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EVALUATION OF A GROUND PENETRATING RADAR SYSTEM
FOR DETECTING SUBSURFACE ANOMALIES

By Ronald H. Church' and William E. Webb 2

ABSTRACT

The Bureau of Mines tested a ground penetrating radar (GPR) system in
the central Florida phosphate district to determine the feasibility of
utilizing GPR technology for subsurface cavity detection.

The test area is located in karst topography where sinkhole develop-
ment is prevalent. State regulations require subsurface drilling of
damsites to identify underground anomalies; however, this method is not
totally accurate in locating subsurface cavities that could lead to
sinkhole development. An electromagnetic method of identifying anoma-
lous subsurface conditions could reduce or eliminate the possibility of
dam failure due to sinkhole development.

The Bureau devised a GPR system that successfully penetrated over
50 ft of overburden and gave recognizable radar return signals charac-
teristic of a rock-cavity interface.

1Mininq engineer, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL.
2Electrical engineer (faculty), Tuscaloosa Research Center.




INTRODUCTION

Approximately 75,000 acres of phosphate
settling areas exist in the central
Florida phosphate area. Each year about
4,000 acres of new settling areas, re-
quiring 38 miles of new dams, are con-
structed. Although no dam failure has
been attributed to sinkhole formation,
State regulations require the identifica-
tion of subsurface conditions that could
lead to dam failure., Section 17-9 of the
Florida Administrative Code provides
guidelines for damsite evaluation. Com—
pliance with these guidelines requires
that a drilling program be implemented
for the evaluation of a site for dam
construction,

In drilling a proposed damsite on ap-
proximately 500-ft centers, the probabil-
ity of detecting a cavity 50 ft wide by
50 ft long is 1 in 100. Achieving a 50-
pct probability of hitting this cavity
would require 50 holes. Since cost esti-
mates for drilling 100-ft exploratory
holes range from $350 to $400 per hole,
it becomes evident that a more accurate
and economical method should be identi-
fied to reduce even further the potential
for dam failure due to sinkhole develop-
ment., The purpose of this Bureau of
Mines investigation was to determine the
feasibility of using GPR as an additional
tool in subsurface cavity detection.

GPR systems have been developed for
many applications in the mining indus-
try. GPR's have been used in geologi-
cal exploration (1-3),3 where recogniza-
ble radar return signatures were obtained
through 130 ft of dolomite and 900 ft of
granite. In salt domes, where radiofre-
quency (RF) attenuation is much lower,
discontinuities were detected at 2,000 to
3,200 ft,

Bureau of Mines research has included
work with microwave radars wused for
the delineation of coal seams (thick-
ness, shape, and orientation) (4-5).
XADAR Corp.4 developed a short-pulse GPR
for the Bureau which was capable of

penetrating 100 ft in a coal seam (6-8)
where voids were detectable at 50 ft us-
ing a frequency of 10 to 160 MH=z. In
another test, an uncased borehole was de-
tected through 25 ft of coal. These re-—
sults were significant in that the con-
ductivity of coal is high, which results
in poor propagation of electromagnetic
(EM) waves.

A borehole probe-type radar was de-
veloped by Bureau of Mines contractors
(9-10). With this unit, utilizing a com—
bination receiver-transmitter probe, two-
way penetration was limited to 50 ft,

Another Bureau contractor developed
separate transmitter and receiver probes
(11-12). These probes were lowered
through boreholes on each side of a tun—
nel. The signal propagated through 30 ft
of material and successfully located the
tunnel but was unable to determine its
size accurately.,

The Bureau also devised a GPR for use
in mine strata control. This unit was
designed to operate at high frequencies
to permit higher resolution at the ex-
pense of signal propagation, Recogniza-
ble return radar signatures characteris-
tic of the roof strata were obtained
through approximately 8 ft of mine roof.
The upper coal seam, overlying the imme~
diate roof, was mapped along with the
main roof. Signal interpretation was
difficult because of the manifold anoma-
lous conditions encountered. These gave
several lesser returns, which required
computer analysis for interpretation.

A Bureau-designed synthetic pulse radar
system was tested in 198l. The penetra-
tion distance was approximately two times
greater than that of the short-pulse GPR
(13). One test site, at a mine in Utah,
gave reflection depths of 40 ft where the
background noise was found to be 60 dB
lower than the strength of the main sig-
nal. For this area, estimates of approx-
imately 200 ft for maximum signal propa-
gation have been made.

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

4reference to gpecific products does
not imply endorsement by the Bureau of
Mines.
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GPR SYSTEM REQUIREMENTS

In the initial phase of the research,
test site requirements were established.
It was determined that a suitable test
cavity should be located in the cen-
tral Florida phosphate district, this be-
ing the predominant area for sinkhole
formation. It should 1lie 50 to 100 ft
below the surface, i.e., at the drill-
ing depth the phosphate industry reaches
in its tests to determine subsurface in-
tegrity. For test purposes it was de-
termined that a cavity should be at
least 10 ft wide and 5 to 10 ft thick to
serve as a reliable target. Several min-
ing companies and government agencies
were contacted in this phase of the proj-
ect. Drilling logs from mining compa-
nies and the U.S. Geological Survey were
reviewed,

Two sites were selected that met the
established criteria. The first site,
located in Hillsborough County (section
23, township 32 south, range 21 east),
had been previously drilled by Interna-
tional Minerals and Chemical Corp. (IMC).
A second site was located in Polk County
(section 32, township 29 south, range 23
east) near Mulberry. This site also
was located on IMC property. The cavity
had been detected by previous drilling
58 ft below the surface. Evidence of the
drilling site was still visible, so the
initial Bureau of Mines test hole at this
site was drilled alongside the hole
previously drilled. The cavity was in-
tersected approximately 58 ft below the

surface and had a vertical void dimension
of 10 ft. The first (or top) 3 ft of the
cavity was water filled, the next 4 ft
contained a turbid mixture of water and
clay, and the last 3 ft was comprised of
a compacted clay layer.

As shown in figure 1, a grid consisting
of nine holes was drilled to delineate
the boundaries of the cavity. Holes A,
B, E, F, and I intersected the cavity
approximately 60 ft below the surface.
Holes C, D, G, and H were drilled into
solid ground to a depth of approximate-
ly 80 ft. As shown 1in figure 1, the
cavity dimension was between 100 and
200 ft 1in the north-south direction and
between 50 and 100 ft in the east-west
direction, This, however, can be mis-
leading since the cavity is probably very
irregular in shape. The cavity was in-
tersected at depths ranging from 56 to 63
ft with the void averaging 10 to 11 ft in
thickness.

An open casing wusing 4-in polyvinyl
chloride (PVC) pipe was installed in hole
A to a depth of 55 ft, which was identi-
fied as the top of the limestone overly-
ing the cavity. Holes C, D, H, and G
were cased to their bottom. The core of
hole H was characterized to identify the
subsurface 1lithology (fig. 2) through
which the radar waves passed. These
holes were selected to be the test holes
for the subsurface probe. The remaining
holes, which intersected the cavity, were
plugged.
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FIGURE 1. « Plot of holes drilled at the Mulberry,
FL, site.
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picting differing strata. The top
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DEVELOPMENT OF A PROPAGATION MODEL

The core sample was used to determine
the lithology (table 1) of the rock and
soil overlying the cavity. This lithol-
ogy was found to be generally typical of
the subsurface materials found in the
central Florida phosphate district. The
relative permeativity and 1loss tangent
were measured for the limestone stratum
over a frequency range of 100 to 1,000
MHz and were found to be relatively in-
dependent of frequency over this range.
The values for the other strata (sand and
clay) were taken from published values
(14). The top stratum was assumed to be
relatively dry sand (10 pect moisture).
The clay stratum was assumed to be water
saturated. No data were available for
sandy clay, so an average was assumed
from the published values for water-
saturated sand and clay; these data rep-
resent the worst case scenario. Table 1
is a classification of the individual
strata of the overburden material com—
piled from the cored hole data shown in
figure 2. The electrical properties for
this overburden are shown in table 2
(1l4). The attenuation constant and loss-—
es in each strata were calculated using

the methodology presented in the next
section. These values are also shown in
table 2.

RADAR RANGE EQUATION

The power at the receiving antenna (PgR)
is given by
PR = PT - LT, (1)
where P; is the transmitted power and Ly
is the total loss between the transmitter
and receiver. The transmitted and re-
ceived power are expressed in dB°W and
the 1loss in dB. The total loss can be
written as

LT=Lb+LP+L1‘_GR-GT' (2)

Here L, is the propagation loss for two
ideal isotropic antennas in free space,
Lp is the path loss which accounts for
attenuation and scattering over the ac-
tual path, L; is the loss due to reflec-
tion at the target (in this case the up-
per surface of the cavity), and Gy and Gy
are the receiver and transmitter antenna
gains,

TABLE 1. - Typical overburden strata thickness and composition from cored hole

Strata Depth, ft | Thickness, ft Material
| 0-17 17 Relatively dry sand.
2esssnnee 17-31 14 Saturated sandy clay.
K PN 31-42 11 Saturated clay.
hoswowens 42-45 3 Limestone.
Seessnnes 45-55 10 Saturated sandy clay.
6 swawwi 55-58 3 Limestone.
Jesssanse >58 NAp Water-filled cavity (detected in hole A).

NAp Not applicable.

TABLE 2. - Electrical properties of overburden

Relative Loss tangent Attenuation Loss, dB
Strata permeativity (tan &) constant, | Attenuation | Reflection
(Er) ((l)s m~!

) 2.5 0.026 3.3 x 10-¢ 1.57 0.8
A— 15,0 .20 4.2 x 1072 1.64 .02

K PP 11.0 «25 7.1 x 10-2 2,16 .05

Wi Bommiathn 7.0 2.9 x 104 1.3 % 10~4 .001 .16

5o anmcenon 15.0 .20 4.2 x 1072 2.16 «16

< —— aul) 2.9 x 10-4 1.3 x 104 .001 NAp
NAp Not applicable,



If it is assumed that the top of the
cavity is a plane horizontal surface
whose extent is large compared to the di-
mensions of the antenna, the transmitting
antenna can then be replaced by its image
formed by the reflection of the wave from
the upper surface of the cavity, as shown
in figure 3. The free space propagation
loss is then given by (15)

2
L, = 10 log (l‘ill) ’ (3)

where 1 is twice the cavity depth (d) and
A 1s the wavelength, Note that this ge-—
ometry leads to a propagation loss that
is proportional to the square of the tar-
get distance, whereas the wusual radar
range equation contains the fourth power
of this quantity. This is due to the
fact that the usual radar range equation
applies to a distant target that is small
compared to the cross—-sectional area of
the transmitted beam.

The path loss Lp consists of two parts:
the loss due to absorption in each strata
of the overburden, and the loss due to
reflection at the interfaces between
strata types. The absorption in the i-th
strata of thickness X; is

L', = 10 log (e~%i%Xj), (4)

where qo; is the absorption coefficient of
the material of strata type i. The ab-
sorption coefficient can be calculated
from the relative permeativity e. and
loss tangent (tang) by the relation

wf e tand, 5 (5)
(o4

oy =

where £ is the frequency, i is the indi-
vidual strata type, and c is the speed of
light.

The loss due to reflection at the in-
terface of the strata between the i and i
+ 1 strata can be derived from Fresnel's
equation,

EI"'

E;

n[_ﬂi"‘l
ni+n|+1

# (6)

Transmitting antenna

4

Top of cavity

f——— . ——Pt———— Q. ——
~

\/
e

\\\\\\~ Image of

transmitting antenna

FIGURE 3. - Propagation path of radar waves.

Here n; is the intrimsic impedance of the
i-th strata and is given by

s
"

Also, if it is assumed that the per-
meabilities (u;) are the same for all
strata, then the loss due to reflection
L"; can be written as

* (7)

3 E.|2
L,=101og(1—E2 (8)
2
. 10 1oel1 Y e e, 1) .
L= 10 tog /(1 er])(sr! 1)
and the total path loss becomes
L, = 2 JL'y + 2 JL". (10)

The factor of 2 appears in equation 10
because each layer is transversed twice.
The target loss L, may be calculated by
applying Fresnel's equation to the bound-
ary between the lowest stratum in the
overburden and the material filling the

cavity. For these calculatioms it 1is
assumed that the cavity is water filled.

The gain of a half-wave dipole (i.e.,
1.64 dB at each antenna) has been assumed
as the antenna gain.

DETECTION GAIN

The GPR averages any number of pulses
to produce the final signal. The num-
ber of pulses averaged can be set
from the computer console. Averaging n
pulses increases the signal-to-noise
ratio by the square root of n, which
is equivalent to a gain of 5 1log (n),
which may be subtracted from the total
loss. For these calculations it was
assumed that 20 pulses would be averaged
so that the detection gain would be
6.5 dB.

IMPLEMENTATION LOSS

Radar systems seldom perform as well
as  feasibility calculations indicate
they should. This is due to a number
of small effects (such as imperfect
impedance matching to the antenna)
that tend to degrade system perform-
ance., For the development of this
propagation model, an additional 6 dB
has been added to the total losses
as 1s customary to allow for these
effects.

MINIMUM DETECTABLE POWER

The minimum signal power required at
the receiver was determined by operat-
ing the radar in an area where no tar-
get was present, The observed return
signal was assumed to be a result of
thermal noise in the receiver, atmos-
pheric noise, electromagnetic interfer-
ence, backscatter from the earth, etc.
The effective noise power into the re-
ceiving antenna was then calculated
from the magnitude of this signal and
was found to range from =38 to -48
dB+W, The relatively large range ob~
served was attributed to the fact that

most of the receiver noise was caused by
backscatter from the heterogeneity of
the earth surface and material and was
therefore dependent on the 1location of
the antenna.

SIGNAL AND NOISE RATIOS

The receiver signal-to-noise ratio was
calculated by subtracting the total loss
from the transmitted power to obtain the
received power due to reflection from the
cavity. The signal-to-noise ratio is
then the difference in the received sig-
nal power and the receiver noise power.
These calculations are summarized in ta-
ble 3.

TABLE 3. - Summary of propagation losses

Transmitter pOWer..cess.dBW.. 40
Propagation 1loSS.cessssssedBoe 53.59
Path loss:
AttenuationeceecsoesseesdBa. 15.06
Reflection at stratas....dB.. 2.38
TotalieecsesssesseeedBes 17.4
Target 105S.cessscsassssssdB,s 5.3
Antenna gaiNeeecscscsensssdBee =3.2
Detection gainieessessacaedBas =6.5
6.0
2.5
2.5

Implementation 1oSS..eee..dB..
Total 1688 swevvevisssseedBaw 7
Receiver power.sscscsesesdB*W,. -3
Minimum detectable
POWEreeoseasussassoosesedB*W,. =38 to —48
Signal margin.c.ceceseesece.dB.. +6 to =16

DISCUSSION OF MODEL RESULTS

The propagation calculations for the
GPR indicated that the reflection from a
water—-filled cavity 62 ft below the sur-
face could be expected to be 6 to 16 dB
above the background noise. This cor-
responded to a factor of 2 to 6 in the
output signal, Although these values
were marginal in terms of detectability,
they still indicated that there would be
a reasonable chance of detecting the
cavity,



SUBSURFACE GPR PROBE

The probe used for the subsurface tests
for detecting cavities was developed and
tested for the Bureau during the Ilate
1970's and early 1980's. This GPR system
was constructed by Southwest Research
Institute for the Bureau and was designed
to detect subsurface cavities and other
anomalous features from a borehole
drilled from the surface. The system is
composed of a high-power transmitter, a
directional antenna rotation mechanism,
and a sensitive broadband signal re-
ceiver., The GPR is divided into two main
parts, a surface control unit and a sub-
surface probe assembly. The surface unit
has the capability of controlling all
probe functions including receiver gain,
receiver sampling rate, antenna position,
and power control. The subsurface probe
contains the antenna assembly, transmit-
ter, power supply, and circuitry neces-
sary to complete a two-way communications
link,

The first field demonstration of the
GPR probe utilized a very-high-frequency
(VHF) video-pulse radar. Previous bore-
hole radar tests of this unit in a fault-
ed area identified a coal-rock interface
at a distance of 40 ft (16). Borehole-
to-borehole tests with a separate receiv-
er and transmitter obtained distances up
to 175 ft between boreholes, and the GPR
was capable of penetrating through a coal
seam, The coal seam was indicated by the
GPR to be continuous, although previously
thought to be completely separated by the
fault.

This probe was modified following a se-
ries of tests conducted in November 1977
at Silver Spring, MD, by the developer,
where underground subway structures were
identified from a nearby borehole. A re-
flected signal was observed from a struc-
ture located approximately 60 ft from the
probe for a total traveled distance of
120 ft. The Bureau's probe assembly was
modified to dinclude direction capabili-
ties from its present omnidirectional
response,

The electrical and mechanical specifi-
cations for the subsurface GPR system are
described in the following tabulations by
the basic functions of each subassembly
(17).

BOREHOLE PROBE SPECIFICATIONS

Radar Transmitter

Probe repetition

frequencyeecceeccescsacssklz,, 300
Power OUtpPUL.cvssscsssresssKWas 1
Pulse widtheeeessceossoesssniSas 10

Radar Receiver

Noise figure (approx)..... dB.. 3
Bandwidtheeesesoeccssssos MiZ.. 30-300
RE galn..seasewmvuesssveveidBos 0 or 30
Time domain sampler window

ns.. 500
Sample pulse width.seesesseNS.e 1

Sampler output time base...,Hz.. 0.2 or 20
Antennas

Transmitter: Phased dual-dipole array;
18-dB front-to-back ratio directivity;
mechanical positioning at eight preset
rotational positions.

Receiver: Electrically short monopole,
omnidirectional.,

Mechanical

Length (without centralizers)..ft.. 13.3
Diameteresessssssessssassssssssliles 3.0
Centralizers, upper length.....in.. 20.75
Centralizers, lower length.....in.. 19.5
Borehole diameter range..eesssein.. 4-6
Total probe weight.eesecessessslb.. 108
Cable head, 4-conductor, Gearhart-
OWeNsssoessssssssssssssssssnssiiee 1.0
Pregsure 1Imit.seswwneassslb/inde. 500

SURFACE CONTROL UNIT SPECIFICATIONS
Electrical

Power: 115 V ac, 60 Hz.
Controls:
Antenna position, adjustable in 45°
segments.,
Antenna control, automatic or manual.
Borehole orientation, horizontal and/or
vertical.

Electrical-—-Continued

Controls--Continued
Receiver gain:

RF: High 30 dB, low O dB.

Early: 0, 20, 40, or 60 dB.
Display rate: 0.2 or 20 Hz.
TVG range: 0, 0.1, 0.2, or 0.5

dB/ns.
Outputs:

Video out, analog signal,
Sync out, analog signal.
Antenna position, digital,
Display rate, digital.
Antenna control, digital.
RF gain, digital.

Borehole orientation, digital,

Early gain, digital.
Gain slope, digital.

Mechanical

Control module size (standard

module, Width)essecsesesosssssiles 4
Control module weight..eccaeselb.s 4.75
Power supply size (standard

module, Width)eseseeesssesensle, 4
Power supply weight..c.ccceeselbes 18.25
Cabinet size (standard rack-

mountable bin with power
supplies)issnveisvenissesnienslies 19
Cabinet weightessisssosesseassslbe 33

Figure 4 is a system diagram detailing
the major elements of the system.

4 - conductor

armored logging cable

Downhole probe

Surface r--—-———"F"">"—""—"—7—7—7 77777 T
A\

’ ) | |
| Cable c

ommand |

comonit [ osatossape [T -G telemetry B '

P | Winch circuits control circuits [

| | |

Computer | |

| Fluxgate I

Disk drive | compass |

| azimuth [

_ sensor

| Receiver ~ l

| circuits Pendulum l

| vertical |

I Transmitter | sensar l

I circuits |

| I

| Transmitter~ |

| receiver antenna |

| |

| |

Do s v s s s ;i ;' -}

FIGURE 4. « Block diagram detailing major elements of GPR subsurface probe system.
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SYSTEM OPERATION

The surface unit provided for command
of all probe functions. Figure 5 shows
the surface unit (top), disk drive (cen-
ter), and computer and storage oscillo-
scope (bottom). Signals were received
from the probe by a two-way communica-
tion link (four-conductor logging cable).
Gain control, antenna positions, and dis-
play rate were also controlled by the
surface unit. A synchronizing pulse from
the transmitter, which indicates the
start of the video waveform, was passed
onto the receiver. Two gain control am—
plifiers (step gain. and time-varying
gain) permitted signal compensation for
various degrees of electromagnetic signal
attenuation.

The received signal was displayed on a
storage oscilloscope. The voltage sensi-
tivity and time base could then be set
for maximum signal enhancement. The re-
ceived data were then transferred to a
magnetic data tape or floppy disk for
later retrieval and data analysis. A
computer was used for overall system op-
eration and data acquisition. The cath-
ode ray tube (CRT) displayed the received
digital signal from the oscilloscope.
This provided the operator with a "quick

RO T s b b e e b ety

FIGURE 5. - Surface control unit with computer con-
sole, disk drive, and storage oscilloscope.

look" analysis of the data and system
performance prior to data storage.

As shown 1in figure 4, all operations
for the receiver circuit, transmitter
circuit, and antenna operations were
located in the downhole probe unit. The
probe was capable of direction finding
in the vertical or horizontal position.
This control was located on the surface
unit. In the vertical position a flux-
gate compass azimuth sensor was capable
of searching and locking on any of eight
antenna positions (0° to 315°). A scan
mode was also possible for rapid search
of easily recognizable signals. The pow-
er supply for the transmitter (1,000 W)
was located in the probe assembly. Power
was fed to the transmitter and trigger
pulse generator, which radiates by means
of four dipole antennas. The synchroniz-
ing antenna, when irradiated, told the
surface unit to start the scan. The rep-
etition rate of the pulse generator was
300 kHz, The receiver and antenna were
also located in the probe housing. The
receiver had a fixed sampling window of
500 ns, which represented approximately
500 ft of propagation in air (250 ft out
and 250 ft back). Through sand, with 4
pct moisture and a dielectric constant of
5 (16), this represented a total window
of between 200 and 250 ft., Figures 6 and
7 are detailed sketches of the probe and
major systems. Notice the division of
circuitry which allowed segregation of
the antennas in the radome housing from
the other circuitry.

Cable connector
Gearhart - Owen, lin,
4-conductor

Electronic compartment
stainless steel tubing

Rudome fiberglass fubing

3in Lower cemmlizerg

20% in - 84 'fg in ! 75 ain [ 19%in

Upper centralizer,
4-in to 6-in runge

! 16.7 ft {

FIGURE é. - Borehole radar probe assembly and

major divisions.
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FIGURE 7. - Block diagram detailing circuitry in each major division of borehole probe.

SUBSURFACE GPR TEST

In April 1984, the GPR was taken to the
Mulberry, FL, site for field demonstra-
tion. The probe was deployed at hole G,
utilizing a modified trailer with a 20-ft
boom for probe handling; figure 8 shows
the probe unit being hoisted over the
hole, The probe was then lowered (fig.
9) to a depth of 45 ft, approximately 13
ft above the top of the cavity. Readings
were taken at 45° intervals, beginning
due north, Figure 10 shows the surface
control wunit with auxiliary equipment
during a test sequence. The probe was
lowered in 2~-ft increments to a depth of
73 ft, approximately 5 ft below the bot-
tom of the cavity. At each level, two
readings were taken at each of eight 45°

intervals.

One reading was taken with an
early gain setting and the other
late gain setting, while
fering time-varying gains.

with a
utilizing dif-
This allowed

compensation for electromagnetic signal

attenuation,
Following

completion of tests

G, the unit was positioned at hole
the sequence was
which were collected

were analyzed for

tures,

recognizable
From a preliminary analysis

at hole
H and

repeated. The data,

on magnetic tape,
signa-
of

the test data, it was observed that late
gain control did 1little to aid in sig-
Performance seemed to be

nal reception.
improved by wutilizing an
setting.

early gain
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FIGURE 9. -

-« 4

GPR subsurface probe being lowered to a depth

of 45 ft.

FIGURE 10. - Surface control unit and computer con-
sole taking data during scan.

From the data collected at hole G, lo-
cated within 50 ft of cavity hole A, no
recognizable radar signatures were iden-
tified that would indicate a cavity.
However, recognizable signatures of cavi-
ty interception were obtained from the
data of hole H. A total of 107 readings
were taken in hole H, which was drilled
within 25 ft of cavity hole I. Figure 11
is a graphic representation of the corre-
lated computer-compiled data collected
from hole H., In this figure the borehole
log data (left) are compared to the radar
data (right) taken at the depths indi-
cated. These scans were taken 1in the
southeast direction from hole H looking
toward the cavity intersected by holes E,
A, I, B, and F (fig. 1). The penetration
depth of the signal through the strata is
listed as the horizontal component. Note
the reflections (fig. 11) seen at 80 ns
horizontally into the strata at the
63— through 71-ft elevations. Figure 12
gives an enlarged view of these scans
(63— to 71-ft depths). The general ap-
pearance of the waveform is that of an
attenuated sine wave (idealized "text
book" image), which would be expected
of EM waves propagating through a homo-
geneous medium. These waves would be

13

Limestone
45 -

50

55

Sandy clay

FEET

60

e

65

e
|

70

Limestone

e

75 - .

= L | | 1 Il |

0 100 200 300 400 500 600
TIME, ns

FIGURE 11, - Correlation of signatures obtained in

hole H. (Note reflections at approximately 80 ns at
the 63- to 71-ft depth.)

attenuated as energy is lost. The area
between the dashed lines is the point at
which the cavity is intersected. The
horizontal distance into the cavity can
be computed from the transmission speed
of the EM wave through the medium. In
this case the material 4is fine, well-
indurated dolomitic limestone (fig. 11).
The distance corresponds to the average
depth (60 ft) to the top of the cavity
intersected. From the scans (fig. 12) it
appears that the reflections are increas-
ing from 63 to 67 ft, as the probe enters
into the cavity area, then decreasing
from 67 to 71 ft, as the probe exits the
cavity.
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FIGURE 12, - Exploded view of radar signatures at
the 63- to 71-ft depth; dashed lines denote probable
intersection of cavity.

The dielectric constant of the dolomit-
ic limestone was measured as previously
described and found to be 7. The trans-
mission speed is calculated from the
equation

V= %8_ in ft/s, (11)
where V = transmission velocity, ft/s,
c = speed of light, ft/s,
and g = dielectric constant of the

material;
& V = 4.0E8 ft/s = 0.4 ft/ns.

Since propagation of the EM waves from
the probe is based upon two-way penetra-
tion (out and return), the transmission
velocity or the sampler output window
distance must be halved to correspond to
the received signal time frame. When the
sampler output window was set at 500 ns,
the calculation for the maximum distance
traveled (full window) is 200 ft for
two-way penetration (0.4 ft/ns x 500 ns).
Therefore, the distance to the cavity
is approximately 80 ns (scaled), or 16 ft
(0.2 ft/ns x 80 mns).

Radar signatures taken in the direction
of hole A failed to detect the cavity at
a known maximum distance of 50 ft (hole H
to hole A). Scans were taken in holes C
and D but failed to detect the cavity
at a maximum distance of 50 ft to the
cavity.

IMAGE ENHANCEMENT

The data collected during the field
testing of the subsurface probe were also
analyzed using various enhancement meth-
ods. One method simply required the raw
data to be plotted by the computer and a
visual search made for distinct reflec-
tion. Another method required the corre-
lation of several scans to determine the
possible existence of a pattern that
would indicate a return signature from
the cavity area.

A third method involved taking a scan
180° from the direction desired and

subtracting the two signals, thereby
leaving only the signal from the direc-
tion with the anomalous condition. This
required an assumption that homogeneous
material existed in all directions except
for the target, and it also relied upon a
precise trigger pulse. No meaningful re-
sults were obtained from this method be-
cause of these limiting factors.

The correlation method of image en-
hancement proved fruitful with this unit.
This was the method used during the data
analysis phase of the research.
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SURFACE GPR UNIT

Following completion of the subsurface
test with the GPR probe, a surface unit
was devised to determine the propagation
characteristics of the overburden. An
attempt also was made to use the surface
unit to delineate the wunderground cavity
from the surface. Successful demonstra-
tion of a surface unit would prove bene-
ficial since subsurface drilling could
then be eliminated.

Figure 13 is a schematic diagram of the
surface transmitter used during the test-
ing of the aboveground unit. The 1,200~V
(4,000-W) power supply circuit is shown
schematically in figure 14. This power
supply provides 4,000 W of pulsed power
through the transmitter circuit at the
same frequency range as the subsurface

FB)

+ 600 Vdc -
I 0.01pF l0.0DI pF
600V dc 600V dc
FB»2
150 k@2
0.68 uH ‘

0.01pF
{ 600V dc

150 kQ
0.01pF |

150 k&
>

L HP5082 -1002

na
0.033,F 1 @

ECG
123 AP

HP5082-1002

T ECG glsokﬂ
L, primary: 3 furns each 0.68 pH

section counterwound; 21 AWG
enamel on Miller (F-37-2)

4
3/g-in by I/g-in ferrite toroid p:
Ly secondary: 3 turns

Note: FB) - FB3 = Miller
FB 43-287 DP Vain by 0.68 uH
54g-in ferrite bead

0.0l pF 0.0l pF

’I'GOOV dc FB3 TGOOV de

- 600V dc

FIGURE 13. - Schematic of the surface transmitter.

probe. The direct current power supply
is fed from a portable generator (5 kW).
The positive and negative 600 V 1is fed
into a pulser and timer circuit, then to
the transmitter. The received signal is
fed into the Tektronix 75-11 sampling
unit and displayed on the Tektronix 7834
storage oscilloscope. The power supply
for the surface wunit is significantly
larger (4X) than the borehole wunit in
order to improve performance and to re-
duce attenuation of the signal.

The system, as designed, provided a
portable GPR unit suitable for field
testing. The operation of the GPR was
automatically controlled by the computer.
A timer generated a trigger pulse that
activated the nanosecond pulse generator.
A synchronization pulse was applied to
the sampling unit to initiate sampling.
The delay between the arrival of the syn-
chronization pulse and the time at which
sampling occurred was controlled by a
voltage (external sweep) that was pro-
vided by the computer. Thus, after each
pulse, the sampling unit produced as an
output a voltage proportional to the mag-
nitude of one particular point on the re-
ceived waveform. This value was digital-
ized and fed into the computer through an
analog-to-digital converter (A/D). The
computer then stepped the external sweep
signal (and therefore the time delay) to
a mnew value, and another point in the
waveform was sampled. This process was
continued wuntil the entire waveform had
been sampled point by point. In actual-
ity, the sampling point was not changed
after each pulse but the same point was
sampled on a number of successive pulses.
These values were averaged to eliminate
noise. The number of pulses averaged was
under program control and could be varied
from the computer console. Usually 50
pulses were sampled and averaged at each
point and 512 points were taken per scan.
Approximately 3 min was required to re-
construct the complete waveform.

When the entire received waveform had
been sampled, the smoothed data were re-
corded on either magnetic tape or disk.
The smoothed waveform was also displayed
on the graphic system's CRT to provide
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FIGURE 14, - Schematic of 4,000-W, 1,200-V power supply.

the operator with "quick look™ data anal-
ysis and to allow monitoring of the sys—
tem operation during each scan. A hard

copy unit gave the operator the capabili-
ty to make a permanent record of the
display.

SURFACE GPR TEST

The first field test of the surface GPR
unit was conducted at the Mulberry site.
Figure 15 shows the surface transmitter
mounted on twin (dipole) antennas. The
underlying plastic was used to prevent
shorting of the 1,200-V (+600 V and -600
V) antennas. Figure 16 depicts the con-
trol console with 4,000-W power supply
mounted inside.

Testing was conducted at hole A, where
the cavity was located approximately
58 ft below the surface. The water ta-
ble was measured at cavity Thole A
and found to be 30 ft below the surface.
Figure 174 shows the result of the first
radar scan over the cavity. Note the
reflection near the center horizontal ax-
is (250 ns), after which no discernible
reflection occurs; 'this was identified
to be a reflection off the top of the
water-filled cavity. A reference check
was made by calculating the approximate
reflection point., Utilizing the data

collected from the logged hole and the
electrical properties of the material, a
calculation of this distance, predicting
the reflection point, can be made.

Taken from table 2, the dielectric con-
stants for the sand and clay (above and
below the water table) are added to the
total linear quantity (thickness) of sand
and clay from the surface to the wa-
ter table elevation. Below the water
table the dielectric constant changes
considerably.

Then

n
i=1

where 1 = differences in homogeneity of
material (differing strata

type),

= incremental time,

rt
I

S

FIGURE 16. - Control console, with built-in power supply, during a field demonstration.
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and vy =

RELATIVE SIGNAL STRENGTH, pct of maximum voltage

<
]

velocity of transmission, where c speed of light, ft/ms,

ft/ns,

and €1 dielectric constant of a
= total distance per increment, strata type.
"i"; duration, ft,

=
I

Therefore

C n
‘/—e;t", {13) ¢ = Z 4. /=< (14)
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FIGURE 17. - Radar scans: A4, taken over cavity hole A; B, taken 1,000 ft from cavity, over solid
earth; ‘C, taken over a proposed damsite area; D, taken on existing dam,

According to the indicated sources, ¢
for dry sand and c¢lay 1is approximately
2.5 (l4), € for wet sand and clay is
approkiﬁétely 15 (extrapolated from ta-
bles of saturated values), and ¢ for
dolomitic limerock is 7.02 (measured).
From log data, d for dry sand and clay
is 30 ft (above water table), d for wet
sand and clay is 22 ft (below water ta-
ble), and d for dolomitic limestone is
6 ft., Making the required substitution
and doubling the value for two-way propa-
gation, the cavity should be detected at
approximately 300 ns, whereas the GPR
detected the cavity at approximately 250
ns. A more precise knowledge of the
dielectric properties of the materials
should result in closer agreement between
the calculated and observed values.

The GPR system was then moved due
north approximately 1,000 ft to a loca-
tion which previously had been drilled
by IMC. There was no surface indica-
tion of a cavity in this area. Figure 18
is a lithologic 1log of this hole from
data supplied by IMC, Figure 17B repre-
sents a radar scan taken at this location
and shows no discernible reflections,
which would indicate a  rather large
discontinuity in the material (from solid
material to a wvoid). However, certain
patterns of reflections seem to match
that of the cavity scan (fig. 174), indi-
cating some homogeneity from one site to
another. This would be expected from
moving the wunit only a short distance
from the previous site. Note that the
polarity of the signals is changed in
figure 178 from that of figure 174. This
was caused by inadvertently reversing the
antenna position 180° during the move
from the first site to the second. This
made the positive portion of the waveform
negative and the negative portion of the
waveform positive. The signal scan as
shown in figure 17B seems to drift into
background noise more rapidly than earli-
er scans. This usually is an indication
of a thermal problem developing in a sys-
tem, which later proved to be the case.
At the end of this test the GPR wunit was
rebuilt and the thermally impaired parts
were replaced.
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of cavity.
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SURFACE DAMSITE TEST

The next test of the surface unit
was conducted at a site approximately
3 miles northwest of Bradley Junction
in Polk County, FL. This area was at a
proposed damsite for IMC's Kingsford
Mine. The area was adjacent to an exist-
ing dimpoundment and had previously been
mined. The water table was approximately
10 ft below the surface. The surface
material consisted of sand tailings and
overburden, pushed to grade.

Based wupon fully saturated sand and
clay dielectric constant tables QLQ),
the one-way propagation speed was approx-—
imately 0.2 ft/ns. The high moisture
content of this unconsolidated material
slowed the propagation speed significant-
ly. The window was set at 50 ns per di-
vision, thus giving a one—way penetration
distance of 10 ft per 50-ns division
(0.2 ft/ns x 50 ns per division). How—
ever, with two-way penetration this in-
terval represents 5 ft of depth per 50-mns
division.

Figure 17C 1is a computer-reproduced
scan of the data taken at this area.
Five locations were tested on 500- to
1,000-ft centers with two to four scans
being taken at each location. As can be
seen from the scan, the attenuation of
the signal is almost complete by the time
the signal has traveled 250 ns (25 ft of
penetration). Also, there are no dis-—
cernible reflections at this depth to

indicate the presence of a cavity. The
numerous miniscule reflections along the
entire length of the trace reveal certain
discontinuities which would be present in
a fill of heterogeneous material. If a
cavity were present, a sharp and distinct
reflection would be received from the
rock-water interface, followed by rapid
attenuation of the signal. The signal
following a fully attenuated signal would
then be background noise.

A scan was also taken on the adjacent
dam. The dam was part of a settling im-
poundment used to retain the clay fines
produced during the beneficiation of
phosphate rock. The transmitting and re-
ceiving antennas were 1laid against the
side of the dam, resulting in the signal
being transmitted nearly 30° off the hor-
izontal. This scan (fig. 17D) produced
the results expected for the intersection
of a water—-filled cavity. The rapid at-
tenuation of the signal is evident at the
250-ns (25 ft of penetration) mark, and a
clear reflection of the dam-water inter-
face was not evident. Owing to the
thickness of the dam and location of the
antennas, the rapid attenuation came from
within the dam, possibly owing to the
large water content, and not from the
dam-water interface. The phreatic sur-
face inside the dam may account for this
rapid attenuation.

CONCLUSIONS

The primary conclusion to be drawn from
testing of the GPR system is that mean-
ingful structures can be didentified from
the data obtained. The penetration of
the rock strata from the surface to a
distance of 60 ft is quite significant
for this initial testing of a GPR, as
this is close to the average drilling
depth for cavity detection., From discus-
sions with several mining companies in
the area, it was found that surface
drilling is primarily limited to 50 to
100 ft for sinkhole detection.

During the tests it was found that
increasing the power output of the
transmitter from 1,000 to 4,000 W doubled

the transmission distance. Further in-
creases in output power and optimiza-
tion of transmitting characteristics of
a GPR system should further enhance
signal propagation and facilitate image
interpretation.

As can be seen from figures 12 and 174,
rapid attenuation of the signal was ob-
served at approximately 250 ns, or 50 ft
of penetration. This is primarily due to
the high dielectric properties of the
transmission medium, which was water sat-
urated. While system design could be
modified, technical problems eliminated,
and transmitter power increased, it ap-
pears that 70 or 80 £t of penetratiom is

the maximum estimated distance that can
realistically be obtained through this
saturated medium.

Finally, a considerable amount of re-
search effort should be devoted to image
enhancement. The limitations of the GPR
may not lie in being able to adequately
transmit the signal through the medium,
but in the ability to accurately inter-
pret the received data. Image interpre-
tation can and should be a continuing
area of improvement. Moreover, as system
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performance is improved, increasingly
sophisticated methods will need to be
developed to interpret the perturbated
signal received from the greater depths
now possible, prior to total signal
attenuation.

The results of these tests are encour-
aging enough to suggest that further re-
search should be continued in this area
prior to drawing any negative conclusions
concerning the GPR in subsurface cavity
detection.
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