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COAL MINE HAZARD DETECTION USING IN-SEAM 
GROUND-PENETRATING-RADAR TRANSILLUMINATION 

By Maureen M. FOSSl and Richard J. Leckenby2 

ABSTRACT 

Underground coal mining is hazardous due to changing geological condi
tions. One geophysical method showing promise for in-seam hazard detec
tion is ground-penetrating radar (GPR). The Bureau of Mines recently 
completed preliminary studies to demonstrate the feasibility of using 
GPR for in-seam hazard detection. Investigations included air and coal 
tests for the purpose of checking equipment accuracy, coal penetration, 
and other factors such as the effects of receiver orientation. Further 
investigations involved using both a short pulse and a new prototype 
synthetic-pulse system to locate a clay vein in a coal seam using trans
illumination. Data were gathered on multiple travel paths, and a back 
projection processing technique was then used to create a tomographic 
image using the calculated velocities. A computer model of the same 
coal seam was subsequently processed using the same tomographic tech
nique, and the results were compared with those of the actual data. 
Analysis of the tomographic images shows the presence of the clay vein, 
although its boundaries are unclear due to the tomography method used. 
Results of these preliminary studies show that GPR is feasible for use 
in in-seam hazard detection and point the direction that future research 
should take. A need has been shown for research involving more sophis
ticated tomography techniques, transmission studies on thicker coal 
seams, and reflection studies using the synthetic-pulse system. 

lGeophysical engineer. 
2phys i c ist (now with Martin Marietta Corp. , Denver, CO). 

Denver Research Center, Bureau of Mines, Denver CO. 



INTRODUCTION 

Underground coal mining is a hazardous 
occupation. One reason it is so hazard
ous is the occurrence of unknown and uno , 
expected changes in geological con
ditions " These geological conditions 
include clay veins, faults, sand chan
nels , well casings. and gas or air poc
kets. The hazards they present include 
poor roof conditions, methane and water 
traps, and sparking sources. It is clear 
that advance knowledge of these hazards 
within the seam could save lives and im
prove efficiency. A number of geo
physical methods have been tested and are 
now being used for in-seam hazard detec
tion. One method showing great promise 
for near- face exploration is g-round
penetrating radar, CPR (1J). 3 

The Bureau of Mines has completed the 
preliminary groundwork necessary to de
termin~ the feasibility of using CPR for 
coal mine hazard detection. From tests 
the Bureau had conducted in 1970 (1) to 
the present, technology has slowly and 
steadily advanced. Recent testing was 
completed at the Denver Research Center, 
the Deseret Mine near Price, UT, and the 
Coal Research Mine in Bruceton, PA. The 
Bureau also recently completed a cost
sharing contract with XADAR Corp. (L-~) 
for the development of a new prototype 
radar system known as synthetic pulse 
radar. Preliminary transillumination 
testing performed by XADAR showed the 
system easily penetrating 170 ft of coal, 
with indications that at least 300-ft 
penetration is possible (L). 

This increase in penetration makes 
transillumination and imaging techniques 
such as tomography feasible and practical 
for use in a coal seam. Figure 1 demon
strates a model of a transillumination 
configuration. For in-seam transillumi- · 
nation, the transmitter and receivers 
would be on opposite sides of a coal 
panel or pillar. USing multiple travel 
paths, the size, type, and location of an 
anomaly can be determined. 

3Underlined numbers in parentheses re
fer to items in the list of references 
preceding the appendix at the end of this 
report. 

Prior to testing the radar equipment, 
previous work of this general type was 
investigated. Several Bureau of Mines 
research centers have been working on 
related research in recent years. At the 
Denver Research Center, investigations 
have been made involving an overview of 
several electromagnetic geophysical meth
ods (lQ.--ll) , and pulse radar has been 
used to detect sulfides and fractures in 
an abandoned mine. At the Tuscaloosa 
Research Center, ground-penetrating radar 
has been used successfully for a study of 
mine roof control, and other investiga" 
tions of near-face hazard detection have 
also been completed (1, ll). A similar 
application was tested at the National 
Bureau of Standards for the Bureau of 
Mines. In this research, microwave mea
surements were used to determine coal 
layer thickness on samples between 10 and 
40 em thick (i). The Pittsburgh Research 
Center is currently developing a program 
in geotomographic hazard detection. 
Anomalies have been detected and imaged 
by -t:-ram,mi-t"tin-g e1e-ctromagnet ic steady
state carrier waves through coal. 

Lawrence Livermore Laboratory (LLL) in
vestigators have been involved in the 
research and development of electromag
netic cross-borehole probing or transil
lumination techniques. They have devised 
methods for looking at two types of anom
alies within the host medium (~, ll). 
The first is a tomographic method for 
detecting and locating low-contrasting 
anomalies. "Low contrasting" as used in 
this context implies electrical proper
ties similar to those of the host rock. 
The second method is for the detection of 
high-contrast zones, such as a void with
in the host rock, using a shadowing tech
nique (2). Also, both seismic and elec
tromagnetic cross-borehole probing have 
been used successfully to detect regular· · 
ly shaped cavities with competent sur
rounding rock (l). Both methods are well 
documented, and only details, when 
needed, will be discussed. 

The L1L transillumination methodology 
has been developed specifically for 
cross-borehole configurations, and direct 
transfer of that methodology to in-seam 
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Transmitter locations 

Receiver locations 
FIGURE 1.-Model transillumination configuration. 

methods is not possible. This is due to 
a number of differing parameters between 
the borehole methods and the in-seam ra
dar methods. Some of the major differ
ences that may affect direct transfer of 
the technology are antennas, geometries, 
media, and coupling. It is instructive 
to examine general differences in parame
ters and to discuss the possible effects 
these differences may have on the direct 
transfer of the previous technology. 
Antennas: 

Borehole.--The LLL borehole probes used 
dipole antennas. 

In-seam.--In-seam r a dar methods now em
ploy bow tie antennas to increase the 
capture area. 

Concerns.--The major concern is the 
difference in radiation patterns. For 
amplitude tomography, it is necessary to 

correct the amplitude data for spreading 
loss from the antenna. For the dipole, a 
Ilr (r = radius) relationship is used, 
but it has yet to be determined if that 
relationship can be accurately used for 
bow tie antennas within a coal seam. 
Geometries: 

Borehole.--Both antennas are usually 
vertically polarized and are moved in a 
plane parallel to the polarization. 

In-seam.--Antennas can be placed in any 
polarization orientation; for maximum 
penetration, polarization normal to the 
bedding is preferred. Movement of the 
antennas will usually be in a plane nor
mal to the polarization~ 

Concerns.--The correction 
patterns will differ from 

for radiation 
that used in 

Also, the the borehole configuration. 
manual placement of antennas on the coal 
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rib or face for 
does not assure 
orientation and 
errors. 
Media: 

the in-seam method 
constant polarization 

thus may introduce 

Borehole.--Previous work has assumed 
homogeneous isotropic media. 

In-seam.--Coal is an anistropic medium 
usually bounded by layers more conductive 
than the coal. 

Concerns.--In coal, antenna orientation 
will affect the amplitude measurements. 

Coupling Note that the coal-bound
ing layers may influence amplitude 
measurements: 

Borehole.--The antenna and borehole 
wall separation is fairly uniform; there
fore, coupling between the antenna and 
the medium is assumed a constant. 

In-seam.--The rib or face texture in a 
coal seam is unlikely to be uniform; 

therefore, the distance between the 
antenna and the medium will vary. 

Concern.--Coupling between the antenna 
and the medium will vary and thus affect 
the accuracy of the data. 

Based on these concerns, three major 
research objectives were laid out for the 
development of practical and reliable 
in-seam transillumination methods; as 
follows: 

1. To evaluate the probable accuracy 
of amplitude and time data taken in-seam 
using present instrumentation and mea
suring procedures. 

2. To determine the detectability of 
hazards as a function of measurement 
accuracy and relative size using a trans
illumintion method. 

3. To develop and test transillumina
tion techniques for detecting and mapping 
in-seam mining hazards. 
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EVALUATION OF FROBAB'6-E- AGGY-RACY 

For some transillumination methods, 
detectability is directly related to the 
accuracy one can achieve by measuring 
amplitude and/or time data. For any in
seam method to be useful for hazard de
tection, it must be practical as well as 
sufficiently accurate. Measurement ac
curacy may be significantly affected by 
conditions such as instrumentation accu
racy, physical characteristics of the 
coal seam, and the measurement proce
dures. It will be assumed that instru
mentation and measurement procedures, if 
inadequate, can or will be evolved to 
the point where they meet the needed 
criteria. The physical characteristics 
of the seam, rib, or face are 
more difficult, if not impossible, 
to change, and alteration of these 
characteristics would normally be 
impractical. 

Tests were conducted first to determine 
the accuracy of the instrumentation and 
then to determine the effects the physi
cal parameters of the seam, face, or rib 
may have on the measurements. For each 

test, standard measurement procedures 
that were considered adequate and practi
cal were used Cli). The tests are broken 
down into two categories: air tests and 
coal tests. The test results are pre
sented below. 

AIR TESTS 

The tests were conducted in air to pro
vide data about the instrumentation 
and its accuracies. The instrumentation, 
which is described in more detail in 
the appendix, was a short-pulse radar 
unit using "off the shelf" laboratory 
equipment and notched bow tie antennas. 

The tests were conducted in an open, 
flat field, making certain that no return 
signal from possible reflectors could be 
detected in the time window used for 
recording the waveforms. The antennas 
were placed on easels as shown in figure 
2. The easels were 1 m high, causing 
the center of the I-m antennas to be 
1.5 m ahove the ground when they we r e 
vertically polarized and 1.25 m above the 



FIGURE 2.-Antennas and easels used for the air tests. Anten
nas are shown in a horizontal position. 

ground when they were in a horizontal 
polarization configuration. 

A test grid (fig. 3) was laid out using 
measuring tapes and spray paint. The as
sumed accuracy of the measurements was 
considered to be within ±0.1 m. For the 
air tests described here, the transmitter 
antenna was placed vertically polarized 
at the location mark. For each measure
ment, 16 short-pulse waveforms were digi
tized, averaged, and recorded on magnetic 
tape. Each waveform consisted of 1,024 
points or elements with a sample interval 
of 0.195 ns per element. 

The four tests to be described are 
(1) normal moveout, (2) parallel moveout, 
(3) circular test at a 16-m radius, and 
(4) receiver rotational test. 

Air Test 1: Normal Moveout 

This test layout is shown as test 1 in 
figure 3. The antennas faced each other, 
and both were vertically polarized. The 
receiver was moved in 2-m increments from 
4 to 26 m. Figure 4 shows a variable 
wiggle plot of the recorded waveforms. 

The first peak or trough after the first 
break was chosen as a reference from 
which the time and amplitude data were 
picked. This peak waS chosen due to its 
ease of detection and due to the fact 
that it would be the least likely point 

5 

Transmitter 
o 

5 

E 
Test ~--~~--~~--~~--~----~IOw 

DISTANCE, m +40 0 

u 
z 
<! 

15 tn 
0 0 0 

20 

25 
Test I 

FIGURE 3.-Air test grid. In test 1 the receiver is moved along 
the vertical axis; In test 2, along the horizontal axis; and In test 
3, along the semicircle. 

along the waveform to be superimposed 
with later arriving signals. 

Table 1 shows the time and amplitude of 
the first peak. The time is given in 
elements or sample number. Actual time 
can be computed by the relationship 

time element number x sample interval. 

The time data and best fitted curve of 
those data are plotted in figure 5. The 
data curve is linear and is described by 
the equation 

y 110.850 + 16.643 x, 

where y time in elements, 

and x = distance in m. 

The correlation between the fit and data 
is equal to 1.000. The y intercept can 
be thought of as a system time delay. 
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FIGURE 4.-Computer plot of recorded waves from air test 1. The location units in meters indicate the distance from the transmit· 
tlng antenna to the receiving antenna. 

TABLE 1. - Air test 1: Normal moveout in air 

Dis- Time .. element 1 Amplitude , mV Dis- Time, element1 Amplitude , mV 
tance, Measured Fitted2 Measured Fitted3 tance, Measured Fit ted2 Measured Fi t ted3 

m m 
4.0 177 177 161.8 168 . 1 16. 0 377 377 28.12 28.16 
6.0 210 211. 94 . 55 99.70 18.0 412 410 25 . 14 24 . 19 
8 . 0 245 244 66 .8 3 68 . 81 20.0 444 444 18 . 09 21.12 

10 . 0 275 277 52 . 20 51 . 42 22 . 0 480 477 18 . 72 18 . 68 
12 . 0 311 311 41.90 40.80 24 . 0 509 510 16.36 16 . 70 
14 . 0 345 344 34 . 66 33 . 45 26 . 0 541 544 13 . 62 15 . 06 

11 element = 0 . 195 ns. 2y = 110 . 850 + 16 . 643 x. 

The inverse slope and time interval yield 
a veloci~y of 3 . 08 x 108 m/s, a 2 . 7% 
error on the eRpected velocity in air of 
c=3.00 x 108 m/s. The error was computed 
by 

errcr = (v-c)/c x 100% 

where v = computed velocity in m/s 

and c = veloclty of llght In m/s . 
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FIGURE 5.-Air test 1, measured time versus distance and best 
fiHed curve. Time In elements = 110.850 + 16.643 x distance 
in m. One system time element equals 0.195 ns. 

The s t a nda r d e rror of estimate, 
o f y on x was computed using the 
equa tion fo r smal l sample size : 

( 
r0'- Ye,st)2 \ 112 

n - L. ) 
" / 

where Y measl . .r ed value : 

Sy ·x, 
gene ra l 

YeST value computed fro m the 
cu ",: ve, 

and n ~ n~mbe( of samples 

Fo r the time da t a the st c ndard error of 
es t ima t e is equal to 1 . 73 elements . 

The amplitude data a nd the best fitted 
cu r ve descr ibing the data are shown in 
fig ure 6 . The e qua t io n f o~ the fit is 

y - 1 . 004 x-I 289 

where Y ampli t ude i n V 

Enel ; ~ = dis tan ce in m 

The cor r elation 
fitted power curve 
t o 0 . 99 7 , a nd the 
5 88% 

coefficient fo r the 
a nd the data is equal 
standacd devia tion is 

., 

200 

160 

> 
E 
w- 120 
0 
:::) 

I:: 
-l 
a.. 80 ::E 
::r 

40 

0 
4 8 12 16 20 24 28 

DISTANCE, m 

FIGURE 6.-Alr test 1, measured amplitude data and best fit
ted curve. Amplitude in mV = 1,004 x distance in m·· ( - 1.378). 

Ai r Test 2 : Parallel Moveou t 

This tes t layou t is shown as te s t 2 in 
f i gu r e 3. The r eceive r antenna was moved 
par allel to the plan e of the t ransmitt ing 
bow t i e antenna in I -m s teps . This c on
figura tion i s the on e most likely to 
simulate an actual transillumination sur
vey . The amplitude and t i me data, and 
the best fitted data , based on the first 
peak , are given in table 2. Figure 7 
shows the plotted t i me data and the best 
fitted curve . Th e correlation f ac tor fo r 
the curve is 1 .00 , and the equation for 
the fitted linear curve 1S 

y = 84 . 707 + 17.167 x 

where y time in elements 

and x = di~tance in ffi , 

The inverse slope and the sample interval 
of 0 0195 ns per eLement yield a velocity 
of 2 . 98 x 108 mis, which is within 0.67% 
error of the assumed velocity of 3.00 
x 108 m/s . Further analysis of the data 
yields a standard deviation of 0.256% and 
a standard error of estimate of y on 
; ~ e qual to 1 , 45 elements. 
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FIGURE7.-Alr test 2, measured time versus distance and best 
fltled curve. ' Time in elements = 84.707 + 17.167 x distance 
In m. One system time element equals 0.195 ns. 

TABLE 2. - Air test 2: 

Test 2 amplitude data are plotted with 
the best fitted power curve in figure 8. 
The equation for the fit was determined 
to be 

y = 0.994 x-l • 378 

where y ampli tude in V 

and x = distance in m. 

Correlation of the data to fit was com
puted as 0.978 with a standard deviation 
equal to 3.643% 

Air Test 3: Circular Test 

This test is shown as test 3 in figure 
3. In this test we moved the receiver in 
a circle around the transmitting antenna. 
The face of the receiving antenna was 
kept tangential to the circle, and the 
transmitting antenna was kept stationary. 
The radius of the circle was 16 m. The 
data for the test are presented in ta
ble 3. The average time is 370 ele
ments with a standard deviation of 1.96 

Parallel moveou-t test 

Station Distance, Time, element l Amplitude mV 
m Measured 

0.0 10.00 254 
1.0 10.05 256 
2.0 10.20 259 
3.0 10.44 264 
4.0 10.77 268 
5.0 11.18 276 
6.0 11.66 286 
7.0 12.21 294 
8.0 12.81 305 
9.0 13.45 318 

10.0 14.14 328 
11.0 14.89 341 
12.0 15.62 355 
13.0 16.40 367 
14.0 17.21 381 
15.0 18.03 396 
16.0 18.87 407 
17.0 19.72 423 
18.0 20.59 436 
19.0 21.47 452 

11 element = 0.195 ns. 
2y 84.707 + 17.167 x. 
3y = 0.994 x- 1• 378 • 

Fitted2 Measured Fi tted3 
256 44.80 41.63 
257 45.51 41.34 
260 39.08 40.52 
264 42.23 39.23 
270 37.03 37.58 
275 33.70 35.97 
285 30.29 33.68 
294 29.52 31.63 
304 26.46 29.60 
316 27.64 27.65 
327 24.28 25.82 
340 27.17 24.10 
353 22.76 22.52 
366 23.51 21.05 
380 20.89 19.71 
394 19.00 18.48 
409 17.70 17.36 
423 14.38 16.33 
438 14.92 15.39 
453 15.10 14.52 



49 

44 

• 
39 

> 
E 

W 34 • 
0 
::J 

t::: • ---1 
(L 29 • 
2 
« • • 

24 ~ • 
• 

19 

• • 
14 

10 12 14 16 18 20 22 

DISTANCE, m 

FIGURE 8.-Air test 2, measured amplitude data and best fit
ted curve. Amplitude in mV = 994 x distance in m·· (- 1.378). 

elements. No correction for time delays 
has been applied to the data, resulting 
in a difference between measured time 
versus actual expected time for a travel 
path of 16 m in air. The average ampli
tude value is 2.623 x 10-2 V with a stan
dard deivation of 0.2171 x 10-2 V. 

Air Test 4: Receiver Rotation 

During this test the receiver was 
placed at the 16-m mark parallel to the 
transmitter. We then rotated the receiv

er from a vertical to a horizontal polar· 
ization in 10° increments. The angle was 
measured using a protractor and a pend
ulum mounted on the antenna. Table 4 
shows the amplitude variations. 

The results of the air tests were as 
expected, except for the 2.7% velocity 
error in the first test. We speculate 
that this error may be due to drifting of 
the trigger level within the instrumenta
tion. In practice, an instrument accu
racy of 1% should be achievable. 

TABLE 3. - Air test 3: Circular 
air test 

Station, deg Time, Amplitude, 
element1 

0.0 366 28.27 
10.0 370 26.69 
20.0 370 26.43 
30.0 369 27.24 
40.0 371 25.23 
50.0 371 24.77 
60.0 372 24.79 
70.0 372 23.07 
80.0 371 24.32 
90.0 373 22.22 

100.0 373 24.78 
110.0 370 24.13 
120.0 369 26.10 
130.0 367 27.62 
140.0 371 26.52 
150.0 370 29.13 
160.0 370 30.63 
170.0 372 28.29 
180.0 367 28.21 

11 element = 0.195 ns. 

TABLE 4. - Air test 4: Antenna 
rotational test 

Station, deg Time, Amplitude, 
element1 

0.0 285 59.93 
10.0 285 57.57 
20.0 285 57.62 
30.0 285 58.33 
40.0 285 53.34 
50.0 285 45.95 
60.0 284 37.39 
70.0 285 25.52 
80.0 286 12.71 
90.0 284 4.15 

11 element = 0.195 fiS. 

9 

mV 

mV 

For air tests 1 and 2, a llr rela
tionship would be expected if the anten
nas were in homogeneous air. However, 
ground and field effects may alter the 
expected values. Air test 3 helps to 
demonstrate the unsymmetrical radiation 
patterns from a bow tie antenna. This 
finding must be considered for trans
illumination techniques requiring spread
ing corrections. 
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COAL TESTS 

The same short-pu l s e instrument ation 
tested in air was then taken to a coal 
mine in an attempt to disce r n the effect s 
the physical cons t an t s of t he mi ne an d 
coal seam would h ave on dete r mining accu
rate amplitude a nd velocity measurements . 
Utah Power a nd Light cooperated wi th 
t hese t ests by providing a test coal pil
lar at the Deseret Mine near Price , UT e 

The e xperiments were conducted using a 
square coal pillar appr ox imately 25 m on 
a s i de . Due to the high attenuation fac
tor of the coal, penetration a cross the 
pi l lar was not possible wi thout adding a 
previously untested amplifier to the in
strumentat ion . Consequen tly, two adja
cent sides of t he pillar were used fo r 
the experiments . A plan view of the test 
configuration is shown i n figure 9 . As 
in the air tests , the distance measure
ments were made using a measuring tape , 
and locations were marked using spray 
paint . 

The three experiment s uSed t c evaluate 
the determina tion of expected accu r acy in 
measurements are (1) receiver antenna 
~otation, ( 2) pa rallel moveou t f r om 5 to 
25 m, and (3) parallel moveout from 25 to 
5 mn 

25r----...----r-- - --r----.---, 

20 

E 
w 15 
t) 
z 
~ 
~ IO 
o 

5 

o 

Coa l pi llar 

Receiver stations 

25 

FIGURE 9.-Plan view of coal mine test pillar. 

For al l three test s , the transmitter 
was ve r t i cally pol arized at the 10-m 
l ocation as marked in figure 9, and the 
sample int e r val was 0 . 488 n s per e lement. 
An a ve r age of 16 wave f or ms were r eco r ded 
fo r each measuremen t . 

Coa l Te st 1 : Rota t ion 
of Re cei ve r An tenna 

The pur pose of t h is test is to evalua te 
the effects that antenna rotation wou l d 
have on the mea sureme n t s. Coal i s anis o
tropi c , and wave s f r om ve r t ically po l ar
ized a n tennas are l e s s attenua t ive than 
those from horizontally po larized ante n
nas (~). Changes i n polarizat ion, eith e r 
by accident or by design , cou l d adversely 
affect t he meas uremen t s. 

This test was conducted at the receive r 
10"-m mark . The receiver an tenna was ro
tated in 5° i nc r ements f r om 0° to 90° . 
The r ecorded wavefo r ms a re shown in fig
ure 10. The amplitude and time data a re 
presented in table 5 . Figure 11 i s a 
plot of the ampl i t ude da t a. Th e l arge 
dropoff i n amplit ude be t wee n 0° a nd 5° 
is probably due mo re to the change i n 

TABLE 5. - Coal test 1 : Antenn& 
rotational tes t 

Stat ion, deg Time , Amp li t ude, 
element l 

0 .0 211 200 .9 
5 . 0 211 126 . 3 

10 . 0 212 15 1 . 8 
15.0 2 13 151. 3 
20 . 0 213 168 . 8 
25 . 0 213 167 . 9 
30 . 0 213 169 . 6 
35 . 0 214 176 . 5 
40 . 0 214 166 . 6 
45 . 0 214 150 .9 
50 . 0 2 13 16 4 . 8 
55. 0 21 4 155 . 2 
60.0 21 4 157 . 0 
65 . 0 21.3 141 .9 
70 .0 214 124 .9 
75 . 0 214 121 . 3 
80 . 0 2 13 89. 68 
8 5 . 0 213 68. 70 
90 . 0 213 46 .13 

11 element 0 . 48 8 3 ns . 

mV 
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FIGURE 10.- Coal test 1, rotation of receiver antenna. Computer plot of the recorded waves ranging from 0 0 rotation on the left 
to 90 0 rotation on the right. 

coupling than to effects due to rotation. 
That is, in order to rotate the antenna, 
it was slightly displaced from the rib. 
For comparison to air test 4, the mean 
amplitude value is 142 012 mV with a stan
dard deviation equal to 38.63 mV. The 
amplitude drop from maximum to minimum is 
29 dB. 

Coal Tests 2 and 3: Moveout 
Parallel to Coal Rib 

The discussion of these two tests is 
combined because theoretically results 
should be identical if there is to be re
peatability in the measurements. For 
test 2 . we moved the receiver antenna 
frolll thE. 5· il. 3t o. t~on to the 22- m station 
in 1-m intervals. The recorded waveforms 

are shown in figure 12. In that figure 
it can be seen that the waveforms become 
more dispersed with an increase in dis 
tance. In fact, the reference peak for 
t he last two waveforms could not be de
termined, and the data are left blank for 
stations 19 and 20 in table 6. 

In test 3, the process was reversed by 
moving the receiver antenna from the 20-m 
station to the 5-m station. The result
ing recorded waveforms were similar to 
those in test 2 and are not shown . The 
reference peak and best fitted data are 
presented in table 7. 

Figure 13 is a plot of the time data 
for both test 2 and test 3. The best 
fitted curve for each set of data is also 
plotted. For both sets of data the co r
relation coefficient for the fitted curve 
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was 0.999. The equations for each 

220 curve are 

200 Test 2 : y 33.713 + 12.328 x 

180 Test 3: y 36.646 + 12.259 x 

> 160 E where y time in elements 
W 

140 0 
:::J and x = distance in m. 
~ 
:::i 120 
CL 
~ 

100 <! 

80 

60 

40 
0 10 20 30 40 50 60 70 80 90 

ROTATION ANGLE, deg 

FIGURE 11.-Coal test 1, rotation of receiver antenna. Plot of 
amplitude versus receiver rotational angle. Amplitude drops off 
sharply starting at about 60 ° rotation. 

The slopes of the two curves are almost 
identical, and the intercept term can be 
explained as a change in trigger level in 
the instrument causing a change in the 
time delay. The computed velocity for 
the coal, using the slope and the sample 
interval of 0.4883 ns, for test 2 is 
10661 x 10 8 mls and for test 3 is 10671 
x lOB m/s. For test 2 the mean absolute 
error is 0.434% with a standard deviation 
of 0.412%. Test 3 results are 0.426% and 
0.304% respectively. The standard error 
of estimate of y on x for both tests is 
equal to 1.354 elements. 

Vl 
C 

STR TI~ N L~CRTI~NS,m 

6 . 0 B.O 10.0 16.0 !j.0 
Or---r---r-~r--'---.---.--~--~--~--~---r---r---r--,,--,,--'---' 

12 .0 111.0 IB.O 20.0 

50 ___________ _____ _ ____ _______________________ ________ ________ _____ ____ ___ _ 

100 

W 150 
2 
f-

300 

FIGURE 12.-Coal test 2, moveout parallel to coal rib. Computer plot of the recorded waveforms. Distances 
in meters Indicate the position of the receiver antenna along the coal pillar. 
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TABLE 6. - Coal test 2: Moveout test 1 

Station Distance, Time, element 1 Amplitude, mV 

300 

280 

260 

c 
Q) 

E 

"* 240 

>< w 
o 
z 220 
w 
:2: 
i= 

200 -

180 

m Measured 
S.O 11.18 170 
6.0 11. 66 177 
7.0 12.21 186 
8.0 12.81 193 
9.0 13.45 200 

10.0 14.14 209 
11.0 14.87 216 
12.0 15.62 226 
13 , 0 16 , 40 234 
14.0 17.20 246 
15.0 18.03 254 
16.0 18.87 267 
17.0 19.72 278 
18.0 20.59 288 
19.0 21.47 NA 
20.0 22.36 NA 

NA Not available. 
11 element = 0.4883 ns. 
2y 33.713 + 12.328 x. 
3y = 1.682 + -0.531 In(x). 

KE Y 
-. Te st 2 
---. Test 3 

• 

16 0 L----J----~----~----~----~--~ 
10 12 14 16 18 20 22 

DIST ANC E, m 

FIGURE 13.-Coal test 2 and 3, measured time versus distance 
and best fitted curves. For test 2, time In elements = 33.713 + 
12.3?8 x distance in m; for test 3, time in elements = 36.646 
+ 12.259 x distance in m. One system time element equals O.48U 
ns. 

Fitted 2 Measured Fitted 3 

172 361.9 400.0 
177 355.0 377.7 
184 369.9 353.0 
192 334.3 328.0 
200 303.7 301.8 
208 306.3 275.3 
217 276.9 248.8 
226 197.9 225.5 
236 220.3 196.6 
246 108.6 171. 2 
256 142.5 146.4 
266 74.20 122.2 
277 82.46 98.7 
288 73.70 75.8 

NA NA NA 
NA NA NA 

The amplitude data and the logarithmic 
fitting curves for tests 2 and 3 are 
plotted in figure 14. The equations and 
correlation coefficients, p, for each 
test are--

Test 2: y 1.682 - 0.531 In(x) 

p 0.970 

Test 3 : y 1.822 - 0.595 In(x) 

p 0.986 

where y amplitude in V 

and x = distance in m, 

for test 2 is 
deviation of 

7.733% and 

The mean absolute error 
10.806% with a standard 
10.168%; test 3 results are 
4.250% repsectively. 

Coal tests 2 and 3 clearly showed that 
repeatability is hard to achieve. In 
fact, the mean difference in amplitudes 
is -19.11% with a standard deviation of 
23.35%. This lack of repeatability could 
be partly due to differences in coupling. 



14 

TABLE 7. - Coal test 3: Moveout test 2 

Station Distance ,. Ti~~ elements! Amplitude, m''! 
m Measured 

5.0 11 . 18 173 
6.0 11. 66 179 
7.0 12.21 187 
8 . 0 12 . 81 195 
9.0 13 . 45 202 

10 . 0 14 . 14 211 
11.0 14 .8 7 218 
12 . 0 15 . 62 228 
13.0 16 . 40 237 
14.0 17.20 248 
15.0 18.03 25:: 
16.0 18.87 '267 
17 . 0 19 . 72 279 
18 .0 20 . 59 291 
19.0 21.47 NA 
20.0 22.36 N.A_ 

NA Not available . 
11 elements = 0 . 4883 ns . 
2y 36 . 646 + 12 . 259 x. 
3y = 1.882 + -0.595 In(x) . 

Rotation of the an tennas also can con
tribute to the error; this error can be 
caused both by the use of polari zed an
tennas (air test 4) and by the medium ' s 
anisotropic characteristics (coal test 
1). Slight rotation of the antennas 
should be tolerable , The curves for coal 
tests 2 and 3 would also be expected t o 
be exponential and not logarithmic, even 
allowing for the 11r spreading facto~ _ 

EVALUATION CONCLUSIONS 

Analysis of the data leads to tr"o c.on
elusions. One is thac time data can be 
taken with good accuracy and are general 
ly immune to external factors. The sec
ond is that before using amplitude 
measurements, as LLL does (2), more work 
will have to be done to determine how the 
amplitude-attenuation £elationship will 
(1) be affected by the coal medium and 
(2) be best used to complement the time
veloci ty data for ma~dmum informat ion 
gain. 

For all of the tests but one , the time 
data behaved as was theoretically ex
pected for the instrumentation used . The 
errors encountered were usually no worse 

Fitted 2 Measured Fitted j 

173 416 . 4 385 . 6 
180 357 . 3 360.5 
186 330.7 333.3 
194 276 . 2 304 . 8 
202 302 . 8 275.4 
210 201 . 2 216 .0 
219 210.1 216 . 0 
228 204.4 186.6 
238 145 . 8 157.6 
247 143 . 0 129 . 1 
2::8 96 . 48 101. 3 
26e 80 . 50 74 . 21 
278 52 . 54 47 . 84 
289 21 . 41 22.20 

NA NA NA 
NA NA NA 
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FIGURE 14.- Coal tests 2 and 3, measured amplitude versus 
distance and best fitted curves. For test 2, amplitude in mV = 
1,682 - 531 In (distance in m); for test 3, amplitude in mV = 1,822 
- 595 In (distance in m). 



than the inaccuracies of the d i stance 
measur ements . The standard error of 
measurement for the time tes t s indicates 
an accuracy o f approximately ±3 elements . 
The r e fore, to achieve the 1% a ccu r a cy, 
the f astest sampling rate possible should 
be used. 

Eva l uat i on of the amplitude d ata is not 
as simp l e as that o f the time data. The 
best-fitted curves contain appreciable 
error and are not the ones that are 
theore t ical l y expe c t ed. Th e cause of 
this e rror can only be speculated on 
until further analy sis is done . 
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Other i nformation in the data may also 
be of possible interest. The first ob
ser vation is the increase in amplitude of 
the readings in coal over the readings in 
a ir. The cause could be an increase in 
antenna efficiency and/or a focusing ef
f ec t due to the coal and roof and floor 
l ayers. Another observation is that 
there is some correlation between the 
wave lengths of the apparent "ringing" ob
se rved in the time-amplitude plots and 
mul tiples of either the room size or 
the s e am height, possibly showing 
resonant and/or wave guide effects. 

DETECTABILITY 

For low-contrasting anomalies, detect
ability can be tho ught o f as a f unction 
of size and physi cal properties of t he 
an omaly versus the size and propert i e s of 
t h e host medium. Tha t is, f or a n a nomaly 
to be detect ed , it must be of suf f i
cient s ize a nd/or cont r ast to a lte r the 
measurement s be i ng taken. Furthermor e , 
these a lt erations in me asurements s hould 
be g reater than the possible error so 
that al t eration due to an anomaly can 
be d istinguished f rom an error in the 
measurement. 

A model was devised t o inve st igate de
tectability of a l ow-co n t r a sting anomaly 
i n a host medium. A plan v i ew of that 
model i s s hown in fi gure 15 . The host 
has a t hicknes s of Xl ' a velocity of vI , 
and a n attenua t ion fa ctor o f ale The 
a nomaly t hickness i s X2 , the velocity i s 
v2, and the a ttenuat ion i s a2 ' A ra tio 
pr oces s wa s t h en used to inve s t iga te 
changes in time and a mplitude due to 
change s in t h ickness, velocity, and at
tenua t ion . The time ratio t2 /t l is com
puted by t he e quation 

The eq uation for the ampl itude r at i o A2! 
Al i s 

e. 

A set of curves describing the time and 
amplitude ratios as a function of the 
th!ckness ratio were plotted for various 
velocity and attenuation ratios. Figure 
16 is the plot of the time ratios for 
various velocity ratios with the thick
ness ratio ranging from 0 to 0.1. Figure 
17 shows the amplitude ratios for the 
same thickness range for various attenua
tion r atios .. 

Fr om these plots it is possible to 
determine the type and size of anomalies 
that can be detected given the desired 
error tolerance in the time or amplitude 
measurements. For example, assuming a 

Coa l 

FIGURE 15.-Plan view of coal pillar deSign used for detec
tablllty modeling. Variable x Is the width, v Is the velocity, and 
a is the attenuation constant. 
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FIGURE 16.-Plot of model time ratio versus width ratio for 
different velocity ratios. 

tolerance of 1% for the time measurements 
and starting at the point where no anom
aly would exist (i.e., time ratio = 1.0), 
horizontal lines can be drawn at the time 
ratios 0.99 and 1.01 as shown in figure 
16 to represent this error tolerance. 
All of the velocity ratio points falling 
between these tolerance lines would not 
be detectable since they represent time 
differences that are less than the pos
sible error. For example, to detect a 
low-velocity anomaly that is 0.038 times 
the width of the coal column, the 
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FIGURE 17.-Plot of model amplitude ratio versus width ratio 
for different attenuation ratios. 

velod.ty ratio o-f anomaly to 
would have to be at least 

coal column 
0.75 for the 

anomaly to be detectable. The same can 
be done with the amplitude ratios. A 10% 
tolerance line has be en drawn in figure 
17 for comparison. In this cas e , no 
anomalies with attenuation ratios falling 
between the line at 0.90 and 1.10 would 
be detectable, since the amplttllde dif
ferences are within possible error for 
the system. Expected - attenuation and 
velocity ratios can be determined or 
found in published literature (4). 

VELOCITY RADAR TOMOGRAPHY 

The selection criteria for choosing an 
appropriate transillumination technique 
are based on the determination of the 
type and size of anomalies to be de
tected. For in-seam surveys, transillu
mination methods are expected to be con
ducted on pillars or panels, and the 
majority of the expected anomalies can be 
considered as low contrasting to host 
media and of variable size. Based on 
this assumption, we felt that a tomog
raphy process would provide the best de
tection capability. But with the present 

instrumentation and measuring procedures, 
it was felt that an amplitude tomography 
technique would be inaccurate, in terms 
of both the measurements and the applica
tion of the appropriate spreading cor
rections. However, our studies indicated 
that time data could be used for develop
ment of a tomography process using veloc
ities. We then s et out to deve lop the 
procedures and techniques required for 
imaging using velocity tomography. 

The work was broken up int~ three 
phases: (1) acquiring measurements on a 



pillar with a known anomaly, (2) develop
ing required procedures for processing 
and displaying both short-pulse radar and 
synthetic-pulse radar data, and (3) mod
eling the expected results for comparison 
to the actual data. 

PHASE 1: DATA ACQUISITION 

The pillar chosen is located at the 
Bureau's Coal Research Mine in Bruceton, 
PA. The approximately 8.5- by 17.5-m 
pillar has a clay vein running through 
it. A plan view of the pillar and the 
position of the approximate center of 
the vein at midseam are shown in figure 
18. The vein varies in thickness, but we 
assumed an average of about 0.5 m for the 
actual thickness. Also, the vein is not 
vertical, but dips 50° to 60°. The pil
lar is small, allowing for comparative 
tests to be conducted with the short
pulse system used in the earlier tests 
and the synthetic-pulse radar system. 

Synthetic-pulse radar differs signifi
cantly from short-pulse radar in that a 
single frequency is transmitted at a 
time. The transmitted frequencies of the 
synthetic-pulse system are in the range 
of 20 to 160 MHz. The amplitude and 
phase of each received signal are mea
sured and recorded before the system 
steps up to the next frequency. The time 
pulse is then reconstructed by taking the 
inverse Fourier Transform of the received 
data. 

The measurement procedures were almost 
identical for both the short-pulse and 

I 
TE ST PILLAR , m 

./' 
./' 

FIGURE 18.-Plan view of Bruceton Coal Research Mine test 
pillar containing a clay vein. A typical transmitter station and 
receiver stations are shown. 
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the synthetic-pulse systems. The trans
mitter was positioned and moved along one 
side of the pillar, and the receiver was 
positioned and moved along the opposite 
side. Figure 18 shows a typical set of 
receiver stations for a given transmitter 
station. This "two-sided" procedure was 
chosen over a "four-sided" approach 
(where measurements are taken using all 
four sides) because it was felt that this 
best simulated a procedure that would be 
required for use on longwall panels. 

For the short-pulse test, the transmit
ter was moved from 2 m to 16 m in 1-m in
crements. At each transmitter location, 
the receiver was moved from -5 m to +5 m 
in 0.5-m increments from the center of 
the transmitter station location. At the 
edges, the readings were tapered with the 
minimum receiver station being set at 1 m 
and the maximum at 16 m. Figure 19 is a 
composite of the waveforms in the order 
in which they were recorded. The first 
and last waveforms are the trigger sig
na-Is used to provide time delay cotrec
tions to the data. The sample interval 
for the short-pulse data was 0.1953 
ns per element. The synthetic-pulse mea
surement technique was the same, except 
that the transmitter was moved from 3 m 
to 14 m. Figure 20 contains the synthe
sized waveforms in the order in which 
they were recorded. The 300-ns arrival 
times include a 255-ns cable time delay 
and are therefore not indicative of deep 
penetration. 

PHASE 2: VELOCITY TOMOGRAPHY 

Implementation 

For the initial development of a tomog
raphy method, a back projection tech
nique was decided upon. This technique 
was chosen because of its ease in imple
mentation, its nonbiasing behavior, and 
its insensitivity to noise, and because 
of the favorable results that LLL (~) has 
using this particular technique on ampli
tude data. 

The back projection is a weighted aver
age technique, making limited assumptions 
about the coal panel or pillar. For the 
velocity tomography, the velocity of each 
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FIGURE 20.-Computer plot of synthetic-pulse waves in order ,t hey were recorded. Again, each identifiable " arc" of waveforms represents the time differences involved 
in going from one transmitter location to different receiver locations across the pillar. A 255-ns cable time delay is present in the data. 
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travel path passing through the region 
under investigation is determined. The 
velocity, VI, for the ith path is deter
mined from the measured time and distance 
as 

for path i passing through the media, 
i=1,2 •••• M paths 

where LI = measured straight-line travel 
distance 

and measured time to travel 
length LI. 

The main assumption made here is that 
the travel paths are straight lines. 
This infers that (1) refraction has a mi
nor effect on the travel distances and 
(2) all the material under investigation 
has similar electrical properties for the 
electromagnetic frequencies being used. 
This. of course, mayor may not be the 
case for a particular investigation. 

To implement the back projection tech
nique. a representational region of the 
coal pillar or panel under investigation 
is set up and is subdivided into zones or 
cells. A weighted velocity average is 
then determined for each cell using the 
computed velocity for each path passing 
through the zone. For the kth zone the 
weighted velocity is 

where VI is the velocity of transmitter
receiver path i, calculated by 
dividing the path length by 
the signal arrival time 

and Llk is the distance that trans
mitter-receiver path i trav
els through velocity cell k 

for all paths i passing through zones k. 
k=1,2, ••• N zones. The result is a set 
of cell velocities. each consisting 
of an average of velocities of all 
paths passing through the cell, weighted 

according to how much of each path passed 
through the cell. 

Results 

For the results to be shown, the repre
sentational pillar under test was sub
divided into zones 0.5 m square. Figure 
21 shows 1-m-square zones and a partial 
set of travel paths used . The size of 
the zones is based on the anomaly size, 
detection capability. statistical signif
icance of the data set within each zone 
for the averaging process, and convenient 
output size. 

A number of display techniques were 
tested. The best was a color display of 
the data wherein color is used to enhance 
regions of interest. Unfortunately color 
does not lend itself to publication, so 
gray scale. line printer, and contour 
displays are used herein. The standard 
working display was the line printer out
put. This display provides a hard copy 
with fast turnaround which (for this 
case) can easily be hand contoured. The 
short-pulse line printer plot is pre
sented 1 n figure 22. Each 0.5-m-square 
cell is made up of two horizontal charac
ters. The velocity key for each cell is 
presented and represents velocities be
tween 1.38 x 10 8 m/s and 1.48 x 10 8 mise 
Computerized contouring was used on the 
data. but for a data set of this size and 
simplicity. hand contouring was found to 
be adequate. The last display is a gray 
scale technique wherein the velocity 
cells are presented as different shades 
of gray. 

Figure 23 is the gray scale tomographic 
plot of the short-pulse velocity data. 
In comparison figures 24 and 25 are the 
line printer and gray scale tomographic 
plots derived from the synthetic-pulse 
data. 

Before beginning the discussion on in
terpretation of the results, it is bene
ficial to compare the short-pulse data to 
the synthetic-pulse data. When studying 
any of the plots. there is general agree
ment between the two data sets. Most of 
the differences seen are due to the 
fact that slight velocity gradations are 
plotted as abrupt changes. There is, 
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FIGURE 21.-Representatlve tomographic pillar divided into 1-m-square cells or zones. Three transmitter stations and some of 

the receiver stations for each are shown. A weighted average of the velocities of the different paths is used to determine the velo
city within the cell. 

however, one major contradiction between 
the two data sets. This is that the up
per right-hand corners have opposite ve
locity trends. The short-pulse data set 
indicates a low-velocity region in that 
area, whereas the synthetic-pulse data 
set indicates a high-velocity region. 

This contradiction is most likely due to 
recording errors that occurred in the 
synthetic system during the last two 
transmitter stations, as well as to the 
fact that fewer transmitter stations were 
used in the velocity calculation for the 
synthetic-pulse system. 
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FIGURE 22.-Llne printer tomographic plot of velocity cells from short-pulse data. Two horizontal characters 
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FIGURE 23.-Gray scale tomographic plot of short-pulse data. 
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FIGURE 25.-Gray scale tomographic plot of synthetic-pulse data. 

23 



24 

PHASE 3: CLAY VEIN MODEL 

The interpretation of the tomographic 
image is not as simple or obvious as one 
would like. The clay vein does not 
appear as a band across the image. This 
is due mainly to the two-sided measuring 
procedure that was incorporated. Using 
computer modeling, the expected results 
for this clay vein were generated using 
the same transmitter-receiver geometries 
as in the field test. The results of 
that model are shown in figures 26 and 
27. The velocities assumed for the model 
were based on published data (2) and 
were 1.65 x 10 8 mls for the coal and 1.08 
x 10 8 mls for clay. In comparing the 
model to the short-pulse images (figs. 

22-23), we see that the bottom right-hand 
corner patterns, where the vein leaves 
the pillar, are similar but with opposite 
velocities. Likewise, there are the same 
general type of trends for both the model 
and the image. This leads us to believe 
that the vein or its influence has shown 
up in the data. 

The fact that the clay vein does not 
appear as a distinct band, even in the 
model, leads to the conclusion that 
the back projection tomography technique 
does not provide sufficient detail for 
the purpose of locating anomalous 
areas. This implies that more sophisti
cated tomography techniques should be 
investigated and implemented in future 
applications. 
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FIGURE 26.-Llne printer tomographic plot of velocity cells from clay vein model. Two horizontal characters represent one cell. 
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FIGURE 27.-Gray scale tomographic plot of clay vein model. 

CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, we have determined that 
CPR can be used to image coal pillars and 
panels. The sizes and types of anomalies 
and hazards that can be detected are 
still dependent on the contrast between 
the electrical and other properties of 
the anomaly and the coal host medium. 
The tomog~aphy test ~esults for the 
short-pulse and synthetic-pulse systems 
were similar, but neither has conclusive
ly shown the clay vein of interest. The 
reason for this is primarily the back 
projection tomography technique used, and 
consequently a need has been established 
to research and implement a more sophis
ticated tomography technique. These pre
liminary studies have served to point the 

direction for future research. In addi
tion to investigating better tomography 
techniques, work needs to be done on un
derstanding and integrating the amplitude 
data, on performing more studies with the 
synthetic-pulse system in both a trans
illumination and reflection configura
tion, and on devising methodologies for 
interpreting the tomographic images. The 
final conclusion is that ground radar 
tomography, when further developed, will 
prove to be a valuable tool for the min
ing industry, not only for its hazard 
detection capability but also as a means 
to aid in understanding the mechanical 
and physical properties of the media un
der investigation. 
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APPENDIX 

The short-pulse radar system used dur
ing the tests presented was composed 
mainly of "off the shelf" equipment and 
instrumentation. This provided an advan
tage in that the main components have 
been tested and assigned operating speci
fications by the different manufacturers. 
The e-x-a-e·t- -s-pecifications for each -cumpo
nent are not presented here, but in 
most cases can be obtained through the 
manufacturer. 1 

Figure A-I is a block diagram of the 
short-pulse system used. The sampler is 
a Tektronix 7S14. The s.leep rate of the 
sampler ws controlled by an externcll ramp 
generated by an ADAC Corp. model 1412DA 
12-bit digital-"to-analog (0/ A) system. 
The vertical signal out from the sampler 
was digitized using an ADAC Corp. model 
1023AD 12-bit analog-to-digital (A/D) 
data acquisition system. The A/D and D/A 
are controlled by a Digital Equipment LSI 
11/23 minicomputer. The data t-lere re
corded on Digital TUS8 tapes. 

The external trigger for the sampler 
was the received signal of a dipole an
tenna mounted about S cm from the trans· 
mitting antenna. The sampler was con
nected to the trigger antenna and to the 
receiver antenna using 7S-Q coaxial 
cables. A VHF-UHF television 300- to 
7S-Q balun was used to help match the 
impedence of the antennas to that of 
the cables. Likewise, a 7S- to SO-D im
pedence transformer was used between the 
cables and the sampler. 

1 Reference to specific products does 
not imply endorsement by the Bureau of 
Mines. 
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The pulser was a rapid solid state dis · ' 
charge device, discharging about 220 V in 
approximately 2 . S ns. The frequency of 
the system was IS MHz . 

The notched bow tie antennas had an 
overall length of 1 m and a maximum width 
of O.S m at the outer ends , No signifi
cance should be placed on the notching of 
the antennas. These antennas were used 
in these tests only because of their 
availability . 

Receiver 
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Trigger 
input 
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coble 

Trigger 
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FIGURE A-1.-Block diagram of short-pulse system used 
during this investigation. 
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