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EVALUATION OF THE SEISMIC SYSTEM FOR LOCATING
TRAPPED MINERS

by

John Durkin! and Roy J. Greenfield?2

ABSTRACT

This report discusses the configuration and system deployment for the
postdisaster surface seismic system for detecting and locating trapped miners.
It analyzes the results of 15 field tests to define a signal model, background
noise levels, and subarray performance. A waveform modeling procedure is
described and compared with observed waveforms. The resulting similarity
indicates that the major factors affecting the signal amplitude, waveform, and
spectral character are understood. A model is presented which gives the sig-
nal amplitude as a function of source type, source depth, and horizontal off-
set between source and receiver., Using this model a curve is presented which
gives the range at which a signal will be detected for different signal and
noise levels. Finally, and most important relative to the mission of the sys-
tem, the ability of the system to detect signals on one or more subarrays is
put into a probabilistic framework. For a strong source it is almost certain
that a subarray directly over the source will detect the signal. After signal
processing, it is highly likely that signals will be detected on sufficient
subarrays to locate the trapped miner. Location errors have been found to be
less than 100 ft in the majority of cases. Techniques have been used that
can reduce the location errors to this level even when soil layer variation
between subarrays is severe.

INTRODUCTION

Mine disasters continue to be a serious problem in underground mining.
Disasters are caused by explosions, fires, cave-ins, or floods. Some explo-
sions are so violent and extensive that they kill or suffocate, almost imme-
diately, every man underground. However, if the men are not in the exact
vicinity of the explosion and do not come in contact with the deadly gases
following the fire, they may be rescued later.

"Supervisory electrical engineer, Pittsburgh Research Center, Bureau of Mines,
Pittsburgh, Pa.

2professor of geophysics, Geoscience Department, Penn State University,
University Park, Pa.



Studies (15)> have shown that the men who barricade themselves to pre-—
vent the carbon monoxide from reaching them stand the best chance of survival.
However, these men can be regarded as prisoners within the mine. Usual means
of communication may be destroyed, prohibiting members of the rescue team from
communicating with the trapped men. Without this communication the rescue
team knows little about the condition of the men or their location. The last
factor is the most regrettable, since reliable knowledge on the location of
the entombed men could lead to prompt arrival of the rescue team and could
prevent unnecessary deaths.

In 1970, the National Academy of Engineering (19) reported that a seismic
system might be capable of detecting and locating t;pred miners. They pro-
posed that the miner would strike a part of the mine with any heavy object
that could be found. The resulting vibrations would then be detected on
the surface by the use of seismic transducers (seismometers), which will be
referred to as geophones in this report. The vibrations are converted into
electrical signals by the geophones and then amplified, filtered, and recorded.
By comparing arrival times at several different geophone locations, the
trapped miner could be located.

In 1971 Westinghouse Electric Co. (26) built and tested such a system.
From 1972 until the present Westinghouse, in cooperation with the Mine Safety
and Health Administration (MSHA) and the Bureau of Mines, has modified and
tested the system in a variety of mines.

The purpose of this Bureau of Mines paper is to describe the present
seismic system and to define its effectiveness in locating a miner trapped
underground following a mine disaster. To predict the system's performance
at a given mine, signal and noise models were formed from field test data, and
signal detectability statistics were evolved. Results of the study indicated
that this system should provide an effective means of locating trapped miners.
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SYSTEM DESCRIPTION AND OPERATION

System Deployment

Following a mine disaster in which it is believed that men are trapped
underground and it has been determined that the seismic location system is
necessary, the system is driven to or transported by cargo aircraft to the
mine site. The system is then positioned over a known or suspected area of
entrapment. Figure 1 shows the van housing of the seismic location equipment.
Hopefully, this area is clear and easily accessible, but if not, it can be
cleared by bulldozers and the system can be transported to the site by
tracked vehicle or helicopter. It is recommended that to provide the best
possibility of detecting and locating a trapped miner, the geophones be placed
surrounding his most likely location. If the trapped miner is not within the
area covered by the geophones he still may be detected and located, but accu-
racy in the calculation of his location may suffer (5). However, it is not
necessary for the seismic van or its support equipment to be positioned within
this area because of the large length of cable available to link the geophones
to the van; also, wireless telemetry between the geophones and the van could
be used. It is also recommended that the geophones be located away from any
vehicle or personnel activity during attempted reception of seismic signals,
because such activity could cause interference with signal receptions.

FIGURE 1. - Seismic van.



. . After a site is cho-
sen, the seismic array is
deployed in a configuration
that will cover the area to
be monitored. An ideal
array configuration is shown
in figure 2. The array
geometry is adjusted to the
. geometry of the mine and to
Array radius surface conditions. The
. array consists of 7 sub-
arrays; each subarray is
composed of either 7 or
24 geophones configured as
shown in figure 3. The
detailed discussions of
these subarrays are given in
a later section. While the
array is being deployed, a

survey of the subarray loca-
. . tions is made using survey-
ing equipment maintained
FIGURE 2. - ldeal array configuration. with the seismic system.

MSHA has a continuing effort to explain to the mining community the oper-
ation of the seismic location system. The miner is instructed to do the fol~-
lowing in the event he is trapped underground:

l. When all possible escape is cut off, the miner is to barricade him-
self for protection from possible toxic gases and wait for a signal from the
surface, before attempting to signal the seismic system.

2. As soon as the system is in a state of readiness, the surface crew
detonates three explosives which can be easily heard underground by the
trapped miner.

3. After hearing these 3 shots, the miner is to pound 10 times on a part
of the mine, preferably the roof or a roof bolt, with any heavy object he can
find; a heavy timber is best. Figure 4 shows the miner pounding while an
operator in the seismic van listens for the miner's signal.

4, Following this the miner is to rest 15 minutes and listen for five
shots from the surface which will indicate to the miner that his signal has
been heard and help is on the way.

5. If the miner hears no shots, he repeats signaling every 15 minutes.

During the expected signaling period, attempts are made to reduce surface
activity while the seismic system is in use to optimize the chances of detect-
ing the miner's signal. This system operates continuously, but this quiet
period should enhance the chances of detection during the expected signaling
period.
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FIGURE 3. - Subarray configurations of 7 geophones (top) and 24 geophones
(bottom).
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Once the signal is detected and miner's location has been determined,
directions are given to the rescue team to guide them in their rescue efforts.
If a rescue team is unable to reach the trapped men, a drilling rig is posi-
tioned over the site of the miner's location and a rescue borehole is drilled

for his evacuation.

System Instrumentation

The operation of the system can best be described by referring to the
system diagram shown in figure 5. The geophone used is the Geospace® GSC-11D
model M-3, having a natural undamped frequency of 14 Hz, a coil resistance and
shunt resistance of 4,000 ohms, and an intrinsic sensitivity of 2.95 V/in/sec.
At each subarray a preamplifier increases the signal level and sends it to
the van via cable or radio telemetry. At the van the signals are first each
passed separately through a tracking digital notch filter. This filter
removes narrow-band manmade interference such as power line pickup or seismic
disturbances caused by local machinery by latching onto the fundamental fre-
quency of interference and tracking it if slight variations in frequency
occur. The filter also removes the harmonics of the interfering noise. This
initial processing step eliminates interference that would, in some instances,
limit the system performance.

An example of the performance of this filter can be seen in figure 6.
Figure 6A shows a seismic record heavily contaminated with 60-Hz interference.

Time code
gen/ trans.
Tape
search Hard
o
Oscillograph U”?fy
- — N _l
Bandpass | Tape deck Analog =
filter ! to = CRT
- con- [
| ] Tape deck —vertor |~
LA iy E—
1
.| Trigger
1 scope DIngCIl
Input Dlgrngl storage
notc \
7 channels | filter Program
storage

FIGURE 5. - Seismic system block diagram.

4Use of brand names is for identification purposes only and does not imply
endorsement by Bureau of Mines.
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Figure 6B shows the same record after passing through the notch filter and
illustrates how a miner's signal is easily seen after filtering, whereas prior
to filtering it would be impossible to see the signal.

After notch filtering the signals are amplified and then recorded on ana-
log tape. The signals are bandpass-filtered 20 to 200 Hz and displayed on an
oscillograph record for recordkeeping purposes. By visually monitoring the
oscillograph record, the operator can determine whether a signal has
occurred.

When the operator detects a signal, the analog tape containing the event
is replayed into a PDP 11/34 computer via an analog-digital (A-D) converter.
The computer performs interactive signal processing on the data and displays
the results on the CRT terminal. A permanent record can be obtained using the
hard copy unit.

One commonly used signal-processing technique is known as stacking. Here
the pulses from the subarray with the strongest signal are time-alined and
added. 1In theory, this leads to an increase of ¥ N in amplitude signal to
noise ratio (SNR), where N is the number of pulses stacked. 1In practice, this
Y N improvement is in fact normally obtained. Stacking can thus provide an
advantage for channels where the pulses cannot be seen to obtain arrival
times. Using time differences between pulses obtained from the stronger
channel, stacking can help in detecting the pulses buried in the noise on the
weaker channels.

When the processing has been completed, the relative arrival times of the
signals from each channel are determined. These data, together with infor-
mation on the location of the subarray and the velocity of seismic waves
obtained by refraction surveys, are submitted to the computer location pro-
gram to determine the miner's location.

The present system relies on the operator's ability to determine when a
signal has occurred. Manual detection of the signal can be unreliable due to
the low SNR often encountered and the inability of the operator to maintain
peak performance over extended periods. At present, efforts are being made to
automatically detect the miner's signal by computer, thus eliminating possible
human error.

SEISMIC NOISE

Seismic noise can be a major problem when detecting small seismic sig-
nals. Since the signal level from a trapped miner can be on the order of a
few micro-inches per second (uips), normal background noise may mask the sig-
nal. Thus, information is needed on the types of noise sources, the amplitude
ranges, and the amplitude variation with frequency and time.

Typically, in the field three common noise sources are encountered:
(1) Natural seismic background noise, (2) man-made seismic noise, and (3) man-
made electromagnetic interference (EMI) coupled into the field equipment,
Narrow-band man-made noise can be eliminated through digital notch filtering
techniques previously discussed. Thus, in this report we will be mainly
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concerned with natural seismic noise that is not of very narrow bandwidth and
that cannot be attributed to an obvious manmade noise source.

Since seismic noise tends to vary widely as a function of time,
geographic location, and frequency, it is not possible to make precise
predictions of the noise at the site of some future mine disaster; thus the
noise can be treated only in statistical terms. For some purposes, however,
it is sufficient to know the noise characteristics within fairly broad limits.

Study of the miner-induced seismic signal spectra indicates that most of
the signal energy can be found in the frequency band between 20 and 200 Hz.
Therefore, discussions on seismic noise will be for noise found within this
band.

The noise data used in this study were from Frantti (9-10), field studies
at 12 mines by Westinghouse (24), and a field study by the Bureau of Mines at
3 different mines. In each of these studies the noise in the band of interest
had a roughly 1// f frequency dependence.

The spectra of earth noise in the frequency range 0.2 to 100 Hz were
measured by Frantti in one-third octaves at a number of locations within the
United States and at other North American and foreign sites. In the reduction
of the data, attempts were made to delete records containing obvious manmade
noise. Frantti gave curves of maximum and minimum values of peak-to-peak
(P-P) ground velocity up to 100 Hz. These curves generally show a well-
behaved 1/V f relationship with frequency. Using this relationship, the
spectrum was extrapolated to 200 Hz.

Studies have shown that the amplitude of the envelope of seismic noise is
often Rayleigh distributed (4). Based upon this assumtion Frantti's data are
then converted to root mean Eﬁuare values (rms) in the manner shown in
appendix A. The high and low values of seismic noise found by Frantti are
shown in table 1.

TABLE 1. - Seismic noise, uips (rms)

Test data Average High Low
Westinghouse@eeeeseeecens 1.10 8.00 | 0.17
Bureaueeseseecsesecsecsse 1.00 2.00 .30
Frantticeeeeeseccececcese NAp 14.00 .37
Greenfieldeeeeeesesoeose NAp 2.55 .37

NAp Not applicable.

These results provide information only on the extreme bounds of seismic
noise. A more meaningful presentation of Frantti's work has been given by
Greenfield (13). Here seismic noise rms levels are given where these levels
are exceeded 75 pct of the time (low noise) and 25 pct of the time (high
noise). Greenfield's results are for the frequency range of 25 to 100 Hz.
Using the fact that the seismic noise varies as 1/Y f in frequency, these
results are adjusted to include the band 20 to 200 Hz. The resulting high,
low, and average values found are shown in table 1.
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The Bureau of Mines performed field tests at three midwestern coal mines.
A number of noise samples were taken. The obvious manmade noise was elimi-
nated, and the natural background noise was averaged over a l-minute period.
Results are shown in table 1. The spread in this data is much less than the
spread found in the Frantti data and may be explained by the much smaller data
base used by the Bureau. However, the average noise level appears to be near
the midpoint found between the boundary curves of Frantti.

Westinghouse (24) performed field tests to evaluate the performance of
the trapped miner seismic system. Tests were performed at 12 mines in the
Southern Appalachian, Midwestern and Far Western, and mid-Appalachian regions.
At each mine noise data were taken at various times and locations using seven
geophones connected in parallel, Results once again are shown in table 1.

To some degree the Westinghouse noise levels are artificial. These noise
levels do not represent true natural background noise levels since the seven-
geophone subarray used reduces the noise level relative to a single geophone.
Typical expected values of noise reduction for this subarray are 2 to 8 db
(6). In the data reduction done by Westinghouse, no attempts were made to
delete manmade noise sources because this data reduction was performed in the
field by measuring the noise levels from a visicorder display, and no process-
ing capability was available at the time to remove the manmade interference.
Studies performed on a few tapes indicated the true natural noise levels were
reduced by 4 to 8 db when the manmade noise was eliminated. To some extent
these two opposing influences, subarray noise reduction and manmade contamina-
tion, tend to cancel one another, so the levels of noise reported by Westing-
house should approximate natural ground motion on a single geophone. Finally,
in many instances, the data appeared to be thermal noise limited; thus caution
is advised in using the minimum level for the Westinghouse data.

THEORETICAL SEISMIC WAVEFORM MODELING PROCEDURE

An analysis was performed to understand the factors that affect the seis-
mic signal amplitude, waveshape, and signal spectra. Based on this analysis a
waveform modeling procedure (WMP) was developed to model seismic signals gen-
erated from impacts on the surface of mine openings. The output of the WMP is
the predicted vertical particle velocity of the surface geophone, denoted by
Ve. This procedure was implemented in a Fortran computer program and is shown
in figure 7. The computations for each of the boxes are convolved to give a
final theoretical waveform, which is then compared with forms recorded on
field tests.

A major factor that determimes the seismic waveform is the time history
of the force g(t) that the miner's implement (for example, timber) applies to
the mine roof or floor. Measurements of this time history are not available,
so a theory was developed to give g(t). The theory begins by calculating the
momentum, P, that the implement has at the time it contacts the roof, as shown
in figure 8. Let a man apply an upward force, F, to the implement of mass, M,
over a distance, D. From simple physics the velocity of the mass at impact
will be v 2(F-MG)D/M. The term MG reduces the upward applied force F by the
gravity force MG, G being the gravitational constant. Thus the momentum is
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Force-time function

Y

Force to ground motion g(t)

y

Cavity effect

v

Geometric spreading

Y /
Anelastic attenuation J
K

Layering and free surface [3” |
Y

Seismometer

Y

Filter, 20-200 Hz |7,

v

Theoretical waveform

’\/\/\"" | |« 10 msec
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FIGURE 7. - Flow chart of waveform modeling procedure.
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Vertical seismometer
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FIGURE 8. - Man signaling with timber on roof of mine.

FOR ’17 P =y 2M (F-MG) D. Note
that if F >> MG, the momen-—
tum is P = ¥ 2MFD, which
predicts a roughly vV M
dependence for momentum.

It can be shown based
on work by Sung (23) that if
the wavelengths involved are
long compared with a length
characterization the surface
area of the implement that

f is in contact with the sur-
face of the mine opening,
g(f):KT’(t) then the force the implement
-— exerts on the surface is
7 S proportional to the amount
\ 7 the surface is displacing
\ 4 n(t); see figure 9. The
N 7/
1’ S ” force is then written as
g(t) =K * n(t). Here K is
FIGURE 9. - Surface force-time function. the constant relating the
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surface displacement and the source applied to the surface of the mine open-
ing. If the timber were to remain in contact with the surface it would
undergo a harmonic motion of the form

_ -—at . Wt
n(t) = nge sin w7 . (1)

Here 145 is the period of the surface force. This form was suggested previ-
ously by Quo (21). However, after the first half cycle, which is shown as
the solid line in figure 9, the implement will separate from the surface. In
physical terms it will bounce off. The decay constant, a, is small, so only
a small decay will occur during the first half cycle. Thus, for practical
purposes g(t) is of the form

g(t) 2o sin-%;;i 0<t< 14/2]. (2)

0 otherwise

T5/2 is the dwell time that the implement is in contact with the surface. A
theory has been developed that relates 14 to the elastic constants of the sur-
face and to M. If the contact is a 0.l-m-radius disk, the predicted value for
Tg is less than 1 msec. Results to be discussed below indicate that the
actual value of 14 is much longer, about 10 msec. Thus, it is probable that
when hitting a roof bolt or floor, a much smaller area than the whole of the
end of the implement makes contact with the surface; this will give a longer
Tgs. Therefore, it is not believed that 14 can presently be predicted theoret-
ically, and it is treated as an adjustable parameter in the WMP. It would be
useful to have measurements of tg.

The value g, is obtained from a momentum argument. The upgoing momen-
tum is P, and the implement bounces off with a downward momentum €P, where
0 < € < 1. Thus the momentum change in the implement is (1 + &) P and must
bé_engl to the time integral of g(t).

/2 Tg/2 Tt
P(1 + ) = g(t)dt = g, sin 72 dt, (3)
S

which gives

go=%(1+g)-/2M(F-MG)D. (4)

This completes the definition of the force time function.
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Returning to the geometry shown in figure 3, the outgoing P-wave radial
displacement is next related to the force-time function. White (27) gives the
radial displacement (good at more than a few wavelengths from the source) as
the equation

0
dr(t) =2—2i—ﬁ%— - g(t - R/V,), (5)

where 0 is the angle between the source-to-receiver direction and the verti-
cal, p is the density, R is the source-to-receiver distance, and Vp is the
P-wave velocity. This expression is for a point source in an infinite medium.
A blow on the roof is assumed to be an upward force and a floor blow a down-
ward force. To include the effect of the mine tunnel or cavity, the theory
described by Greenfield (14) is used. The geometric spreading is given for
the present situation by the 1/R term in equation 5. The effect of an elastic
attenuation (often called Q-damping) on the wave as it propagates is included
by using the Futterman (11) operator. The effect of geologic layering and the
free surface of the earth is included by the method developed by Haskel (16),
using a modification of the program described by Leblanc (18). The transfer
function between the ground displacement and the voltage output of the seismic
sensor was calculated based on the description of a seismometer given by
Bollinger (2). The seismic system 20- to 200-Hz filter response was obtained
by recording the impulse response of the filter,

Figure 10 shows the cavity and geologic model used in computing the seis-—
mograms to be described. The mine is included as an 8-m—diameter horizontal
cylindrical opening. The diameter was taken to approximate the width of a
mine opening. The rock P-wave velocity was taken as 3,000 m/sec, which is
typical of the normal mine overburden. The soil layer P-wave velocity used
was 1,000 m/sec. The soil thickness is denoted by Dg.

The waveforms given by the WMP give extremely good fits to records
observed at the mine field tests. Both the waveshapes and absolute amplitudes
are well fit. The first example is from the Orient #6 Mine; figure 11 shows
the seismograms and figure 12 the spectrum. The parameters used in construct-—
ing these and the other theoretical waveforms are given in table 2. The lower
spectral content of the signal from the Orient #6 floor blow is due to a
larger t15, probably caused by soft floor material; also, the higher frequen-
cies generated by the source are shielded by the mine opening. A second
example, from the King Mine, is shown in figure 13. 1In figure 14 the signals
from an event at the Orient #6 Mine are shown. Also shown are the observed
amplitudes and the amplitudes predicted by the WMP. Notice that the WMP is
able to predict the variation of amplitudes between subarrays for this event.
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TABLE 2. - Parameter values used in waveform modeling procedure

Parameter Rock Soil
P-wave veloCitVeeeooosseooocssossscossssscossossons m/sec.. 3,000 1,000
S=wave VeloCitYeeeeooossesosssvssrsescsossessocscssos m/sec.. 1,732 350
DENSitYeoeosescovoscososssesosssssscssossoscssssnssses g/cm3.. 2.5 1.6
Cavity diametereeeeeesssccecscorsssccossssosssscssssss Me o 8 NAp
Source depthececececrsccccccscescrsoscacsscscssccscasesns ft.. 800 NAp
Q (QUAlity fACtOr)eceesoesoseoscecsesocscsscssssossssssnses 30 NAp

NAp Not applicable.

Vertical
geophone

r—»
’Ds Vp= 1,000 m/sec  Soil layer

Vp = 3,000 m/sec

FIGURE 10. - Geometry and parameters used in waveform modeling procedure.
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Amplitude (p-p) = 19uips

B Observed

Theoretical

Amplitude (p-p) = 25 pips
FIGURE 13. - Comparison of observed and theoretical seismograms at 1,800-ft depths, King Mine.

Figure 15 shows the effect on the waveform of soil thickness. For no
soil, (Dg = O m) the waveform is a single simple pulse. For a thick soil
layer (20 m) the waveform is a series of pulses of decreasing amplitude.
These represent the successive wave bounces between the surfact and the soil-
rock interface. The time between pulses is the two-way travel time in the
layer. As the layer thickness decreases, the time between pulses decreases;
when D is reduced to 10 m the pulses overlap in time.

The exact form of the signal is quite dependent on the Dg. The signals
for Dg values from 2.5 m to 10 m resemble the actual waveforms from field
tests, but the single simple pulses do not. This indicates that a soil layer
was present at the mine sites. This is in agreement with seismic refraction
results at the mine sites.
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Ts/2, Amplitude (p-p),

msec LIPS
200 _54 \/\W
8.3 32.1 M \/\f oy

i
[

5.0 62.3

3.8 80.3

FIGURE 16. - Effect of force pulse width,
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The P-P amplitude of the first cycle or so is not dependent on the soil
thickness if the soil thickness is great enough for the first pulse to develop
before the second arrives.

Finally, the effect on the signal caused by varying 1o is shown in fig-
ure 16. A soil thickness of 20 m was used for this figure to allow examina-
tion of the change in the simple pulse shape. As expected, the pulses appear
longer for the larger t4. It can also be noticed that the amplitude of the
pulses increases with decreasing t1.. The amplitude dependence is approxi-
mately (1/T§). Thus the variation of 1, is a major factor that contributes to
the scatter of amplitudes in the field test data. Since T decreases as the
surface being struck becomes more rigid, the signal amplitude should increase
with increasing surface rigidity.

SIGNAL AMPLITUDE MODEL DERIVED FROM FIELD TESTS

The following discussion is divided into two parts. In the first part,
an extensive set of data taken from three coal mines in Kentucky in 1976 is
discussed. For these data a large timber on a roof bolt source gave the larg-
est signal, and impacts from this source were used to develop a mathematical
form for a model of signal strength. 1In the second part, signal amplitude
data from 12 field tests conducted in 1977 are analyzed using the form of the
signal model from the first part. For these data the signals from the best
application point at each mine were used since at some mines no roof could be
hit.

1976 Kentucky Coal Mines Results

The most extensive data reduction was done on data from 1976 field tests
at three Kentucky coal mines: Peabody Camp No. 1, Island Creek Hamilton #1,
and the Freeman-United Orient #6. These data were used to find the best
form for the representation of the dependence of signal amplitude on the mine
depth, h, and on the horizontal offset between source and receiver, r
(fig. 17).

The data used to develop this model consisted of signals from large-
timber blows on roof bolts as measured with the seven-geophone, l5-ft-diameter
subarrays. Large-timber blows on roof bolts consistently gave larger signals
than other sources at these mines. The signal amplitude is defined as the P-P
value of the ground velocity, V,, in units of microinches per second.

Using theoretical considerations, three forms were initially tested to
see which fit the data best. They were

>

Vo(k,r) = =% cosM o (6)

=

with M=20, 1, or 2.
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Ve

Peak-to-peak ground velocity, uips

= Ascos /R
GeOphoii/////

Ay = Ve-R/cosé

-6

=]

Source

FIGURE 17. - Geometry for signal amplitude model and the form of model for earth velocity,

e-

Each source, or large-timber blow on a roof bolt, is called an event, and

for each event amplitudes were read on the seven subarrays. Six events for
Peabody (h = 400 ft), 6 events for Hamilton #1, (h = 600 ft), and 12 events
for Orient #6 (h = 800 ft) were used to fit for the average values of Ay,

defined as AM. The Ay values were determined by first computing AJ k,m for

k th subarray and j th event as

X 7
Aj «,m = (amplitude); -(;g;é,-‘——wr (7)
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This then gave the Xj,k,M for each of the three model forms for each measured
amplitude. Then a least-squares criterion was used to determine the Am by
minimizing the sum

Sm = If (Au - &j,k,m2 .« (8)

This criterion gives Ay as the mean of the Kj,k,M. A form of standard devia-
tion (SD) was computed for the Ay by forming

1

SDM= -I:I—S—T—-I-SM,

(9

where Ng is the number of amplitude measurements in the sum. This procedure
was done separately for the data at each mine and for the total data set from
all three mines. The results are given in table 3.

TABLE 3. - Mean values for Ay and SDM for the three Kentucky coal mines

and for the total data set; pips-ft

Mine Ay SDy Ao SD» As SD 3

Orient #6eeececeecesecessesesesesss | 28,480(16,835}35,990(18,291|48,015{27,722
Hamilton #leeececeecescecessoscseesss | 27,833}19,140(41,950{18,480|70,341|31,260
Peabodyeeeecececcccscscenscasesnees | 26,597114,757(35,266|18,657|48,204(26,465

Total data Seteeecessesceseess | 27,938{16,838{37,143|18,462}52,949}29,562

Cumulative probability for A:
25 PClecececssecscsscnsssssssesss | 34,000} NAp 46,000| NAp 65,000] NAp
50 pct (median)eececcecececsscesees | 23,000 NAp 34,000| NAp 76,000| NAp
75 PCLevecssocssssonsssesssssenes | 16,000 NAD 23,000| NAp 31,000|{ NAp

NAp Not applicable.

Table 3 shows that the values of each of the KM are fairly consistent
between the three mines. The SDy are approximately one-half to one-third the
value of the corresponding Ay,. This gives confidence in adopting a signal
model that is characteristic of these three mines. The value used in the
model was obtained using the whole data set. The M = 1 form was used since
its total data set results provided the smallest ratio of SDy/Ay.
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Thus the model adopted for the average P—P amplitude of the earth
velocity, V. (h,r), for a large timber on a roof bolt is

X * cos O
_ ,
Ve(h,r) = —L-———-—-—-R (uips) , (10)

where R is in feet and Ay is the mean constant value for a large timber on a
roof bolt, in microinches per second foot. A plot of the Vo (h,r) predicted
by this model is shown in figure 18. To give an indication of how this model
Ve (h,r) fits the data, data from the Hamilton No. 1 Mine (depth = 600 ft) are
compared with Vg (600,r) in figure 19. The location of individual events is
given by Westinghouse (25). The scatter of roughly 6 db observed on the plot
is consistent with the SD of about 1/2 Aj.

100 F =200 1 | | | | ]
w - 600 -
= 800 ]
j 1,000 ‘ :
Q. - .
a 1,200 \\Ek\
-~ = .
=
&) Source
S 10 depth, ft e
wl — =
> - 1,200 .
i 2000
W 800 1
= I 600 ]
— 400
x I |
=
L | | 1 | | |

0 400 800 1,200 1,600 2,000 2,400 2,800
HORIZONTAL OFFSET (r), ft

FIGURE 18. - Surface P-P particle velocity versus horizontal offset for A; model.
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100 As a further indication
B of the spread of the data
B values, cumulative probabil-
tad ity curves have been plotted
F\\\\ in figure 20, for A;  y
with M = 1 and M = 2.
Table 3 gives the 25 pct
values (25 pct from larg-
est), 50 pct values (median),
and 75 pct values for
Aj,k,M' In all cases the
median values are close to
the mean values. The 25-
pct value is the signal
amplitude that was exceeded
25 pct of the time; anal-
ogous definitions hold for
KI2 DIO the 50- and 75-pct values.

a]
= KI5 DI Signal Amplitudes From
B o K22 D6 the 1977 Field Tests
o K26 D-10
- In 1977, Westinghouse
Electric Corp. carried out
a series of seismic field
l I | 1 \ tests at 12 mines (gé).
1 The primary purpuse of these
0 200 400 800 1,200 1,600 2,000

tests was to compile data

HORIZONTAL RANGE (r), ft from as many mines as pos-

sible to assess the ability
FIGURE 19. - Comparison of Ay model predictions for signal of the seismic system to

amplitudes with Westinghouse data from the Hamilton #1 Mine. detect underground signals

(P-P),pips

10

IIII!

Source
Event location

SIGNAL GROUND VELOCITY

from trapped miners. Sig-
nals were observed at 1l of the 12 mines; signals were not observed at the Jim
Walters #4 mine because the receivers had to be located in close proximity to
various types of active machinery, and the high noise level caused by this
machinery prevented detection.

The data from these tests were reduced by Westinghouse to give signal
amplitudes for the sources that gave the largest values. For these field
tests a large timber source gave the largest signal, and signal amplitudes
were generally similar for application to the floor or to a roof bolt.

From the Westinghouse values of V., values of the constant A, were
derived using the formula

R
cos O

Ve

for each measured amplitude. For each mine all signals reported for a
subarray location were averaged to give an average A; value for the location.
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FIGURE 20. - Cumulative probability of A, coefficient and A, coefficient for three
Kentucky mines.

Then the averages for each location were averaged to give an overall average
value of Ay, calledlzl, for the mine; these values are given in table 4. The
A, values from these field tests were generally lower than those from the roof
bolt blows of the 1976 Kentucky field tests; the difference may be due to cal-
ibration problems but could be due to soft roof conditions or to poor roof
bolt coupling. Nevertheless, an overall average value for A, at the 14 mines
is given in table 4.
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TABLE 4. - Average value of A; for best source and noise amplitude
and N and T values for Westinghouse 1977 data

and 1976 Kentucky mine data

Mine A) pips-ft Noise values (N), | A;/N) =T (ft)
(mine average) pips, (P-P)
1977 tests:
Mary Lee #lececessoccccss 9,800 3.4 2,882
Concord Min€sssesoesneess 12,600 8.4 1,500
Jim Walters #3.eecencocss 14,300 6.0 2,383
Jim Walters #4eeeeeeensaes No data No data No data
Independent Salt COsesese 39,400 9.1 4,329
BeAreeeeesoesassasoncsnss 7,200 2.03 3,600
KiNBe ooeonoennnennsennnos 14,100 6.6 2,136
Starpointececesesssscsess 9,000 6.5 1,385
StAUFET s e eeeennnsononnoos 13,000 2.3 5,652
Quarto #4.eceeeesssoccnns 6,400 2.8 2,285
HatterSeeeesscosseosscnss 3,400 2.2 1,545
VP #leceesecccccssoocsnoss 8,500 2.1 4,048
1976 tests:

Orient #6.eevecccsssonnns 35,990 8.44 4,244
Hamilton #leeseeesossncae 41,950 8.44 4,946
Peabody Camp No. leseesss 35,266 8.44 4,158

Average of 14 mines... 17,924 NAp NAp

NAp Not applicable.

Also given in table 4 are the noise values, N, for the mines that were
discussed in the first part of this section. From A} and N values the ratio
T = A;/N was formed. This ratio is a distance-independent SNR which is criti-
cal to the ability of subarrays to detect the seismic signals. The signifi-
cance of T is discussed in the section in "Detection Range."”

The data from the 1977 tests were used to get a form of SNR and to exam-
ine the relative signal amplitudes from different source types. The 1977 data
were not included in the calculations of the model for signal strength, which
was completed before the 1977 tests. Also, there was some question about the
gain of the amplifiers used in the seismic system during the 1977 tests,
whereas for the 1976 tests, time was available to check the calibration by
cross—checking several different seismic systems to assure accurate gains.

SIGNAL AMPLITUDE MODEL FOR VARIOUS SOURCES

In this section, signal models are developed which are applicable to
sources other than the best-source type. This is done by relating the ampli-
tudes from other source types to the amplitude from the best-source type.
From the data an average difference in decibels between each of the source
types and the best-source type is determined. This difference is called the
adopted value.
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In the majority of measurements the best signal was from a large timber applied
to a roof bolt (denoted by source type, Sl).
example, it was noted (24) that at the Staufer Mine a large timber on the roof
(there were no roof bolts) created weak signals because the roof was high, which
in general,
large timber on the roof bolt source amplitude was either the best source or within

made it difficult to use the large timber effectively.

a few decibels of the best source.

adopted.

Thus,
This value is entered in table 5.

There were exceptions to this; for

However,

the

for the S1 source, a value of 0 db is

TABLE 5. - Signal amplitude of various sources relative to signal amplitude

of a large timber on a roof

Source Source | Source | Source Source Source| Source| Source
S1 S2 S3 S4 S5 S6 S7 S8
Source type...e.....jLarge Small Sledge | Large Small Hard Sledge| Rock
timber.| timber. timber.| timber.| hat. pick.
Application point..|Roof Roof Roof Floor Floor Roof Floor |Roof
bolt. bolt. bolt. bolt. bolt.
Orient #6 Mine..db.. NAp -7 -8 =14 ND -19 ND ND
Peabody Mine...db.. NAp -3 ND -12 -16 ND -14 ND
Peabody Mine...db.. NAp -1 -3 ND ND ND ND ND
Concord Mine...db.. NAp ND -3 -4 =4 ND ND -7
Staufer Mine db.. NAp 0 -1 +2 ND -11 ND ND
(no roof bolts).
Value adopted db.. 0 -3 -3 -8 -10 ~15 -15 -7
for C'.
A, (Sk)2..uips~ft.. 317,924 12,689 [12,689 7,135 5,668 3,187 | 3,576 | 8,006

NAp Not applicable.
ND No data.

'Approximate average difference between amplitude from source

from large timber hitting roof bolt.
20btained by reducing the value of A, (S1) by the C value for each source.

3See table 4.

type and amplitude

For other source types, representative differences between their amplitude
and that from a large timber applied to a roof bolt are given.
approximate average differences, C, are formed; these C values are rough estimates
of the difference in signal amplitude between the best source and others.

From these data

Based on C values for the source types S2 to S8, an estimate was made of the
This was obtained by reducing the value of

A, (Sk) constant for each source type.

Kﬁ(Sl) = 17,924 pips-ft from table 5 by the C value for each source.
(Sk) values of table 5 the signal amplitude model for each source type is given by

Ve (Sk) =

A,(Sk) cos ©

With the Al

(12)
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DETECTION CRITERION

In this section the criterion for signal detection is developed. The
criterion that will be used in this report is that the P-P signal amplitude be
greater than the P-P noise envelope.

A reasonable approach is to consider that a threshold is set which will
be exceeded by the noise once in 100 sec. The normal bandwidth of the system
is 180 Hz; however, as discussed in the section on seismic noise, the power is
concentrated in roughly the lower half of this frequency range. Thus, it is
reasonable to use an equivalent bandwidth of 25 Hz in computing the time
between independent samples of noise amplitude. Thus in 100 sec, 7,500 inde-
pendent values of the envelope occur. In the appendix it is shown that if the
zero—-to-peak threshold R, is set to 4.22 oy, the envelope will have a proba-
bility of exceeding the threshold of 1/7500, thus giving the desired false
alarm rate of once every 100 sec. Here oy is the the rms noise value.

Therefore a 4.22 o, zero-to—peak threshold or a 8.44 o, P-P threshold will
be used. It will be assumed in this report that a signal will be detected if
its P-P amplitude is above this value.

It is noted that the assumptions that a signal whose amplitude is above
the threshold will always be detected and that a signal whose amplitude is
below the threshold will never be detected are not strictly valid. However,
detection done manually or by an automatic computer algorithm is a complex
process. Therefore, it is not felt that a more complex criterion than the one
adopted is presently justified. Digital analysis of an extensive data set in
the future could justify a more complex criterion.

DETECTION RANGE

The range at which a single geophone or subarray can detect a source
depends on the signal amplitude and the noise level. In this section uni-
versal curves are given that allow an estimation of the maximum horizontal
range at which a signal of a given strength can be detected under a known
noise condition. The M = 1 signal model is used. Let A; be the constant
for the source under consideration. On the basis of the M = 1 signal model
the condition for detection is that

>

ﬁl cos O > N, (13)
Define the quantity T = A;/N. Then T is a measure of the size of the gener-
ated signal divided by the noise and is independent of the source depth h and
the horizontal offset between the source and geophone. In table 6, values of
T are given for large timber sources. These values, which are the individual
mine averages, range from 1,500 to 5,652 ft. For other source types, the T
values are adjusted by the factors given in table 6. Using the range of 1,500
to 5,652 for the large timber on the roof bolt source and the table 5 adopted
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value adjustments, the range of T values expected for various sources is com-
piled in table 6.

TABLE 6. - Range of T values for various sources

Feet
Large timber on roof bolteceeceseces 1,500-5,652

Small timber on rOOf bOlt.......... 1,062—4,001
Sledge on rOOf bOlt................ 1’062_4,001

Large timber on floOreeeeececcecececes 597-2,250
Small timber on floOreeeceesceeccee 474-1,787
Hard hat on roof bOlteeececesccoscccs 267-1,005
Sledge on floOTeseoeesssssccsccscssas 299-1,128
Geopick on roof bolteecececececacacnse 670-2,525

Then the condition for detection can be written
T = A;/N > R/cos O . (14)

Based on this criterion, curves were calculated (fig. 21) that give the maxi-
mum horizontal range for detection, r,, as a function of the source depth,
h. Note that the maximum value of r, for a given T does not occur for a very
shallow source. Rather it
6,000 ! ! I occurs for the value of h
mplitude/noise, ft = which is half the miximum h
Tel03 at which a source can be
detected. For example, if
T =1,500 ft, the maximum
depth at which a source is
detectable is 1,500 ft and
the maximum of r;  occurs at
h = 750 ft. The reason that
the greatest r, does not
occur for the most shallow
sources is that the radia-
tion pattern is such that
the outgoing signal has a
cos O = h/r dependence;
therefore, when h/r is
small, the signal is small.
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The seismic rescue sys-
tem uses an array composed
of seven subarrays rather

0 500 1,000 1,500 2,000 than seven individual geo-
SOURCE DEPTH (h), ft phones to receive seismic
signals because a subarray
FIGURE 21. - Maximum horizontal detection range will give a better SNR than

versus source depth. the single geophone. This



31

improvement is achieved principally in three ways. First, noise that is
uncorrelated between the geophones will be reduced in amplitude by v N by the
cancellation that occurs by averaging zero mean random numbers. Second, noise
that is propagating at a slow horizontal velocity will be reduced on the out-
put of the subarray because, if the subarray is thought of as an antenna,

the noise will be outside of the antenna's main beam. Finally, any adverse
effects that would result if a single badly planted geophone were used will

be alleviated by the averaging of all the subarray geophone outputs.

A subarray output Y(t) is formed by averaging the individual geophone
inputs, X;(t), as

Y(t) =

Z| =

N
LOX(t) . (15)
i=1

Thus, the formation of the subarray output can be thought of as forming an
averaging of the individual inputs. X;(t) is composed of two parts: N,;(t),
the noise; and Sj(t), the signal from the trapped miner. In this section the
SNR gain will give the improvement of a subarray compared to the single geo-
phone. 1In determining this, both the noise reduction by the subarray and the
effect of the subarray on the signal amplitude will be considered.

As mentioned before, two subarray configurations have been developed and
used extensively. The first is a seven—geophone subarray Westinghouse (24)
with a 4.5-m diameter having the geophones wired in parallel. The second is a
larger 24-geophone subarray with a 24-m diameter. This large subarray uses
two series—connected strings of 12 geophones with the 2 strings connected in
parallel (6). The subarrays are shown in figure 3. The electronic configura-
tions of both subarrays are such that the sensitivity of the subarrays is well
below even low levels of natural seismic noise. Thus, the ability to detect
and identify signals from an underground miner is determined by the seismic
noise level.

The use of a subarray will normally result in some loss of amplitude com-
pared with using a single geophone, in measuring a signal from a miner hitting
below ground. This signal loss is due to the fact that the signal is not
exactly the same on each subarray geophone. For a miner directly below the
subarray the signal is in phase at all geophones and the signal loss will be
minimal. However, for sources horizontally offset from the subarray there is
a phase shift (or equivalently an arrival time difference) between the geo-
phones.

The signal output of the subarray is

=
He 2
w
L]

S (16)
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Let the N elements of the subarray be located at the points ;; on the earth's

+
. . I (wt-r ;°k) >
surface. The skgnal is of the form e we=r where k is the wavenumber

vector. Note |k |= w/Vy, where Vy = (V/sin 0) is the horizontal phase veloc-
ity of the wave. Here V is the wave velocity and O, the angle of incidence,
is the angle the ray makes with the vertical. The geometry of this situation
is shown in figure 17. When the magnitudes of the signals are equal on all
seismometers, the signal output compared to a single geophone is (in db)

1 -1 (r L )
Ly emidibl, )
-1

Gg = 20 log

He 2

For a signal thﬁt is identical and in phase at all geophones (this
requires Vy = @, so k = 0), Gg = 0 db. This would approximately be the case
for the small seven-geophone subarray where signal loss is not significant.
The 24-geophone subarray was designed to be as large as possible without caus-
ing unacceptable signal loss. For the 24-geophone subarray the loss at fre-
quencies below 50 Hz is negligible. For 100 Hz and angles O of greater than
35°, signal losses are in excess of 3 db compared with a single geophone.
However, field test results discussed by Durkin and Greenfield (6) indicated
that very rarely were signal losses above 1 or 2 db for the 24-geophone sub-
array. One reason that signal amplitude decreases of more than 3 db were rare
with the 24-element subarray is that for 0O's greater than 30° or 40° the sig-
nals usually do not have a major portion of their power above 60 or 70 HZ.
Thus, signal amplitude loss due to the subarray does not appear to be a seri-
ous problem.

The noise reduction for noise that is incoherent between the geophones
is 20 log N (db). This is a gain of 13.8 db for the 24-geophone subarray and
8.5 db for the 7-geophone subarray. Seismic noise that is completely inco-
herent is not the normal situation but occurs during rain. In this situation
the noise level is high and thus the subarray gain is especially important.
Field test results have verified that this gain occurs during rain. In areas
with brush or high grass ground cover the noise generated by the wind may also
be essentially incoherent between geophones. The larger spacing between geo-
phones of the 24-geophone subarray compared with the 7-geophone subarray
enhances the possibility that the noise will be incoherent.

In many situations the seismic noise may be highly coherent between the
subarray geophones; however, the subarray can still give noise reduction
because the noise is not in phase between the geophone (3).
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The source of coherent noise may be wind acting on trees outside of the
subarray, distant traffic, machinery, or airborne noise. Much seismic noise
at frequencies of 20 to 200 Hz is of low horizontal phase velocity, V,, since
it travels at an acoustic velocity (330 m/sec) or at seismic surface wave
velocities, which are usually below 1,000 msec.

In practice there could exist many surface noise sources propagating with
different Vy and at different angles of incidence on the subarrays (17). It
is instructive to study the expected attenuation of these waves by the sub-
arrays by choosing waves of discrete frequency and velocity within the ranges
of interest and treating the angle of incidence of the waves on the subarray
as a random variable.

The output of a subarray for a horizontally traveling wave is

5 (18)

>
where Y is the normalized amplitude of the noise output and ky is the horizon-
tal wavenumber of the noise.

The noise reduction is G = 20 log Y db.

Table 7 gives an indication of the subarray noise rejection for the 24-
element and 7-element subarrays, as a function of frequency and V,. The hori-
zontal phase velocity of the wave is related to the wavenumber by V, = m/kN.
The noise reduction depends on the direction as well as Vy. The values in
these tables are the smallest noise reductions (worst case) for any direction.
These tables were constructed from more extensive tables generated by a com-
puter program based on equation 18.
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TABLE 7. - Theoretical subarray noise reduction, db

(Minimum in any direction)

Vy, m/sec Frequency
15 Hz | 30 Hzl 45 Hz | 60 Hzl 90 Hz] 120 Hz
24~ELEMENT SUBARRAY
2000 c00esessceses | 14.0 7.6 9.2 11.0 7.2 7.7
300ccceccessanees | 17.0 15.0 7.6 13.0 11.0 15.0
330ceececccccaces | 25.0 18.0 6.2 13.0 10.0 9.5
400ceccascceacees | 17.0 14.0 11.0 7.6 9.2 11.0
600cececsccsccncs 5.6 17.0 14.0 15.0 7.6 14.0
800ceeceesoacacas 2.9 17.0 14.0 14.0 11.0 7.6
1,000cc00eeecccccne 1.8 9.7 27.0 13.0 18.0 8.8
1,500 c0cesecscsccs .8 3.4 8.7 22.0 13.0 16.0
7-ELEMENT SUBARRAY
200ecececccccccas 2.7 11.0 15.0 10.0 1.2 3.8
300cecccccecncccs 1.0 4.2 11.0 25.0 10.0 4.8
330cececcccccnans .8 3.4 8.9 24,0 11.0 9.8
400ceececcescccce 5 2.3 5.6 12.0 16.0 10.0
600cceecccccccacas 2 1.0 2.3 4,2 12.0 25.0
800eeeeeososnoonan .1 .5 1.3 2.3 5.6 12.0
1,000 00cceeesccces .1 .3 .8 l.4 3.4 6.5
1,5000ce000000sccces .0 .1 .3 .6 1.4 2.6

The 24-element subarray will suppress most coherent low V, noise for fre-
quencies of 30 Hz and larger quite well. The worst case noise reduction val-
ues for coherent noise are generally nearly as large as the incoherent noise
reduction. Note that the subarray reduction of coherent noise can be above or
below the reduction of incoherent noise.

The seven-element subarray does well against coherent noise at horizontal
wavelengths, Vy/f, below approximately 10 m. For the higher velocities and/or
lower frequencies, the seven-element subarray does not give significant noise
reduction.

From the above theoretical considerations of SNR improvement by the 24-
and 7-geophone subarrays, it is to be expected that the 24-geophone subarray
would offer a significant SNR gain over the 7-geophone subarray. In an exten-
sive series of field tests this was often the case (6). Typical gains were
5 db for the 7-geophone subarray and 10 db for the 24-geophone subarray.

There were, however, some mines where the SNR of the two subarray types were
comparable. The 7-geophone subarray, however, may offer practical advantages
in terms of deployment where a clear area cannot be found to deploy the larger
24-geophone subarray.

PROBABILITY OF DETECTION

It is desirable to determine the probability that a given surface array
will detect an underground source. In the configuration normally used, seven
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subarrays are placed on the surface to monitor a portion of the subsurface.

A method has been developed to calculate the probability that m subarrays or
more, with 1 < m < 7, will detect a miner's signal. The detection of a signal
by one subarray ‘may be sufficient to identify the signal as coming from an
underground miner. However, identification can be more certain if several
subarrays can detect the signal. To locate, at least three subarray detec-
tions are required, and five or more are desirable for accurate location.

Figure 22 shows a surface array monitoring a volume of the subsurface.

The criterion for detecting a signal from a given underground location with
subarray k is

(19)

Subsurface volume
being monitored

FIGURE 22. - Geometry for calculation of detection probability. Triangles indicate
subarray locations.
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If T is treated as a random variable, then the probability of detecting with
R

s 0, )
criterion the probability destribution was developed using the best source
(large timber) type values for T given in table 4. The 14 values were ordered
and plotted as a cumulative distribution in figure 23. For convenience this
observed distribution was fit with the chi-square cumulative probability func-
tion (1), P (X2|8). It was found that using the number of degrees of freedom,
§ = 6, and X2 = T/550 gave a good fit to the data. In other words, the fit
chi-square curve, shown in figure 23, states that the probability that T S.To
is given by

subarray k is the probability that T > To apply this detection

T 1 To/550
P (?5—016) =ﬁ'2‘T"/v t2e-3dt . (20)
0

The notation PL (To) will be used for P (3%6 ‘6), the cumulative distribution

of T, and notation Q, (To) =1 = P, (To) will be used as the probability that
T exceeds To. The probability of éetection with a large timber source is then

R
given by QL g;;;%s—). Note that the T data used were average values for
k

1.0

(o

| | | |
2,000 4,000 6,000 8,000 10,000

T, ft

FIGURE 23. - Chi-square fit to cumulative probability of T.

CUMULATIVE PROBABILITY
o N B
|
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individual mines. If the individually measured T values were to be plotted
as a cumulative distribution, the curve could be expected to be similar to
the mine averages.

For a source other than the large timber on a roof bolt, reasonable
cumulative probability curves for T can be estimated by using Q (To °* C)
for the curve. Here C is the factor, which is given in db in table 8, that
gives the amplitude of a particular source type relative to the large timber
source Sl.

Let Q (z§§—6) where k = 1,2,...,7 be the probability that the k subarray

will detect the signal from a source at r,. Next calculate the probability of
m and only m subarrays detecting the signal (8, pp. 89-96):

P, (ry) = Sp - <“‘ + 1> Sps 1 (21)

m

+ . P
where <m o l>atre the binomial coefficients,

Sy =L Py, Sp =1 Pi,j’ S3 — L Py, j,k» etc. (22)
_ Rj - Ri . Ri
fere P; =Q <cos Oi> Pi,j =Q <cos Gi> Q <cos OJ-> (23)
R R; Rk
. = - . — . —_—
and Py, j,k = Q <cos O‘> Q (cos ®J~> Q <cos Ok>° (24)

The sums in the definition of the S are taken such that if i<{j<k<*+7, then
each combination appears once and only once in the sum. The probability of m
or more subarrays detecting the signal is denoted by P, (r;) and is given by

7
Pm(r;) = I P[k](ri) . (25)
k=m

First it is necessary to obtain the average value of P, for detecting the
signal from a source which is at some depth h but which can be located with
equal probability in some horizontal region of the mine. This probability of
detecting with m or more subarrays is denoted by ﬁm (h) and is given by

P, (h) = S me(ri) dx dy . (26)

As
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Here A(h) isAthe area of the mine at depth (h). To get the overall average

probability P, of detecting with m or more subarrays for a source in the vol-
ume shown in figure 22, which extends from h, to h,, use

a 1 h2 ~
h,
5oL " dh P (h) dx dy . (28)
m = VoL f m
h, A

A
~ ~

To evaluate P, and P, the integrals are approximated by sums over a
three-dimensional grid covering the volume of interest.

In the following three examples the volume considered was a right-
rectangular prism with top at h; = 200 ft and bottom at h, = 1,200 ft. This
depth range is consistent with the fact that the majority of mines lie in
this range.

Figure 24 is the first example of the results of the calculations. The
plan view shows an array of seven subarrays with a 500-ft radius. The subsur-
face being monitored is a square having sides of 2,000 ft. For the large tim-
ber on a roof bolt source with no subarray SNR improvement, one looks at the
0-db position on the abscissa to get the probability of m or more subarrays
detecting. For example, the probability of m = 5 or more detecting is 0.62
(index base 1.00). From table 5 the signal for a small timber on a roof bolt
(S2) has C = =3 db. Thus, one looks at the -3 db abscissa value for an S2
source, Note that for any source type the use of the subarrays gives approxi-
mately a +5-db improvement in SNR compared with the single sensor values,
After a single subarray has detected a signal, the stacking of successive
blows will also improve the SNR. If 10 blows are stacked a 10 db improvement
is commonly obtained. Thus, for the case of locating the source using stacked
traces from the subarrays, the C = +15 db value applies for the large timber
on the roof bolt.
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1.0

PROBABILITY OF DETECTION

C,db —

FIGURE 24. - Probability of detection by m or more subarrays versus C, the ratio of T to the
large timber T—500-ft array radius, 2,000-ft monitored square.

Thus for large timber sources for the figure 24 configuration it is very
likely that at least one subarray will initially detect the signal; after
stacking, signals should be seen on the five or more subarrays that are desir-
able for accurate location.

Figures 25 and 26 show corresponding results for the monitoring of a
square having sides of 4,000 ft for array radii of 500 ft and 1,000 ft. Since
a large area is being monitored, the detection probabilities are lower than
for the 2,000-ft square.

For the monitoring of the 4,000-ft square with an array centered at the
center of the square, the effect on the detection probability of the array
radius was examined. This was done for the value C = 0 db; that is, for the
best source with no array gain or stacking. Results are shown in figure 27.
To obtain a signal from at least one subarray, the use of the larger radius
arrays is somewhat better. The reason for this is that for the 500-ft-radius-
array points on the boundary of the square will be a minimum of 1,500 ft
horizontally removed from the nearest subarray. Thus, to have the maximum
probability of detection, it is suggested that before a signal is found it
might be best to use a 1,000-ft-radius array when monitoring such a large
area., If conditions allow, after detection on a single subarray, it would
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then be desirable to move
some of the distant sub-
arrays to the vicinity of
the detecting subarray and
signal the trapped miner to
repeat his signal to allow
improved location.

Next the situation
will be examined where the
trapped miner is believed to
be below a particular point.
One subarray would be set
directly above that point.
The probability of detecting
that miner can be calculated
by fixing the subsurface
region to be monitored as a
very small area directly
below the central subarray
of a 1,000-ft-radius array.
Calculations were made, and
results are shown in
table 8. For a source 500
ft deep even a weak source
with C = =10 db will be
detected with 0.85 proba-
bility. Noting that a 24-
geophone subarray gives a
5- to 10-db SNR improvement,
it is expected that a sub-
array would probably detect
the signal even for sources

down to 2,000 ft. This high probability of seeing a source directly below a
subarray is consistent with the fact that in field tests signals from sources
directly below a subarray were consistently detected.

TABLE 8. - Probability of detection for a subarray
directly above the source

Amplitude of particular source type relative

Depth, ft to large timber source (C)
-15db | -10db | -8 db | =5 db 0db | +5 db
500ccececcsass 0.53 0.85 0.93 0.99 1.00 1.00
1,0000000e0ceee .13 .65 .87 .99 1.00 1.00
1,50000c0cceaas .02 42 W72 .96 1.00 1.00
2,000ce00esceae .00 .21 .49 .87 1.00 1.00
2,50000c00s000s .00 .09 .28 .72 .99 1.00
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For convenience in considering the probability of detecting a source
For this table it was assumed
that the postdetection stacking would give a 10-db SNR improvement, which is

under various situations, table 9 was compiled.

what has been observed.

for two of the five sources.
with one or more and with five or more subarrays.

Also, a 5-db gain for subarray use has been included
The table gives the probability of detecting
The one or more case is

most important in the detection process, and five or more case in the location

process.

TABLE 9, - Probability of detection with one or more
and with five or more subarrays

Mine area 2,000 by

Mine area 4,000 by

Assumed 2,000 ft, 500-ft 4,000 ft, 1,000-ft
subarray array radius array radius
Source type gain, 5 or 5 or
db lor|5or more 1l or|5or more
more | more with more | more with
stacking stacking
Large timber (with
galnN)eeeeecoscasocccnas +5 1.00 | 0.92 1.00 0.96 | 0.35 0.90
Large timberecececccscee +0 1.00 .64 .99 .87 .09 .68
Sledge on roofecececececes +0 .99 .37 .98 .80 .05 .56
Rock pick on roofeeeceees +5 .97 .30 .96 .78 .02 .50
Sledge on floOreeeeecesss +0 .38 .00 .25 .13 | .00 .00

It is instructive to observe the variation in

tion as depth is varied.

depth.
without processing.

These results are shown in figures 28-31.
ability of detecting a miner's signal was determined when using an array of a
1,000-ft radius over square areas of 0.5 and 1.0 mile on a side, for varying

This processing takes the form of stacking.

the probability of detec-—
The prob-

Probabilities were determined for weak and strong sources with and

Also con-
sidered was whether detection is probable on one or more subarrays (m > 1)
or five or more subarrays (m > 5).

The detection probabilities discussed have all been based on the use of
subarrays made of geophones that measure the vertical particle velocity of the

ground.

ufactured and have been used in a limited number of experiments.

form the horizontal geophones.

Geophones that measure the horizontal particle velocity are also man-

The results
of these experiments indicate that most often the vertical geophones outper-

There have been exceptions to this; the cases

where horizontal geophones gave better performance have occurred where the
angle 6 (see fig. 17) is fairly large.

radiation patterns of P- and S-type seismic waves.

it is the S wave on the horizontal that is the largest signal.
izontal geophones two extra channels (one for north-south and one for east-
west polarization) at each subarray location must be employed.
horizontal geophones each geophone must be carefully oriented.
from horizontal phones are often more difficult to interpret.
logistics of the operations suggest that for the surface seismic location sys-
tem the present vertical geophone system should be maintained, rather than a
mixed vertical and horizontal system.

This result is consistent with the
Often in these situations

To employ hor-

When using
The signals

Therefore, the



43

“apls D UO 3[1W ()| D3ID 3ipnbs
o Buiioyiuow snipol H-00Q‘| 40 Apup up ul
m\Ac:cQ:m 310w 10 auo E ;_amv jo uotjouny o

sp |oubrs s sautw b Buiydaap jo A4tjigoqoid - "6 JJNDIH

1 ‘Hid3a

00072 006"l 000l 006§

l ] T

82JN0S YDOM

1w bs |=Daip 4s8L

14 000" = snipps ADaay
|2 w

Buissanoud yyim 924nos
¥oem pup 8d1nos Buosys

Buissacosd yym meg
} ]

o1

0%

Sl

00l

NOILO313d 40 All19v80dd

"ap!s D Uo 3jlw G*() D3ID 3ipNbs
p Buisojiuow snipos 44-000‘| jo Apoip up ul
sApbuipgns aiow 10 duo AqQ yidap jo uoldounyp

so |oubis s sautw o Buiyoatep jo Ajjiqoqold - "8z YN

4'HLd3a

0002 00G4 000l 00S

! T !

1w bsgzo=oeip sal

1} 000'1=snipps Kby
|< W

L 804N0S YDOM

buissasoud ysm aoinos

’E; pup 8d.nos mcotu

r/mc_mmwooa yiim 8ounos u:otm\

°t

0og

00l

G2l

NOILO3130 40 Alligvaoyd



44

"9pis D Uo 3|iw ()'| paID aipnbs
o Buliojtuow snipos 14-000‘| 40 Apup up ul
SApuiogns aiow 1o 3Aly Aq yidap jouorpouny o

so |pubis s sautw b Buiyoayap jo Apjiqoqoid - *1€ IHNOI4

4} ‘H1d3a

0002 00G"| 000l 006G

I/_ 1 1
804N0S YDaM \

Buissaso.ad yiim 804nos
yDam pup 824nos Buouis

1w bs | =paJp jsal

1000 = snippd Abuiy
g<u

Buissaooud
yim aounos Buoug

| L |

00l

NOILO313d 40 Alligv80yd

"9pis D UO 3|lw G*() DAID Aionbs
o Buiiojiuow snipos y-000’| 40 Apup up ul
sApbuipgns aiow 10 aAl4 Aq yidap jo uorydounyo

so |pubis s Jjaulw b Buiposiap jo Alljigogqoid - *0€ 3¥N9I4
4 ‘H1d3a
0002 006l 000" 00S 0
T T T
924n0s v_om\s\ﬂ
-162
Buissa20.4d Y}I1m 82in0S
yDOM pup 824nos Buol}s
o -1 0%
Iw bs gz'o = paJp Jsa|
1} 000"|= snippd Apisy
- g uw —H Gl
Buissesoid yim aounos Buous
_ L 00l

NOILO3130 40 ALiN8v8oyd



45

LOCATION ACCURACY

To guide the efforts of the rescue team or to determine where to site the
rescue drill, it is necessary to determine the location of the trapped miner.
For the rescue team an accuracy of 100 ft or less would appear desirable. For
positioning the drill an accuracy of a few feet would be desirable. However,
as discussed below, accuracies of a few feet do not appear feasible. Thus the
positioning of a rescue drill so as to intersect a mine entry near the
estimated location of the trapped miner would best be done using a mine map,
if available,

The seismic system presently uses the "MINER" program (12) to calculate
the location from arrival times measured on stacked seismograms. This program
combines the individual subarray arrival times either three or four at a time
to find a location. The MINER program can use a known depth for the source or
can fit for the source depth., Alternate methods of location based on the
least squares principle are more often used in seismic location work; this
principle is the basis of work done by Ruths (22).

Westinghouse (24) compiled estimates of location errors obtained for a
limited number of locations at 12 mines. Table 10 gives these results. This
table indicates that horizontal location errors are usually below 100 ft.
However, it should be understood that these results are generally for the
better SNR events and that the majority of the sources were located near the
center of the array where location accuracy is best.

TABLE 10. = Number of mines with average horizontal
error in four ranges

Error range Number of mines within
error range

0-49 fteeeeeeeeeoceonnoanns 4
50-99 fteeeeeeeeeeececceens 6
100-199 fteeeeeeeeeeccceens 2
Over 200 fteeeeeeeseeseeess 0

Two of the mines discussed by Westinghouse had average errors of approxi-
mately 150 ft. 1In addition extensive work by Ruths (22) showed errors of this
order of magnitude for Island Creek's Hamilton #1 Mine. The mines at which
the larger errors occur tend to have topographic relief and geologic condi-
tions that vary with position. Ruth's work indicates that the presence of
very-low-velocity soil layers that are different between the subarrays is
among the most serious sources of error.

A technique to relate location error estimates in a statistical manner to
estimates of the arrival time "reading errors™ was implemented. The method
used is similar to that described by Crosson and Peters (5) and Peters and
Crosson (29). In the location of miners the two most sigﬁificant sources of
errors are errors in reading arrival times in low-SNR situations and individ-
ual delays at the different subarrays caused by soil and/or water table varia-
tions. Both of these types of arrival time errors are uncorrelated between
subarrays so may be treated as "reading errors."”
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In the present computer implementation contours are drawn of the semi-
ma jor axis of the 95-pct fiducial confidence ellipse (7). This confidence
ellipse is the elliptic curve on the floor of the mine that should contain the
true source location 95 pct of the time. Thus on the average the error will
be somewhat less than half the semimajor axis fiducial confidence ellipse.
Figure 32 shows a computer-generated contour plot for the subarray configura-
tion used for the Hamilton #1 Mine test. The mine depth is approximately
600 ft. In generating figure 32, an rms reading error of 0.008 sec was used.

1,500

1,000 —

500

=500

—1,000

—1,500 ~1,000 ~500 o 500 1000 1,500

FIGURE 32. - Location error contours over area of the mine, Hamilton #1 array.
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This rms reading error was used based on soil thickness variations
measured at the Hamilton #1 Mine by means of a short refraction survey at
each subarray location. The unsaturated low-velocity soil (1,000 ft/sec
velocity) ranged in thickness from O to 20 ft, which gives an unaccounted-for
variation in arrival times of up to 0.020 sec. Location errors up to 200 ft
were observed for the test.

Three techniques have been used to decrease the location error resulting
from soil layer variations. Results to date with these techniques indicate
that soil-layer-related errors can be reduced to 100 ft or less. Ruths (22)
studied the first of these techniques both by computer simulations and by
study of data from an earlier Island Creek field test (25). In technique 1,
called the Reference Correction Method, it is necessary to get a source to
within a several hundred feet of the suspected position of the trapped miner.
This might be impractical in a disaster situation. As an alternative method
of employing technique 1, a receiver in a drill hole near the level of the
mine might be used to measure travel times from shots near each subarray. The
Reference-Correction Method appears to greatly improve the probability that
location errors will be below 100 ft even in mines with highly variable near-
surface conditions. In technique 2 a short refraction measurement is made at
each subarray and used to make an arrival time correction. In technique 3 an
arrival time is measured at each subarray from a blast at a known position
outside the seismic array. Recent work at the Hamilton #1 Mine (March 1980)
gives an indication that the errors from soil layer variations can be greatly
decreased by use of technique 2 or 3.

SUMMARY

A system based upon seismic techniques, as envisioned by the National
Academy of Engineering in 1970, has proven to be an effective means for
detecting and locating miners trapped underground following a mine disaster.

Expected signals from miners pounding on the roof of a mine are of suffi-
cient strength to enable detection over a large area of the mine. Estimations
of the location of the trapped miner are of sufficient accuracy to aid the
rescue team or the position of the rescue drill.

The seismic system, as discussed in this report, is presently operational
and in a state of readiness in the event of a mine disaster. It should prove
to be an invaluable aid to future postdisaster rescue efforts.
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APPENDIX A.,--RELATION OF THE AMPLITUDE DISTRIBUTION OF A NARROW-BAND
NOISE ENVELOPE TO RMS LEVEL

The zero-to-peak amplitude R of the envelope of narrow-band noise is
given by the Rayleigh distribution:

P(R) = %ﬁ exp (-R?/2¢§) (A-1)

where oy is the noise rms.

With noise alone, the probability that a single measurement of the envelope
amplitude R will exceed some value R, is

P[R > R,] = exp (-Ro%/202) . (A-2)

The equation is plotted in figure A-1. Frantti (9) gave results in terms of
the P-P amplitude of the envelope. 1If it is assumed that the envelope value
he recorded was the R, which has a probability of being exceeded of 1/7500,
the oy may be estimated from his data using the value

RO/ON = 4. 22
read from figure A-1,

Note that the R /oy value used is quite insensitive to large changes in
probability of R exceeding R,. For example, the value of 4.22 adopted for a
probability of 1.33 x 10~4 only changes to 4.7 if a probability of 1 x 102
is used. If a probability of 10~3 has been used, the R /oy value would have
been 3.7.
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APPENDIX B.--NOMENCLATURE
area of mine at depth h
coefficient for amplitude model M
difference, in decibels
distance implement moves before contact
thickness of soil layer
decay constant
radial displacement time history
electromagnetic interference
force applied to accelerate implement
frequency
force of gravity per unit mass
SNR gain of subarray
constant in force time history
force time history of implement
mine depth
event number
subarray number
wavenumber vector
horizontal wavenumber of noise
mass of implement
model number and power of cos © dependence
noise particle velocity
number of pulses stacked
number of seismometers in a subarray

number of amplitude measurements
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P implement momentum at contact

P-P peak to peak

P, Q cumulative distribution functions
Prarr Py probabilities

Q quality factor for seismic wave attenuation
R source—-to-receiver distance

R, zero to peak detection threshold
rms root mean square

S1 denotes type of source

SD standard deviation

SNR signal-to-noise ratio

S, (t) signal oM ith geophone

Sy squared error for Mth model

S0 signal output of a subarray

T A,/N, amplitude coefficient divided by noise level
t time

\ wave velocity

Ve ground particle velocity

Vi horizontal phase velocity

Vp compressional wave seismic velocity
VOL volume of mine

WMP waveform modeling procedure

\ angular frequency

X,(t) ith geophone output

—_—

Y, seismometer location vector

Y(t) subarray output



n(t)

uips
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degrees of freedom

rebound coefficient

constant in displacement time history

displacement time history of implement, into mine surface
angle, at source, between upward vertical and receiver
microinches per second (unit of ground particle velocity)
rock density

noise root mean square

horizontal offset between source and receiver

time implement dwells in contact with surface

chi squared, statistical variable
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