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APPARENT EARTH CONDUCTIVITY OVER COAL MINES AS ESTIMATED FROM
THROUGH-THE-EARTH ELECTROMAGNETIC TRANSMISSION TESTS

By John Durkin!

ABSTRACT

Electromagnetic narrow-band signals were transmitted through the earth
at 27 coal mines located throughout the United States. From those Bu-
reau of Mines tests, apparent earth conductivity values were derived
based upon a homogeneous half-space model of the earth. The derived
conductivity values were found to be inversely proportional to the
transmitted frequency and mine depth. A linear regression model relat-
ing the logarithm of the conductivity to the mine depth was formulated,
and the results indicate that the mine depth can be an adequate pre-
dictor of the apparent earth conductivity above coal mines. Apparent
earth conductivity was found to decrease with mine depth.

TElectrical engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.




INTRODUCTION

Earth conductivity (or earth resist-
ance) has been the topic of many studies
over the years. Earth resistance is the
resistance of the earth to the passage of
an electrical current. For the most
part, the earth is not a good conductor
of current, and in comparison with me-
tallic conductors, it is extremely poor.
The earth was once used as a conductor
for power distribution, and for safety
considerations, the earth resistance was
a matter of considerable importance.

Surveying the conductivity structure of
the earth has been a frequent practice
for different applications. This work
has enabled the civil engineer to de-
termine the depth of bedrock or the

geologist to find the depth of the water

table. Conductivity surveying has been
found wuseful in detecting and locating
ore bodies or mineral 1lodes and has
recently become popular among treasure

hunters in locating lost items.

There are many factors that influence
the conductivity of the earth; the prin-
cipal ones are type of soil, moisture
content, chemical composition and concen-
tration of salts dissolved in the con-

tained water, and temperature. These
factors then give rise to earth con-
ductivity wvariations both in time and

Therefore, the only meaningful
the earth

location.
way of estimating the value of
conductivity is to measure it.

EARTH CONDUCTIVITY MEASUREMENT TECHNIQUES

There are numerous techniques for mak-
ing earth conductivity measurements.
These techniques can be broadly classi-
fied into three distinct approaches. The

first approach calls for removing a
sample of the media and making a con-
ductivity measurement. In the second

approach, a drillhole is made and instru-
mentation to make the conductivity mea-
surement is then lowered into the hole.
The third approach involves probing the
earth electromagnetically with a trans-
mitter and receiver where conductivity
information is contained in the received

signal.,
The choice of the proper approach de-
pends mostly on the manner in which the

conductivity information will be applied.
In this report, the application 1is for
predicting the influence of the conduct-

ing earth on a through-the-earth (TTE)
communications system. The third ap-
proach, electromagnetic probing, appears

to be the to this

application,

most closely related

are available
including the

A number of techniques
for this type of probing,

well-known four-electrode method (l)2 in
which an electrical potential is applied

between probes on the surface, and the
resulting potential Dbetween another
spaced pair is observed. Other tech-

niques employ current-carrying coils of
wire as magnetic dipole probes (2). In
addition, several passive technfaues are
employed that make use of the natural
electric and magnetic fields existing at
the earth's surface (3). Informative
summary texts can be found in Keller and
Frischknect (ﬁ) chapters 4-7) or Grant
and West (5). Excellent theoretical
background work can be found in Wait (3).
There is also an Institute of Electrical
and Electronics Engineers guide that
describes the application and interpreta-
tion of these techniques (6).

these tech-

In addition to all of

niques, there is another basic approach
that 1is more aligned with applications
for TTE communications. This technique

can be described as transmission path

2underlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.



attenuation tests. By transmitting a
signal of known level and frequency from
a transmitter located within the earth to
a receiver located on the surface, infor-
mation on the signal's path conductivity

can be inferred from the received signal
strength. This approach was taken in
this study, and the results are discussed
in the next section.

TTE TRANSMISSION TESTS

MINE SELECTION

Since experimental results were in-
tended to be representative of a large
number of active mines, each with a
unique physical and operational charac-

teristic, it was necessary to wutilize
some type of sampling process to deter-
mine specific test 1locations for the
program. By involving statistical sam-

pling theory in the selection process, it
was possible to (1) assure the validity
of estimated performance measures subse-
quently derived from test results, (2)
increase the precision of these esti-
mates, and (3) reduce or estimate the
possibility of built-in biases 1in inter-
preting test results.

The choice of the mines could have been
done on a random basis, in which case
each mine would have an equal probability
of being selected; however, it was de-
cided that the sampling plan should con-
sider two other points. First, since TTE
communications are believed to be very
effective at small depths and less effec-
tive at deeper depths, the distribution
of mines selected should take into
account the greater variability in test
results anticipated at greater depths.
Also, within each depth interval of mine
selection, emphasis should be placed on
selecting the mines having the largest
number of miners employed, thus giving
rise to a selection that covers the most
miners possible.

The population considered was identi-
fied from a computer 1listing of 1,222
active mines in the United States., This
computer listing was constructed by the
Bureau of Mines Pittsburgh Research Cen-
ter (PRC) from two independent computer
data bases, one from the Mine Safety and
Health Administration (MSHA), which con-
tained data on the number of miners at
each mine, and one from the Bureau's

Eastern Field Operations Center, which
contained data on the maximum overburden
depth at each mine. The compiled listing
included the mine name, address, maximum
overburden depth, number of miners em-
ployed, and MSHA identification number.

All mines were subsequently stratified
according to maximum mine overburden
depth values into 15 different depth in-

tervals. Total miners employed at all
mines contained within each depth inter-
val were also tabulated. Although the
sample could have been allocated so that
the ratio of the number of mines sampled

to the total number of mines would be
constant within each interval, it was
decided to vary the sampling fraction

based upon the first consideration above:
that a greater variability in results was
anticipated at greater depths.

In determining the number of mines to
be sampled in a given depth interval, a
technique known as optimum allocation was

used. This technique 1is based upon the
principle that larger samples are re-
quired in depth intervals that exhibit

greater variability. This principle can
be expressed as follows:

n N, Sy
nh =Z—N;-S:) (1)

sample size for the h-th depth
interval,

where nj

N, = total number of mines in the
h-th depth interval,

= variance of the characteristic
being measured in the h-th
stratum (e.g., the estimated
probability of successful
transmission at a specific
frequency),

wn
>
!

]

and n total sample size.



By estimating the relative variability
S, » the number of mines to be tested in a
given depth interval was determined.
Also, as stated above, the sample selec-
tion within each depth interval was based
on the number of miners employed at each
mine.

the sampling
are summar-

The important features of
procedure used 'in this study
ized below.

® Each mine had a chance of being se-
lected for this test.

® The chance (i.e., the probability of
selection) was known beforehand and was
based on the relative size of the mine in
terms of miners employed.

® The selection process was random,
® All depth intervals were represented.
to make

® Test results could be used
valid inferences about all mines.

However, as 1n any field test program
of this size, what is initially hoped for
and planned and what 1is actually per-
formed are often two different things.
Although a reasonable attempt was made to
visit the mines selected, necessity, mine
availability, and practical travel sched-
ule constraints introduced deviations
from the originally selected sample of
mines. However, 1t 1is believed that
these deviations do not significantly
affect or bias the results derived from
the data. Care was taken to adhere to
the spirit and form of the original
selection 1list while coping with the
realities imposed on the practical imple-
mentation of such an extensive field mea-
surement study.

At the completion of the test program,
measurements had been performed at 27

mine sites well distributed

the United States coalfields.

of the mines tested can be
appendix A.

throughout
The names
found in

TEST DESCRIPTION AND DATA

The primary objective of this field
test was to obtain a data base on the
transmission loss incurred by a signal as
transmitted through the earth., At each
mine site, a minimum of two test person-
nel were used, one underground and one on
the surface, positioned approximately
above the underground individual.

Underground, a loop of wire of known
length, in a configuration that can be
described loosely as being between a cir-
cle and a rectangle, was deployed around
The ends of

one or two coal pillars.

this wire loop were attached to a small
and lightweight  electromagnetic (EM)
narrow-band transmitter. This trans—

mitter produces a pulsed square wave out-
put voltage with an on-time of 0.1 s and
an off-time of 0.9 s, and a frequency of
630, 1,050, 1,950 or 3,030 Hz.

On the surface, recordings were made of
received signals. The signal recordings
were returned to the 1laboratory where
signal levels were reduced using a fast
Fourier transform (FFT).

Table 1 gives the number of the
mine tested, mine depth, underground
antenna area, offset parameter D (which
is equal to the ratio of the distance
between the vertical axis of the un-

derground antenna and the observation
point to the mine depth), and parameter
A (which 1is equal to the ratio of the

antenna, with
antenna may be
the mine

of the underground
that the
a circle, to

radius
the assumption
represented as
depth).



TABLE 1. - Mine depth and physical
arrangement for TTE transmission

tests
Mine Transmit
Mine depth, m | antenna D A
area, m?
lececoes 143 279 0 0.07
20000000 58 195 <29 .14
Jeeeonee 473 929 0 .04
devecons 116 126 .06 .05
5¢eecses 122 335 0 .08
Geoeovene 279 543 0 .05
Teoessss 131 418 11 .09
Bevevonn 201 547 .01 .07
Gesennos 128 520 .14 .10
10ceceene 198 256 .11 .05
lleeeoos 88 522 .03 .15
12.0000e 165 223 .14 .05
1300aces 171 282 0 .06
ldeeeess 198 565 .02 .07
15¢c0ese 21 28 .48 14
16eccees 79 335 .04 .13
17¢00ees 366 929 .03 .05
18ccceens 152 455 0 .08
19.cce0e 183 130 0 .04
200 000ee 153 232 .16 .06
2lececes 80 455 0 .15
22¢0000e 365 344 .03 .03
230000 140 238 .02 .06
240 0000s 219 557 .00 .06
2540000 86 204 .35 .09
2600000 67 79 .14 .07
27 0ceccns 46 132 1.70 .14

Table 2 gives the mine
mitter magnetic moment (M), and received
surface vertical magnetic signal (H,).
The antenna current, which was wused in
calculating the magnetic moment, was mea-
sured by placing a 0.1-Q resistor 1in
series with the transmit antenna and mea-
suring the voltage across it.

tested, trans-

The mine depths were provided by the
mining companies when the tests were per-
formed. This information 1is obtained
from topographical maps that are very
accurate, and the depth estimate of the
in-mine transmitter can be obtained
within an uncertainty of approximately *1
pct when the surface position is near a
survey point. However, owing to the
natural variation in the terrain above
coal mines, this estimate of uncertainty

shallow mines
not near a

in depth may be larger for
if the surface position is
survey point.

The underground antenna length was mea-
sured using a conventional tape-measuring

rule, and the estimated uncertainty in
this measurement is expected to be much
less than *1 pct. Using the mine maps

coupled with the approximate deployment
configuration and knowledge of the length
of the loop, the underground antenna area
was calculated, and this estimate 1is
believed to be accurate within *10 pct.

also be mentioned that the
position of the underground transmitter
was determined by measuring the hori-
zontal signal field at different loca-
tions and, by finding the null in the
field, finding the wunderground location
by triangulation. This location measure-
ment technique had the added benefit of
assuring that the transmitted signal was
actually traversing the earth medium and
was not conducted along pipes, wires, or
other conductors.

It should

The A parameter was defined as the
ratio of the radius of the underground
loop to the mine depth. However, the
underground loop was deployed into a
configuration that was between a circle
and a rectangle. Therefore, the estimate
of the radius, which assumes the antenna
length represents the circumference of
a circle, 1is in error. In later esti-
mates of conductivity, this point will
need to be considered if the A value
becomes large, becoming less of a dipole
situation.

Assuming that the transmit current mea-
surement 1s accurate, the accuracy of the
estimate of the magnetic moment is re-
lated to the accuracy of the antenna area
estimate, discussed earlier. It is con-
cluded that the uncertainty in the mag-
netic moment is the same as the uncer-
tainty of the area estimate, *10 pct.

The signal strength measurements were
made by playing the tapes into an
FFT instrument. Signal averaging was
done with 128 independent samples. The



TABLE 2. - Surface vertical magnetic signal (H,) (in decibels re 1.0 pA/m-RMS)
and underground transmit moment (M) (in ampere-meters squared), at different

frequencies
Mine 630 Hz 1,050 Hz 1,950 Hz 3,030 Hz
H, M H, M H, M H, M

leeeeeeosococonssnns 7.1 923 4.9 769 -1.3 515 | -11.6 326
2 T/ | 747 31.9 625 24,6 407 20.4 288
Beceeoosnccscsscccasns | 4.9 2,031 -10 1,573 | -19.3 928 | -26.5 620
beeeieesnosccacnanee| 27,1 532 21.9 456 17.6 326 13.4 231
Seceesscccccseasnssesi 30,1 1,093 28.0 868 21.7 565 16.4 385
e ND ND ND ND -8.4 684 ND ND
Jeoeoesoasseosvansss ND ND ND ND 29.5 611 22.1 412
. e X P | 1,477 20.0 1,142 ND | 722 ND | 478
1 B 1 | 1,434 32.0 1,123 ND | 698 ND | 476
10ceceeococsconscans ND 903 ND 739 6.6 496 4 343
l1leeeoeosoeasoasnanes | 43.1 1,444 39.9 1,120 29.7 705 23.4 477
120ceeeescscccscnnas ND 835 ND 661 ND | 469 ND | 333
13iceeeccecaccensees | 22,1 935 11.9 785 5.7 521 -1.6 349
ldseeeeeooessanaanes ND 1,524 ND 1,186 ND 734 ND ND
15ccececoacccascases | 49,1 196 48.0 141 41.7 87 38.4 58
16eeeveenconssnnsnse | 41,1 1,092 39.9 871 28.7 570 29.4 387
17ceeeeasesesssennes 8.1 2,053 3.9 1,532 -6.3 923 | -11.6 619
18cceccececncsccaaee |l 24,1 1,334 20.9 1,028 11.6 649 6.4 442
L ND 555 10.9 488 -1.3 346 -9.5 271
Y ND ND 10.4 698 ND | 453 -9.9 332
2lececncccccsccccces | 40.1 1,315 38.9 1,046 33.6 662 26.4 448
A ND ND ND 818 ND ND ND ND
23ceecessssccnnsncas | 27,1 852 22.0 713 12.4 466 ND | 320
240 0cie0vecssanssssss | 21,5 1,392 16.6 1,167 9.2 745 2.7 553
s I ) Py 549 29.3 471 26.1 316 24.6 212
260 0cccvccvssccssees | 30.7 211 ND ND 28.3 148 25.5 104
274000 00ss0ssssssssss | 32,0 324 ND ND 28.5 212 25.5 150
ND No data.

information needed was the root- of this ‘study to derive estimates of

mean-square (RMS) value of the signal apparent earth conductivities from the

during transmit time. Since the trans- signal transmission data.

mitted signal had a duty cycle associated
with 1it, this had to be first measured
for each transmitter and used with the
FFT measurement to derive the on-time
signal level. It was then found that the
95-pct confidence interval for the signal
strength measurement was -1l.44 to 1.56
dB. From these field tests, data on
earth transmission loss can be obtained.
Implicit in these transmission 1loss
data 1is information on apparent earth
conductivity. It is then the objective

EARTH CONDUCTIVITY ESTIMATES

As an electrostatic EM signal is trans-
mitted TTE, it experiences attenuation
from two sources. The first 1is the
attenuation from geometric spreading,
which falls off as the distance cubed.
The second 1is the attenuation caused by
the conducting earth, which can be used
in TTE transmission experiments to gather
information on the earth conductivity.



The vertical magnetic signal received
on the surface from an underground trans-
mitter can be expressed as

M
H: = a7 O (2)
where H, = surface vertical magnetic

field, A/m,

M = magnetic mount, A-m?2

~
(g
[}

transmit current, A,

N = number of turns of the
transmit antenna),

d = mine depth, m,

Q = attenuation factor of the
conducting earth.

and

The functional form of Q depends upon
the conductivity model of the earth. The
value of Q would be 1 for a nonconducting
earth and, in general, decreases with in-
creases 1in earth conductivity. There-
fore, though Q can be used to determine
the value of the earth conductivity, the
appropriate model must be used. Choosing
a particular model and using the data
from the field tests, conductivity values
can be obtained, and these values, in
turn, can be studied to verify the choice
of the model. If the model appears ac-
ceptable, a statistical study of the con-
ductivity data can be done to obtain
information on expected or variations in
earth conductivity.

Wait and Spies (Z) give the functional
form of Q for a homogeneous half-space
model of the earth as

_ ™ J1(Ax) x3
Q= / (Ax/2) (x“+iH%)!/24x

exp [-(x2+1d2)1/2] Jo(Dx)dx, (3)

where H = (opow)l/zd,
o = earth conductivity, mho/m,
ug = free space permeability, H/m,
w = angular frequency, vad/s,
d = mine depth, m,
A = ratio of the loop radius to
mine depth,
and D = ratio of the offset to mine
depth.
From the field test values given in
tables 1 and 2, apparent earth con-
ductivity values were found wusing this
form of Q. These values are given in
table 3 for each mine and for each
frequency tested. Also given in this
table are Q values derived from equa-
tion 2. As discussed in the previous

section, an expected uncertainty existed

in the measurement of the signal, mag-
netic moment, and mine depth. Assuming
the simplest case of a coaxial dipole
measurement scheme (A = D = 0), an un-

certainty expression for Q can be derived
over small regions of Q where linear-
ity can be assumed. This can be written
as

2
2 (22 2 QN 2 (3Q) 2
°q (aHz> °H, +<ad> °q + 3M> % (4

2 2 2 2
o) ol od oM
=\ =(_"z < —_\ .
@) =) (&) (@) ©
From the earlier stated values of ex-
pected error in these parameters, the

resultant expected error in Q would then
be approximately %20 pct.



TABLE 3. - Q values and apparent earth conductivity values (g) as derived
from a half-space earth model, at different frequencies

Mine 630 Hz 1,050 Hz 1,950 Hz 3,030 Hz
g Q g Q g Q g Q
leeeeoeses| 0.589 0.045 0.366 0.042 0.225 0.031 0.190 0.015
2e000e0eses| 1.961 .083 1.235 .077 .831 .051 571 .045
1 .024 .186 .018 .133 .014 .077 .011 .051
beveossonne .176 418 .174 .266 .108 «227 .078 .198
S5ceccscens .210 <334 .128 .328 .092 245 .071 .196
Geceoccnne ND ND ND ND .039 .076 ND ND
Jeeeoocone ND ND ND ND .016 .687 .025 436
8eeeeovnnne .039 «552 .033 442 ND ND ND ND
1 S .110 466 .066 465 ND ND ND ND
10ceeeceee ND ND ND ND .038 209 .032 .149
lleceeoene «290 424 203 376 .216 .185 175 .133
) ND ND ND ND ND ND ND ND
13ccccccce .080 428 .124 .157 .082 .116 .067 .075
ldeeeeonns ND ND ND ND ND ND ND ND
15¢ceceeee | 9.476 .085 4.893 .103 3.143 .081 1.988 .084
16ceeccces 494 326 .271 354 .311 .149 .139 239
17ceececes .020 .381 .015 .313 014 .161 .011 .131
18cecececes | 1,171 +265 .113 <237 .096 .129 .070 .104
19¢ceeeees ND ND .069 275 .080 .095 .073 .048
20000c0ces ND ND .184 .105 ND ND .136 .022
2leccccces .633 248 352 270 .218 232 .195 150
22¢e0esces ND ND ND ND ND ND ND ND
23cccacnenn .108 .458 .107 .303 .101 .154 ND ND
28400000000 .031 567 .034 <382 .028 255 .025 .164
25¢eecccee .282 280 .196 «247 .102 «255 .049 320
26ccccccee .693 .308 ND ND 204 334 .127 344
27 cececcne .001 .074 ND ND .0 .075 .0 .075

ND No data.

The error in estimated conductivity is

related to this error in Q. However,
this relationship is nonlinear and 1is
dependent upon frequency, depth, and the

value of Q. A typical relationship, one
that will be of most interest, 1s shown
in figure 1 where the error in conductiv-
ity estimate 1is normalized to the error
in Q for a frequency of 3,030 Hz and a
mine depth of 200 m. Relationships for
other frequencies and depths are similar
to that shown in this figure. As can be

seen from figure 1, estimates of conduc-
tivity can be found with the same uncer-
tainty in Q for values of Q around 0.3.
For small values of Q, a situation that
exists for the majority of the field
data, the uncertainty in conductivity
estimation 1is less than the uncertainty
for the Q measurement (<20 pct). For
values of Q greater than 0.3, the uncer-
tainty of the conductivity estimate is
greater than the uncertainty of the Q
estimate (>20 pct).
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FIGURE 1. - Uncertainty in conductivity nor-
malized to the uncertainty in Q for a depth of

200 m and a frequency of 3,030 Hz.

STUDY OF CONDUCTIVITY DATA

The preceding section described how
apparent earth conductivity estimates
were made based on a homogeneous half-
space model of the earth. The data pro-
vide estimates for different frequencies
and for mine sites  having different
depths, Conductivity estimates obtained
for Q values greater than 0.3 must be
checked for the possibility of large
errors. Also, as discussed in the sec-
tion "Test Description and Data,” depth
estimates contained errors on the order
of 1 pct, and this error value might be
valid only in cases where the mine depth
was large enough (d > 100 m) that the

natural contour of the land between sur-
vey points would not influence the depth
estimate.

Considering these polnts, it was de-
cided to choose a subset of the conduc-
tivity estimates that were obtained at
mines exceeding a certain depth and where
the Q estimates were less than some given

value. The choice made was to consider
only those mines where d > 100 m and Q
< 0.5. It is felt that, with the choice

of these data points, the conductivity
estimate would be valid with an wupper
uncertainty of approximately *23 pct.

An observation of the data from table 3
shows that the conductivity estimate at
most mines tends to decrease with fre-
quency, which contradicts the homogeneous
half-space assumption. If all of the
mine data for which d > 100 m and Q < 0.5
are pooled and segregated by frequency,
approximate curves for the cumulative
distributions of the conductivity data
(fig. 2) also show that the conductivity
tends to decrease with frequency.

PERCENTAGE
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FIGURE 2. - Cumulative distributions of con-
ductivity estimates segregated by frequency.
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Besides the frequency dependency, the
conductivity also appears to show a de-
pendency on depth. This is 1llustrated
in table 4 where mean and standard devia-

tion values of the conductivity are given

for different depth intervals. The con-
ductivity appears to decrease with mine
depth, It can be seen from table 4 that

for a given frequency, the apparent con-
ductivity decreases by about a factor of
10 over the depth range, with slightly
smaller differences for an increase in
frequency. Also, it can be seen that in
a given depth interval, the apparent con-—
ductivity decreases by a factor of 2 with
frequency over the frequency range.

Neither the frequency nor depth depen-
dency of the conductivity values would be
expected for a homogeneous half-space
model of the earth. Geyer (8) found that
conductivity was generally higher near
the surface above a number of mines. A
high conductivity surface 1layer could
explain the trend of apparent conductiv-
ity with depth for the data reported
here, since the weighted contribution of
this layer would be proportionally higher
the closer the transmitter was to the
measurement point. However, the exist-
ence of this surface 1layer would not

explain the frequency dependence of the

conductivity data.

An alternate earth conductivity model
proposed by Durkin3 and studied by Shope
(9) proposes an earth model having a
thin, highly conducting surface 1layer
over a lower conducting layer in which
the transmit loop is buried, followed by
a higher conducting half-space. Results
by Shope (9) indicate that this model may
explain both the frequency and depth
dependency of the conductivity data, but
studies are continuing. A related model
proposed by Hill (10) consists of a
magnetic dipole source buried in an earth
consisting of a highly conducting thin
sheet 1located over a homogeneous half-
space. This model is interesting because
it 1is simple, shows the conductivity
depth dependency, and when the upper con-
ductivity layer 1is considered extremely

thin, demonstrates the general trend in
the frequency dependency found in the
conductivity data.

3Purther information on this model is
available wupon request from J. Durkin,
Pittsburgh Res, Cent.,, BuMines, Pitts-

burgh, PA,

TABLE 4. - Mean and standard deviation of conductivity values (in mho
per meter) for each frequency within different depth intervals for

estimates having Q < 0.5

100-150 m 151-200 m 201-300 m Over 300 m
Freq, Hz | Mean std Mean std Mean std Mean std
dev dev dev dev
630ccc0ees | 0.238| 0.201 | 0.125| 0.064 ND ND | 0.022 | 0.003
1,050cee.. .168 117 .123 047 0.034 ND .017 .002
1,950¢ 000, .131 .063 .074 .025 .033 | 0.008 .014 .001
3,03000000 .091 070 .076 .038 025 ND .011 ND
All freq.. .161 .132 094 044 .032 .005 .016 .005

ND No data.



In the next section, following the work
by Hill (10), a homogeneous conducting
earth model containing a thin sheet is
studied for its influence on apparent
conductivity estimates for transmission
with a finite loop transmitting antenna.

THIN CONDUCTING SHEET EARTH MODEL

Figure 3 shows a vertical magnetic loop
buried in a homogeneous earth containing
a thin conducting sheet at the surface.
The homogeneous earth has a conductivity
op> and free space permeability pu, is
assumed everywhere. The thin conducting
sheet has a small thickness d and a
conductivity-thickness product od. The

propagation constant-distance product
z
A
€ov Mo
c=0 ° P(Po,h)
d
z=0 { >p
o
Oy € Ho
ho
I
< 2 .

FIGURE 3. - Geometry for afinite magnetic loop
of current buried in a conducting half-space earth
containing a highly conducting thin sheet at the
surface. (Symbols are identified in the text and

in appendix B.)
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(yd) of this thin sheet is assumed small.

Displacement currents are neglected
everywhere. This model is similar to the
metal-cased borehole problem studied by
Wait (ll).

In the half-space, z < 0, the magnetic
vector potential F satisfies the Helm-
holtz equation everywhere except at the
source, and is given by

(V2 + y2)F =0, (6)
where y; = (L 0 1 01)1/2.
For =z > 0, F satisfies Laplace's
equation,
V2F, = 0. (7

In the half-space, the EM fields can be
derived from F by

1 32F
= 1 .
oF
Ejp = 3Bl H ¢))
H,, = —O 192 ¢ 10
1z 1 iwu 822 1 » ( )

where E 1is the elective field and H is
the magnetic field.

For the region z > 0, the EM fields are
derived from F by

_ 1 3%,
HOp = iwuo apaz ’ (11)
oF
Eop = 350 3 (12)
L_ 2%, (13)
0z = Jupg 39,2 °
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The specific expressions for F; and F; are given by Wait (3) as

(14)

ipgWa?l f“ Ji1(a) A

FO = 2 0 Aa kl

T exp (“kyhgko2) 5 (5 054y

and

ipgwa?l > J;(ra) A
F| = Uoga IO liaa)'ii . [exp—(kl(z+h0))+R(A)exp—(k1(z-ho)) JO(Ap)dA] ,» (15)

where the wave number (k) = (A2 + y2)1/2,
and R(A) and T()\), the reflection and transmission terms, are unknown.

The boundary conditions are such that the tangential electric fields are continu-
ous, and from Ampere's law, the tangential magnetic field is discontinuous by the
amount of the longitudinal current per unit length carried by the thin sheet. Also,
recalling that yd is very small, it can be assumed that

(E1¢ - Eo¢)| z=0 =0 (16)
and
(Hop = Hyp) | z=0 = 0dEqq | z=0 - (17)

Using these boundary conditions and equations 14 and 15, it follows that

k) — kg = 1odugu
ko + kl + ioduow ’

R())

2k, '
T(A) = ko + kl + cdiuow . (18)

From equation 13 and noting that ko = A, the vertical magnetic field above the earth
is given by

o Jl(Aa) A3e-(klh0 + A2)

0 xa k] ¥+ A + 1wpgod Jo(rp)da - (19)

Hy, = a?1 j

It 1is convenient to write H;, 1in the following form with x = )h,, where h; 1is the
depth of the buried loop:

Hy, = 5o (20)

z ZHhS Q ’

where

w 3
Q= / giiﬁgg TG T IDTT S | P (720 exp {-(x? + 1H2)1/2} Jo(Dx)dx, (21)



where H = (wuool)l/z hy,
D = py/hg,
Z =z/hy, A = a/hy,
and S = od(muo/ol)lfz.

Q 1is dimensionless and approaches zero

as H, A, D, and Z approach zero, and
it can be considered a correction factor
to the field of a static magnetic
dipole. For S equal to zero (od = 0),
Q reduces to a homogeneous half-space
equation.

In general, the integral in equation 21
must be evaluated numerically, The case
of an observer at the surface (Z = 0)
directly above the source (D = 0), with
an underground dipole source (A = 0), is
of particular interest, By setting the
products od and o;, Q(H,S) values can be
found for the field data. Further, by
setting

la(H,s)| = |Q(H,,0)], (22)
where Q(H,,0) represents the homogene-
ous half-space factor, the corresponding

H, wvalue can be found and the apparent

13

The choice of the od product 1is not
entirely arbitrary. It must be realistic
and still maintain the assumption made in
the formulation of the thin sheet model.
The assumption stated earlier is that yd
is small to avoid the exponential attenu-
ation factor of the signal as it tra-
verses the thin layer. If this product
is set equal to yd = 0.1, then it places
a constraint on the product od.

Typically in the literature, conductiv-
ity measurements on earth material rarely
exceed 1 mho/m. If this value is con-
sidered an upper bound and the highest
frequency of interest is 3,030 Hz, then
it follows that |y|pax = 0.155/m and d
= 0.647 m and ¢ = 0.647 mho.

Computer results using this od product
with various values of o showed a
decrease in apparent conductivity with
depth but an increase in conductivity for
an 1increase 1in frequency at a given
depth,

A different choice of od having a value
of 20 with ¢; = 1077 mho does show the
trend of conductivity with depth and fre-
quency as reflected in the field data.
These results are shown 1in table 5. A

half-space conductivity can be found <comparison of the conductivity and Q val-
from ues of table 5 with those shown in tables
3 and 4 shows that the thin sheet model
G = Hg / (wuoh%). (23) does predict the qualitative behavior of
the experimental values, but does not
These conductivity values can then be predict the magnitude of decrease 1in
compared with those found from the field apparent conductivity with depth. Also,
data shown in table 3 in order to check it should be noted that the choice of od
the appropriateness of the thin sheet = 20 may not be realistic and may need
model. further study.
TABLE 5. - Conductivity (o) and Q values for different depths
and frequencies for the thin sheet model of the earth with
od = 20 and ¢; = 1077 mho
Freq, Hz 125 m 175 m 250 m 400 m
g Q g Q g Q g Q
630c0eeees | 0.167 0.397 { 0.114 | 0.306 | 0.074 | 0.226 | 0.040 | 0.147
1,050¢0 0000 .154 «265 .100 .197 .063 .141 .032 .089
1,9500 0. .129 .151 .081 .110 .048 .077 .024 .049
3,0300.... .108 .099 .066 .072 .039 .050 .018 .031
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REGRESSION MODEL

Since the apparent conductivity shows a
depth and frequency dependency, it may be
possible to obtain a 1linear model that
would be acceptable for making statements
of expected values of apparent conductiv-
ity for a given frequency and mine depth.
Such an approach was taken through two
parameter regression studies.

Several linear regression models were
considered. The model found to best fit
the behavior of the data is one in which
the log of the apparent conductivity is
linearly related to frequency and depth.
This is shown by

log(o) = o + B;(depth)

+ B,(freq) + €. (24)
The parameters o, B}, and By are numbers
that are estimated from the data. The
parameter ¢ represents a random variable
that 1is normally distributed, with ex-
pected value of zero and uniform variance
across the independent variables. Re-
gression results for this model are shown
in table 6. Data from mine 1 were de-
leted because they appeared as a large
outlier to the rest of the data. Also,
because of the expected uncertainty of
the conductivity estimates, all data for
Q > 0.5 or d < 100 m were excluded.

TABLE 6. - Regression results for log(o)
versus mine depth (in meters) and
transmit frequency (in hertz)

Number observede.eescssecccccces 42
Interceptecsccscscssceessccsesess —0,45818
Depth SlOpPE€essecsessssscceeceeces =—0.00276
Frequency 8lop€esecscesosssessesss =—0,00012
Correlation coefficienteseeeess 0.88
Estimated standard erroreesecse 0.1794

Comparing the two slopes of table 6, it
can be seen that the expected conductiv-
ity value appears to be more sensitive to
the depth parameter. This is consistent
with the results of table 4, as previ-
ously discussed. However, for small

depths and high frequencies this would
not be the case.
Earth conductivity estimates are often

used for estimating the transmission loss
an EM signal incurs as it is transmitted
TTE. As such, earth conductivity esti-
mates can be used with an earth model for
making predictions of transmitted signal
strengths. For small depths, the signal
loss will be small and exact knowledge of
the earth conductivity value would not be
as 1important as it is at 1larger depths.
Afrer reviewing the results of table 6,
it can be argued that possibly the
conductivity frequency dependency can
be ignored and the depth parameter can
be wused as the sole predictor of
conductivity.

A single parameter regression model was
formed relating the log of conductivity
to mine depth, and the results are shown
in table 7. This model was formed with-
out the data from mines 1 and 3 and the
single data point from mine 7 because
they appeared as large outliers to the
balance of the data. Also, as before,
all data for which Q > 0.5 and d < 100 m
were excluded. The regression 1line for

this model is shown in figure 4 along
with a 95-pct confidence interval (CI).
As can be seen from figure 4, a predic-

tion of apparent earth conductivity can
be obtained from a depth measurement with
an uncertainty of around *20 pct.

TABLE 7. - Regression results for log(o)
versus mine depth (in meters)

Number observed:csccesscceccssss 37
Estimated intercepteiccecessecees =—0.45131
Estimated slop€esceccccecssnssss —0.00393
Correlation coefficienteeceecees 0.87
Estimated standard erroreeeeecs. 0.1655
Standard deviation depth.seesse 74,27

The regression analysis assumes nor-

mally distributed residuals with a homo-
geneous variance across the independent
variable. These assumptions were checked
and found to be adequately met.
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FIGURE 4. - Regression line and 95-pct confi-

dence interval for log(e) versus depth.

Also, an F-test was performed to see
whether or not the linear model is appro-

priate. In general form,
Hy : Y=0a +Bx +¢ (25)
is tested against
H : Y# a+ Bx + e, (26)
The F-test statistic for this re-

gression analysis was found to be F
= 112, Comparing this with the critical
value Fgs 1 0,050+, Hy cannot be re-
jected and the linear model <can be
accepted.

From this study, it can be concluded
that depth can be a good predictor of
conductivity. However, since the objec-
tive of this study is to be able to pre-
dict the expected signal 1loss for TTE
communications, the related uncertainty
of expected received signal strength from
an underground transmitter for this earth
conductivity regression model must be
determined.
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Using the linear regression model of
table 7, surface field strength calcula-
tions were made for an underground trans-
mitter loop at different depths, having a
transmit magnetic moment of 1 A-m?., Cal-
culations were made wusing the expected
conductivity value for a given depth and
for the conductivity values forming the
95-pct CI. The results are shown in fig-
ure 5 for each of the four frequencies.

The CI of figure 5 can be interpreted
as a band within which one can expect to
find, with 95-pct confidence, the mean
value of surface signal strength for a
number of tests having an underground
transmitter with a magnetic moment of
1 A-m2, It can be seen from figure 5
that the CI increases with frequency and
depth; the uncertainty of expected field
strength at the largest depths are on the
order of 3 dB. It should also be
pointed out that the results of figure 5
are in good agreement with surface signal
regression analysis by Lagace (12) where
TTE transmission data were studied from a
larger data base.

0 T 1
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o
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|
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[®]

@
e)

SURFACE FIELD (H,), dB relpA/m

95-pct confidence ~

-60— interval 950 -
- Hz— ]
S~~~
. =
~ »030 Hez
-0 I 1 \l\ —
100 150 200 250 300

FIGURE 5. - Surface vertical magnetic field ver-
sus depth by frequency for an underground trans-
mitter with a magnetic moment of 1 A/m.
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SUMMARY

Field data from a number of narrow-band
EM TTE communication tests were studied,
and apparent earth conductivity estimates
were made based on a homogeneous half-
space earth model. The derived conduc-
tivity estimates were found to decrease

with the transmitted frequency and mine
depth. This result is not consistent
with the assumption of a homogeneous

half-space earth.

A different earth model was studied
that contained a thin sheet of high con-

ductivity din a lower conductivity homo-
geneous earth, Results of studies of
this model show that it can predict the

qualitative behavior of the conductivity

estimates with frequency and depth, but
falls short of predicting the quantita-
tive results.

Linear regression analysis was per-
formed, and it was found that the appar-
ent earth conductivity could be estimated
from a linear combination of the trans-
mitted frequency and mine depth. Further
regression studies demonstrated that an
adequate predictor of the apparent earth
conductivity could be the mine depth
alone. The major value of this work is
that an adequate statistical model of the
apparent earth conductivity has been
found, which can be used in future stud-
ies of TTE communications,
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APPENDIX A.--NAMES AND LOCATIONS OF MINES VISITED DURING FIELD TESTS

Mine Depth, ft

1 470
190

3 1,550
4 381
5 400
6 915
7 430
8 658
9 420
10 650
11 289
12 540
13 560
14 650
15 70
16 260
17 1,200
18 500
19 600
20 500
21 260
22 1,200
23 460
24 720
25 282
26 220
27 150

Name and location

Youghiogheny and Ohio Coal, Allison; Beallsville, Belmont County,
OH.

Peabody Coal Co., Alston No. 4; Centertown, Ohio County, KY.

Jim Walter Resources, Blue Creek No. 3; Adger, Jefferson County,
AL.

Cal Glo, No. 21; Siler, Knox County, KY.

Eastover Mining Co., Highsplint No. 4; Highsplint, Harlan County,
KY.

U.S. Steel, Gary No. 2; Wilcoe, McDowell County, WV.

U.S. Steel, Gary No. 9; Filbert, McDowell County, WV,

Gateway Coal Co., Gateway Mine; Clarksville, Greene County, PA.
Allied Chemical Corp., Harewood; Boomer, Fayette County, WV.

Alabama By-Products Corp., Mary Lee No. 1l; Goodsprings, Walker
County, AL.

Monterey Coal Co., Monterey No. 1; Carlinville, Macoupin County,
IL.

Youghiogheny and Ohio Coal, Nelm's No. 2; Hopedale, Harrison
County, OH.

Consolidation Coal, Oak Park No. 7; Cadiz, Harrison County, OH.
0ld Ben Coal Co., 0ld Ben No. 26; Sesser, Franklin County, IL.
Owl Creek Corp., Sue-Jan; St. Charles, Hopkins County, KY.

Peter Cave, Mine No. 1; Lovely, Martin County, KY.

Plateau Mining Co., Star Point No. 2; Wattis, Carbon County, UT.
Pontika, No. l; Lovely, Martin County, KY.

North American Coal, Powhatan No. 1; Powhatan Point, Belmont
County, OH.

North American Coal, Powhatan No. 3; Powhatan Point, Belmont
County, OH.

Peabody Coal Co., Sinclair No. 2; Drakesboro, Butler County, KY.
Kaiser Steel, Sunnyside No. 1; Sunnyside, Carbon County, UT.

Zeigler Coal Co., Mine No. 4; Johnston City, Williamson County,
IL.

Helen Mining Co., Helen Mine; Homer City, Indiana County, PA.
Bureau of Mines, Lake Lynn; Fairchance, Fayetté County, PA,
J-4 Cave; University Park, Centre County, PA.

Woodward Cave; University Park, Centre County, PA.
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APPENDIX B.--ABBREVIATIONS AND SYMBOLS USED IN THIS REPORT

NOTE.--This list does not include the wunit of measure abbreviations listed at the
front of this report.

a loop radius k wave number
A ratio of radius of underground M magnetic moment

antenna to mine depth

Q attenuation factor of conducting

CL confidence interval earth
d mine depth R reflection coefficient
D ratio of distance between ver- RMS root-mean-square

tical axis of underground

antenna and observation point T transmission coefficient

to mine depth
TTE through the earth

E electric field
z field measurement point
EM electromagnetic
Z ratio of distance of field measure-
F vector potential ment point above earth to mine
depth
FFT fast Fourier transform
Y propagation constant
H magnetic field
A integration constant
hg depth of buried loop
Ug free space permeability
H, surface vertical magnetic
signal o} earth conductivity
I current w angular frequency
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