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1 or 2 miles of each other, but may be sepz-lrated by 5 te 10 miles ino mines

using trains or other mechanized vehicles to transport crews from the por-
tais to the working faces,

Suddenly an explosion or explosions occcur at one or more of the working
faces within the mine. Some of the men in the immediate vicinity of the ex-
plosions and fires may be killed immediately. Injured and uninjured men
will leave the vicinity of the explosion and fires and will seek refuge in ref-
uge charmnbers, or will barricade themselves in some reasonably safe section
of the mine. Some men may escape to the surface or may escape to remote
sections of the mine relatively unaffected by the disaster. Smaller groups
of men may be trapped anywhere within the mine and may orf may not have
access to refuge chambers or special equipment placed in areas degignated
for the construction of barricades. These men will likely have no equipment
or means of communication other than that which was part of their attire at
the time of the disaster. Since they might be in transit from one location to
another, or in various possibie work locations, their location may be com -
pletely unknown by other persocnnel within the mine or by men on the surface,

Immediately following 2 disaster it is probable that power to most, if not
all, sections of the mine will be dis rupted, or, if not disrupted, discennected
as a safety precaution. Therefore, previously existing communications via
telephone lines or carrier system cannot be depended upon,

On the surface, the mine operators, and surface personnel and rescue
forces will have information relative to the work assignments of each of the
men in the mine, They will know the location of rescue chambers and/or
preferred barricade locations, After the explosions and/or fires, they will
not know how many men have survived the explosions, nor will they know
positively where the survivors have located themselves. This would be par-
ticularly true if the exact location of the explosions are not known and if
alternate rescue chambers or barricade locations were available, Even less
information will be available on the surface relative to the condition and
probable location of the smaller work teams which were operating trains,
periorming maintenance, etc.

Communications for the Mine Disaster Situation

The situation described reguires communication systems to indicate the
presence of miners within specific rescue chamhbera or barricade regions of
known location. In addition it would be desirable to know the number and con-
dition of survivors at each location,

The problem of locating and communicating with the individual miner or
small groups of miners whose positions are not known is more demanding,
The problem mipght be selved by locating the source of a signal from the lost
miners, It would also be solved by providing a sufficiently sophisticated
communications link such that the lost miner can designate his position to
personnel on the surface.

In addition to uplink communications from the miners to the surface,
downlink communications for the purpose of giving instructions, desc ribing




known conditions within the mine, and requesting information from the
trapped miners would be of great value in effecting extended survival and a
rapid rescue. Since this communication system is for use by frightened,
confused, and perhaps injured men, it is imperative that simplicity of opera-
tion and reliability of operation be uppermost of all considerations.
"The Environmental Situation

The variation of geological and geophysical characteristics from one mine
to another must be considered in designing a communication system capable
of performing satisfactorily at all locations, since the electrical and seig-
mic properties of the strata from the surface of the mine down to the lowest
working level will affect the performance of the communication systems,

Furthermore, it will not be sufficient to design a systemn capahble of gen-
erating and receiving ''pure'' or even contaminated signals. MNatural znd
man made noise and interference will be present at all times, and perhaps
present in the extreme during & digsaster,’” Of particular significance is man
made noise or interference which will probably be greater than natural
noise at many locations and which may vary widely from one location to
another. Establishing upper-limit noise levels as a worst-case design con-
dition is important in selving the communications problem,

It is also aecessary to consider the effect of the system upon the mine
environment. We must assure the safe operation of the equipment within the
mine, heing particularly concerned with the detonation of explosives or ex-
plosive environments within the mine.

In summary, the communications problem associated with a coal mine

disaster will reguire development of hardware to permit:

» Detection of presence and location of trapped miners.

# Communications from trapped miners to rescue personnel on the

surface,

¢ Communications frem rescue personnel on the surface to trapped

miners below the surface,

¢ Surface communications for direction of rescue operations,

1.3 PROGRAM S5YNOPSIS

This volume describes the design approach used, the performance objec-
tives, the performance evaluation, and final demonstration of the egquipment
which was [abricated.

Two basic types of subsystems were conceived to meet the requirements.
One, for commnunicating with trapped miners, uses electromagnetic (EM}
signaling through-the -¢arth and the other, utilized primarily for locating
trapped miners, uses seismic signals, The surface-to-subsurface down-
link is capable of communicating by EM voice transmissions. A subsurface-
to-surface uplink permits communications by an EM coded beacon. The seis-
mic portion of the system 15 designed to locate trapped miners by sensing
subsurface hammer blows using seismic geophone arrays deployed on the
surface and subsequently processing these signals to improve detectability
and determine source location,

Thus, two basic subsystem development and test programs are involved,
each based on different teahholngies and concepts, DBoth programs were

f
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accomplished by conducting each phase in paraliel during the nine-month
contractual period. An approximate month-by-month synopsis for the nine
month contract duration is given below,

Date Tasks Periormed
June 1970 Initial planninpg and development of
design approach
July Develop design concepts and test
' ' planning
August Conduct predesign tests at Imperial

Mine in Colorado, Clyde and Cam-
bria Slope Mines in Pennsylvania

September Define performance specifications,
finalize design, and begin fabrication

October Complete fabrication and begin per-
formance evaluation

Novemnber ) Conduct field tests at Imperial Mine,
Colorado, and evaluate system per-
formance

December Conduct predemonstration tests at

Clyde Mine, Pa,, and Harewood
Mine, W, Vat

January 1971 Demonatration tests, U, 5, Steel
' #14 Mine, W. Va,
February Performance Evaluation, Manual and
Report preparation
March Finalize reporting and deliverahles

The resulting system is shown pictorially and in block diagram form in
Figure 1-1. The Communications Subsystem is designed to perforrm several
basic functions. Ita primary functions include an EM voice downlink, a
coded beacon uplink, and a seismic location subsystern. Sec ondary functions
include a downlink using explosives, and a seismic uplink relay using the
EM beacon. A seismic transmitter {Thumper} for use in refuge areas is
also part of the total system.

Cperation of the total system during a disaster assumes the availability
of certain subsurface equipments such as coded beacon transmitters, wvoice
receivers, and seismic transmitters in refuge chambers or barricade areas.
Each miner would alse carry a man-pack voice receiver which operates
from his lamp battery. When an emergency or disaster occurs, the surface
equipment would be brought to the site, Antennas would then be deployed,
geophone arrays installed, and communication and location procedures es-
tablished,

These subsurface equipments, howewver, are not available in mines at the
present time. Therefore, use of the system in an emerpency or disaster
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cituation is limited to seismic signaling. Thiélectromagnetic voice equip-
ment could be uaed by rescue personnel underground in unaffected areas of
the disabled mine as an aid to coordinating a combined surface and subsur-
face rescue effort. Trapped miners must use available egquipment such as

a shoring timber or & sledgehammer to generate'seismic gignals. The geo-
phone arrays deployed on the surface, and the associated electronics, detect,
process, and analyze these signals to determine the presence and location of
the trapped men. Multiple detonations of explosive charges can also be used |
on the surface to signal miners below uaing simple prearranged codes,

Appendix A describes the procedures for operating the Communications/
Location Subsystem. These procedures were need during the demonstration
a2t the U.S. Steel Coal Mine #14 in Gary, West Virginia, and are representa-
tive of procedures which would be used during an actual disaster where the
total system could be utilized.

1,4 RELATED REPORTING

A description of the operation and maintenance of specific hardware is
covered in separate equipment manuals. These manuals include the follow -
ing:

Subsurface Equipment Manual

The "Manual of Operating and Maintenance Instructions for Subsurface
Communications Equipment, Coal Mine Rescue and Survival System, ' de-
scribes the operational and maintenance procedures on the Beacon. Trans-
mitter, the Voice Receiver, the Man-Pack Rec eiver, and the Seismic Trans-
mitter {Thumper}. In addition, the procedure for using the Man-Pack geo-
phone to aid in receiving seismic signals from the surface is explained.
Surface Equipment Manual '

The 'Manual of Operating and Maintenance Instructions for Surface Equip-
ment, Coal Mine Rescue and Survival System,' covers the set-up and use of
the Voice Transmitter (downlink) and the Beacon {uplink} surface receiver.
Seismic Location System Manual

The '"Manual of Operating and Maintenance Instructions for Seismic
Equipment, Coal Mine Rescue and Survival System, ' details the operation
of the Seismic Analysis equipment, the location of the seismic geophone
array system, and the network to the data proc essing system, Instructions
are also provided for the use of explosive charges for seismic downlink sig-
naling. Appendices include instructions for seismic refraction and survey-
ing, and a list of pertiﬁent manufacturers' handbooks for operation and
maintenance of commercial modular units.

9/10




2. ELECTROMAGNETIC COMMUNICATIONS SYSTEM-

In developing an emergency communications system for use in mine disas--
ter rescue operations, the design efforts were directed toward meeting the
requirements stated in the National Academy of Engineers Interim and Final
Report on Mine Safety and Rescue, March 1970, and the U, S, Bureau of Mines
request for proposal., The NAE reports identified, aa a promising communica-
tions concept, a system using emergency radio beacons underground for lo-
cation of and comrmunication with trapped miners, Théy sugpested a trans-
mitting frequency of 500 to 10400 Hz to assure penetration even under the most
adverse conditions, It was recommended that such a system could later evolve
into an operational mine radio communications systermn with an emergency lo-
cation and communications capability. The Bureau of Mines request for pro-
posal stated that voice communications were desirable but not essential,

After a detailed evaluation of the user's requirements and some preliminary
theoretical caleulationa and experimental measurements, the Westinghouse
Electric Corporation proposed and contracted to build an Electromagnetic Com-
municatione Subsystem censidting of 2 voice communications downlink and a
coded beacon uplink. A description of the tasks performed to design, fabricate
and test this Electromagnetic Communications Systermn follows, Section 3.0
describes the separate Seismic Location System.

2.1 PREDESIGN TASKS

Fundamental to the basic system design i5 the development of theoretical
models and the acquisition.of basic data on performance characteristics,

This section describes the theoretical models used for uplink and downlink
communication calculations and the analysis of corrnboratmg data obtained in
Colorado and Pennsylvania coeal mines.

2,1,1 Theoretical Analysis

The mathematical models uased to prediet EM field gtrenpths are a simpli-
fied representation of the real earth medium, Their application proved to be
very useful in the initial design phases- of the EM Communication Subsystem.
Uplink Propagation

The Beacon Transmitter antenna is represented as an electrically amall
loop, or "magnetic dipole." The dipole is referred to as a vertical magnetic
dipole {¥YMD) or a horizontal magnetic dipele (HMD) according to the orienta-
tion of the loop axis [the axis being perpendicular to the plane of the loop).

-The strenpgth of the source is given by the dipole moment:

11




M = dipole moment =1+ N* A ampere-turn-meters squared {2.1-1%

where: [ = the loop current {amperes)
' N = number of turns of wire in the loop
A = leop area [square meters)

The low frequency magnetic field generated by a HMD buried in a homogeneous
earth has been calculated by Wait and Campbell [1953).% A graph based on
their results is given in Figure 2,1-1, The ordinate on the graph is an atten-
uation factor, | D|, used to compute the amplitude of the total magnetic fieid,
H, at the earth's surface directly above the HMD. {For this configuration,
there is no vertical component of H at the ohservation point), The abscissa
reépresents a normalized transmitter depth: z/8& = depth/S, where the earth
"skin depth, " &, is given at low frequencies by

' 1
6 = earth skin depth = —-—T {(2.1-2)
{wpfe)??

where f is the frequency in Hertz, o is the effective earth conductivity in mhos
per meter, W is the magnetic permeability, and 6 is in meters,

The attenuation factor for the YVMD configuration have been given by Sinha
and Bhattacharya [1966]%. A'graph of their resnlts is given as the | G| curve
‘in Figure 2.1-1. The observer is again assumed to be'directly above the
source, . and the total magnetic field at this point is now vertical, The graph
again gives a multiplicative factor which in this case goes to unity as the in-

fluence of the earth goes to zero (i, e,, as o _-Uair = 0).. In Figure Z,1-1 note

that the | D| and | G| functions converge at z2/86 = 5. A VMD would be more
cifective for shallower depths; whereas an HMD is slightly better whenever
the depth ts greater than five skin depths.

Both of the analyses leading to the curves in Figure 2.1-1 assumed an elec-
trically homogeneous earth, Hence, in applying these results, one must use
an appropriate average {or "effective’} conductivity which best describes the
real {i. e., inhomogensous) environment, For cases in which the earth may

*# Wait, J.R. and L. L. Campbell, The Fields of an Oscillating Magnetic Di-
pole Immersed in a Semi-Infinite Conducting Medium, IGR, Vol. 58, Ne. 2,
pp. 167-178. (This analysis of Wait & Campbell actually applies to a HMD
on the surface with the observer being at a variable depth, Reciprocity
holds here, however, and their results may be applied directly to the re-
verae situation. )

*#% Sinha, A.K. and P. K. Bhattacharya, Vertical Magnetic Dipole Buried In-
side a Homogeneous Farth, Radio Science, Vol, | {New Series], No, 3,
pp. 379-395, March 1966,
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be considered to be horizontally stratified into n hamogeneous layers, an ap-

propriate average conductivity, 7, of the overburden malarial was computed
as follows:

T o= {h*_! T, + hzuz + o+ e+ hI1 -:rn} /depth {2.1-3)

where each layer has vertical thickness hi meters and conductivity A mhos/m,
and where hn = the antenna depth into the last layer, of conductivity T -

Beacon field strengths calculated from homogeneous earth models have
proven to be sufficient for design considerations. Several comparisons be-
tween measured and caleulated beacon field-strength data taken during the
predesign field tests are piven in subsequent paragraphs.

Downlink Propagation

The efiects of horizontal earth stratification may be included explicitly in
the calculation of the field produced by a long horizontal wire antenna if the
wire may be considered effectively infinite; i, e,, if the receiver depth is small
compared to the distance to the nearest end of the wire., Even with this ideal-
ization, the analysis is somewhat complicated in that the electric and magnetic
field components are given in terms of rather complicated integral expressions,
Wait (1970}, =

The geometry of the infinite line model is shown in Figure 2,1-2, Only
three layers are shown, since this is the maximum number considered in the
numerical work, The depth to the bottom of each layer is di meters. Homon-

geneous and twe layer earth models are special cases of the three layer con-
figuration. A computer program was written to perform elactric and mag-
netic field strength calculations at arbitrary depth and frequency, as suming
an infinite length antenna carrying one ampere of current at ground level.
{We assume linearity, so that the received fields are directly proportional
to antenna current.) The electric field for such a configuration is paralliel
to the anterma, while the magnetic field, ITI, has both z and x directed com-
ponents, Both components of the magnetic field are suitably combined in the
computation to yield the total H seen by a loop oriented to receive maximum
signal {H parallel to loop axis).

In predicting the field generated by an antenna of lenpth L, where the finite
length is important, only hormogeneous earth models are considered. The
fields at depth may then be predicted by dividing the antenna length L into a
number of subsections of length £ = L, applyving the appropriate electric
dipole** formulas to each subsection, and summing the results. The dipole
expressions were taiken from Bannister and Hart {1968), %%

E Electromagnetic Waves in Stratified Media, Pergamon Press, Znd edition,
chapter 2.

*% An ''electric dipole' as used here means a horizontal wire antenna whose
length is small compared to the range to the receiver and to an earth
skin depth. o

I

#% Quasi Static Fields of Dipols Antennas Below Earth's Surface, U.S. Navy
Underwater Sound Laboratery, Report #870.
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Stratified Earth. The Observer May be Located Within
Any of a Maximum of Three Layers

15



In order to reduce the complexity of the "bookkeeping' in the computer
program, the receiver is assumed to be located directly below the source;
1. e., the x coordinate of the receiver is zero in the iinite antenna calculations.
One further shortcoming of this model is that the field strengths near the
grounded ends of the line cannot be calculated accurately. However, this is
of little significance in the application of the results, Example horizontal wire
calculations are compared with experimental data in subsequent paragraphs,
2,1.2 Natural and Cultural Noise

Low frequencies {f < 10, 000 Hz) are required in a communications system
designed to penetrate up to 1000 foet ar more of earth. The background noise
and interference is especially troublesome at these low frequencies and must
be carefully evaluated. For the voice downlink system, the limiting compo-
nent of noise is normally cultural, Cultural noise is that penerated by man

made devices., Natural atmospheric noise resulting from thunderstorm ac-
tivity is rarely of any consequence in mines since it attenuates rapidly as it
propagates through the earth. A troublesome cultural noise source in many
mines is the 3-phase rectifier used to supply de voltage to drive the mine
trolleys. The steady interference from these rectifiers has a fundamental
frequency of 360 Hz with significant harmonics up to several kilohertz,

For uplink beacon communications the limiting cornponent of noise is nor-
mally either atmospheric noise generated by local and worldwide lightning ac -
tivity or power line harmonic noise, Atmospheric noise passes through a
pronounced minimum in the vicinity of 2.5 kMHz and the magnitude of power
line harmonics are substantially reduced at frequencies ahove 2.5 kHz. An
analysis was made of the magnetic fields at the earth's surface as a function
of transmitting loop depth and noise spectra for a typical earth of ¢ = 1072
mhos/m for several different frequencies. Results indicate that the optimum
signal-to-npise ratio for a beacon system operating at a depth of 1000 feet
-wolld be obtained using a carrier frequency somewhere batween 1.5 and 3.5
kHz. 35ee Figures 2,1-3 and 2.1-4,

‘2, 1.3 Field Measurerments

Various tests in the field were made to determine key physical and environ-
mental parameters to which the equipment would be designed. Electromag-
netic and seismic measurements were obtained at three coal mines during the
period July 27, 1970 to September 4, 1970. The seismic measurements are
reported in Sectien 3. 1. The following mines were visited during the time
.periods shown.

July 27, 1970 - Angust 11, 1970
Imperial Mine

Imperial Coal Company

Frie. Colorado

Aupgust 17, 1970 - Aupgust 27, 1970, and
September 3, 1970 - September 4, 1870
Clyde Mine, near Clyde shaft

Fepublic 5teel Corporation
Fredericktown, Pennsylvania

1&
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August 27, 1970 - September 2, 1970
Cambria Slope Mine No. 33
Bethlehem Mines Corporation
Ebensburg, Pennsylvania

Electromagnetic data obtained at each of the three mines included a con-
ductivity survey, measurements of the performance of the beacon uplink,
voice downlink evaluations, and subsurfare background noise measurements,
Fach mine's characteristics and measurerent results are discussed in the
follewing paragraphs.

Imperial Mine, Colorado

A map of the mine workings and the location where tests were conducted
are shown in Figure 2. 1-5. At the hoisting shaft, the depth to the bottom is
290 feet, This is a representative depth for most sections of this mine,
Seismic tests were performed above and in the main north entries, The
electromagnetic beacon was located in #1 and #2 East, just west of #2 Nerth,
and the veice transmitter antenna was located above and paraliel to #1 and #2
West and #1 and #2 East. Voice downlink transmissions were made in the
east-west entries and as far out in main north as possible, The overburden
consists largely of sandstone with interbedded layers of shale and partly con-
solidated siltstone. The Laramie coal seam is approximately 11 feet thick
at this location with entries bored in the bottom eight feet of coal, leaving
three feet of cozl on the ceiling to maintain the integrity of the shale roof.

The Imperial Mine is adjacent tothe Eagle Mine, which is alse owned and
operated by the Imperial Mining Company, Denver, Colorado. The Imperial
Mine is a much older mine with very little coal remaining; hence operations
are at a relatively low level, During the time that the measurements were
made, the Imperial Mine was not operating and only supervisory maintenance

-personnel were at the mine, This made an ideal test bed for the initial tests,

since there was complete freedom for using all of the mine facilities.

The apparent conductivity of the earth was measured using galvanic con-
ductivity methods discussed by Keller and Frischknecht {1966),* The basic
method involves the measurement of earth potential between two pointe on the
furface while current is injected into the earth between two other points, The
apparent conductivity for one measurement is calculated from

v, T KL (2. 1-4j
v
where I and Vare the measured current and voltage and K is a geometrie
factor based on the relative geometry of the electrodes, A sounding is ac-
complished by measuring o, at successively larger electrode spacings, thus

* Keller,” G. and F. Frischknecht {1966). Electrical Methods in Geophysical
Prospecting, Pergamon Press,

19



T

— n.nﬂm.w_aﬂ/ﬂ...lrr

Map of Imperial Coal Mine Showing Locations of EM and Seismic

Measuring Points

Figure 2.1-5,

21




., REL T

B e SRR Y
effea:tmg a deeper currerit penetration, For the predealgn tests, a frequem:y

of about 20 Hz was used to approximnate dc,

Two arrays of the electrodes, arranpged in line, were usad In the Eltran
array, * the electrodes were equispaced and current was injected into the
electrode pair at one end and potential was observed between the other pair,
Beyond spacings of about 50 meters, a dipole-dipole array* was used with
dipole lengths held constant at 50 or 100 meters while the dipole separation
was varied, Values for apparent conductivity were plotted versus electrode
separation and compared with theeoretical curves to obtain the equivalent
layered earth situation, using the partial curve matching technique described’
by Keller and Frischknecht.* The average conductivity i8 calculated using
the forrmula given in Section 2.1, 1,

In the results shown below, o represents the conductivity, in mhoe/meter,
of the layer indicated by the corresponding subscript. Similarly, h indicates
the thickness of the corresponding layer.

' 1
= 5,4 X 10 mho/m hi = 2.4 meters
1
¢, = 1.46 % 10 hz = 15
. -1
a'3=3.ﬂ6><1[} h‘j = 7
- g.56x107°
T4 T 707

This was later reduced to an equivalent 3 layer structure so that field calcula-
tions could be made using the 3 layer analysis computer program, (Figures
2.1-6, 2.1-7.) The average conductivity of the surface in the vicinity of the
main North entry was found to be 1.2 x 10~ mho/meter by uging Equation
2.1-3, These conductivity measurements were used to calculate the theo-
retical performance of the Electromagnetic Communications System.

A horizontal wire antenna for voice transmission was installed at the sur-
face over the entry marked #1 West and #1 East at a depth of about 230 feet.
The antenna was one mile long and was fed near the center with ground termina-
tions at each end. The average antenna current was .5 amperes, The total

_magnetic field atrength from the antenna was measured directly under the

antenna, 200 feet down the ¥2 East entry, Figure 2.1-6 compares measured

‘and theoretical field strength as a function of {requency. The curve is normal-

ized for one ampere of transmitting current, Figure 2,1-7 shows the varia-
tion of the received field strength at a frequency of 1000 Hz for various hor-

‘izontal separation distances ranging from one meter from the antenna to about

550 meters from the antenna. These measurements were taken in the main
Morth entry. The field strength did not vary as a function of antenna length

* Ibid.
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for lengths of one-half mile or one mile, and was directly proportional to the
transmitting current.

The beacon transmitter antenna was installed at the point shown on the map
in entries #1 and #2 East. Six turns of wire were wound arocund a coal pillar
which had the dimensions of about 14 ¥ 43 feet., The test transmitter con-
‘sisted of a sipgnal generator driving a McIntosh audio armplifier with decade
tapacitor boxes for tuning the antenna., [t was possible to obtain two am-
peres of antenna current for frequencies between 275 Hz and 5500 Hz and
about one armpere for frequencies up to 10 kHz, Figure 2.1-8 shows abssclute
values for the measured vertical magnetic field at the surface above the beacon
‘lecation as a function of frequency. Agreement with theoretical values is ex-
cellent, Figure 2.1-% shows the variation of field strength with distance. The
curves for both frequencies were normalized to show relative performance,
{Reference values were: at 2750 Hz, I = 2 amp, H? =.022 mA/m: at 275 Hz,

[ =.6 amp, HZ =, 11 mA/m.) MNormally, Hx component would not be present;

however in this case, a lack of precision in the physical geometry is likely
to have caused the resulting x component of magnetic field.

Since bandwidth is a critical design parameter for receivers, tests were
.made to determine the maximurn allowable bandwidth in which the received
lield was relatively uncontaminated by noise., Results indicated that this band-
width was approximately 100 Hz for frequencies below 1 kHz and 1000 Hz for
frequencies from 1 kHz te 5 kHz, The major factor in the determination of
.maximum allowable bandwidth at thie location was the presence of strong power
line harrmonic interference at the lower frequencies,

Clyde Mine, Pennsylvania

At the Clyde Mine, electromagnetic measurements were made between

-August 18 and August 26, 1970, and seiamic measurements were made on
September 3-4, 1970, The Clyde Mine is located south of Pittsburpgh, with
its #1 portal at Fredericktown on the Monongahela River. The mine extends
approximately ten miles to the southwest of Fredericktown to the Clyde shaft
area where the measurements were made, Figure 2,1-10 illustrates the
‘major areas of the Clyde Mina,
_ Figure 2.1-11 shews the portion of the Clyde Wine which was used for the
electromagnetic and seismic experiments, Several requirements dictated this
choice, First, it was necessary to find an area in the mine which had 115
vaolt ac power available with which to power test equipment for the beacon
transmitter. Secondly, it was necessary to find an area which had a rela-
tively thick overburden, This set of conditians was mmet at Power Bore Hole
#9, The location for the horizontal wire antenna (HWA) was selected to be.
one -third mile long on the top of a ridge along a toad which crossed the main
entries {overburden was 800 feet). The choice of the seismic site wasa diec-
tated by the need for 115 volt ac power on the surface and & bore hole having

a telephone connection directly to the mine, These conditions were satisfied
at Power Bore Hole #14, Table 2.1-1 is a drill log record for #14 Bore Hole,
and is typiczal for the area,
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Two conductivity soundings were made in the Clyde shaft area. One was
made in the vicinity of the voice dewnlink and beacon uplink experiments while
the other was made along a stream bed on the road to the Clyde shaft., The
-Becond measurement was severely affected by lateral contrasts and could not
be interpreted. The results of the {irst measurement, however, were inter-
preted and are shown below.

o, = & o 1[]-2' mhosim h1 = 2.6 meters
—1na><m"" h, = 77

I:J'd = . ) =

. =4.8x10°°

These data and interpretations were used to make theoretical caleunlations,

The background magnetic fields were measured at a lecation directly un-
der the center of the HWA line. The fields were measured with an 800 turn
toop and a Hewlett Packard HP-302A wave analyzer, The antenna was oriented
in a horizontal plane parallel to the earth's surface, This orientation also
provided minimum coupling to power and trolley wites in the mine. The tmine
was operating on a normal schedule., Spot measurements were made between
40 Hz and & kHz at all frequencies which showed significant peaks. The pen-
eral background level between recorded frequencies was also noted. The re-
sults of this survey are shown in Table 2. 1-2.- The coupler for the lcop
antenna had a 40 dB notch at 60 Hz, and the field strength reported at 60 Hz
is that which would exist if the notch were not present. Observe the signifi-
cant field strength at 360 Hz and its harmonics, which are due to components
from the 3-phase rectification. Harmonies on the ac supply lines to the rec-
tifiers were found to have a larger magnitude than those on the dc output lines
to the trolleys.

Attempts to record the field strength from the HWA transmitting system
were unsuccessful because the signals could not be datected at any {frequency
with the high background field existing, Voice transmissions could be under-
stood only by orienting the antenna to minimize interference picked up from
the ambient fields, Figure 2.1-12 shows calculations of the expacted field
strength from the horizontal wire antenna system carrying one ampere super-
imposed on the background noise at a depth of 800 ft, The difference between
the infinite line and a finite line is not expected to be significant for this depth.

The PBeacon Transmitter was installed in a cross cut about 300 feet from
Power Bore Hole #9, The antenna consisted of a 12 conductor cable with the
conductors connected in a series to form a continuous loop having an input
impedance of 4 ochms resistance and 5.5 millihenries inductance, The cable
was 100 feet long and was laid out in the form of a loop in the cross cut. The
Beacon Transmitter consisted of a signal generator feeding a McIntosh
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TABLE 2.1-2

BACKGROUND MAGNETIC FIELDS IN CLYDE MINE
UNDER VOICE TRANSMITTING ANTENNA*

Frequency, Hz H, ma/m Frequency, Hz H;ma/m
40 24,32 1940 A3-.583
214 2 2180 L 6T7-3.36
20 L03-.1 2300 .38-1,3A

120  .3-.4 2390 LA4-.27
160 .05-,009 2540 L 36-.7
180 .04-,09 Ccceasional frequencies with
240 L0B-. 16 H = .07
300 L.01-,02 : 2660 .14-.21
330 L01-.04 2720 .07
360 37.6 2750 = .04
400 LO7-.14 2790 .21-.35
' {2.1 peaks)
440 O7-, 14 2B40 L07-.3¢6
480 L 34-1, 36 2910 .14-,28
520 .2-.38 2960 L07-.7
550 . .14-,27 3030 L22-.74
&00 LBT-1 30340 L15-.44
h&0 .13 with spikes 3150 L22-.37
T20 6,67 izio LOB-8
840 ATl . 3340 LUB-, 24
900 L07-.2 3350 .08-,38
970 LA3-.4 3390 .23-1.1
1030 .07-.13 3450 .23-.69
1090 3,3-4 3540 L0831
General background ,07 3580 .08-.5
1150 .07 i760 de-08
1200 L2T- 4 ig10 .08-.48
1330 AN Y 3950 L0478
1450 .B7-1,33 40560 A7-.42
1570 L2767 4K -4, 6K A
1690 .13-.53 4,6K-5K .1 with . 2 peaks
1510 W33~ 6 - FK-0K . 1 with .4 peaks
1880 ,13-,53

* Measurement bandwidth is &6 Hz and loop was oriented for minimum
coupling to mine power lines,
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amplifier, which supplied from . 5 to 3 amperes to the loop. The current
was observed as the voltage across a one-chm registor and the output was
- monitored with a Tektronix 321 oscilloscope to ensure a clean sinusoidal wave
form. There wae 631 feet of overburden at the beacon location with an aver-
age conductivity of 3. 44 x 1072 mhos per meter. The average conductivity
— was caleulated by adding the weiphted conductance of each of the layers and
dividing by the total thickness. Figure 2.1-13 shows a comparison of the
measured magnetic field at the surface with a theoretical prediction for the
-— beacon transmissions, Figure 2,1-14 shows the variation of the maxirmum
field strength with horizontal separation for beacon transmissions to the sur-
face, This curve is normalized relative to the field directly over the beacon,
- The scatter in the data is partly attributed to weak signal strength, the am-
bient noise, and inhomogeneities in the earth including a gas pipe which
cressed the sounding radial at a distance of 447 meters,
— A measurement of signal and noise received in various bandwidths was
also made using the Quan Tech wave analyzer and an 800 turn Icoep, The loop
way oriented to receive vertical magnetic field over the beacon location at a
e frequency of 1,298 Hz, It was found that with bandwidths greater than 100 Hz
the noise increased substantially due to the non-Gaussian character of the
noise spectral characteristics.
Cambria Slope Mine, Pennsylvania
This mine is located in Ebensburg, Pennsylvania, approximately 100 miles
east of Pittsburgh on U, 5. Route 22, It is the newest of several mines in the
v vicinity operated by the Bethlehem Mines Corporation. The workings in the
. 54 inch Lower Kittanning seam are not vet very extensive; however, the min-
ing methods are quite modern, Mining is done principally by the lonp wall
- method, but continvous miners are used to drive entries for developing long
wall operations, Figure 2.1-15 shows a general mine map with the locations
for the electromagnetic and seismic tests,
A conductivity sounding was made along the reoad where the horizontal wire
antenna was located. The interpretation frem that sounding is shown below,.

2
7y 4,1 %10 mho/m h1 = 4,1 maeters
4.6 %107

72

For dipole spacings up to 50 meters, the soundings were typical of those made
over a simple layered earth; however, at larper spacings of 100, 200, and 300
meters, the curve of apparent conductivity versus spacings was irregular,
The cause of these perturbations was not determined; however, it is probable
that they represent an anomalous conductivity zone., These interpretations
were used in the calculation of thecretical performance predictions.

The background rmagnetic noise was measured on {wo separate occasions
in the wicinity of the beacon antenna. Omn August 29, the mine was not op-
erating and provided an ideal cpportunity to make background noise measure-
ments with veltage on the power conductors, but carrying minimum currents.
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This data is shown in Taglf.-!.‘1 2.1-3, The following table, Table 2.1-4, shows
magnetic field measurements madz on September 1, 1970, when the mine wae
operating normally, It will be noted that the recorded field strenpths are sig-
nificantly higher, )

The beacon and horizontal wire antennas were located over one of the
deepest parts of the mine (850 ft) where 115 volt ac power was alse avail-
able underground, Figure 2,1-16 showsa the pertinent fzatures of these loca-
tions. This figure also shows measurement locations at which field strengths
from the horizontal wire antenna were measured along the trolley line and the
D-west entry, Figure 2,1-17 shows the observed and calculated field strengths
from a horizontal wire antenna. The calculationse, based on an infinite lina,
considered two conductivity cases as shown in the figure, The two conductiv-
ity cases are based on two possible interpretations of the conductivity sounding
data. The variation of field strength with frequency, as observed at the beacon
location, behaves similarly to the theoretical calculations except that they are
about & dB lower than predicted. At locations A, B, and C, along the main
entry, field strengths of 1,37, 2.36, and 1, 7 milliarnps per meter were oh-
served. These field strengths were significantly higher {up to 13 dB} than
predicted. BSatisfactory field strength measursments at stations D, E, and F
were not obtained because of a loose cable in the preamp battery supply. This
was later corrected; however, tirne did not permit returning to the sites to
repeat the measurements. The reason {or the discrepancy between the mea-
sured values and the calculated valees is not known. The theoretical differ-
ence between the infinite wire caleculation and 2 finite wire calculation iz 2 to
3 dB and could not account for the observed difference. Conductivity varia-
tions rmay not have sufficlent effect. One possible explanation is that there
may be large inhomogeneities in the ground which are distorting the fields.
This may alse account for the higher field strengtha obaerved at stations A,

B, and C, which were further away from the center of the moment of the
antenna, Recordings of the downlink voice signals were made at several
lacations in the vicinity of the beacon antenna. For intelligible voice recep-
tion, it was usnally necesdsary to orient the receiving antenna to minimize
noise and interference pickup.

The beacon characteristics were the same as those at the Clyde Mine and
the depth at the beacon location was 850 feet. Figure 2,1-18 shows & com-
parison of the caleculated and observed field strengths at the surface over the
Beacon Transmitter, The mathematical model would only allow for hemo-
genous esarth, therefore an average conductivity was caleculated as before,
Apgain, the disagreement between observed and calculated fields is probably
due to unknown inhomogeneities in the earth. Figure 2.1-19 shows the rela-
tive beacon field strength as a [unction of distance away from the center point
on the surface, The maximum field strength is relatively constant over a
radius of 40 or 50 meters, Signals measured at the maximum slant range of
approximately 1, 390 feet had an absolute field strength of 5.7 % 10~% milli-
amps per meter, ’
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TABLE 2,1-3

BACKGROUND MAGNETIC FIELDS IN CAMBRIA
SLOPE MINE NO, 33 NEAR BEACON ANTENNA#
{MINE NOT OPERATING)

Frequency, Hz - H,ma/m Frequency, Hz H,malm
30 L0112 1920 007
&0 2 2170 LO17
120 _ 67 2520 .od
150 .as 3250 .01s
180 L2 3260 016
240 .23 1980 L017
igg L22 4340 Lo
360 1.8 General backgroeund . 0003
420 ¥ _ 4700 L0143
480 .03 ' 5790 .0
510 .01 General background .00G2
540 A5 6520 011
580 L1-,013 B6REB0 _ L0131
£00 L0017 Background to 10K Hz L0001
660 .04
690 L 007
720 A3
840-930 ' . 007
960 .02
1040 .007
1080 L086
11403-1240 LO07-,01
1440 L007-,05
1800 L0265

#  Measurement bandwidth is 6 Hz and loop plane was oriented te measure-
the radial H vector from trolley wire 20 feet away.
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— B TABLE 2. 1-4
BACKGROUND MAGNETIC FIELDS IN CAMBRIA
SLOPE MINE NQ. 33 NEAR BEAGON ANTENNA*
{(MINE OFPERATING)}

- Frequency, Hz H, ma/m Frequency, Hz H,ma/m
40 2,68 1090 .53
- 60 10-30 1450 1
a0 1,37=-3,42 1200-1400 = .33
120 1.1 1810 _ 27
160 background .46-.56 2K Hz background L0067
— 180 A4, BB 2180 .2
240 1,17 2750 L00V-, 021
- 300 1.1 2920 07
- ' 360 10.6-28.4 3200 L0007
varies with troelley opr, 3000-5000 .008
'F" 420 ' . 69 50490 02
.- 460 .51 '
' 480 L34-1
500 L068
540 27
500 .4
660 B T Y
- 730 . b7-2
780 L2
BOG-950 . L0413
—— 960 L2-.67
1000 LA3-, 67
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1800 -

370 e

Observer Location (Beacon)

850" Down —

@"'"-3901__‘_._._-—-— Feed Point

Measurement lacations
Distance from — 450" = A, .37 ma/m

Beacon

Data Only At
Stations A,B,C

D-West
Tunnel

000" - 8, 2.36 ma/m

Water on
Floor

Eiectrode

1400" - F
Could he:]r ,....--"""""

weak audio
tronsmissions

1750" - €, 1.7 ma/m

1™ End of 250 vdc 1000 MCM
Retum Cabie [mé Circular Mils)

2100 - E

2400' - O

Figure 2.1-16., Geometry of Horizontal Wire Antenna, Beacon Location,
and Measurement Points; Cambria Slope Mine Neo, 33
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Conductivity Cases

A B
— o 0,04] 0.034 mho,/m
'I;-:':d
_ hy 4.1 4.3 om
' To 0.0046 0,006 mho/m

1.37 to0 2.36 ma/m in D-West tunne!

B s T T T T7TT] [ .
i infinite Line Calculations .
- - § ' g smi
B ae 0085 1
— L A
L . —
= 0] B
L]
-2 ® ©
k]
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....... b - —
3 . 8 n
- = : Observed at Beacon Location B
— -
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N 10 L1 11 1] L. 1 1 11111
10” 10° 10#

Frequency, Hz

Figure 2.1-17, Observed and Calculated Field Strengths From
HWA at Cambria 510pe Mine
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Figure 2, 1-19. Relative Beacon Field Strength [Maximum)
Versus Distance On The Surface, Cambria

Slope Mine Neo., 33
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2, 1.4 Electromagnetic Predesign Summary

The theoretical formulations, which were based on published analyses, first
considered uplink propagation where it was shown that a VMD will be a more
efficient source than an HMD for the typical case where the depth to the mine
is less than 5 skin depths, For larger depths, the reverse is likely to hold,

For downlink propagation, proprams were deve loped to calculate the fields
from a horizontal wite antenna (HWA) for the case of a finite line on a homo-
geneous earth, or an infinite line on a layered earth. In the fie Id, the line may
be considered as infinite if the receiver depth is small compared to the dis-
tance to the nearest end of the wire, *

Electromagnetic man-made noise was measured in the Clyde Mine and in
the Cambria Slope Mine in Pennsylvania, but was not cbserved in the Imperial
Mine in Colorado because it was not in operation at the time. In the Pennsyl-
vania mines, the significant interference frequencies were 360 Hz and its
harmonics caused by power rectifiers. In mines where motor generators are
used, the noise frequency components will depend on the characteristics of
the motor generators. During an emerpgency, however, the trolley power is
generally turned off and the man-rade noise is greatly reduced,

Inteiligi ble downlink voice transmissions were received at all three mines
{depths of 290, 800 and 850 feet). QOuantitative measurements of the antenna
pattern below the surface have not been made; however some qualitative ob-
Servations can be discussed. [t was deterrined that the length of the antenna
is not a major factor as long as the depth to the observer is less than {e. £,
about one-third} the length of the line. Thus, for a 1000-1t deep mine, the
horizontal antenna length should be at least 3000 ft. Tt was also found that .
the measured magnetic field was directly proportional to the transmitting cur-
-rent. The theoretical model for an infinite line was found to be satisfactory
for predicting field strengtha over simnple earths. Geology and mine workings
Can cause unpredictable effects on electromagnetic signals. The horizontal
wire antenna should be laid out across the mine area where the coverage is
desired. If the receiver is using a vertical magnetic dipole antenna, it is
desirable to use a vertical magnetic antenna as the surface transmitter, In
the tests in the eastern mines, mine noise prevented extensive subsurface
field strength rmeasurements; however intelligible voice recordings were
made at two mines with sverage itransmitting currents of ) to 2 amperes, us-
ing an HWA transmitting antenna,

Beacon uplink transmissions were successinlly received at all three mines.
Surface noise limited the maximum range of coverage on the surface; however
it was possible to make measurements two or three hundred yards from di-
rectly aover the beacon. The maximum vertical magnetic field strength, Hz.

* This condition is sufficient if the total field is being observed. It is not
necessarily true for certain field components,

44




-

ey

MeW . e

Fdhetinge reasow SR -
at the surface was relatively constant for a radius of about 50 to 150 feet

.around the center point. The center point could, however, be found by ob-

serving the location of nulls in the horizontal H field. This indicates a po-

tential method for locating Beacon Transmitters, The theoretical calculations
using a homogeneous earth model {the characteristics of which were calculated
from an average conductivity) compared favorably with measurements at the
Imperial Mine {depth 290 feet}, while they were too low at the Clyde Mine
(691 feet) and too high at the Cambria Slope Mine {850 feet). At 2750 Hz, the
trangmitting current was generally between | ampere and 3.5 amperes.
2.2 DESIGN AND FABRICATION

Based on the results of predesign field experiments, theoretical caleula-
tions, and data from the literature, the design of the EM Communications Svs-
tem proceeded as outlined in the following subsections,
2.2.1 Design Goals and Guidelinea

Design poals were: .

2. Toutilize off-the-shelf components wherever posaible without sacri-
ficing performance or reliability, :

b. Te minimize cost, particularly for the subsurface units.

¢, To minimize size and weight of the equipment to be carried by the
individual miner. A weight of less than 1 pound for the Manpack Voice Re-
ceiver was believed acceptable,

d. To use good "Human Engineering' practices to ensure that subsur-
face equipment was readily operable by unskilled personnel, even when in-
jured or under stress,

e. To achieve a high degree of flexibility in the operating configuration
of the surface units and to accommodate a wide variety of operating conditions

dictated by rugged terrain, widely separated working areas,.and the inaccess-
ibility of ideal locations,

2.2,2 Make or Buy Decisions,
In keeping with the design goal of using off-the-shelf components, a survey
was made of readily available major components and equipments. This survey

‘indicated that only the power amplifier for the voice downlink transmitter was

available as an off-the-shelf item, but this required some maodification,
2.2.3 Description of Equipment

The EM Communications System is specifically designed to provide three
primary functions,

 Downlink Voice Communications from rescue operations on the surface
to men trapped in the mine,
- ®» Uplink Coded Beacon Communications from men trapped in the mine to
the surface.
e Uplink Telemetry of seismic signals received in the mine to aid in the
seismic location process,
Figure 1-1 shows in a pictorial and simple block diagram form, the equip-
ment and subsystemns required to perform these three functions., FRoth elec-

tromagnetic (EM} and seismic techniques are employed. Major subsystems
are described below, '
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Subsurface Communications Equipment

The EM Communications Subsystem developed includes equipment te be in-
stalled in survival chambers, caches or barricade locations within the mine,
This equipment is indicated as the "chamber or barricade system" in Figure
1-1, and includes a2 Beacon Transmitter, a seismic amplifier, an Electromag-
netic {EM) Habitat Voice Receiver, a seismic signaller, two antennas, and a
geophone. :

The subsurface equipment permits EM downlink voice reception, uplink code
transmission, and a seismic back-up system for each function. The EM Voice
Recelver is the trapped miners' primary equipment for downlink communications.
As a back-up for downlink communications, the miner may listen for seismic
signals generated bydetonating explosives on the surface. These may be di-
rectlyaudible, or can be amplified using a geophone and seismic amplifier
cperating through hisg voice receiver,

The primary subsurface component of uplink communication is a coded
Beacon Transmitter which transmits six selectable coded sipnals, The code
is generated automatically by square wave keying the transmitted signal at
six different on-off repetition rates. A seismic signaller is provided as a
back-up for uplink communications. Figures 2.2-1 through 2, 2-3 show the
subsurface equipment to be installed at a barricade or chamber, The Habitat
Voice Receiver and Beacon Transmitter, shown in Figure 2.2-1, have been de-
signed for ease and simplicity of operation., In response to questions received
on the voice receiver, the miner may reply with one of the six answers by simply
pushing the appropriate button shown at the bottom of the Beacon Transmitter,
With properly phrased questions from the surface, constderable information
may be obtained with this system. A geophone can be connected to the voice
receiver at the geophone plug shown in Figure 2.2-1, With the receiver in
SEISMIC mode {the seismic button pushed) amplification of seismic signals
[rom an implanted geophone is possible. These signals can also be relayed
to the surface electromagnetically using the Beacon Transmitter [also switched
to SEISMIC mode}. A narrow band FM modulator is used in this mode in the
Beacon Transmitter, A narrow band FM discriminator in the Beacon Re-
ceiver on the surface provides demodulation and reconstructs the original
seigsmic wave form, .

Figure £, 2-2 shows the seismic signaller {Thumper) which can be used as
a back-up system to the EM uplink at the barricade or chamber locations.

Thisa Thumper uses compressed gas {liquid CO2) to lift up to 400 pounds of
lead weights, Upon opening a relief valve, the lead weights drop and strike
the base plate, generating a seismic signal which can be detected with geo-
phones on the surface. With proper coding, the same six answers available
from the bheacon transmitter may be transmitted with this device. For instance,
one thump ¢ould mean yes, two -no, three -unknown, ete. Multiple thumps
would oceur in groups whose spacing is limited by the reset time of the device,

The entire Subsurface Comrmunications Subsystern, including the seismic
thumper solenoid, is operated from a single 1Z2-volt supply consisting of 2
Leesona-Moos Model BBS527/ U zinc-air battery. This battery has provision
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for mechanical recharging simply b'_»,r replacing the internal zinc plates. Con-
sequently, it is ideally suited tomine rescue operations since the plates can
be stored indefinitely in their'sealed containers and actwated énly when an

emergency has occurred. .It is capable of either a 24-volt cutput at 48 amp

kours life or a 12-volt output at 36 amp hours life.: Using the 12-volt con- -
nection, the battery is capable of providing power to the entire subsurface
system for a two-week period on & single set c:-f battery plates. .
Light-Weight Personnel Equipment * " . i x
Since miners could not conveniently carry the eqmpment described above
during the normal performance of their duties, it is important that they be
provided a man-pack, or other readily available means of communicatioen in
the mine. This reception capability is provided by the personnel system
shown in Figure 2.2-3. A smalldight-weight combinition voice receiver and
seismic amplifier,” with an antenna and geophone, is prcwlded for each man,
The geophone case cnntams a small preamplifie® wh!.ch Teceives power and
couples its signal into the voice receiver through a connector located on the
top of the battery case._q,!.Thm is shown in Figure 2 2-4. The antenna for the
Manpack Voice Receiver is built into the casa,,whereas the antenna for the

voice receiver used in the ba.rrmade system is larger and mmust be deployed

in an open area, ' This Manpack Voice Receiver and seismic amplifier, which
weighs less than one pound, is attached to and powered by the miner's lamp
battery to ensure. that each rmner ,may receive dawnlmk cemmunications during-
AN emMeErpency. “The umt requlres so little power ‘that ‘& la!mp battery which



was fully chargéd at the begmmng of an 8-hour shift will have sufficient power
at the end of an 8-hour shift to power the receiver for up to two weeks, pro-
vided no other equipment is being powered by the battery,. In order to trans-
mit signals to the surface, the miner trapped away from the barricade or

-

chamber location must use 2 hammer, piece of rail, wooden post or some- .
thing of a 51mllar nature with which he can pound on the floor or ceiling of
the mine to generate seiamic sipnals, , -

Operational Interfacing Between Seismic and EM Systems i

The EM Voice Receiver and coded Beacon Tranemitter located at barri-
cades or chambers, can perform an important. function in conjunction with
geophone preamplifiers and the location system in a manner which improves
the probability of determining a lost miner's location, The ;aignals generated
by an individual miner pounding on the mine floor ar roof propagate with less
attenuation horizontally at the mine level than vertically to the surface, It
was demonstrated during field tests that useful sipnals may he received on
subsurface geophones inatalled in the mine and then transmitted to the surface
by the Beacon Transmitter. Reception of seismic signals relayed from mul-
tiple beacon locations could increase the probability of sauccessfully locating
an individual miner. This potential could be realized from unmanned loca-
tions by pruwdmg & méans of turning on the Beacon and Voice Receivers from
the surface’, havmg 1n1t1a11y preset thern to relay seismic SLEnals
Surface Equipment ’

The surface equipment required for downlink and uplink cnmmumcatmns

includes the Voice Transmitter and the Beacon Receiver as shown in Figure
2, 2-5,
T g - =,

The Beacon Receiver provides reception of uplink communications signals
"and has six lights corresponding to the six replies which the men in the mine
can tranamit. The coding is performed by circuitry which on-off keys the
carrtier frequency at six different frequencies., Decoding at the surface is
ace omplished by a bank of narrow band filters in the Beacon Receiver tuned
to the six different key'mg frequencies and connected to a bank of indicator
llghts. « The beacon receiving antenna consists of a 1000 turn 24" square loop
which i8 normally deployed in a horizontal plane lying on the earth's surface.
The voice preamplifier, the power amplifier and the antenna matching unit,
connected to a long horizontal wire antenna laid out on the surface of the
earth and grounded at both ands, provide the primary downlink’'communications,

The geophone arrays. “and the Seismic Location System, in addition to their
lﬂcatmg functicn,” provide the means for a back-up seismic uplink communica-
tions system., The back-up downlink communications systém using seismics
consists of an explosive firing device and explosives placed in s-hqt hales on
the surface, Up to 200 lbs, of explosives may be fired for e-lach-.shtot' to en~
sure that the signals can be heard over a'wide area in the mine, The.miners
will be instructed to pound with a harmmer ¢r other heavy object whenever they
hear a specified sequence, [or example three explosive shots. Two shots
could indicate to t‘hem that their pcrundmg has been heard and five shots could
indicate that the location system had determined their posltmn. This allows
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a minimum level of communications which is adeguate for the most important
messages and can be used to signal the miners even if they have no equip-
ment whatsoever, Two hundred pounde of explosives detonated on the surface
can usually be heard without any amplification device at a two thousand foot
depth or slant range, but this is a4 function of the character of the overburden,
2.2.4 Performance Specifications

Tentative specifications for the EM Communications Subsystem were es-
tablished, based on the performance requirements to provide two-way com-
muntcations between the surface and a 1000 it deep mine with overburden
conductivity of ¢ = 1072 mhos/m and typical surface and subsurface noise
levels as discussed previously. These preliminary specifications are listed
beloar,

Voice Transmitter:

Frequency Response: 300 - 3000 Hz {3 dB}

Antenna Current into

Horizontal Wire Antenna: 1 -~ 4 amps

Antenna Matching: . 4 - 100 chms

Primary Power: 115 volts ac @ 60 Hz

Habitat Voice Receiver:

Sensitivity: Approximataly 1 wA/m for% =0 dB

Frequency Response: 500 - 3000 Hz (3 4B)

Output: : Speaker and Headphones

Primary Fower: 24 volts de @ mln current

Cther Features: Squeleh, beacon blanking, geophone
input

Manpack Veice Receiver:

Sensitivity: - "Approximately 50 nA/m fm: rs—q =0 dB

Frequency Response: 500 - 3000 H=z (3 4B}

Cutput: EFarphone

Primary Fower: 4 to 4.5 volts dc from miner's lamp

battery with minimum power drain

Other Features: ' Small size, less than | pound weight,
' geophone input

Beacon Transmitter:

Frequency; . 1375 Hz and 2750 H=
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Meodulation: Square wave ICW @ frequenciss of:
t.25 Hz, 1.96 He,
2.75 Hz, 4.58 He,
6.875 Hz, and 13,75 H=

Antenna: ' Horizontal, series tuned, large area
multi-turn locp

Antenna Current: ]l -~ 3 amps

Primary Power: . 24 volte de @ min. current

Auxiliary Features; FM seismic uplink

Beacon Receiver:

Fregquency! 500 - 4000 Hz

Bandwidth: 50 - 500 Hz (3 dB)

Sensitivity: Less than 1 wA/m for % =0DdB

Qutput; Visual readout of coded replies, plus
earphone

Primary Power: 115 volts ac @ 60 Hz, or battery

Other Features: Rack mount and portable

2.2.5 Breadboarding and Te sting -

Individual circuits such as preamplifiers, filters, squelch circuits, voltage
regulators, etc,, were breadboarded and tested before inclusion into the de-
gign drawings. .

"Circuits which exhibited the desired performance characteristics at room
temperature were subjected to a8 low as 309F tc as high as 150°F termpera-
ture extremes, If performance was severely degraded at the temperature
extrermes, the circuit was redesigned, It was later determined that low tem-
perature operation down to 0°F would be required for some of the surface EM

equipment, particularly the Beacon Receiver when operated outside of the
van,

-Z2.2.6 Final Design Considerations

The results of the predesign studies, breadboard performance tests, and
performance specifications provided the basis for developing hardware specifi-
cations which were submitted to an in-house design review board. Some of
the basic design decisions are discussed in the following paragrapha.

Voice Downlink .

Laboratory tests performed at WGL showed that {for the voice downlink a
speech bandwidth of 300 - 3000 Hz gave intelligible results of good quality.
Subsurface noise measurements made during the predesign field tests showad
that large amounts of power line generated noise may exist in the 60 to 500
Hz range, particularly at 360 Hz, These noise fields could easily exceed the
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lower frequency components of the voice signals from a reasonable sized
transmitter, The decision was made, therefore, to reatrict the passband of
the voice receivers to the range 500 to 3000 Hz,

The final design of the Manpack Receiver antenna represented a trade-off
between electrical perfermance and physical requirements, The physical size
in this instance was restricted to a package about 1-1/2" % 1-3/4" x 6" which
could mount on the side of a miner's lamp battery case, It would contain all
the electronic circuitry and the antenna.

Beacon Ugplink

On-off keying of the carrier was selected over frequency shift keving as the
method of information transfer for reasons of simplicity in both the Beacon
Transmitter and Receiver, and because an interrupted carrier would be easier
to distinguish from the interference caused by power line harmonics on the
surface.

The beacon transmitter was designed to operate in the steady state low
voltage mode as opposed to a high voltage pulse mode in order to meet the
permiasibility requirements,

For the EM seismic uplink, the time of occurrence of a seismic event was
* the gritical parameter to be considered in designing the ¢ircuitry. Frequency
modulation was selected as the most practical means of conveying the time
information to the sarface, since it would be less sensitive te interference and
dynamic range limitation than amplitude modulation. '
2.2,7 Design Reviews and Design Modifications

Design reviews were held to discusg design trade-offa- and make final de-
sign decisions.: The decisicns reached by the in-house design review board
are listed below: '

Voice Transmitter

it was decided to provide two separate antenna matching circuits so that
the two-channel capability inherent in the zudio power amplifiar selected
could be retained, This would provide the flexibility of baing able to retain
one channel as a spare {for system reliability), or to use both channels to
provide coverage of two widely separated areas.

" The relative merits of both long horizontal wire and large horizontal loop
antennas were discussed. An antenna matching circuit was designed to ac-
commodate either configuration.

Habitat Voice Receiver

The automatic gain control originally planned for the voice channel was
eliminated to reduce circuit complexity.
Manpack Voice Raceiver

Various packaging confipurations involving lecations on the miner's helmet,
lamp, lamp battery, and belt were discus sed. Mounting of the entire receiver
in a package on the lamp battery case was selected as the logical solution,
since the unit was t¢ he powered by the battery and could be permanently or
semi-~-permanently attached. Owned and maintained by the mine owner, lamp
batteries are always charged and always available to underground personnel,
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Beacon Tranamitter ) _

It wae decided to incorporate an interruption in the NORMAL mode beacon
tranemission sequence to facilitate listening for voice transmissions., Auto-
matic termination of SEISMIC. mnode transmissione was also incorporated,
This feature prevents jamming of voice tranemissions for uncontrolled perieds
of time, should the beacon operator become dimabled after switching to the
SEISMIC mode,

Beacon Receiver

The principal decision affecting the design of the Beacon Receiver was
whether to use continuously variable tuning or fixed tening in the rf stage.
Since the developed aystem is experimental in nature, it was decided to usge
variable tuning for increased versatility.

An air core loop antenna, identical to the one used for the Habitat Voeice
Receiver, was selected because of its inherent compatibility with the design
requirements. The only adaptation required was the inclusion of a pream-
plifier providing additional gain and capable of driving 1000 feet of lead-in
cable.

Design Specifications
The final demign specifications selected were as follows.

Voice Downlink Transmitter:

Inputs: Microphone, External

Cutputs: Z independent power amplifiers and

antenna matching channels

Power (Cnt:

Antenna Impedance Matching:

Frequency Response:

Other Features:

Power Required:

Habitat Voice Receiver:

Inputs:
Qutputa:

Sensitivity:

Frequency Response:
Cutput Power:

PE:rv_.rer Required:

200 watty per channel
4 to 128 ohms in binary steps.
300 to 3000 Hz at 3 AB points

Alert signal, Time ticks built-in
cassette tape plaver

115f230 volte, 60 Hz @ 500 watts

Air core loop antenna, Geophone
External speaker, Headphones

l.6nAfm fur%=ﬁ dB

See Figure 2.2-6
250 milliwatts
12 volts de @ 150 mA
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Manpack Voice Receiver:

Inputs;
Outputs:

Sensitivity:

Fregquency Response:
Power Required:

Beacon Uplink Transemitter:

1

Inpute:

Antenna;

Fower Out:
Frequency:

Operating Modes:

Power Required:

Beacon Receiver:

Inputs:
Outputs:

Sensitivity:
Tuning:

Frequency Responsea:

Display:

Power Required:

2.2.8 Fabrication and Assembly

Geophone
Earphone

50 pASfm for % =6 dB

See Figure 2,2.7
4,5 volts de @ 10 mA

Seiamic input from Habitat Receiver
{FM Maode)

Air core loop, 12 turn, 100 ft
perimeter flexible cable

4 watts, 1.2 amperes into antenna
2750 Hz

Normal {Beacon), Fixed Reply {6,
Maorae Code

12 volts de @ 1.5 A

Air care loaﬁ'antenna, 24" sguare,
1300 turna

Earphones Seismic Qutput Jack (FM

Maode?

0.11 pAfm for me esage discrimination
Continuously variable 500 to 4000 Hz

See Figure 2.2-8 for passbhand
characteristics

Lights for each fixed reply (6}

115 volts, 60 Hz or internal recharge-
able batteries

Fabrication and assembly of the various unite of the communicationa sub-
system employed standard model shop techniques, All metal forming and
circuit card fabrication were performed by hand on an individual unit basis,
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2.3 PREDEMONSTRATION TESTS

Predemonstration teats included both laboratory tests and checkout of the

total systemn followed by field testing in the mine environment,
Z.3.1 Laboratory Tests
Before shipping the EM Communications System to West Virpginia for the

' predemonstration test, a series of laboratory tegsts were performed to ensare
that the equipment was operating according to design specifications, Fre-
gquency response and gain characteristics were obtained on the beacon re-
ceiving loop and preamp, the Beacen Receiver, the Habitat Receiver, and
each of the Manpack Receivers. Temperature tests from 30°F to 1509F were
conducted on the veoice downlink and beacon uplink equipments to verify per-
formance in the expected cperating environment,

When these tests were completed, the EM Communications equipment was
packed for shipment to Charleston, West Virginia, for predemonstration test-
ing at the Harewood Mine.

2.3.2 Field Tests ~

The Harewood Mine, operated by Semet Solvay Chemical Co. and located
near Gauley Bridpe, West Virginia, provided sufficient overburden to give
baoth the EM uplink and downlink systems a valid pe rformance test, It also
had several searms being worked, with some mined out areas hetween the sur-
face and the active workings.. The mine to surface vertical separation was
about 650 feet,

The ¢onductivity of the overburden was 0.6 x 103 mhos/m. No attempt
was made to determine conductivity layering at depth. However, the low
conductivity measured at the surface probably continues down to the depth of
the mine since coal ocuterops were seen on the surface.

The long-wire voice transmmitting antenna configuration was deployed in the
shape of a large horseshoe that followed the road using 2000 feet of wire. This
produced signals that could be clearly heard in the mine. The antenna terminal
impedance was approximately 90 ohms. Four ground stakes were used at
each end to terminate the antenna. At one end they were driven into the ground
and at the other they were laid horizontally in puddles of water. Twenty
pounds of zalt were added to both terminations to improve electrical contact
with the earth,

Voice Downlink Performance

The 64 chrn transformer output tap on the antenna matching unit wag used
and this gave 1 amp undistorted RMS5 sine wave current inte the transmitting
antenna, The maximum power of 200 watts was not tealized due to the im-
pedance mismatch between transmitter and antenna. However, the trans-
mitted power was sufficient to establish geod quality veice signal reception
on both the Manpack Receivers and the Habitat Receiver in the mine,

The orientation of the voice receiving loop did affect the guality of recep-
tion, The loop usually was oriented for minimum interference rather than
maximum signal. A 360 Hz tone was heard on the receivers at all of the
working mines visited.
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Beacon Uplink Performance -

The beacon uplink systern met performance requxrements during the pre-
demonstration tests conducted at the Harewood Mine, W.Va. The Beacon
Transmitter power used in these tests was about 25 watts, Beacon uplink
communications were tegted at carrier frequencies of 1375 Hz and 2750 H=.
The 1375 Hz signal strength at the surface was stronger than at 2750 Hz, but
the background interference was also greater causing an overall degradation
in performance at 1375 Hz, The functional operation of the beacon uplink was
satisfactory using only the six preselected push button replies; however, the
additional provision of the MANUAL CW button proved to be extremely useful
whenever the subsurface personnel desired to initate a message to the sur-
face, To ensure that the MANUAL CW operating capability could be utilized
by personnel unfamiliar with Morse Code, a plastic laminated card contain-
ing the International Morse Code was inserted in the cover of the Beacon
Transmitter carrying case, .

2.3.3 Denign Modifications

Immediately following the predemonstration phase at the Harewood Mlne.

a meeting was held with the Bureau of Mines Appreval and Testing Group,
Technical Suppoert Centar, Pittsburgh, Pennsylvania, to discuss the subject
of permissibility for all subsurface electrical equipment, As a result of this
meeting the Beacon Transmitter was modified so that its electrical operation
in the mine would be intrinsically safe and therefore not require explosion
proof compenents for permissibility. This meodification required reducing
battery voltage from 24 volts to 12 volts, limiting the current from the battery
with series resistors, and limiting the transmitted current into the primary
of the beacon output transformer with a series resistor. These modifications
reduced the output power of the Beacon Transmitter from 25 watts to 4 watts’
resulting in an 8 dB loss of signal level. All subsequent EM testing was per-
formed with a Beacon Transmitter output power of 4 watts.

2,4 DEMONSTRATION TESTS

2.4,1 BSite Description

The mine chosen for the ""simulated disaster'" CMRESS demonstration was
the U. 5. Steel Mine No. 14 at Munson near Gary, West Virginia, The terrain
in this area is extremely rugged and there was nearly 800 ft of overburden
between the area of mine entrapment and the communications van on the sur-
face. Subsequent paragraphs describe the operational parameters of the site
and the performance of the Voice and Beacon Communications Subsystems at
Mine No. 14, The operaticonal procedures followed during the demonatration
are described in Appendix A.

2.4.2 Ground Conductivity

Measutements of ground conductivity were made along a road over the mine
beginning at the communications van and extending out to a distance of 350
meters. The apparent ground conductivity observed was nearly the same at .
each of the 5 dipole separations used, indicating fairly homogeneous eleetrieal
characteristica of the nverburden. The conductivity measurements ranged
from a low of 2 x 10-3 mhos/m at a dipole separation of 300 meters to a high
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of 3 % 10-3 mhosym at a dipole separation of 200 meters, The mean con-
ductivity of the strata down to a depth of roughly 500 ft was 2.4 ¥ 10-3 mhos/m.
It was assumed that the conductivity remained easentially constant from the
surface down to the mine level. Based on a mean conductivity of 2.4 x 10-3
mhos/m, the '"'skin depth" {8} of the conducting material at 2750 Hz ig 195
meters {640 ft). The EM signal attenuation observed at this depth was due
prirmarily to the inverse distance relationship {z3} as shown in Figure 2.1-3,
Since the maximum frequency of the voice downlink system is about 3 kHz,

this analysis will apply similarly to the downlink propagation characteristics.
Z,4.3 5ignal and Interference Comparisons of Voice Downlink

Figure 2.4-1 shows the subsurface signal and noise field intensity observed
at the habitat location in the mine. Maost of the background noise in the mine
wag agsociated with 3-phase rectifier ac harmonics carried on the de trolley
bus. The noise curve is based on interference peaks received at the signifi-
cant harmonic frequencies of the 60 Hz primary power and the 360 Hz recti-
fier harmonics. The received signal from a 410 mA transmitter current on
the surface is also plotted on this same fipure. In the freguency band of in-
terest (500 to 3000 Hz), the received signal from a 410 mA transmitter current
is above the interference peaks. The 360 Hz interference was reduced by
filtering in the Habitat Receiver and did not adversely affect the reception of
the voice signals in the mine.

2.4.4 Signal and Interference Comparisons with Beacon Uplink

The noise and interference seen on the beacon receiving system {see Fig-
ure 2, 4-2) was penerally caused by lecal power line harmonics. The beacon
field intensity was measured down the mountain from the communications
van and at two locations on the strip mining bench, {See map, Figure 2.4-3.)
The received signal strength was appreciably greater than the background
interference at all locations. .

The temperature at the beacon receiving site was below 32°F most of the
tirme and occasionally dipped below 0°F. Throughout the demonstration, the
beacon antenna preamp and battery supply were exposed to these temnpera-
tures, yet continued to function satisfactorily, The Beacon Receiver was
exposed to cold temperatures during the installation and deployment phase of
the demonstration and the remainder of the time was housed in the equipment
rack in the communications van. Urnder exposed low temperature conditions
detuning was evident in the message display light circuits causing an erratic
display on seme of the messages. This was due in part to the 30° to 150°F
range of the integrated circuit amplifiers, These amplifiers have since heen
replaced with their corresponding mil-spec counterpart, The rf and audio
portions of the receiver functioned satisfactorily under all conditions,

2.4,5 Results of Voice Downlink Tests

The quality of the voice reception in the mine with transmitter antenna
currents averaging 0.5 amps, was excellent with both the Habitat Receiver
and the Manpack Receivers. One hundred percent message intelligibility was
maintained on both receivers throughout the test and usually the guality per-
mitted indentification of individual speakers. The irregular shape of the
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surface transmitting antenna prevented valid quantitative comparisons of
measured and theoretical field strengths., The measured field strengths were
10 dB higher than predicted assuming a straight antenna.

Normally voice communications were maintained between the communica-
tions van on the surfarce and either the Beacon Transmitter location ({A) or the
gimulated barricade location {Al} in the mine. On one occasion, reception of
voice signals was attemnpted using the Manpack Receiver at other locations
farther away. Table 2.4+] summarizes qualitatively the results of these ex-
periments. The table shows that intelligible voice communications could be
established with transmitter currents of approximately 0.5 amps at a slant
range of 1454 ft but not at 2843 ft, At a slant range of 1021 ft, high quality
voice reception with 100% intelligibility was continuously achieved,

2.4.6 Results of Beacon Uplink Tests

The coded message transmission and decoded message receiving sections
of the beacon uplink system met performance requirements except under ex-
tremely low temperature conditions. The beacon/seismic data uplink required
a modification of a resistor value in the Beacon Transmitter to prevent over-
loading and thus permit its signals to be utilized by the Seismic Location Sye-
tem. This modification was made shortly after the teat began and the beacon/
geismic uplink systerm was then used as a synchronizing input to facilitate the
processing of geophone signals recorded on the aurface.

Beacon field strength measurements were rmade at three different loca-
tions and their measured values compare favorably with calculated values
using the measured ground conductivity of 2,4 x 10™3 mhos/m. Table 2.4-2
shows the comparison between measured and predicted field strength measure -
ments at sites 1, 2 and 3 in Figure 2. 4-3,

Reliable beacon communications were achieved with a transmitter power of
4 watts over a maximum through-the -earth slarit range of 1544 ft.

2.5 PERFORMANCE EVALUATION

The results of the predesign tests {Section 2. 1), predemonstration and
demonstration tests (Sections 2,3 and 2. 4) show how the EM ¢communications
performed at the five mines visited. These results can also be used to eval-
uate the system's capability in general, and extrapolate its performance to a
wide variety of mines with different physical and operational characteristics.
Sections 2,5.1 and 2.5. 2 provide curves and tables which can be used tg es-
timate, in advance, the EM System's operational capabilities in any mine
whose geophysical and physical characteristics are known,

2.5.1 Voice Downlink

Figure 2.5-1 shows the predicted horizontal magnetic field directly under
a long horizontal wire antenna carrying 1 ampere at a frequency of 1000 Hz,

If the overburden conductivity is known and one assumes that the mine
generated noise is insignificant, it is possible to determine the maximum
depth of operational communications for both the Westinghouse Manpack Re-
ceiver and the Habitat Receiver using Figure 2. 5-1. The limiting field
strength required for satisfactory operation of the Manpack Receiver,
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A ]
assuming that only receiver thermal noise ie present, is -86 dB relative to
1 a/m and for the Habitat Receiver it is -116 dB relative to 1 a/m, Thus,
for 2 mine with an overburden conductivity of o = 10-2 mhos/m, and a long
HWaA tranamitting current of | ampere, the maximum useable depth for the
Manpack Receiver is 1600 ft and for the Habitat Receiver 3200 ft. These
depths are optimietic because they assume no mine generated external noise,
It is difficult to predict what the mine generated noise will be for a given mine
since it varies widely as a function of the location and current demand of elec-
trical equiprnent in the mine, Also, the movement of electric trolleys hag
been observed to generate considerakble interference. In emerpency situations,
however, the mine interference should ke negligible, and the maximum depths
for communicationa stated above ahould be achievable,

Referring to the noise curve in Figure 2,1-12, we note that a field strength
of at least -60dB relative to 1| amp/m is required toc override most of the
harmoenic noise peaks as seen in a large working mine such as the Clyde Mine
in Pennsylvania, Taking this as a typical condition for a large working mine,
the maximum useable depth for the two receivers under full scale operating
conditions would be about 450 feet. Subsurface noise, as it relates to com-
munications performance is undergoing continuing investigation.

Figure 2.5-2 shows essentially the same data as Figure Z.5-1 with the
curves being parametric in magnetic field strength rather than conductivity.
Both of these curves can be used effectively to predict the systern's performance
at any mine for which the pertinent parameters such as conductivity, depth,
and backgrnund noise are known,

Figure 2.5-3 shows the magnetic field degradation nhserved by moaving
horizontally away from a point directly beneath the line at depths of 500,

1000, 1500, and 2000 feet and for voice {requencies of 300 Hz and 3kHz.

It is apparent that for these voice frequencies the attenuation vs. herizontal
distance out to distances of 500 feet is almost negligible for the two layer
earth model used,

Table 2,5-1 shows the approximate maximum cperating depth for both the
Habitat and Manpack Receivers to achieve the indicated aignal -tcr -noise
ratios in conductivity environments of 10° 1, 167 2, 1073, ang L0~ mhcsfm.
The assumption is again made that mine generated noise is negligible and
that recetiver front end neige iz the limiting factor on performance, These
figures are based on an excitation [requenéy of 1 kHz which, logarithmically,
is the midpoint frequené}r of the voice band used in this equipment.

Z.5.2 Beacon Uplink

The performance of the beacon uplink systern can he predicted for a wide
variety of rmines using the electromagnetic field strength curves in Figurea-
2,5-4 and 2.5-5, In most cases, the major component of contaminating neise
and interference on the surface will be man-made interference from power
lines and nearby industrial facilities. It is difficult to predict what the man-
made interference will be at a given site without measuring it. However, it
is possible to evaluate the beacon system performance under the condition
that it will be atmospheric noise limited, 2 quantity that can be predicted

b9
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TABLE 2,5-1

APFROXIMATE DEPTH FOR SIGNAL RECEPTION (DOWNLINK)
FOR HABITAT/MANPACK RECEIVERS

5 /N
dB 5 10 20 30

g

mhos /m )

10-4 * e & ~ 000
~ H000 20048 850 240

' 40 -3 7500 6500 4800 3400

3200 1500 &20 240

m-z 3000 2600 20040 1600
1500 940 500 230

Lo -1 1100 S50 800 680
660 450 -2 34 170

For each conductivity, the upper line is the depth for the Habitat Receiver
and the lower line is for the Manpack Receiver.

I = 1 amps
BW = 2500 H=z
f = 1000 H=

Transmitting antenna length - assumed to be long enocugh such that the horizontal
distance between the observer and the nearest end is greater than
the observer's depth,

o = Effective earth conductivity, mhos/meter

N = Noise

Mine equiprnent turned off

Depth, in feet

* Requires apecial theoretical consideration

Senaitivity: Habitat Receiver S,"NT =z5dB, H = -116dB relto 1t A/m

Manpack smTzs dB, H = -B6dBreltol Afm
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with reagonable accuracy, Based on statietical noise data in the literature,
and Westinghouse's past experience in the measurement of low frequency
noise, a typical value of magnetic field noise at 2750 Hz was assumed to be
on the order of -166 dB relative to 1 afm in a 1 Hz bandwidth,

In order for the beacon decoding circuitry to work properly, the signal-
to-noise ratio should be at least & dB, Thus, the limiting signal atrength for
reliable performance of the Beacon Receiver iz roughly -139 dB or . 11 pa/m
in a 50 Hz bandwidth. Using Figure 2.5-4, one ¢an determine the maximum
operating depth of the beacon system as a function of the overburden con-
ductivity, For example, for an overburden conductivity of ¢ = 1072 mhoa/m,
the -139 dB intercept occurs at a depth of 1500 ft. Figure 2.5-5 shows the
data in a slightly different manner, and Table 2. 5-2 shows the maximum op-
erating depth in tabulated form as a function of desired signal-to-noise ratio
for conductivities from 1071 to 104 mhos/m. It must be kept in mind, how-
ever, when using these curves and tables to predict beacon performance, that
they represent ideal conditions and that under normal conditions the system

performance will be degraded by whatever amount of man-made interference
iz pre=sent,
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TABLE 2,5-¢

DEPTH TC BEACON WITH TYPICAL ATMOSPHERIC
NOISE AT SURFACE

SJ"NA
. (dB)] g 10 20 30
{mho /m
10”4 4400 3100 2200 1500
1073 3100 2500 1500 1400
2
10 1700 1500 1300 1050
-1 '
107 280 750 630 530
f = 2750 H=z

Bandwidth = 50 Hz {17 dB}
Avg, H -166 dB rel to 1 A/m/{ H=z

= 149 dB rel to1 Afm in 50 Hz
Depth, in feet
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3. SEISMIC LCCATION/COMMUNICATIONS SYSTEM

The purpose of the Seismic Location Systern is to detect and locate trapped
miners who have no means of cormmunicating to the surface other than by
generating seismic vibrations which can be received on the surface. The
uplink Seiamic Communications System is necessarily established as a result
of the Seiamic Location System since communication requires only detection
of the signals at one point, hut location requirer a means of initial estimation
of signal parameters at three or more separated points. The seismic com-
munication system, then, required cnly development of a downlink to eatablish
two-way communications, since the location aystem would serve as the uplink.
Throughout this section, little attention will be paid to the seismic communi-
catione uplink for the above reascna. The seismic communications downlink,
which conaists of explosive chargesa on the surface and unaided aural detection
by individual mining personnel, will be treated only briefly. The majority
of the material will deal with seismic location.

At the outaet of this study it was realized that a seismic location system
would be difficult to implement with current technology. The work described
below ig the result of a nine month program to provide the best poasible uae
of the state-of-the-art. Further improvement and research is acknowledged .
to be required to provide a suitable myatem for miner location.

It was demncnatrated by the National Academy of Engineers (NAE)* that
a seismic signal generated by a miner pounding with a2 3 pound harnmer on
roof timbera could be detected by gecphones on the surface. However, the
received signal was weak, its time of arrival was not definable, and the
experiment was performed in a western Colorado mine with only 210 feet of
overburden. The NAE suggested that the use of multiple element arrays of
geophones and better electronic filtering, would increase the signal-te-noise
ratio by 20 dB. However, since the signal and ncise both fell within ap-
proximately the same band, We stinghouse did not expect to realize significant
improvement by filtering. In addition, multiple element arrays de not
slways improve signal-to-noiae ratio to the extent predicted theoretically, o
the improvement expected was felt to be somewhat optimistic,

. Westinghouee proposed te construct a state-of-the-art location system to
empirically test the feasibility of an operational seismic location system.
The proposed system would be at least ag sensitive and noise-immune as any
system known to be in existence and, more importantly, it would take
advantage of repetitive signals, in addition to spatial 2nd electronic {iltering,
in order to improve signal-to-noise ratios. .

Alsc it was propoged to implement some type of simple but reliable down-
link communications. Since the electromagnetic system would perform the

#. '"Mine Rescue and Survival,' WAE Committee Report, November 1969,
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primary downlink communications funetien, seigmic communications would
serve only as a "back-up' system. However, since downlink EM communi-
cations require that miners have receivers, and thie will not be the case
irmmediately, a back-up downlink was required which could be used even
when the miners have no special equipment.

3.1 PREDESIGN TASKS '

The purpose of this section is to surnmarize the initial work which led to
specificationa and design of the seismic location system. It includes both
theoretical work and field teats.

3.1.1 Data Base

The purpose of the geophysical data base was to determine the range of
variation and the minirmum, maximum, and typical values of geophysical
parameters so that the aystem could be designed with enough marpgin to
operate in any coal mining region in the United Statea. The aseismic param-
eters of interest are:

(1) Seismic (rompressicnal) P-wave velocity for both the mine
overburden rock and the surface weathered layer.

{(2) Attenuation of P-waves.

{3) Natural seismic noise levels,

The accomplishment of this task required specifying general geological
characteristice and then deducing geophysical properties since no directly
-applicable data was found, The data was assermnbled in general form and
specific cases were analyzed to asaure that the general apecifications were
valid, A brief examnple of the data derived from various sources is given in
Tables 3. 1-1and 3,1-2. The United States is divided into major coal regions,
and geophysical parameters are listed for each, The complete results of the
data callected and the scurces are given in Appendix D. It is not to be ex-
pected that this data base will specify the geophysical parameters at any
given mine, since there can be significant variation between mines in the
sarre repion. However, the data does indicate the values of parametersa
which will most likely be encountered at a mine in a given area,

3.1.2 Detection Study

A brief theoretical study was made to attempt to predict the signal trans-
mitted to the surface from a2 hammer blow underground.
Background _

Asaurne that a point force, Ggft), where gt} represents the shape of the
force function and G its amplitude, is applied in an unbounded solid as
" shown in Figure 3, 1-1. White¥ has shown that the radial particle displace-

rment is
5 cos T -
un = E[L =— {3-1)
T 4w p ?jr ( V)

$White, J. E., Seiamic Waves; Radiation, Transmission, and Attenuation,
McGraw-Hill Book Co., New York, N.Y., 1965, pp. 214-216.
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Figure 3, 1-2, Expected Spectrum Characteristics from a Hammer Blow
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where the point of intereat is far enough from the source to neglect ''near
field'" components and frictional attenuation is not included, In the above
equation, ¢ is the density of the solid and V is the speed of compressional
P waves. The expression does not include attenuation 2and so should give 2
maximum expected signal. .In addition, since the wave reflects at the free
sutface, the digplacement doubles and Equation {3-1] should be multiplied by
a factor of 2.

If we let the force be

g(t} = exp {-tf7}, {3-2)

where 7 is the decay time of the force, the only unknown variable in
Equation (3-1) is G, the magnitude of the ferce, That magnitude may be
determined as follows. The integral of the force from a hammer blow is
equal to the change in momenturmn of the hammer., That is,

f Gg(t) dt = Mv - 0 ' (3-3)
0

where M is the mass of the hammerhead and v ia its velocity at impact.
Substitating g{t) from Equation (3-2} and solving for G results in

G = Mv/t. f3-4)

The assumption of the force function as shown in Equation (3-Z) results in
a spectrum for the hammer blow as shown in Figure 3.1-2 and written as

G{iw) =] exp (-t/7) exp{-iwt) 4t . (3-5)
0 - .
_ 1
Giw) = — 1 (3-6)
1 + _-'T_

The decay time, T, is related to the cutoff, or corner frequency, by

' i
W= — {3-7)
c T

Then, the decay time, T, may be estimated by estirmating the highest frequen-
cies likely to be induced into the earth by a hammer blow.
Eeceived Signal

Using Equations (3-2) and {3-4), Equation (3-1) becames

2 My cos &

T Ty I e [—{t-rf‘u’]f:r] . (3-8}

urit}
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Since a geophone responds to particle velocity rather than particie displace-
ment, Equation (3-8) muat be differentiated to obtain a form similar to a
geophone output. It ia noted that a geophone does not respond to arbitrarily
low frequencies as a simple differentiation would indicate; however, the
objective here is to try to predict the order of mmagnitude of the response
and neglecting the low freguencies is not a limiting or a serious approxima-
tion. The differentiation of Equation {3-8) results in:

-2 Mv cos ¢
ty =
Vp{} 'r‘{'4'rrpr

exp [~ {t-r/V¥T]. {3-9}

Ewaluation

The peak received signal is the multiplying term on the exponential in
Equation {3-9), and is evaluated aa follows,

M: Asaume a 1@ pound hammer {. 211 slugs).

v: Agsame a velocity twice that of simple free fall from height of 4 feet
{32. 2 ft/sec).
An average rock density is 156 pounds per cubic foot {4. 85 511..'lgs.f'ft:3
0 degrees
Uae (1000 ft, ),
Use {1000 ft{sec]. _
Use (.01 sec).. Thia implies that W, = 100 radians per sec and that
f = w_/2Zwis 16.7 Ha. '

The evaluatmn regults in a peak responae of

4 G T

VP = 394 x i{]'ﬁ infsec, {3-10}

MNote that this result is relatively aengitive to the choice of the variable, 7,
If the depth of the force were reduced by half to 500 feet the magnitude of
received signal only deubles, but if the hammer gpectrum were assumed flat
to 167 Hz, the received signal would go up by a factar of 100, However, as
the spectrum extends to higher frequencies, the omission of attenuation
{Equation 3-1) becomes a more severe limitation of the analysia,

Since the analysis proved to be very sensaitive to the input hammer blow .
apectrum asa would be expected, it was not pursued any further, It was alse
noted that in a field situation,  precisely controlled data would be hard to
obtain since it is not eaay to submerse a receiver in a 'medium without causing
cother aerious effects. Also, signale received on the surface would he
contaminated by multiple effects and also would not give precise information
about the hammer blow spectrum near the point of impact. Since 2 major
Tesearch eifort was indicated here, and the time span allotted did not permit
this effort, the decision was made to concentrate on the actual received data
and to optimize the aystem as much as possible using empirical methods.

An important point of this analysis is that it shows that the received signals
from 3 hammer blow are on the order of natural background seismic noise.
{(See Appendix I, ) The received aignals could not be expected te be orders
of magnitude above or below the noise. This indicates that: 1} a seismic
location system could not be an extremely simple syatem, since it would

B3




have to be able to receive 2nd measaure arrival times of signala which could
be buried in the noise, and 2) implementation of a seismic location would
likely not be a completely futile effort, since the signala could be expected
to be large enough to be measurahle at least at some mines.
3,1.3 Location Solutione and Erraor Study

This aection describes the mmathematics of solving for the miner's location
given the arrival time differencea of the seismic waves received on the
surface., It also summarizes the results of an error study undertaken to
obtain an estimate of the accuracy of the solution for imperfect data and 2
two layered earth. The golution derived here was implemented for computer
solution in a program named "MINER," which ia desacribed in Appendix B
along with the detailed results of the error analyasis.
Location Selutions

An impulse source of seismic wave energy ie located at sormne unknown
point {x, y, z)in a homogeneous earth with P-wave velocity ¥. An array of
geophones {or a collection of subarrays combined to yield cne signal per

:subarray} is located on the earth'a surface at the points {xi, ‘_I,Fi_. zi], i= 1,2,

+ + ., N, with N23, and with the z coordinate reckoned positive downward.

If the source location is unreatricted, one can caleulate its location from a
measurement of the time of arrival of the transient waveform at each of four,
five, or aix geophonesa. If the source depth is known, then three measure-
ments are sufficient, If six signal arrival times are available, the calcula-
tions also yield the velocity. In the equationa which follow, the following
definitions apply: '

¥V = P-wave velocity {feetf sec)

{x., ¥., #z.} = coordinates of the ith geophone {lengths in feet}
A T

{x, ¥, 2} = coordinates of source - (lengtha in feet)

2 4 24!

R, = (x"+y 4z )7 {feet)
i i i i

t. = time of arrival of the signal at the ith

geophone (all times are in seconds
relative to an arbitrary, but fixed
time reference)

T = time of instigation of the source pulse, {sec)
an unknown

&t = travel time reqguired for the signal to {sec)
! propagate [rom the source to the ith
geophone, an.unknown L\.ti-: t - T}

B4
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Since the solutions uping three and six arrival times are clesely related to
those uaing four and five, these latter cases are summarized first.
a. Using four arrival times
This solution has been given by Wang [1965]*. In this and all solutions
which follow, the basic relations relate distance traveled to velocity and

s travel time:
“"‘ 2 pA 2.% .
_ [{x-xi] + {«,r»yil +(z-z)) 77 =¥ {ti-T}; i=1,2,3,4 {3-11)
— {Note that the ordering of the geophones ia completely arbitrary, } By squaring
each equation and subtracting the first from the other three, we obtaina
linear system, In Wang's notation [fhid. }:

+- = T, 1= 2,3, I -
. u.i!t+ ﬁiy_ ¥ ;2 §i+r|i i 4 {3-12)
—_ where:

- °i5x1*xi’ﬁxzyi-yi"f1§ziqzi
2 2 2, 2 2
=1 - - -
& "5[Ri R,"- V¢t -t )]
_ 2
N, = v (ti - ti)

- WNow, solve for (x, v, z)in terma of the unknown T:
N x = {M, + N, TV/D (3-13}

y = {M2+N2THD

: z = {M3 + N3T.},.I’D

- .*Wang, "Local Hypocenter Determination in Linearly Varying Lavere and

Earthquakes in Denver Area,' Ph, D, thesis, Celerado School of Mines,
Golden, Colorado, {19651, :
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where:

D= la 5] 4 Y4 : Mi is a determinant like D,

but with the ith column replaced by E‘Z' §3. ﬁ4; Ni is also like D, but with
the ith column replaced by 1. 14 M, Equations [3-13) are now substituted
back into the firat of the set {3-11) to yield a quadratic in T:

ATZ + 2BT +C =0 f3-14})
where:
2 2 2 2
= + -V
A= N" + N, N,” - (VD)
_ 2
B=M1 N1+M2N2+M3N3-D{xiNi+Y1N2+zi II\I3}+|['U’D} l'.i
_ Fd z s 2 2 2 2
G =M+ M5+ M) - 2D (k) My ty, My 4z M) DT (RT-VI T

Eguation (3-14) yields two values of T, If the fneasured timmees are exact, one
of the values could always be discarded by virtue of ite being preater than
one or more of the t, (hence implying negative travel timea)., However, with

realistic data {t; accurate ta~z | msec }, two phyeically possible values for
T may emerpe, and the source location is not specified uniquely, although one
location is uewally unreasonable, Otherwise, the one meaningful T is sub-
atituted directly into {3-13) to yield x, v, and z. {The effects of tirmning,
velocity, and coordinate inaccuracies are discusaed later. )

b, Using five arrival times.

This solution is somewhat simpler than the previous one because we can
aveoid solving for the parameter T. It is essentially the same as the method
reported by Leighton® [19?!‘.‘!]. The starting point is the same as [3-11),
except thati = 1,2,3,4,5, and it is convenient to deal directly with travel
times .dtti:

2 L
F{x-xijzvl- {y-}r.l] + {z-zi}zl Z = ¥V . L\-ti; i=1,2,3,4,5 f3-15)

#Leighton, Fred and Wilson Blake, '"Rock Noise Source Location Techniques,"
U.S. Bureau of Mines, -Report of Inveatigation, RI 7432, 1970.
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—_ Squaring and subtracting, as before, we obtain

2 2 2
2x {xi-xi] + 2y {]ri-yi} t+ 2z {zi-zi} + Ri - R = ¥ (ati

vy Now define:

- VAt Sd; Viat, -At)=d, -d =4d,..
i 1 i ] i

Equations {3-16) are then written as

- X {xi-x.}+2?iyi- y.) + 2z {z, -z,1+R_z '.Riz
d +4d, = i 1 b 1 {3_17]
- i i d,
. il
. By subtracting the i = 2 equation from the remaining three in (3-17) and
rearranging, we obtain the final linear syatem:
x {24, txgoxp - 24 “‘1"‘2}_]"’ Y!Zfizi y-vy) - 24y ”1'3’2}1 ¥
- 7 2 2 2 2
z| 2dy {z-2) - 24 {zi*zz]] =dp dyy 4yt I Ry - Ry, (R-R
. i=3,4,5 {3-18)

the "'differential distances di, are expressed in terms of the measured
times ti: J

d..=d -d = V({At, -At) =Vt - T -t +T)=V It -t).
ij i ] i j i ] i

Hence {3-18) may be solved directly for x, y, z)
In addition to the above, it should also be noted that a four geophone
solutioh may be carried out in much the aame manner, i.e. without solving
— for . T, if one of the source coordinates is specified, (Program MINER
allowe for the option of using four arrival times and a specified source depth. )}
c. Unming six arrival times
s In this case the same procedure is followed as in b), except that V is
conaidered unknown. The linear set becomes, uging tij =&ti -4t




x |2ty (x-x) - 2t nxi-xz}l +y [thi S A - N

2 2
[t fio b Bag T hy By - RD -

2
24 12g770 - 2ty {zi'zz}] -V

i

t (R°-R%;i=3,4,56 (3-19)
21 i )

1
Equaticn (3-19} im golved directly for x, v, =z, and Vz.
_ d. Using three arrival times

In this case a unique aclution is possible only if one of the source
coordinates ia known. For the miner location problem, it is most reason-
able to assume that we will have a goed estimate of the source depth, z. By
asguming that z {and V) is known, the solution proceeds aa in parta, The
linear systern becomes

nix+ Biy= §i+ n, T, 1=2,3 (3-20)

where ui. ﬁi’ and uf are the same as previously, but

IRiB_RZ_VZ{LE'tE}‘

1 i 1
2 - Z{Zi_- zi}

fll

The quadratic in T has the same form as in (3-14), but now

L2 2 2
A=N"+N,” - (VD)

B=NDM +NMZ-D[x1N

2
1My 2 + ¥, N2}+ ty VD)

1

- 2 2 Z 2 2 2 2 2
C_Ml -l-l\-"f[2 -2D{x1M1+yiM2}+D :-ci +‘3r1 +Iz-z1} r—Vtii
and

‘12 '32 K EZ E‘Z
. D= a, ]33 ' M= E’E f'.-3 , Bte,
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The sclutions for x and y then have the same form as in (3-13}.
In all of the above solutions, it has been tacitly assumed that the
geophones are placed such that not all the x; nor all the y; nor all the z,

are identical., Should this be the case, the final set of linear equaticns for -
X, vy, z degenerate and are nc longer independent. For example, if in the
five -geophone Bolution we were to have 2y =2y =25 =2, T 2, the coeificients

of the unknown z in [3-18) are all identically zero, and hence the matrix of
coefficients has no inverse, In situations like this, -we simply solve the first
two linear eguations for x and y. These valuea are then subsatituted into the
following expression: .
2 2 271% 2 2 214
[[x—xz} + [y—*,rz} + l'z-zzl ] - _[l’x—xil tly-y) 7 [z-zij ] -
v ftz -ty =0 , (3-21)

which is solved for z by a gimmple iteration acheme (Newton-Raphsonr method;
iteration stopped when the absolute value of the expression on the left-hand
aide ia less than 0. 1 feet).

Error Analysis Surmnmatry

A great number of computer mimulations were carried out to determine
the effect of source location relative to the array and propagation velocity,
geophone coordinate and time-of-arrival errors. Example calculations for
one hypothetical array under a variety of conditions are given in Appendix
B. Resulis are swmmarized in the following paragraphs.

In general, the source location error {S. L. E.) increases rapidly as the
scurce point moves cutside of the array spread. The sample calculations
alse show that time-of-arrival errore of 2 ms yield 5, L. E. of less than 20
feet when propagation velocity and array coordinates are accurately known
and the source point i3 within the array spread.

Uncertainties in propagation velocities of £25% can be tolerated when the
other data is accurate, The cumulative effect of all inaccuracies tend to
average out since they tend to be randomly distribated. This averaging
process requires redundancy in the data so a number of calculations can be
made.

The general conclusions derived from thecretical error analyses, an
analysis of the effects of a low velocity overburden and array/source
geomefry are:

{1) The source should be within the array spread.

f2) The array spread should be greater than one third the source
depth.

{3} Thi array spread must be great enough so that the difference in
arrival times between the two nearest geophones is considerably
greater than the maximum anticipated tirning uncertainty.

{4) Errors due to lavering effects are rminitnized when the array is
nearly square and the source lies near the center.

{5) Adequate accaracy can usually be obtained with;

velocity error 220%
coordinate errors <5 ft
arrival-time errors < 2 ma.
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{(6) The five and four arrival-time calculations are usually the
maost accurate, When N > 7, the gix arrival-time solutions are
mainly useful for verifying the assumed velocity.

{7) If the source depth is known accarately {10 ft), the four
arrival-time solution w1th epecified depth ie aften the trost
accurate.

Sygtem Accuracy

Different methods can be used to define the accuracy of a location syatem,
such as rma distance error, or circular error probability, These are hased
on a statistical measure of Jocations using the system and comparing results
with locations known to be accurate by some independent means. A
meaningful measure of acenracy reguires many measurementsa at many
different places to account for the apatial variations which might be encoun-
tered,

In this report (Sections 3.3 and 3.4) we have ured location accuracy in a
somewhat different context., Data has been obtained at oniy a few mines and
a statistical sample ias not available; therefnre the ByStern accuracy cannot
be specified at this time.

The location accuracy obtained for 2 single test at one location at a gwen
mine can be defined. We have shown in the previous paragraphs how the
location preoblern can be solved in a variety of ways when a multiple point
peophone array is used.

In the real world situation, velocity errors, cocrdinate errors, and
arrival time errors may exist, resulting in several different spolutiona., Far
example: for 2 six-point array, and using four arrival tirnes per solution,
there are (see Appendix B} 15 possible solutions, each of which can yield
different predictions of source coordinatea, Rather than define location
accuracy a3 the rms distance error to each of these source coordinates, an
arithmetical average of the x and y coordinates ia obtained to yield a single
predicted coordinate. This averaging process has been found to be an
effective means of minirmizing the sensitivity of the final Ic:-::a.ticm predictinn
to measurement error.

The surface location error (SLE)} is then given by [ix- x5 ] + fy- “¥p ) ]

where x , y_ are the averaged predicted source cnordlnateﬂ in the x-Y plane

and (x, y)are the true coordinates. _

A computer program called MINER has heen developed to predict locations
and average the ceoordinates. The user may eliminate from the averaging
process locations which are not credible and average anly the remainder.
Correlation of calculated source locations to an accurate mine map is useful
in this process. Examples of calculations are given in Appendix B.

The SLE computation ias generally nsed to define location accuracy in this
report, Final system accuracy specifications cannot be given until sufficient
data has been obtained at many more locations, and the location prediction
computation process is further refined.

3.1.4 Predesign Field Tesats

The concept of the predesign field tests was to obtain preliminary data on
source (hamumer) characteristics, wave transmisaion and reception, and
background noise levela, For the first tests, the Westinghouse Georesearch

20
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Laboratory (WGL) contracted Globe Universal Sciences, Inc., (G, U.S5.),
Advanced Projecte Division, El Paso, Texas. &.U.S., vnder the direction
of I. E. White, performed preliminary tests at the Imperial Mine, WGL
then performed some limited testing at the Imperial Mine, followed by
lirmited tests at the Cambria Slope #33 Mine and at the Clyde Mine. A
discuseion of each of these teata follows.
3.1.4.1 G,U.5. Tests at the hnperial Mine

Five categories of major test were performed. They were Site Characteri-.
zation, Coherent Noise, Uplink Tests, Underground Tests, and Downlink
Teate. The purpose, and resguits of each of those tests are discussed below.
A map of the Imperial Mine showing locations of various tests is shown in
Figure 2.1-5 for reference in subsequent sections. The overburden at this
mine is indicated in Figure 3,1-3,
Site Characterization

The purpose of this teat was to determine the geophyaical characteristics
of the teat site, i.e. seismic wave velocitiea and strata layering. The teat
wag conducted by performing a standard refraction survey using a 50 foot
spacing and an exploaive source 2a shown in Figure 3,1-4. A plot of the
travel times veraus distance is shown in Figuzre 3, 1-5. The survey showed
the overburden at the Imperial Mine to consist of two layers as shown in
Figure 3.1-3. The interpretation procedure is given in Dobrin [1960]. =
Coherent Naise

The purpose of this test was to determine the predominate spectral
distribution and travel velocity of spatially coherent seismic waves. The
teat was performed by receiving aignala from a short geophone spread with
10 feet spacing. The signals were excited by one pound charges of DuFont
Nitramon at distances of 60 feet and 650 feet from the spread, The test
showed that the excited Rayleigh wavea traveled with an obgerved phase
velocity of 1450 feet per Becond and that the frequency spectrum of 2 neisge
trace was largely confined to the 10-20 Hz region, as shown in Figure 3.1-6.
A convenient way to present this information is to draw amplitude contours on
a frequency wavenumber plot as shown in Figure 3,1-7. The ccherent noise
appears as a band of energy along the 1500 ft/ sec line.

A 120 foot subarray diameter wae chosen for subsequent tests based on
multiple seismometer thecry as discussed Lombardi [1955], Smith [1956],
Verma and Roy [1970), and Graebner [1963‘1 ¥

*Milton B. Dobrin, Introduction to Ceophysical Prospecting, 2nd Ed, ,
MeGraw-Hill Book Co., Inc,, New York, 1960, pp, 70-100,

#*leonard V, Lembardi, "Notes on the Use of Multiple Seismometers,"”
Geophysics, Vo. XX, Ne. 2, (April, 1955), pp. 215-226.

Mark XK. Smith, "Noise Analysis and Multiple Seismometer Theary, "
Geophysice, Vol. XXI, Ne. 2, {April, 1956), pp. 337-360,

Rajni K. Verma and Amalander Roy, "A Graphical Method for Computing
Geophone Group Response,' Geophysics, Vel. 35, No. 4, {Auguat 1970),
pp. 7T07-717. :

R, J. Graebner, "Seismic Data Enhancement - A Case History," Geophyaica,
Vol, XXV, No. 1, (February, 1960), pp. 283-311,
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Figure 3.1-3. Overburden Characteristics at Imperial Mine

Multiple geophone subarrays enhance the signal to noise ratic (S/N}in
two ways. -

Apainst non-coherent noise, and assurning that each geophone contribuates
equal amounts of signal and noise, a multiple array improvea S/N by a

factor of W1 where n is the number of elements in the array. For example
a seven element array improves S/N up to 8.5 dB.

Against coherent noise, tnultiple element arrays perform 'spatial' or
"wavelength' filtering, A discussion of wavelength filtering is given by
Graebner [1960].% An insert in Figure 3.1-8 shows the configuration of the
subarrays which should be used if coherent noise is non-directional,

A plot of the response of this array to a signal arriving from the directions
shown by the arrow is given in Figure 3.1-8. This response is pericdic with

& period of df.‘.\a = 2, meaning that the complete response Tepeats as d,.l’,l.,a
‘increases. (d = element spacing as shown and 'ka. = apparent wavelength).
#Thid
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In order to calculate the optitnurn spacing to be used between gecphones in
the subarrays, the foliowing procedure is recommended.
a. Determine the minimum desired frequency to be attenuated. This
may be estimated or measured from a signal already received,
b. Using the weathered layer velocity determine the maximum desired
wavelength { A ) to reject using the relationship:

Wavelenéth { &t = _Yelocity
Frequency

c. A signal arriving from below the plane of the array will have a larger
apparent wavelength than a signal arriving in the plane of the array, Deter-
mine the minimum angle [rom horizental with which a signal is expected to
arrive, Then the maximum apparent wavelength, 'Jua ia:

A A

a »cos g

where @ is the angle from horizontal {or from the plane of the array if terrain
is not horizontzl).

d. By referring to the response curve in Figure 3, 1-8, select the
attenuation desired for that apparent wavelength, A reasonable choice ig about

5dB where d/ A 5 = . 3. Longer apparent wavelengtha will be attenuated less
and shorter apparent wavelengths attenuated more.
€. The array spacing, d, is then determined from d = k Ay where k is

the value of d/ A ; read from the response carve, Figure 3,1-3,
For a 24 element hexagonal subarray {a 19 element array is similar}, the
following is true, where )\ is the (horizontal} wavelength and D is the subarray
“diameter;
(1} For A/D > 3 response is within 1 dB of maximuam.
(2) For A/D < 1.!, response is more than 8§ dB down, with an
“"average'' of 14 to 14 dB. :
(3) For A/D near 0, rejection exceeds 20 dB,
For a subarray diameter of 120 feet, 1, 3, &, and 8 dB contours are shown
in Figure 3.1-7. Also shown is a 11,274 {t/sec line. That velocity is obtained
by calculating the ''apparent” velocity of a wave arriving from underground at
an angle of 452, Then, if a hammer blow were received with principal energy
between 20 and 100 Hz, the energy received would lie on and to the left of the
shaded portion of the 11,274 (tfsec line. It is clear from this plot that the
higher frequencies extend into the wavenumber region covered by the coherent
noise, which means that any pattern which will suppress the noise will alsa
reduce the high frequency content of the signal for signals arriving at 45°.
Below 50 Hz, the pattern selected daes not substantially reduce the 459 signals
and for angtes of 30” or less (apparent speed of 16, 000 ftfsec or higher}, the
depgradation of frequencies below 70 or 80 Hz is miner,
Uplink Tests
The purpose of this test was to examine the signals arriving at the surface
from hammer blows underground, to obtain data useful for parforming loca-
tien calculations, and to evaluate the improvement in signal to noise from
rmmultiple element subarrays.
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An array of five subarrays was laid out as shown by the five cutermast
points in Figare 2,1-5, At each location, subarraye of one, seven, and nine-
teen element arrays (hexagonal pattern, 120 feet diameter) were tested._ Alao
a three component geophone was installed in the bottom of a 100 ft deep hoie
by lowering the unit te the bottem and then packing the hole with pea gravel,
That hole was located 50 ft due southweat of the center of the five point array.
The source location used in the mine is shown by the triangle in Figure 2.1-5
near the center of the array.

These tegts are believed to have been severely limited by the sensitivity of
the G. 1. 5. equipment. The signals shown in Figure 3,1-9 are barely detect-
able in themselves to say nothing of the detectability of the first onset of the
signal. The signal from the vertical component of the three component
buried gecphonen ias, of course, the best of the group, but the center sub-
array, which sheuld have heen the most sensitive of the surface subarrays
did not respond as well as the east subarray, Some of the surface arrays
show a predominant noise component of somewhere around 70-80 Hz, The
origin of that noise component is unknown, Cbservers felt it was due to
electrical noiee originating.in the G, U, 5. equipmment while the operating

-personnel felt it was seisrnic noise from an underground pump.

The multiple element subarray tests were inconclugive. At the north array
location, the single element subarray outperformed both the 7 and 19 element
subarrays. At the center array location, the 7 and 19 element subarrays
performed approximately equally and both were slightly better than a single
element. At the easat array location, the 19 element array performed best,
and the single performed worstas would be expected, At the south and west
arrays, signal was so weak that no analyais could be made. These rankings
were made on the basis of the ratio of peak to peak signal over "average"
noise between pulses.

A conelusion, of sorts, was drawn from measurements of the geak to
peak particle velocities taken from some of these same records, That con-
clusion is that the calibration procedure, or the equipment, used by G, U, S,
wag not accurate or stable, Filtered versions of the signals were made by
digitizing the signals and noise, Fourier Transforming the signals and noise,
setting to zero the spectrum outside of the range 30-80 Hz, and inverse
transforming back to the timme domain, The maximum peak to peak particle
velocity from the filtered records was then measured and ia shown in Table
3,1-3. Apgain, the records did not show that the multiple element subarrays
performed according to theory., Also the signal from the '"constant" buried
geophone was not the same from test to test.

The primary conclusion to be drawn frem these tests ig that the amplztude

-of signals from harmtmer blows as received on the surface i3 on the order of

ones or a few tens of micro inches per second and corresponds to that
calculated in Section 3. 1. 2. Combininpg that with the noise data in Appendix D
indicates that hammer blow signals should be detectable and measurable but
not easily so.

A number of records were taken to compare various methods of coupling
harumer blow energy to the earth. The couplers included & metal plate, a
spike, a rail on the main track, and ambient rock formations, Inspection of
those records showed, qualitatively, that striking a metal plate on the floor or
striking the rail pives stronger signals than striking a spike in the wall or a
gpike in the ceiling.
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Figure 3. 1-9. S5ignzls From a Hammer Blow on a2 Flale on the Mine Floor
300 Ft Under the Center Array as Recorded on the 19-
Geophone Surface Arrays and the Vertical Component of the
Buried Geophone. (Preliminary Work Done at Imperial Mine
by Gloebe Universal Sciences)
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TABLE 3.1-3

PEAK TO PEAK PARTICLE VELOCITIES
OF FILTERED HAMMER BLOW SIGNALS (pin/sec}

19-Geophone 7-Geophone _ 1-Geophone
Subarray Subarray Subarray
Buried Geophone 6,0 6.0 9,2
Center Subarray C24.8 - T.0 7.6
North Subarray 1.2 ' 2.1 3.5
East Subarray 0.6 - L.D 0.7

Frequency spectrums were made to determine the spectral component of
the signal arriving at the surface., A signal and its apectrum from the center
subarray. {corresponding to the traces in Figure 3.1-9) are shown in Figure
3.1-10. It shows that the signal energy, For thia caae, is predominately
contained in a 40-50 Hz band,

Crosgs correlation of signals between arraya had been proposed as a
possible method of rmeasuring the arrival time differences of the signals.
Cross carrelation of the received signala waa performed using the signal
from the east subarray as the reference. The results of that analysis showed
the cross correlation function to be very oscillatory as expected. The center
subarray and the vertical component of the baried phone were the only ones
which produced a detectable peak in the cross correlation function and those
peaks were measured to show 537.1 and 59, 1 millisecond time differences,
respectively, 1f these time differences are unsed to calculate travel velocities,
the result is an apparent velocity for P-waves. This discrepancy apparently
points up that other waves than P waves are contarninating the creoss correla-
tion function although it is posseible that noise 18 the real villain. The major
result to be noted is that cross correlation may not be 2 suitable method of
measguring the titne difference information, unless the wave types could be
definitely separated.

Inderground Test

The primary purpose of this test was to provide an indication of the fre-
quency spectrum of a harnmer blow. A line of 16 geophones was installed in
the mine, along the Main North entry, eight of them on the floor and eight on
the roof. The farthest floor geophone was located approximately at the
intersection of 3 West and from there floor and roof pecophones alternated with
100 foot spacings. In Figure 3.1-11, trace 24 is the sguthernmest floor
geophone and trace | is the southernmast roof geophone,

The coupling of the geophones to the mine surface was not consistent.
Some of the geophones were mounted with hose clamps to spads driven into
the rock or coal suggesting the possibility of cantilever vibration, while
others were mounted with the gecphone spike driven into cracks in the coal
suggesting poor geophone to rock coupling. These plants produced different
frequency signals as shown by traces 5, &, 7, and 23 in Figure 3.1-11, The
signals shown are the best that were obtained in this test. They were
generated with an 8 pound sledge hammer on an isolated 20 ft section of rail
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located approximately 155 ft east of geophone 17 (a siding in 9 East), Other
couplers did not perform nearly as well, '

Although, the plant of the geophones is suspect, a signal and its frequency
spectrum are shown in Figure 3.1-12. That signal shown was generated by
an 8 Ib hammer blow on the floor and recorded by a floor geophone 100 it
away. It shows a much higher frequency spectrum than indicated in the uplink
tests and is probably due to a bad peophone plant.

Other records showed that etriking 2 hard or a soft formation on the floor
of the mine at one location resulted in a surprisingly small difference, but
thal striking the wal] of the mine created a much weaker signal {at least for
these vertically sensitive detectars).

Downlink Test

The purpose of this test was to determine the feasibility of using
explosives for "crude and simple" deownlink seismic communications. The
abjective was to determine if explosives, implanted in shallow holes on the
surface, could be detected by personne! underground having no special equip-
ment or listening devices,

The experimment utilized DuPont Nitramon S blasting agent which was
packed in a six inch diameter, 20 ft. deep hole. The experiment showed that
a one pound charge was audible directly under the source and no further
tests were performed using the G, UU.S. crew. More extensive blasting tests
at the Imperial Mine were performed later in predemonstration testing,

The following conclusions were drawn from the G.U.S. tests:

{1} Standard "geophysics industry' equipment of the type used is
not adequate for gathering the required data. The detection of low amplitude
signals, in the presence of noise, requires preater sophistication '
in hardware over the equipment used at Imperial. A large effective dynamic
range over a wide band of frequencies appears to be needed. Equipment
should be chosen for its quiet operating characteristics. The signals being
detected in our application are orders af magnitude smaller than those
normally detected by conventional exploration equipment,

{2) Geophones must be balanced to reject the strong interference
created by 60 Hz line voltages and harmonics. Thia proved to seriously
limit the usefulness of the data gathered at the Imperial Mine.
3.1.4.2 WGL at Impe rial Mine

Shortly after the G. U. S, tests at the Imperial Mine, WGL undertook a
programn {o obtain more predesign data, The tests were limited in scope
because only enough laboratory equipment was available to take data from a
single geophone or a sinple subarray, The prime aobjective of the tests was
to make certain that equipment whose characteristics were known, was
scnsitive enough to respond to low level ambient seismic noise and not
limited to amplifier noise. Also, the data taken was aimed at obtaining
. approximate indications of the signal frequency gpectrum and levels under a
few different geological conditions. '

The equipment used consisted of a commercial Princeton Applied
Research Model 113 low noise preamplifier, a Krone Hile 32024 24 dB/octave
fitter, a P, A.R. Model 110 Tuned Amplifier and 2 Honeywell Madel 906
Osciilegraph. Geophones - 14 Hz, 4000 §1 , G5C-11 D{Geospace Gorporation),
with balanced coil were used to pick up the seismic signals.
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Figure 3,1-12, Signal and Spectrum of a Hammer Blow Recorded
Below the Surface at the Imperial Mine.
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The P.A.R, preamplifier provided a maximum noise figure of 8 dB with
a 4000 {} source at freguencies above 10 Hz. The Krone Hite filter provided
adjustable 24 dB/octave high pass and low pass sections with Butterworth
fmaximally flat) responses, and the feature of ca scading the sections for
bandpass operation. The P,A.R. tuned amplifier provided calibrated gain
and variable frequency, variable {3, narrow band filtering,

Figure 3. 1-13 shows one record taken with this equiprnent, using a single
geophone, at the Imperial Mine. Conditions for this record were somewhat
similar to the conditions for the center subarray of the G. U.S. work with
the source directly under the subarray and using a hammer on the ceiling,
The record shows an obvicus improvement in gsignal-to-noise ratio and an
absence of interfering signals.

Frequency conlent of some of the signals was roughly eatimated by
varying filter settings until an approximate maximum was obtained, The WGL
tests at Imperial gave the same peneral indication of frequency content at the
surface as that obtained by G, U. 8., i.e., that mast signale tended to have
most of their energy around 40-50 Hz.
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Figure 3.1-13. WGL Observation at Imperial Mine

3.1.4.3 Clyde Mine, Pennsylvania
This mine is described previously in Section 2.1, 3 and test locations
shewn in Figuresg 2.1-10 and 2.1-11, Figure 2,1-12 shows the geologic

section obtained from bore hole data.
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Two refraction soundings were made using a fixed geophone {receiver) and
a moving source. An 8-pound sledge was used as a source at various distances
up to 460 feet from the receiving geophone. A layer interpretation of this data
18 shown below. :

Layer Thickness, ft. Velocity, ft/sec Strata

10 - 2300 Weathered Layer

38 4000 Subweathered, soft
Clay and Lime

>10000 Hard Clay and
Lime/Sandstone -«

Reasonable success was achieved during the up-link tests. An 8 pound
hammer was used to pound in various parts of the mine for the seismic
source. In all cases, propagation was through about 700 feet of sandy shale
with a high average veloeity (12,000 - 12,500 feetfsecond). These rocks seemn
to be good transmitters of seismic energy. Results of the up-link testa are
as follows; ,

a. Inalmost all cases, regardless of filter settings, the signal was
detectable on the Visicorder records.

b. Generally the best signal-to-noise rafios were abtained in the
frequency bands shown below.

{11 Coupler Rock g
-Response 6.5 x 10 7 infs=ec
Frequency Band 75-200 Hz

{2}y Coupler Rock Bolt

. Responsge 1,4 x 10-° infsec
Frequency Band 100-300 Hz

{3) Coupler Casing .
Response 1.7 10 7 infsec
Frequency Band 70-150 Hz

Table 3.1-4 gives the tabulated results of all the measurernents made in
the Clyde Mine. _

Figures 3.1-14,:3,1-15, and 3. 1-1%6 show samnple records of the data
listed in Table 3.1-4, The {igures, in order, correspond to records 6, 13, and
25, reapectively. :
3,1,4.4 Cambria Slope Mine, Pennsylvania

This mine was described previously in Section 2,1.3 and test locations
shown in Figure 2,1-15. The choice of operating locations for the seismic
measurements was again dictated by the availability of a telephone link frorm
the surface to the mine plus the availability of 110 volt ac power at the surface.
These conditions were satisfied at the two lecations shown in Figure 2, 1-15,
The first site, Site 1, was at a depth of about 670 feet, while the second site,
Site 2, was at a depth of 700 feet, Noise levels were very high owing to
mining operations and precluded recording good hammer blow signals,

There are only two records from this mine that show a detectable signal
from pounding on roof bolts. The first, reproduced a8 Figure 3, 1-17, was at
a depth of about 670 feet. The second, reproducedas Figure 3.1-18, wasr at
700 feet. Both indicate that good response may be obtained during idle mine
operations.
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TABLE 3,1-4

RECORDS OF SEISMIC UPLINK SIGNALS AT THE
CLYDE MINE USING AN 8-LB, HAMMER ON VARIQUS OBJECTS

Recard Bandpass Center Response Approx,
Source |Nurnber Low | High Frequency in/ sec (S+NI/N
Well 3 40| 60 50 5.0x 10°% (7} 1
casing - 5 - -- 500 1x10-6 {7) 1
3 200 | 200 250 1.1x 10-3 5.5
7 200 | 300 250 1.3x 10-8 3
2 150 | 300 Flat 1.4 3% 10-5 2.5
9 150 | 400 Flat 1.5 % 10-5 {2 3
Roaf 10 70 90 80 4,9 x 10-6 (7 1.2
bolt 12 200 | 300 250 5. 2% 10- 1.5
13 100 | 200 150 5.9 % 10-6 5
14 70 | 130 100 6.5 x 10-6 (7 2
15 100 | 300 Flat 1,9 % 10-5 3
16 100 | 300 Flat 3.4% 10-5 1.8
17 200 | 500 Flat 1.6 % 10-5 4
Rai! 18 150 | 250 200 3,9% 10-6 1.5
19 250 | 350 300 .- --
20 75 | 125 100 5.9x 10-0 2
21 30 70 50 3.8x 10-5 {7} o+
22 120 | 180 150 2.3 % 10-6 (7 <1
23 50 | 100 75 4,2 x 10- 1.5
24 75 | 150 Flat 1.1 % 10-2 1
25 80 | 130 100 6.6 x 10-6 2
26 70 | 150 100 1.7x 10-% 1.5
Roof 27 80 | 125 100 1.9% 10-° 6
rock 28 150 | 300 200 4,8 x 10-6 2
failt- 29 30 | 80 50 3.6 x 10-6 1
stone 30 75 | 200 Flat .6 x 10-5 5
31 75 | 200 Flat 5,9x 10-5 2.2
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Figure 3.1-18. Signal From Cambria Slope Mine, Site 2a
(Traced From Original Records)

3.1.5 Summary of Results

The predesign tasks involved both theoretical and expe rimental investi-
gations to determine the basic design parameters far the seismic location
system. Some general specifications for the system were derived as the
results of thege tasks., These are briefly summarized here for each predesign
taslk.

Data Base .

The lower limit for system sensitivity is established by the seismic noise
background level resulting from natural and man-made microseiamics. This
limit was established from existing data which indicated levels were usually
greater than 10-7 em/see/Hz above 100 Hz and increased around f dB per
octave with decreasing frequency below 100 Hz.

Detaction Studies

Theoretical analyais indicates that the detection of hammer blows under
typical situations would require fairly sophisticated hardware and signal
processing techniques since the received signals have amplitudes on the same
order as background seismic noise and {requencies of the signal and noise also
fall within approximately the same band.

Location Program and Error Analysis

The error analysis using a computer program developed to solve the loca-
tion problem indicated that the time of arrival of signals should be measurable
ta within +2 millisecond or better in order to achieve reasonable accuracies
(20 feet) with the systern. Location calculations are relatively insensitive to

ar

111




inaccurate estirnates of velocity. A 20% velocity error, 2 millisecond tirning
error, and 5 foot coordinate error usually give accuracies of lesa than +25
feat,

Predesign Field Tests

The work perfarmed at the Imperial Mine by Globe Universal Sciences
showed that requirements for equipment demand a detection systern more
sophisticated than currently used in the exploration industry., This mine
featured relatively thick layers of low velocity weathered material making
the detection of subsurface hammer blows at the surface a difficult task for
travel paths greater than 400 feet. Indications were that it may be necessary
te implant the geophones in shallow holes below the weathe ring layer.

The energy spectrum from hammer blows at the Imperial Mine was con-
centrated around 40 Hertz. The lack of higher frequency components is
partly attributable to the low velacity weathered layer.

In Pennsylvania, the resultsa were encouraging. A compiement of high
quality laboratory instruments was used which praovided good centrol of gain,
frequency, and bandwidth. The best results were obtained at the Clyde Mine
where recordings were made of hammer signals on reck, roof bolts, rail
and borehole casing at a depth of 700 feet, The maximum energy frequenciea
were three to four times higher than in the Imperial Mine owing to geological
differences. These tests demonstrated the feaaibility of small signal detection,
the type of equipment required, and provided signal and noise data with which
to refine the design of the signal proces sing subsyatem. .

Seismic down-link tests indicated that explosive charges of reasonable
size and properly placed could be used to provide a means of signaling to
trapped miners since they could be heard by the ear with no additional aids.

The advantages of multiple subarrays was investigated and shown to be
usefnl against certain types of seismic noise. Tests were conducted using
multiple geophones placed in an hexagonal configuration but results waere
inconclusive, . .

Powerline interference (60 Hz and its harmonics) limited the usefulness
of some of the data. |
3. 1.6 Specific Conclusions

It was conciuded that the seismic detection and location of hammer biows
from trapped miners would require fabricating a systerm whose performance
exceeded that of conventional systems presently in use if 2 reasonable degree
of success were to be achieved,

The detection problem alone would be difficult, The feats showed that the
signals could often be lost in the background noise, and could cover fre-
quencies from 30 to 300 Hz. Maximum frequency components could vary
depending on scurce and coupler used. This indicated adaptive narrow band
filtering might aid the detection preblem,

Multiple geophones properly spaced in subarrays might improve signal-to-
noise ratios. Special gignal processing techniques such as cross-correlation,
signal averaging, and Fourier transformae of repetitive aignals might also be
used on multiple hammer blows to enhance the signal,

Computer simulations showed that the location problem rnould be solved
using relative time of arrival at spaced geophones or spaced subarrays of
geophones if the time of arrival can he accurately resclved to within one ar
two milliseconds, Time of arrival measurements with this resolution and
accuracy further complicate the detection problem since high signal to noise
ratios are esgential,
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A performance evaluation of the varioug signal enhancement techniques
could only be accomplished by deaigning, fabricating a complete ayatern which
wag capable of processing signals in different ways and adaptabile to a variety
_ of situations which might be encountered, The design and fabrication and the
L testing of this system is described in the following sections.
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3.2 DESIGN AND FABRICATION

The procedure followed in design and development of the Seismic Location
System is summarized as follows: '

a. Predesign tasks provided detailed formulation of system require-
ments based on the evaluation of the data base and results of preliminary
measurements in the field,

b. Phase two was the actual design of the location system. Wherever
commercial equipment could meet system requirerments, it was used in lieu
of fabricating instruments. Emphasis was then placed on interfacing the sub-
system components to achieve optimum performance.

c. Phase three, fabrication and assembly, required packaging commer-
cial equipment for field use, construction of preamplifiers, notch filters,
geophone cabling and system integration,

d. The final phase was testing. The eguipment was tested as individual
units, then cabled together and tested as a system. DBench tests were run
and the equipment was then installed in a van and field tested before delivery
to Charleston, West Virginia.

3.2.1 Design Goals and Guidelines

The ultimate design goal was to provide a "state-of-the-art'" system
which would be flexible enough to be adapted to unforeseen problems without
costly redesign, '

The short delivery time of the system dictated the purchase of commer-
cial equipment not requiring development and construction time, A guide-
line for the selection of commercial equipment was that it provide at least
the minimum specifications required to accomplish the desired goal,

Human engineering aspects must be considered fur operational ease,
fast deployment, and maintainability, '

A high degree of flexibility in operating configurations and processing
techniques was desirable to insure successful performance under a variety
of operating conditions. BSince powerline noise could not necessarily be
silenced following a mine disaster and seismic arrays could not always be
moved far enough away from interfering lines, the system design concept
must provide voltage gain at the array and balancing and shielding of all
cables, : ' .
3. 2,2 Make or Buy Decisions

The decisions to make or buy, were always based on the following: If -
the desired specifications could not be obtained using off-the-shelf com-
rmercial equipment, then the only alternative left was Lo design and construct

. the egquipment, '
3.2.3 Description of the Equipment )

A block diagram of the seismic location system is shown in Figure 3,2-1,

Seven geophone arraye with up to seven geophones per array are deployed
and seven amplifiers are used to amplify these signals for recording on a
seven track magnetic tape recorder, The amplified signals are sirnulta-
neously filtered and displayed on an oscillograph record. That ascillograph
record serves to detect the signals when they appear as regularly spread
pulses. The functions performed by the system are illustrated in Figure
3.2-2. After the signals are rccorded, they are processed by a small cocm-
puter which is an integral part of the signal processing equipments. The

114




(MBI BRI o0 |g IIBMPITH) WR18AS ucTjEDAT sturstag  “7-g7°f sandig

=T EN
dagndwaony
BI04 S|
— t“ro
._..L_.. Lo JEuLOy U] u_u..__.:u_._naUMUU- Jossa0iy |y MAd el ). JHMM._MMW_h | ——
ub | oM] | -
4L n.EE...A Pub [CAdaju] Sun ) joubis g osjeg [4—— n.w_.“w . _
+——— - !
— L :
‘9 [ = ————————— e
(s2uu0y) 7| ) {45 |
.ﬁm ;mu._ma:huuﬂ. 4+ [ TOSIW fenstiy Q]
. ol > } a— 9210 Wooa) &6p3
7, 4—Z ‘4D “ (oitow g2 1
T pasasunt) puo w
& ry AjozsAyg O paoaay) 4— 9 —_
LY 193y doy Japlozay -
ado) |4— ¥
— - Wd |4 &
" aall] % P
r... L&Emﬂ_ ZUMD&? Jo . I 42
¥, daly)|dwy . '
% 4 [ "H42
. HETN DDJIUSP] UBADS JO GUQ)
ms.u_m puo |SUUDYT) |B3jUSE 3 ojoy
Y614 4 2h0
3 u_n_u_hu____.__.,u |auuoy ._n.__._n_ Aoiay ~230pING UG
LE__.wu_ D3 " xop oW sauoydoasy
$50d pU7E "I} OOOE pRJamog ) O0R 61 24 9N
ﬂ bﬂhhﬂﬂ pep—— Qum_hﬁ._.m.
Ly duny *H o7 JaAjaoey M.Mn._.u_.ﬁ“u_m duineig 1. %_.___cn._._mw — © h_u.u.:..__.u
i 134414 | g— . -+ — L 4
uoo aqouoA [ ;210 31903 -2(qu3 — | Suqe) puoydoss




ful iy
- T——

- oo Bt
SR %i@a%ﬁ%ﬁﬁ’?ﬁ*u .

SIGNAL PROCESSING

R

PORTABLE TIME SHARE TERMINAL

=T T SO T

TIME SHARE COMPUTER

Figure 3,2-2, Seismic Location System — Miner Location Computing

116




final results of this signal procesging are the arrival times of the seismic
signals generated by the trapped miners within the mine. These arrival
timnes and the exact position of the geophone arrays are then fed into a time-
share computer via a portable time-share terminal which is part of the
Seismic Location Systermn, The lecation program, previously stored in the
time-share compuier, is then executed to compute the probable lecation of
the signal source. This system, though complex, has performed well and
ie the primary means of locating miners trapped, or in barricades away
from survival chambers. Figure 3.2-3 shows the amplifiers, filters, oscil-
lograph tape recorders, and peripheral equipment which comprise all of the
signal processing equipment with the exception of the signal processing com-
puter and time-share teletype,
3.2, 4 Equipment Specifications

The block diagram of equipment (Figure 3,2-1) was formulated and passed
through 3 WGL design review. Specifications are presented below for each
block.
3.2.4.1 Environmental and Physical Specifications

Geophone Subarray {each)

Weight of seven gecphones and cables on a hasp: 25 lbs.

Weight of preamp: 15 pounds

Weight of 1500 feet of cable and chest reel: 45 pounds

Total cable available: 3,000 fi. (2 reels)

Maximum array diameter: 200 feet _ '

Operating temperature range: -49to 1229 F

Humidity: 100% '

Van Mounted Equipment

Includes 2 racks of equipment, sighal processor and one teletype

Total weight: 1,050 pounds o o -

Operating temperature range: 50 to 104 F

Power consumption:, 3kW, single phase, 60 Hz, 115 volts

Size; Requires 7 X 3 X 6 feet (L X W X H) plua table '3 ft, X 3 ft.
3.2.4,2 Seismic Detection Subsystermn Specifications

Geophone Subarrays

Geoaphone type: Geospace Corp. GSC-11D, Model M-3

Geophone electrical characteristics: Dual coil "Hurmnbucking' lcaded

to 70% critical damping

Sensitivity: 1.5 volts/finch/second

Natural resonant frequency: 14 Hz

Subarray Cabling :

Cable type: Belden type 8413, shielded, twisted pair

Maximum diameter of subarray: 200 fest

Number of geophones per subarray: 7

Maximum distance from subarray to signal conditioning/processing van:

3,000 feet each subarray

Preamp

Input: Balanced, transient protected

Input impedance: 100 k2 minimum

Common mode rejection; 80 dB minimum-

Input noise: Less than 0,04 uV /A\vHz

Gain: 40 dB

Cutput: Transformer coupled, balanced, transient protected

Frequency response: 2 to 3,000 Hz (4 1 dB)
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3.2.4.3 Signal Conditicning Subsystemn Specifications
Input Transformera {7 each in one cabinet})
Frequency response; 2 to 3,000 Hz (+ 1 dB)
Hi-CGain Amplifiers (7 each in one cabinet}
e Type: Rhaco Model 454
Input: Single ended
Input Inpedance: 1 M {lshunted by 100 pf
— Gain: -10to + 90 dB variable in 1 dB steps
Noise: See manufacturer's manual
- Frequency response; ! Hz to 100 kHz{-3 dB)
Variable Filters
Type: Krohn Hite Model 3550
- Response characteristics: Selectable low pass, high pass, bandpass,
and reject
e Attenuation slope: 24 dB/octave
Response type: Selectable Butterworth or low-€Q (ne overshoaot)
Frequency range: 3 dB corner frequencies continuously adjustable 2 Hz

) to 200 kHz
Qacillograph and Qscillograph Amplifier
— Type: Oscillograph - Honeywell Model 2206

Amplifiers - Honeywell Model 112
Freguency response: DC to 2,000 Hz {+5%) using Honeywell M 3300 fluid
damped galvanometers
Number of traces: Seven plus cne spare - fourteen traces possible with
addition of more amplifiers and galvanometers
Paper apeed range; .02 - B0 inches per second
Timing lines: .0I, .1, 1, 10 seconds or external
Event marker: Front panel push button
Amplifier gain range: 1 - 1000 in stepa of 1, 2, 5 plus 1/200 attenuator
plus vernier '
Magnetic Tape "Record”
Options: 7.5 inches per second tape speed
Ttrack, FM, record
Voice track
1 switchable channel repreoduce
AC power supply
Footage counter
3,2,4,4 Signal Processing Subsystem Specifications
_Magnetic Tape ""Reproduce"”
Type: Lockheed Model 417
Options: 7.5 inches per second tape spead
-_— T track, FM, reproduce
Voice track
AC power supply
Footage counter
Variable Filters
Type: ¥Krohn Hite Model 3550
Respconse chatracteristics: See above
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Playvback Amplifiers

Type: Honeywell Model 112

Input impedance: 1 M{l minimun

Frequency response;: DC to 20 kHz

Gain: 1-1000 in steps of 1, 2, 5 plus 1/200 attenuator plus vernier

Signal Processor

Type: Gomputer Signal Processors, Inc,, Model CS5-3

Options: 2 channel input, 8194 word memery

Block size: up to 2048 words

Sampling period: 200-10,000 p sec

Input irnpedance: 10 Kf}

Display: Cathode ray tube

Cutput: CRT display or plot using X-Y recorder

M-¥Y Recorder

Type: Hewleti-Packard Model 7005 B

Chart: 11 x 17 inches

Notch Filters

Type: TT Electronics - Model R-20 - passive

Noteh; Greater than 40 dB, 58 to 62 Hz

Legs than 3 dB for frequencies ocutside 48 to 72 Hz
3.2.4,5 Location Processing Subsystem Spemfmatmns

Time Share Terminal

Type: Anderson Jacobaen - Model AOQT-233

Consists of: ASR-33 teletype with acoustic coupler packaged in a portable

case

Time-Share Computer :

Type: Any large digital computer equipped for time-share operation and

remote acceas control via telephone lines

Location Software

Loaded ¢n time-share computer
3.2,5 Breadbearding and Testing :

The cnly component of the Seismic Location System which required bread-
bearding and testing was the preamp. No commercially available preampli-
fiers were found which would meet the requirements of low noise, battery
power, and severe environmental operation, However, component ampli-
fiers needing only a case and power supply and meeting desired specifications
were found, Several were tested and the Intech Model A-200 finally selected.

Other equipments and interface components were tested when received to
insure manufacturer's specifications were met,

3.2,6 Design Trade-offs and Design Decisions

A discussion for each instrurmnent iz given below:

Geophones - Ceophones could be selected with a range of senstivities and
self-resonant frequencies. A geophone with a self-resonant frequency of
14 Hz was selected, since it could be expected to respond to frequencies as
high as 500 Hz without introducing Epurmua respanges, for example, internal
spring resonance, A trade-off was required when selecting sensitivity and
geophone impedance level. The highest available impedance was selected
gince that provides the most senpitivity and all geophones investigated were
at a lower impedance level than needed to provide optimum thermal neise
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performance. Transformer coupling between the geophones and preamp was
investigated but discarded when no transformer could be found that would
improve the caleculated noise performance, The relative responge of the geo-
phone used is shoewn in Figure 3. 2-4 for undamped conditiona and in Figure
3.2-5 as installed in the plastic case for field uae. .

Cabling - It was desired to make the cable some bripght color s that it
could be more easily spotted at night. Also it was desired that the cable
jacket be tougher than normal laboratory cable in order to reduce repairs,
Two manufacturers wetre requested to bid on shielded pair cable with plastic.
jackets capable of remaining flexible in cold weather, The manufacturer
that responded had an excessive price and delivery time. Therefore ordi-
naty microphone cable wasg selected,

Preamplifier - Selecting the actual amplifier used in the preamp was
discuseed in paragraph 3.2.5. The costs of other items in the preamp,
excepting batteries, did not merit spending further design time., Diodes
with surge ratings of 300 amps were selected for lightning protection. The
output transformer was selected {0 be compatible with frequency response,
levels, and the required balanced ocutput. The batteries selected were
alkaline type since alkalinea perform better in cold environments than most
batteries. Maximurn preampg drain, and 336 hours continuous operation at
room temperature were used as the criteria for selecting battery gize. Also,
it was kept in mind that the batteries should not be "rare'" or hard to buy.
Alkaline "C-cell" size batteries, 1,25 volts, were selected,

Cable Receiver - Transformers and divdes identical to those used in the
preamp were selected for the interface at the seismic equipment terminal,

Notch Filters - A short market search revealed only TT Electronics as
a supplier of paseive filters meeting the required specifications. They de-
signed and tested two prototypes and sent specifications te WGL for selec-
tion. ©One had only a 20 4B notch and the other had fairly wide 3 4B points
with a 40 dB notch. The second filter was selected on the basis that engine
generator sets, which were a likely source of power, would not be well
frequency regulated, In addition, the notch filters were a back-up item which
were not expected to be uaed under normal circumstances.

Variable Gain Amplifiers - Several-amplifiers were investigated and, as
a tresult, the ones that were selected were Tthaco Model 454, These pro-

" vided the best noise performance (of those that specified noise performance)

and the lowest price of those that met specifications,

Band Pasa Filters - Since seven variable bandpass filters were to be
purchased, cost was a major consideration in the market search for filters.
Only the one selected had a moderate price tag and versatility over the re-
guired freguency range,

Oscillograph and Oscillegraph Amplifiers - The oscillograph was selected
on the basis that it was '"'portable’ and should therefore be rugged enouph to
withstand the shock and vibration of a vehicle installation. Only the oscillo-
graph and tape recorders were given much attention in this area, since they
are the only "'mechanical' instruments. The oscillograph driver amplifiers
were selected for compatibility with the oscillograph and galvanometers.
The galvancmeterna were selected to be fluid damped for ease of installation
and for high frequency response.
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Magnetic Tape Recorders - Three different portable tape recerders were
investigated, Pemco Model 110, Heoneywell Model 5600, and Lockheed Model
417, The Pemco (the least expensive) significantly degraded time interval
information and the Honeywell Model (the most expensive) could not be de-
livered on time, The Lockheed recorders were thus selected,

ﬂgna}. Procegsor - Three signal processors were investigated, A dis-
cussion of each and the basis upon which they were evaluated is given below,
They are:

¢ Time Data: T/D 100

® Computer Signal Processors, Inc., {C.8. P.L); CS55-3

e Hewlett-Packard: 54504 -

The systerns were evaluated on the following basis, in order of priority.

(1) Versatility - The ability to do many types of signal processing. This
includes simple and complex operations on the data and such factors as op-
erating on data in "'real time. "

Since many consecutive hammer blows must be added up in order to cbtain
adequate signal-to-noise raticos, the '"real time'' capability was considered
important but not absclutely necessary. '"Real time' here implies the ability.
" ta buffer input data while operating on previously taken data.

{2) Cost and Delivery - Four montha' rental and 30 day delivery was con-
sidered adequate.

{3) Operator Interface - With systemas that do complex signal processing,
it is important that data inputs and outputs can be interpreted by the operator
without undue difficulty,

Factors one and three are discussed in the following paragraphs.

Time/Data 100 - The Time Data machine is the least versatile of the
three since it performs only a fixed set of computations. It allows input buf-
fering and is fast enough to perform signal processing for this application
in real time if the final type of signal processing required is within its capa-
bilities. It is a hard wired processor and capabilities cannot be added to this
syatem as with the others, Important functions this system lacks are con-
versions to and from polar coordinates, division, and subtraction, The T/D
100 has a good operator interface but this interface is sirnplified with respect
to the other two systemes because the machine does less sophisticated proces-
sing, {285-3 - This system is hased on software and a Varian 6201 computer.

CS8-3 - This system is based on asoftware and a Varian 6201 computer. It
is potentizlly the most versatile of the three systems since C.5.P. L. can be
contracted to write additional software to perform nearly any type of signal
processing. Input buffering is allowed, and the system is fast encugh to
meet the application in real time. It performs all of the basic Fourier analy-
gig and mathematical operatione and many more. However, these standard
operations cannot be linked together except by separate commands from the
operator, A disadvantapge is that the system works in whole nurnbers but
not in mixed numbers, The operator rmust take care that mathematical op-
erations of fractions regult in fractions and gimilarly for whole numbers,

All commands to thia system are entered through an ASR-33 teletype rather
than by "push button" command. The operater must learn the conversational
language of this systern, .
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Hewlett-Packard 5450A - The H. P, system consists of a keyboard with
standard arithmetical operations and basic signal processing applications.
_ Complicated signal processing routines are generated by first programming
sequences of basic routines. The system then executes the entire routine
2 automatically. However, the system cannot do things such as choosing the
) largest value in a spectrum without special pregramming from H. F. This
system is significantly slower than the other two and cannot buffer input
s data unless it is coupled to the 16K memory computer., For real time pro-
cessing, this systernwould require the larger computer and some method of
— slowing down real time such as magnetic tape recording at a fast speed and
playing back at a low speed., The operator interface of this system is the
best of the three systems since data is manipulated automatmally and scale
factors are automatically computed and displayed.
The T/D 100 was eliminated since it could not be expanded to do non-
e standard routines. The H, P, system is more costly than the C55-3
and has greater versatility standard, but could pose serious problems in
real timne analysis. Therefore, the C55-3 system was selected.
. Tirmne-Share Computer Terminal - Two terminals were investigated but
one was eliminated when it was found that the supplying company was not
— stable. [t was desired to find a terminal other than an ASR-33 teletype
gsince teletypes are not extremely reliable when exposed to shock and vibra-
tion, However, no other terminals could be found and an ASR-33 with acous-
tic coupler was selected.
3,2,7 Desipn Reviewe and Desipn Maodification
- No changes. were made in the Seismic Location 3ysiem at its final design
review, The system was implemented as discussed above,
After initial field testing it was found that filtering and gain were required
between the playback recorder and the signal processor, This did not hinder
field testing since two of the filters and the amplifiers used in the system
can be used for signal processing, However, in a disaster, when sipnals muast
be recorded concurrently with signal processing, those filiers and amplifiers
- could not be used, Ag a result, two more {filters and amplifiers were pur-
chased. The filters were selected to be identical to previously purchased
filters in order to provide redundancy. The amplifiers selected were identi-

- cal to the oscillograph amplifiers for reasons of cost, redundancy, and ade-
quate performance.

3.2, 8 Fabrication and Assembly

No problems were encountered duaring fabrication and assembly. WGL
assembled enly geophones, cables and connectors, preamps, cable receivers,
and notch filters. The commercial equipments were installed in standard
relay racks as shown in Figure 3.2-3. Tests were then condycted at Boulder
— to gain familiarization with the equipment, to optimize equipment usage and
to investigate various operating procedures.

The equiptment was instalied in a2 12 foot truck mounted van for field test-
ing., The racks were bolted directly to the floor of the van., Shock mounting
wasg considered and rejected becauge of the possibility of shock tnount reso-
nances. Other experience with electronic eguipment of this type in vehicles
indicated direct bolting to be desirable, This method of installation proved
= reliable throughout the tests,
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3.3 PREDEMONSTRATICN TESTING

Testing of the Seismic Location System was conducted in several areas.
Labaratory tests were conducted at Boulder to gain familiarization with the
equipment, to optimize equipment usage and to investigate various operating
procedures. PFredemonstration field tests were conducted in Colorado,
Pennsgylvania and West Virginia,

3.3.1 Laboratery Testing

Laboratory tests were conducted at the WGL Base Station following the
ingtallation of the Seismic Location System in a truck mounted van. These
tests were performed to test the equipment after installation, investigate
the usage of various configurations of multiple element arrays, and to
measure seismic noise and powerline interference. No forrmal data was -
-collected bt the tests showed that ambient or natural noisge levels were far
above calculated thermal noise levels and that the system was resistant to
power line interference,

3,3.2 Imperial Mine, Erie, Colorado

The Imperial Coal Mine at Erie, Golorado, was chosen for tests for
several reasons., Amoang these was the existence of previous work done
during the predesign phage of this contract. As a result of the previous
work, the geological and geophysical environments were characterized,

Using this knowledpe of the environment, tests were conducted to test
equipment performance, to optimize the use of geophone tranducers, to test
seismic source performances, to experiment with processing techniques,
and totest location accuracies, Because of the predeaign work done at this
location, comparisons were available to show system improvements and
performance.

The geophones were planted at the same locations vsed previously, as
shown in Figure 3,3-1. Five of these locations included 30 foot holes for
deep geophone comparisons. The seismic transmitter thumper was used
imderground as were hammers, rails, and various other sources.:

-Figure 3. 3-2 shows an obvious improvement in hammer blow data over
that recorded during predesign work by G. U, 5, (Figure 3, 1-9), The signal-
to-noize improvement indicates that some degree of optimization has been
achieved in signal reception, signal conditioning, and signal processing. A
typical pulse with noise discarded, and its spectrum are shown in Figure
3.3-3 and should be compared with Figure 3.1-10 to show signal-to-ncise
improvement for a hammer blow. The response is moere impulsive and
centered around 45 Hz.

Noise attenunation experiments, using single and rmulti-element surface
arrays versus buried gecophones provided some useful results, It was not
easy to plant "retrievable” geophones firmly in the bottom of holes; thus
the use of buried geophones was determined to be impractical. This decision
is supported by the fact that in cases of rugged terrain, such as West Virginia,
it is not feasible to drill holes at selected locations. In most cages, the
butied geophone was much noisier than its surface counterpart due primarily
to inadequate plants, A cornparison of relative noise levels i shown in
‘Figure 3. 3-4,
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Figure 3,3-2, Sipnals Recelved at Imperial Mine - 11-25-70

Experimentation with sources performance indicated that for this mine,
overhead beams were excellent couplers where roof rock was relatively firm,
Pounding on rails gave inaccurate location results believed to be due to
.propagation of the signzl down the rail,

This was the first time in the field that signal enhancement using repetitive
blows was tried. A requirement of this method is that a trigger signal be
penerated to be in close aynchronization with each individual hammmer blow.
It had been realized previcusly that there may be one ¢r more sipnals re-
ceived on the surface which would be strong encugh to establish that trigger,
but that the point in time at which the trigger would occur would be too late
to allow an examination of the first arrival of that signal, Therefore, Com-
puter Sighal Processors, Ine., the suppliers of the sighal processor, had
been contracted to write a routine which would allow the computer's mermory
to be used as a type of delay line.

The processor continuously samples input signals, keeping a "current"
block of data. Then when a trigger occurs the processor averages that
block of data, (containing samples of the signal up to the time of trigger),
intec another section of memory which containg previously taken data. The
effect is that data blocks are averaged together where the trigger point
in time occurs at the end of each data block, whereas for normal signal
averaging, the trigger occurs at the bepinning of data blocks.
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The trigger for the signal processor is generated by the delayed trigger
output of the cscilloecope which can be adjusted to follow (in time) any normal
trigger of the cscilloascope, {see manufacturer's data for Hewlett Packard
1421A time base plug-in). Then, combining sweep rate with delay time al-
lowes 2 point in time to be established which is in synchronization with the
scope trigger and adjustable 5o that each data bleck in the processer con-
tains a complete aignal from one blow underground,

A trigger signal for input to the oscilloscope, can be generated by any
one of three waya: 1) Use of a single signal! received on the surface which
hae a signal-to-noise ratio, after filtering, large enough to allow identifi-
cation of the same point on each pulse (the actual signal-to-noise ration re-
quired is variable depending on the shape of the pulse transient and the
characteristice of the noise), Z) Use of a signal received by a geophone
undergroond {in an emerpgency, this geophone may be installed in'the mine
at a point as close as possible to the believed area of entrapment, or in the
mine through a borehole, or in a borehole drilled only partially to the mine},
and 3} Use of a gignal received by a geophone underground and transmitted
to the surface by the EM beacon, '

The use of 2 signal received on the surface as a trigger was demonstrated
qualitztively during predernonstration and demeonstration testing. In the
interests of performing more location and source studies, apecific data was
not taken which would allow comparison of data averaged with a ''perfect"
trigger to data averaged with other triggers. However, some of the data
shown in later sections was averaged using signals received on the surface,
some was averzged using the EM beacon uplink and some was averaged using
an undergreund geophone.

The data shown in Figure 3.3-5 igthe average of 31 pulses from the
seismic thumper usging an underground trigger and is the best data obtained
at the Imperial Mine, The locations computed using this data are shown
in Figure 3, 3-6. The methodology employed is discugsed in Section 3,1, 3
and elsewhere. The data peints plotted result in an average location, 1If
points which are obviously not grouped with the others are eliminated, the
mean location is even closer to the actual source. One source of error is
the inability to select the arrival of the first enerpy to within two milli-
seconds. This is due primarily to the low frequency of the processged signal.
The accuracy of the original mine survey may also be questionable.

3.3.3 Clyde Mine, Fredricktown, Pennsylvania

The environment at the Clyde Mine was very much different from that
in Colerado., Topography was very hilly, ocverburden was much thicker,
and the mine workings were more extensive. Since previous data at the
Clyde Mine was scarce, a refraction survey was run to characterize the
environment, The test site at the Clyde Mine is shown in Figure 3, 3-7.

At this site, in addition to testing location accuracies, tests were performed
on source performance and array optimization,  Because of the continual
high humidity and the subireezing temperatures that persisted during the -

tests, an opportunity arose to evaluate the envirenmental capabilities of the
systemn,
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The tests performed at the Clyde Mine were similar to thoge at the Im-
perial. The major change in procedure waa the abandonment of driil hcles
for buried geophonea. At the Clyde Mine, the depth was almost twice that
at previous mines, as a result background noise created more prohlems
than during ptior tests. Because of the proximity of the test site to cultural
noise sources, two sets of array locations were used,

A refraction survey was run to characterize the geophysical and geclogical
environment. The data was resclved into the various seismic wave phases
on the time-distance plot shown in Figure 3.3-8. The velocity of the prin-
cipal noise wave is shown, This velocity was used to determine an array
dimension of 20 feet outside diameter. The geclogical interpretation of the
refraction data is given in Figure 3.3-9. )

Array experimentation involved comparison of a single geophone, a seven
element hexagonal array, and a nineteen element hexagonal array. Ome plot
of the results is shown in Figure 3.3-10 where no improvemnent is apparent.
Additional data collected showed no consistent trends comparing single to
seven to nineteen element arrays. However, a seven element array usually
performed as well as or better than a single geophone.

Source performance results are shown in Table 3,3-1. An 8 pound ham-
mer was used to pound on the couplers indicated in the Table, except where
noted ctherwise. The most reliable coupling for hammer blows in the Clyde
Mine was found to be a roof bolt, although other sources provided detectable
signals.

Figure 3.3-7 shows the location of arrays and sources at the Clyde Mine,
Also shown is the accuracy of location trials for the data shown in Figure
3.3-11. The accuracy of locations here was on the same order as at the
Imperial Mine, with the average value about twenty-five feet from the actual
location, again using the methodology described in Section 3.1. 3.

Based on data collected at the Clyde Mine several important observations
¢ould be made. With regard to the array compatisons, it appeared that no
consistent improvement in signal-to-neise ratioc was achieved using nineteen
element arrays. The nineteen element array vsually did not pericrm
according to theory during these tests, Possible reasons for these results
is that the wavelengths and frequencies of coherent noise were estimated
inzccurately or that the geophone plants were not consistent, [n addition,
coherent noise appeatred to predominate so that no improvement over random
noise could be seen,

One important result of the Clyde Mine testing was the evaluation of the
operation of deployed equipment under high humidity and subfreezing tem-
peratures. Conclusions were that the system responses were not altered
by weather conditiens.

3.3.4 Harewood Mine, Longacre, West Virginia

Tests at the Harewood Mine were much more demanding than at previous
sites due toc rugged West Virginia topography. Tests were conducted at two
sites, chosen for their accessibility, Both sites were on strip mine roads
where weathered covering was negligible, As a result, a refraction survey
was not run,

At Harewood, as at previous sites, the major objectives were to evaluate
array usage, source performance, and location accuracy. Working con-
ditions were much different in that the mine had low roofs (36 - 48"}, which
made many areas inaccessible for experimentation and hampered seismic.
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TABLE 3, 3-1

SOURCE PERFORMANCE EVALUATION - CLYDE MINE

Map Filter Setting Channels with |Channels with-
Source Location fbandpass) Hz Viasible Signal |out Visible 5ig.
First Array Locations
Empty car 1-1 100-400 All
Rail 1-1 160-150 4,5,7 1,2.3,6
Roof Bolt 1-1 100-400 2,3,4,5,7 1,6
Rail 1-1 100-400 All
Roof Bolt 2-1 100-400 7 1,2,3,4,5,6
Rail 2-1 100-400 All
Elevator 4-1 100-400 All
Foof Beam h-1 400-1000 All
Timber on b-1 400-1000 4 1,2,3,5,6,7
wall :
Rocf Bolt 7-1 100-400 Z2,3,4,5 1,6,7
Second Array Locations
Seigmic 1-2 T5-125 1,2,3,5,7 4. 6
transmitter :
Reoof Bolt 1-2 T5-125 1,2,3,5 4,6,7
Rail 1-2 T5-125 2,7 1,3,4,5,6
Empty car 2-2 T5-125 All
Roof Bolt 2-2 75-125 1,2,3,4,5 6,7
Eail 2-2 75-125 37 1,2,4,5,6
Canveyor 3-2 75=-125 All
housing
Eoof Beamn 3-2 T5-125 All
Wall with 0 3-2 T5-125 Al
timber
Roof Bolt 4.2 75-125 1,2,3%,4,5,6 7

Visible Signals are those visible on the monitor record prior to signal

averaging.,

averapging technigue.
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et
signalling efforts, Figure 3.3-12 shows the geophone and source locations
at the Harewood Mine.

The results from array compariaons were similar to those cbtained at
the Clyde Mine, i.&., the increase from seven to nineteen elements showed
little improvement in signal-te-noise ratio.

Table 3.3-2 is a compilation of source pe rformance results obtained at
the Harewood Mine, A spectrum of a hammer blow indicated that the signal
response was much the same as that in the earlier Colurado tests;, however,
the presence of other mine noises was more noticeable in this area. The

spectrum is shown in Figure 3.3-13.

TABLE 3.3-2
SOURCE PERFORMANCE AT HAREWOOD MINE

Map Filter Setting | Channels with Channels with-
Source Location (bandpass} He Vigible Signal | out Visible Sig.
Selsmic 1-2 50-500 1,2,3,4,5 6,7
transmmitter . .
Rail 1-2 50-500 2,3 1,4,5,6,7
Roof 1-2 50-200 All
Timber on 1-2 50-200 All
roof
Roof Bolt 2-2 S50-100 . All
Rail 2-2 50-100 C o Al
Full Car 3-2 50-100 All
Roof 4.2 35-75 3,4 1,2,5,6,7
Full Car 24-2 35-750 3,4 1,2,5,6,7
Roof 5-2 35-75 1,2,4 3,5,6,7
Floor 5-2 35-7h 1,2,4,5 3,6,7
Wwall 5-2 3575 1,2,5 3,4,6,7

Visible Signals are those visible on the meonitor record prior to signal
averaging. In nearly all cases signals could be detected using the signal
averaging technique.

The most important conclusion is that in this case, the effectiveness of
the systermn was severely limited. There was no data guitable for location
trials obtained at the first site evaluated. After signal averaging the data,
signals became detectable only to the extent that their presence could be
noted. Peak-to-peak velocities were on the order of 2 x 10-° cm/sec,
which is slightly above seismic noise levels. The probable reasons for the
inability to sense seismic events at the first location were: 1) the travel
paths from socurce to receivers were long, the shortest was 850 feet and the
longest was 1900 feet, 2)}the existence of two mined-out seams directly
above the source points probable caused some energy loss {see Figure
3.3-12), 3)the strip mine road on which the geophonea were planted was
probably fractured due to the large explosions involved in the strip mining
operation. If this were the case, then frictional energy losses existed here,
teo, Figure 3.3-14 shows the results from the first series of tests at
Harewood Mine.
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The second location for tests at the Harewood Mine proved more succeas-
ful. Here again, the arrays were deployed for accessibility reascona on a
strip mine road or on the hillside above the road. However, the thicknesas
of overburden was less, ranging to about 300 feet.

The source location was calculated using signals shown in 3, 3-15. Since
time did not allow an accurate survey the sensor positions were determined
with Brunten and chain. Results, although they did not coincide with the
actual soutrce location, did group together similar to data from other mines.
No locatien accuracy number was obtained because of the lack of survey tie
points to the subsurface,

3.4 DEMONSTRATION TESTS

The testing of the Seismic Location Systern under simulated disaster
conditions can be described in two phases: the Game Plan Phase extending
frorm the initial alert on January 16 to 3:00 AM on January 18 and the Test
or Demonstration Phase which followed. The latter produced the most use-
ful data, although the former did accentuate many of the ‘problems involved
in use of the Seismic Location System in a large acale rescue operation.
3.4.1 Phasge I - Chronoclogy

Equipment Deployment - Movement of the Communications Subsystem
equipments fromn the staging area in Charleston, West Virginia, to the 17, 5.
Steel Mine #14, near Gary, West Virginia, was begun about 2:20 PM on 16
January when the Rescue Director directed the Communications Subsystem
van to proceed to the mine site. This van arrived on site at 7:50 PM on the
same day.

The first group from WGL arrived at the demonstration test site at about
1:00 AM January 17, and reported immediately to the Rescue Director for a
briefing .on the disaster situation and the actions taken by the rescue crews,

WGL. personnel examined the mine workings map showing the location of
the rock falls blocking tunnels, the beacon transmitter, and where the miners
were presumed to be trapped. A topographic overlay was compared with the
mine workings map to determine possible locations for the su rface com-
ponents of the Comrunications/Location Subsystem. The desired location
waa approximately over the beacon ¢n a strip mining shelf road near the
2800 foot contour. (See Figure Z2,4-3,)

The Communications/Location Systern equipment van had already been
parked on the strip mining road at a point about one-half mile from the
desired location. WGL reguested the communications van he moved ta the
derired location as soon as the road could be made passable and a fractor
found.

Installation of geophones began by midmorning of January 17. All of the
geophone arrays were installed by the time the communications van was
moved to the new location, This initial installation covered the entire
possible area of entrapment, since the Rescue Director had indicated there
were no regions within this broad area which were more probable areas of
entrapment, U.S5. Steel miners as well as Bureaun of Mines and Westing-
house personnel assisted in the deployment of these geophone subarrays,

At 6:40 PM seismic testing began using the seismic thumper located with
the beacon transmitter in the mine, Signals from the thumper were received

.and recorded on the gecphone receiving equipment. The reception of these

signals indicated that equipment was working satisfactorily and that recep-
tion of miners' signals should not be impossible. These signals were of
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minimal strength and could not be used to determine the location of the point
of emanation. However, three geophone arrays did provide signals of usable
strenpths, At approximately 3:00 AM, January 18, the game plan was
changed to use the mine map and survey data to determine where the probe
drill should be located.  The trapped miners' location was revealed and
four subarrays were moved to closer points over that area. This was ac-
compliahed by 8:00 PM, January 18, and signals from the miners as well as
the seismic thumper were received. After receipt of the geophone survey
early January 20, calculations lecating the thumper and miner signale were
completed,

Several interruptions cccurred as the result of cables being broken by
vehicular traffic, the failure of the ground survey team to provide a survey
of geophone locations on a timely basis, and the lack of manpower to quickly
redeploy geophones as needed were contributing factors in the decision to
procead with the drilling cperation without waiting for results of the geismic
location process.

Since the decision to deploy the drilling rigs meant the use of heavy equip-
ment and traffic in the vicinity of arrays, seismic testing was conducted
only af those times when the Bescue Director arranged silent periods, The
sporadic spacing of these periods throughout the following two weeks pro-
vided time for data and location analysis. This data is discussed in the
following sections,

3.4.2 Engineering Tests )

Tests were perfoermed to evaluate three basic aspects of the systemn
which affect performance, These are (1) Site Characterization, {2} Seismic
Tranzmitter Detection and Location, (3) Source Evaluation, The tests pro-
vided an opportunity to evaluate a phase of the Seismic Location System and
to define areas requiring investigation,
3.4,2,1 5ite Characterization

Due to the rugged terrain and the similarity of the site to others en-
countered during predemaonstration testing, it was deemed unnecessary to
run a refraction survey. The required geophysical parameters were
estimated, '

The first parameter determined was seismic velocity. Using a gecphone
lowered down the B-1/2" probe hole as a time break, it was possible to de-
termine absclute travel times and thus caleulate the velocity to each array,
Table 3.4-1 contains the velocity measurements for each array., Vertical
velocity was determined during drill string location tests, The average
total velocity computed aftet location of the source is very close to what
was estimated f{or location calculations. Overall velocities are slower than
would be expected for the rocks of this coal region. A posaible explanation
i that the time picked on the averaged records is relative to a shear wave
event and not a faster traveling compressional wave, which is probably
attenuated as a result of long travel paths,

The second geophysical parameter measured was the attenvation. Atten-
uation was determined from comparisons between the signal received from
the downhole geophone and surface measurements. Actual particle velecity
from each array and for the downhole geophone are shown in Table 3.4-2,
Table 3.4-3 shows the comparison of messured and predicted attenuation.
The attenuation for the predicted response was determined using the Multiple
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TABLE 3,4-1

Array Number

Vertical Velecity

Horizontal Velocity

Total Velocity

et I =A R F E FY R

7595 ft/fsec
75895 ftfsec
75495 ftfzec
7595 ft/sec
7595 ft/sec
7595 ftfsec

8482 ft/sec
7992 ftisec
B103 ft/sec
2910 ft/sec
T962 ftisec

8119 ft/sec
7784 ft/sec
7649 ft/sec
B?75 ftfsec
TT50 ftfsec
7448 ft/sec

6995 ft/sec

These velocities averapge as shown below:

Average Total Velocity
Averape Horizontal Velocity
Average Vertical Velocity

7320 ft/cec
Bz4] ftfaec
7595 ft/sec

1nmn

TABLE 3,4-2
PARTICLE VELOCITY

Array Peak to Peak
1 3.1x% 107> in/sec
2 Z.Bxlﬂ-S infsec
5 6.25 x 107> infsec
6 2,96 x 107" in/sec
7 5.()93:10-5 in/sec
Downhole Phone 8.4 % 1077 in/sec

TABLE 3.4-3
ATTENUATION COMPARISONS

Length of Measured Predicted
Array Travel Path Attenuation Attenuation
1 760 feet 68 dB 64 dB
2 224 feet 69 4B 65 dB
5 823 feet 62 dB &5 4B
3 771 feet 69 dB t4 dB
T 695 feet 63 dB EZ dB
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Axis Tradeoff Curve, Figure D-12 in Appendix D. The attenuations are
computed using-an average velocity of 7900 feet/second, a source frequency
of 30-50 Hz, and an average specific attenuation factor {Q3) of 50.

The MATQ curve in Appendix D includes losses from both spreading and
attenuation. The calculated and measured values show a reasonable correla-
tion. The difference is due to the uncertainties involved in trying to compute
attenuation from an average model.

The geological cross-section in the area is ghown in Figure 3.4-1 from
information from two U.S. Steel diamond drill holes. The locations of the
diarmond drill holes are shown on the rescue site map (Figure 2.4-3). The
cross-section shows that the geclogy is relatively uncomplicated with gradual
regional dip to the south and the associated thickening of beds in the basin-
ward direction.
3.4,2.2 Seismic Transmitter Signal Detection — Lost Miner Location

Signal detection at the demonstration proved to be difficult, I[n most of
the early attempts at seismic signalling, detectable signals could be seen
on only one or two channels, After the geophone arrays were redeployed
to an area more directly over the barricade location, signals became
vigible on all channels. With the establishment of a triggering signal via .
the EM Beacon, detection was enhanced by signal averaging.

The signala shown in Figure 3.4-2 were used for location of the '"trapped
miners. " These were produced by averaging 90 pulses from the seismic
trapsmitter (thumper) using a signal trigger (channel 7). Arrival timmes
were picked from this data and based on an estimated 7750 feet/second
velocity, locations were calculated using both 3 and 4 arrival titne com-
binationa. .

The resulis of location trials are shown in Figure 3.4-3. The locations
shown in Figure 3.4-3 can be used to evaluate the system performance in
terms of location accuracy for this particular situation. If all the points
shown are considered equally probable source fixes then the rms distance
error is 237 feet, Using various combinations of 3 arrival time measute-
ments and the known source depth from mine survey maps the rms distance
error is 252 feet and for ¢ arrival time measurements, 216 feet, When all
the location points which fall cutside probable areas of entrapment foutside
mine working area) are eliminated, then the rms distance area is reduced
to 97 feet. Ome method for determining a single location from the results
of numerous calculations is to average the coordinates of all points which
are closely concentrated together. (See Section 3.1.3,) In Figure 3.4-3,
this eliminates 15 of the 34 possible anawers and the averaged location is
20 feet from the actual source location.

The rme distance error has not been evaluated for other cases because
averaging clusters of most likely points gives considerably better system
accuracies. This selection and averaging process has not been fully de-
veloped. In general it seems reasonable to select a certain percentage of
points, say 50%, which fall within the smallest possible circle and then
averapge only their coordinates to establish a single location from all points,
Techniques such as this could also be computerized, but this as yet has not.
been accomplished nor evaluated. The major source of error is believed to
be caused by the low frequency of the processed data (30-50 Hz) which makes
selection of an arrival time to with two milliseconds very difficult, Scme
of the scatter results from array/source geometry, which degrades accuracy
writh certain combinations of arrays used to calculate locations.
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3.4.2.3 Source Evaluations .

Extensive tests were conducted to evaluate various types of seismic
sources. The performance of the sources in terms of generating detectable
signals is summarized in Table 3.4-4. Locations were computed for several
of these sources. In all cases except those using the seismic transmitter as
a source, it was necessary to use a trigger signal from the beacon seismic
uplink signal or from a downhole geophone for signal proces sing. In cases
wherve the same data is presented twice, locations were calculated on
different arrival time picks in each case. Locations were calculated and .
are shown for the following sources:

Saurce Figure Number
Timber on plate 3j.4-4
Timber on roof 3.4-5, 3.4-6
Seismic Transmitter 3.4-7
Seismic Transmitter 3.4-8
Sledge Hammer on Roof 3.4-9, 3,4-10
Rail on plate 3.4-11
Rail on plate 3.4-12, 3.4-13

The data used for calculating the locations shown includes only that where
some points tended to cluster, Other location calculations were made using
data with much smaller signal-to-noise ratios, These showed no patterns
or groupings. Here, as before, the most probable source of error is the
inability to select arrival times to an accuracy of one millisecond.

3,4.3 Summary of System Performance

The performance of the Seismic Location Systemn during the Demonstration
Tests can be evaluated from two viewpoints, From the viewpeoint of rescue
operations, the results from Seismic Location were very slow, This result
was affected not only by system performance, but to a large degree by the
logietics that must necessarily accompany a location and rescue attempt.
Such factors as surveying, geophone redeployment, terrain, and weather
tended to impede iocation efforts,

From the viewpoint of an engineering exercise, the Seismic Location
System performance was a success., The concept of signal averaging as 2
signal-to-noise enhancement technique proved to be an important factor in
determining the location of the "lost miners. " An example is Figure 3.4-14,
This is 2 moenitor record made during source evaluation tests, Obsetving
the six data channels, there are no obvious signals that could be assumed
man-made. However, using the Beacon Uplink Signal {track ¢) as a signal
trigger and averaging the fifty pulses, the result is Figure 3.4-9, Signal-
to-noise improvement here was sufficient to run a location analysis, the
results of which are shown in 3.4-10.

This example indicates the performance achievable even where the signals
do not appear to exist on the monitor record, Other scurces often produced
better sighal-to-noise ratios but gave poorer loration accuracies, The
performance of the Seismic System as evaluated from all phases of work
will be discussed in Paragraph 3. 5.
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TABLE 3.4-4

SOQURCE PERFORMANCE EVALUATION - DEMONSTRATION

Test No,

Source

Filter Setting
{bandpags) Hz

Channels with

Visible Signal

Channels without
Vigible ‘Signal .

1
2
i

th us

Seigmic Transmittar
Seismic Transmitter
Seismic Transmitter
{3 weights)

Sledge on plate
Seismic Transmitter
{5 weights)

Pick on plate

Fick on floar

Wall w/sledge

Wall w/pick

Seismic Transmitter
Sledge on plate

Roof bolt

Pick on ceiling

Pick on roof
Hammer on wall
Pick on wall

Roof bolt

Seismic Transmitter
Rail

- |Wooden post

Steel hetween rails
Water pipe '
Seismic Transmitter!
Rail on plate?
Timber on platet
Rail on plate* :1_
Timber on roof

Rail on roof holt
Timber on roof bolt
Hammer on platet
Seismic Transmitter
Fick on plate

Sledge on plate

Rail on plate

Z-man rail on plate
Rail on plate

Short rail on plate

3-T0
40-40
40-40

40-40
40-40

40-40
40-40
40-40
40-40
40-40
40-40
410-40
40-70
43-70
40-70
40-70
40-70
30-80
30-B0
30-80
50-80
50-80
40-50
20-50
20-50
20-50
20-50
20-50
20-50
Z0-50
30-120
in-120
jo-120
30-120
30-120
3p-120
30-120

LA = b i bt et et

6

b
b

£, 6

-

R R R
=

-
-

-h-..
LM & s SR an
e 20 =] =) O~
T

L T R ]
-

=1 Ot [ DD s [ ba

1,2,4,5,6,7

1,6, 4

1,2,3,4,5,7
1,2,3,4,5,7
All

All
1,2,3,4,5,7

All

All

All

All
1,2,3,4,7
All
1,2,3,4,5
All

All

all

All

All
1,3,4,6
All

All

All

All

1,2,3,4,5,7
2,3,5,1
All

" Tests 1-9, Beacon Location; Tests 10-31, Barrirade Location; Tests 31-37,
Prepared plate 100' N. W. of Beacon L.ocatian,

#1Jsed for Lost Miner Location

TLocation Analysia Performed.

NOTE:; Visible Signals Refers to Signals Detectable Without Signal Processing,
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M - 6 Geophone Case
O - 5 Gecphone Case
{ - 4 Geophone Case
4 - 3 Geophone Case

Scale 200"

e ]

Figure 3.4-4. Gary No. 14 Mine - Location Accuracies - Timber on Plate -
Test 25h :
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Figure 3,4-6, Loecation Calculations - Test 27 - Timber on R_Dof
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Figure 3,4-7. Gary No. 14 Mine - Loecation Caleulations - Test 23 -
A Seismic Trangmitter
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Figure 3.4-8. Gary No. 14 Mine - Location Calculations - Test 23 -
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Figure 3.4-10, Gary No, 14 Mine - Location Calculations - Test 30 -
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Figure 3.4-11. Gary No. 14 Mine - Location Calculations - Test 24 -

Rail on Plate
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Facsimilte of Oscillograph Monitor Record-Sledge Hammer
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Figure 3. 4-14,




3,5 PERFORMANCE EVALUATION

Design specifications required that the Seismic Location System: 1) be
able to locate trapped miners whose only gsignalling means are seismic siTg-
nals; 2) be sensitive enough to obaerve natural noise on the order of 10-
infsec/NHz ; 3) be capable of using multiple hammer blows not necessa rily
generated at precise intervals: and 4) be capable of real time signal analysis
to whatever extent is necessary to optimize signal detection. The degree to
which system performance fulfilled these degign goals is discussed below.
3.5.1 Summary of Periormance

The success of the Seisrnic Location System must he Judged ultimately on
its ability to locate underground seismic sources and aid in the rescue of
trapped miners. With the current state-of-the-art, this is not possible in
every case. In some cases, such as the Harewood Mine, signals from the
mine will not be of suffiicient strength to be detected, Other times, such as
at the Gary #14 Mine, background seismic noise levels will be too high to
facilitate signal detection. Still in other cases, .geological conditions create
anisotropic situations which will cause ambiguities in wave travel paths and
consequently confuse location results. The fact that these cases were en-
countered and recognizable as system limitations is important in defining
future efforts.  In situations where the systern was not working beyond its
lirnitations, performance was sufficient to define the major problem areas,
These problems are:. 1) Resolution in picking arrival times from records,
2} evaluation of the effects of anisotropic earth situations, 3) adegquate seis-
mic coupling, 4) generating a "trigper" signal for data processing., These
problems will be discussed in paragraph 3.5, 3. ;

When the overall performance of the system is balanced against the
design specifications, the success is apparent. In every case where signals
were detectable, locations were run with varying degrees of accuracy.
Detection of these signals was enhanced by ave raging many signals from a
source and by other on-the-spot signal processing technigques, Ewven in
cases where signals could not be detected, the limitation was external
Eeismic noise and not the lack of versatility to perform some type of signal
enhancermnent technique,

The thermal noise level of a single channel is below measured levels of
seigmic background noise as shown in Figure 3.5-1. Thus the sensitivity
of the instrumentation is not a performance limiting factor.

3,5.2 Systern Results ;

The results of the field tests are important in evaluating the Seizmic
System's performance. The most meaningful results are in the areas of
array optimization, signal enhancement, and source evaluation,
3.5.2.1 Arrays

Theoretical studies on array optimization indicate that multiple geophones
should provide noise reduction., However, the data gathered du ring testing
did not always confirm this. The lack of 3/N improvement could be due to
any number of factors but the fact that seven geophone arrays usually per-
formed as well as nineteen peophone arrays and better than single geophone
arrays indicated that seven element arrays are sufficient until more con-
clusive data is ohtained,
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Figure 3.5-1, Seismic Neoise Levels Encountered During Predemonsatration
Testing

167




Since time did not permit quantitative analysis of array comparisons
during predermonstration testing, qualitative estimates were made based on
noise spectra and estimated signal-to-noise ratios from processed recordas.
Subsequent use of the system has produced data that does show improvements
insignal-to-noise ratio as the number of peophones in an array increases.
This iz shown in Figure 3.5-2, However, subsequent data has alse shown
in some cases that multiple element arrays attenuate signale as much or
more than noise when deployed aceording to array size calculations.
3.5.2.2 Signal Averaging

A significant result of system tests was the evaluation of signal averaging
techniques, The results shown in paragraph 3.4.3 are excellent examples
of the effectiveness of this technique. Detection theory predicts that the
amount of signal-to-noise improvement by averaging n like signals iz eqgual
to they/n . In order to achieve this, signals must be identical and must be
sunmuned inh phase. :

In the tests run using the Seismic Location System, the fact that signal-
to-noise ratio was enhanced was obvious even though only qualitative deter-
minations were made, -The degree of enhancement was not quantitatively
determined, although it is apparently less than theory would indicate. The
reason is related to the two requirements that signals be identical and that
they be summed in phase. Since the signals are mechanically generated by
a method that necessarily fatigues the source mechanism, it is unreasonable
to expect that every signal be identical. Likewise, since the signal itself
is used to trigger the summing process, differences in signals cause jitter
in the trigger and they may not be summed exactly in phase,

Figure 3.5-3 emphasizes these two points. If the 30 signals were all
identical to the signal in the upper plot then using a true ave raging tech-
nique the final signal amplitude would be identical to the amplitude of a
single pulse with a v/n signal-to-noise improvement, Comparing the peak
amplitude of the signals in Fipure 3.5-3, it can be seen that the ave rapged
signal (lower trace) is only about 60% the amplitude of a single pulse {upper
trace). This is due to not having exactly similar sipgnals and not being
capable of in-phase summation.
3.5.2.3 SBources

Source tests were performed at every test site to determine the best
method of coupling seismic energy into the rock. The basic conclusien is
that there appears to be a-correlation between the mass of the striking
object and the amount of energy imparted to the rock, Best signals were
obtained by signalling with heavy objects (railroad ties, rails, lead weipghts}
that were dropped. These observations are based on qualitative data and
need further investigation to determine the optimum socurce,

3,5.3 Major Problem Areas .

There are four specific areas that imposad limitations on the use of the
Seiamic Location System. These are:

a. Adequate tirne resolution and associated location accuracies.
b. Anisotropic earth situations to the location problem.

c. Seismic coupling at the source,

d. Generation of a "trigger' 'signal to facilitate signal averaging.
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3.5.3.1 Time Resolution and Location Accuracies

The most prevalent problem involved with accurately determining the
trapped miners' location was the inability to select arrival times to within
one or two milliseconds. ‘The problem exists because either the signals
are of such a low frequency that the actual "first break' is spread out over
five or six milliseconds, or the noise levels are so high that the actual first
arrival is cbscured on some or all of the traces.

Part of the solution to this problem is the use of the highest frequencies
possible, even to the point of degenerating the signal-to-noise ratio if it aids
in defining the first break. Anocther part of the solution is te use human
judgment in analyzing the locations returned by the computer. Instead of
relying on a purely statistical method of determining the signal source and
the error in calculations, obviocusly bad data pointe should be discarded.
The final part of the solution is to repeat the location computations using
other phases of the arriving energy such as the shear wave, with an adjust-
ment in velocity, comparing results with previous data.
3.5,3.2 Aniscotropic Earth

One of the problems encountered during the demonstration tests was an
apparent anisotropic earth situation, When the theoretical arrival time was
calculated using a known source location and velocity, the calculated arrival
time at Array 5 was about ten milliseconds slower than the observed arrival
time, apparently caused by a2 velocity higher than the assumed average., By
adjusting the time for the average velocities being used, locations were all
within ten feet of the source, {See Fipure 3.5-4.})

This problem has always been present while using an isotropic earth
model, although never to the degree experienced at the demonstration,
Since source coordinates are never known for sure until after the fact, such
anisotropics can lead to a serious problem.

This problem can be lessened somewhat by estimating the existence of
anisotropic conditions from geclogical reconnaissance and avoiding such
situations, and by estimating the magnitude of such travel time'errors
and making the necessary time adjustments based on a calibration using the
seismic transmitter. Other solutions to this problem merit future inveasti-
gation.
3,5.3.3 Seismic 5ignal Generation and Coupling

Experience with the seismic system indicates that the sources tried, in
general, all provide detectable signals, at varying signal-to-noise ratios.
Emphasis to date has been on conventional seismic generators such as the
hamrmer, heavy timbers, and the "thumper" described in earlier sections
of this recport. These devices are all limited in terms of efficient coupling
of the signzl to the earth, and there is a need to concentrate future effcrts
on improving the efficiency of this coupling. Additional, important de sign
constraints include simplicity of operation and maximum portability.-
3.5.3.4 Generation of a "Trigger' Signal

The advantages of signal averaging in addition to e¢lectronic filtering and
array optimization as methods of signal-to-noise enhancement were proven
during field tests, The concept has one disadvantage, however, that puts
a limitation on its use. In order to signal average recurrent miner pulses,
a trigger signal must exist that has precisely the same intervals as the
aignals to be averaged.
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In the past tests there have been three sources for this signal: 1) A
data channel, 2) A geophone planted in the mine and cabled to the surface,
3) The EM beacon seismic uplink. Any one of these must be available in
order to facilitate location of trapped rniners. If one of these signal sources
is not available, little can be done as far as location analysis is concerned
until a "trigger' signal can be provided.
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4, CONCLUSIONS AND RECOMMENDATIONS

The design, fabrication and testing of the Communication/Location sub-
system was completed on schedule and demonstrated in January 1971, A
performance evaluation of the electromagnetic and seismic portions of the
subsystem is given in Sections 2.5 and 3,5 respectively, Here, the basic
conclusions are summarized for both technological areas. These conclu-
sions lead directly to recommendations for further research, development,
and evaluation programs designed to improve aystem utilization, provide
training, determine performance limitations and maintain an emergency
readiness posture, '

4.1 ELECTROMAGNETIC SYSTEM CONCLUSION SUMMARY

The electromagnetic voice downlink and coded beacon uplink was tested
and gualitatively and quantitatively evaluated at five different coal minea.
Pertinent mine characteriatics were;

Mine Depth Apparent Conductivity
{feet) Amhos/meter}
Imperial, Colorado 290 0,12
Clyde, Pennsylvania 800 g. 034
Cambria Slope, Pennsylvania 850 - 0, 0052
Harewood, West Virginia 650 0, 0006% |
5.5, Steel #14, West Virginia 800 ' 0. 0024

Basad on the results of these field tests, theoretical studies, and labora-
tory performance measurements, the follewing conclusions can be made.
4,1,1 Voice Downlink '

Intelligible voice transmission were received at each mine using a hori-
zontal wire transmitting antenna terminated in the ground at each end, The
voice frequency rms antenna current varied from mine to mine and depended
upoen antenna lenpth and termination resistance, The average antenna cur-
rent, as observed with an average reading meter, was 0.5 amperes or leas
at each mine, The voice transmitter, howeaver, is capable of supplying one

#* This consisted of a single measurerment made on a strip mining shelf
abowve the underground coal mine, {The conductivity values obtained for
the other mines represent the average conductivity obtained from a com -
plete conductivity sounding at each site, }
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ampere of antenna current (200 watts into 200 ochms) if needed, As ground
.conductivity increases, it becomes increasinply difficult to penetrate the
earth with EM waves. '

The field strength observed when exciting the antenna with a fixed fre-
quency was proportional to the antenna current and independent of antenna
length when the receiver depth is small compared to the distance to the
nearest end of the wire. The theoretical model {or an infinite line is useful
for predicting fields below the surface using up to three layers of horizontal
stratification and frequencies where the skin depth is short compared to the
length of the antenna, Comparisons between measured magnetic field inten-
sities and theoretical predictions as a function of frequency showed excellent
correlation except at the Cambria Slope Mine,  Here, the obaservations were
almost 10 dB less than the theory would indicate. This may be attributed to
an anomaly in the conductivity sounding, but is not fully understood,

Voice transmissions can be received intelligibly when band limited to be-
tween 500 and 3000 Hz, Subjective measurement in the laboratory indicates
that a alow distinct speaker can he understood when the signal -to-noise ratio
is 6 dB, and the noise¢ is assumed to have a Gaussian distribution.

Quantitative measures of the horizontal wire antenna's pattern below the
surface have not been made. However, qualitative observations were oh-
tained in some mines. Intelligible voice was received at slant ranges (per-
pendicular to the plane of the wire) of 1794 feet in the Imperial Mine and
927 feet in the Cambria Slope Mine using antenna lengths of 2500 feet, The
fields drop rapidly beyond the ends of the horizontal wire antenna.

The periormance of the systern depends on several factors, namely the
antenna current, the depth to the receiver, the average conductivity of the
gverburden, the noise, and the receiver's performance characteristics,
Two types of receivers were fabricated, one for use in the Habitat and one
for the individual miner's use. The performance of each receiver is limited
by the front end thermal noise when no external noise is present. The mini-
mum detectable signal for the Hahitat receiver is 1, 6 wamps/meter, and for
the Manpack receiver is 50 Mamps/meter. In the absence of man-made
electrical interference, the maximum usable depth is 3200 feet for the Hah-
itat receiver and 1400 feet for the Manpack receiver in mines where the
apparent conductivity of the overburden is 0. 01 mhos/meter, These depths
were calculated using the theoretical model and assuming one ampere of
antenna current.

External noisc sources were measured below the surface in cperating
mines. Spectral components of power line harmonics were observed with a
maximum magnetic field strength of rearly 40 mA/meter at 360 Hz, Qther
components existed in the voice band which exceeded | mA/meter., The
performance of the voice rececivers in such a noise environment is severely
limited., A quantitative evaluation of the voice petformance has not been
made because of the extremely variable nature of this noise environment
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and the limited amount of data available on the man-made noise characteris-
tics in different mines,
4,1.2 Coded Beacon Uplink

Coded beacon tranamissions at 2750 Hz and 1375 Hz were detectable on
‘the surface using 25 watts at the Harewood Mine, and 2750 Hz transmissions
were detectable using 4 watts at the U, S, Steel #14 Mine in West Virginia,
The power output was reduced to 4 watts to ensure permissibility of the aya-
tem in all mines, A 12-turn, b625-square meter, air core loop was used for
the transmitting antenna and a 1000 -turn air core loop of approximately 0. 4
square.meters was used for receiving on the surface,

The external noise environment, both natural and man-made, limits re-
ception at the surface. It was found that in general the maximum magnetic
field strength observed on the surface is nearly constant for a radius of 50
meters around the center point. Theoretical predictions of field strength
were made for some of the mines and results compared favorably with
measured data except at the Cambria Slope Mine. Reliable communicationas
were achieved with the transmitter output power of 4 watts {1 ampere in the
antenna) ever slant ranges of 1500 feet,

The receiver detection and decoding ¢ircuitry requires a signal-to-noise
ratio of at least & dB, The maximum sensitivity of this system is 0. 11 wa /
rmeter in a 50 Hz bandwidth, With an overburden conductivity of .01 mhos /
m and | ampere in the transmitter antenna, the operating depth of the beacon
uplink is about 1500 feet, For a conductivity of 0. 001 mhos/meter, the
pperating depth increases to about 2500 feet. These operating depths would
be reduced by significant amounts of man -made noise and interference which
limit the parformance of the receiver on the surface. Performance is also
limited by highly conducting overburden.

The use of Beacon Transmitters for relaying seismic signals to the sur-
face is a valuable feature not only for detecting the presence of trapped
miners, but for improving the performance of the seismic location system,
by providing a trigger for signal averaging.

4.1.3 General Comments

The EM communications system's performance objectives were realized
during the test and demonsatration phase of the program, Theoretical and
experimental studies indicate that this EM system could be effectively used
in rescue operations in about 90% of all coal mines in the United States pro-
vided that these mines were squipped with subsurface EM transmitters and
receivers, This is based on the fact that 89% af all coal mined in the U, 5.
is taken [rom mnines less than 1000 feet deep, * The EM system performance,
in terms of reliable and intelligible information transfer, can be accurately

# (oal Mine Characterization Study, Westinghouse Defense and Space.
Center, November 1970,
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predicted when the overburden ¢conductivity, the overburden thickness, and
the surface and subsurface noise levels are known, The curves and tables
given in Section 2.5 apply to the performance capability of the ayatem as
designed and built, These performance characteristics could be modified in
a variety of ways to meet new and different requirements. For example, the
Beacon Uplink System could operate at narrower bandwidths to increase the
signal-to-noise ratio, The increase in signal-to-neise ratio is proportional
te the square root of bandwidth decrease. However, if the beacon bandwidth
were to be decreased, the Beacon transmitter keying rate and thus the data
rate would also have to be decreased in proportion to the bandwidth decrease.

For the Voice Downlink System, a decrease in bandwidth is not possible
since it would degrade the inteligibility of the voice reception in the mine,
To overcome unusually high mine noise environments or to communicate to
extremely deep mines and still retain the advantages of voice communica-
tions, it may be necessary to increase the transmitter current at the surface,
This can be accomplished either by: '

a, raising the voltage and the power level of the transmitter,

b, reducing the impedance of the antenna ground terminations to
achieve an increase in current for the same veltape, or

¢. when using a large transmitting loop, resonate the loap to eliminate
the reactive component of antenna impedance, thereby increas ing the current,
To implement a practical network of Beacon Transmitters in a mine, each
beacon carrier {requericy must be separated from each other by at least 100
Hz, so that the Beacon Receiver may select and identify transmissions from
each unique transmitting location. The results of the surface noise studies
indicate that an optimum frequency range of operation is from about 1.5 klz '
to 3.5 kHz. Using a frequency range such as this would permit 2 mine to
have as many as 20 diiferent beacons operating at the same time. It is highly
unlikely, even in large mines, that an emergency situation would require
simultaneous operation of 20 beacons. Nevertheless, the capability exists,
and the receiver is capable of tuning te any frequency in this range,

There are many ways in which the EM System could be improved, and
recommendations are given in the next section for additional efforts which
should improve the usefulness of the system both from an operational and a
technical standpoint, >
4,1,4 Recommendations

a, Systermn Evaluation

Operation of the Communications/Location Subsystem by Westing-

house and U, 5, Bureau of Mines personnel should be undertaken on a eon-
tinuing training program. .

b. Subsystem Utilization in Emergency Situations

(1) Determine the most effective non-emergency use of the

camrnunication equipment in order to assure availability of working equip-
ment and trained operators in the event of an emergency,
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{2) Evaluate the performance, merits, and constrainta of using the
subsystem as part of routine, day-to-day coal mining operaticns. Opera-
tional systems are more likely to be usable in emergency systems than
standby systems.

c. Noise and Interference Reduction

{1) ldentify the seurces and characteristics of the very high EM
and seigmic noise levels found in operating coal mines.

(2} Develop better methods for reducing this noise andfor its
effect on communication lnks.

d. Increased EM Voice Coverage
Devise and develop new transmitting antenna configurations and
coupling techniques to obtain increased, broad and uniform electromagnetic
voice coverage in the mine, This would be particularly useful for routine
operations,
e, Mine Environment Characterization .

{1) Develop and maintain a broad data base on mine character=-
istics and special installations in more difficult mines in order to have such
information readily available for use by rescue teams, and to provide a data
hase for designing advanced systems,

{2} Design and develop simple, reliable methods of measuring
pertinent mine characteristics essential to the implementation of optimum
mine communications syatems.

f. Surface EM Noise Study
Study surface electromagnetic noise characteristics at typical sités
obtaining both short term and long term statistics over a period of several
months. '
g. Coding Techniques
Conduct a comparison of different coding schemes to determine the
most effective way to communicate in a high rioise enviromment,
h, Thecretical Analysis
Extend theoretical analysis to determine complete EM field patterns
from horizontal wire antennas {HWA) and vertical magnetic antennas {VMA)
on the surface and VMA's below the surface.
i. Transmitter Current Enhancement
Investigate techniques to increase transmitter current in regions
of extremely high cenductivity or magnetic permeability, This will include
investigation of sophisticated methods of obtaining low resistance ground
terminations for use with the existing system as well as an investigation of
other higher power audio amplifiers.
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4.2 SEISMIC LOCATION SYSTEM CONGCLUSION SUMMARY
The seisrmic location system was tested at four different mines as fallows:

Depth to Source

Imperial, Colorado ) . 290Q
Clyde, Pennsylvania 700
Harewood, West Virginia 850, 300
U. 5. Steel #14, West Virginia 800

Based on the results of these field tests and predesign technigues includ-
ing theoretical studies, computer simulations, and laboratory experiments,
the following conclusions can be made. ’
4,2.1 Signal Detection

"Equipments normally used for seismic exploration work do not have ade -
quate sensitivities for the mine rescue application, The predesipn studies
indicated that special care must be taken to insyure sensitivity in order to
detect harnmer blows penerated in most mines. This includes low noise
amplifiers and sensitive, balanced geophones to permit reception of signals
at least above the normal seismic background noise. This noise background

level is approximately 10'? cm/secfHz at 100 Hz and increasing 6 dB per
octave below 100 Hz, Theoretical studies, neglecting attenuation, indicated
that a 10 Ib. hammer blow, 1000 feet below the surface would penarate a
signal whose magnitude was about the sarme as that of the background noise
at similar frequencies. Generally frequencies received were below 100 Hz,
although some components were observed up to 300 Hz, Thus it appeared
that signal detection would, at best, be difficult. The maximum frequency
response was found to be quite variable depending on the geological char-
acteristics, path length and method used to implant the geophones., "Adaptive
filtering was incorporated into the systemn to permit the operator flexibility
in optirmmizing signal-to-noise ratios., A spectrum analysis on broadband
signals can be obtained using the computer to determine the upper and lower
passband characteristics during the initial oparational phase,

Additional techniques which would improve signal-to-noise ratio ware
alse investigated. Muitiple seismometer theory indicated that subarrays of
geophone elements should enhance signal-te-noise ratios, when the noisc is

noncoherent, by a factor.of ’\"Ewhere n is the number of geophones in the
subarray. Against coherent noise, the multiple element arrays should also
provide spatial filtering of the noise at certain frequencies depending onr the
spacing of the elemnents, [nitial tests with multiple element arrays did not
Suplport or refute the theoretical irnprovement expected since the data was
not consistent. A majority of the results Showed seme improvement using
seven elements instead of one and sometimes im provement was apparent
using nineteen elements relative to seven, This data was not sufficient,
however, to conclude that additicnal improvement could be achicved under
any tircumstances,
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Averaging the signals from a series of succeesive hammer blows, also
theoretically, should provide sigral-to-noise ratic improvement. This waa
accomplished by computer processing and found to give substantial improve-
ment, although a quantitative measure of the change in the S/N ratic as a
function of the number of blows has not been accomplished. Signal averag-
ing, in the case of extremely weak signals, requires some means of inde=
pendently trigpgering the processor. These triggera may be obtained either
by transmitting subsurface sipgnhals to the surface using the beacon transmit-
ter or, if this is not available, by using a downhele geophone or one of the
surface geophones if the signal-to-noise ratio is acceptable.

4,2.2 Location System Performance

The location system performance depends not enly on detecting signals on
at least three separate geophone locations but also on being able to measure
the relative time of arrival of these signals, This arrival time difference is
the basic information required to salve the location problem, Computer
simulations showed that the relative time of arrival measurements should be
within at least 2 milliseconds if + 25 foot accuracies were to be realized,
This time resolution places a atringent requirement on the signal detection
processes since such a measurement requires comparing a signal arrival
time to within two milliseconds using weak signals perturbed by noise.

Cross correlation of the signals was suggeated as one means of measuring
arrival time differences. Some results showed no well defined peak and
others showed a peak which was obviously wrong. This is believed to be
caused by signal contamination by different seismic waves arriving by dif--
ferent paths and by noise,

Various means have been tried to determine the relative time of arrival
of the signals such as zero crossing of identifiable cycles, phase matching
half cycles and amplitude peaks. None have proved completely satisfactory,
and each of these involves some subjective decisions by the system cperators.
4,2,3 Systern Location Accuracy ' -

The location accuracy depends on a number of factors in addition to the
accuracy of the time of arrival measurement. These include:

a. The accuracy of the array survey including the tie point to the sub-
surface workings,

b. The lacation of the array as deployed relative to the source of sig-
nal being located,

. The size of the array and the depth of the source,

d. The accuracy of the velocity estimate, .

ltems b and ¢ relate the array/source geometry. The effects of geometry
on location accuracy have not been fully evalnated, although the results of

computer simulation studies indicate the followine:
a. The source should be within the spread of the array, and this

spread should be greater than one-third the source depth,
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b, The geophone spacing should be such that the minirnum time dif-
ference measured is large compared to the timing uncertainties.

The performance of the system in terms of accuracy varied at each loca-
tion and cannot be defined using the limited amount of available data. From
a given set of data, it is possible to calculate several locations using various
combinations of geophone signals, Location errors can be reduced by averap-
ing all the points which tead to group together, and rejecting obvious ly bad
points which tend to scatter.. Correlation of location points to a mine map
18 useful in this process. The actual accuracy limits of the system cannot
be fully determined until many more locations have been measured at a Vo -
riety of mine types.

4.2.4 General Comments

The seismic system performance in terms of design specifications was
realized during the test and demonstration phase of the program. It is diffi-
cult to predict the performance for different geological structure overbur-
dens, . Further testing is required to determine potential system accuracy
and signal processing pains achievable by various methods available,

The syatem does have potential applications in the disaster aituation and
can also serve as a valuable research tool for gathering the data necessary
for development of future systems and for improving the existing system.

Electromag.netic systems would be extremely useful in disaster sityations
but until theése are available in the mines the seismic techniques are the only
means of detecting and locating trapped miners, Even this requires some
knowledge on the part of the miner on signalling techniques to increase his
chances of being located,

4.2.5 Recommendations

a. Develop training aids to instruct miners in the most effective way
to gpenerate seismic signals, '

b. Develop methods for placing geophones in a mine after a disaster
{in the absence of permanently installed voice receiver and beacon transmit-
ter equipments). Possible sclutions include: use of existing shafts or drill
holes; drilling a small hole into the area of entrapment; carrying a geophone,
a voice receiver, and beacon transmitter as close to the entrapment area as
possible,

. Inwvestigate and develop methods for obtaining more rapid, accurate
surveys of surface geophone locations, '

d. Dewvise and test various methods (for use inside mines) of generat-
ing seismic signals and advise mine operators on optimum methods to use,

e. Investigate additional methods for uplink seismic signalling which
do not require excessive exertion of energy on the part of trapped miners.

f. Dewvelop means to initiate the operation of automatic gubsurface
signalling devices from the surface,

g. Identify the sources and characteristics of the very high seismic
noise levels found in operating coal mines and develop rmethods for reducing
this noise and for processing signals in this noisc enviromment,
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h, Develop and maintain & broad seismic data base on mine charac-

teristics in order to have such information readily available for the use of

rescue teams, and to provide a technelogical base for designing advanced
systems,

i, Investigate improved techniques of seiemic data processing and
gource lgcation determination,
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APPENDIX A

COMMUNICATIONS/LOCATION SUBSYSTEM OFERATING PROCEDURES

The procedures described in this appendix were nsed for the
demonstration at the U.S. Steel Coal Mine No. 14 near Gary, West
Virginia, They are representative of the procedures which would be us ed
in an actual emergency. These procedures are general in nature and
asgume that the operators are competent engineers and geophysicists who
are thoroughly familiar with the equipment and have had several months of
experience in its operation. Successful operation of the Seismic Location
System in particular is dependent upon an in depth unders'tanding of
seismolegy and signal processing principles.

A3 more experience is obtained in the operation of this system,
these procedures will likely be rnodified. They will also be modified if
the mine at which the emergency has occurred does not have any
previcusly installed electromagnetic communications equipment, Thig
would require use of seiamic signalling techniques initially, rather than
as a back-up procedure, It is probable that a voice receiver and Beacon
Transmitter could be carried into a mine and installed near the area of
the emergency to be used in coordinating in mine rescue efforts and to
be used to relay detection of seismic signals in the mine to the surface,
Modified and optional procedures should be worked out in the near future
. to insure successful use of this system in the event of an actyual
eEmergency,

1.0 PRIMARY PROCEDURES

A detailed log will be rmaintained of all actions and reactions of the
Cemmunications Subsystermn., This log will begin when the director of the
Communications Subsystem receives word of the emergency and will end
upon the completion of all rescue efforts. The director of this subsystem
will keep his own log and will direct that key individuals at other
locations maintain logs of their operation, Tape recordings of all trans-
missions on the veoice systern will be maintained., This will be very
important in verifying the use of adequate procedures.

1) Upon arrival at the emergen'cy location the mine
operator andf/or rescue director wiil identify
on a mine map the location of the emergency and
the location of the beaceon in the emergency area,
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-2)

3)

4)

5)

b)

They will also identify the probable avenues of
escape and other regions wherein they might antici-
pate having trapped men,

A survey team will roughly locate, within plus or
minus 100 feet, the position on the surface directly
above the beacon location, The communications/
location trailer or field housing will be moved to
this location for initial operations.

The beacon receiving antenna will be placed at the
position designated, directly over the Beacon Trans-
mitter, and the EM Comrmunications System operator.
will immediately initiate operation of the Beacon
Receiver to listen for transmissions. {Note that

the Beacon Receiver can be operated on internal
batteries until power has been supplied to the
trailer.)

Power will be gupplied to the trailer either from

a tap from a local power line or from a 10 kile-

watt power generator placed 1000 to 2000 feet from
the trailer in 2 direction away from the more prob-
able trapped miner regions of the mine. This will
be accomplished within 30 minutes after the traijler
is in place.

The voice transmitting antenna will be deployed in
such a manner as to effect communications with men
at the beacon location and with other locations
wherein men might be trapped. If these locations
are widely separated, the voice communication sys-
tem will be used, first of all to communicate with
the beacon location, and thereafter with other pos-
sible entraprnent areas in an order of pricrity to

be established by the rescue director. (Note that’
step five and step six will be undertaken in parallel
or at the same time as steps seven through nine,)

The voice communications system will be used to
establish cormmunications with men trapped at the
beacon location., This velce communication system
will be used to determine the number of men, their
condition, condition of the habitat or barricade
area, and general conditions within the mine as
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best as can be determined.* The presence of men at
the beacon location and their condition will be con-
veyed immediately to the rescue director, Upon com-

-pletion of these communications the men at the

beacon lecation will be directed to tyrn the
beacon off until they receive further instructions
via the voice system. '

The survey team will be directed to locate and
record positions for the geophones and geophone
arrays in accordance with instructions provided
by the Communications Subsystemn director.

The auger or gamall drill crew will be directed to
prepare holes for seismic refraction shots to he

used in determining velocities of propagation in

the weathered and sub-weathered layers above the
mine, At the same time, geophone subarrays will

be placed in the surveyed positions. These geophones
and other geophones will be used in conjunction with
the shots to establish velocities of propagation.

When the geophones subarrays are in place, tape and
oscillographic recordings will be used to record
possible signals from trapped miners, A request for
quiet conditions on the surface will not he made un-
til suspected signals are observed or until the voice
system is available to request signalling from trapped
miners.

When the voice communicaticne aysterm is ready, it
will be used to request trapped miners to begin sig-
nalling with hammers or other objects by beating on
the mine floer or walls. At this time a request will
be rmade of the rescue director to stop all motion
and seisthic noise makers within the area while
reception of signals is attempted,

The signals received by the Seismic Location Sys-
temn, up te this peint in time, will be used te com-
pute the location of the signal sources. If the

* See Voice Communications Procedures, paragraph 3.0
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signal sources are not in an optimum location re-
lative to the peophone subarrays, the subarrays
will be moved and steps nine and ten repeated until
a reliable scurce location is obtained. The
Communications Subsystern director shall have full
respongibility and authority to judge the reliability
of any iocations computed,

12) The survey team will convert the computed ceoordi-
nates of the miners' location to a surface position.
This position, when judged reliable by the Communi-
cation Subsystem director, will he conveyed to the
rescue director for positioning of the drill rig.
The location position will be coordinated with
the mine map to ensure that the drill will be
positioned directly over a tunnel.

13} When the search and probe drill has reached a
point halfway between the surface and the mine,
the location subsystem will be used to track the
position of the drill bit, If this identifies
an error in the calculated locations, which i3
possible due to anomalous seismic propagation
within the earth, this information will be used
to select a correlated location and a new drilling
point,

14}  When time and drilling operations permit, the
Seismic Location System will be used, along with
the voice communication systern, to obtain information
about the condition of the trapped miner or miners.
The voice system will be used to ask questions of
the miners to which they will respond by striking
the mine walls according to instructions given on
the volce system.

15)  The trapped miners will listen for drilling noise
using the geophones and voice receivers., They will
communicate via the beacon when they detect the
sound of drilling.

2.0 BACKUP PROCEDURES

Various backup procedures, should the primary systems fail to
function satisfactorily, are described below,
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1) If the beacon signalz cannot be received on the
surface, the miners at this location will have
to use the Seiamic Transmitter for communications.
{Note alsc that this Seisrnic Transmitter may be
i used for calibration of the Seismic Location Systemn
in place of the refraction shots (Step 8).)

2) If signals, seismic or EM, are being received on
the surface from within the mine and it becomes
evident that voice transmissions are not being
received within the mine, explosive charges will
be set off on the surface of the mine, according
to predetermined codes, to request responses from

- within the mine. This means of signalling will alseo

be ugsed if no response of any kind from within the

mine has been received after repeated operations of

- the voice communications systems. '

3) Prior to establishiment of EM communications, or in
the event communications are not established; attempts
will be made to pick up seismic signals on the hour
and half-hour. If signals are not obtained, quiet
periods will be required on the hour and half-hour,

4) If electromagnetic voice comrmunications and beacon
- responses are being received and no positive
seismic signals have been received by surface
geophones after repeated attempts to do so, the
- geophones planted at the beacon location will be
used to attempt to receive such seigmic signals
at that point, The Beacon Transmitter and Re-
¢eiver will be used to transmit the signal to the
surface. If signals are received in this manner,
these signals could be used to establish the exact
_ times bebween the miners! blows, to more effectively
use the signal processor to improve signal-to-noise
ratios for the surface geophones, The signals re-
— ceived by the subsurface geophone would then be
used with the best signals received on the surface
for computation of location,




3.0 VOICE COMMUNICATIONS PROCEDURES

The following procedure will be used when initiating communi-
cations with the beacon location, An alert signal will be sounded during
the 30 second off pericd between NORMAL beacon transmissions to
attract the attention . of miners at that location, The following messages
should then be transmitted; :

1)

Z)

3)

4)

5)

Sa)

6)

Calling Beacon Alpha - Calling Beacon Alpha {or
other name of specific beacon lecations), if you

can hear this transmission, push the REPLY

button and the YES hutton onr your Beacon Transmitter.
I repeat, push the REPLY and the YES button on your
Beacon Transmitter,

Now, push each answer button for five geconds.
Start with YES and push the other answer buttans
in the order from left to right on the transmitter,

Is your reception of cur veoice signals good or bad?
MNote: after each of the questions the voice
transmitter operator should indicate to the miners
the response which he received.

How many men are at your location? Push the
MANUAL key once for each person at your location,

Are you and all of the men at your location in good
physical condition? Answer YES or NO, Note:
if the answer i1s NO, message 5a will be transmitted,

Are any of the men at your location seriously or
critically injured? Note: if the answer is YES,
we will proceed through a series of questions to
determine the nature of the serious injury. This
should include questions to determine if someone
hzs had a serious loss of bloed, is unconscious,
is in shock, has broken hones, or has serions
burns. MNote: if the answer to 5a is MO, then we
will inform the miners that we will determine the
nature of their injuries in a few minutes.

Are you in any immediate danger at your location?
Answer YES or NO. MNote: if the answer is YES,
we will proceed to ask the following questions:
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Ga}
6h)

b}

8}

9}

10)

11)

Can you safely remain at your present logation
for one hour? '

Can you remain at your present location for four
hours?

Can you remain at your present location for eight
hours? ete., ete., until we determine their
estimate of the period of time they can remain
safely at that location. We will also deterrnine
the nature of their immediate danger e.g. fire,
water, roof collapse, gas, etlc.

Do veou have adequate fvod and water? Note: if
the answer is NO, we will proceed to determine
the period of time which they do have adequate
food and water,

We will now read a list of names of all rmmen whno
may be trapped within the mine. We will ask the
miiner at the beacon lecation to send a YES or
NO after each name i3 read. YES to indicate
the rman is at their location, NO to indicate that
tie is not at that location.

We will now read the names for which they replied
NQO to the previous message and ask them if they
have any information about the location or ¢ondition
of these men. If they respond YES to this question

for any of the names, we will then proceed to
message 10,

We will ask a series of questions to find out what
information the men at the trapped miner location
have about other men in the mine., These will be
guestions about the conditien and location of other
men within the mine, using mine entry designations. .

At some point in time we will probably ask the men
at thiz location to operate the Seismic Transmitter.
We will give thern specific instructions as to the
number of times they are to operate this Seismic
Transmifter, This will be done primarily for
calibration of the location systermn, but also to
determine the possible use of this transmitter

for transmission of messapes.
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12) At some point in time we will probably ask the
men at the beacon location to put the Beacon
Transmitter and the voice receiver on SEISMIC
mode for subsurface reception of hammer blows.
They will be given specific instructions as to how
to accomplish this and for what period of time the
systern should be left in the SEISMIC operation.

13) From time to time we will inform the men at the
beacon location of rescue propress. We would
also send them various other messages, such as
messages from farnily to encourage them and to
maintain morale.

14} Upon the completion of any series of messages or

" transmissions, the men at the beacon location
will be asked to turt off the Beacon Transmitter
and wait for further instructions from the voice
receiver, They will alsc be informed that should
an emergency arise such that they need to
communicate with the surface that they should
put the Beacon Transmitter back in the REPLY
mode and then alternately push each answer from
YES through BAD for five seconds. They should
then wait for fifteen seconds to listen for a
transmission from the surface, They should
continue to repeat this procedure until they
attract the attention of the surface operators.,
This procedure will alternately light all of the
message lights on the Beacon Receiver and should
attract the attention of any operator at that ¢entrol
panel.

THE QUESTIONS RELATIVE TQ IMMEDIATE DANGER AND THE
PHYSICAL CONDITION OF THE MEN SHOULD BE REPEATED AS
QF TEN AS DEEMED NECESSARY AS PREVICUS REPLIES AND KNOWN
CONDITIONS WITHIN THE MINE DICTATE, THESE SHOULD BE THE
FIRST QUESTIONS ASKED IF AN EMERGENCY SIGNAL IS RECEIVED
FROM WITHIN THE MINE.

If the heacon transmissions cannot be recelved, an atternpt

will be made to ohtain answers at the beacon location with the Seismic
Transmitter. The following ¢code will be used:
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Mesgsages - Number of Blows
YES
NG
DON'T KNOW
-REPEAT
GOOD
-BATD

hoda 2 oun e I

A cornplete response to any one question using the Beacon Transmitter
would consist of the above number of blows repeated three times with
ten seconds between each proup of blows,

This same message code could be used in obtaining information

from an individual miner providing good signals are being received on
at least one geophone from his hammer blows.
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APPENDIX B

DESCRIPTION OF COMPUTER PROGRAM MINER
AND LOCATION ERROR ANALYSES

1.0 CONCEFPTUAL DESCRIFPTICN QF MINER

The program is capable of carrying out the mathematics described
in paragraph 3.1.3, using six, five, four, or three travel times. The .
preopgram is executed on a time-sharing computer and input/output is via
teletype. There is considerable user-machine interaction during execution,
The program first asks;

How many stations responded?
{i. e. , how many relative arrival times
are available. )

What are the arrival times?
{Input times in seconds. )

What are the array coordinates?
{Inpuat the X Yy 24 i=1, 2, ,,., N, in feet. )

What is the velocity and estirmated scurce depth?

After the cperator has responded to these questions, the basic data needed
for performing the location analysis is stored in the computer.

How rmany stations per calculation?
{Thiz i3 the number of travel timmes to be usead
per caleulation, M. It must ke less than or
equal to the total number of statione, N, and
lie in the range 3 to 6. ) -
The program then proceeds to cycle through the W times~of -
arrival, taking all possible combinations of M at a time and printing out
N AEMo (W - My ! } solutions., The averag;ralues. of the predicted
source coordinates is then computed, and it is this average value which
is noermally taken as the final angwer. There are several ways in
which this average may be computed. The program firat averages all
the results. It then recomputes the average eliminating those points



which have a "numerical trouble" flag, and those whose predicted z value
is not within £ 60%, of the estimated depth. If this precedure yields dubious
results, the operator can eliminate any results he wants and average the
remainder, Finally, he can change the number of times per calculation,

aor the velocity ¥V can be changed and the cycling procedure can then be
reinitiated.

This philosophy of cycling through all pogsible combinations of a
redundant number of travel times hage been found to be an effective means
of minimizing the _s_ensitivity of the final location prediction to measure-
ment error, In addition, the output format is such that there is a good
possibility of detecting and identifying which, if any, of the measured times
iz especially inaccurate. This bad data may then be eliminated and the
calculation recycled. If several of the times are very inaccurate, of
course, any procedure will fail.

2.0 EXAMPLE CALCULATIONS

A great number of computer simulations have been carried out, but
only one hypothetical array is included here. The predicted locations given
in the examples are the average source locations calculated by pregram
MINER. The surface location error (SLE} in the x-y plane is defined as:

S5LE = [{x - xp]z + {y - 1_,.r1:}:l2]1"{a _ {faat)

where {x ,v )} are the predicted source ceoordinates in the x-v plane, and
{x, v} are the true coordinates,

Consider the geophone array shown in Figure B-1, The geophones
are planted in a shape which approximates a hexagon, with one phone near
the center. Two hypothetical source locations are shown -5, = (300, 120,
500) and 5, = {400, 1360, 500}, The z coordinates are assurmed to be
-260, -2040, -350, 50, -450, -370, and -280 feet. (Recall that z is
reckoned PDS‘LtIVﬂ dewtward, )} The srusmu:: velocity is assumed to be
42000 ft/sec.

The SLE resulting from random time-of-arrival measurement errors
were found by calculating the exact travel times and then adding random
perturbations in the ranges +0, 1 ms to £2. 5 ms. The results of such an
analysis for source 5, are given in Table B-1, The RMS arrival time
arror is the root-mean-square of the seven timing errors, and the second
column gives the maximum of the seven errors. The resulting SLE are
shown {rounded to the nearest foot) as functions of the number of arrival
tlmcs fM) used per calculation. {Hence, for M = &, the predicted location

Yo ) used in the SLE calculation was the average of seven sets of calcu-
13?&(1 X-y values. )
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TABLE B-1

LOCATION ERRORS ¥5 ARRIVAL-TIME
ERRORS FOR SQURCE LOCATION 51

B,M,5. Arrival-Time Max, Arrival-time No. of Arrival

Frror (milliseconds) Error (milliseconds) Times per cal- 5.L.E.
' culation {feet)
0 ] -6 0
5 0
4 ]
.05 ' ,09 b 1
5 0
4 a
L7 .25 [ 4
5 3
4 4
.23 LAT & 9
5 3
4 4
47 . 80 2] 13
g 13
4 14
.81 i, 20 b 32
. 3 11
4 &
.99 1,549 6 23
5 12
- 4 8
1,462 2,25 3] 44
' 5 2h
4 26



In general, the SLE error increases rapidly as the source
peint moves outside of the array. This is illustrated by Table B-Z,
which gives results for the source at location Sz. {Only the (M = 5)

arrival-time soluticons are shown for brevity,)

These results, plus those from many other tests, show that,
in general, time-of-arrival errors of £ 2 ms or poessibly more can be
tolerated and still have 2 SLE less than 20 feet provided that hoth the
propagation velocity and the array coordinates are known accurately,
and that the source point is kept within the array spread.

Table B-3 shows the effects of uncertainties in the propagation
velocity, assuming exact time-of-arrival and coordinate data for the

source at Si' These results show that the predicted location is

relatively insensitive to inaccuracies in ¥ of as much as = 25%, provided
the other data is highly accurate,

Tests of the type just described are useful in determining the
sensitivity of the location scheme to errord in the individual parameters,
but cbvicusly the cumulative effect of inaccuracies in all the data must
be considered in order to describe the real-world situation, Fortunately,
it turns out that those errors which tend to be truly random, such as the
errors in arrival times and geophone coordinates, tend to average out
to near zerc when a redundant number of calculations are available for
averaging, As an illustration of this, consider the same array {Figure
B-1l), assume z true velocity of 12000 ftfsec, and source location

Si‘ The data given to program MINER was as follows:
x = -351, 541, -804.2, 99, 1103, -362, 551
y, = 1000, 1050.8, 171, 148.6, 151, -871, -851
2, = -259.2, -198, -348, 49.3, -450, -368, -280
VY = 16800 ft:"se.c
't = accurate to within £1 ms,

Hence, the coordinates are inaccurate by as much as three feet,
the velocity is 10% low, and the arrival-time errors are described by
the fifth set of data in Table B-1, Resulis from MINER are shown
in Table B-4, The predicted locations are again the average x and y
values calculated as deseribed previously. Note that the three, four
and five arrival-time solutions are quite close to the correct location.
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¢ TABLE B-2

LOCATION ERRORS VS. ARRIVAL-TIME
ERRORS FOR SOURCE LOCATION 8,

(All results for 5 arrival times per calculation)

R.M,5, Arrival-Time Max. Arrival-Time
Error (milliseconds) _ Error {millisecﬂndg] S.L.E. {feet)
8- 0 0
,08 .10 13
, 18 ' .29 -~ 15
.+ 25 : .45 54
. 60 .91 54
L T8 1.30 120
1,36 1.86 46
1,22 1,85 36




TABLE B-3

wiid _ LOCATION ERROR VS, UNCERTAINTY

IN YVELQCITY FOR SOURCE LCOCATION Si

(True V = 12000 ft/sec, all other data exact,)

— FPercent Velocity Error 5.L.E, {feet)

- -25 6
i -20 11
" ’ 15 10
o -10 8
o -5 5
- 0 0
...... s ;

B +10 9

+15 10

) +20 , ‘14

. +25 17




TABLE B-4

ILLUSTRATING THE COMBINED EFFECT
OF ERRORS IN ALL THE DATA

{Source Location =. S1 = (300, 120, 500)}
No. of Arrival Times Predicted Source xy
per Calculation Coordinates (feet) SLE ({feet)
& (317, 122} . 17
© 5 (307, 117) 8
4 (301, 109) 11
3% . {293, 114} g

# The source depth was assumed to be known exactly in this sclution.
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As mentioned earlier, the calculationa presented here are only
a2 minute portion of the computer simulations carried out in the
development of the location scheme., Generalities about expected
accuracies are difficult to state, because each array geometry and
source location one considers leads to different results. Obvicusly, the

“most critical data are the arrival timea, and the accuracy to be expected
in measuring them is a sensitive function of the available signal-to-
noise ratios, which in turn depend upon the impulse strength and
spectrum, the earth medium, the source location, etc. DBut even for a
specified time-measurement accuracy, the location error depends upon
the velocity and the source location. The few general conclusions which
we have been able to draw from our theoretical studies of measurement
error, layering effects {see paragraph 3.0 of this Appendix), and geo-
meftrical relations are as follows:

1} The scurce should be within the array spread,

2} The array spread should be greater than one
third the source depth.,

3 The array spread musat be great encugh s0 that
the difference in arrival times between the two
nearest geophones is cunside‘rably greater than
the maximum anticipated timing uncertainty.,

4) Errors due to layering effects are minimized when

the array is nearly sguare and the source liesg
near the center,

5) Adequate accuracy can usually be cbtained with:
velocity error = 20%
coordinate errors ='5 it
arrival-tirne errors = 2 ms
f) The five and four arrival-time calculationz are
usually the most accurate (b or 5 geophones).
When N = 7, the six arrival-time solutions are
mainly useful for verifying the assumed velocity.
7) If the source depth is known accurately (=140 ft),

the four arrival-time zolution with specified
depth is often the most accurate,




3.0 THE EFFECT OF A LOW VELOCITY WEATHERED LAYER

The assumption of a seismic velocity ¥V which is constant through-
cut the earth medium is of course never exactly correct, but, at the
depths considered in the coal mibhe problem, an average velocity may
often be used which will yield sufficiently accurate results, There is
one important case, however, which departs from the simplest
hoemogeneous model and which is relatively easy to analyze. Figure
B-2 shows the geametry used to represent & horizontally layered earth
with an upper {'weathered") layer of thickness hi and characteristic

velooity Vi over a medium with velocity V The source depth ia h

2"
feet below the layer boundary, and a ray is shown reaching a geophone
‘after being refracted by 2n upper layer with ‘I.-i"1 < Vz.

The angles Bi and Bz are related by Snell's law:

v

. _ 2 .
sin 52 = Vi zin Ei { B-1)

By expressing the horizontal distance D in terms of b, h, 91.

a&nd EZ and using { B-1}, there results a2 transcendental eguation for 51:

in O
h s5in 1

2 Z 2 172
- =51 3}
{Vi / VZ sin 1]

.|.. - :ﬂ -
hil:a.n'Ei1 D { B-2)

By specifying D, one may solve { B-2) by numerical iteration

for 91, find ’32 from { B-11, and hence infer the travel time to each

geophone:

At = a * °1 C{ B-3)
P B 8 B
i Vz Cos 5 ‘Ji cos 1

A computer program [LAYER) was written to predict the effect
of a low velocity layer for specified geophone geometry, layer thickness,
velocities, and source location, The caleculation proceeds as follows:

1} By means of the ray tracing procedure described

above, solve for the actual travel-time to each
geophone, ati, i=1,2,3 ... N,
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2) Add some arbitrary initiation time T to the ﬂt_l

to obtain hypothetical arrival times, ti'

3) Specify a set of effective velocities, V , and use the
homogenecus -earth procedures outlined previously
to predict a source location corresponding to each
velocity.

This procedure allowed us to define a "best” V which minirmizes
the error ihtroduced by refraction through the upper layer. [No position-
independent V exists which can reduce the error to zero.) The effective
velocities which were used are:

‘T.fi =V, {neglect weathered layer entirely)
h + ¥_h
v Vi 1 2 {"weighted average" velecity)
2 h, +h
;|
2 2, 1f2
h V
v :( 1 4 ¥ hvz ) ("R.M,S5," velocity)
3 h, + h
i
2 2 z 2v1/f2
_ h +
V4 =f 1. vi b vZ {("modified R.M.5." velocity)
&
h + h
i
v = vi VZ [hi toh) {""time -weighted" velocity)

5 1'11‘-.-’2-I"h"-..i'}l

In all of the many test cases tried, the "modified R.M.3." velocity
gave as good or better answers as did any of the other effective veloc-
ities, ¥

% Except when the effect of the layer was quite small, in whick case

using V = Vz often pave slightly hetter results,
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Some examples of the reduction in the SLE due to the use of the
modified R. M. 5. velocity are shown in Figures B-3 and B-4, Note
that as the layer thicknesa, h1 » goes to zero in theae figurea, the SLE
also becomes exactly zero; we are assuming exact timing infermation
here, and hence the location errors shown are due entirely to the presence
of the layering.

The SLE are much smaller in Figure B-3 than in B-4. This
results from the proximity of the source x-y coordinates to the exact
center of the array in the first case. In fact, the SLE would have been
exactly zero if the scurce were directly under the center of the arrays,
because in that case the additional time delay caused by the weathered
layer would be egual at all the geophones, and hence would cancel-out in
the final analysis. This fact tends to reduce the SLE due to a harizontally
layered earth situation whenever the source is located in the vicinity of the
array center. Although the travel time to any particular geophone may be
significantly altered by the layer, the net result in the overall calculation
is slight.

In summary, whenever a significantly thick, low velocity weathered

layer overlies a higher velocity medium, we use the homogeneocus earth

analyees described previously, first with ¥V = ¥V, and then with an

zl

effective velocity defined by

L, .
hzv +h2Vz vz
)

2
‘h
h1 +

{feet{sec} { B-4)

where the estirnated layer thickness is h,, its estimated seismic velocity
is V , the estimated depth te scurce is h, + h, and the estimated lower

1
medium velocity is V
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APPENDIX C

ELECTRIC BLASTING CAFP HAZARDS AND
EXPLOSIVE SEISMIC SOURCES

1.0 INTRODUC TION

Two basic problems regarding explosives are considered here,
The first relates to the potential electromagnetic hazards to electric
blasting capg in mining areas and the second relates to seismic down-
link zipnalling techniques,

It is well known that electric blasting caps can be detonated with
radic frequency energy from communications transmitters operating at
broadcast frequencies (540 kHz and above) and the Institute of Makers of
Explosives (IME)} have determined tables of minimum distances to various
transmitters for the safe operation of electric blasting caps, It is not
known, however, just what hazards if any exist for frequencies between
300 Hz and 3000 Hz where the communications subsystem operates.
Paragraph 2.0 discusses this problem and suggests the safe operating
distances for both the underground beacon antenna and the surface voice
antenna, : ) . '

Experiments made by Globe Universal Sciences at the Imperial
Mine showed that considerable energy would have to be generated at the
surface to provide an audible signal in the mine, Explosive charges were
selected to meet this requirement. The problem was to determine methods
of implacement, the type of explosives to use, how to prime and shoot
them, and the amount of explosives necessary in order to communicate to
miners below the surface. This work is described in paragraph 3.0,

2.0 ELECTRIC BLASTING CATY HAZARDS

Basic information on the mechanism of RF initiation tableg of safs
distances, and data on common RF socurces are given by the IME, The
tables of safe distances were derived from analytical worst case calcula=-
tions based upon an assumed 40 mW, no-fire level of commercial blasting -
caps.

*-  Radio Frequency Energy - A Potential Hazard in Use of Electric
Blasting Caps, Inat, of Makers of Explosives, Safety Publication #20.
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Westinghouse questioned the IME on several aspects of the problem.
The results of this inquiry are included at the end of this Appendix in
paragraph 4,0 for reference. '

The theory of wave antennas was employed by the IME for electric
blasting caps deployed within the fields emanating from various trans-
ritting sources, It was assumed that the field structure from the broad-
cast band antennas was in the Fresnel (near} zone and that for higher
frequencies, the caps were located in the Fraunhofer (far) zone, At the
low operating frequencies under consideration, the IME cortectly noted
that the primary mechanism for induced currents would be simple magnetic
induction since the magnetic flux would be the predominant factor.

Regarding the 40 mW, no-iire level, it was noted that members of
the IME do not design commercial blasting capg with firing levels below
0.2 amperes, and with a conservative resistance of 1 chm, the resulting
power dissipation is 40 milliwatts, Stray currents caused by dc or 60 Hz
a¢ power sources can deliver power to electric blasting caps very efficient-
ly. For this reason, a safety factor of 5 was imposed by the IME to define
the '"potential hazard level" for stray sources of current which might come
in direct contact with caps, The lowest firing level (0.25 amperes) was
reduced to 0,05 amperes for a 1-chm bridge wire to arrive at the following
definition: "a stray voltage source capable of developing 50 mV or more
,across a 1 chm resistance constitutes a potential hazard to commercial
e.b. caps manufactured in the U.3,A, Note that 50 mV across 1 ohm
raepresents 2,5 mW." The IME goes on to note that at {requencies above
28 MHz, the tables of safe distances are very conservative, The hazards
. in the broadcast band are less conservative in that 'there is one chance in
a thousand for premature initiation caused by induced RF in the broadcast
band provided 1) the e.b, cap is perfectly matched to the pickup antenna,
-2) the pickup antenna is ideal in configuration {tuning) and orientation, and
1} the pickup loop is located at a peak of a fringe in the Fresnel zone, The
IME then concluded that 'the possibility of simulating such circumstances
in the 300-3000 Hz band are even more remote since such long blasting cir-
cuits are impractical, e.g, suchlong leading lines cannot be used fo successiully
initiate e. b, cap rounds!" They recommended, nevertheless, that tests
showld be conducted to properly assess the hazard, These are described in
the following paragraph.

2.1 ELECTRIC BLASTING CAP TESTS
DuPont No. & eléctric blasting caps with 10-foot leg wires were
tested under safe conditions in a field near Boulder, Colorado., The caps

were inserted into the scil a few inches to permit safe firing, and the lead
wires were kept shunted until the test was ready to begin. The,
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instrumentation included a Wavetech signal generator, an amplifier,
matching transformer, a sensitive voltmeter, and a 1-chm resiator with a
voltmeter to indicate current level, Tests were run at frequencies of 60,
120, 200, 275, 500, 700, 1000, 2000, 2750, and 5000 Hz, At each
frequency, the terminal volfage and line current were recorded at several.
steps as the voltage was increased to the firing peint, From thia data,
magnitude of impedance and power dissgipation in the cap were calculated,
Since only 10 caps were used to complete these tests, there ia an insuffi-
cient amount of data for statistical inference; however, the data for
resistances falls within published figures and hence it is felt that these
tests will be useful for estimating the potential hazards at ELF{300-3000Hz).

The IME definition that if 2,5 mW is dissipated in the caps, a
potential hazard exists, is extremely conservative in the opinion of Westing-
house, It was found, in the Westinghouse tests, that with voltages in the
range of 50 mV to 100 mV across the caps, gives a resistance of 1.5 ochms
{(+ 0,15 - 0,07} for ELF. From this, it was found that 2.5 mV will be
dissipated when the current is about 48 milliamps, The Westinghouse teats
showed that 100 to 500 mW was reguired te fire caps with currents in the
range 250 to 550 milliamps. The firing voltage was in the range 450 to 900
mY and the resistance at the firing point was about 0.1 chm higher owing
to heating,. Thus, even the 40 mW no-fire level is a conservative figare.:

2.2 SUSCEPTIBILITY OF CAPFS

How close can the electromagnetic communication antennas be to
blasting caps? The IME suggests that there does not appear to be an RF
initiation hazard in the normal storage and transportation of electric
blasting caps, as long as they are in their original carton, The calcula-
tions discussed below show further that there is only a remote chance for
initiating e.b., caps when they are deployed for maximum coupling to
gither the underground beacon antenna or the voice antenna on the surface,
Therefore, caps which are in the original packaged condition, should never
be ilnitiated by electromagnetic radiation from the beacon or the voice
transmitter. The calculations are based on the characteristics of No, 6
instantaneous electric blasting caps.

As suggested by the IME, magnetic induction was considered to he
the most hazardous mechanism. Considering an electric cap with the lead
wires shunted, the maximum ELF induction will cceur when the lead wires

rare arranged in a circular shape so as to enclose a maximun area, The

equivalent circuit for each cap is simply the resistance of the wire in
series with the resistance of the cap, and if several caps are connected in
geries and arranged in a circle which is immersed in a uniform magnetic
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field with flux nermal to the loop, the current that is induced into the
shorted circuit is given by:
1.=8 wéx 1077 fAm
R

where
f = frequency, H=z

A= area of loop, Mz
H = magnetic field intensity, amps/meter

E = total series circuit resistance in ohms

This equation was used to calculate the currents induced inte various
blasting cap configurations using large areas, a frequency of 3000 Hz, and
the maximum transmitting currents which may be realized with the beacon
ahd voice transmitter.

In the mine it was assumed that the worst condition would be ip con-
ventional mining where a face has been drilled and loaded with 10 shots
distributed over the face having an area of 10 feet by 20 feet, Each
cap is assumed to have a resistance of 1.5 ohms, and for caps used in the
mine with iron leg wires the total resistance is 4.5 ohms for each cap and
leg wire, Conditions were calculated under which a current of 40 milli-
amps would be induced into the cap circuit. It was found that a magnetic
field of 2. 25 amperes per meter would induce 40 milliamps into the 10-cap
circuit, Since the maximum magnetic field generated by the beacon will
be less than 3 amps per meter in the center of the loop antenna, the chance
for initiating electric caps would be extremely remote. If a single cap
with 16 foot leg wires was arranged in a loop inside of the beacon antenna
loop for maximum coupling, it was found that a magnetic field of about-
1.5 amps per meter would induce about 40 milliamps into the cap loop.

For the voice antenna on the surface, calculations were based on
the field next to an infinitely long wire carrying less than 3 amps of
current which will generate a magnetic field less than 0.5 amperes/meter
per meter of distance separation. Assuming that the electric caps are con-
nected in series to form a loop, then a uniform field of 0,5 amperes per
meter in the resulting loop would induce abeout 100 milliammps. These
calculations indicate that it would-only be necessary to move the trane-
mitting antenna wire far enough from the shot holes so that the blasts do not
break the wire. This should be sufficient spacing te alse insurs apainst
electrornagnetic initiation of the caps by this antenna,




awr—y
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In December 1970, experiments were performed at the Harewood
Mine in West Virginia to determine a susceptibility of an electric blast-
ing cap to magnetic fields radiated by the voice antenna, The experiments
were conducted at one end of the voice tranamitter near the grounding
electrode where there would be large conducting earth currents as well
as gtakes driven vertically into the ground in line with the antenna angd
separated ten feet,

The ground stakes were salted for good contact, and the aurface
soil was muddy with standing water in the vicinity. No. 6 instantaneous
electric caps were used and inserted into the ground near the center
stake of the electrode and separated one foot from it, The lead wires
were then arranged in the following five configurationa: 1) both lead
wires close together and shunted and extended parallel to the antenna,

2} the lead wires were separated to form a cirele of wire at the side

of the antenna wire, 3) the circle of wire was crossed over the antenna
wire, 4) the 40-foot lead wires were separated (shunt removed) and
laid cut parallel to the antenna wire but not grounded at the ends, and

5) the ends of the 40-foot leg wires were scraped to bare wire for two
inches and grounded in wet mud. The voice antenna was carrying cne
ampere of current at 1000 Hz. A Dupont No, 6 electric blasting cap
with 40 -foot leg wires failed to detonate under the five different:
configurations. This confirmed the relative safety of operating the voice
transmitter within a few feet of deployed ¢lectric blasting caps,

3.0  SEISMIC DOWN-LINK COMMUNICATION TESTS USING
EXPLOSIVES

3.1 IMPERIAL MINE

The dropped-weight experiments performed by G.U.S. at the
Imperial Coal mine in Colorado showed that a 100 -pound weight dropped
a distance of six feet at the surface produced signal detectable only by
geophones in the mine 300 feet below, whereas explosive charges at

- the surface were easily heard by the ear at this depth. Based on these

results,:explosive shots were selected for down-link signalling since
the amount of energy imparted to the ground could be readily increased
as necessary through the proper use of additional explosives, the choice
of types of explosives, and the method of implacement.




The zeismic refraction experiments performed by G.U. S, utilized
Mitramon S blasting agents as a source, This powder is conveniently
packaged into rigid, highly water resistant, charges, Several shots were.
discharged using loads from ! pound to 5 pounds per shot with both single
and double shots being fired., The powder used was Nitramon S and
was loaded in 6-inch diameter holes bored 15 feet into the surface seoil.
Since the holes had water in thern, it was necessary to attach weights to
the charges to insure that they would be planted at the bottom of the hole
as the unweighted charges tended to float, Clay and loam were put back
into the hole around each charge and carefully tamped for a total depth
of 2 to 3 feet above the charge. 5ince the charge column was usually
canted in the hole, it was difficult to insure thorough stermming around
‘the charge to improve coupling to the ground.

Ohservers were positioned in the mine directly below the shot
heles (300 feet) and at other locations out to a slant range of 800 feet,
The 1 pound and 2 pound shots produced only a light thud at the closer
locations and was weakly audible at slant ranges of 500 feet, Two 3-pound
shots fired with two-second separation were audible out to 580 feef. A
4-pound shot, which was planted so poorly that the hole hlew up, was
barely audible directly under the shot hole, The 5-pound shot sounded like
a dull thump at a slant range of 800 feet,

The results of these explosives tests indicated: 1) a conformable
charge which would have more intimate contact with the walls of the hole
would be preferable to the packaged charges like Mitramon 5, 2) the use
of coded charges will require construction of & switch box with which one-
blasting machine can be used to set off several charges in sequence, 3}
charged holes must be very carefully stemmed to insure that energy will
propagate down rather than up, 4) electric firing (e.b. caps) is preferabie
to firing with safety fuse because the firing sequence can be controlled
within seconds, and &%) that additional experiments should be perfoermed in
an eastern mine with the assistance of an explosives contractor, 6) future
tests will include the use of delay caps.

3.2 HAREWOOD MINE

Additional tests were conducted in December at the Harewood Mine
in West Virginia using the services of Explosives Engineering, Inc., South
Charleaton, West Virginia. The objectives of these tests were to deter-
mine the minimum and maximum charge size, the minimum and maximum
depths of placerment holes, the minimum spacing between shots for '
audible resolution, and to demonstrate communications using coded
shots,

Explosives Enpineering personnel recommended that drilling in
West Virginia be accomplished with a pneumatic crawler type of drill to

C-6




i . ) o

facilitate operation in the rugged West Virginia mountaing, The 600 cfm
drill that was Tecornmended was limited to drilling holes 3 1/2 inch
diameter using up to ten 10«foot long steels, They alac suggested that the
depth should be deep encugh to insure that charges would be placed in good
competent formations, It was further recommended that a2 conformahle
explosive, such as DuPont Pelletol, be used which is easy to pour, provides
100% conformity with the hole, is resistant to water, and is safe ta trans-
port. The powder was primed with HDP.3 primers (1/3 pound equivalent)
and detonated with DuPont No, 4 electric caps., Teo insure that a maximum
amount of energy be imparted to the ground, it was recommended that each
hole be firmiy steromed with soft soil or sand to the top and used only once,

Surface locations were located on an old strip mine bench approxi-
mately 650 feet above the Eagle coal seam entry. Two other mined cut
seams were located between the Eaple and the bench (Powelton), angd the
No, 2 Gas. The Powelton seam was approximately 150 feet above the
Eaple szam and the No, 2 Gas seam was approximately 40 feet above the
Powelton. The existence of these mined-out levels may have adversely
affected the seismic signal transmissions,

Sixtean holes, each 30 feet deep, were drilled on 15-foot centers
using a 3 1/2 inch beaded bit. The holes, penetrating hard sandstone and
some thin shale layers, each took approeximately 20 minutes to drill, The
three observers in the mine were positioned at 500-foot spacings along
the entry approximately under the shot location. There was radic
communication between the shooting station and the seismic observing
vehicle and telephone communications between the vehicle and the obeervers
in the mine, This setup permitted coordinating the suriace activities with
the mine activities to insure quict conditions,

The first two shots of 30 pounds and 50 pounds respectively were
not heard by any of the observers. The third shot consisted of 120 pounds
of Pelletol loaded in two holes and may have been heard by one of the
observers., The final shot, 400 pounds of Pelletol loaded in six holes, was
heard and felt by two observers and not heard by the third, The stemming
was not blown out by ‘any of the shots; however, gases were occasionally
vented through unloaded holes giving evidence to some fracturing in the
medium, '

A telephone conference was held several weeks later with Dr,
Ronald Rollins in the University of Missouri, at Rella, Rock Mechanics
and Explosives Research Center. An involved discussion regarding the
problem of imparting sufficient explosive energy to the ground so as to be
azudible in the mine produced the conclusion that one should use the highest
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velocity explosives obtainable, load the holes to provide good coupling to
the earth, and finally use sound probes in the mine to pick up minute
vibrations in the rock., DuPont Pelletol, with an explosive velocity of
15,200 feet per second, is considered a relatively high velocity explosive
in contrast to many of the permissible type explosives which range from
6,000 to 9,000 feet per second., The Nitrameon 5, with a velocity of 11,800
feet per second, is fairly high velocity; however it is very difficult to
obtain good coupling unless Pelletol would be used to fill the annular space
around the Nitramon charge column. Dr. Rollins Suggéated that varicus
military high explosives, with velocities in the range of 25,000 - 30,000
feet per second, would probably be highly suitable for our uses but are
relatively hard to obtain, It was suggested that the use of millisecond
delays between individual holes could produce impulses in the mine which
may generate more energy in the audible frequency range, Dr. Rollins did
net hold high promise for this approach since reflections and interference
in the earth will probably aifect the waves and mitigate any control which
may be initiated with delay firing.

3.3 U.S, STEEL NO, 14 MINE

At the U,S, Steel No, 14 mine near Gary, West Virginia,
the geolopy and physical envirenment were very similar to those at the
Harewood Mine, The shot holes were located 840 feet above the coal seam
and offset 1800 feet from the observers giving a slant range of about 2000
feet to the observers., The 3 1/2 inch diameter holes were drilled to a
depth of 41 feet, It took 30 to 40 minutes to drill each hole in the hard
sandstone and shale formations,

The communications van was in communication with observers
stationed at fwo locations in the mine approximately 500 feet apart, Five
different shots were fired with loads ranging from 10 pounds to 220 pounds
with the following results. A 220 pound shot was heard at both locations,
of two 110 pound shots only the second shot was heard at one location; two
220 pound shots three seconds apart were heard at both locations; a 40
pound shot may have been heard with the geophones, and a 10 pound shot
was not heard with the geophones, The 220 pounds per shot reguired two
holes each containing 110 pounds of powder. Tweo of these two-hole shots
were detonated with a delay of 17 milliseconds while the others were de-
tonated instantaneously, Althoupgh not conclusive, the instantaneocus shots
appeared to be louder, One observer listened for shots by placing his ear
on the shoring timber and felt this anhanced detectability, The highly
competent sandstone formations along with the absence of mined-out layers
undoubtedly contributed appreciakly to the ability to hear explogive shots in
this mine,




3.4 CONCLUSIONS

The following observations and conclusions can be stated reparding
the use of explosives for down-link communications,

1, Use the highesat velocity explosives obtainable,

2. To obtain maximum coupling between the explosives
and the earth, use conformable charges in fully
sternmed holes,

3. The presence of mined-out sectiona between the surface
and the observer will probably affect the signal strength,
4, Set off charges where there is the thinnest section of

solid earth hetween the source and observer consistent
with the ability to drill holes. -

5. There is little to gain in arranging patterns of shot
haoles or in uzing delay firing,

b, Observers in the mine should use sounding bare andfor
geophone amplifiers to pick up acoustic waves in the
rock,

7. In the deeper eastern mines, several hundred pounds of

powder per shot will probably be required to inaure
that signals will be heard in the mine,

4.0 RESPONSE TO INQUIRY TO IME

The following questions and answers are the result of correspon-
dence between Westinghouse and the Institute of Makers of Explosives (IME#),

Question ~ We anticipate radiating energy in the ELF ranpe, i.e2.,
frequencies below 3000 Hz, Since Safety Publications Neo. 20 did not cover
frequencies beiow 540 kHz, do you have supplemental informaticn regarding
hazards in the ELF frequency range? )

Anawer - MNln the preparation of IME Pamphlet 20, only standard radio
communications frequencies were considered, Except for the broadcast
band, radiation patterns and field intensities were assumed to follow known
formulas applicable to the Fraunhoffer zone in air for which typical blasting
circuit configurations might be made sensifive, For the broadcast band,
the level of hazards were evaluated at distances from the source antenna
which are in the near or Freanel zone where fringes lead to unpredictable
field strengths, '

& M., M, Charupion, IME Technical Committee, 420 Lexinpton Avenue,
New York, N.¥., Letter dated November 30, 1970,
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"Although we do not know the greatest linear dimension of
the ELF antenna under consideration, we suspect that it will be relatively
long, perhaps a guarter wavelength, and that the Fresnel zone would in-
clude the underground mine area blast site. At such low frequencies and
long wavelengths relative to typical blasting circuits, the primary mechanism
for induced currents would be simple magnetic induction since the magnetic
flux would be the predominant factor {e.g., power transmission lines are
60 Hz radiating antennas)." '

Question = Page § of Safety Publication No, 20, mentions that the no-
fire power dissipation level for commercial blasting caps is 40 milliwatts.
How conservative is thie figure, how was it determined, and is it typical
for approved coal mine e.b, caps?

Answer - "The no-fire level of 40 mW was evaluatedby FIRL as being
G9, 9%, reliable with 95% confidence at both 150 and 450 MHz for domestic
commercial e.b, caps. It is applicable to continuous wave radic frequency
induced currents since the thermal response time of e.b, caps is very much
longer than the reciprocal {perind) of the radio frequency. Hence,an e.b,
cap does not "follow' the RF amplitude, but responds to the effsctive or rms
induced current, An &.b, cap bepins to follow Hertz-induced currents (haif-
cycle pericd of ~ B ms), since the response time of commercial e.b, cap
ignition systems are typically in the order of 5 to 10 ms."

"Typical d=-c firing levels for domestic e.b, caps range from
(.25 to 0,5 ampere for one=-ohm bridge wire ignition systems. Members
of the IME do not design commercial e, b. caps with firing levels below
0,2 ampere, hence the 40 mW no-fire level.”

"Stray currents caused by de ar 60 Hz ac power sources can
deliver power to e.b. caps very efficiently. For this reason a safety
factor of 5 was imposed to define the "potential hazard level" for stray
sources of current which might come in direct contact with e.b. caps. The
lowest firing level {0, 25 amperes) was reduced to 0.05 amperes for a 1-ohm
bridge wire te arrive at the following definition: a stray veltage source
capable of developing 50 mV or more across one=-ohm resistance constitutes
a potential hazard to commercial e.b. caps manufactured in the U,3 A,
Note that 50 mV across one ¢hm represents 2.5 mW."

"The efficiency with which higher frequency currents can be
induced in e.b. cap circuits is considerably less than 100%. The efficiency
of a vertical loop circuit is maximized at approximately 2 MHz. The 0.25
ampere effective current level in a 1-ohm bridpe wire represents 2,5 mW,
The 40 mW no-fire level corresponds to 0, 2 ampere in a 1-chm resistance,
Wwith 40 'V as a basis, theoretical calculations were used to define the
maximurn safe distances from sources of transverse electromagnetic
radiation. The most efficient radiating antenna designs for each frequency
were assumed to be lessless, ideally polarized, and have the maximum

C-10




et o il

theoretical effective aperture (maximuom gain), Similar ideal situations
were applied to the receiving antenna and, in addition, the e.b, cap load
circuit was assumed to be perfectly matched to the loop or dipole receiving
antenna. These caleulated induced power levels were then compared with
field measurcments conducted under idealized situations at 28.8 MHz, 159
MHz, and 462 MHz, and in each case the measured values were signifi-
cantly below calculated values by orders of magnitude(factors of 10). Hence
the tables of safe distances in these bands are very conservative.”

'"Phis is not the case for the broadcast band where measured
power levels are essentially equal to calculated levels and did produce
40 mW it the minimum safe distance table, However, the pickup antenna-
in this case was in the Fresnel region, perfectly matched to the 1~-chm load
and was in an ideal configuration, . If the 40 mW no-fire level is considered
to possess a 0,1% probability for firing with 95% confidence (tested at
150 MHz and 450 MHz frequencies by Bruceton methaods) we must conclude
that there is one chance in a thousand for premature initiation caused by
induced RF in the broadcast band provided: 1} the e.b. cap is perfectly
matched to the pickup antenna, 2) the pickup antenna is id2al in configura-
tion (tuning} and orientation, and 3} the pickup loop is located at a peak of
a fringe in the Fresnel zone., These circumstances are to be avoided by
following inatructions in Pamphlet 20, "

"The ponssibility of simulating such circumstances in the
ELT band are even more remote since such long blasting circuits are im-
practical, e,g., such long lead lines cannot be used to successfully initiate
e, b, cap rounds. MNeverthelass, tests should be conducted in this band
to properly assess the hazard, Undoubtedly, losses in the earth will be
variable depending on the conductivity of the seil and on the geology of the
region. .

Question - Gan you make any suggestions reparding the field testiﬁg
of 'e.b, caps? We have some experience with their use in routine rock
hlasting,

Answer - hEjeld tests should not be conducted with live =, b, caps,
Squibs (ignition systermns) may be used, but the preferred method invelves
power measurements using a simulated e. b, cap impedance. Bruceton
no-fire tests should also be conducted on all commercial e, b, caps at the
proposed frequency to establish the sensitivily level,v

Question - Are there any other hazardous blasting situations in the

coal mine environment which might he endangered by our seismic or
electromapgnetic eguipment?
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. Answer -  "Relatively high induced voltages in mine shaft equipment,
ineloeding hoist ¢ables which can cause sgarking, are hazardous in terms of
igniting mine gag, Overland antennas are also invitations to lightning
hazards unless special precautions are taken,"

"Radiation of electromagnetic energy is a direct health
hazard to personnel at specific (high) power dengities and/or field strengths,
Safe levels for the EM spectrum are defined by the American Standards
Association under C95 Committee activities, Induced voltages in conduct-
ing members of hoist cables and the like, are potential electric shock
hazards to personnel, and in the ELF band the electric shock would pene-

trate below the skin to the nerve system, unlike RF burns which are
superficial. "
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APPENDIX D

GEOPHYSICAL DATA BASE

1,0 INTRODUCTION

The Geophysical Data Base contains the information necessary
te characterize coal mine environments in the various coal regions of
the United States. Although information is not detailed, it does provide
a starting point for gathering specific on-gite measurements, The
geolegical and geophysical information in the data base will aid in adapting
communication systems to the varied coal mine environments that exist.

Areas covered are Geological Parameters, Electromagnetic
Parameters and Seismic Parameters for the eight coal regiong shown
in Figure D-1,  The final section of this Appendix containg a list of
references to be consulted for more specific data.

z2, 0 GEQLOGICAL CHARACTERISTICS

-Knowledge of the geology and geologic environment is impertant
for efficient application of electromagnetic and seigmic comrnunications,
Features such as stratigraphy, structure, litholegy, and age are sipnifi-
cant from an engineering standpoint since they may determine the limits
of effectiveness for a communications system. Each of these is discussed

here as they pertain to the coal mining regions and the application of the
CMRE&ESS,

2.1 - STRATIGRAPHY AND LITHOLOGY

The stratigraphy and lithology of the overhurden in coal mine
regions is, for the most part, consistent, Usually the stratigraphic
column consists of a weathered layer over a repetitious sequence of
sandstone, shale, clay and coal. In many cases, the beds are s¢ inter-
mingled that seismically they appear to have one velocity. This feature
is significant because it implies a more continucus travel path for the
upward traveling seismic wave, Detailed stratigraphic successions
and lithologic descriptions are given in ) Special Systems Report
covering Coal Mine Characterizations.

Perhaps even more important than the actual geologic contend
of the stratigraphic column in a coal mine region is the thickness of

D-1.
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the rocks overlying the coal and the thickness of the weathered layer.
Since seismic energy decays with increasing distance from the source,
the overburden thickness may severely limit the usefulness of uplink
seigmic communications. Similarly, seismic energy decays faster

in low velocity medium, such as the unconsolidated sails and gravels
lying near the surface. As a result, a thick weathered layer may
preclude the use of surface detectors for uplink seigmic communica-
tions. '

The actual attenuation mechanisms of overburden and the
weathered layer are discussed later in'this section. Maximum over-
burden thicknesses were tabulated for the data base and are shown on
the map in Figure D-2. Similarly, average weathered layer thicknegses
are shown in Figure D-3. - Weathered layer thickness depends to a large
extent on topography. Valleys tend to have thicker weathering deposits
than do hill tops. Exact information regarding the weathered layer must
be obtained at the disaster site as is needed.

2.2 STRUCTURE

The geologic structural features of a coal mine can be impor-
tant ta through-the-earth, Large dips, as exist in several coal regioms,
can alter energy travel paths and result in incorrect and inaccurate
location-calculations. Figure D-4 shows some of the structural con-
figurations for eastern United States coal fields. By far, the majority
of coal mines lie in areas where extreme structural features are absent.

2,3 GECLOGIC AGE

The geologic age of coal formations can imply much about
the mature of the overburden. As will be shown later, selsmic veelocity
and conductivity seem te have a direct relationship to geolegic age.
Figure -5 shows the distribution of coal bearing formations relative
to age.

3.0 ELECTROMAGNETIC CHARACTERISTICS

Consgideration of EM characteristics of coal mine environments
falls in two categories: actual conductivity values for the overburden
material, and background noise. Only general information is given
for the EM data base concerning conductivities and background neise,

The reasons for this are: 1) although conductivities can be estimated
ragionally with reasonable accuracy, local anomalies almost always
exigt, and 2) conductivity readings are easy and inexpensive to make
and, should the situation demand, on the site readings can be made
quite easily,

D-3
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i1 ELECTROMAGNETIC BACKGROUND NOISE

One of the limitations of successful EM communications is the
level of background noise. EM background noise can be one of two
typcs - natural interference and man-made noise, Matural interference
" at low frequencies is primarily atmospheric noise caused by world-wide
lightning activity, Figure D-6 shows the magnitude of natural atmao-
spheric nolse versus frequency at varicous depths. Even in rural areas
this is oftentimes lower than man-made noise {ields, at 60 Hz and its
harmonics,

The sources for man-made EM noises are numerous. Sub-
surface noise at a mine site, however, can be categorized in three groups:
machinery, rectifiers and transmission lines, The machinery and
rectifiers generate noise pulses which are propagated and radiated by
transmission lines in the mine, Because of the type and variability of
this noise, measurement of man-made background noise on the site may
be necessary, Generally, the most prevalent neise in the mine is the
sixth harmonic of 60 Hz caused by rectifier spikes carried by the
trolley bus, The presence of this noise and some typical examples’
are shown in the discussion of Predesign and Predemonstration

test results,

3.2 EARTH CONDUCTIVITIES

As mentioned above, generalized inforrmation on earth conductivi-
ties is plentiful and helpful in characterizing a coal mining region, how-
ever the actual on-the-site conductivity can only be approximated from
this generalized information due to local anomalies that almost always
exist. Fligure D-7 shows the regional 10 kHz effective conductivity for
eazch coal mining area, In all cases, the conductivity is in the 10-3 to
10-1 mhof meter range, This agrees with what few measurements have
been made at actual mine sites.

‘Figure D-8 characterizes conductivities in accordance with
rock type and age. Here also, the coal bearing rocks of interest fall
in the 10-3 to 10~ ! mho/meter range. Fligure D-9 further shows
conductivity (inverse of resistivity) as a function of ash content of coal
formations.

4.0 SEISMIC CHARACTERISTICS

Consideration of the seismic characteristics of coal mine
repions, like the EM characteristics, falls into two categories: actual

D-3
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geophysical parameters like velocity and specific attenuation, and
seismic background noise. Both are important features of a mine
site as far as they concern limitations imposed on seismic communi-
cations.

4.1 VELOCITY ' :

The most 1mporta.nt seistnic parameters to be determined ata
rescue site are wave velocity and specific attenuation. Knowledge of
velocity and attenuation make possible an estimation af the potential
effectiveness of seismic communicationd, Figure D-10 summarizes
the velﬂc1ty distribution for the various coal mining regions, The .
values shown on the map vary according to age of rocks and depth of burial
although with the relatively shallow range of depth’ of coal mine activity,
the depth factor is negligible, Figure D-11 ghows the variation of
velocity with age for sedimentary rocks.

As can be geen from published velocity values, only rough
estimates can be made for seismic velecity. Actual on-gite velocity
measurements are more meaningful for several reasons. First, on-site
measurernents tend to lump all velocities together to give the average
velocity necessary for the locatien calculations, Second, on-site
measurements tend to imply the band of best frequency response for
seismic communications.

Knowledge of seismic velocity and best frequency of transmission
are impoertant in estimating the attenuation properties of an area and as a
result, the expected effectiveness of seismic communications and'location.

5—-

4:2 ATTENUATION 4 ' A

Attenuation of seismic signals can he attribiited principally to
two causes: .
1) Internal energy loss (friction, distance )
2} Eperpy loss due¢ to spreading (time, distance )
Considering the first phenomena, internal energy loss, the most
widely accepted expression of this mode of attenuation is of the form

exp (- a x) where a is an attenuation constant {generally in dB/cm) and
x is the distance from the source.

Most researchers in this area agree that for the seismic
frequency range, a is proportional to the first power of frequency.
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A commen method of determining o is in terms of the specific dissipa-
tion factor 1/ where:
Q= %— where v = velocity in ft/sec
f = frequency in Hz
a = attenuation in nepers/ft
Since O is independent of frequency, it is easily determined

for various rock types. Various observed and average values of
are given below for the various coal mining regions, It should be men-
tioned that () is related to the rate at which mechanical energy is
converted to thermal energy and reflects the physical properties of the
rock type (i.e. grain size, porosity, water content, etc.}.

Fastern Coal Province

Northern Appalachizn Field {Region 1}

Sandstone {(Connoquenessing Fm) = R7
Sandstone {Homewood Fm) = A7
Sandstone {Pottsville Fm) _ = 7
Sandstone {Amherst) = &2
Nonformational sandstones ) = 52

2= 104

Q= 99

{guart zitic) Q=130
Averape - All sandstones (Q = 70.0

Dolomite =385
Chalk Q=157
Limeaestone =180
Shale . = 10
Siltstone ' Q= 36

Southern Appalachian Field {Region 2)

Siltstone with shale _ =125
Siltstone with sandstone and shale = 63 .
Sandstone ' = 52.3
Sandstone = HhZ2.8
Sandstons = §7
Sandstone [Average = b6} = g0




Limestone G = 209

Limestone {Average = 183) 0 = 4587
Dolomite ' Q = 209
Dolomite 0 =314
_ Dolomite (Average = 244} Q= 209

Interior Coal Province

Mississippi Valley Region {(Region 4)

Dotomite Q=209
Dolomite Q = 314
Dolomite {Average = 244) Q=209
Limestone | Q= 418
Limestone (Average = 313) 0 =209

Shale ' Q - 48
Cklahoma - Texas - Arkansas (Region 5)

Limestone {Hunton) Q = 65
Limestone (Hunton) Q=593
Sandstone =70

Rocky Mountain Coal Region (Regions 6 and 7)

Sandstone 0 =314
Sandstone (Torpedo} Q=241
Sandstone {Tensleep) =523
Limestone 0 = 628
Limestone 0=31.4
Limestone and shale {Average = 289) Q = 209
Shale (Pierre} Q=23
Shale (Pierre) Q=36
Shale {Pierre - at depth) =91
Shale (Average = 70} =126
Marlstone 0 = 45
Marlstone 2 =57
Marlstone - Q= 29
Marlstone {Average = 39) G = 35

Some average values of Q for various rock types - reflecting
various physical conditions {i1% moisture content, grain size, etc.] are
- given below: ’ :




Caprock 0 =47

Conglomerate Q=196
" Dolomite =190
Limestone O =119
Marlstone Q=43
Sandstone =61
Shale Q=45
Siltstone Q=59

Generally, the value of a determined by these measurements of
0 is on the arder of:

- -3
2 x 10 6 fdb/cm 10 < f« mﬂ {P and Rayleigh Waves)

The other type of attenuation - and the one that is most pro-
nounced, is that due to wave spreading. Seismic wave energy is related
to distance (x) from the energy source and is proporticnal to 1 . that

ig the wave decays as 3 . Thiz attenuvation has beern Superlmposed on that
from internal friction to give a composite decay curve as shown in D-12, *®
This figure, D-12, is a multiple axis trade-off curve, designed to

aid in dete rmining the attenuation in dB for any frequency, velocity, Q

and distance relationsiep within our area of interest.

Use of the curve in Figure D-12, = requires explanation as

follows;
1)  Find desired frequency on left axis.
2} Determine point where horizontal line through this
point intersects desired velocity curve {V),
3 Extend this point vertically to intersect the abscissa
[This gives wavelength v/f).
4) Determine the proper "OQ" curve for the earth

materials concernad, KExtend the wavelength line vertically
until it intersects with appropriate "Q" curve,

5) Read this point to the left {or right) on the ordinate., This is
the attenuation cocfficient {o).

G} Project this point horizontally to intersect
the appropriate (distance) curve,
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7) Read this point on the dB axis below g& dB of
attenuation relative to the attenuation at a distance of
1 foot,
4.3 SEISMIC BACKGROUND NOISE

By defining noise as any unwanted &ignal received by a seismic
detector, we can lock at the noise as the sum of two components:

1) Microseismic Noise

2} Random Neoise

Microseismic noise is by definition, oscillatory., That is
to imply it is a continuous, usually periodic, signal lasting for some
length of time, where the duration usually is many fimes the peried of the
noise, With this in mind, microseismic neise can be divided into tweo
categaries; '

1) Natural Microseisms
2) Man=made Microseisms.

Both types have in commeon several features, First, their meode of

- propagation is the same - a surface (Rayleigh type) wave traveling at

a velocity depending on the geology of the area., B5econd, their source
can usually be determined by studying frequency and duration., Third,
their attenuation does not depend as much on distance of travel as it
does on the geologic confipuration - large geologic disconformities such
as mountain ranges attenuate the waves appreciably. Figure D-13
shows the distribution of microseismic noise relative to useful seismic
information.

Natural microseisms are still rnuch studied, There is a general
concensus that natural micraseismic disturbances are associated with
storm activity over large bodies of water., Observations have shown that
the periods of these disturbances range from | to 12 secands with those
in the 3 to 9 second range the mast commoen. Observation also seems
to indicate a range of predominant periods for varicus parts of the
country. These are given below:
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Area ' Prewailing Period

_ 5.E., Coast 3-5 secs,
MN.E, Coast 3-7 secs,
West Coast 3-8 secs.
Interior 4= gsacs,

The velocities of these natural microseisms appear to be
dependent on the period and the surface geoleogy for wavelength less than
crustal thickness. An average figure is 10,000 {t/sec,

This data implies that natural microseismic activity of this
nature will be of little consequence in recording miner generated
signals, since the inherent sensitivity of the system does not include
these low frequencies. '

Many microseismic observations were made by the University
of Michigan at widely scattered parts of the United States, These ob-
seTvations relative to areas of significant ceal mining, are shown in
Figure D-144 to Figure D-14G,  Several conclusions regulted from
this data: '

1} The similarity of response below 1,5 Hz for the
entire region tends to imply that this portion of
microseismic noise is due to natural microseisms.

2} Microseismic activity above 1.5 Hz is man-made
disturbance. The consistent peak at 2 Hz seems to
imply this is the predominant frequency for man-made
noise {probably due mostly to traffic - rail and road}.
Subsequent noise "peaks" appear to be localized and
may depend on some local noise source,

3) Micreseismic reading taken in a2 mine show considerably
less noise - particularly for the "man-made! part of the
spectrum.

4) The majority of the signals appear to originate near
the earth's surface and propagate as near surface
energy.

Man-rmade microseisms are less studied than those of natural

origin, This is probakly due to the fact that they are of relatively low
amplitude and they appear to attenuate more rapidly than do natural
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seismic disturbances, Tests show that attenuation of man-made micro-
seismic activity is on the order of

-aD .
= where D = distance [rom source, and

1.97 < a < 2_1R dB/mile.

The other part of the noise spzctrum is random noise. This
is due to non-oscillatory ooise sources in the earth. Such noise is
omnidirectional - that is, it appears to have no specific direction of
origin, Also, itis notfrequency discriminatory - that is, the amplitude
versus frequency response curve is flat,

Generally this type of noise is of very low amplitude and it is
attenuated by means of signal summation - either at the signal
gource, geophone, or in signal precessing.
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