various atmospheric concentrati ons ( 1 974 ). 

F rom fires in  confined spaces, the predominant tox ic thermal degradation prod· 
uct is CO. I ncapacitati ng or lethal amou nts of CO can devel op with i n  minutes. 
Appendix E presents a brief review of CO toxicity . The net physiological response 
from CO and other thermal  degradation gases is fa r from clear although awareness 
of th is problem and the difficu lties in assessing it are increasing. 

F i re si tuations can have an extremely complex toxicology .  I f  a lethal  CO at· 
mosphere is not reached, other lethal  or d isabl ing factors sti l l  may be present. For 
example, i n  the series of experi ments reported by Corn ish and Abar ( 1 969) pu l· 
monary injury from HCI developed in  the absence of lethal effects from CO. A 
more subtle effect noted by Effen berger ( 1 972) is that bu rn ing polystyrene does 
not cause rats to die or develop sign ificant amou nts of carboxyhemoglobin, but 
rather the styrene it yields apparently has an immobi l iz ing effect on rats. If this 
i nterpretation may be extended to fi res involv ing hu mans, death cou ld  resu lt be· 
cause a bi l ity to escape from the fi re is impaired. 
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Smoke presents a nu mber of hazards and occurs in a wide variety of com posi
tions. Smoke basical ly is a mixture of carbon particles and materials evolved from 
combustion. It may conta in i rritants adsorbed on the particles and be m ixed with 
thermal decomposition gases. The hazards of smoke may be physical ( blocking 
v is ion or airways) ,  phys iological ( local or systemic chemical i rritation, tox icity, or 
heat inju ry),  or psychologica l  (fear and panic).  Appendix C surveys the hazards 
from smoke and descr ibes current measurement techni ques. 

6.2. 1 Experimental Work 

Ultra Systems, I nc., under a U.S. Bureau of Mines contract, is investigating 32 
materials commonly  carried into mines or bunkers by workers or occu pants .  The 
behavior of these materials under control led pyrolysis conditions is being studied 
and the materia ls are ass igned ratings based upon various factors, including tox icity. 

6.2.2 Clinical Data Based on Aircraft Fires 

Quantitative toxicological data on mine and bun ker fi re victi ms are nonex istent; 
however, l imited data are ava i l able on ai rcraft fire victims and are pertinent in that 
the synthetic polymers involved are s imi lar. (See Volume 6, Aircraft : Civi l  & Mi l i
tary ). Smith and Associates have descri bed the resu lts of the ir  forensic investiga
tions of several a i rcraft accidents as fol lows :  

Two commercia l  ai rcraft acci dents i n  the Un ited States during the 
1 960's ( Denver, Colorado, 1 96 1 ,  and Salt Lake City, Utah, 1 965) con
tri buted greatly to the in iti ation of the present concern over the tox ic 
hazard of the gases generated in  ai rcraft fi res. These accidents were of 
special significance because carefu l analysis indicated that few, if any, 
of the occupants wou ld have suffered significant physical inju ry from 
the rel atively mi ld  impacts involved;  yet, a total of 60 persons perished 
as a resu lt  of thermal and chemical in ju ries susta ined in  the ensuing 
fires. 
Carboxyhemoglobi n measurements on 16 victims of the Denver crash 
revealed CO saturations ranging from 30 to 85 percent with a mean of 
63.3 percent. Si mi lar  analyses on 36 victi ms of the Salt Lake City 
accident yielded CO saturations rangi ng from 1 3  to 82 percent, the 
mean bei ng 36.9. The lower carboxyhemoglobin val ues found in the 
second accident have been attri buted to the fact that fi re was present 
with in  the a i rcraft before evacuation cou ld  be attempted and that the 
survival ti me of many victims must have been shortened by di rect ther
mal effects. It also has been assumed that gases other than carbon 
monox ide must have contri buted to the tox icity of the cabin envi ron
ment, but there is no supporti ng evidence for the assumption. 
I n  1 970, blood samples from victims of an ai rcraft crash fol lowed by 
fire (Anchorage, Alas ka, November 1 970) were analyzed for the pres-
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ence of cyan ide (apparently the fi rst ti me such analyses were made on 
a ircraft fi re v ictims) .  Measurable amounts of cyanide were found in 1 8  
of the 1 9  specimens submitted, and were accompan ied by carbon mon
oxide saturations ranging from 1 7  to 70 percent. I n  the one sample in 
which cyanide cou ld not be detected, the carboxyhemoglobin concen
tration, 4.9 percent, did not exceed that wh ich coul d  resu lt  from 
smoking, indicating the probabi l ity of death on impact. Blood cyanide 
levels in these v ictims corresponded close ly with those reported in the 
l i terature for victims of structural and vehicu lar fires ranging from the 
lower detection l imit (ci rca 0.01 J,Lg/ml ) up to 2.26 J,Lg/ml .  The rel ation· 
sh ip between cyan ide levels and carboxyhemoglobin content varied in 
random fashion, perhaps representing relative proxi mity of the victims 
to cyanide-producing materials. Alternatively the vary ing cyani de levels  
reported may be due to uncontrol led auto-production of cyanide in  and 
from the tissues. 

Nothing in  these fi ndings permitted speculation concerning the rel ative contri bu
tion of the two gases to lethal ity. In addition, there was no way of assessing the 
possi ble  contri bution of other gases that must have been present in  the pyrolysis 
mixture to which these v icti ms were exposed. 

6.3 Evaluating the Hazards of Toxic Fumes and Smoke 

6.3.1 Comparison of Materials 

Val id comparisons of different materia ls must be based on s imi lar  or reasonably 
standard conditions. The desirabi l ity for a standardized test procedure pertinent to 
proposed use appl ication is obvious. However, real  fi res possess two essentia l l y  
u ncontrol lable variables - oxygen supply a n d  temperature - that make selection of 
such test procedures i nherentl y  difficu lt. Genera l ly ,  laboratory thermal degradation  
tests in  an oxygen- lean atmosphere are descri bed as  pyrolysis tests whereas com bu s
tion with actua l flame indicates an oxygen-rich atmosphere.  Si nce either pyrolysis 
or com bustion can be the more hazardous depending on the natu re of the material  
being consumed, a standard procedure shou ld  take both categories into accoun t, 
e ither separately or together. ( See Appendix E for gu ide l ines for suggested screen
ing tests. ) In the case of fi res in mines and bunkers, as previously noted, the atmos
phere tends to rapidly become oxygen-lean and h igher carbon monoxide leve ls  
wou ld be expected earl ier than usual .  

6.3.2 Thermal Decomposition Temperatures 

F i re temperature depends on the pyrolysis and/or com bustion processes and al so 
on the ca loric value of the product or products consu med by fire .  For the therm al 
decomposition of wood, several analysts have fol lowed a class ification of four  
distinct temperatu re zones (see Appendix F ) .  However, the committee i s  unaware 
of any attempt at such a cl ass ification for the multitude of synthetic polymers th at 
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exist today. 

6.3.3 Method of Study 

Recent l iterature descri bes the four types of methods discussed below (see Ap
pendix G) .  

6.3.3.1 Analysis 

Testing to identify the chemical components involved can help in understanding 
the effect of altering variables such as temperature and oxygen. The rel ative hazard 
or lethal ity of the product can be estimated with reasonable confidence if a s ingle 
component, such as CO or H CI ,  is clearly predominant and no other significant 
source of stress is present. If thermal de�adation generates a significant quantity of 
m iscel l aneous gases, heat or smoke,  the net physiologica l response is diff icu lt to 
esti mate; however, analysis of such mixtures or the i r  degradation products is be· 
coming less difficu lt with the development of more sophisticated (and expensive) 
analytica l  tools. To compound problems, fi n ished products m ay be composed of 
basic elements, antioxidants, f i l lers , additives, and finishes, and even major per· 
centage components often are not stated. 

6.3.3.2 Biological Testing 

Data obta ined from tests on l aboratory animals can be expressed as the LC7b50 
or concentration expected to produce death in 50 percent of the exposed animals 
and the EC5 0 or concentrati on expected to produce a specified effect, such as 
i ncapacitation, in 50 percent of the exposed ani mals. It is in th is latter area of 
biol ogical test for toxicity that special attention is requ i red. A safer product from 
the standpoint of a flammabi l ity test does not always result in a more desirable 
product i n  that : 

1 .  Structure modification or additives may resu lt not on ly in retarded com bus
tion of the polymer but also in  increased toxicity of decomposition gases 
and/or dense smoke from the smoldering of the polymer when it is exposed 
to external  heat. 

2. Many of the more common fire retardants contain halogens, such as ch lorine 
and bromine, that theoretical ly  make poss ible the production of thermal 
decomposition products such as hydrogen ch loride ( HCI ) ,  phosgene (COCI 2 ), 
and hydrogen bromide ( H Br).  

3. The presence of nitrogen atoms, either in the polymer or in the additives, 
i ntroduces the possib i l ity of thermal degradation to HCN or NOx. 

• 

4. Polymers based on propoxylated trimethy lopropane polyols and fi re-retarded 
with phosphorous-coating retardants may yield h igh ly toxic bicycl ic phos· 
phorous esters when thermal ly  degraded (Petajan et al. 1 975).  

6.3.3.3 Extensions of Analysis and Biological Testing 
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Present models include combined testing, predictive testing, and "room " or 
l arge-scale fi re tests. 

6.3.3.4 Epidemiological Studies 

Critical epidemiol ogical analyses have been appl ied to f ire toxicity only recently. 
There is a need for evaluated reports on mine and bun ker fires that provide compre
hensive casualty data, i ncluding a quantitative tox icological and pathologica l eva lua
tion of the victims. To consider only one decomposition product, a recent d is
cussion of HCN as a major lethal factor in  aircraft fi res indicates the current interest 
and concem in this area and also brings attention to the difficu lties that may be 
associated with such analyses. 

6.4 Special Considerations 

Obviously, products or formulations requ i re more stringent evaluation when 
intended for use in  mines and bunkers than for many other appl ications. The long 
and tedious escape routes from u nderground spaces and the rel ative unavai labi l ity 
of firefighting equ ipment and personnel inherently expose the occupants to a great
er fi re and toxicity hazard than ex ists in more ordinary occupancies. If any new 
products or formu lations are intended for use in  mines and bunkers in appreciable 
quantity, their potential toxicity when bumed must be evaluated with in  experi
mental gu ide l ines and reviewed in the context of ava i lable epidemiological data. 

6.5 Conclusions and Recommendations 

Conclusion: Pu bl ished data re lating to the tox icity of the com bustion and py
rolysis products of polymeric materials, indiv idu al ly  and i n  com bination with other 
polymers, are sparse. Recommendation: A central agency shou ld  be establ ished to 
col lect and analyze data from and promulgate information regarding the tox icity of 
the combustion and pyrolysis of polymeric materials in test and actual fi res. 

Conclusion: Most tox icity studies relating to the products of com bustion and 
pyrolysis of polymeric materials are oriented toward establ ishing lethal levels and 
incapacitation is relative ly ignored Recommendation: Studies of the tox icity of 
polymeric materia l  combustion and pyrolysis products shoul d  address incapacita
tion as we l l  as lethal ity. 

Conclusion: Little is known about the additive or synergistic effects of the tox ic 
agents produced from the combustion and pyrolysis of polymeric m aterials. Rec

ommendation: Methods shou ld be establ ished for studying the tox icity not onl y  
o f  individual toxic agents released during the com bustion and pyrolysis of pol y
meric materi als but also the toxicity of combinations of such tox icants l i ke ly to be 
encountered in varying f ire situations. 

Conclusion: Cl in ical tox icity data on the com bustion and pyrolysis products of  
polymers in actual  fi res i s  very sparse. Recommendation: G uidel ines shou l d  be 
establ ished and pu bl ished for the col lection of toxicity data on f i re victims by 
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paramedical rescue personnel and medical centers. These gu ide l ines shou ld specify 
data col lection techniques that wi l l  not interfere with fi rst aid or intermediate or 
defin itive medical care. 
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AFTERWORD 

The nation's energy problem has been discussed in  such detai l  that everyone h as  
some fami l iarity with it. Solutions to the problem have been proposed in great 
numbers but too often they are not attainable without a long-term research, devel· 
opment, and demonstration effort. In many cases, the time frame for the practical 
uti l i zation of new fuel concepts is measured in  decades with the tu m of the centu ry 
as a target date. 

The ray of l ight in th is dreary picture is the nation's abundance of coal re
sources. Mines in the United States now provide approximately 600 mi l l ion tons of 
coal each year and can continue at that rate for a minimum of 360 years. 

As the economic importance of coal and metal increases, the nation must strive 
to better protect the key production e lements - the miners, the equipment, and 
the supply. Two factors threatening a l l  of these e lements are fi re and explosion. 

Mine f ires and explosions have a great impact in that the nation loses a portion  
of  its energy su pply. Withi n the immediate community, their  aftermath i s  
devastating. The tragedy of  death can be overwhelming, and the closing of  the 
mines infl icts a severe economic hardship on the fami l ies of the miners who are 
deprived of the i r  normal income. The production requirements of other m ines are 
increased and additional employees must be found, which has a significant effect 
since a new miner is 1 0  ti mes more suscept ible  to injury than a miner with a year of 
experience. 

Although polymeric materials have not been the major cause of past acciden ts  
and fata l ities, they are potential l y  s ign ificant contri butors. Materials such a s  neo
prene, polyvinyl chloride, rayon, and nylon are used in  materi al-convey ing devices 
and electrica l insu l ation. Venti l ation controls requ i re jute ,  nylon, or polyester com· 
ponents. Urethane foams are appl ied on roofs, ri bs, and stoppings. 

The control of polymeric material usage in mines is rooted i n  the legis lation that 
covers th is facet of safety as well as all others. After experiencing over 1 0,000 
miner fata l ities between 1 81 0  and 1 91 0, the Organic Act was passed in 1 91 0  and 
created the Bureau of Mines, pri mari ly as an advisor to industry. One of its func
tion, however, was to be to determine how to prevent fi res and explosi ons. Publ ic 
Law 49 of 1 94 1 permitted federal officials to enter mines but only  in an advisory 
capacity. The Federal Coal Mine Act of 1 952 provided for enforcement of m anda
tory regu lations. 

Coal is only one product of the min ing industry, and the mining of other 
materials was regu lated in the Federal Metal and Nonmeta l l ic Mine Safety Act of 
1 966. The Secretary of the I nterior was given authority to promulgate and enforce 
standards concern ing the types of materia l  that cou l d  be brought into a mine. Th is 
bi l l ,  fo l lowed shortly by the Federal Coal Mine Health and Safety Act of 1 969, 
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recogni zed an urgent need to provide more effective means for improving coal 
min ing techn iques in order "to prevent death and serious harm . . . " and provided 
for promulgation and enforcement of mandatory safety and health standards. I n  
addition, the Act cited, a s  one purpose, cooperation with the states in enforcement, 
research, and devel opment. 

On May 7, 1 973, the Secretary of the I nterior issued Secretarial Order No. 2953, 
which establ ished the Min ing Enforcement and Safety Administration ( M ESA).  
Essentia l ly, this order separated from the Bureau of Mines the responsi bi l ity for 
adm in istration of the Federal Metal and Nonmetal l ic Mine Safety Act of 1 966 and, 
except for certain research provisions, the Federal Coal M ine Health and Safety Act 
of 1 969. 

The Federal Mine Safety and Health Amendments Act of 1 977, which became 
effective March 9, 1 978, repealed the Act of 1 966, Section 405 of the Act of 1 973, 
changed the name of M ESA to the Mine Safety and Health Adm inistration 
( MSHA),  and transferred the unit from the Department of I nterior to the Depart· 
ment of Labor. 

M SHA, with about 3,400 employees, has as its pri mary goal the protection of 
the 400,000 people employed in the U.S. min ing industry th rough enforcement, 
engineering, and education. The most formidable enforcement tool at its d isposal is 
the closure order ( i .e., if any poly meric materia l  proh i bited under  regu l ation is 
present in  a mine in  quantity sufficient to create a condition of imminent danger, a 
MSHA inspector can issue a closure order halting a l l  mining activity and with· 
drawing the miners unti l  the condition is corrected).  

Augmenting the efforts of federa l and state regu latory agencies, the United Mine 
Workers of America (UMWA) attem pts to e l iminate the causes of accidents, fires, 
and explosions. The UMWA's Safety Divis ion has increased its visibi l ity and effec
tiveness in recent years. Fol lowing a reorgani zation in the spring of 1 976, 49 
ful l-time staff members were operating under the I nternational  Executive Board, 
with provision for an additional two. Of these , 40 are inspectors who are to spend 4 
days each week carrying out inspection responsi bi l ities. 

Previous difficu lties experienced by UMWA i nspectors h ave been e l im inated by 
inclusion of the Safety Division function in  a l l  the contracts, guarantee ing the right 
of access to any mine when requested by the Local Union Mine Health and Safety 
Committee. These inspectors are in communication with the state and federal regu
l atory agencies and can, in the event of any violation involving polymeric materia ls, 
request thei r intervention to resolve the problem. They also investigate and report 
on a l l  fatal accidents, fires, and ex plosions i nvolv ing UMWA mem bers. 

1 29 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


APPENDIX A 

MINE ACCIDE NT STATISTICS 

A. 1 All U.S. Underground Mines 

Underground meta l and non-metal mines in  the United States outnumber u nder
ground coal mines by more than six to one ; yet, the reported fata l ities resu lting 
from al l  accidents, the fi re i nc idence,  and the fatal ities resulting from fi re are of the 
same order of  magnitude for metal and non-metal mines and coal mines as  shown in  
Table A- 1 .  The figures indicate that underground coal mines are su bstantia l l y  m ore 
hazardous than underground metal and non-metal mines but that the number of 
fata l ities resu lting from fire is re l ative ly  smal l  compared to those resu l ti n g  from 
other causes. A su bstantial reduction in  fi re incidence after 1 970 is also i ndicated 
and can be attri buted to regu lations resulti ng from Acts of Congress passed i n  1 966 
and 1 969. 

Tsble A· t, Ststistics of Reported Fstelities end Fires in Underground 
Mines •. 

Type of 'line Fata l i ties Mi ne Fires, Annual Averaqe 

(number of Mines ) All accidents Incidence Fatalities 

1 970- 1 9H 1 9 70- 1 9 5 0 1 9 70- 1 9 50 

1 9 76 1 970 

Metal and non 8 9 5  1 0  5 0  2 • •  

me1:al ( 1 5 , o O n )  

(Coa l ( 2 , 300 )  8 5 7  1 0  50 2 3 

NOTE:  Data from Chai ken and Burgess, 1 977. 
*A reported mine fire is one of longer than 30 min u tes duration.  

• • excluded 91  fatal ities in the 1 972 Sunshine Mine F ire.  

The U. S. mining industry uses the term "meta l and non-meta l"  mines to refe r  to 
a l l  mines other than coal .  This terminology originated in Acts of Congress passed i n  
1 966 and 1 969 and i s  maintai ned throughout this  vol ume. 

The seriousness of the f ire hazards in coa l m ines and their  economic i mpact is 
further i l l uminated by the statistics presented in Table A-2. 
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Table A·2. EstimtJtlld Cost of Fires 1111d Exp/osion1. 

Ito. of Fires 8 0  ( 1 97 0  - 1 9 7 11 )  2 80 ( 1 960 - 1 9 611) 

No. of ma ior eXPlosions• 3 ( 1 9 7 0  - 1 97 4 )  6 ( 1 960 - 1 9 611)  

Production los s ,  mi l l ion 

tons 5 

Waqes lost, Mi l l ions of 

1 9 7 11  dol lars 2 8  

Recovery cost s ,  millions 

1 97 11  dollars 20 

Idle-plant depreciation ,  

mi l lions of 1 97 11  dollars 1 0  

Taxes lost , mi l l ions of 

1 9 7 11  dollars• • 20 

NOTE:  Data from Chaiken and Burgess 1 977. 
•fiw or more fatal ities • 

311 

1 90 

80 

6 8  

1 1 5 

. .  20 percent on wages and 39 percent on assumed profit of $1 .50 
per ton of coal lost and on sum of idle-plant and recovery costs, 

A. 2 U. S. Metal and Non-Metal Mines and Operations 

Fatal ity statistics are presented in  Table A-3 ( Secretary of the I nterior 1 974) for 
metal and non-metal mines and are broken down by underground mines, su rface 
mines, and mi l l s  and by causes for 1 970· 1 974. The same statistics are presented as a 
percent of total causes in F igure A- 1 ,  and F igure A·2 presents the percentage 
distri bution for the various operations and causes for 1 974. 

The fata l ity frequency rate (number of men k i l led per m i l l i on man-hours 
worked) in metal and non-metal mi nes was 0.36 in 1 974, lower than but sim i l ar to 
the rate in the four preceding years. The major cause of work-re l ated deaths, fa l ls of 
ground, accounts for the same percentage as in the past in underground mines. 

It is a lso evi dent that meta l and non-meta l m ine fi res genera l ly  represent only a 
sma l l  fraction of fatal ity causes ( an exception occurred in 1 972 when a fi re in the 
Sunsh ine mine k i l led 91 ) .  

The more general statistics for metal and non-metal underground m ines are given 
in F igures A·3 and A-4, which specifica l ly present the causes and l ocations of fi res 

1 3 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

M i n e s  a n d  B u n k e r s :  R e p o r t
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Table A-3. Fetaliti• et  Mlltel llfld Non-Metal (stone, send, end grBI!fl/) DPBrations by 
Causll$, 197(). 1 974. 

Yea r 
Cau se 1 9 7 0  1 97 1  1 97 2  1 97 3  1 97 4 *  
Umlergrou nd m i nes:  

F a l l  nf roof,  face or back 2\1 20 20 1 4 1 8  

S l i p s  or fa l l s  of perso ns 5 5 I! 5 8 

l la u bl(e 1 6 3 4 1 0  4 
Sl id ing or fa l l i ng ma teria l s  2 4 2 2 
M a c h i nery 7 3 3 6 I! 
Exp losives 2 5 4 3 2 

Flcc t r idty 2 I I 3 I 

l la n d l i ng mater ia l s  I 2 I 3 3 
Su ff1K a l i o n  3 1 0 3 

M i n e  fi re� 2 9 1  2 
Inrush of ma leri ;l l s  or wa te r  2 
H a n d t o oh 

l lr l i cop te r crash 

Unknown 
To ta ls 60 56 1 34 4 9 5 0  

S u r face m i nes :  

M a c h i n ery 2 2  2 7  2 1  34 30 

Hau lage 1 4 2 1 25 23  2 1  

hi l l s  <> f persons  8 1 0  6 9 6 

l l a n d l i ng of nw t e r i a l s  4 4 3 6 6 

F a l l �  nf gro u n d  9 2 5 8 7 

Flet· t r ic i t y 10 2 3 R 5 

S l i d i ng , fa l l i ng ma ter ia l s I 2 3 5 

Exp losives 2 3 I 4 

M i n e  fi re 1 
M i scel laneous 2 

Totals  73 6 9  6 5  9 3  8 5  

M i l l s :  

Machinery  1 2  1 4  1 9  9 9 

H a u lage 6 I! 4 9 2 

H a n dl i ng m a t er ia l s  7 2 3 2 3 
S l id i ng .  fa l l i ng ma ter ia ls  3 4 3 2 

1-'a l l s  of per�ons  3 5 5 7 3 

Flcc trkity  I I I 5 I 

E x p los ion of gas 
Expl<lsives I 

S u f fot·a l i o n  3 

M i scel l a ne o u s  2 

To t<t l s  32  3 9 35  3 3  2 2  

<; R A N D  TOT !I L S  1 65 1 64 234 1 7 5 1 5 7 

NOTE:  Data from Secretary of the Interior, 1 974. 
* Prel iminary data. 
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All Mines and Mills 

1 971  1 972 1 973 1 974 

Machinery Machinery Machinery 
Fire 

1- Haulage Haulage Hau lage 
z w Haulage (J 

Fall of ground Fal l  of ground a: 
Fall of ground w A. 

Fal l  of person Fall of person 
Fall of ground 

Fall of person 

Electricity t:lactncitv 
t:XPIOSIV8S 

Other Other 
Other Other 

Number = 1 63 234 1 75 1 57 

Figure A- 1. FllttJ/lties in mettJI IInd non·metlll operetlons, percent of totlll by m11jor cau•s, 
1971· 1974 (SecrettJry of the Interior, 1974J. 
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Other 

85 
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22 

Figure A-2. F11tlllitit11 in metlll 11nd non-met11l oper11tions, percent of totlll by type of operetion 
11nd m11jor ctJuses, 1974 (Secretllry of the Interior, 1974). 
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Figure A·.l Cause and Location of Fires and Explosions in Underground Meta/ and Non
Metal Mines, 1945- 1974 (Johnson, 1976). 
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Figure A-4. Cause and Location of Fatalities and Injuries from Fires and Explosions in Under
ground Meta/ and Non-Metal Mines, 1945-1974 (Johnson, 1976). 
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and ex plosions and the causes and locations of fatal ities and injuries between 1 945 
and 1 974 period. These statistics indicate that most fi res occur in shafts and drifts 
because of electrica l defects, waste ignition, and friction causes and that most 
fata l ities also occur in shafts and drifts because of contamination sources. 

A. 3 U.S. Coal Mines 

Coal mine fata l ities, as a rough indication of the seriousness of coal m ine d is
asters, are broken down by cause or source for 1 970 in Table A-4 to indicate the 
relative importance of these causes. 

The nu mber of coal mine fires are presented in F igure A-5 for 1 954-1 974. 
A more i l l u minating set of statistics is presented in F igure A-6, which presents 

data on the number of i nju ries and deaths and the number of u ndergrou nd fires for 
1 954- 1 973. These figures seem to indicate that safety in  th is particu lar  area, con
trary to some argu ments, has been i mproved by regu lation. The dramatic effect of 
applying legislated standards and procedu res is even more apparent when Tables 
A-5 and A-6 are considered. These tables present figures for fires and explosions 
and their  estimated cost for time periods coinci di ng with sign ificant legislative 
actions. 

For the l ay reader all the above figures may be i mpressive but without mean ing
ful significance. Mitchel l and Verakis ( 1 975) hel p  to clarify the situation by noting 
that recovery of a mine fol lowing a major fire or ex plosion diverts funds and people 
from expansion to nonproductive activities. Seldom wil l  a m ine be reopened in less 
than 1 00  days fol lowing a major f ire or explosion, and then it often takes years 
before pre-disaster production and cost-effectiveness can be regained. I n  one m ine, 
a fi re fol l owed by a series of explos ions destroyed the retreat workings so com
pletely that eight years of redevelopment were needed to retum the mine to a 
profitable status. 

To provide the reader with a clea rer understand ing of coa l  mine fi res, a study of 
U.S. coal mine fi res conducted by the U.S. Bureau of Mines ( 1 973) is summarized 
below. Th is study was in itiated in recognition of the fact that several areas of 
underground coal mines have obvious fire potentia l .  Some of these, l i ke belt heads, 
have been improved recentl y  by the provision of standby devices. Others have not 
been studied systematical ly  and improvements have not been incorporated even 
though fi re suppression systems are ava i lable.  Face machinery, particu larly without 
a water supply, fa l l s  in  this latter category. In the Bureau of Mines study ( 1 973) ,  
mine i nspector reports for 1 952 to 1 970 were used to review the fi re h istories of 
electric face machinery. 

During th is period there were 386 f ire incidents ; these fi res are broken down by 
machine i n  Table A-7 and their chronology is shown in F igure A-7. 

Table A-8 indicates the number of electrical fire incidents per state for 
1 952- 1 970. E ighty percent occurred in West Virgin ia, Kentucky, and Pennsylvania. 
West Vi rgin ia  accounted for the most fires unti l  1 968 when Kentucky h ad the 
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Table A..C. Fatlllities at Colli Miflfls, by C.uw, 197a 

Fa lls of roof and face ( i ncludes 1 1  

f a t a l ities from fall o f  hiqh val l 

at surface operations) 

Haulaqe 

Machinery 

Explosion s ,  qa s or d ust 

Electrical 

Ul other 

9 3  

1 7  

u 

2 5 5  

NOTE: Data from Secretary o f  t he  Interior 1 970. 

3 6  

1 8 

1 7  

1 6  

7 

6 

1 0 0  

o �L-L-�L-L-L-�L-����������-J 
1 954 1 964 1 974 

YEAR 

Figure A-ti Fires in Underground Coal Mines 19� 1974 (Mitchell and Verakis, 1975). 
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Tabla A·5 FiiW and ExpiOiiom in Underground Ooal Min-. 

---------EIBl�----------- - - - -

1 97 0 -711 

Production ,  mi l l ion tone 1 11 40 

Number of man-hours , mil lions 8 2 11  

Tone per man-hour 1 . 8  

NUmber o f  fires 80 

Number o f  u ior explosions • 3 

Number of injuries from fire and 

explosion 

Fatal 6 3  

Non fata l 1 0 11  

NOTE:  Data from Mitchel l  and Verakis 1 975. 

1 960-64 1 9 6 5- 6 9  

1 119 8  1 12 3  

8 2 3  7 6 8  

1 . 8  2. 2 

280 2115 

6 5 

1 3 7  2311 

189 1 4 1  

*Major explosions are those in  which fiw o r  more l ives a re  lost. 

Table A-& Estimated Cost of FIIW and Explosion1. 

Production lost , mil l ion tone 

Waqee lost , mil l ions of 1 9 74 dol lars 

Recovery coa t s ,  mi llions of 19711 dol lars 

1 9 60-63 

311 

1 9 0  

8 0  

1 97 1 - 7 11  

5 

2 8  

20 

I d le-plant depreciation, mi l l ions of 1 97 4  dol lars 68 1 0  

Taxe s lo s t ,  mi l l ions of 1 9 711 dol lars 1 1 5  20 

NOTE:  Data from Mitchell  and Verakis 1 975. 
*The year 1 970 is not incl u ded because during that transitional period 
i mplementation of the Act is not considered to haw been as effectiw as 
i n  subsequent years and thus its inclusion would bias the analysis. To 
compensate for that, the year 1 964 is not included i n  the pre-Act 
period; however, its i nclusion would not have reduced l osses. 
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Table A-7. Number of Fires per Mechine Type, 
1952-1970. 

Machine 

Cuttinq Machine 

Shut t l e  car 

Continuou s Miner 

Loadinq "'achine 

Roof Bolt e r  

Roof Dri l l  

Face Dri l l  

Locomotives & Trucks 

Non-face Machines 

Number of Fires 

1 6 9  

3 0  

3 0  

2 1  

3 

3 6  

1 9  

N OTE:  Data from U.S. Bureau of Mines 1 973. 

Figure A-7. Chronology of Mine Electrice/ Mechinery 
Fires, 1952- 1970 (U.S. Bureau of Mines, 1973). 
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Table A-& Geographic Location and 
Number of Electricsl Fire1, ( 1952-70). 

State No. of Fires 

west Virqi nia 1 6 7  

Jtentuc: Icy 6 9  

Pennavlvania 7 1  

Virqinia 25 

Ohio 22 

Alabama 8 

Tennessee 6 

I nd iana 5 

Colorado 5 

I l linois 7 

Utah 

NOTE:  Data from U.S. Bureau of Mines, 
1 973. 

most. Between 1 966 and 1 970, the nu mber of fi res per year rose in  Kentucky and 
decreased in Pennsylvania. The reasons for these trends are not clear but the Ken
tucky situation probably reflects a number of new mine open ings. 

Beyond data on the type of machine and the physical location of the m ine, the 
i nspector reports do not necessari ly provide a l l  of the data that might be needed to 
assess the facts surrounding the fi re . In many cases, the reports contain the su � 
jective opinions of the inspectors. I n  more recent years the completeness of the 
reports improved markedly ;  therefore, fu rther discussion of the data wi l l  concen
trate on the 1 96(}. 1 970 period even though these data are not a lways complete and 
the number of data points in each tabu lation vary. One fact, however, is clearly 
establ ished : of the 386 machine fi res, a l l  but two were electrica l ly  i nitiated.  

A. 3.1 Seam Height Versus Fire Frequency 

Using the 1 96(}. 1 970 data, a nu mber of observations can be made. The coal seam 
height and fi re incident data show that fires are more prevalent in coal seams 30 to 
80 i nches in height. These data, however, most l ikely reflect the concentration of 
min ing activity in  the "low" coa l seams rather than characteristics associated with 
these seams. Table A-9 rel ates fire incidents with coal seam height. 

A. 3.2 Mine Production Versus Fire Frequency 

Those mines from wh ich 500 to 2,000 tons of coal per sh ift are mined show the 
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Table A·9. Coel Seam Height end Num
ber of Electrical Fires *. 

Coal Seam No. of 
Height ( in. l  Fires 

0 - 3 0  7 

3 0- 5 0  9 6  

5 0 - 8 0  8 8  

8 0- 1 2 0  2 3  

1 2 0- 200 s 

2 00-400 

NOT E :  Data from U.S. Bureau of Mines 
1 973. 
*Only 220 out of 262 reports stated the 
height of the seam. 

Table A· tO. Mine Production end Num
ber of Electrical Fires. 

Production No. of 
(tons/shift) Fires* 

o - 1 00 9 

1 00- 5 0 0  5 6  

5 00- 1 0 00 11 3 

1 0 00-20 0 0  11 8  

2 0 0 0 - 3 0 00 1 9  

3000-11 000 1 3  

11 0 00- 7000 2 

7000• 1 0 , 0 0 0  2 

NOT E :  Data from U.S. Bureau of Mines 
1 973. 
*On ly 1 92 out of 262 reports stated the 
production of the mine. 

greatest number of fi res. M ines producing 1 00  to 500 tons of coal per shift are 
second in the number of f ire incidents. Table A- 1 0  rel ates the number of fi res to 
mine production. There is nothing in the ava i lable information that shows th is to be 
more than coincidence; however, a possi ble factor is that conventional m ining is the 
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prevalent method in  the  smal ler tonnage mines and the pri mary face type of cuttin g  
machinery used with conventional min ing is  the most frequent electrical fi re source. 

Reviewing the type of cutting machine involved in a sample of 49 fi res showed 
that 42 fi res occurred on Joy machines, 5 fi res on Jeffrey machines, and 2 on 
Sul l ivan machines. Models 1 0, 1 1 , and 1 2  of the Joy cutting machi nes accou nted 
for 40 of the 42 fi res and Models 1 5  and 1 6  for the remain i ng 2.  The Jeffrey and 
Sul l ivan machines are even older than the Joy machines, but the machine features 
that caused the fi res have been corrected on newer model s. 

A. 3.3 Mine Size Venus Extinguishment Time 

The apparent correlation between mine s ize and fi re i ncidents carries over into 
exti ngu ishment. The time required to fight and extinguish machine fi res is greatest 
in the mi nes producing 1 00 to 200 tons per shift. If fi res where the m i ne had to be 
sealed are excluded, the data obtained from the i nspector reports for 1 960-1 970 
show that the mean min imum time requ ired to extingu ish a fire in  mines producing 
500 tones per shift was 9.8 hours. The exti ngu ish i ng time decreased to 5.3 h ou rs 
for mines producing 2,000 tons per shift and to 1 to 2 hours for mines producing 
more than 4,000 tons per sh ift. Even though these val ues are dependent on the 
number of fi res occurri ng in the different size mines, which makes the time-lost 
values for the larger production mines less statistica l ly accurate, the smal ler pro· 
duction mines do require more ti me for fire extingu ishment. When fi res that re· 
qui red sea l ing the mine were incl uded in the extinguishing time data, the weighted 
mean minimum extingu ishi ng time increased markedly, ref lecti ng delays of up to 
1 20 days before consideration cou l d  be given to reopening. During the past 1 0  
years, on an average of one machine fire i n  every four has resu lted i n  seal ing. 

A. 3.4 Fire In itiation 

The important information to be derived from the fi re histories is  the source of 
ignition and those factors that propagate an electr ica l  fa i lure into a fire. The pre· 
dominant cause of electrical fai lure has been the tra i l ing cable su pply ing power to 
the mach ine that has caused some 70 percent of a l l  fi res. ( I n  the past a differenti a
tion was made between fires where the cable was coi led on the reel and those where 
it was tra i l ing the machine. After an analysis of the data, however, the U.S. Bureau 
of M ines concluded that there shou ld  be no distinction between such fi res because 
most fires in the cable reel were due to cable damage that occurred off the ree l .  I n  
the remai nder o f  this discussion, therefore, fi res wi l l  be divided into those occu rring 
on the machi ne and those relati ng to the cable wh ich are grouped as off the 
machi ne. ) 

Between 1 960 and 1 970, 246 inspector reports contained sufficient deta i l  to 
permit the source and the cause of the electrical ignition to be identified and these 
f ires are categorized in F igu re A-8. One hundred seventy-five were caused by cable 
fai l u re and the remaining 71 by on-mach ine ignitions. To further assess the ign i· 

1 42 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


APPEN D I X  A 
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Figure A-8. Fire Initiation Factors and Contri
bution (U.S. Bureau of Mines, 1973). 

tions, three classifications of causes have been establ ished :  normal working opera
tions, mai ntenance operations, and procedural occurrences. 

The fi res occu rring off the mach ine under normal working operations include 
tra i l ing cable  ru n overs, crushes, snags on the cable gu ide, and over-heats on the 
cable reel in wh ich the tra i l ing cable was judged to be properly spl iced and in good 
condition. F i res included in the mai ntenance category resu lted from tra i l ing cable 
that or switches or circuit protective dev ices that were not properly mai ntained. 
Those fi res that occu rred from i nadequate, inoperative or non-existent circu it pro
tection devices, misuse of equ i pment, or the equ ipment design were placed into the 
procedure category. The data presented in F igure A-8 show that fi res occurring off 
the mach ine are sign ificantly associated with equ ipment maintenance. F i res that 
occur on the machine, however, usua l ly  are attributable to normal working opera
tions. These fi res main ly  result from short circu its in the cutting motor leads, 
contactor compartments, and connections on cutting machi nes. 

A. 3.5 F ire Propagation 

Although electrica l causes are the sou rce of ign ition, fi res cannot resu lt or a-

1 43 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


M I N ES AND BUNKERS 

chieve any great magnitude without avai l able  fuel .  Information obtained from the 
mine inspector reports permitted only  a subjective evaluation of those factors th at 
were primari ly i nvolved in the propagation of the fires, but the data are sufficient 
to permit definition of the major factors. F igure A-9 i l l ustrates the relative i nflu
ence of seven factors associated with fi re propagation. The accumulation of oi l ,  coal 
dust, and grease present on the machinery was judged to be the major contri butor 
to fire propagation. Other factors, in decreasi ng order of importance, were the 
e lectrical cable insu lation, hydraul ic hoses, hydraul ic f lu id,  tires, coal,  or mai n
tenance and procedure factors previously defined. The latter four factors were 
i nvolved less than half as often as the three major factors. The difference between 
the influence of hydraul ic hoses and hydrau l ic flu id  on fi re propagation is due to 
the fact that hoses conta in the fl u id and prevent its i gnition even though the hoses 
have been ignited. The very l imited use of flame-resistant hydraul ic flu id  did not 
a l low assessment of its role  in fire propagation. D irect coal ignition by e lectrical 
fai lure is a reasonably m inor factor even though most fi res occur in  highly volati le  
bituminous seams. However, th is  refers only  to propagation on the mach ine and 
does not refer to fire spread to roof or rib. 

A comparison of e lectrical fire propagation factors during 1 952-1 959 with those 
during 1 960.. 1 970 shows only  one significant trend. In both periods, the major 
contributors to fi re propagation were the oi l ,  coal dust, and grease accumulation ; 

1 44  

10  r �  
r-

r-
"'"' 

r- ??:: 
r-

r- / ?/,'; ,; 
r- � � 
r-

n -

I 
.. 
h � ) J 

Figure A-9. Electrlcel Fire PrOPIIf/Btion Influ
ence, 19� 1970 (U. S.  Bureau of Mines, 

1973). 

Copyright © National Academy of Sciences. All rights reserved.

Mines and Bunkers: Report
http://www.nap.edu/catalog.php?record_id=18635

http://www.nap.edu/catalog.php?record_id=18635


APPE N D I X  A 

cable insulation ; and hydraul ic hoses. The infl uence of the hydrau l ic fl u id was 
greater during the earl ier period, probably reflecting the technological advances i n  
hose materials and equipment design and the more recent practice of segregating 
e lectrical and hydraul ic  l i nes. 

A. 4 United Kingdom Coal Mines 

I n  order to put domestic coal mine fi re problems in perspective, the fol l owing 
statistics deal ing with coal mine fires and explosions in  the United K ingdom are 
presented. Data on fires in United Kingdom u nderground coal m ines between 1 968 
and 1 972 are given in Table A- 1 1  and on explosions, in Table A- 1 2  ( Her Majesty 's 
Stationery Office 1 973) .  F igure A- 1 0 ( Her  Majesty's Stationery Office 1 975) pre
sents i njury and fatal ity statistics for 1 94  7 through 1 975. 

Table A- 1 1. Underground Fif'ft st C011l MinBI in the Unlr.d Kingdom. 1968- 1972. 

Cau se of  l - i re 1 96 1!  1 96 9  1 9 7 ft I 'J 7 1 1 9 7 2  

I .  Safety  lamps 

2.  Shot  fi r i ng I 
3 .  l�lec tr idty 1 4  I I  t! 7 1 0  
4 .  Sponta neous combustion 7 I 7 7 I 
5 .  Mecha n ical fr ict ion 

(a) Bel t conveyors 26 24 3 2  1 6  1 6  

(b) Frict ional spa rking, cu t t i ng, 

or power loading machines I I 
(c) Others 6 4 3 5 2 

6 .  Con t ra band I I 2 2 

7.  Locomot ives 5 2 2 4 3 

8. Durning a pplia nces (e.g. , oxy-

acetylene bur ners) I 
9.  Miscella neous or u nk nown cau ses 4 I 3 

TOTA L 6 5  44 54 46 35 

NOTE:  Data from Her Majesty's Stationery Office, 1 973. 
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Table A-12. Underground Explosionr at  Coel Minft In the United Kingdom, 1968- 1972. 

Cau se of Ex plosion 1 96 8  1 96 9  1 9 7 0  1 9 7 1  1 9 7 2  

I .  Safe t y  lamps 

(a)  1 : 1am..: 

t b) Elewil· 

2 .  Sho t fi r i ng 

(a) By e x p losive 

(i) Unsho.:a thcd permitted 
explosive 

I i i )  hj u ivalent  shea t hed 

•· x p l osivc 2 3 2 2 
( i i i )  O t h e rs 

(b) By cxpluder or cable 
( c )  Unknown 

3.  Elcl· t r i d t y  

(a ) At fa,·c work i ng or roadhead 2 4 2 
t b) Ba c k  from fa ce 2 

4 .  U ndc rg rou nd fire� 
Ia) Spun t a ncous •·ombu st ion 

(b)  1\lcdta nkal fr ict ion 

(c) Others 

5. Con tra ba n d  

6 .  Frict ional  spa rk i n� b y  cu t t i ng 

or power lo;� d i ng madtinc 2 1  1 9  I I!  1 4  5 
7 .  Miscella neous or u nk nown cau ses 2 I I I 

TOTA L 29 29 24 1 6  9 

NOTE:  Data from Her Majesty's Stationary Office, 1 972. 
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APPENDIX B 

MINE SAF E TY AND HAZARD CONTROL 

TH ROUG H LEGISLATION 

(Secretary of the I nterior 1 974, Mitchell and Verakis 1 975, 
U.S. BuMines 1 972, Mesa Magazine 1 977, Barrett 1 977). 

As in  any other industrial venture, the pri me objective in  min ing is the h ighest 
possible production at the lowest possi ble cost. In the early days of min ing, human 
safety aspects probably were low priority concerns if they were considered at a l l .  
As society became more complex, the val ue of  hu man l i fe and recogn ition of 
hazards i ncreased, and safety aspects of min ing gradua l ly  were considered. Progress 
in this  area was s low, however, and it became necessary to impose government 
regu lations in most advanced nations to implement improvements in m ining opera
tions. I n  the United States, records of occupational injury, i l lness, and death have 
shown mining to be one of the most hazardous of al l industries, and neither the 
i ndustry nor the states u nder their  own individual laws and regu lations have made 
much progress in protecting mine workers from harm. 

F i res and explosions in  underground coal mines were the major stimu l i  of legis l a
tive action to u pgrade mining health and safety laws. The Organic Act of 1 9 1 0, the 
fi rst major legis lation affecting the coal industry, was enacted to curb the high 
death tol l of fires and explosions (during the first decade of this century,  mine 
explosions took the l i fe of one m iner for each mi l l ion tons of coa l produced). The 
next piece of major mine safety legislation, the Federal Coal Mine Safety Act of 
1 952, was a response to disasters in I l l i nois - in the Central i a  No. 5 ( 1 94  7) and the 
Orient No. 2 ( 1 951 ) mines - and was enacted in recognition of the fact that earl ier 
efforts had been effective. 

This Act (as amended in 1 966) charged the U. S. Bureau of M ines to e l im inate 
u ndergrou nd coal mining disasters without attacking the nondisastrous but statisti
cal l y  more frequent day· to-day accidents involving four or fewer men. The disaster 
phi l osophy that generated this Act, however, had many shortcom ings; provided 
l ittle protection in the pri mary accident areas; and, except for a few vague require
ments, provided for no mandatory protection of the miners' health and welfare .  

Congress passed the Federal Metal and  Nonmeta l l i c  Mine Safety Act in  1 966. 
This Act thrust upon the Secretary of the I nterior the responsi bi l i ty for promoting 
and for min i mizing fatal ities, i njuries, and occupational i l l nesses in  other than coal 
mines by developi ng hea lth and safety standards and by enforcing those standards 
through mine inspections and investigations. I n  addition, the Act stipulated that 
mine health and safety was to be promoted through education and tra in ing, tech· 
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APPEN D I X  8 

nica l  assistance, and health and safety research and provi ded for cooperation with 
the states through a system of state plans. 

At this  ti me, public awareness began to focus sharply on the severe health 
hazards that were present in underground coal mines and the alarming inci dence of 
"black lung" disease ( pneumocon iosis) among coal miners. It also became increas· 
i ngly apparent that the federal government had not and was not responding to the 
problem. On November 20, 1 968, a major disaster in the form of a coal m ine 
explosion occu rred at the Consol idation Coal Company's No. 9 Mine at Farming· 
ton, West Virgin ia, and 78 men were ki l led. 

The occurrence of thi s  explosion during the period of intense publ ic controversy 
over "black lung" disease led to an entire ly new ph i losophy on health and safety in 
the coal min ing i ndustry .  I n  ear ly 1 969, Congress began hearings to provide "strong 
and positive approaches towards i mproving the health and safety conditions for our 
nation's coal mi ners." From those hearings came the Federa l Coal Mine Health and 
Safety Act of 1 969. To the unin itiated, the parts of the Act di rected to preventing 
and control l i ng fi res and ex plosions appear to be on ly a smal l part of the whole, but 
in rea l ity, more than half of the Title I and I l l  requirements are concerned with 
fires and explosions. 

The 1 969 Act reta ined regu lations concerning mine closure in event of imm inent 
dangers and unwarrantable fai lure on the part of the operator and also provided for 
penalties to be imposed for infractions of statutory requ i rements and mandatory 
provisions. It also removed the distinction between gassy and nongassy m ines, 
e l im inated the Title I and Title I I  concept, sti pu lated that a l l  undergrou nd coal 
mines be treated on the same basis, and contained a comprehensive grouping of 
statutory requi rements covering 26 topics and including 35 mandatory provisions. 
On November 20, 1 970, the original statutory requirements for mine venti l ation 
were further refined by a comprehensive l isting of mandatory regu l ations and in· 
structions. 

The U.S. Department of the I nterior Min ing Enforcement and Safety Adm in is· 
tration ( M ESA) was created in 1 973 from organizational components of the U.S. 
Bureau of Mines. It was to carry out its programs under the mandate of two laws, 
the Federal Coal Mine Health and Safety Act of 1 969 and the Federal Metal and 
Non meta l l ic Mine Safety Act, passed in 1 966, and combined the various talents of 
some 3,400 persons in a variety of functions and programs to reduce or e l im inate 
death, injury, and disease among the 400,000 employees in the U.S. m ining in· 
dustry. The agency integrated its programs through organizational functions of an 
enforcement activity that ensured compliance with federal regu lations, a technical 
support activity that served as the agency's engineering arm, and an education and 
trai n ing activity ( including the recently completed $20 mi l l ion National M ine 
Health and Safety Academy ). 

Although the 1 969 and 1 966 Acts provided M ESA with different sets of en· 
forcement tools for its specific inspection forces, both contained powerfu l incen· 
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tives for compl iance ( i .e. ,  MESA had the authority to issue a notice of v iolation, 
which sets a ti me period for correcting the violation, and to close a mine i n  an 
i mmediately dangerous s ituation ) .  The closure order is part of an overal l  enforce
ment scheme that contains several key provisions. 

1 .  When miners are fou nd to be in imminent danger, the affected area of the 
mine is  closed i mmediately by an inspector until the danger i s  over. 

2. When violation of any mandatory health or safety standard is d iscovered, the 
mine operator is issued a notice that establishes a date by which the violation 
must be corrected and also is assessed a civi l  penalty .  

3. When the operator does not correct the violation with in the ti me set by the 
notice, the affected area of the m ine is closed unti l the violation is corrected. 

4. A viol ation resu lting from the operator's "unwarrantable fai lure" to comply 
with a health or safety standard is noted on the first occurrence, and, if  it 
occurs again with in  a 90-day period, the mine or the affected portion is 
closed immediately until the violation is abated. 

5. Mandatory civi l penalties are assessed for each violation of a health or safety 
standard u p  to a maximum amou nt of $1 0,000 per violation . 

6. Knowing or wi l lful  violations are covered by cri minal  penalties, including 
penalties imposed upon corporate officials or agents who may have knowing
ly authorized or permitted violations to occur. 

These enforcement powers, especial ly  the abi l ity to close a dangerous section of the 
mine, give the coa l mine inspector forcefu l ,  persuasive tools to ensu re compl i ance 
with the l aw and, most i mportantly, resu lt in safer and health ier mines. 

The 1 966 Act permitted inspectors to issue s imi lar notices of violation and 
closure orders at metal and non-meta l mines and mi l l s  but did not provide for 
mandatory civi l penalties for each violation of health and safety standards as the 
coa l act does. It  further permitted individual states to operate a mine inspection 
system in  accordance with federal standards and under M ESA's supervision. Th is 
state p lan system hel ped guarantee that the vast number of metal and non-metal 
mine operations wou ld be inspected under federal standards without increasing the 
size of the federal inspection force. Six states were operating under such plans. 

The timetables for promulgation of both safety and health regu lations for metal 
and non-metal operations were identical ; however, M ESA fol lowed a completely 
different procedure for coal safety regu lations and used a th i rd set of procedures 
for coal hea lth standards. A major di fference between the metal and non-metal 
rule-making procedures and the coal procedures was that metal and non-metal 
regu lations were proposed and final i zed in conju nction with an advisory comm ittee 
drawn from representatives of l abor, industry, and state inspection agencies. Th is 
committee advised the Secretary of I nterior, who ultimately promulgated al l federal 
min ing regu lations. No such advisory group existed for coa l  regu lations, but the 
1 969 Act did stipu late that health regu lations be formulated with the Secretary of 
Health, Education , and Welfare. 
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Because of these and other discrepancies, Congress enacted the Federal Mine 
Safety and Health Act of 1 977 ( Publ ic Law 9-1 73 as· amended by Public Law 
9& 1 64  ). Basica l ly, th is act extends to workers i n  non-coal mines and mi l l ing opera· 
tions the same protections that coal miners a lready have under the l aw. Metal and 
non-metal activities range from large open pit and multi level underground metal 
mines to countless smal l sand and gravel pits, quarries, and dredging operations. 

Three new requirements in particu lar represent significant changes for both 
M ESA ( including a change i n  name to the Mine Safety and Health Adm inistration 
[ MSHA] ) and operators i n  the metal and non-metal area: 

1 .  A requ i rement for at least four mandatory underground i nspections, the same 
number as requ i red for underground coal operations but three more complete 
i nspections than had been required for the non-coal mining industry, 

2. A new mandatory requi rement cal l i ng for two surface i nspections annual l y. 
3. The imposition of mandatory civi l penalties. 

The i mposition of mandatory civ i l  penalties also is provided as a tool for enforcing 
operator compliance throughout the mining i ndustry (although such penalties were 
used with coal mine operators since 1 970, they cou ld not be imposed on metal and 
non-metal mine operators) .  

The 1 977 Act continues to provide for closure of a l l  or  part of a mine or 
withdrawal of miners from affected areas when an inspector finds a condition that 
constitutes "imminent danger". I n  addition, the "unwarrantable fai l u re" mine clo
sure order that was not formerly appl icable to metal and non-metal m ines i ndustry 
is now appl ied to a l l  of min ing. This provision establ ishes a sequence for the issuing 
of an order to withdraw miners from hazardous areas based on a violation that was 
due to the operator's unwarrantable fa i lure to comply with the law and that, whi le  
not constituting imminent danger, cou ld  "significantly and su bstantial ly" contri b
ute to the cause and effect of a mine safety or health hazard. 

Although requirements u nder the new legislation are aimed at stream l in ing the 
overal l standards-making process, the changes most affect rule  making for the metal 
and non-metal industry profoundly. For example, whereas all coa l  industry health 
and safety regulations have been mandatory, ex isting non-coal industry standards 
were both mandatory and "advisory". The 1 977 Act requires that an advisory 
committee be named to review a l l  these metal and non-metal advisory standards 
and to recommend which ones shou ld be made mandatory. The Federal Metal and 
Non-metal M ine Safety and Health Advisory Committee, for which there was no 
counterpart in the coal ru l e-making process, has played a l arge role in developing 
non-coal standards ; it wi l l  be discontinued under the new law, and hearings on 
metal and non-metal standards wi l l  become less formal .  All in  a l l ,  standards-making 
for the non-coal industry under the 1 977 Act wi l l  be far less cum bersome and 
time-consuming than before.  

The extent of fire safety enforcement by regulatory agencies varies a great deal 
between the various industries. In international shi pping, for example the least 
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stringent fire safety requ irements are set by Intergovernmental Mariti me Consu lta
tive Organization ( I MCO) , the international regulatory body. The requirements of 
the "classification societies" governing insurance sales are more strict, providing an 
i ncentive for the owner to set fi re safety standards above minimum. The actual fire 
safety regulations adopted by most owners, however, are usual ly more stringent 
than those requ ired of him by agencies since it i s  h is own prime concern to protect 
h is investment, vessel ,  and cargo. 

I n  contrast, the mining industry in the United States and most other developed 
nations is control led to a great degree by government. This extensive involvement 
of government shou l d  not be considered alarming;  it evolved from the obvious 
necessity to protect the l ife and safety of employees of th is  extremely hazardous 
i ndustry and the publ ic outcry and pressures based on recognition of thi s  necessity. 

Another overwhel ming consideration is that no i ndividual m ine owner cou ld 
afford the extensive development efforts and research activities upon which the 
regu latory agencies base their  widespread regu latory, enforcement, and tra in ing 
services. Besides developing and modifying regu lations and enforcing them through 
an extensive inspection system, MSHA provides a wel l  organized tra in ing program 
for miners and seeks continual input from the mining community throughout the 
entire ru le making process. 

F inal ly, the U.S. Bureau of Mines conducts numerous research programs con
cern ing mine f ire and explosion prevention at its own faci l ities, at private institu
tions, and in cooperation with industrial and academic research organizations. The 
results and findings of these research programs are made avai lable to min ing and 
supporting i ndustries through pu bl ications and technology transfer seminars.  The 
subject of these research programs are the basic elements of fire dynamics as wel l as 
practical approaches to fire detection, prevention, and suppression. The successfu l 
conclusion of these research activities is expected to provide the elements needed 
for a soph isticated, systems approach to the development of design criteria for mine 
safety and hazard control .  
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SMOKE H AZ ARDS AND ME ASURE ME NTS 

OF SMOKE OPACITY 

Excerpt from J. R. Gaski l l ,  "Smoke Hazards and Their Measurement; 
A Researcher's Viewpoint, Journal of Fire and Flammability, 4 ( 1 973) : 
279-298 
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[Smoke is def i ned ) as the a i rborne products evolved when a mater i a l  decom· 

poses by py ro lys is  or combust ion .  Smoke may conta i n  gases, l iqu id or so l id part i ·  

c les . or any combi nat ion of these . 

Proper t y Haz•rd Measurable 

1 .  Opac1ty H 1nders E sc.pe Y es 

• nd Re1cue 

2 Lachr y � t or y  I nduces Pa n 1 c  No 

l r r o tan t Be 1 ng S t ud 1ed 
3 T O X ICi t y I nca pa C i ta tes No 

I Oorect l K 1 l l s  B e 1 n g  S t ud 1ed 

4 .  T o x 1 C1 t y  Ano x 1a N o  

l lnduec t l Be1 ng S t ud 1 ed  

!) Hea t Sears No 

Resp.  System Be 1 ng Stud 1ed 
6 S y n e r g 1 sm Comb o n ed  E f f e ct s  No 

Beong Stud 1ed 

SMO K E  OPAC ITY 

Smoke opac ity ,  or l ight obscurat ion ,  i s  commonly measured by determ i n i ng 

the atten uat ion of l ight from a sou rce th rough a column of smoke onto a photo· 

e lectr ic  ce l l . Table 4 shows the methods commonly used in this country for th i s  

purpose. The Ste i ner T unnel  ( ASTM E ·84 1 .  or ig i na l l y  designed to measure the 

spread of fl ame across a ce i l i ng surface . has been adapted tc measure the obscu ra· 

t ion of smoke as it passes through the ex i t  f lue .  At the present t ime, th i s  i s  the on ly 

smoke test common l y  accepted . However, i t  has  been subject to cr i t ic ism both 

because of the locat i on of the sample ( some th i n k  that wal l mou nt i ng or f loor 

mount i ng wou ld  be preferable i n  some cases) and because it represents a l i m i ted set 

of f i re pa rameters. 

The XP2 Chamber (ASTM·D 28431  was deve loped and i s  used for measur i ng 

smoke dens i ty from burn i ng p l astics. I t  has been cr i t i c i zed both because of the 

sma l l  s i ze of the sample invol ved and a l so the fact that it represents a s ing le set of 

f i re cond i t ions .  The N BS Chamber and the L L L  mod i f i cat ion both measure smoke 

dens i ty - l ight obscurat ion - by subject i ng the sample to rad iant  heat ( pyro lys i s) 

or to rad i ant  heat i n  the presence of a p i lo t  f l ame ( py ro lys i s  pl us combust ion ) .  The 

L L L  mod i f i ca t i on to date  has cons i sted of  add i ng a ven t i l a t ion  capab i l i ty ;  and we 

are cu rren t l y deve lop i ng a h igher rad i ant  heat source .  Both the NBS  Chamber and 

the L L L  mod i f icat ion have not present ly  been accepted as standard me thods. but 

a re used by a l a • ge nu mber of l aborator i es throughout the country . 
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T.tlltt 4. CompMrlon of Smoktt Tttll Syltttml ftN Mttnurmg Smoktt Ob�eurtttron 

St.,ner Tunnel XP2 Chamber 

S.m.,.. : Sou Large Small 
Area !exposed 36 I t '  1 in . 1 std 

14 o n 1 ponoblel 
ThockneK Varoable -0. 1 - 1  o n .  

T es t  duriit iOn l monl  1 0 4 
Hut : Source F la me F la me  

F le x obohty • SO%a 40 pso to 5 pso 

Ventoletoon : Rate 240 hnear I t / mi n  None 
F lex ibo hty  t 35'11o Possible 

Hea t · t ransler mode Pr o met o l y  convect oon Convec t lon /radoa t oon 

Smoke· produc t l on mOde Pyrolysos + combus· Combus t o o n - total 
t oon pr ogr esso ng onvo lvement  to pat t oa l  
a long surf ace. Some onvolvemen t .  
penetrat ion . 

Smoke measu rernent : 
Met hod I ntegrated rate I ntegr a t ed rate 

Aepor t o ng Area under obscura· SDA (smoke dens o t y  
t o o n  vs t i me curve rat o ngl o n  'llo of smoke 
compared t o  that for obscurat o o n · t • me 
'red oa k .  curve. 

F or e  p;�rameters possoble 2 1 
E qv opment : Cost $40.000 $1 000 

Por tabohty No Yes 
Wor k space lf t l  20 x 30 3 X 5 

8 N o t  t h e  •• •ndard method. but  posttble w t t h  the eQu •pmen t .  

8l I>N BS h es r ecent ly  added e vent i letoon cepet>ihty . the f le a obil t t y  is t h us - BOO'• 

N BS Chamber 

Sm�ll 
6 .6 on ' 

0.002 1 on 
.;30 usue l l y  
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+ 20% 

Noneb 
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Accumulat •on ; ma x • mum 
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obscurat ion t o me  

Ma x denso t y ;  ma x  rate 
a nd t ome. obscur at oon 
t • me .  

2 

$4000 
No 

I Movable I 

L A L  Chamber 
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6.6 o n  1 
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800% 
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L L L  Approach 

At Lawrence L i vermore Laboratory we take the v iew that w i th i n  the l i fe t ime 

of a f i re, the exposure of any mater i a l  or mate r i a l  system of i n te res t can be ex 

pressed by a ser ies of bracket ing parameters ( see F igure 1 ) ; i . e . ,  the mate r ia l  may be 

exposed to a l ow heat or a h igh heat or someth ing in between .  It may be exposed to 

f l ame or no f lame.  It may be subjected to no vent i l at ion,  to mi nor vent i l at ion ,  or to 

considerable vent i l at i on .  The var iable in the f i re reg imen is the k i nd .  th i ck ness, a nd 

3tt i tude of the mater i a l .  

H I GH HEAT 

�'<£' FL.»'£ 
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VEKT I LAT I ON  

~ / Tlfo[ 

� 
� 

Variable - Materia l :  Kind 
Th ickness 
Attitude 

F igure 1 .  Boundary conditions of a fire. 

Fl.lt£ 

LClol HEAT 
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We have exposed over  1 00 d i fferent mater i a l  systems of l im i ted th ick ness ( up 

to one inch)  and i n  one att i tude ( ver t ica l )  to w hat we term " low rad i ant heat" in  

the presence or absence of f l ame wi th no vent i l a t ion ,  or  wi th vent i la t ion rates up to 
20 a i r  changes i n  an hour .  Our  f i nd i ngs have been reported i n  the l i terature (7 ,  8 ] . 

However, a br ief descri pt ion of the methods used and some of the sa l ient resu l ts 

may be of in terest . 
F igu re 2 shows a p icture of the L L L  Dens i ty Chamber ,  wh ich cons i sts of an 

1 8  cubic foot a l um inum box, 3 feet h igh by 3 feet w ide by 2 feet deep. A 3 by 3 

i nch - sq ua re sample of the mater ia l  under test, mounted i n  a metal frame and held 

ver t i ca l ly ,  i s  s l id  in front of a rad i an t  heat source operat ing so that the f lux on the 

surface of the exposed specimen is  2.5 watts per square cent i meter. As the sample 

pyro lyzes i t generates smoke wh ich r i ses  and i ntercepts a vert ical l ight  beam located 

at the top of the chamber and focused onto a photoe lectr ic ce l l  i n  the bottom. The 

loss i n  l ight transm iss ion i s  measured by a recorder operati ng th rough an amp l i f i ca· 

t ion system .  For  the f l am ing exposure cond i t ion ,  a ser ies of s ix sma l l  p i lo t  f l ames 

a re pos i t ioned at  the bottom face of the sample about one -fourth of an i nch away 

i n order to ign i te any f l ammable species emi tted by the decomposing spec imen.  I n  

tests where vent i lat ion i s  a factor, a i r  i s  admi tted th rough a s lot i n  a hor i zontal tube 

l ocated i n  the l ower r ight·hand edge of the chambe r  and is exhausted thro ugh a 

port located i n  the upper left·hand back corner of the chamber. 

Table 5 shows the var ious data obta i ned i n  test i ng a mater i a l  i n  our chamber, 

the ca lcu l ated val ues used, and the L LL in -house smoke standards empl oyed to rate 

the obscurat ion p ropert i es of smoke f rom var ious mater ia l . Of  i :-terest i s  05 , the 

s pec i f i c  optical dens i ty of the smoke . The laws of physics define the opt ica l  dens i ty 

of a med i um as the l oga r i thm of the reci procal of the l ight transm i tted through the 

med ium .  That i s  to say, if the l ight transmi tted th rough a med ium i s  1 0% of that 

i nc ident upon it, the opt ica l  dens i ty i s  1 ;  i f  the l ight transm i tted i s  1 %, the optical 

dens ity i s  1 0, etc. The spec i f ic  opti cal density i s  a ca lcul ated value that red uces the 

area smok i ng, the vol ume i nvo lved, and the l ight path al l  to un i ty .  I n other words, 

it i s  the opt ica l dens i ty that would be obta ined if one sq uare un i t  of mate r ia l  is 

evo lv ing smoke i nto a vo lume of one cubic unit and the l ight is transm it ted th rough 

a path of one l i near un i t .  The u t i l ity of th is  spec i f i c  opt ica l  dens i ty ,  05 , w i l l  be 
discussed later . 

O ther va l ues of i nterest are Om , the max imum spec i f i c  opt ica l  densi ty ob· 

tai ned i n  a test; T m ,  the t ime it  occurs;  A m , the max imum rate of change of 
spec i f ic  opt i ca l  dens i ty ;  T , m • the t i me at wh ich it occu rs ; and T-1 6, the t i me at 

wh ich the spec i f ic  opt i ca l  dens i ty reaches a va l ue of 1 6 . Tests by Shern ( 9 ]  have 

i nd i cated that masked observers found i t  d i f f icu l t  to see th rough smoke w i th a 

specif ic  opt i ca l dens ity of 1 6. 

One add i t ional  va l ue wh ich we have found usefu l  is the smoke obscu rat i on 

i ndex I SO I ) .  Th is  i s def i ned by G ross and Robertson ( 9 ]  as being proport ional to 

the product of the ma x imum smoke dens ity and i ts rate of r i se and i nd i rect ly 

proport iona l  to obscurat ion t i me ;  i . e. , T- 1 6 . The mathemat i cal der ivat ion of the 

SO I i s  gi ven i n  References 8 and 9 and i s  expressed as shown in  Table 5 .  
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Tabl' 5 .  Kry to Symbols U"d and 
IlL Smo•' CHns•tY Stanthrds 

Sv mbol Oe l o n o t oon 

v 1 00 
IX Speco l o c  OPtoQI Oens o ty  = -

A L I Iog o o T l  
V .  A .  L Ae5pec t o ve l y ,  chamber vol u me .  ex p05ed samplt' area, and length  

of l oght pa t h  - al l  o n  consouent u n o t s  
F or t he L L L  Chamber V IA L " 1 32 

T Loght  t ran5mouoon - percent 

Om Max o mu m  Os a u a o ned on a test  

A rn Ma x o mu m  d /d t i Os l - m o n u t es ' !averaged over 2 m o n  I 
T r m  T t mt:'  a t  wh •ch A m  occurs - m t n u t e s  

T 1 6  T • me  a t  wh e c h  Ds 1 6 . ' " a t t •st  - m t n u t es 

S O l  S m o k l'  Ot..oscu • a t o o n  l nd � •  OmA / T  1 6  
O ' m [ 1 

SOl . ;�� T 1 6  To ;-�� • To 7 To J 

To 9. T 0 7 .  T ' '"" l m o n  . I  t o  rea ch 0 9 O m .  0 7 Om. e t c  . rewect o vcl � 
t" h  

L L L  Smoke Standards 

I H · m  Va l t w�  a n c1  Ot>SCt t p t t o n  

0 • � •  fi..1. t Jt. • rn u rn Smot.. •· 7!> :?!> !>0 1 00  400 
Ot· ns • h h qh l  moO•'' •' ' ' ' ' "  d••nst ·  

t..rllo k • ·  dt ' f l \ 1' \ fTIOk t '  s n1o lr.. t• 

T 1 6  V o \ u rl l  

Ob\C t J f  rl l  t O n  1 0  1 0  5 !) 1 
V I ' ' \ \ I O V\  \ l tJ\1\. modP o a t t' l v  
S tnO J.. o · •  \ nV"' k e> •  f ns r  smo k P r  

S O l  S m o • • 0 s !) 1 0  1 0 30 
01 J, (. I t l ,t 1 o () l s , , t ,  l t 1 0h.t b 1 \  JH OtMl>l \  
I nth' • \ 1110 k •  sa t .· s m o k t ·  h, t/ ,t t dous 

s mo l u  

To .J  

· 400 
V�f 'V 
dens.- s mo k t• 

1 
vf'r v tau 
smokeo 

· 30  
ha / a r dOU\ 
smoke 

Also shown i n Table 5 are t he i n -house smoke standards used at l l l  to 

attach descr i pt i ve terms to va l ues obta i ned for max imum smoke dens i ty ,  obscu ra

t ion t i me ,  and smoke obscurat ion i ndex .  These val ues, the i r  segregat ion ,  and the i r  
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terminology have been based on our exper ience in the f i e ld ,  p l us consu l tat ion w i th 

others s im i la r ly  engaged . 

L L L  Results 

A typica l  smoke dens ity vs t ime set of curves for red oak , the standard 

mater ia l  used i n  the Stei ner T unnel , is shown i n  F igure 3. Note that u nder  non f lam·  
i ng cond it ions i n  a closed chamber ( or room ) ,  smoke dens i ty r i ses s low ly  f i rst and 

then more rap id ly to a va l ue at wh ich i t  i s  cons idered to be very dense .  Unde r  

f l aming exposure, a considerably lower val ue i s  ach ieved . By p lott i ng the max imum 
smoke dens it ies obta i ned aga i nst va r ious  vent i la t ion rates, the va lues for red oak are 

typica l ly shown in F igure 4. As can be seen ,  it i s  qu i te easy to clear away the smoke 

under the f l am i ng cond i t ion . but i t  i s  less so u nder  the nonf l am ing ex pos ure . 

On F igure 5 are show n the smoke dens i ty - t ime curves for th ree . so l i d ,  one ·  

fourth inch th ick transparent acry l ics. Under nonfl am ing exposure the f i re reta rdant  
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400 
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.. 
f lomint F l o m ont 

.. T111 C minl  20 1 7  .. � 300 Om 395 7 5  
... R111 C min" 1 1  5 4  1 5  
0 Tm 1 5  .. � � r,. ( m i n i 4 . 1  
0 200 
.!! S O l  5 5 .. 
u • a 
!! 1 00 
cr 

0 
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T i m e , m e n  

Figure 3 .  Typiul ��nob IHI/MopmMJt from r«< Nit. 

soo 
Vent e l o t eo n ,  Nonf lomong F' lo m ong 

... 
• 

C honttt/hr Om S O l  � SO l 

Oi 400 0 395 3 5  75 
c • .. 
0 !t 

3 32 5  2 2  5 5  
6 285 1 5  so I 1 0 205 9 20 0 

t 300 20 1 2 5 3 s 0 
.!! 
!: .. • A .. ' 200 
E 
; 0 � � 100 

0 

0 0 3 6 t 1 2  I S  18 
Ventila tion, o i r  chOI\ft s l hr 
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I J - f lome rttl stont, U V  obsor bint 

1 4 - I\ tot re s i s t  o n�, U V  o bsor bint 

1 1 - I\ tot rts is t o n t ,  U V  trons m lt t lnt 

Autoitni tion'-'- - - - - - -

8 1 6  

1 
' 
' ' 

, 
I 
•.----

T i m e ,  m i n  
r '"' " r S .  Smolr• tt.wlop,.nr fTom rhTH c/HT KTylia. 

variety exh ib i ted a cu rve sim i l ar to that of red oak .  The other two mater i a l s  showed 

a smoke of not iceably l ess dens ity . Under f l am i ng ex posure, the f i re retardant 

variety qu ick ly  y i e lded a very dense smoke. The other two smoked as fast but to a 

sma l ler degree. Of part icu la r  i nterest is the autoign i t ion tendencies of two of the 

mater i a l s .  In over half the tests made,  these sampl es ejected f l am i ng species as 

shown onto the co i l s  of the rad i ant heater and set themsel ves on f i re ,  thus produc· 

i ng a much denser smoke th an when the phenomena d id  not occur .  

In  F igure 6 are  shown the effects of vent i l at ion on the max imum smoke 

dens i t i es of these acry l ics and one t ransparent styrene mater i a l  of the same th ick·  

ness. Note that u nder the py ro lys i s  cond i t ions ,  the acry l i cs behaved i n  a matter 

s im i l ar to wood. The max imum smoke dens ity atta i ned i s  rapid ly l owered w i th 

i ncreas i ng vent i lat ion . On the other hand, vent i lat ion does not seem to he lp  

the smoke dens ity under f l am ing cond i t ions .  In  fact for  two of the mater ia l s ,  a 
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I :S- o c r rlic , f lome rnist011t, U V o lltorlliftt 

1 4 -oc r r lic ,  llto t rttit t ollt , U V olltorll•nt 

1 7- o c r r l ic , lltot r t t o t f oll t ,  UV trontmittlnt 

1 6 · t�tlr s t r r e"' 

OL---�--��--�--�----�--_.---J 
0 6 9 1 2  15 18 

Vt n t i lo t ioll , oir c110119tt / llr 

F itutt 6. Eff«:t of ,., til•tion on m•ximum -•• .,.,;ry 
of ,,.. «'Yiicl Mid on• ,,.,,.,.. 

2 1  

moderate vent i l at ing rate of 6 a i r  changes an hour  seemed to i ncrease the  max imum 

smoke dens ity . I n  the  cases of the  sty rene materi a l  and  the f i re-retardant acry l ic, 

vent i lation was completely i neffect i ve in clear i ng away the smoke as far as maxi·  

mum dens ity is concerned. 

F igure 7, showi ng the smoke development from clear, rigid po lyv iny l  ch lor ide 

in two th ick nesses, i s i n teresti ng i n that under the f lam ing cond i t ion it  does not 

seem to make any d i fference whether the mater ial s  is one-fourth or one-eighth i nch 

thick. 

The data shown on F igure 8 po int  up  the need for testi ng mater ia l s  systems in 

the manner in  wh ich they a re go i ng to be used . Curves obtained show the smoke· 

density t i me curves, for a po lyester/epox ide coat i ng on th ree·eighth inch gypsum 

wal lboard .  U nder the nonfl ami ng exposure ,  the results were as expected. The 
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coated speci men y ielded a sl ightly denser smoke than the bare specimen.  However, 

the opposite was found to be true under f lam i ng exposure when the specimens were 

tested under the normal cond it ion i ng or preheated to 60°C to remove moisture 

before the test. Tests of the same coat ing appl ied to cement board showed some· 

what d i fferent resu lts.  It should be noted that each curve shown represents at least 

two repl icate tests with good agreement between rep l icates. 

As stated above, we have examined and tested over 1 00 d ifferent mater ia ls  i n  

the  L L L  smoke chamber .  Our f ind ings to  date - under the  2.5 W/cm2 rad iant heat 

f l ux  exposure - can be summarized as fol lows : 

1 .  Woods, i ncluding sol id woods, plywood, and other ce l l ulosics, show curves 

s im i lar  to those for red oak in the f lami ng and nonf l am i ng exposures, both with and 

w ithout vent i l at ion .  However, each part icular product or mater ia l  has its own char· 

acter ist ic max i mum smoke density value. An exception should be noted in  the case 

of one wood with two d i fferent  f i re retardant treatments. In th is  case, denser 

smokes were obta i ned under the f l am ing cond it ions for the mater ia l  wh ich had 

been f i re retarded. 

2 .  P lastics may be d i v ided into two broad categor ies :  a few wh ich do not 

produce v is i b le smoke u nder either f lam i ng or nonflam ing exposure ;  a nd the vast 

major i ty wh ich can be d i v ided into two further class i f ications. Of those mater ia ls, 

wh ich do produce smoke, exposu re to heat a lone y i elds a broad spectrum of smoke 

dens i t ies. Some behave much l i ke wood , s lowly bu i ld i ng up to a h igh density; 

others wi l l bu i l d  up fa i r ly  rapid ly ,  but to about the same density. 

In the presence of heat and f l ame, however, we have observed two separate 

phenomena :  

( a )  plastics wh ich tend to burn clean ly  are  s im i l ar to wood under  s im i l ar 

cond i t ions . 

( b) Those that do not burn c leanly ; i . e . , are f i re retarded i n  one way or an· 

othe r, rap id ly evolve dense smokes. These are not read i ly  cleared away by vent i l at·  

i ng .  

A q uestion ar i ses as to how these resu l ts may be used. We grant that these 

data are obta ined i n  a sma l l -scale test and we agree w i th Chr ist ian ( 1 0 )  that, "No 

s i ngle  smoke rat ing n umber shou ld be expected to def ine  re lat ive smoke hazards of  

mater ia l s  i n  a l l s i tuat ions ." F urthermore, we poin t  out that  the necessar i ly  large· 

sca l e  corre l a t ing tests needed to ver i fy the app l i cab i l ity of the L L L  Chamber tests 

a re yet to be done. Neverthe less, we fee l that the resu lts can be u sed with some 

j udgment by employ i ng the nomograph shown in F igure 9 to eval uate the opac i ty 

hazard of a mater i a l s  system. Th is chart, the or ig ina l  of wh ich was developed by 

G ross [ 9 ) . plots the speci f ic  opt ica l  dens ity of the smoke at the t i me of interest 

aga i nst the room geometr ica l  factor ; i . e  . •  the vo lume of the room, the area of the 

mater i a l  smoki ng, and the l ight path or the d i stance between the observer's eye and 

an ex i t  s ign.  

By putt ing i n  the appropri ate nume r ical values for the area of the mater ia l  i n 
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its i ntended appl icat ion, the spec if ic  opt ical density for the t ime of interest as 

determined by a test, and i nc lud i ng the volume of the room and the d i stance from 

an observer or v ict im,  as you please, to the exit s ign ; one can determ ine whether or 

not an opacity hazard ex its from smoke involv ing th is  mater i al .  
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APPENDIX D 

SY NOPSIS OF TH E PHYS I OL OGI CAL HAZARD 

OF SE LECTE D COMBUSTI ON PROD UCTS 

TA BLE D- 1 .  TO LERAN C E  TO SE LECTED COMBUSTION PRODUCTS 

Hazardous Levels for Times Indicated 

Combustion l 1-2 

Products M inutes Hour Hours 

Heat (•f) 284 212  150 

Oxygen (%) 6 1 1  1 4  

8 

Hours 

1 20 

15  

Carbon Dioxide (ppm) 50, 000 40, 000 35, 000 3 2, 000 

Carbon Monoxide (ppm) 3 , 000 1 , 600 800 100 

Sulphur Dioxide (ppm) 400 150 50 8 

Nitrogen Dioxide (ppm) 240 100 50 30 

Hydrogen Chlor ide (ppm) 1 , 000 1 , 000 40 7 

Hydrogen Cy anide (ppm) 200 100 50 2 

NOTE : Data from Table 1 in C .  H. Yu i l l ,  " Py s iological Effects of Products 
of Combustion, " American Soc iety of Safety E ngineers Journal 19 (1974) : 

36-42.  Autho r  notes that table Is substantially that set forth in A . J.  Pryor 
and C. H . ll i l l ,  Mass Fire Life H azard, OC D Work Unit 253 7A F inal report 
(San Antonio ,  Texas : Southwest R esearch Institute , 1968) , and that there 
is cons iderable variation among investigators as to what level of a partic ular 
gas does constitute a l ife haz ard. 
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... 
0) 
00 TABLE D-2 . TOXICOLOGY OF SOME HIG H LY TOXIC F m E  C ASES--Concentration (ppm) 760 mm, 25 •c 

Gas 

co 

NO 

N0
2 

HC 1 

C 1
2 

COC1
2 

HF 

COF
2 

H
2

S 

L TV ':· Dangerous 0. 5 to 1 hr.  

50 1 ,  500-2 , 000 (1  hr . ) 

n . a. 1 00-150 

5 

5 1 ,  000-2 , 000 (dangerous 

for brief exposure) 

1 50 (sbort exposure) 

0 . 1 1 2 . 5  

3 50- 250 (br ief exposure) 

n . a. --

10 400-700 

F atal 0 . 5 to 1 hr.  
4 , 000 

400-800 

4 , 350 

1 ,  000 (brief 

exposure) 

25 (0 . 5 hour) 

800- 1 ,  000 (high 

concentrations 

Instantly fatal) 

Effects 

Combines with heoglobin in blood to form 

carbohe mogl obin thereby prevening 0
2 

transport. CO is a chemical asphyxiant. 

Forms nitrous and nitric ac ids in presence of 

0 and H 0 In respiratorv tract. N itrates 
fo�m meftemoglobin whil� the nitrates l ead 

to edema of the lungs. The l atter are more 

dangerous .  

Neutralizes tissue alkali i n  uppe r respirato ry 
tract.  Causes death due to edema or spasm 
of larynx and upper respiratory tract. 

Hydrolyzes to nascent 0
2 

and HC 1 in 

respi ratory tract. 

Hydrolyzes to HC1 and CO at bronchioles and 

alveoli  of the lungs. Pulmonary edema and 

asphyxiation. 

U lceration of mucous membranes, chemical 

pneumonia. 

Hydrolyzes to HF and CO. Sim ilar to COC 1
2

• 

Irritant ; combines with alkalis in skin to 
form Na

2
S ;  pulmonary edema at high 

concentrations . Asphyxiant ; paralysis 

of respiratory center. 
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-
C» 
(Q 

HC N 1 0 400-700 1 00-200 Protoplumic polson. Combines with 

euymes ueociated with cellular oxldatloo. 
Death occurs through uphyxiation. 

N H
3 

50 2, 500-6 , 500 5 ,  000-1, 000 rapidly Pulmonary edema. 
(0 . 5  hour) fatal) 

NOTE : Data from Table VI in J . P. Wagner, "Survey of Toxic Spec ies Evolved in the Pyro lysis and 
Combustion of Po lymers, " F ire Research Abstracts and Reviews 1 4  (1 972) : 1-23 baaed on : 

Effects of Chronic Exposure to Low Levels of C arbon Monoxide on Human Health, National 
Academy of Sc iences Publ ic ation 1 735 (Washington , D. C . : NAS, 1 969) ; Stand a rd Book No. 309- 01 7 3 5 - 1 . 

L. T. Fal rhal l , Industrial Toxicology , Williams and Wilkin s , C o . , Znd ed • •  1 95 7 .  

M .  B .  Jacobs , Analytical C hemistry of Industrial Poisons ,  Hazards and Solvents, Vol .  I ,  
I nter sc ience ,  1944) ; ( a l s o  1 96 7 ) .  

F .  A. Patty , Industrial Hygiene and Toxicology. Vol 1 ,  Gene ral P rincipl e s  of I nd u s t rial Hygine 
and Toxi c o l ogy . Wile y ,  1 9 5 8 ,  Vol . Z ,  Toxi c ol o g y ,  Wile y ,  1 9 6 7 .  

E .  R .  Plunkett, Handbook o f  Industr ial Toxicology (New York : C hemical Publishing Company , Inc . , 
1 966). 

N. I .  Sax, Dangerous Properties of Industrial Materials, 3 rd ed. (New York : R he inhold, 1 96 8) . 

• Lower threshho l d  value ; time-we ighted average concentrations fo r a 7 or 8-hour period. 
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APPENDIX E 

REVIEW OF CO TOXICITY 

Excerpt from R. R. Montgomery, C. F. Reinhardt, and J. B. Terril l ,  
"Comments on Fire Toxicity," paper presented at the Polymer 
Conference Series ( Flammability of Materials Program) Salt lake City, 
Utah, July 1 1 , 1 974. 

..· 
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M I N ES AND BUNKERS 

Carbon Monoxide (CO) : In  poor ly vent i l ated f i res w i th l im i ted 02 combustion is  

i ncomplete and the end products a re CO and other degradat ion prod ucts, water, 

and less heat . Overa l l ,  of al l  the gases generated in real f i re s i tuat ions, CO is  acknow· 

ledged as the gas that p roduces the most deaths (2 1 ] .  The genera l physiolog ical 

effect of increas i ng atmospher ic concentrat ions of th i s  color less, odor less gas is 

show n i n Table I l l  ( 20, 33 , 34 ] . Physical exert ion ,  age , health and smok i ng hab its 

can a l l  affect i nd i v idua l  response .  Table I V  as g i ven i n  the account of an exposu re 

to an est i mated goo- 1 000 ppm CO from a leak i ng exhaust p ipe i nto an Anchorage 

A laska , sports a rena ( 35 ] , shows the var iety of symptoms and the var iat ion i n  

response that may occur .  

CO,  un l i ke most  poisons, has  no k nown last ing effects i f  seconda ry t issue 

damage from 02 deplet ion does not develop ( 1 2 ,  34, 36] . CO read i l y  d isp laces 

oxygen from hemog lob i n  and a l so i n terferes with del i very of 02 to t i ssues and 

removal of C02 from b lood . I rreversi b le  t i ssue damage may deve lop i f  the bra i n  is 

depr i ved of 02 fo r more than 5- 1 0  minutes. However ,  adequate 02 may aga i n  

d isp lace CO a s  shown i n  the  eq u i l ibr i um :  

(where Hb  means hemog lobi n )  

We can corre late percent atmospher ic  CO and t ime of exposure w i th b lood car· 

box yhemogl ob i n .  Several  rev i ews ( 1 2 , 34 ] di scuss this subject in  deta i l  and an 

exhaust ive study of the k i net ics of uptake and e l i m i nat ion of CO has recent ly 

appeared ( 37 1  . 

1 72 

TA B I .E I l l .  PH YSIO I..OGIC A I. R ES PONSE TO CO (20 , 33 , 34) 

CO i n  Atm'"l, R e sponse 

0 .  0 1  A l lowab l e  exposure for several hou r s .  

0 .  04 - 0 .  05 1'\o apprec iable effect after 1 hou r .  

0 . 06 - 0 . 0 7 Just apprec i ab l e  effect after 1 hour. 

0 .  1 - 0 . 1 2  l ' npl easant after 1 hour (headache, nausea).  

0. l!'i - 0 .  2 Dange rous when inhaled fo r 1 hour ( i nc apac itation, 
col l apse) . 

0 .  3 Estimated danger level  fo r 1 /2 hour . 

0 .  4 Fatal  when inhaled fo r less than 1 hou r .  

Fatal w h e n  inhaled fo r 1 m inute . 
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APPENDIX E 

TABLE IV. SYM PTOMS AND SIGNS OF CARBON MONOXIDE POISONING 
R E POR TE D  BY 51 ILL PERSONS PR ESEN T IN THE SPOR TS 
ARENA ON MARC H  20 , 1 969 (35) 

35 7 9 5 1  

Broomball Hocker 
Players Players Adults Total 

Slmj!tom Percent Percent � � 
Headache 91 57 1 00 88 

Dizziness 77 43 1 1  6 1  

Nausea 49 43 44 47 

Tinnitus 43 1 4  0 3 1  

Disorientation 3 1  1 4  0 24 

Numbness of feet 26 29 1 1 24 

Blurred vision 20 14 

Numbness of hands 9 6 

Vomiting 3 2 

I..Dss of conactousness 3 2 

References cited in Montgomery, Reinhardt, and Terri l l  

1 2 . A.J . Pyror and C.  H .  Yu i l l ,  Mass Fire L ife Hazard, OCD Work Un i t  2537A F inal  

Report Southwest Research I nst itute (San Anton io, Texas : Southwest Research 

I nst i tute, 1 988) . 

20. R. E. Re inke and C. F .  Re inhardt ,  " F i res, Toxic ity and P lastics," Mod. Plast .  50 

( 1 973) : 94-5. 97-8. 

2 1 .  J. Aut ian ,  "Toxicologic Aspects of F lammabi l i ty and Combustion of Polymer ic 

Mater i a ls ," J. Fire & Flammability 1 ( 1 970) :  239--68. 

33. J. M. l ves,  E .  E. H ughes, and J. K . Taylor, Toxic Atmospheres Associated w ith 

Real F i re Situations, NBS Report 1 0807 (Wash i ngton , D .  C . :  U .S. Department of 

Commerce, 1 972) . 

34. F .  A. Patty, ed . ,  Industrial Hygiene and Toxicology, 2nd ed . ,  Vol . 2 ( New York :  

Joh n Wi ley, 1 963) . 

35. A. R .  Saslow and P. S . Clark,  "Carbon Monoxide Poison i ng," J. Occup. Med. 

1 5  ( 1 973) : 490-2 . 

36. H .  Bour and I .  MeA . Led ingham, "Carbon Monoxide Poisoning," Progress in 

Brain Research, Vol . 24 ( New York : E l sevier Publ i sh ing Co . •  1 967 ) .  

37 . J . A .  MacG regor, " K i net ics o f  U ptake and E l i m ination of Carbon Monox ide," 

paper presented at the I nternational Sympos ium on Phys iologica l and Tox i cological 

Aspects of Combustion Products. Sal t  Lake C i ty .  Utah , March 1 8-20,  1 974. 
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COMBUSTI ON PROD UCTS OF POLY ME RS 

IN F I RES 
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APPENDI X F 

I n  bui lding f i res one nearly a lways encou nters pyrolys is and comb ustion pro· 

ducts of cel l ulosic fuels along with var ious p last ics. F i res are class i fied accord i ng to 

N F PA categories into four general ty pes [4 ) : 

Class A :  

Class B :  

C lass C :  

Class D :  

F i res i nvo lv ing ord i nary combust ib le mater ia ls  (wood , cloth , paper, rub· 

ber, and many plastics) . 

F i res i nvo lv ing flammable or combust ib le l iqu ids, f lammable gases, and 

greases. 

F i res i nvolv ing electr ical equ ipment. These are treated as C lass A or B 

f i res after the electr ic ity is turned off. 

F i res invo lv ing combust ib le metals  . . . .  

S ince most enclosure f i res are of the class A type, i nvo lv ing ce l l u l osic fuels, i t  

i s i mportant to consider the d i fferent temperature zones s ince th is  contro ls  the f i re 

envi ron ment . Based on a review by B rowne, ( 5 )  descri bed by B ea l l  and E ichner, 

[6) four dist inct temperature zones are given for the Thermal Decomposit ion of 

Wood as fol lows : 

Zone A :  Be low 200°C .  Appearance o f  noncombust ib le gases, pr imar i ly H 2  0 va· 

por, traces of C02 , formic and acetic acids, and glyoxa l .  D ehydrat ion 

of sorbed water is complete. 

Zone B :  200° to 2B0°C. Same gases as i n  Zone A are produced along w i th 

greatly reduced quantit ies of water vapor and CO. R eact ions are endo· 

thermic and products are al most ent i re ly nonflammable. 

Zone C :  2B0° t o  500°C.  Acti ve pyrolysis takes place under exothe rmic cond i ·  

t ions lead ing to  secondary react ions among the products. Largely com· 

bust ib le products, CO, CH4 , etc. , and flammable tars in form of smoke 

part icles. 

Zone D :  Above 500°C. R esidue consists pr imari ly o f  charcoal ,  wh ich provides an 

extremely active s i te for secondary reactions. 

The ear ly combustion stages are s im i lar  to the pyrolys is  stages, modi f ied sl ightly by 

ox idat ion .  These stages are categor i zed as fol l ows: 

Zone A: S imi lar to Zone A above, but s l ightly affected by some ox idation pro· 

cesses. 

Zone B :  

Zone C :  

Zone D :  

Primary exothermic react ion takes place without ign it ion .  

Combust ib le gases that are ign itable are prod uced after secondary pyr· 

olys is. F lam i ng combustion can occur in gas phase if the gases are 

ign i ted . If ign i t ion is not i nduced f laming may not occur unt i l  near the 

end of pyro lys is  when the evoked gases cannot insu late the charcoal 

l ayer from 02 • Spontaneous ignit ion of charcoal takes place at tem pera· 

ture lower than any of the products evo lved. 

G reater than 500°C the charcoa l g lows and is consumed ; greater than 

1 000°C non l um i nous f lames are supported by the combustion of H2  

and CO . 
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M I NES AND BUNKER S  

These zones i l lustrate the complex ity o f  cel lu los ic  combustion processes . 

I n  an enclosure one would expect an agglome ration of both pyrolysis and 

combustion products. Th is  is i l l ustrated in the f low diagram in F igure 1 .  Conductive 
heat ing w i l l  i nduce pyrolysis. This wo uld be l im i ted to the percolat ion of gases 

through mater ia ls  that leave porous char· l ike res idues. Radiat ion and convect ive 

hea l transfer are pr imar i ly  respons ible for f lame spread i ng and are longer range . The 

l iqu id and sol id ph ases are a lso present in vary ing degrees . 

Faa . . 1. Flow diocram lor pyrolysio and a>mbuotiun of celluloooie luet. io .., enelosure. 

An enclosure f i re of plast i cs can be represented by the s impl if ied f low d ia· 

gram in F igure 2. Common plastics are designated by ·C·H·O·N · type structural 
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Fao. 2. Flow diocram lor pyroty ... &ad eombusliOD of plutico io aa eoeloeuN. 
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APPENDIX F 

a r rangements .  Py ro lys i s  can resu l t  from the ce l l u los ic fuels and also f rom se lf ·  

i nduced modes of heat i ng.  I n  add i t i on to the f l ame -spread mechan i sms common to 

cel l u los ic fue l s  a rheolog ica l  f l ame spread mechan ism occurs w i th thermosett i ng 

p last ics .  H ere mol ten or f l am ing d rops or e�en st reams of these f l u ids can d rast ica l l y  
a l te r  f l ame spread mechan isms and requ i re evacuat ion and  ex t i ngu ishment tech · 

n iques. 

Both py ro lys i s  and combust ion of p l ast ics must be conside red as equa l ly  

i mpor tant  i n  l i ght  of  1 ecen t  stud ies that  i nd i cate many p l as t ics forme r ly  considered 

sel f -ex t ingui sh i ng can be burnt cont inuous ly from be low ( bottom burn ing) by in ·  

corporat ion of a noncombust ib le  wick . ( 7 ]  W ick i ng act ion is  near ly  a lways prov id· 

ed by the conten ts  of an  enclosure. The chem ica l and physica l  mod i f icat ions of 

p last i cs .  the i ncorporat ion of add i t i ves a long wi th the thousands  of trade names [8J 

make it exceed i ng ly  d i ff i cu l t  to genera l i ze the products as w i th ce l l u l ose fue ls .  A 

breakdown i nto groups such as char formers, vapor formers, a nd comb i ned effects 

such as char rers p l us vapor formers i s  he lpfu l .  . . .  [Summary d i scuss ion of certa in  

pol ymers l ater i n  a r t ic le .  I 
References 

4.  F i re Protect i on Handbook ,  Nat iona l  F i re Protect ion Assoc iat ion,  1 3th  ed . ,  1 969. 

5. F .  l .  B rowne ,  Theor ies on the Combustion of Wood and i ts Contro l ,  U . S .  F orest 

Products Laboratory, Rept .  2 1 36, Mad i son ,  W iscons i n ,  1 958 . 

6. F .C. Bea l l  and H .  W .  E ickner ,  Therma l Degradat ion of Wood C.:>mponents, Forest 

Products Lab. , Repor t  1 30, Fo rest Serv i ce ,  U. S .  Dept. of Agr icu l ture,  May 1 970. 

7 .  D. E .  Steutz , B as ic Pr i nc ip les i n  Polymer Combust ion ,  Po lymer Conference Ser·  

ies .  Un ivers i ty of Utah . 2 1 -26 June 1 97 1 .  

8 .  P last ics Note 9A. T rade Des ignat ions of P l ast ics and Re l ated Mater ia l s ,  AD· 
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APPE N D I X  G 

EVA LUAT ING TH E HAZA R D  OF TOX IC 

F U M ES AND SMOK E :  

Selected Exam ples of Various Methods 
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MINES AND BU NKERS 

Example o f  Analytical Method 

Excerpt f rom I .  N. E i nhorn,  et a/. , "Phys iological and Tox ico log i ca l  Aspects 

of Smoke Produced Dur ing the Combust ion of Po lymer ic  Mater ia l s ,"  Proceed ings 

of the NSF/RANN Conference on F i re Research (Wash ington , D. C.  UTEC-MSE 

74·083. F RC/UU-29, June 2 1 , 1 974 . ,  p.  1 99 

Task 6 - Effect of Fire Retardants on Smoke and Degradation Products ( Excerpt) 

To da te,  the major concern  of those engaged in the development of f i re 

ret a rdant mater i a l s  has been the reduct ion of the ign it ion tendency and f lame 

propagat ion. Thus,  it has been poss ib le to meet code and regu latory requ i rements 

rega rd i ng f lame spread. However, it is our  op in ion that the tota l haza rd resu l t ing 

from i ncomplete combustion may actua l ly  have been i ncreased .  A study of several 

recent f i res, i n  wh ich f i re-retarded p lastics were i nvol ved has i nd i cated that smoke 

development and the production of cop ious amounts of tox ic  decomposit ion 

products have resu l ted i n  bod i l y  i nj ury or loss  of l i fe long before the spread of f i re 

has reached those i nd i v idua ls  trapped in the conf lagrat ion . 

The Mett ler Thermoanalyzer  has been used to conduct exper iments on the 

effects of env i ronment, heat i ng rate , and % f i re retardant i n  urethanes. F igure 9 

shows dynam ic  TGA curves at d i fferent brom ine f i re- retardant concent rations w ith 

r ig id-urethane foam .  
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[ Note : TGA = therm a l  g�av imetr ic  ana lysi s ]  
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APPENDIX G 

Example of Biological Method 

Excerpt from R .  E .  Re i nke and C. F .  Re inhardt,  " F i res, Tox ic ity ,  and Pl as· 

t ics ," Modern Plastics, 50 ( 1 973) : 94·5, 97 ·8. 

Table Y: Toalclty re.ulte hm 
......._.. • .._lion producls of polymers 
Pert t: Series ol 1 5-mln. expoaurea uaing 3 g. of foamed matertata. 30 
g. of ell other melertela. PyrOiyaia temperatura• up lo 1 314 '  F. ( 1 2) .  
11a1erta1 Mortellly tor lftioea 
Polystyr- rigid loam (A or Bl 
Phenolic rigid loam 
Wood-wool cement board 
Acrylic: rigid lheet 

Wood (cedar) 
Fire-retardant plywood 
Melamine laminate 
POlyvinyl chlOride rigid shHI 
Polyureth- rigid loam 

Part 2: Series of exposures ( 1 3) :  

No. 1 .  6-hr. expoaure, 4.  7 t o  5.5-g. sample. 
No. 2. 6-hr. axpoaure. 5. 7 to 6.6-g. sample. 
No. 3. 1 0.min. exposure. 2.o-g. sample. 

01 1 0  

015 
1 1 5  
4 1 5  
51 5 
515 
515 
515 
515 

Mortality lor rata• 

No. 1, 3t2' F. No. 2. 412' F. No. 3, 1040' F. 
Polyurethane A 014 1 1 4 01 2 
Polyurethane B 0/ 4 1 1 4 0 1 2  

Polyurethane C 0/4 01 4 0 1 2  

Neoprene 0 / 4  t / 4 01 2 

Rubber latex 0/ 4 4 / 4 0 / 2  

Polyvinyl ch loride 2/ 4 1 / 2  

Part 3:  Series o f  30-m tn exposu res. 5-g.  samples ( 1 4 ) .  

Mortality lor rate• 
---- ----

572' F. 752' F. 932' F. 1 1 12'  F. 

Polysty rene A 01 1 2  0 1 1 2  0 1 1 8  t 1 1 1 2  

Polystyrene B or C 0 / 24 0 / 24 2 5 / 4 2 24 / 24 

4 other PS 0/ 48 0/ 48 48/ 48 48148 

Expanded cork 01 1 2  5 / 1 8 1 2 / 1 2  1 21 1 2  

Rubber 01 1 2  1 2 1 1 2  1 21 1 2  1 2/ 1 2  

Wool 21 1 2  1 2 1 1 2  1 21 1 2  1 21 1 2 

Pine wood 3 1 1 2  1 21 1 2  1 2 1 1 2  1 21 1 2  

Fe lt 61 1 2  1 21 1 2  1 21 1 2  1 2/ 1 2  

Leather 1 21 1 2  1 2 1 1 2  1 7/ 1 8 1 1 1 1 2  

Part 4 :  Ser ies o f  30-m in .  exposu res.  5-g .  samples ( 1 4 )  

Mortality lor rate• 

392' F. 572' F .  752' F.  932' F.  
---- ---- - - - - - - - · -

Po lyeth ylene 01 1 2  0/ 1 2  1 2 1 1 2  1 2 1 1 2  

Fir 01 1 2  1 31 1 8  1 2 1 1 2  1 2 / 1 2  

PVC 01 1 2  1 0 1 1 2 1 1 1 1 2  1 2 1 1 2  

Cel lu lo id 1 21 1 2  1 2 1 1 2  1 2 1 1 2  1 2 1 1 2  

a-MICI or rats e a p o u · d  to producll r e \u l t . n �  l r O ""  p 1 r o l v S • S  1 e m o e r • 1 v r e 1  

lnd•C IIId ''Oioolfll .,, I I D i e  s h o w  r i ! • O  of nvtnthrr 0 1  mor t•  I I  I • � •  1 0  n u rn b e r  

l a i) O I I d  A l l llfnP.,IIures , , ., .  Detn � onvet 11d to . ,  

1 1 12 '  F. 

1 2 1 1 2  

1 2 1 1 2 

1 2 1 1 2 

1 2 1 1 2  
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M I N E S  AND BU N K E R S  

References from Rein ke and Reinhardt 

1 2 . K. K i shatan i ,  J. Fac. E ngr. Un iv.  of Tokyo ( B )  2 1 . 1  ( 1 97 1 ) .  

1 3. J .  A .  Zapp, J r . ,  Arch ,  Env i ron . ,  Hea lth 4, No.  3. 335 ( 1 962) . 

1 4. H .  Th . Hoffmann and H .  Oettel . ,  Modern P lastics 46. 94 (Oct. 1 9691 . 

Example of "Combined Analytical and Biological Method 

E xcerpt from G .  K immer le ,  "Aspects and Methodo loty for the E val uat ion of 

Tox ico log ica l  Paremeters D ur ing F i re E x posure ,"  Journal of Fire and Flammability

/Combustion Technology 1 ( 1 974 ) :  4-5 1 

T.tW 5 r. Toaicorv of tfti i'V'Oilflll ,.,�,. 
or hi/,;,«,.,..,,.,. F- m ,., 
Tftll Milt EquM VolufM (JOO by 10 to 5 mmJ ( 12/ 

Number or 
For• T-p co HCN O.tl\1 

$empll ...... <Mnt ·c ppm ppm CO H., Out ol 20 

No 500 1 , 1 00 1 50 43.5 0 
550 3,000 1 50 ll.t 1 3  

2 Yft 550 1 ,600 1 30 43.3 0 
600 2.000 1 50  52.3 t 

3 Yft eoo 1 ,200 75 32.1 0 
4 v .. 500 470 25 1 7.6 0 

eoo 1 .230 100 44.7 3 

5 Yft 500 500 45 21.6 0 
550 1 ,300 1 20 47.6 1 1  

6" v .. 500 130 55 27.8 0 
eoo 1 ,670 1 25 48.5 

•s..,.te of pOiyltoeyenwrete fCNtn reinforced _,,,,. foamed .... �M�Ieu. 

TN�• Q ToaicitV of ,.. I'V'O/Iflol ''odut:ll 
ot lf;,id ll«lf.,Ufltl Fo.nr m 1110 
r..,,. .,..;tft EtiUM _.,., ( 1 .2  G,_, Ht IOO mml ( 12/ 

'-onC*'ttrat•on tn Air Number of 
F"e Temp co HCN Omllt 

Semple Retaodlnt · c  ppm ppm CO H., Out ot 20 

No 400 1 .000 50 33.6 0 

450 2.800 1 50  51 . 2  19 

2 v .. 350 1 . 1 00  50 23.7 0 

400 3.500 1 50  39.2 1 5  

3 v .. 350 800 50 19.4 0 
400 2.500 1 50 39 . 2  1 4 

4 v .. 300 4s6 ' 1 0 1 7 .0 0 
3150 1 .4 70 45 42.6 4 

5 VII 300 300 1 0  1 2 .5 0 
400 2. 1 50  1 50  52 .6 1 2  

Ftrst occu uence o f  mo ' " " ' '�' bv -ol u nw  sso• 1nd 600" c 
IOfnllo mts none 11 600" C 

by -oghl 35d'. 4011* , 1nd 450" C 
1 2 K i mmerle, Unpubl ished resu lts 1 972-1 973. Bayer A G .  l ns t i t u t f u r  Tox i kologie,  Werk Wup· 

pertal ,  Germ any.  
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APPENDIX G 

Most of the mortal i t ies can be related to the combined act ion of carbon 

monoxide and hydrogen cyan ide , but in the case of sample 5, other tox ic gases 

must have ca used a more important effect . 

Example of Epi demiological Method 

Excerpt from B .  A. Z i k r ia , et a/. , "Smoke and Carbon Monoxide Poison i ng in 

F ire V i ct i ms," Journal  of Trauma, 12 ( 1 97 2) : 64 1 ·5 

TABLE I 
Bum !ti<Jrlolil11, '""' Yor" Cilll (/IIJI cuod /1167) 

Total \lktiMa UO <S."tfti Ti .. ) ""._..., v ..... Jll 

_"_M_sT __ , ca- � No. c.,_ '" Coat 

< I� ior 2S:l .lJ 18,; 00 
> 12 hr 158 :10 7l 23 
Not ka.,,.n 93 17 54 17  

Total 100 3 1 1  1 00  

TA I:! I. E  I l l  
lthpJralory Trarl Path o/ngy 1 11  60 A u tupswl 

Vic h m •  "" 'A 66 A llrtbu/101\1 

I BS�I � UXJ.'I i tAvcr 9\orv ) 
_ __::•::__ = (a .. n.)  ·�n,< PBST > ll br  

Trachrobro n - IJ 41'70 � (5 ) 8 ( 12 days)  
c h i t  is 

I'rn wnonia/ 3 1  i 45'70 9 (8 ) 22 (21  d3ys ) 
pnrumoni tis 

Pulmonary/ 22 67% 17  (16 ) 5 (� days) 
rdrma/coo -
j!Cs tion 

Lung abscrss I C)':C 0 (0) I (46 days) 
Other• 9 3t'i;, 5 (4 } � C22 daya) 

• Ernphyarms, emp)·rma ,  hronchiec t aois, lilJro
si• .  pulmonary embolus.  

TABLE I I  
N••pirolorii ii\I!Oia.mttl\1 '"  157 A u1op111d Vtrh>ru 
- ·- ·- -- . - -1 PIST l l  h PBST l l  ar ��un1nl Ta�) ts-.rw.ul����� 

c .... , t'cr <:cat c ... , Prr Cut 

Sm __ o_k_e_po_iao_a_i_a_
1_o_r_aa_- � - 9!l � -�· -;; 

phyaia only I 

I 
Rnp . trac t patholo1y I I  

I 

� . 9  :.!11 3d . 9  
Dotb 20 10 8 I 1 . 4  
;liei ther 55 l'J 9 39 1 M I 

Total -�� i lcJO'O 72 100 0 

TABU: IV  
Co rbcm Mo11urld• Poi10P1i111 '" 115 A vlopttld 

Vi,·tl rn l ,  wit A D1o1A Ouvrri111 UPidtr II Hr 

·- - · - - - --- --- ---

Labora tory determi - :130) (70. 3 )  
nation 

Usual ly lrthal > 50% 45 2� . 3  
Signi fi�ant 1 1%-t!l"To 64 :u . e 
No con t ri b u t ion 0% · 10"'. 2 1  1 1 . 4 

Cliaicol  dia�nutliia 14 7 II 
o n l y  

No iotli�at ion H 2'l . l  

Total  165 100.0 

TA ULE \' 
Carb1>1t .1/ul\ondt l'oi101\i119 '" 71 A u/opJtld 

l'� e l • m •  wiiA DtaiA Oa��orri"' o, . ., II Hr 

lcarbooyh- � r P C 
----------------- �� � � 
L•lwrat ory determ i - ' (4 ) (5 . 5 ) 

nut inn 
u.uol l y  leth .. l 
Si&oilic3nt 
So c o n t r i b u t io n  

Cl in ieal dia1noei• 
only 

�o i ndtcation 

[PBST = postburn survival t ime)  

> 50%  
1 1%-19% 
Oo/.,-10% 

0 0 . 0  
I l A  
3 � . 1  
� 5 . 5  

6� 89 . 0  
72 100.0  

1 83 
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M I N E S  AND BUN K ER S  

Another E xample of Epidemiological Method 

E xcerpt f rom R .  M. Fr i strom, "Smoke I nj ury Stud ies," Proceed ings of the 

NSF/RANN Conference on F i re Research , June 2 1 , 1 974.  pp. 62·73.  

TABLE 1 
CARBON MONOXIDE AND CORONARY 

VASCULAR DISEASE AS 

CAUSES OF DEATH 

107 FIRE FATAL ITIES 

CAUSE NUMB E R PERCENT 

BLOOD 
ALCOHOL 
gml 1 00m 1  

NON E  

< 0 05 

0.05-0. 1 5  

0. 1 6-0 25 

> 0 25 

CO ALONE 4B 

CO + CORONARY DISE ASE 35 

CO + BU RN 5 

CORONARY DISEASE ALONE 2 

BURN ALONE 1 5 

UNCE RT A I N  2 

TABLE 2 
CARBOXY H E MOGLOBI N  AND BLOOD ALCOHOL 

CASES AGE 11 AND OVE R 

COHB� COHB� 
> 40 

22 

0 

1 3  

1 1  

1 

53 

20·40 

3 

0 

4 

1 

9 

CASES UND E R  AGE 1 B  

( N O  ALCOHOL PRESENT I  

..L 

COHB� 

< 20 

1 0  

1 7 

TOTAL ALL CASES 
.1L 

76 1 1  
� 
20 

1 84  

45� 

33% 

1 4� 

TOTAL 

35 

2 

1 4 

1 9  

9 

79 

..11.. 
1 07 

� 

(44�1 

(3%1 

( 1 �1 

( 24�1 

( 1 1 % 1  

( 1 � 1  
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TABLE 3 
F ACTORS R ESPONSI B L E  F OR 

FAILURE TO ESCAPE F ROM F I R E S  

REASON F O R  AT T E MPT TO ESCAPE 
FAILURE TO ESCAPE I YES I NO I UNDETE R M I N E D  I TOTAL % 

CARBON MONO X I D E  ALON E 23 6 3 32 29.9!1. 

CARBON MONO X I D E  + ALCOHOL 3 1  6 0 37 34.8% 

ALCOHOL ALONE 3 0 0 3 2.8% 

BURN I I NCL RESPI RATO R Y !  5 0 0 5 4 . 7% )> � � 
CORONARY OCCLUSION 2 1 0 3 2 8%  m z c 
INFANT 1 1 2  0 1 3  1 2 1% X 

0 
I NVALID 1 3 0 4 3 . 7% 

E XPLOSION 0 3 0 3 2.8% 

CLOT H I NG F I R ES I G E N E R A L L  Y 

SUICIDES! 2 3 0 5 4 . 7% 

SUICI D E  0 1 0 1 0 9% 

CAR ACCIDENT 0 0 1 1 0.9% 

6B 35 4 107 

163 6'1 1 32 7 " , 1  1 3  7'\1  
... 
CD 
0'1 

\ 
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