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NAT IONAL ACADEMY OF ENGINEERING 

The National Academy of Engine e ring was established 
in Decembe r 1 964. The Academy is independent and 
autonomous in its or ganization and election of members , 
and shares in the respons ibility given the National 
Academy of Sciences  under its congr e s sional act of 
incorporation to advis e the federal gove rnment , upon 
reque st,  in all a reas of s ciences and engineering. 

The National Academy of Engineering, awar e of its r e spons ibilities 
to the gove rnment,  the engine ering community , and the nation as a whole ,  
i s  pledged : 

1 .  To  provide means of as s e s s ing the constantly changing 
needs of the nation and the te chnical r e s our ces that 
can and should be applied to them ; to spons or pro grams 
aimed at meeting thes e  needs ; and to encourage such 
enginee r ing r e s ear ch as may be advisable in the 
national inter est .  

2 .  T o  explo re means for promoting cooperation in 
enginee r ing in the United State s and abroad, with a 
view to s e cur ing concentration on problems significant 
to s ociety and encouraging r e s ear ch and development 
aimed at meeting them . 

3. To advis e the Congr e s s  and the exe cutive branch of the 
government ,  whenever called upon by any department 
or agency the reof, on matte rs of national import 
pertinent to engine e ring . 

4.  To cooperate with the National Academy of Sciences on 
matters involving both s cience and engine ering . 

5. To s e rve the nation in other r e spe cts in conne ction with 
s ignificant problems in engine ering and te chnology. 

6 .  T o  r e cognize in an appropriate manner outstanding con ­
tributions t o  the nation b y  leading engineer s . 
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FOREWOR D 

The National Academy of Engine er ing Committee on Mine 
R e s cue and Survival T e chnique s  was establis hed in Mar ch 1 9 69 , 
at the r equ est of the Bureau of Mine s to "conduct a study program 
to a s s e s s the te chnological capabilities  that can be applied to 
survival and r e s cue te chniques following mining dis aste r s . " The 
Committee was furthe r charged with giving cons ideration to 
"improving the effe ctivene s s  of new device s and to de s cribing 
the te chnological po s s ibilitie s of new devices or equipment that 
may make it pos s ible to improve s ignificantly worke r s  chances 
of  survival in the environments that prevail following disaster s . " 

The study is being conducted in three phas es : ( 1 )  to des cribe 
a r e s cue and s urvival s ystem that can be developed from existing 
technology in approximately one yea r ,  (Z) to de s cribe a system that 
can be r ealized with a five-year r e s ear ch and development program, 
an d ( 3) to plan a r e s earch and development program to as sure that 
the latest technological advances a re continuously integrated illto 
the ope rational mine re s cue and survival s ystem. 

This Interim R eport, de s cribing a s ystem that can be 
developed fr om existing technology, concludes the fir st pha s e  
o f  the study . The Final R eport of the Committee will be sub ­
mitted t o  the Bur eau of Mines by Mar ch 15, 1 9 7 0 .  
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INTR ODU CTION 

This Interim R eport de s cribes a mine res cue and survival 
s ystem that could be developed from existing te chnology in about 
one yea r .  The s ys tem could potentially save all coal miners who 
have died of carbon monoxide pois oning following explo s ions or  
fir es . 

Bur eau of Mines'  statis tic s show that 436 coal mine r s  died 
in disaste rs (defined as s ingle ac cidents causin g 5 or mo re  
deaths ) due to  explo sions or fir e s  between January 1 9 5 1  and 
October 1 96 8. Thr e e -hundred thirty -five of thes e deaths are  
attributed to for ces of the explosions and 1 0 1  to ca rbon monoxide 
pois oning . During this period mor e  than 1 00 additional miner s  
died in fires  or  explos ions that killed les s than 5 men.  Probably 
at least 2.5 of thes e died of carbon monoxide .  The caus e of death 
of the 7 8  men who died in the explo s ion at Farmington, West 
Vir ginia, in November 1 96 8, is not yet known. 

In mine accident inve stigations , the caus e of death is 
determined by the investigator's obs ervation of the body rathe r 
than by autopsy .  The r efore ,  the numbe r of deaths attributed to 
eithe r explos ive for ces  or carbon monoxide is only appr oximate; 
and it is likely that mo r e  are killed by carbon monoxide than 
attributed to this caus e .  

Coal mine explosions propagate s o  rapidly that the only 
prote ction against explos ive for ce s  is pr evention of ignition or  
rapid quenching of  explos ions once ignitions have occured.  Rapid 
quenching te chnique s are being inve stigated for an advanced mine 
r e s cue and survival s ystem, but cannot be developed in time to be 
a part of the s ystem des c ribed her e ; and ignition prevention is 
beyond the s cope of this study. Therefo r e ,  the s ystem propo sed 
in this r eport is aimed at s aving miner s  explo s ed to carbon monoxide 
and othe r lethal gas es . 

Some of the te chniques unde r r eview by the Committee are  
applicable to survival and r e s cu e  of  miner s trapped by inundation . 
Howeve r ,  the gr eate st  potentials are related to fir e s  and explo s ions . 
The phys ical dis ruptions after an explos ion are aggravated by the 
destruction of the communications system lo cally or , in extr eme 
instances , throughout the mine . Mine r s  who ar e near but not in the 
immediate explosion area may suffe r fr om sho ck and s ome injurie s ,  
although they are most often ambulatory .  Other s  more  distant may 
suffer no injurie s  whats oeve r  and may not realize that an explo s ion 
has occur red .  

- 1 -
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Unabated fire make s the dange r of methane gas explos ion, with 
or without c oal dust  pr opagation, a r eal hazar d.  As fire dis rupts 
ventilation , accumulations of explos ive gas mixtur es  and s our ces  of 
ignitions are  mor e likely to c ome togethe r .  Explo s ive gas e s  are  even 
given off by the fir e  its elf ,  adding to the hazard .  

F o rtunately the for egoing doe s  not o c cur rapidly . The smoke 
and carbon monoxide follow the ventilating cur rent ;  and in the early 
stage s  of the fir e ,  the location and dir e ction of travel of the gas e s  
a r e  known . In the va st maj ority o f  fires , mine r s  have be en evacuated 
around the fir e s  and gas e s .  The impr oved eme rgency br eathing 
device ,  dis cu s sed  later as part of the propos ed s ystem, should aid 
mine r s  in evacuating du ring the early stages of fir e s . 

In explos ions the ga s e s  are ver y  rapidly for ced throughout 
the affe cted part of the mine . The for ce  of the explosion destr oys 
stoppings and dis rupts ventilation. Miner s  attempting to evacuate 
the mine are  much mo r e  likely to walk into conc entrations of lethal 
gas . Thus , following explo s ions , evacuation is mor e hazardous ; 
and unle s s  an obvious e s cape r oute is available ,  barricades should 
be e r e cted or the propo s ed refuge chambe r s  used .  

Ther e  is strong evidence that , in  addition to  pr oper equip ­
ment, pr ope r training is e s s ential to survival and r e s cue . Ea ch 
mining crew should be organized for and drille d in behavior that 
would maximiz e their chances  for survival. The y  should be taught 
the specific hazards as s ociated with diffe rent type s of eme rgencies 
and the bes t  way to me et them . The r e cords of  coal mine disaste r s  
show very clearly that many more miners  would have survived had 
they known the pr ope r c our s e  of action to follow . 

The propos ed s y stem cons ists of a survival subsystem us ing 
impr oved emergency br eathing devices  and r efuge chamber s ,  a 
communications s ubsystem using s eismic or ele ctr omagnetic devices  
to locate and communicate with survivor s ,  and a r e s cue subsystem 
of large - and small -hole dr illing equipment and r e s cue teams . Except 
for pr oviding them with location information, the ope ration of r e s cue 
teams can be only marginally impr oved upon in the fir st phas e  s ys tem. 
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SURVIVAL SUBSYSTEM 

The s urvival subs ystem cons ists of a lightweight , portable 
emergency breathing device that a coal miner can carry on his 
per s on and two type s of r efuge chamber s - -large chamber s  centrally 
lo cated and small chambe rs for individual s ections . 

Emergency B reathing Device 

The pres ent device for prote ction of  individual miner s  in an 

emergency is the s elf - r e s cuer ,  which us e s  the catalyst hopcalite to  
convert carbon monoxide to carbon dioxide as the mine atmospher e  
is br eathed through the s elf- r e s cuer . In a 1 1 /Z percent carbon 
monoxide atmosphe r e , which is not unusual in areas clos e to a mine 
explos ion, temperatur es  at the mouthpie c e  of the s elf- r e s cuer can 
r each 1 85°F due to the exothermic r eaction of the conver s ion of 
ca rbon monoxide in the catalyst . The s elf- r e s cu e r s  pr es ently in u s e  
a r e  rated b y  the Bur eau o f  Mines  for 30 minute s  in a carbon monoxide 
atmospher e .  A new model r e c ently introduced bas been rated for 1 
hour . Most coal operator s  now provide s elf- r e s cuer s  for all men 
working under gr ound. 

Although s elf- r es cuer s  have s aved the live s of many mine r s , 
they are only marginally adequate for the job fo r which they ar e 
intended . An emergency life support device for under gr ound worke r s  
should provide a r e spirable atmo sphe r e ,  r e gardles s of the environ ­
ment ,  should permit intermittent voice communication t o  allow miner s  
t o  communicate in areas of high dust  and smoke concentrations , should 
be of the longest  pos s ible du ration, and should be light and compact 
enough that miner s will not obj e ct to carr ying them continuous ly . The 
Committee believes  that a device m eeting the above criteria can be 
developed from existing technology to provide a 45 -minute oxygen 
s upply . With a market estimate of 50, 000 to 75, 000 units ove r a 
two - year period,  such a devic e could be s old for under $50 per unit . 
This compar es  very favorably with the price of the improved model 
of the s elf- res cuer  that provide s substantially les s prote ction at a 
s lightly lower co st .  

R efuge Chamber s  

When unable to e s cape following a n  explos ion or  fir e ,  miner s  
a r e  trained to is olate thems elves from pois onous gas e s  by erecting 
barricades of wood ,  brattice cloth, and other materials . 
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Many miner s  have been saved by well - s ited and well - constructed 
barricade s .  Howeve r, analys is of the dis aster r eports fr om 1951 to 
1968 shows that the maj ority of miner s  who e r e cted barricade s died 
behind them. 

This high fatality rate is not wholly attributed to poor barricad ­
ing methods or la ck of materials . Many coal companie s have placed 
barricading kits at strategic lo cations in their mine s .  Instru ctions 
have been given that the s e  materials ar e not to be  us ed fo r any other 
purpos e .  When mater ials  have been available , fatalitie s hav e o c cur red 
for a variety of reas ons; poor training in e r ecting bar ricade s ,  failing 
to enclo s e  s ufficient air volume behind the barricade , or waiting until 
the air was contaminated with carbon monoxide before erecting the 
barricade . Some gas will leak past even a well - constructed barricade 
and delays in r e s cue have proved fatal . 

T o  overcome the weakne s s e s  of barricade s ,  two types  of r efuge 
chambers are being propos ed; lar ge central chambe r s  that could 
support all of the men that might be in the mine and small chambers 
that would be located near each working s ection and would support the 
men employed in that s ection. Although the r e  are  many pos sible 
de s igns for both type s of chambe r s ,  a typical large chamber might 
be a room cut into a coal pillar fr om a cros s cut . The r oom would be 
lined with concr ete blocks or bricks and would have substantial roof 
support . The chamber its e lf and both ends of the cros s cut in which 
it was located should have ma s onry and steel  doo r s  that would with ­
stand the force s  of a s ubs equent explos ion. Communications and 
for ced fre sh - air ventilation would be through a 6 - to 8 -in. hole to 
the surface . 

A typical small chamber would be a cros s cut with steel  or 
inflatable bulkheads anchored to the c oal at  both ends and a s elf­
contained life support and communications s ystem ins ide . Hole s 
to the s urfa ce from the small chambe r s  would not be e conomically 
feasible . The bulkheads would be des igned to withstand a 20 -psi  
shock wave . When the chamber was not in u s e ,  doo r s  in the bulk­
heads would be left open to pr ovide ventilation fr om the normal 
mine ventilation s ystem. The bulkheads and the cart hous ing the 
life s upport and communication subsystems would be des igned for 
portability . The chamber c ould be eas ily advanced or r etr eated in 
the s e ction or moved to a new s e ction. 
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The choice between the two type s of chambers should be bas ed 
on a hazard analys is of the mine and on the duration of the emer gency 
breathing devices available . Some mines may most efficiently and 
inexpens ively provide prote ction by using chamber s  of both type s .  
The Committee is cons idering computer s imulation methods of 
hazard analysis to as sist in determining the requirements for r efuge 
chamber s .  For example ,  any mining crew should be able to r each 
a portal or r efuge chamber without pas sing a potentially dangerous 
area such as the edge of a caved area that might contain explos ive 
mixtures of methane or entries leading dir e ctly to another mining 
s ection that might be an ignition s ourc e .  

Po s s ible oxygen s ources for small chambers are chlorate 
candles ,  high-pre s sure  oxygen, and pota s s ium superoxide , which, 
in addition, removes carbon dioxide . Hydrogen peroxide was 
conside red, but reje cted becau s e  it is toxic and its vapor in high 
concentrations is explos ive . 

Chlorate candle s and high-pr e s sure oxygen or air require 
carbon dioxide removal agents . Potential agents are lithium 
hydroxide , lithium peroxide ,  and baralyme (a mixture of calcium 
and barium hydroxide) . Lithium hydroxide is very irritating but 
not toxic .  Lithium peroxide has not been us ed extens ively in life 
support s ystems , but has the advantage of evolving oxygen while 
removing carbon dioxide . Its us e might be developed in one year, 
but it is primarily of intere st for the longer term system. Thu s  
baralyme looks most pr omising and i s  inexpens ive . A 1 5-man, 
1 4-day supply costs about $80 0 .  

Any system u s ing a carbon dioxide removal agent and 
pos s ibly even the potas s ium superoxide system would require a 
hand - cranked blower to cir culate the air through the chemical 
bed . A chart would be provided with the s ystem giving the length 
of time the blower should be operated each day as a function of 
the number of men in the chamber of the number of days they 
have been ther e .  

The small refuge chambe r s  would b e  lo cated in each working 
s e ction and moved as mining advanced or retr eated .  Miners would 
never have to travel mo re  than a few thousand feet to reach a chamber 
and re ceive immediate prote ction from the gas es  of an explos ion 
or fire . The life support equipment includes - - in addition to the 
oxygen - generating and carbon dioxide removal s ystems --food, water, 
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chemical light s ource s ,  medical supplie s ,  methane dete ctors , carbon 
monoxide dete ctors , oxygen level dete cto r s ,  and a limited number of 
45-rninute breathing device s  to permit tho s e  in the r efu ge chamber to 
e gres s to aid other s  who may be injured reach the r efuge chamber. 
This equipment would be mounted on a wagon that could be eas ily pulled 
by a shuttle ca r to the new lo cation . 

A detailed dis cus s ion of survival s y stems is contained in 
Appendix A. 

Although the r e  have been few oc currenc e s  of multiple explo s ions 
in mine s , it would be des irable to provide in any refuge chamber s ome 
prote ction from subs equent explo s ions . F or the portable chamber, two 
types of bulkheads are  being cons idered, rigid metal and inflatable .  For 
metal bulkheads , trade - off studie s are being conducted of aluminum 
ve rsus steel ,  type of stiffening , weight ve rsus  s ize , weight versus pr es ­
sure , and convex ver s us flat configuration.  Actual des ign of the bulk­
head, constru ction, and te sting of a pr ototype are  beyond the s cope of 
this study . 

Inflatable bulkheads would be mo re portable than metal and ,  if 
inflat ion is rapid enough,  can be left deflated until actually needed .  
Their more c omplex constru ction will make them highe r priced.  

COMMUNICATIONS SUBSYSTEM 

"Communications , "  as used in this report , means locating and 
communicating with worker s trapped unde r gr ound either behind barri ­
cades or in refuge chambe rs . Ele ctromagnetic and s eismic communica ­
tion te chnique s  ar e being inve stigated .  

Signal location accuracy requir ements depend upon whether the 
mine is equipped with r efuge chambe rs  at the working s e ctions . If 
chambers are us ed, only sufficient accuracy to determine the s e ction 
s ignaling will be required.  The exa ct lo cation of the chambe r can be 
found from the mine map . If r efuge chambe r s  are  not us ed,  the s ignal 
s ource must be lo cated to within +50 ft . 

Ele ctromagnetic Communications 

Electromagnetic communications te chniques  have the advantage 
that , in the long term, they might evolve as a means of operational 
communication within the coal mine . If pr operly de signed,  enough of 
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the operational s ystem could survive an explos ion to provide emer gency 
communications . Mor e over , electr omagnetic or radio communications 
is the only technique that would permit emer gency voice contact between 
men on the surface and tho s e  unde rgr ound . 

For the short-term s ystem, electr omagnetic beacons are 
propos ed .  Beacons would be located in r efuge chambe r s ,  near the 
working faces,  or in locations whe re miner s  would be likely to constru ct 
bar ricades if they we re unable to egr e s s from the mine . The beacon 
would operate at a low fr equency, 500 to 1000 Hz, to  ensure penetration 
to the surface  even under the most adve r s e  conditions . It would consist  
of a batter y, a buzzer, and a key to interrupt the s ignal . Powe r  would 
be applied to either a grounded wir e or to a coil of wir e .  With the 
beacon underground would be a low fr equency r e c e ive r . Surfa ce 
s ea r cher s  could locate the s our ce of the field radiating fr om the beacon 
then communicate with the trapped individuals by laying out a large 
coil on the s urface and transmitting downwa rd at a highe r frequency 
with very high power levels . The unde rground r e c eiver would have a 
band width of only a few hundred Hertz which would make the construc ­
tion s imple . Two -way communication could b e  effe cted b y  having voice 
trans mis s ion downward and keyed code transmis s ion upward.  (The 
trapped individuals would not have to know code becau s e  the proper 
response could be indicated by the downward voice transmis s ion. ) 

A detailed dis cu s s ion of both the pos s ible mine radio communi ­
cations s ystem and the emer gency beacon s ystem is contained in 
Appendix B ,  Part 1 .  

Seismic Communications 

The r equir ements for a s eismic s ystem, as for an ele ctr omagnetic 
s ystem, are that it be capable of rapid deployment, that it have sufficient 
sens itivity to dete ct the miner-generated s ignals at distances  comparable 
to the dimensions of the area of pos s ible entrapment, and that it be capable 
of locating the miner s  with sufficient accuracy that they can be r eached by 
hole s  dr illed from the surfa ce or that fairly exact dire ction can be given to 
r e s cue teams . Although generally de s irable , the ability to e s tablish two ­
way communication between the miners  and the s urface is of s e condary 
importance . 

An interim system cons isting entir ely of cur r ently available 
instruments has been de s c ribed by the Committe e  and its performance 
predicted.  This s ystem is not expe cted to be optimum but will be 
adequate to provide a location capability that doe s not now exist  during 
the time r equired for development of a mor e advanced s ystem. 
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The interim. s ystem is bas ed on mine r lo cation and communication 
by means of s eismic puls e s  generated by striking the mine roof or walls 
with a hammer .  The s ource of the s ignal is lo cated by an analys is of the 
r elative arrival tim.e s of s e ismic s ignals at the various  el�ments of a 
lar ge s eismometer array.  Two -way communication is by s im.p1e coded 
mes sage s bas ed on s equences of hammer blows . 

The surfa ce system for initial lo cation consists of four subarrays 
of 19 s eismometer s  each deployed in a squar e approxilnately 1/Z mile 
acros s a diagonal .  Each subar ray is r e corded on a strip - chart r e corde r .  
Analys is o f  the ar rival time o f  the P-wave s at each of the subarrays will 
give appr oximate location, after  which the array s ize  will be r educed 
to a 500 -ft square to minilniz e  the effe cts of an ir r e gular topography, 
geologic s tru cture , and other inhomogeneities . With the smaller array, 
knowledge of the depth of the mine at this location, and knowledge of 
rock velocity in this ar ea, it should be pos s ible to locate the s ignal 
s our ce within +ZS ft . 

The smaller  ar ray will pr obably have one or mor e  subar rays 
with a signal -to -nois e ratio s ufficient to pr ovide good communication 
capability . If not, the four subarrays may be moved to a point above 
the be st  location estim.ate and their outputs combined to give an im.proved 
s ignal -to - nois e ratio . The miner below gr ound will have a s ingle seis ­
mometer, an ope rational amplifie r ,  thr e sholding cir cuitry ,  an audio 
os cillator, and an earplug speake r .  The s e  devices have been succes s fully 
used  in per s onnel intru s ion dete ction . Their total weight is about 
4 lb and the s eismometer is equipped with a spike that can be driven 
into the roof of the mine for best r e ception . Any tool can be u s ed for 
hammering - -a 10 lb hamme r would be pr efe rable if available .  The 
s ignaling code and instructions fo r u s ing the s ystem could be pasted 
ins ide each miner s helmet. 

When ready to communicate ,  a s er ie s  of hammer blows on 
the ground surface will tell the mine r s  that they have been located 
and that they should stop s ending their location s ignal and start s end ­
ing the pr ear raged coded me s sage s  re gar ding their condition. With 
this system it would be pos s ible to determine the numbe r of miner s  
trapped, their phys ical c ondition, the condition o f  the air in the ir 
vicinity, and perhaps an e stim.ate of their survival time to pr ovide 
the res cue team guidance  on prioritie s with which the y  should 
explore variou s  areas of the mine . 
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R ESCUE SUBSYSTEM 

The Committee is investigating drilling and res  cue -team 
te chniques to save coal miner s  who ,  becaus e of phys ical injury 
or gas e s  in the mine atmosphe re ,  have not been able to egre s s 
following an explo s ion or  fir e .  

Drilling 

The re  have been a limited number of time s in the past when 
miners have not been able to e gr e s s nor r e s cue teams able to enter 
mine s and the only means of r e s cue  w a s thr ough hole s drilled 
from the surface . If r efuge chambers are constru cted in coal mine s ,  
ther e  will be mor e  o c cas ions when miners will survive subs equent 
explos ions·  and r e s cue holes will have to be drilled. 

The principal inter e s t  of this Committee is in the r es cue of 
trapped c oal mine r s ; however ,  the s ame drilling equipment can be 
us ed to r e s cue mine r s  in salt mine s , potash mine s ,  or  tunnels . 
The drilling s ystems des cribed he re have be en optimized for r e s cue 
from rather flat -lying bituminous coal s eams le s s  than 1 ,  500 ft below 
the su rface  with ove rlying r o ck of r elatively low s tr ength . The 
highest str ength rock expe cted to be encountered will be quartzite 
of appr oximately Z5 , 000 -psi  compre s s ive str ength , which in a ver y  
few areas may be a s  thick as  60 ft . Appendix C contains a detailed 
dis cus s ion of the dr illing s ystem and the as sumptions made in 
arriving at the des ign.  

The recommended drilling system would cons ist of  a highly 
mobile probe and s ear ch drill that could drill a 6 - to 8 - in .  hole to 
depths of 1 ,  500 ft with capability to go to Z, 500 ft . This drill would 
be air -transpo rtable by military air craft ,  drill r eas onably s traight 
holes with no mor e  than 6 - in .  deviation per hundr ed feet of depth, 
drill 1 Z ,  000  -ps i rock at a rate of 1 00 ft per hour or mor e  and strong 
quartzite at a rate of ZO ft per hour or more . It would have maximum 
traveling dimens ions of 8 ft wide and 1 0  ft high.  It would have a 1 /4 - in .  
wir e  hoist with the capacity o f  Z ,  500 ft and would u s e  air cir culation 
fo r r emoval of cuttings fr om the hole . 

The s ys tem would als o include a res cue drill capable of drilling 
an 1 8 - to Z8 - in .  hole to a depth of 1 ,  500 ft with the capability of being 
extended to Z ,  500 ft . This rig would als o  drill with air cir culation 
for cutting s r emoval and would be capable of s etting cas ing for the 
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ZS - in. hole to a 500 -ft depth. It would drill l Z, 000 -ps i and weaker 
r o ck at the rate of 1 7  ft per hour and ZS, 000 -ps i quartzite at 6 ft 
per hou r .  It would have a hoist drum capacity of Z, 500 ft of 3/8 - in .  
wire r ope . 

T o  as sur e the availability of highly experienced and s killed 
drilling crews , the Bureau of Mines may want to c ontract with a 
drilling company to guarantee the availability of experienced drilling 
crews at times of emer gency .  It would be nece s sary for the s e  crews 
to familiarize thems elve s with the Bur eau of Mines equipment and 
maintain this familiar ity by drilling a few hole s each year . 

R e s cue T eams 

Many coal operato rs  maintain well - equipped and well -trained 
r e s cue teams that have participated in almost every coal mine emergency 
in the United State s .  The s e  teams de s e rve high commendation for 
their bravery and efficiency of ope ration. The y have been greatly 
handicapped, however ,  by la ck of knowledge of the location of survivor s .  
In a number of instance s  miner s  could have been s aved if r e s cue teams 
had known their location. 

Either the s eismic or the electromagnetic communications system 
de s cribed previous ly could pr ovide information that would permit r e s cu e  
teams to direct their efforts to r e covering the areas in whi ch the miner s  
a r e  trapped . 

R e s cue efforts a r e  als o s lowed by the time r equir ed to explore 
for fires  or "hot spots " and to replace stoppings blow - out by the 
explos ion. The Bureau of Mine s is investigating the us e of infrared 
spectr ometers to detect fir es  or "hot spots " at distance s  up to 1, 000 
ft . An infrared spe ctrometer is being us ed in the r ecovery of the 
Cons ol No . 9 mine at Farmington, West Virginia . 

Studies are now under way by the Committee to determine if 
high- expansion ratio , quick- s etting , rigid foams can be u s ed for the 
construction of stoppings unde r emer gency conditions . R igid foam is 
now u s ed in mining operations but the s ize  and spe ed of the foam­
making equipment r ende r  it unsuitable for emer gency us e .  If this 
study shows the technique to be feas ible, development should pro c eed 
thr ough s election of the optimum foaming mater ials, development of the 
bes t  techniques , and c onstruction and testing of a number of stoppings .  
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A typical rescue operation, using the proposed equipment, 
might be carried out as follows: 

As soon as the men on the surfa ce ar e 
aware that an explos ion or fir e  has o c curr ed, '
they would notify worke r s  in the areas of the 
mine still having communications of the haz ­
ard and, if it could be determined, of the best 
e s cape route s .  They would notify company, 
state, and federal mining officials and, from 
available evidence, determine the locations in 
which s urvivors  would most likely be trapped. 
Thus far, this is the pr ocedure now in us e .  
Next, an area should be located on the surface 
above the places in which survivors  ar e 
expe cted to be found. 

The Bureau of Mines would immediately 
dispatch ele ctromagnetic or s e ismic location 
and communication equipment and drilling rigs 
to the s ite . Other drilling rigs in the area would 
be r equisitioned if needed. 

R e s cue teams would begin immediately 
to determine if dange r of subs equent explos ions 
exists and, if not ,  to r e store ventilation and to 
explore the affe cted ar eas of the mine . If ther e  
is  dange r  of additional explos ions, the Bur eau's 
drilling c r ews should move to the appr oximate 
location and prepare to drill. 

The location and communication equip ­
ment would begin s ear ching in the most likely 
areas immediately upon arrival . 

Meanwhile, workers under gr ound in the 
unaffe cted ar eas should proceed out of the mine, 
carrying with them emer gency br eathing device s  
and carbon monoxide detectors . The atmospher e  
should b� te sted fr equently for carbon monoxide 
becaus e  prior eme rgencie s have shown that men 
fr equently succumb befor e realizing that carbon 
monoxide is pres ent in dangerous  concentrations . 
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If carbon monoxide is  dete cted, the worker s  must 
don the eme rgency breathing devices and de c ide 
whether to continue to  the portal or  proceed to a 
refuge chambe r .  

Wo rke r s  in the affected ar ea should imme ­
diately being us ing the breathing devices and pro ­
ceed to a refuge chamber unles s  an obvious e s cape 
r oute is available .  Once in the chambe r ,  they would 
activate the oxygen-generat ing and carbon dioxide 
removal equipment and sta rt s ending s eismic or  
electroma gnetic beacon lo cation s ignals . 

Dir e ction finding equipment on the surface 
would lo cate the s our ce of  the s ignals and e stablish 
communication with the men below. Dir e ctions 
and priority for r es cue , if mor e than one group is 
trapped, would be furnished r es cue teams or driller s . 

H res cue teams can be us ed, they would 
re stor e ventilation up to the r efug e  chamber and 
eva cuate the men .  H s ome men ar e critically 
injur ed,  they could be evacuated using oxygen 
br eathing equipment before restoration of 
ventilation. 

H res cu e  teams cannot enter the mine , 
probe holes would be drilled if the exact lo cation 
of the miner s  was not known. Afte r  the men are  
accurately lo cated, either by pr obe holes or  a 
communication s ystem, a large hole would be 
drilled.  The trapped men would be r e s cued by 
pulling them up the hole in a capsule . 

SYST EMS ENGINEERING 

The Comm.ittee r e commends a s ubstantial s ystems enginee r ing 
effo rt as a pa rt of this development program.  The overriding cons ide r­
ation must be for the total s ystem .  A s ystems enginee r ing effort will 
pr event the optimization of individual subs ys tems or components  
beyond the requir ements of  the total s ystem ,  r e sulting in  shorte r 
development time and lower costs.  Should te chnical problems aris e 
in the development of any of the components , trade - off studie s will 
be conducted to determine whethe r additional r e s ou r c e s  s hould be 
committed to ove r coming the pr oblem or if it is mor e  efficient to 
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improve another part of the system to overcome the degraded perform­
ance of the component in difficulty. 

The moat important function of the systems engineering group 
would be to prepare plana for testing the total system and procedures 
for ita use. Components which individually function aatiafactorUy may 
require some modification for use with the total system. A well­
planned testing program is essential to assuring the system will 
perform satisfactorily when needed. Well-thought .. out procedural 
guidelines are essential to efficient use of the system during an 
emergency. 
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APPENDIX A 

SURVIVAL SUBSYST EM 

Two life s uppo rt s ystems are requir ed for the propos ed coal 
mine res cue and survival system: a lightweight individual eme r ­
gency br eathing device that can be carried continuously by a coal 
mine r and a life suppo rt s ystem capable of supporting 1 5 men fo r 
up to two we eks fo r a small refuge chambe r .  

Eme rgenc y Breathing Device 

The pre s ent eme r gency breathing device for individual mine rs 
is the s elf - r e s cuer . T his device  uses the catalyst hopcalite to con ­
ve rt carbon monoxide t o  ca rbon dioxide a s  the mine atmosphere is 
breathed through the s elf - res cue r .  The name hopcalite  refe r s  to 
various mixtu res of the oxides  of mangane s e ,  coppe r ,  cobalt, and 
s ilve r .  In "four - component hopcalite" all o f  the s e  oxides a r e  pres ­
ent ,  and the catalyst is precipitat ed as hydrous oxide . In the two ­
component catalyst only oxides of mangane s e  and copper are pres ent; 
the coppe r is  pr ecipitated as a carbonate . Both of the s e  hopcalite 
catalysts are very effe ctive fo r low-temperatu r e  oxidation of carbon 
monoxide , although the fou r - component catalyst rapidly lo s e s  its 
activity at elevated tempe ratur e s . 1 Hopcalite is relatively immune 
to the effe cts of water  vapo r at elevated tempe ratur es , but at lower 
temperature s  the catalyst must be pr otected from water vapo r by 
the addition of a dr ying agent .  It must als o  be protected fr om o rganic 
materials that can poison the catalyst .  

In a 1 1 / Z  percent ca rbon monoxide atmo spher e ,  temperatur e s  
at the mouthpie ce  o f  the s elf - r es cuer may reach 1 8 5°F becaus e o f  the 
exothermi c reaction of the conve rsion of carbon monoxide in the 
catalys t .  At concentrations highe r than about 1 1 /Z percent, the 
tempe rature of the inhaled ai� be come s gr eater than can be tole rated 
by the man wearing the s elf - r e s cue r .  

In addition to the disadvantage of the high temperatur e of the 
inhaled air ,  the per centage of carbon dioxide in the air br eathed by 
the wearer  is increas ed by thr ee  fa cto r s . F ir st,  following a mine 
fire or explos ion, the concentration of ca rbon dioxide in the air is 
substantially increas ed.  Se cond, the carbon monoxide is conve rted 
to an equal pe r centage of carbon dioxide by the action of the s elf- r e s cuer .  

- 1 5 -
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Third, s ome of the weare r ' s  exhaled breath, which c ontains carbon 
dioxide as a body was te pr odu ct, is  r ebr eathed. Carbon dioxide is 
a powerful r e spiratory stimulant caus ing an involuntar y  incr eas e in 
the minute volume (the volume of air inhaled each minute)  even 
though ther e  is no change in the work rate . Thus , although a few 
per cent of carbon dioxide would not of its elf be harmful, the effe ct 
of the gas is to inc rea s e  the br eathing rate of the wea rer (po s s ibly 
caus ing fatigue ) ,  reducing the lifetime of the s elf - r e s cuer .  

Two models of the s elf - r e s cuer  a re now cur r ently available. 
One is rated by the Bureau for 3 0 -minutes  duration and the s econd 
is rated for a 1 -hour duration in an atmosphe re  containing carbon 
monoxide . The 1 -hour device has a heat exchange r  built into the 
mouthpie c e  to redu c e  the temperature  of inhaled air . F o r  either 
device there is no way the weare r  can determine whether the catalyst 
is functioning properly . 

In many instances following an explos ion, the miner s  must 
pas s  through heavy smoke and dust concentrations to egr e s s  fr om the 
mine or to r each an ar ea wher e  bar ricades can be e r e cted safely . 
Oc cas ionally the smoke and du st c oncentrations are  s o  heavy that 
the miner s  cannot s e e  each other and can c ommunicate only by touch 
or by voice .  An emergency e s cape device should take this into 
cons ideration and should pr ovide the capability for intermittent 
voic e communication. F ollowing is a des cription of two concepts 
that the Committee believe s might ove r come the disadvantages of 
the s elf- r e s cuer in providing eme r gency r e spiratory protection. 
Although the s e  two approache s appear promis ing,  the r e  are no doubt 
many other concepts that should be cons ide red.  A relatively sho rt ­
duration study (three to s ix  months ) would bring many of thes e to 
light. 

B oth conc epts cons ide r ed here u s e  a plastic hood to completely 
enclos e the head of the wear e r .  The prefe r r e d  mater ial is polyimide , 
which was u s e d  in the FAA development of a propo s ed prote ctive pas .. 
s enger smoke hood for air craft . Z Polyimide was s ele cted becau s e  of 
its nonmelting prope rty when expo s ed to extr eme heat and becau s e  it 
is transparent and nonflammable . It r eportedly doe s  not begin to char 
until tempe ratures  exceed 1 4  7Z°F .  Other de s irable features  include 
high tens ile strength, folding enduranc e ,  low shrinkage,  ins olubility 
in inor ganic s olvents, and ine rtne s s  to fungi. It is conceivable that a 
coal mine r wearing this hood c ould pas s quickly through a r elatively 
high temperatur e flame without suffer ing s ever e  burns . 
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The fir st s ystem being cons idered u s e s  a potas s ium supe roxide 
caniste r to gene rate a 4 5 -minute oxygen supply . The wea rer  would 
inhale air through the potas s ium s uperoxide from the hood or from 
the hood and a small s upplementary breathing bag .  If the cir culation 
system can be s o  de s igned that ther e  is no build - up of high carbon 
dioxide conc entrations within the hood, the wearer can temporarily 
r emove the mouthpie ce and br eath the air trapped in the hood while 
talking with othe r miners . R eturning to breathing from the mouthpie ce 
would flush the carbon dioxide from the hood,  again pe rmitting voice 
communication.  It is believed that the phys iological effects of the 
build -up of carbon dioxide when breathing dir ectly from the hood would 
provide sufficient wa rning to the mine r that he would resume breathing 
through the mouthpie c e  before  be coming anoxic . 

This sys tem could be carried on the miner's belt ,  and additional 
devices and potas s ium supe roxide caniste rs  could be s tored in strategic 
lo cations within the mine; then should the miner be trapped in an 
ir respirable atmosphe re for longer  than 45 minute s ,  he would lo cate an 
additional device or r eplace his potas s ium supe roxide caniste r .  

The s e cond c oncept i s  quite s imila r, except that it us e s  a 
chlorate candle for the oxygen s our c e .  A 4 5 -minute - duration candle 
is conne cted by a small tube to a mouthpie ce  ins ide the hoo d .  The 
air exhaled by the wear er pas s e s  thr ough a filter to remove the carbon 
dioxide and then into the hood . The filte r  might be built into the mouth­
pie ce; however , s ufficient filtering materials fo r a 45 -minute duration 
might make thi s concept exce s s ively cumbe r s ome . Exc e s s  oxygen 
pa s s e s  out the ne ck dam of the hood . 

R efuge Chamber s  

If small r efuge chamber s a r e  e s tablished near ea ch working 
s e ction and advanced or r etr eated a s  the mining advanc ed o r  retr eated,  
it would not be e conomically feas ible to pr ovide a hole from the surface 
to  the chambe r s . The r efo r e ,  the chamber s mus t  be equipped with 
s elf - contained oxygen-pr oducing and carbon dioxide removal systems . 
In the concept under cons ide ration, all life suppo rt equipment - - oxygen 
supply,  carbon dioxide r emoval agent, chemical light s ou r ce s , food, 
water , blankets ,  oxygen level detectors , methane level dete ctors , 
carbon monoxide detector s ,  medical s upplie s ,  and pe rhaps a chemical 
toilet- -would be mounted on a whe eled cart or "red wagon . 11 This 
wagon could eas ily be moved by a shuttle car as the r efuge chamber 
was advanced or retr eated .  
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Three pos s ible oxygen s our ces ar e being c onsider ed for the 
refuge chamber s :  pota s s ium superoxide, chlorate  candles , and 
high-pres sur e air or oxygen. Hydrogen per oxide als o  was cons idered, 
but was r eje cted becaus e of its toxicity and the pot�ntial of it s vapor 
becoming explos ive in high enough concentrations . Potas sium 
superoxide has the advantage of abs orbing carbon dioxide in the 
production of oxygen. The s ystems using chlorate candles or 
compre s s ed air or oxygen would r equir e carbon dioxide s crubbe rs.  

Potas s ium supe roxide will theor etically produce  3 3 .  8 per c ent 
oxygen by weight with appr oximately 90 percent of the potas sium 
superoxide actually available for convers ion. The dens ity of 
potas s ium supe roxide is appr oximately 4 1  lb / cu ft , and it generates  
415 BTU's per pound of  oxygen pr oduced. Potas s ium superoxide has 
been us ed in br eathing systems for many years . Numerous long-term 
tests have been run: in 1960 the Air Force  ran a 1-man, 1 6 8-hour tes t  
using potas s ium superoxide4 ; in 1960 the Navy ran a 6 -man, 8 - day 
test  using potas sium super oxide 5 ; and in 1964 the Boeing Company, 
undei contract to NASA, pe rformed a 5-man, 3 0 - day s odium superoxide 
te s t. Currently potas s ium super oxide is u s e d  for oxygen production 
and carbon dioxide r emoval in s eve ral small res ear ch submer s ibles.  

The crew c ould be expe cted to have an oxygen consumption of 
Z .  0 lb per man- day with a r e spiratory quotient of 0 .  8Z ,  r equiring a 
carbon dioxide removal rate of Z .  Z S  lb per  man - day . This would 
r equir e about 7 lb of potas s ium superoxide per  man- day, which would 
abs orb 0. 1 7  lb of water per man- day. Thus , for a ZOO man -day 
system, 1 ,  400 lb of potas s ium superoxide wruld be r equired. 

It might be pos s ible to pur chas e potas s ium superoxide in thes e  
quantities for about $3 a pound, o r  about $4, ZOO for a ZOO man - day 
supply. Building this into a s ystem might double this price. 

Chlorate candles theor etically produce 48 percent oxygen by 
weight with approximately 90 percent actual availability . The dens ity 
of candles is 14 1 lb / cu ft, and they produce  appr oximately 4ZZ BTU's 
per pound of oxygen gene rated.  

Candles made of alkali metal chlorates have been u s ed in 
submarine oxygen s�pplie s for year s and are cur r ently planned for 
emer gency oxygen systems in the C- SA military transport and the 
new generation of c omme r cial j et line r s . The standard submarine 
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candle is appr oximately 12 in.  long and 7 in. in diamete r ,  weighs 
25 lb, and burns for 4 5  minutes  libe rating about 10 . 2 lb of oxygen, 
an equivalent of 5 man - days . This candle is pr e s ently available 
for about $15. A 200 man- day supply, therefor e,  would cost $600. 

Chlorate candle s ,  like supe r oxide s ,  have es s entially an 
infinite shelf-life . There  are,  however ,  dis advantage s to the candles 
when u s e d  in a mine system. First,  they de compos e  at 1300 to 
1500°F and would ignite any methane that leaked into the candle 
containe r .  Sec ond, they are not s elf- r egulating , as is potas s ium 
superoxide , and r equire fr equent monitoring of the oxygen level 
to determine when an additional candle should be ignited.  Third, 
chlorate candle s would have to be supplemented with a carbon dioxide 
r emoval s ystem . 

Another pos s ibility for r efuge chamber oxygen is compr e s s ed 
air or oxygen tanks. A 2, 400 -ps i tank containing 1, 500 cu ft of 
oxygen- - sufficient for 60 man - days - -costs appr oximately $ 225 when 
pur chas ed in lots of 100 or more . R egulators and oxygen would 
s lightly incr eas e the total c ost .  One disadvantage is the diffi-culty 
of storing high-pr e s sure gas es  for long pe riods of time without leakage . 
Leakage rates during long - duration storage would have to be dete rmined, 
as would the effe cts of the shock waves gene rated by an explos ion on 
the r egulator s ,  valves ,  and s eals . A high-pr e s sur e oxygen system, 
like a chlorate candle s ystem, would requir e a carbon dioxide s crubber .  

Potential carbon dioxide removal s ystems could use lithium 
hydroxide ,  baralyme , o r  lithium per oxide . Lithium hydroxide has 
the disadvantage of being very ir ritating,  although it is not toxic . 
It would cost about $1 0 per man- day, or  $2, 000 for a 1 5 - man, 
14- day supply. 

F o r  a s ystem to evolve fr om existing technology, baralyme is 
probably the most attractive carbon dioxide r emoval agent.  Although 
on a weight basis twice as mu ch baralyme is r equired as  lithium 
hydroxide , it doe s  not have irritating properties and thus is easier to 
handle . In addition, it is c ons ide rably cheaper at about $4 per man- day, 
or  $ 800 fo r a 15 -man, 14 - day supply . 

Lithium peroxide has not be en us ed extensively in life support 
systems ; however ,  it ha s an obvious advantage over othe r carbon dioxide 
abs orber s in that it evolves oxygen. Lithium peroxide is ve ry pr omis ­
ing if its use  c ould be developed in time for the near -term system. 
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Any of the s ystems us ing a carbon dioxide r emoval agent and 
pos s ibly even the potas s ium superoxide s ystem would r equire a 
hand - cranked blower to cir culate the air through the chemical bed. 
A chart would be provided with the s ystem giving the length of time 
the blowe.� should be operated each day as a function of the number 
of men in the chamber of the number of days they have been the r e .  
With this type o f  s ystem, an activated char coal bed could be added 
to aid in removing unde s irable odo r s , although this would not be 
abs olutely ne ces sary.  

The small refage chamber would be des igned to be frequently 
ree stablished as mining advanc ed or r etr eated in a given s ection.  
The bulkheads which would be used to enclo s e  the cros s cut forming 
the chamber would be made of s e ctions capable of being loaded onto 
a shuttle car by Z or 3 men . The life support s ystem and all other 
equipment would be mounted on a cart that could eas ily be pulled by 
a shuttle car . The chambe r  should always be within a few.thousand 
feet of the wo rking face so that mine rs  in the s e ction could travel 
rapidly to it and re ceive almo st immediate protection from the gas e s  
gene rated b y  the explo s ion o r  fir e .  Depending o n  the type o f  s ystem 
cho s en,  cost  for the cart would range fr om $ 1 0 ,  000 to $ 1 5 , 000. 
T rade - off studie s should be conducted to s elect the optimum s ystem,  
which should then be developed and te sted. 

Mine Rescue and Surv iva l :  In ter im Repor t

Copyright National Academy of Sciences. Al l  r ights reserved.

http://www.nap.edu/18456


1 

3 

4 

5 

6 

- Zl -

R EF ER EN CES 

Emmett, Paul H. , ed. , Catalys is ,  Vol . VII, Reinhold 
Publishing, New Yo rk, 1960.- · · 

Office of Aviation Medicine , Department of Transportation, 
Federal Aviation Administration, A Prote ctive Pas s enger 
Smoke Hood, Apr il 1 96 7 .  

Fabuss, Bela M. , et al . , "Self- Contained Gene rator for 
Shelter U s e , " Montsanto R e sear ch Corporation, 1964,  
AD 616 6 39.  

Keating, Donald A. and Konrad Weiswurm, "KO� Pas sive 
Air Regeneration Studie s fo r Manned Sealed EnVlronments, " 
WADD TR 6 0 - 707 ,  Wright Air Development Center, 
December 1960. 

Mancinelli, D.  A. and E .  L .  Michel,  "Environmental 
R equirements of Sealed Cabins for Spa ce and Orbital 
Flights , " NAMC - ACEL - 418, May Z4, 1960. 

"Manned Environmental Sys tem As s e s sment , " The Boeing 
Company, NASA Contra ct NASw 6 5 8 ,  May 1964, N65-1Z076. 

General R eference 

Charanion, T .  R . , A .  J. Glue cke rt, R. G. Bar ile , and 
J. D. Zeff, "Environmental Control Systems for Clos ed 
Unde rground Shelter s , " General Ame rican T ransportation 
Corpo ration , Contract R eport , Contract No . OCD - OS - 62-56 , 
April 1 96 3 ,  AD - 413416 . 

Mine Rescue and Survival: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18456


APPENDIX B 

COMMUNICAT IONS SUBSYST EM 

PART 1, ELECTR OMAGNETIC COMMUNICAT IONS 

Two approache s to under ground communication should be 
cons ide red: one in which a radio communications s ystem would 
be s et up for ordinary conve r s ation during routine mining operations 
and which would have s ome pos s ibility fo r surviving for eme r gency 
communications afte'r a disaster; and one in which electromagnetic 
beac ons would be provided to working crews so that they could signal 
their survival if all els e failed.  

Standard R adio Communications 

A pra ctical s ystem might cons ist of mobile radio trans­
mitter s for u s e  by individuals o r  working crews . The s ignals 
from thes e trans ceive r s  w ould be relayed by teleph�ne wir e  to 
the surface after being converted from the transmitted frequency 
to a phone line fr equ ency by one o r  s eve ral relay stations unde r ­
ground. T o  be pra ctical , the r elay stations would have t o  have a 
range of 1, 000 to Z ,  000 ft over which they could receive the 
transmis sions from the portable trans ceive r s . It would in fact 
be prefe rable to have s eve ral shorte r - range repeater s  rather 
than a s ingle long - range repeate r ,  becau s e  s eve ral would provide 
overlapping coverage and a gr eate r chance of partial survival of 
the s ystem in cas e of a disaste r .  

The critical question in the u s e  o f  such a s ystem i s  whether 
a portable trans ceiver can be built that has a range adequate to 
meet the purpo s e s . On the ba s is of published results of attempts 
at radio communications in mine openings, it is not clear if this 
might be pos sible . Furthe r car eful s tudie s of radio transmis s ions , 
particular ly as a function of fr equency and antenna orientation, 
will be requir ed to evaluate this . 

One approach might be to us e high enough fr equencie s that 
the radiated ene r gy would travel through the mine openings as a 
guided wave . T ypical mine openings have dimens ions of the order 
to s everal meters;  and the refo r e ,  the wavelengths would have to 
be of the order of s everal mete r s - - corre sponding to fr equencies 

- zz -
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in the 1 00 - to ZOO -MHz range . It is believed there is no experienc e 
with the use of such fr equencies undergr ound. At such frequencies , 
there are a number of pra ctical problems , such as a difficulty in 
refracting wave s around corne r s  in the mine openings and s catter­
ing cau s e d  by the variable c ro s s  s e ction of the wave guide . However , 
in view of the lack of expe rience with the s e  fr equencie s ,  s ome 
expe rimental wo rk should be done , particularly s ince standard 
transmitter s in this range are available . 

The other approach is one of brute for ce ,  in which the radio 
c ommunication is done thr ough the mate rial between the transmitter 
and the repeate r .  In the extreme , if the range become s gr eat 
enough, this reduces  to the problem of communicating directly 
to the surface with ele ctromagnetic wave s . Ordinarily, though, the 
range of a radio transmitter along the s eam being mined should be 
cons iderably gr eater than the range to the surface. R ange of radio 
transmis s ions is determined lar gely by the s o - called skin depth, 
which is the distance ove r which the radio s ignal is r educed by a 
factor of about Z / 3 becau s e  of heat lo s s  in a c onducting medium. 
Bituminous coal s eams are  reported to have a conductivity range 
from 1 0 - Z  to l o - 3 mhos per meter , whe r eas the rock overlying a 
bituminous coal s eam normally has a conductivity of l o - 1 to l o - Z 

mhos per meter . R emoval of coal and backfilling of mined - out ar eas 
with rock rubble probably decreas e s  the overall conductivity by a 
factor of Z or s o .  The net r e sult of the s e  pr obable ele ctrical pr o ­
perties for coal and overbur den i s  that radio range in a coal seam is 
probably thre e  to ten time s gr eate r than the range through the ove r ­
lying structure. 

At fr equencies around 1 MHz, whe re it may be pos s ible to 
us e standard portable trans ceive r s , a skin depth will be of the order 
of 300 ft in coal and 50 ft in the overburden. In a dis tance of s even 
skin depths , a radiated s ignal is r educed by a factor of 1 ,  000 by 
attenuation, and this c onstitute s  a practical limitation for detection 
with a s ens itive receiver . Thus , it might be pos s ible to transmit 
at MHz frequencie s thr ou gh a coal s eam, if the field can be radiated 
in such a way that it s e es only the ele ctr ical propertie s of the coal, 
and not the combined prope rties of the c oal and the sur rounding rock. 
Perhaps it would be feas ible to gene rate horizontally polarized waves 
with the transmitter to ac complish this . 
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If experimentation shows that the effe ctive conductivity is 
too high to pe rmit ope ration at MHz frequencie s ,  cons ideration 
might be given to E LF transmis s ions in the vicinity of 1 0  kH z .  
The a.ttenuation at this fr equency i s  lower by a fa cto r o f  1 0 ,  allow ­
ing about ten time s the distance of transmis s ion for the same 
radiated powe r as at 1 MHz . However ,  antennas such as  might be 
us ed on a portable trans ceive r in a mine opening ar e ver y  inefficient 
at thes e  lower fr equencie s .  The re is probably an optimum fr equency 
not too far fr om 1 MHz wher e  the inc r ea s ing inefficiency of 
antennas at lower frequencies offs ets the incr ea s ing penetration 
obtained . 

· 

The co sts of such a communication s ystem are  as follows : 
Standard trans ceive r s  in the 1 - to 1 0 - MHz range or in the 100 - to 
300 -MHz range cost from a few hundr ed to a thousand dollar s .  If 
a nonstandard fr equency range is to be us ed, and particularly if it 
is  to be a low frequency, a portable trans ceiver could cost fr om 
$ 2 ,  000 to $ 5 ,  000 , for small quantitie s . The repeater station will 
cost  about $ 1 0 ,  000 to about $3 5 ,  000 ,  depending on how standard 
the ultimate s ystem would be . Installation of  armored telephone 
cable in existing ventilation shafts would cost  about $ 1  per foot, or  
about $3 per foot if new hole s had to be  drilled.  Ther e  would als o 
be ope rating costs involved in maintenance of the surface -ba s ed 
switchboard.  

Car eful cons ideration should be given to the feas ibility of  such 
a s ystem, even if initial experiments s eem to be negative , inasmu ch 
as  the s ystem would provide continuous underground communication 
for standard operations , as well as eme r gency c ommunications . A 
very impo rtant advanta ge of a continuous s ys tem is that monitors could 
be placed in the mine to r e cord the levels of carbon monoxide and 
methane (and pos s ibly tempe ratur e )  with warnings transmitted instan­
taneous ly to the surfa ce switchboar d .  This  would provide the ope rator 
a chance to pr event a disaster if explo s ive gas e s  build up in an unoc ­
cupied part of the mine , and it could give surface pers onnel the infor ­
mation they need to guide survivors  to the surface after an explos ion. 

The radio r elay s ystem doe s not ,  of cou r s e ,  pr ovide the full 
answer ,  even if it wo rks in s ome mine s .  Other mines will be too 
small to warrant the u s e  of such a pe rmanent s ystem, and if such a 
s ys tem is available , it is too complex to as sure that after an explo ­
s ion, ever yone under ground will have c ommunications . The s ystem 
should be backed up with an emer gency beacon s ystem. 
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Eme rgency Beacon Sys tem 

The r equir ements for this s ystem would be a high degree of 
r eliability in all re spects , even with the compr omis ed channel 
capacity.  It mu st be rugged, reasonably inexpens ive , and utterly 
r eliable ; The u s e  of an audio -fr equency electromagnetic beacon 
has been sugge sted and s eems quite feas ible . An ele ctromagnetic 
field would be gene rated with either a gr ounded wire or an induction 
coil by the trapped miner , and then ,  surface per s onnel would s ear ch 
for su ch beacons . A fr equency between 500 to 1 ,  000 cps would as sure 
penetration, even un.der the mo st adve r s e  conditions .  The beacon 
would consist  of a batte r y ,  a buzzer , and a ke y to inte r rupt the 
s ignal . Power would be applied to eithe r a grounded wire or to a 
coil of wir e .  Surface  s ear cher s would spot the s our ce of the field 
and then communicate with the trapped individuals by laying out a 
large coil on the surface  and transmitting downward with high power . 
The unde rgr ound r eceiver would have a bandwidth of only a few 
hundred Hz, which would make the constru ction s imple . Two -way 
communication could be effe cted by having voice transmis s ions down ­
ward,  and the keyed code transmis s ions upward (the trapped 
individuals would not ne ed to know code , be cau s e  the proper 
respons e could be indicated by the downward voice transmis s ion) . 

Pr eliminary computations indicate that a coil antenna would 
be preferable in the mine to a grounded wir e antenna.  With a cur r ent 
of 0 .  1 amp applied to a 500 -turn 50 -ft periphery  coil (which could be 
unspooled from a small r eel and which would weigh about 1 0  lb) ,  the 
field would be readily dete ctable with s ensitive equipment on the sur ­
face at distanc es of about a half mile from the spot ·ove r the beacon.  
A 60 -ft gr ounded wire  in the mine would pr ovide about the same 
electric field at the surface for the s ame powe r consumption, but 
it suffer s  fr om s everal dis advantages . compared to th� coil s our ce :  

1 .  Ele ctric fields ar e detected with ele ctrode s 
driven in the earth,  s o  the s ea r ch would be s lower . 

2 .  The ele ctric field will be shorted out in the 
mine if the opening in which the wir e is laid has 
rails  in it . 
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3 .  The laying out of a gr ounded wir e requi re s mo r e  
participation b y  the trapped individual than doe s  lay ­
ing out the coil ;  fo r example , in a ventilated ar ea of 
the mine , the wall r o ck may be lo cally dried so that 
it. p rovide s poor contact . The individual would have 
to cho o s e  a spot with good conta ct proper tie s ,  and it 
may be neces sary to pr ovide s ome s ort of meter on 
the equipment to as sur e that sufficient cu rr ent is being 
driven into the ground to b e  s e en by s urface s ear che r s . 

Surfa ce s ear eh equipment would cons ist of a s ear ch coil ,  if the 
s ource is a coil , conne cted to a s ensitive tu rned voltmeter . Sear ch 
is s implified if it can be as sured that the fr equency being s ought is 
known within a few pe r cent .  If s e ve ral beacons ar e being s ought , ther e  
may b e  confus ion from ove rlapping s ignals ; and i t  would b e  de s irable 
to ha ve each beacon in a mine provided with a distinct fr equency, per ­
haps s eparated by as much as 5 per cent .  The s earch equipment 
should best be operated by exper ienced pers onnel, to avoid confu s ion 
and save time . It is  obvious that dry runs ar e e s s ential to provide 
expe rience in lo cating under gr ound beacons . 

A beacon should have a life of at least 48 hours ;  at a curr ent . of 
0 .  1 amp , a power supply with a capa city of at least 5 amper e -hour s 
would have to be provided . A weight of a pound or  two per ampere ­
hour is r eas onable ,  s o  the full weight of the coil ,  the transmitter I 
r e ceiver and the batterie s  would be in the neighborhood of 20 lb, 
with a volume of 1 / 2  to 1 cu ft . The equipment is obviously 
not man -po rtable , but would have to be placed at strategic locations 
in the mine or hung on mine cars . The po s s ibility of an 8 -oz 
1 0 - cu -in .  beacon that would be man -portable is not fo res e en at 
this time . 

The cost  of a beacon s ys tem might be up to $200 , without a 
r e ceive r ,  and pos s ibly $50 mo r e  with a r e c eive r .  The cost  of the 
s ear ch equipment could be high, depending on how many s ets are  
developed and who operate s it . Estimates  are  the receiving and 
location equipment would cost  between $ 1 0 ,  000 and $ 50 ,  000 . The 
voice transmitter would cost about $ 2, 500 to $ 1 0 ,  000 . 

A pr ogram should be carr ied out to evaluate the des irability 
of various modifications of a beacon from the human and mine 
engineer ing aspects . 
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After this evaluation, parametric trade - off studie s ,  development 
of prototype beacon and surface equipment,  and teats of the prototype 
should be conducted. T e ats of ihe prototype s ystem should be conducted 
in all major coal producing areas of the United States to as sure pene ­
tration of the different overlying formations with sufficient str ength that 
the s ignal can be dete �ted from a point ove r the beacon. 

None of this can be done cur rently with off-the - shelf equipment . 
It all could be done with existing components on an experimental bas is ,  
but not much of the available equipment could be operated with assured 
safety in a mine . In "particular , great care mus t  be taken that any 
radio transmitter, used unde rground will not detonate explo s ive s . 
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PAR T 2, SEISMIC COMMUNICATIONS 

Accurate lo cation of and subs equent two -way communication 
with trapped mine r s  following a mine accident is an integral part of 
the propo s e d  s ys tem and of utmost importance to a succe s sful r e s cue . 
A s eismic approa ch us ing a coustic wave s propagated through the rock 
and s oil betwe en the trapped mine r s  and the surface appear s to be 
feasible . An interim s ystem cons isting entir ely of pres ently available 
instruments is de s cribed and its pe rfo rmance predicted.  ·The s y stem 
is not expe cted to be optimum, but will be adequate to provide , during 
the anticipated five - yea r r e s ear ch an d development program, a 
capability that does not now exist .  

System Cons iderations 

One prime cons ideration is that the s ystem have sufficient 
s ens itivity that it can dete ct the·  miner - generated s eismic s ignals 
at distance s  comparable to the dimens ions of the area of pos s ible 
entrapment . Another prime cons ideration is that the s ystem be 
capable of locating the s our ce of the s ignals with a pr e cis ion commen ­
surate with the requir ements for safe and efficient r e s cue ope rations .  
Accura cy of only a few hundred feet will be requir ed if each s e ction 
of the mine is equipped with refuge chambers . The mine map can 
be us ed for exact lo cation of the chambe r s  and s eismic s ignals will 
be used only to dete rmine whi ch of the chambe rs are  o c cupied .  If 
the mine is not equipped with chambe r s ,  lo cation accuracy of 
appr oximate ly .±50 ft will be r equir ed .  Although highly de s irable , 
the ability to establish two -way communication between the miner s  
and the surface i s  o f  s e condary impo rtance . 

Other important features of the surface  s ystem should 
include : 

• Quick and s imple deployment 

• Portability 

• Batte ry -powe red operation 

• All -weather operation 

• Computational s implicity and speed 

• High r eliability - - long shelf- life 
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• Dual s e rvice fo r lo cation and communication 

• Adaptability to widely var ying s eismic velo cities ,  
topography and geolo gic structure 

• Minimum maintenance 

• Capability of continuous ope ration for extended 
periods 

• R eas onable cost  

The s ubsurface part of  the s ystem should have the following 
featur e s : 

• High r eliability - - long storage life 

• Nonexplo s ive and spark - pr oof des ign 

• Lightweight and rugged constru ction 

• Capability of being ope rated by one man 

• R equir ement of little or no training for ope rat ion 

• Availability at multiple key locations in the mine 

• Minimum maintenance r equirements  

• Capability of continuous ope ration for extended 
periods 

• Unit cost  that make s storage of multiple units 
below ground e conomically feas ible 

Sys tem Des cription 

The interim s ystem is bas ed on miner lo cation and communication 
by means of s eismic compres s ional puls e s  ( P -wave s )  generated by 
striking the mine roof or walls with a hammer . Lo cation is accomplished 
by an analys is of the relative arrival time s of s eismic s ignals at various 
elements of a lar ge s eismometer array. Two -way communication is 
a chieved through a s inlple code bas ed on s equences  of hammer blows . 
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Surface System 

F our subarrays of 1 9  s eismomete r s  each are deployed in a 
square approximately 1 / 2 mile acro s s  the diagonal . Each subar ray 
is appro�imately 40 ft in diameter . All s e ismomete r s  ar e pe rma ­
nently conne cted in parallel by shielded, polyur ethane -jacketed cable . 
Seismometers  are  2 8 -Hz natural - fr equency instruments weighing 
about 2 lb each. Each s eismometer subarray is laid out on a· 

hexagonal grid with approximately 5 -ft spa cing between instruments . 
A battery-powe r ed prean1plifier in watertight cas e is located at the 
subar ray c ente r .  This s ingle channel output is transmitted by 1 ,  3 20 
ft of 2 - conducto r shielded cable back to the recording equipment at 
the cente r of the large squar e ar ray. Cable s  a r e  laid out and picked 
up u s ing po rtable breast - reels commonly us ed for s e ismic exploration 
work in areas not a c ces s ible by trucks . 

The four cables  fr om the s eismometer subarrays are plugged 
into an aluminum suit cas e -mounted instrument package cons isting of: 

• 60 - Hz notch filte rs  

• 3 6  db per o ctave high - cut filter s (var iable gain 
in 6 to 1 2  db stops for up to 1 0  steps ) 

• Powe r inverter and batter ies 

Anothe r aluminum suit cas e contains a 4 - channel s tr ip - chart re corde r .  
Paper speed is  variable fr om 5 mm / s e c  t o  200 / s e c .  

A plotting board with neces sary straightedge s , template s ,  and 
compas s e s  is pr ovided.  Up -to - date maps of the mine wo rkings on a 
s cale of 1 in.  = 200 ft are  provided and can be mounted on the plotting 
board beneath a transparent workshe et . Spe c ially constructed 
cir cular s lide rules  may be ne ces sary to speed the computations when 
topography is rough and to allow for widely differing s eismic velocitie s 
in differ ent geographical r e gions . 

The ar ray command po st ( CP) should als o  be provided shelter in 
cas e of bad weathe r - -the back of a cove r ed truck or  !l imply a canvas 
tent .  Batte ry -powered lamps mus t  be provided for array deployment 
and computational wo rk at night . Walkie -talkie radio or  s ound-powe red 
phone communication will be requir ed between the array CP and the 
r e s cue ope rations CP.  A magnetic compas s  will be neces sary for 
array orientation and location when array s ites have not been pr evious ly 
s elected and surveyed in . Spar e batterie s , extra rolls of strip - chart 
paper , and ce rtain spare parts should be available at the array CP.  
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Subsurface  System 

The s ubs urfa ce system will cons ist of an instrument for 
conve r s ion of s eismic motion to audible acou s tic energy,  a hamme r ,  
and a code chart and instru ctions fo r its us e .  The conve r s ion of 
s e ismic ener gy to audible acoustic energy has been a c c omplished 
with a s ingle s eismomete r ,  operational amplifie r ,  thr e sholding 
cir cuitry,  audio o s c illato r ,  and ear -plug s peake r .  The s e  devic e s  
have been succes sfully u s ed for p e rs onnel intrus ion dete ction.  T o tal 
weight is about 4 lb and the s eismometer is equipped with a spike 
that may be dr iven iQto the mine r oof fo r best  r e c eption. 

Any tool could be u s ed fo r hamme ring . If available ,  a 1 0 - lb 
hamme r  would be pr eferable . The s ignaling c ode and instructions 
fo r using it should be pa sted ins ide each miner • s  helmet . 

System Operation · 

Deployment 

A station wagon, 3 /4 -ton truck, o r  s imilar vehicle can transport 
the entir e  surface s ys tem . All elements  of the s ystem ar e po rtable 
and can be hand - car ried into rough country if ne ces sary .  

When the vehicle reache s the ar ray CP at  the center of  the squar e 
array,  s everal operations should be carried out s imultane ous ly .  The 
four cables should be laid out the ir full 1 ,  3 20 -ft length at r ight angles 
to one anothe r .  If sufficient help is available , the s e  cables  can be laid 
and the s eismomete rs car ried to the subarray lo cations s imultaneous ly .  
This ope ration r equir e s  8 men and about 10  minute s ;  fewer helpers  will 
inc r eas e the time proportionately .  Each s ubar ray can b e  laid out and 
conne cted in about 1 0  minute s .  Subar ray size and configuration ar e not 
critical , and pa cing off distances  between s eismometer s  will provide 
sufficiently accurate s ubar ray layout . 

While the subar rays ar e being laid out ,  anothe r man can be 
s etting up the CP equipment and checking continuity of cable c onne ctions 
as they are conne cted at the subarrays . After ar ray deployment ,  all 
pe r s onnel should r eturn to the array CP becau s e  their movement 
within or  near the s ubarrays would c onstitute a maj or nois e s our ce . 

Ideally , array pos itions would have been surveyed - in fo r all 
likely lo cations ove r the mine wo rkings when the system was ins talled .  
Tests  could then b e  quickly perfo rmed to determine the proper subarray 
s ize  and c onfigu ration for maximum nois e rej e ction . Subarray velo citie s 
could als o  be accurately measured at that time b y  hamme ring at s ele cted 
points in the mine .  
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Although such s ite s ele ction and calibration prio r to an 
accident is de s irable ,  it is not e s s ential . R ough as imuth s etting 
at the array center  and the u s e  'of cables cut to the cor r e ct length 
( 1, 3 20 ft) will pe rmit rapid ar ray deployment with enough con ­
figuration control  to permit s ignal detection and a preliminar y  
r ou gh e stimat e o f  the mine rs 1 lo cation. It is expe cted that after 
signal dete ction and r ou gh lo cation, the ar ray would be movecl s o  
as  t o  b e  cente red ove r  the e stimated lo cation and s ubstantially 
reduce in s ize . 

Lo cation 

The 4 -pen r e corde r is operated at low speed ( 5  mm / s e c )  
until a s ignal i s  obs e rved. When s ignals a r e  obs erved,  the operato r  
switches t o  high speed ( 200 mm / s e c )  in order t o  permit ac curate 
(+0 . 00 1 s e c )  measurements of r elative arrival time s .  With a 20 0 - ft 
paper r oll , the recorde r can operate c ontinuously for 2 hour s at 
low speed with 40 high - speed runs of about 3 s e c onds duration each. 

If a signal is obs erved on three or  fou r of the s eismometer 
subar ray outputs , the ope rator can get a rough lo cation es timate . 
Since the array is la rge with r e spe ct to the mine depth, the s eismic 
ray paths will be approximately horizontal in the subweather ing rock. 
A quick computation will tell the ope rator whethe r the s ource  is 
inside or out s ide the s quare array.  If it is ins ide the array, the 
method of inter s e cting hype rbolas mus t  be us ed for s our ce lo cation. 
If it is outs ide the ar ray, an as sumption of plane wave s may be used 
and the outputs us ed in pair s to  find the inter s e ction of two straight 
line s along the two as imuth estimates . 

Once the rough lo cation e stimate is obtained, it will probably 
be nec e s sary to move the ar ray and reduce  its s ize . T ime r equired 
to pick up s eismomete r s  and cables  will be the s ame as for deploy ­
ment .  Thu s  with an 8 - to 9 -man c r ew,  the array could be moved and 
back in operation in about 45 minutes . R eduction in array s ize  (to a 
500 -ft square)  will tend to minimize effe cts of ir regular topography, 
geologic structur e ,  and inhomo geneitie s .  Since the s ource  will 
almost sur ely be within the smalle r s quar e array ,  the inter s e cting 
hype rbola method will be us ed to obtain the best lo cation e stimate . 
Knowledge of mine depth and rock velo citie s in the area should give 
lo cation precis ion of + 2 5  ft . 
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Communication 

The smaller ar ray will probably have one or mo r e  subar rays 
with a s ignal -to -nois e ratio (SNR ) that provides  good communication 
capability . If not, the four subar rays may be moved to a point above 
the be st location e stimate and combined to give a s ingle output with 
an improved SNR . 

When r eady to communicate , a s eries of hamme r blows on 
the ground s urface will tell the miner s  that they have been lo cated,  
that the y should stop e ending their location code and start s ending 
the prearranged coded mes sage r e garding their condition,  etc . 
Mes sages may als o  be s ent by the surfa ce array crew and picked 
up by the subsurface  s y stem . Information transfe r by a puls e - coded 
system will ne c e s sarily be s low and may r equire r epetition to ensure 
corr e ct r e ception. A fairly good de s cr iption of the following sub ­
s urface conditions could probably be transmitted in about 1 5  minutes : 

• Condition of air 

• Condition of bar ricades 

• Number and s erious nes s  of injurie s  

• Adequacy of food and water supplies  

• Adequacy of firs t -aid supplie s  

• Adequacy of breathing or other s urvival equipment 

• Number of survivor s in that lo cation 

• Estimate of sur vival time 

The pr earranged code , taped ins ide eve ry mine r ' s  helmet, 
would p ermit a s ele ction of up to about six differ ent me s sage s to 
r epo rt on each category.  

After the gene ral de s cr iption of their s ituation, a mo r e  detailed 
but s lower communication could be conducted by mo r s e  code (al s o  ins ide 
the helmet) . The mine r s  could be advis ed to sta rt walking out and 
given a r oute to follow . 
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Sys tem S ens itivity 

Although no exper iment has been conducted to measure the 
s ignal amplitude s obtainable at the surface with a hammer s our ce 
in a mine (and vice ver sa) , the signal amplitudes obtained in 
exploration s eismology indicate that hamme r blows should be 
eas ily dete ctable at ranges  of 5 ,  000 ft o r  more . Seismic s ignals 
have been r e corded by down -hole s eismomete r s  with a ver y  high 
SNR at depths of 5 ,  000 ft . An experiment in shallow r efraction 
s eismology has shown good signal amplitudes from hammer blows 
obtainable with s ingle s eismometer s at ranges  of Z50  mete r s . 1 

Since this ener gy is refracted twic e at the ba s e  of the low - velocity 
weathered laye r and must penetrate that ver y  abs orbent layer 
twice , this range is very encouraging . 

Another expe riment using a hamme r  s our ce for shallow 
r eflection exploration has demonstrated a good SNR for r efle ctions 
from depths of 450  ft r e c orded at 300 ft offs et with s ingle s eis ­
momete r s . Z Since even the str onge st  r efle ctions usually corr espond 
to r eflection coefficients of 0 .  1 or  les s ,  under the as sumption of 
ene r gy los s through spherical spr eading only , the same s ignal level 
should be obs e rved at a distance of 1 0 , 000 ft when the dir e ct wave , 
rather than a refle cted wave , is r e cor ded.  S catte r ing and abs o rption 
( e spe cially of the higher frequencie s )  will r educ e  this range . The 
elimination of one of the two pas sage s  through the weather ed layer 
when r ecording a mine -to - surface  or surface - to -mine transmis s ion 
should tend to incr eas e the effe ctive rang e .  

U s e  of s e ismometer ar ray can gr eatly enhance the SNR if the 
ar rays are  pr operly s ized and configur ed.  By conne cting all 1 9  
s eismometer s  in each subar ray in parallel , th e  output i s  s imply the 
sum of the 1 9 s eismomete r outputs . A uniform hexagonal array ,  such 
as the one r e commended, has the property that its sum re spons e is  
ver y  low for plane wave s who s e  (apparent) wavelength is equal to or 
le s s  than the ar ray diamete r .  3 Since mo st of  the coher ent nois e 
r e corded by the array will be pr opagating in the low - velocity weathered 
laye r ,  it will exhibit relatively s hort (40 to 1 00 ft) wavelengths . The 
signals from within the mine will propagate almost  horizontally ( except ,  
of  cour s e ,  when a s ubarray is  almost dir e ctly overhead) at  the pre ­
vailing subweathe ring rock velo city. T hus signals will exhibit apparent 
wave lengths of 3 00 to  700 ft . A 1 9 - element array can give roughly 
an 1 8 - db SNR impr ovement through s imple summation when the nois e 
is is otr opic and propa gating at apparent wavelengths equal to th e array 
diamete r .  
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Any spatially random nois e will increas e in RMS by a factor 
of ...rFf. Thus , a 1 9 - element ar ray will give about a 1 3 - db SNR 
improvement if the nois e is spatially random. 

Most s eismic nois e in the signal band ( 2 5  to 50 Hz)  is expected 
to appear·· spatially random even over the ve ry small dimens ions of 
the s ubarrays . Howeve r ,  strong cohe rent nois e may appear , which 
r e sults fr om coupling of acoustic waves in the air with the earth .  The 
recommended subarray size  is de s igned to attenuate such cohe rent 
nois e ene r gy .  

With the extrapolation fr om hamme r - r eflection s eismic experi ­
ments and the improvements in SNR available thr ough u s e  of s eismo ­
meter ar rays , it appear s that dete ction ranges  of 5 ,  000 ft or mor e  can 
be expected .  This range will depend on the ambient s eismic nois e 
level and the type s and conditions of the intervening ro cks and soils . 

Measurement s  of s e ismic velo cities and chara cte rization of the 
ambient nois e field in the 2 5 - to 50 -Hz band at each mining re gion prior 
to eme rgency u s e  of the s ystem is r e commended.  Optimum subarray 
s ize could be determined, s ignal velo city more  ac curately measur ed, 
and dete ction range determined .  Then in an eme rgency, bette r SNR 
and better lo cation precis ion could be obtained . 

The s ingle s eismomete r us ed in the subsurface s ystem will be 
the same type as that us ed in the surface system . It is expected that 
ambient nois e levels in the s ignal band will be much le s s  in the mine 
and us e of ar rays unne c e s sary.  Range for surface - to -mine s ignal 
transmis s ion will neve r exceed the mine depth - -usually 400 to 600 ft. 
Good transmis s ion can probably be achieved to much greate r depths . 

There  ar e thr ee conside rations when e stimating the cost  of 
this s ys tem .  Fir st  i s  the cost  o f  acquir ing the instruments . S econd 
is the co st of installing the s ystem including training of mine pe rs onnel 
and operato rs . Surveying and measur ements  of s eismic velo citie s ar e 
als o  ins tallation expens e s . The third s ystem cost  is the annual cost  
fo r inspe ction and maintenance . 
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System Deployment and Owne rship 

Surface System 

It is  anticipated that the surface s ystem be owned by the Bureau 
of Mine s

·
·. It is important that the s ystem can be quickly transported 

to the s ite of a mine ac cident .  But be caus e of the s ystem co�t.  as  
few s ystems should be constructed as needed to  give a quick r ea ction 
capability.  Systems might be lo cated in ar eas of high - dens ity mining 
activity s o  that no mine is more than 50 mile s from a s ystem. 

All installation, training , inspection , and maintenance  might 
be performed by a s ection of the Bur eau of Mines  specially s et up for 
that purpos e .  All trained s ys tem operator s  and instructo r s  for mine r s ' 
clas s e s  could be Bur eau of Mine s pers onnel where  feas ible - -mine 
safety enginee r s  where  not . 

Subsurface System 

The number of subsurface devices  r equired for adequate 
prote ction will depend on the s ize  of the mine , the number and 
distribution of under gr ound crews , and the number and distribution 
of shafts and r efuge chambers . The Bur eau of Mines should s et 
the requirement s  fo r the numbe r ,  dis tribution, and type of subs ur ­
fa ce devices . 
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APPENDIX C 

MINE R ES CUE DR ILLING SUBSYST EM 

Tl?.e purpo s e  of this sub s ystem study is to de s ign a dr illing 
s ystem for r e s cuing trapped c oal mine r s  in conditions most likely to 
be found in the United States . The s ame s ystem can be used t� r e s cue  
men trapped in other underground wor kings . In the pas t s ix  year s , 
men have been trapped in salt mine s , potash mine s ,  and tunnels . 

Although coal mines probably have the highe st s afety standards 
of all unde rground workings , the hazards are  greater  be caus e most  
coal s eams produce explosive methane gas ; coal dus t  suspended in 
air is explos ive ; the coal will bur n ;  coal naturally o c curs  in fairly 
weak s edimentar y  fo rmations in which r oof falls ar e common ; and more 
tons of coal are produced than any other mine ral . Thus mor e  men 
are employed in produciD.g coal , cr eating a gr eate r exposur e to 
accidents  than other unde rground wo rk. 

The r e s cue drilling s ystem should be des igned for the chara c ­
te ristics o f  the gr eate st  volume of coal, recognizing that conditions 
may o ccur that fall outs ide the s ystem capability . 

A study probably would show that 90 percent of the United 
States coal p roduction comes from ar ea s having the following 
characte ristics : 

1 .  Rather flat - lying bituminous coal s eams le s s  
than 1 ,  500 ft below the surface . 

2 .  Overlain with moderately low - str ength r o ck 
in a multitude of r elatively thin laye rs  (a 
few inches to a few tens of feet) of varying 
strength . (The highe st  str ength r o ck will 
be quartzite of approximat ely 2 5 ,  000-ps i  
compr es s ive strength, which in a ve ry few 
areas may be as thick as 60 ft . ) 

3 .  Ove rlying formations that will pr oduce a 
relatively low volume of water  (le s s  than 
1 00 gal /min) .  

- 3 8  -
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4. Mountainous areas making acces s to s ome drilling 
s ites difficult . 

5 .  Se rved by s econdary highways whe re limited 
bridge capacity or underpas s clearance may 
r estrict movement of mas s ive machine ry.  

6 .  Where  res cue voluntee r s , mechanically s killed and 
uns killed,  are abundant in time of emergency. The 
skills cur rently do not include lar ge -hole drilling 
ability .  · 

7 .  Whe re cuttings dispo sal fr om drill rigs i s  not 
pr oblem.  

8 .  Whe re mas s ive earth -moving machinery i s  likely 
to be available from s urface mining ope rations . 

9 .  Uncons olidated surface material (which will 
requir e surface cas ing) of le s s  than 40 - ft 
thi ckne s s .  

Mines in thes e  a reas will have the following chara cteristics :  

1 .  Be within 1 00 miles (two-hours  driving time ) from 
comme r cial airports . 

2 .  B e  well surveyed and mapped and staffed by skilled 
engine e r s  who can, in a r eas onably short time , 
lo cate a surface s ite dir e ctly above any point 
underground. 

3 .  Employ miner s  that are trained,  if e s cape s e ems 
impos s ible , to enter refuge chambe rs  if  provided 
or to s e ek r efuge in a deadend entry,  barricade 
thems elve s , and wait fo r r e s cu e .  

RESCUE DR ILLING SYSTEM 

Given the above conditions , the mine r e s cue drilling s ystem 
should : 
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1 .  Provide a highly mobile probe and s ea r ch drill 
that would:  

a.  Drill a 6- to 8 - in .  hole (pr obably 6 3 /4 in . 
to take advantage of comme r cial te chnology 
in this size range) to 1 ,  50 0 -ft depths with 
a capability of being extended to 2 ,  500 -ft 
depths . 

b .  Be transpo rted i n  militar y air craft . 

c .  Drill reasonably straight hole s with no 
mor e than 6 - in .  deviation per 1 00 ft 
depth.  

d .  Drill 1 2 , 000-ps i r o ck at  the rate of 1 00 ft 
per hour (or  mo re)  and str ong quartzite 
at 20 ft per hour . 

e .  Have maximum traveling dimens ions of 
8 -ft width and 1 0 - ft height . 

f.  Have a hoist with a capacity of 2 ,  500 ft 
of 1 /4 - in .  wir e rope . ( This can be a 
s epa rate unit . ) 

g .  Drill with air cir culation. 

2 .  Pr ovide a res cue drill capable of:  

a .  Drilling an 1 8 - or  2 8 - in .  hole to 1 ,  500 -ft 
depth with a de s ired  capacity of being 
extended to 2, 500 - ft depth. 

b .  Drilling with air cir culation .  

c .  S etting cas ing for either hole s iz e  t o  a 
500-ft depth . 

d .  Drilling 1 2 , 000 -ps i and weaker r o ck at  the 
rate of 1 7 ft per hour and 2 5 ,  000 -ps i quart­
zite at the rate of 6 ft per hour (penetration 
rate s ) .  

e .  Have hoist drum capacity o f  2 ,  500 ft o f  3 / 8 - in .  
wir e  rope . 
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RES CUE PROCEDUR E 

The res cue drilling subsystem can be us ed independently of 
the total s ystem and will improve the chances of r e s cue when drill ­
ing is requir ed.  Use of the total system , however ,  gr eatly increas e s  
the chances  for survival and r e s cu e .  

In a mine equipped with refuge chambe r s  and s eismic o·r 
electromagnetic location and communication beacons the exact lo cation 
in which to drill can be easilv dete rmined.  If the mine is equipped 
only with b eac ons , it  w ill be po s s ible to loc ate a drill within 
50 ft of the survivor s ,  in most cas e s  clo s e  enough for r e s cue . 

As s oon as it is r e cognized that the eme r gency s ituation will 
require the drilling apparatus , a r eport should be made to the Bur eau 
of Mine s in the normal manne r .  

If the mine is equipped with location beacons , Bureau of Mine s 
equipment will locate the su rvivo r s . If the mine doe s  not have beacons , 
the mine management would be instructed to s ele ct the most likely 
ar eas where men may be trapped or barricaded. Survey c r ews would 
be dispat ched immediat ely to locate a drill s ite on the s urface . 

Since the drilling rigs  de s c ribed he re  are available and can 
be in u s e  prior to the rest  of the propo s e d  s ystem, the following 
dis cus s ion applie s  to mine s without r efug e  chambe r s  or lo cation 
beacons . The s implification o r  elimination of the steps below if 
the other sub s ystems are in us e is obvious . 

Bulldoz e r s  would clear a trail to the drilling s ite . In inclement 
weathe r,  a supply of rock aggr egate would be needed for the r oad . 

If the trapped men are in a r efuge chamber ,  a res  cue hole 
can be drilled immediately. Even when beacons are in us e ,  but not 
chambe r s ,  it may be prudent to drill a probe hole to confirm that 
the wo rke r s  can be r e s cue fr om this location.  If neither  beacons or 
refuge chambers are in us e ,  trapped men must  be lo cated by probe 
hole s .  

Meanwhile ,  if needed, the small explorato ry drill rig would 
be s ent to the s ite . If the men must be lo cated by probe hole s , a 
s ear ch would be conducted in an area of about 50 -mile radius fo r 
othe r mine exploration drill rigs that would be requis itioned to 
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supplement the Bur eau ' s  rig .  The s e  could be small diamond drills , 
truck-mounted rotary explor ation o r  blasthole drill rigs , o r  (fo r  
mine s  le s s  than Z O O  ft deep) down -the -hole percus s ion drills fr om 
nearby quarries , road jobs , or  mine s . 

Until mo st mine s are equipped with location beacons , an 
inventory or  census of dr ill rigs and how they are equipped . c ould 
be maintained by divis ional offic e s  of the Bur eau of Mine s . 

It is  as sumed that the Bur eau ' s  rig c ould be on s ite dr illing 
within thr e e  or four hours . Pe rhaps thr ee or four hole s r equiring 
three to s ix  hours each would be needed to make contact with mine r s . 
It is  als o a s s umed that in a we ll -planned operation miners may be 
contacted within Z S  hours . 

Electric heater s ,  food, blankets , lights , telephone s ,  medical 
s upplie s ,  and bar ricading mate rials would have been packaged to be 
ins e rted through a 6 - in . hole . Instru ctions on survival and communi ­
cation would have been pr epar ed.  It should be noted that the dis covery 
hole may have to be res ealed exc ept for  a few hours each day to 
protect the men from dust cr eated by the res cue drill . 

Pumps and high -pres sure air ventilation line s may have to be 
lower ed into the dis cove ry hole to maintain a r e spirable atmospher e  
for men below. 

The dis cove r e d  miner s  would be asked for info rmation on mine 
conditions and locations whe re others  may be found. Their advice 
would be s ought fo r pre cis e location of the bottom of the dis cove ry 
hole and fo r sugges tions on the re lative po s ition of the r e s cue hole to 
follow . 

The heavier r e s cue r ig would have been dispatched to the drilling 
s ite . It may s ta rt drilling even befo r e  the explo ratory hole has found 
men on the chance that a hundr ed feet or  s o  of hole may be drilled 
in a location to which the men may be able to travel . In any event ,  
there i s  no r eas on for the rig to  stand idle . The driller s could be 
impr oving the ir technique s ,  and should a short move be nece s sary, it 
would require les s than two hours . Such preliminary drilling would 
als o give data on dr illability, wall stability,  and in - s itu wate r conditions 
that may be helpful at another location.  
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The la rge -hole rig would be equipped to drill eithe r an 1 8 - o r  
Z 8 - in .  hole below the surface cas ing . By the time the me n ar e located,  
it would have been de cided whethe r they will be brought up in a harne s s  
o r  in a capsule . Harne s s  recovery can b e  made thr ough an 1 8 - in .  hole 
if indications are that : 

1 .  The hole walls are stable . 

Z .  The hole walls are  fairly s mo oth and s traight . 

3 .  The r e  i s  not a large volume of wate r flowing 
into the hole . 

4 .  No men are injured r equir ing that they be strapped 
to a s tretcher . 

The hole wall condition could be examined by a down-hole still 
camera taking pictures  eve ry 5 ft or by continuous inspection with 
a r emotely controlled televi s ion came ra . 

The large hole would be drilled in one pas s .  It the men are  in 
a rathe r confined a r ea ,  the las t  1 0  ft of drilling mu st be done very 
slowly ,  particularly if the c oal is ove rlain by a weak fo rmation. This 
slower dr illing rate , whe re r equir ed, would be at Z ft per hour . 

Equipment for hoisting men out of the hole is als o r equired.  
For  the 1 8 - in .  hole , a harne s s  sys tem that holds a men upright if 
he los e s  cons ciousne s s ,  protects  him from falling r o cks , and 
maintains him in a po s ition of minimum cros s-s e ctional area (one 
arm above the head) is required.  A coat of  gr eas e prio r  to  beginning 
the as c ent would als o  be helpful . 

A cap sule should be des igned fo r u s e  in the Z 8 - in .  hole . It 
should be pointed �t each end to pr event catching on ro ck shelve s .  o r  
"dog -legs " in the hole . The c;:apsule should b e  capable o f  compietely 
enclos ing an injured man strapped to a str etcher . Both the top and 
bottom of the capsule must  be j etti s o nable so that the pas s enger can 
be rais ed or  lowe red independently if the capsule gets caught . 

Both the harne s s and the caps ule should be equipped with a 
micr ophone and s peake r for communication and a mask and fr esh-air 
line in cas e the a,ir in the hole is not respirable . 

For safety reas ons the men would be pulled to the surface by 
hand . 
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THE EXPLORATOR Y  DR ILL RIG 

The exploratory drill t"ig would be truck-mounted.  It would be 
capable of applying 30,  000 lb pulldown and gravitational thrust,  not 
including the weight of the drillstr ing in the hole ,  on the bit . This 
probably would r equir e a ballas t  box becaus e the r ear end of truck r igs 
is not that heavy. It would be capable of lliilting anothe r 1 0 , 000  lb of 

drillstr ing weight . 

It would drill a 9 - in .  surface hole to about 7 5 ft maximum depth 
and s et 7 5 / 8-in . ca,s ing to rock at that depth or as r equired.  It would 
.drill a 6 3 /4 - in .  hole below the cas ing to coal or about 1 ,  500 ft 
maximum. 

It would have a 5 - in.  flush OD drillpipe appr oximately 3 0 ft 
long . Flat s  would be milled at the tool joints to accommodate breakout 
wr enches and provide a means to suspend the pipe during trips . 

The de r rick should have a magazine to accommodate thr e e  pie ces  
of  pipe and the othe r can be s tored on the gr ound or a horizontal rack .  
Help will be available to  load pipe into and out of  the derrick magazine 
as r equir ed.  

The rig sho uld als o  be able to handle thr e e  3 0 -ft -long s e ctions 
of 7 - in .  pipe to be used for the 9 - in .  surface hol e .  This will ke ep the 
ai r requir ements to  les s than 1 ,  000 CFM for the surface hole for 
3, 000 -fpm annulus velo city . 

All of the air can be at 40 to 50 ps i .  The only time higher air 
pres sure may be desir ed is to blow water fr om the hole . In any event,  
even with the air  pres sure at  100 psi ,  this would have to be done in 
stages as  the bit is lowe red.  

Fifty hors epower should be pr ovided for the rotary drive . It 
should have four fo rward rotary speeds of about 2 5 ,  5 0 ,  7 5 ,  and 1 50 
rpm and one reve r s e speed of about 30  rpm . 

There  ar e approximately ten manufactur e r s  of truck-mounted 
rotary drill rigs and many of them make r igs that w ould require very 
little modification to do the explorato ry work. The s e  include : 
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1 .  Winter Weis s Divis ion of Smith lntl . ( Porte r  Drill) 

z .  S chramm 

3 .  Bucyru s Erie 

4 .  R obbins 

5 .  Inge rs oll -Rand 

6 .  Joy Manufactur ing 

7 .  Davy 

8.  Gardne r - Denver (Mayhew) 

9 .  Chicago Pneumatic (R eich Drill) 

Hole deviation will be difficult to avo id . An Eas tman multishot 
survey tool can be run into the hole at c ompletion to locate the bottom 
of the hole with r eas onable accura cy.  

Most coal mine s are  laid out on a room and a pillar o r  a panel 
mining plan. The exploratory hole will be aimed at a mine entr y 
about ZO ft wide betwe en two coal pillar s that may be 3 0  to 80 ft wide . 
If the entry is mis s ed,  it will probably be by not mo r e  than a few feet .  
The mis s will be known immediately o n  the surface be cau s e  the depth 
to the coal will be known . If the drillstring doe s  not fall into the 
cavity or if coal come s out with the air cir culat ion, obvious ly the drill 
has deviated into (or has been dire cted into ) the pillar . 

If the re are miner s  in the entry,  the y  will hear the drill . The 
depth into the pillar (or distance fr om the entry) will be so slight that 
unles s  the miner s  ar e injured they may dig their way into it . 

If the dr ill penetrates  a c oal pillar ,  it may be pos s ible to with ­
draw the bit and u s e  a whipsto ck to bend the drillstem into the entry .  

All of the s e  drilling and survey tools should be maintained by 
the Bureau of Mine s and used  per iodically. This will keep the tools 
in shape and train the crew. 
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THE R ES CUE DRILL R IG 

The res cue drilling rig ·must be able to handle large - diameter 
bits through the rig floor . The drillpipe would be 8 - in. diameter 
eithe r w�th oil -field-type thr eaded conne ction o r  with flanges . Pipe 
will be in 1 5 - to ZO - ft lengths . 

The swivel should have an opening of sufficient s ize to pas s 
4 - in.  cuttings . 

R ever s e  air G:ir culation would be us ed.  A 1 0 - to 1 5 - ft - de ep 
cella r would be dug by hand. A 3 6 - in .  cas ing s et and gr outed in 
this cella r .  

A rotating s eal must  b e  develop ed , which would b e  attached to 
the top of this cellar cas ing . The lid must be r emovable for trips . 
The rotating center part must be de s igned to pa s s  the pipe and tool 
joints or  flange s  as they pas s  into the hole . Air would be introdu ced 
into the annulus through the stationary part of the lid . 

An air flow of Z ,  000 CFM would provide more than 5 ,  000 -fpm 
velocity up through the drillpipe,  which would be adequate . At this 
volume , the flow acro s s  the bottom of the Z 8 - in. hole may not be as 
high as would be de s ir ed.  However ,  the velo city through the pipe 
must not be too high or  it would caus e eros ion or damage to the swivel . 
Thr ee 1 ,  500 - CFM ,  1 00 -ps i air compr es s ors at $ 60 , 000 each would 
provide a flow rate of up to 4, 000 to 5, 000 CFM . The 1 00 -ps i air 
pres sure is higher than would be needed for dr illing but could be 
us eful in r emoving up to ZOO ft of wate r head that could build up while 
drilling is shut down . 

Planning of the dr illing mus t  not overlook the fact that all 
surface equipment must be stopped when the life suppo rt ( 6 - in . ) hole 
is open for supplying the men below and talking to them . The nois e 
and dust of drilling would interfere  with the s e  operations and cause 
a hazard to  them . 

The r e s cue rig would have speeds of appr oximately 3 ,  8, and 
1 5  rpm fo rwa rd and 5 rpm r ever s e .  

The hoist on the r e s cue rig should be capable of lifting 
1 0 ,  000 lb . 
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Baskets with a 1 6 -in .  outs ide diameter to surround the lower 
s ection of the drillstring should be provided as drill collar s .  The s e  
would b e  10 ft long and b e  filled with lead shot for a weight p e r  collar 
of about 1 5 , 000 lb . Four collars would be required. The additional 
drilling thrust would be provided by weight of the bit , drillstring, and 
swivel and by rig pulldown . 

All rig s ,  for probe and r e s cue,  should have roller stabilizers  
fo r each bit s ize . 
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