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ABSTRACT 

Experiments were conducted to establish the feasibility of 
downhole high-frequency techniques for location of fractur.es in 
the,vicinity of boreholes. An existing flame-cut slot in granite 
was filled with salt water to simulate a brine-filled fracture. 
The first method used an electromagnetic wave at 30 to 300 MHz, 
VHF frequencies. A transmitter consisting of a phased dual-dipole 
array arranged to provide a directiohal signal toward the fracture 
was installed in a borehole opposite the fracture, A receiver was 
also located,in the same borehole. The radar returns from the 
simulated fracture were detectable in boreholes located at distances 
of up to 12 meters from the fracture. These results indicate for 
the first time the feasibility of a downhole VHF radar for'use in 
a single borehole for detection of fractures located away from the 
borehole. 

Similar experiments were s o  conducted using seismic waves 
at 4.5 to 6 KHz. The transmitter and the receiver in this case 
were located in separate boreholes. During this 
reflections from the slot were obtained only with 
oriented for shear wave illumination and detection. These results 
suggest that a high-frequency shear wave can also be used to detect 
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I. INTRODUCTION e' 

The conduction of hot fluids into geothermal wells is, at least, 
partially dependent upon the presence of natural or artifically induced 
fractures in the geothermally active rock matrix. Because of the very 
high cost of drilling and fracturing in geothermal areas, it is 
economically critical that techniques for detecting natural or induced 
fractures be developed. A very desirable technique for detecting and 
locating such fractures is one which employs a borehole probe 
operating from a single hole.. In this report, two candidate fracture 
detection techniques were evaluated. Both techniques employ pro- 
pagating wave energy and rely on reflections from the fractures for 
detection purposes. 

One of the methods is a pulsed-echo electromagnetic technique 
in which an electromagnetic pulse is launched into the drilled 
formation from a borehole probe by means of a directional trans- 
mitting antenna at the depth of interest in the hole. Reflections 
from fractures or other geologic structures which exhibit a contrast 
in electromagnetic properties are detected by a receiving antenna in 
the same probe. The second method evaluated is a borehole seismic 
reflection technique in which a seismic impulse is launched into the 
formation and reflections from regions of contrasting elastic wave 
impedance are detected. With either technique, distance to the 
reflecting anomaly from the probe is determined from the two-way 
pulse travel time between the probe and the target and the known pro- 
pagation velocity of the host medium. The reflection signal wave- 
forms provide unique information regarding the size, shape, and 
character of the reflector, 

The reported evaluation tests we performed using probe 
systems developed by Southwest Research Institute for the U.S. Bureau 
of Mines and for the U . S .  Army. These systems, described in detail 
later, are basically geotechnical probes intended for use in shallow 
(1000 feet or less) vertical or horizontal boreholes. 

cost preliminary evaluation experiment, a test site was sought that 
would provide an idealized targ t simulating a vertical planar fracture. 
The test site selected for this purpose was a granite quarry near 
Marble Falls, Texas. After preliminary measurements of the seismic 
and electromagnetic properties of the granite were performed, five 
vertical test boreholes were drilled into the granite. Probe system 
output signals were recorded during the field tests in which various 
combinations of probe conf ations and target conditions were 
evaluated. 

To exhibit the use of these available probe systems in a minimum- 



11. INSTRUMENTATION 
. .  

Electromagnetic and seismic probing techniques w 
detecting fractures in granite. The VHF electromagne is Sapable of 

. operating either in single boreholes as a directional 
to-hole probe. The seismic system is experimental eq 
electric source and receiver transducers. to launch in 
in the drilled formations. These systems were develo 
Mines, Denver Research Center, under Mining Safety and .Health programs. 
radar probe was developed for detecting hazards in advance of coa! mining from 
vertical boreholes. 
probe developed to measure seismic velocity in coal and coal measure rocks from 
dry horizontal or vertical boreholes. The equipment was provided by the Bureau 
of Mines on loan to Southwest Research Institute. 

ed 'as methods for 

e'or as a hole- 
t employs piezo- 
isiic impulses 
U,S, Bureau of 

The 

The seismic system is a prototype borehole seismic velocity 

A. Directional Borehole Radar Probe 

The electromagnetic probe is a VHF video-pulse radar consisting of a 
The following description pertains Borehole Probe and a Surface Control Unit. 

to the basic functions of these two assemblies and gives a concise listing of 
the electrical and mechanical specifications of each component. . 

1. Technical Specifications 

a. Borehole Probe 

(1) 

( 3 )  

Radar Transmitter 

Pulse Repetition Frequency: 300 kHz 
Power Output: 1 kw (peak) 

Tempevrature range: 00 - 8 5 O C  
Radar Receiver 

Noise Figure: 3 dB (approx.) 
Bandwidth: 30-300 MHz 
RF Gain: 0 o r  30 dB 
Time Domain Sampler Window: I 

Sample Pulse Width: 
Sampler Output Time Base: 
Temperature range: 
Antennas 

Transmitter: Phased .Dual-D 

Pulse Width: 10 ris 

18 dB front-to-back ratio 
directivity. Mechanical 
positioning at-eight 'preset 
azimuthal rotational-positions 
around prob . 

> .  

Receiver: Electrical 1 
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- i  

(4) Mechanical 

Length (w/o centralizers): 13.3 feet 
Diameter: 3.0 inches 
Centralizers Length-upper: 20.75 inches 

lower: 19.5 inches 
iameter Range: 4-6 inches 

Total Probe Weight: 108 pounds 
Cable Head: 4-conductor, 1.0 inch 

Pressure Limit: 500 psi 
Gea.rhart -Owen 

b. Surface Control Unit 

(1) Electrical 

Power: 115 VAC, 60 Hz 

Receiver: Antenna position (adjustable in 45-degree 

Antenna cont ro 1 ( Au to-Manua 1 
Borehole Orentation (Horizontal/Vertical); 
Receiver Gain: 

segments); 

RF I High (30 dB); Low (0 dB) 
Early TVGP 0,. 20, 40, or 60 dB; 
Display Rate: 0.2 Hz or.20 Hz; 
TVG Range: 0, 0.1, 0.2 or 0.5 dB/ns. 

*TVG: T i m e  Varying Gain 
Outputs: Video Out (Analog Signal) 

Sync Out (Analog Signal) 
ntenna Position (Digital) 
isplay Rate (Digital) 

Antenna Control (Digital) 
RF Gain (Digital) 
Borehole Orient at ion (Digit a1 ) 

I Early Gain (Digital) 
I 

(2) Mechanical 

Standard NI$%odule (4" wide) 

Module (4" wide) 
Weight: 18.25 pound 

ze: Standard 19-inch rack mountable 

, 

Type : 
Length: 2,000 feet (maximum) 

*Conventional 4-conductor armored logging cable. 

3 , 



2. Operating Functions 

The Block Diagram of Figure 1 shows the downhole and surface 
elements of the Borehole Direction Radar Probe. The Surface Control Unit con- 
tains the command and control circuits for the probe. The Surface Control Unit 
also receives status and receiver output signals from the Borehole Probe and 
provides adjustable signal conditioning for the received signals. 

DOWNHOLE PROBE 
c----------- 

FIGURE 1. SYSTEM BLOCK DIAGRAM OF BOREHOLE DIRECTIONAL RADAR PROBE' 

In addition to the radar transmitter and receiver, the Borehole 
Probe contains a digital communication system which receives and decodes commands 
downhole and encodes and transmits probe status and video signals to the surface. 
Antenna position commands from the surface are directed to an antenna rotation 
circuit which contains position sensors for either vertical or horizontal bore- 
hole operation. The antenna section of the probe consists of a directional 
transmitter antenna and an omnidirectional receiver antenna. Probe functions 
controlled from the surface include antenna rotation, receiver gain, and receiver 
video display rate. 

The modules which comprise the basic surface equipment are shown 
in Figures 2 and 3. Support equipment required to operate the system includes 
a wireline logging winch with up to 2,000 feet of four-conductor armored cable 
and a suitable data recording system. The data recording system and the wire- 
line winch system used in the fracture detection tests were furnished by 
Southwest Research Institute. 

B. Hole-to-Hole Electromagnetic Probe 

A pulsed VHF electromagnetic system which operates in a completely bi- 
static mode was employed in several experiments. Hole-to-hole tests were per- 
formed to obtain measurements of the electromagnetic propagation velocity and 
losses in thegranite. The system consists of separate borehole transmitter 

4 
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(b) Front Panel 

FIGURE 3. 115 VDC PROBE POWER SUPPLY 

I 

6 



and receiver probes and a surface control unit. The transmitter and the syn- 
chronized time domain sampling receiver operate in separate boreholes thereby 
permitting the direct measureme 
Operating the transmitter or re 
ferent from the first path length permits the attenuation in the intervening 
rock to be determined, 

f propagation tim 
er in a third bor Ver known path lengths* 

le Over a distance dif- 

1. Basic System 

The hole-to-hole ground penetrating electromagnetic system 
consists of a transmitter probe and a receiver probe and three surface modules 
as shown in Figure 4. 
Control Unit, the Digital Recorder Control Unit, 'the Digital Magnetic Tape Re- 
corder, and the Dual Wireline Winch. 
borehole probes in the hole-to-hole mode of operation. 
system is employed to provide magnetic tape records for later computer processing. 

from the transmitter located in one of a pair of boreholes on either side of the 
region of interest. 

The surface elements of the system consist of the Surface 

These units control and manipulate the 
The digital recording 

In operation, short-duration electromagnetic pulses are launched 

The receiver is positioned,in the adjacent hole to detect 

HOLE PROBES 

FIGURE 4. SIMPLIFIED ILLUSTRATION OF THE HOLE-TO-HOLE ELECTROMAGNETIC SYSTEM 

7 



the transmitted pulse. 
is converted to a low-frequency replica of the real-time pulse by a time- 
domain sampler and is transmitted to the surface for display on an oscillo- 
scope and for digital recording. In operation, the transmitter and receiver 
are first located at the same depth below the subsurface region of interest. 
The two probes are then hoisted together maintaining a common depth while the 
horizontally transmitted pulse waveforms are continuously recorded as a func- 
tion of depth along the boreholes. 
on the wireline winches. The recorded signals are processed later by computer. 

The received waveform of the electromagnetic pulse 

Probe depth is measured by cable odometers 

, 

2. Technical Specifications 

a. Borehole Probes 

(1) Transmitter 

Pulse Repetition Frequency: 40 kHz 
6 kW (peak) 
10, ns 
0 - 85OC 

Power Output: 
Pulse Width: 
Temperature Range: 

(2) Receiver 

Noise Figure: 
Bandwidth: 
RF. Gain: 
Time Domain Sampler Window 
Sample Pulse Width: 
Sampler Output Time Base: 
Temperature Range: 

2.5 dB 

0 or 30 dB 
500 ns 

1 ns 
60 8 s  
0 -  

30-300 MHz 

( 3 )  Antennas (transmitter and receiver) 
85OC 

Resistance loaded dipole, omnidirectioanl 

(4) Mechanical 

Length : 120 inches 
Diameter: 2.25 inches 
Weight: 35 pounds 
Cable Head: 4-conductor, 1.0 inch Gearhart-Owen 
Pressure Limit: 500 psi 

b. Surface Control Unit 

Power: 115 VAC, 60 Hz 

Controls: RF Gain: 0 or 30 dB 
Gain Slope: 0, 0.1, 0.2, 0.5 dB/ns 
Video Gain: 0, 10, 20, 30, 40 dB 
Time Delay: 0-450 in 50 ns steps 
Sync Source: Odometer, Int., Ext. 

8 



c. Recorder Control Unit 

Power: 115 VAC, 60 Hz 

Controls: Borehole Scan Switch 
Recording Internal (Thumbwheel) 
Odometer Preset (Thumbwheel) 
Odometer Preset (Display) 
Odometer Zero 
Probe Offset (Thumbwheel) 
Data ID (Thumbwheel) 
Recorder Reverse 
Recorder Write 
Recorder Stop 
Recorder Run 
Recorder Forward 
Recorder Track AGvance 
AC Power 

d. Dual-Drum Winch 

(1) Cable 

, Capacity: 1000 feet 
Type: 
Cable Head: One inch diameter, Gearhart-Owen 

7/32" diameter, double armored, 4-conductor 

(2 )  Controls 

Type: Servo controlled in fixed offset mode; 

Modes: Left drum only; right drum only; both. 
ally adjustable 0 to 60 feet per minutes 

C. Borehole Seismic Equipment 

The pulse-echo seismic probes e Yed in the tests are prototype 
components of a borehole seismic be* This equipment consists ofr 
(1) a borehole transmitter probe ole receiver probe; ( 3 )  separate 
hydraulic pumps, lines, and electrical cables for operating the probes in 
shallow boreholes; and (4) surface electronic equipment to power and operate 
the probes. 

The sesimic transmitter probe contains a piezoelectric pulse trans- 
ducer consisting of a multi-element stack of piezoceramic elements. 
cylindrical stack of crystals is installed in a hydraulically actuated piston 
within the probe. Activating the hydraulic pump causes the piston to extend 
radially from the probe body clamping the probe in the borehole and bringing 
the transducer into contact with the borehole wall. The probe also contains 
a high-voltage power supply and a pulse discharge network. 
energy-rate seismic pulse, th 
1000 volts causing it to cont 
discharged causing the rapidly expanding piezoelectric transducers to generate 
a broad bandwidth seismic impulse in the drilled formation. 
peatable pulse can be generated at repetition rates up to ten pulses per second. 

This 

To develop a high- 
ransducer stack is charged to aPProxhate1Y 
t in length. The stored energy is then abruptly 

This highly re- 
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The seismic receiver probe is similar to the transmitter probe with 
the exception that the receiver transducer piezoceramic elements are configured 
for maximum sensitivity for converting the detected seismic pulses to electrical 
signals. Separate piezoceramic elements are employed in this receiver probe to 
provide preferential detection of compressional and shear waves traveling parallel 
to the borehole axis. 

The transmitter and receiver probes are connected to the surface via 
electrical cables and hydraulic lines. 
pump and the transmitter synchronization. A receiver selector switch and seismic 
preamplifier in the Surface Unit is connected to the receiver probe to amplify 
the signal to the appropriate level for display and recording. 

The surface unit controls the hydraulic 

D. Probe Handling and Data Recording Equipment 

Both electromagnetic probe systems operate from four-conductor armored 

Southwest Research Institute maintains a log- 
logging cables; the radar probe requiring a single cable and the hole-to-hole 
system requiring two such cables. 
ging van equipped with a dual-drum winch system having an automatic servo control 
for positioning the probes in two boreholes. 
with 1000 feet of cable. The cable conductors are connected through slip-rings on 
each drum to an equipment rack in the van. 
a 6.3 kw gasoline powered motor-generator. Data from the two EM probe systems 
were recorded on DC-300 digital magnetic tape cartridges. 
and all control settings were recorded with each full waveform at preset inter- 
vals along the borehole(s). 

Each of the wireline drums are fitted 

Power for a l l  systems is provided by 

Depth of the probe(s) 

Seismic data were recorded on DC-100 digital magnetic cassettes. 
Recording and formatting of the tapes was performed by a Hewlett Packard 9825 
desktop computer and a Phoenix Data Systems A/D converter. 
averager was employed 'to improve the signal-to-noise ratio of the seismic and 
radar signals under high noise conditions. The analog output of the averager 
was taken directly to the A/D converter for digit'izing and recording. 

A Nicolet signal 

Figure 5 shows the logging van on site with the telescoping boom ele- 
vated and a probe lowered into one of the boreholes. The simulated fracture slot 
in the granite is visible in the foreground. 
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111. TEST SITE 

A. Location and Descr ipt ion 

The test  s i t e  is  a g r a n i t e  quarry operated by the  Texas Grani te  
Corporation of Marble F a l l s ,  Texas, a d i v i s i o n  of the  Cold Spring Grani te  
Company. The company opera tes  t h ree  q u a r r i e s  i n  the  a r e a ;  t he  one used i n  
t h e  t e s t s  descr ibed here  i s  located i n  the  town of  Grani te  Shoals ,  Texas 
approximately 12 miles west of the  main o f f i c e  and processing p lan t  a t  
Marble F a l l s .  The quarry i s  i n  an ex tens ive  outcropping of p r i n c i p a l l y  
red g r a n i t e  beginning a t  the  western edge of t he  town,of Marble F a l l s  and 
extending over an a r e a ' o f  s eve ra l  hundred square miles. The g r a n i t e  i s  v i s i -  
b l e  from the  su r face  as low mounds seldom r i s i n g  more than about 100 f e e t  above 
the  surrounding t e r r a i n .  The d es are t y p i c a l l y  l e s  than one qua r t e r  m i l e  i n  
diameter.  

Figure 6 shows two views of t he  quarry test s i te .  I n  opera t ion ,  
rec tangular  blocks of g r a n i t e  are removed by flame c u t t i n g  o r  d r i l l  and b l a s t  
techniques i n  sizes and shapes determined by f in i shed  block requirements. 
type of quarrying accounts f o r  t he  s t e p l i k e  a p p e a r a n c e o f t h e  high wal l .  

This  

I n  the  flame c u t t i n g  opera t ion ,  blocks of g r a n i t e  are c leared  from t h e  
w a l l  on two faces  by narrow c u t s  made with an oxygen-gas c u t t i n g  torch .  
process does not  m e l t  the  rock, but  i n s t ead  the  hea t  causes  a c o n t i n u o u s s p a l l i n g  
e f f e c t .  The c u t t i n g  process produces a planar  s l o t  i n  the  g r a n i t e  two to  four  
inches wide t o  the  f u l l  depth of the  block. The f i n a l  s t e p  i n  removing the  
block of g r a n i t e  is t o  d r i l l  shot  ho les  under the  block, charge the  holes  with 
explosive,  a n d - b l a s t  t h e  block f r e e  from the  f l o o r  of t he  quarry.  

The 

It w a s  hoped t h a t  a test s i t e  s i t u a t i o n  would be a v a i l a b l e  where 
the  orthogonal c u t s  on the  back and s i d e  of a block had been made but  with 
the  block s t i l l  a t tached  to  the  quarry f l o o r .  These c u t s  would provide a s l o t  
which could be f i l l e d  with b r ine  t o  s imulate  a f l u i d - f i l l e d  f r a c t u r e  i n  a geo- 
thermal w e l l .  Unfortunately no such quarrying opera t ions  were a v a i l a b l e  a t  
the  time of t he  tests. 
( l i g h t  beige t o  gray g r a n i t e )  quarry which proved t o  be a more s a t i s f a c t o r y  
test  loca t ion .  
12.3 meters away from the  highwall  had been made and then abandoned because of 
severe stress cracking of the  blocks of g r a n i t e  a s  they were being removed. 
Figure 7 shows a plan view of t he  test  s i t e  including the  p a r t i a l l y  c u t  block 
and the  test  boreholes.  

An a l t e r n a t e , t a r g e t  was found a t  t h e  Texas Pea r l  

A flame-cut s l o t  approximately s i x  meters deep and extending 

B. S i t e  Prepara t ion  

Five tes t  boreholes were d r i l l e d  as shown i n  Figure 7. Three holes  
were located broadside to  the  t a r g e t  s l o t .  The o the r  two boreholes were 
d r i l l e d  i n  l i n e  with the  plane of t he  s l o t .  
view the  s l o t  edge-wise r ep resen ta t ive  of a f r a c t u r e  extending r a d i a l l y  from 
t h e  borehole. 
meters deeper than the  t a r g e t  s l o t .  

Probes operated i n  these  holes  

The holes  were d r i l l e d  t o  9 .1  meters depth,  approximately th ree  

12 



FIGURE 6 .  

(a) View of Northwestern Rim Across Quarry 

TEXAS PEARL GRANITE QU S GRANITE CORPORATION, MARBLE FALLS, 

.(b) View to heast Across Quarry 
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A barrier was installed in the slot at 3.1 meters from the closed end 
extending from the surface to the bottom of the slot, 
barrier was to contain fluid in the closed end of the slot. 
section of the slot, when filled with conductive fluid, provided a rectangular 
(3.1 x 6m) planar interface which is a reasonable simulation of an open 
fracture filled with brine. 

The purpose of the 
This closed off 

Figure 8 shows a view of 
The original concept for sealing the slot was to place a length of 

t with the open quarry in the back- 
ground. 
four-inch firehose, folded at the center, into the slot. It was anticipated 
that when the hose was inflated with air it would effectively seal the slot. 
The surface roughness of the slot was so excessive that when the slot was 
filled with water the leak rat 

The barrier was for 
into the slot on the back si 
effectively sealed to permit proceed Minor leakage 
through fractures at the ba 
out the experiments. The leak 
appropriate fluid level by mean 

fracture-fluid conductivity on the electromagnetic reflection signals. To 
perform these experiments, the slot was initially filled with fresh water. 
Later, the slot was filled with salt water having a concentration of approxi- 
mately 10 parts per 100 which was diluted to lower concentrations by the 
addition of fresh water. Salt was mixed with fresh water in 55 gallon drums 
and hauled to the site by truck as shown in Figure 9, Approximately 800 
gallons of water was required to fill the slot each time the salt concentra- 
tion was changed. Radar reflecti 
fluid conductivity levels. Simp1 
boreholes were taken for later 

f ready-mixed concrete 

f the slot were noted through- 
it was possible to maintain an 

An important goal of the tests was to determine the effects of 

s were performed using three different 
he fluid in the slot and in t€ie 



(a> T e s t  Slot with Firehole Barrier 

(b) Concrete Barrier in  Test Slot  

FIGURE 8. TEST SITE AT TEXAS PEARL QUARRY 
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(a)  Filling Test Slot with S 

, 

(b) .Filling holes with Salt 

I .  

FIGURE 9 .  LIQUID HANDLING OPERATIONS AT TEST Sia 
. *  

. .  
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IV. EXPERIMENTAL PROCEDURES 

t . 

A. Auxiliary Experiments 

1. 

Prior to the final site selection, experiments were conducted 
to measure the electromagnetic and seismic propagation characteristics of the 
granite at the Texa eliminary tests 
was to determine th terms of the 
propagation loss ch acceptable total 
two-way propagation 

a. 

. Electromagnetic measurements formed using the 
ho le- to-ho le pulsed e antennas replaced 
with bow-tie dipole nas were adhered to 
the surfaces of the onstant grease. 
Electromagnetic pul nd receiving antennas 
separated by a known path length through the rock and the received signal ampli- 
tudes were recorded. 

The approximate propagation velocity can be obtained by 
dividing the antenna separation path length by the propagation time. 
accurate determination of the velocity may be obdained from- pulse signals 
observed at two or more receiver stations. If the differenqe in two path 
lengths is divided by the difference in travel time 
velocity value is obtained which is free of any err by instrumental 

A more 

tm paths, a 

time delays. i 

Table I presents the results 
pagation param r tests. The Figure 10 shows t the antennas. 
The transmitting antenna was placed in the large . 1. The re- 
ceiving antenna was placed at four different posit 
labeled No. 2. Path length, apparent travel time, 
each station was recorded. The pulse amplitude att 
of the three dimensional spreading loss was calcula 
possible combinattons of- the four antenna positions 
of the pulse waveform kaused by dissipativefloss 
per meter. This value'compares well with publis 
wet granites. At 100 megahertz, the attenuation rates for charcoal granite, 
rockville granite and rainbow granite were reported to*6e res ively, 1 . 3 4 5 ,  

r each of the six 

1.183, and 1 .354 .  tl) I -  

Six values of propagation velocity were -c&ulated using 
the differential travel times over the six possible distance combinations. -The 
average propagation veltxity was 0.128 meters per nanosecond The relative di- 
electric constant of the granite was calculated to be 5 . 4 9  w 
with re orted values of 6 . 5 ,  6 . 2 5 ,  and 5.89 for the three granites mentioned 

h compares favorably 

above. ( P I  

(1) Griffin, R.E. and Marovelli, R.L., "Dielectric Consta nd Dissipation 
Factors for Six Rock Types Between 20 and 100 Megahertz;" U.S. Bureau of 
Mines Report RI 6913, Department of the Interior;+L967 
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LSLOT NO. 2 

0 =TRANSMITTER POSITION 
X = RECEIVER POSTIONS 

FIGURE 10. LAYOUT OF TRANSMITTER AND RECEIVER PROBES 
FOR ELECTROMAGNETIC PARAMETER EXPERIMENTS 
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b. Seismic Parameter Experiments 

Preliminary seismic tests were performed using the Bureau of Mines 
prototype seismic velocity measuring probes. 
were position in the two slots used for the electromagnetic parameter tests. 
seismic transmitter position was fixed at one location in Slot No. 1. 
was then positioned at 1.22, 1.83, and 2.66 meters away from the transmitter in 
Slot No. 1 and at 8.0, 9.22, 10.21, and 12.54 meters away from the transmitter in 
Slot No. 2. Photographs of the received pulse waveform at each station were 
recorded and later analyzed to yield the results presented in Table 11. 

The spacing between source and receiver at each station, the apparent 
seismic wave travel time for both compressional and shear waves, and the maximum 
received signal amplitude of each wave type are listed in Table II(a). 
presents the computed values of compressional and shear wave velocity based on the 
apparent travel time, 

The transmitter and receiver probes 
The 

The receiver 

Table II(b) 

The velocity values indicated for the case where the source and 
receiver were located in the Slot No. 1 (Stations 1, 2 and 3) are obviously not 
compressional wave velocities but appear to be appropriate for surface wave pro- 
pagation. Eigher velocity compressional and shear wave arrivals were not detected. 

For measurements using the source and receiver in separate slots, the 
compre s'onal and shear wave velocities are consistent with values obtained by 
others 8 2 j  for Texas Gray granite. The average velocity for the six interstation 
calculations was 5.89 km per second for compressional waves and 3.05 km per second 
for shear waves. 
measured between the slot and three boreholes. Two values were obtained, 5.83 and 
6.0 km per second. 

attenuation rate for the granite, The signal amplitude values were found to be 
sensitive to clamping position in the slots and insufficient data were available 
to obtain an acceptable average amplitude from the collected data. The loss is 
estimated to be approximately 0.3 dB per meter for compressional waves and 
approximately one dB per meter for shear waves. 

observed at the Texas Pearl Quarry were considered acceptable with no significant 
deviation from propagation characteristics measured by other investigators. The 
site was accepted as satisfactory for the planned fracture detection experiments. 

In later tests, the compressional wave velocity was again 

It was not possible to obtain an accurate determination of the seismic 

The value of electromagnetic and seismic velocity and attenuation 

. Radar Antenna Directivity Experiments 
Several experiments were conducted to measure the incident radar 

signal illumination of the target slot by the radar and to ascertain the 
directivity factor of the radar probe antenna. The measurements were made by 
placing a bowtie antenna in the dry slot at six meters depth, The received signal 
was 

(2) Hughes, D.S. and Murette, C., Variation of Elastic.Wave Velocities in 
Granite with Pressure and Temperature", Geophysics, Vol. XXI, No. 2, 
April, 1956. 
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TABLE LI. PRELIMINARY SEISMIC PARAMETER TESTS 

- i  

(a) Seismic Propagation Times and Signal Amplitudes 

Spacing 
(Meters) 

Pulse Travel Time 
(ms ) . .T 

S t-at ion Receiver Output 
(m 

~~ 

P s t  P S 

1 

2 

0.32 0.54 1.22 

1.8 

3.8 

0.4 0.55 0.85 

3 

4 

2.66 0.85 - - - 
8.00 1.70 3.00 0.16 0.13 

9.22 1.90 

2.05 

3.30. 

3 . 6 0  

4.60 

5 0.17 0.05 

0.13 - 
0 :07 0.03 

6 

7 

10.21 

2.50 12.54 

(b) Computed Seismic Velocities 

Propagaticn Path Velocity 
(km/ s ec) 

P S 

1-2 2.65 1.96 
1-3 2.51 - 
2-3 2.76 - 
Average (Slot No. 1 Measurements) 2.64 1.96 

4 - 3  b.  1U 4.Ub 

4-6 6.31 3.68 

5.67 2.67 

6.60 3.00 

. 4-7 

5-6 

5-7 

6-7 

5.53 2.55 

2.33 5.17 

Average (Slot No. 2 Measurements) 5.89 3.05 
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recorded for various rotatibnal positions of the radar transmitting antenna 
which was placed in Borehole No. 2 located eight meters from the slot. The 
bowtie antenna output waveform was recorded on Polaroid film for three posi- 
tions of the source antenna: maximum signal (225'); minimum signal (45'); 
and at an intermediate position (135') relative to Magnetic North. 

Figure 11 shows these wavef 
directivity of the radar transmitting ante 
of the signal at 225' is approximately 0.8 
tude is 0.5 volts. The front-to-back rati the antenna i s  therefore 4.08 dB 

as the radar antenna rotates are the result of reflections from impedance discon- 
tinuities on the receiving antenna cable. 

which clearly demonstrate the 
The peak-to-peak amplitude 

ts and at 45' the signal ampli- 

1 for this experiment. The other signals which also exhibit a change in amplitude 

The experiment was repeated with the radar probe positioned in 
Borheole No. 3 located 12 meters from the bowtie antenna in the slot. Figure 12 
shows the receiver output for transmitting antenna headings of 45', 135', and- 
225'. The calculated front-to-back ratio for the antenna at 12 meters range is - 
approximately 5 dB. 

In the next experiment, th radar probe was lowered into Borehole 
No. 1 and the separate bowtie antenna was lowered into Borehole No. 2 four meters 
distant; both boreholes were dry. 
measured to be 6.0 dB with the maximum signal received when the transmitting 
antenna heading was 45' as shown in Figure 13. 

The front-to-back ratio of the antenna was 

The receiving antenna was then moved to Borehole No. 3 with the 
radar probe remaining in Borehole No. 1. The results Figure 14 show the 
antenna front-to-back ratio to be approx 

The final experiment in t s designed to investigate 
the effects on the directional antenna performance of conductive fluids surrounding 
the 3.0-inch diameter probe in a 4.75-inch diameter borehole. Table I11 summarizes 
the results of this test. I 

Radiation 
f 
I Fluid 
I 

600- 700 

40-50 

I 

I 

*Relative to air-filled borehole condition 
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ANTENNA HEADING - 135" 
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0 timb,ns 100 

ANTENNA HEADING - 225' 
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Relative Amplitudes 
in vertical scale 

0 time , ns 100 

FIGURE 11. BOREHOLE RADAR DIRECTIONAL ANTENNA TEST RESULTS - RADAR I N  
4.73 IRCH'DIIAMETER BOREHOLE, EIGHT METERS FROM RECEIVER IN 
SLOT IN G R A N I T E ( ~ ~ O O  MAGNETIC HEADING FROM RADAR TO RECEIVER) 
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0 time,ns 
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FIGURE 12. BOREHOLE RADAR DIRECTIONAL ANTENNA TEST RESULTS - RADAR IN 
4.75 INCH DIAMETER BOREHOLE, 12 METERS FROM RECEIVER IN SLOT 
IN GRANITE ( 230' MAGNETIC HEADING FROM RADAR TO RECEIVE8 
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FIGURE 14. BOREHOLE RADAR DIRECTIONAL ANTENNA TEST RESULTS - RADAR IN 
'4.75 INCH DIAMETER BOREHOLE 8.0 WTERS FROM RECEIVER I N  4.75" 
DIAMETER BOREHOLE I N  GRANITE (50° 
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The output of the separate bowtie receiving antenna 
was recorded while the radar probe was operated in Borehole No. 1 with no 
liquid in the hole, then with muddy water without added salt, and finally 
with approximately one pound of salt added to the water in the hole. 
The resistivity of the muddy water was approximately 600 to 700 ohmy 
centimeter and was 40 to 5 0  ohm-centimeters when salt was added. The 
6 0 0  ohm-centimeters water had very little effect on the antenna per- 
formance, apparently reducing the directivity by only 0.1 dB and 
attenuating the maximum signals by only 0 . 8 5  dB. The increased con- 
ductivity of the salt water caused a 6-dB decrease in the antenna out- 
put but increased the front-to-back ratio to 12 dB. The principal 
effect was a sharpening of the null in the back direction of the 
antenna. 

B. Fracture Detection Experiments-Summary 

1. Echo-Ranging Experiment Plan 

The objective of the experiments was to test the 
feasibility of detecting fractures in the vicinity of boreholes by 
means of either electromagnetic or seismic echo-ranging techniques. 
The experiments included tests of both concepts employing available 
hardware systems operating in shallow boreholes in surface granite 
rock. A Planar slot extending in the granite test medium service to 
sfmulate a fracture. 

Five test boreholes were drilled as described earlier 
to provide different detection conditions for the electromagnetic and 
seismic borehole probing systems. The experiments were designed to 
provide a measure of the effects of borehole fluid conductivity and 
aspect angle of the fracture-simulating slot. Accordingly, the electro- 
magnetic detection systems were operated in each borehole or borehole 
pair with the slot containing: (1) air; ( 2 )  a sheet metal reflector 
( 8  x 8 feet); ( 3 )  fresh water; and (4) brine of at least two concentra- 
tions of salt (NaC1). 

Two seismic echo-ranging experiments were performed; one 
with the slot dry and the second with the slot filled with water. 
Because there is essentially no change in the seismic reflection 
coefficient with variation in conductivity of water, only fresh water 
was used in the seismic tests. 

2 .  Radar Data Acquired 

Table IV presents a summary of the radar test conditions. - 
The table identifies the borehole in which the radar was operated, the 
distance from the borehole to the target, the fluid in the slot, and 
the fluid surrounding the probe in the borehole. 

3 .  Hole-to-Hole Electromagnetic Data 

Table V presents a summary of the hole-to-hole electro- 
magnetic test conditions. Borehole and target slot conditions for 
each of the test configurations are given. 
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TABLE IV. SUMMARY OF RADAR TEST CONDITIONS 

Borehole 
Tape Ho. Borehole m s e ( m )  Target Conditions Conditions 

5 
5 
5 
IC 

1c 

lC, 2c 

2c 
0 
0 
0 
0 
1 

3 

3 

3 

3 
3/4a 

1 

1 

'2 

2 

3 

4 
5 
1 

2 

3 

4 
5 
1 

1 

1 

1 
2 

4 
4 
8 
8 
12 

4 
8 
4 
8 

12 

4 
8 

4 
4 
4 
4 
8 

8' x 8' Metal Sheet 
Salt water, 16 Qcm 

Salt water, 152 Qcm 

Salt water, 38 Rcm 

Salt water, 38 Qcm 

Salt water, 177 Qcm 

Salt water, 260 Qcm 

Dry 

Dry 

Dry 

Dry 

Dry 

Dry 
400 Gal. Fresh Water 
600 Gal. Fresh Water 

Salt Water, 10.1 Rcm 
Salt Water, 10.1 Qcm 

Salt Water 

Salt Water 

Salt Water 

Salt Water 

Sa 1 t Water 

Salt Water 

Salt Water 

Fresh Water 

Fresh Water 

Fresh Water 

Fresh Water 

Fresh Water 

Salt Water 

Salt Water 

Salt Water 

Salt Water 
Salt Water 
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TABLE V. SUMMARY OF HOLE-TO-HOLE ELECTROMAGNETICTEST CONDITIONS 

Tape No. Boreholes Target Conditions Borehole Conditions 

2 '3 2 Dry Fr e sh Water 

2 3 1 Dry Fresh Water 

Tx Rec 

2 

2 

2 

5 

1 
1 

Fresh Water 
Fresh Water 

Fresh Water 5 4 Dry 2 

4 3 1 600 Gal. Fresh Water Salt Water 

6 4 5 Salt Water, 260 Qcm Salt Water 

6 1 2 Salt Water, 260 Qcm Salt Water 

6 1 3 Salt Water, 260 Qcm Salt Water 

6 2 3 Salt Water, 260 Qcm Salt Water 
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4. Seismic Reflection Data 

Seismic reflection data were recorded with the probes in 
three borehole pairs. 
Because neither of the seismic probes were suitable for immersion in water, 
the boreholes were dry in all of the tests. 

Table VI summarizes the borehole seismic experiments. 
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Cassette 
No. 

1 
2 
3 

4 
5-6 

6-7 

7-8 

8-9 
9- 10 
11 

12 
13 

14- 15 

15- 16 

16- 17 

17- 18 

19 

20 

Bo1 
Rec . 
1 
1 

1 

1 

1 

1 
2 

2 

2 
4 
4 
4 

1 

1 

2 

2 

1 

1 

holes 
Xmtr 

2 
2 
2 

2 

2 
2 
3 

3 
3 
5 
5 
5 

2 
2 
3 

3 
2 
2 

TABLE VI. SUMMARY OF SEISMIC TEST CONDITIONS 

POSil 
Rec. 

180° 
180' 

180° 

180° 

180' 

180° 

180° 

O0 

180° 

M o o  
0' 

O0 

180° 

180° 

180' 

480° 

Various 
270' 

m( 1) 
Xmtr 

O0 

O0 

O0 

O0 

0' 

I 0" 

O0 

0' 

O0 

O0 

O0 

O0 

O0 

O0 

O0 

O0 
- 

270° 

Type of 
Scan(*) 

CD 
CD 

CD 

CD 

CD 
Offset 

CD 

CD 

Offset 

CD 

CD 

Off set 

CD 

Offset 

CD 

Offset 

CD 
CD 

Comments 

Rotation experiments and common 
depth scans. Loose probe, 
attachment, data questioanble. 

Repeat tapes 1,2,3, slot dry. 

Rec. at 6.0m 

S lot dry 

Slot dry 

Rec at 6.0m 

Scan start at %I slot dry 
Slot dry 

Rec. at 5m, slot dry 
Water in slot 

Rec. at €pl water in slot 
Water in slot 

Rec at 6m water in slot 
Rotation tests 
Water in slot 

(1) Position of transducers relative to plane of target slot, clockwise 
viewed from above, 0' = direction from borehole to target. 

CD Scan is a common depth scan, probes hoisted in unison. Offset 
scan - the receiver probe fixed at the lowest position in borehole, 
the transmitter hoisted to each of the data interval positions. 

(2) 
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V. TEST RESULTS 

A. Directional Radar Experiments 

The results of the bo ole radar tests are organized according to 
the factors which control the radar reflection coefficient of the target, 
i.e. the materia3 filling the slot. 
as: (1) air filled; (2)  metal reflect0 nserted; and ( 3 )  water of various 
conductivities. 

The target conditions are identified 

1. Air-Filled Target Slot Tests 

The test plan called for recording radar reflection data in each 
of five boreholes for each of the target conditions. This plan was implemented 
to the greatest extent possible. In some instances, the raw data appeared to 
be adequate; however, when data processing was applied, it was found that the 
*lo cm ambiguity of the cable odometer produced some probe position errors. 

The most effective reflection signal enhancement technique 
applied was one which removed the static system-related signals in the radar 
video waveforms. 

The directional radar can be operated in either of two scan 
modes. 
the antenna is rotated through eight angular positions. 
recorded at each 45-degree increment. 
station until the vertical depth interval of interest is logged. This type of 
borehole scan assures that each of the azimuthal position recordings are made 
at the same level in the borehole; however, this procedure is.very slow.< The 
alternate procedure cdnsists of eight constant-angle vertical scans with the 
antenna oriented at each of the eight angular positions. This is a much 
faster scann.ing technique and is usually satisfactory. Data were recorded 
during the tests using both techniques. 
of the constant-angle scans, the depth position of the probe varied as much 
as 10 centimeters for each data station from scan to scan. 

In one mode, the probe is held stationary at each depth interval while 
Radar waveforms are 

This procedure is repeated at each depth 

It was found later that during some 

In the signal enhancement process, video waveforms taken at 
complimentary angles are subtracted. 
which are independent of antenn 
tical reflection'slgnals from the hole collar an ole bottom. Reflection 
signals and noise remain in the fou 
as to the direction of the reflecti f necessary, this ambiguity 
could be removed by additiona 

The residual waveform is free of signals 
osition such as internal feedover and ver- 

s with a 180-degree ambiguity 

If the interfering signals vary significantly with vertical 
position, the subtraction process will not be effective if the complimentary 
angle signals are not recorded at ptecisely the.same elevation. 
removal of stationary signals is demonstrated in some of the waveforms shown 
later and accounts for some loss of the final data quality. 

This incomplete 
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Figure 15 shows nested radar signal waveforms corresponding 
t o  the difference of signals received from directions of 45 degrees and 225 
degrees. Figure 15(a) displays 250 nanoseconds of radar time window for the 
depth range of 8.0 meters to 2.6 meters. The incomplete removal df surface 
(hole collar) reflections is shown by the' signals minding diagonally upward 
to the left. 
with the signal amplitude increased by a factor of 2,s. Electromagentic 

, parameter measurements indicate that the reflections from the air-filled 
slot should be received at approximately 62.5 nanoseconds after transmit 
time. A group of weak reflection signals occurring at that time can b e  
d e t e c t e d .  

I 

I 
Figure 15(b) shows the first.100 nanogeconds of the display 

Figure 16 shows the subtracted. ormswith t h e  probe 
positioned in Borehole No. 2. The subtractio ess was almost completely 
ineffective in this case because of the depth 
and the 225 degree waveforms. Reflections fr et slot cannot be seen 
in this data. 

et error between the 45 degree 

, 

Figure 17 shows the subtracted radar data for 45 degrees (225 
degrees) with the probe in Borehole 3. 
in these data. 

No clear targe 

, 
No reflections from the air-filled slot were detected in data 

from Borehole 4 or Borehole 5. Vertical depth errors i the Scans seriously 
reduced the effectiveness of the reverse-angle subtract 

I 

n processing . 
I 2. Metal Reflector Tests 

, A square metal reflector eight feet on a side was fabricated 
I using 24-gauge galvanized steel sheet attached to two 4 x 8-foot sheets of 
I plywood. This reflector was lowered to the bottom of the slot with the metal 

facing Borehole No. 1. 

With the radar probe in Borehole No. 1, constan 
scans from 8.2 meters to 4.0 meters depth were performed. Figure 18 shows 
eight nested raw data waveforms. 
in the raw data; however, when reverse-angle subtraction processing is applied, 
the large reflection signal shown in Figure 19 is obtained, In Figure 19(a) 
the broadband output is shown. A 100 MHz low-pass filter was applied to the 
data to yield the waveforms shown in Figure 19(b). 
radar antenna is demonstrated in Figure 20. FigureSZO(a) shows the 90 (270) 
degree response and Figure 20(b) shows the 135 (315) degree response. 

Very little reflection signal is detectable 

The directivity of the 

From the azimuthal responses shown in Figures 19 and 20, 

Cancellation of the reflection signal is almost complete in the 
the true target direction is very near 45 degrees magnetic bearing from the 
borehole. 
measurements at 135 (315) degrees. 



<-  
< -  
< -  
< -  
< -  
< -  
< -  
< -  
c -  

< -  

2.6 M 

3.2 M 

3.8 M 

4 .4  M 

5.0 M 

6 . 6  M 

6.2 M 

6.8 M 

7.4 M 

6 .8 M 

TFIpE0 
SUB ANGLES 
RFtDRR DATFI 
TEXQS PEQRL QUQRRY 
IDS16 
NORMQL 
ANGLE= 46 

I I 
I 

1 
I 

I 
I 

1 
I 

t 
I I 

0 100 200 300 
TIME (NANOSECONDS) 

( a )  250 N a n o s e c o n d  T i m e  W i n d o w  

(b) 100 nanosecond T i m e  W i n d o w ,  A m p l i f i e d  Signal 

FIGURE 15. 45' (225') ANTENNA POSITION RADAR RESPONSE FROM BOREHOLE NO. 1, 
A I R  FILLED TARGET SLOT 



< -  
<-  
<-  
<-  
<-  
<-  
<-  
<-  
<-  

3.2 H 

3.8 M 

4 . 4  H 

6.8  u 

6.6 U 

6.2 U 

6.8 U 

7.4 u 

8.8 M 

t I I i 1 
I 

I 
I 

t 
I 

I 

8 188 280 
TIME (NRNOSECOHDSI 

308 

T a P m  
SUB ANCLES 
RADAR DATR 
TEXAS PEARL 
ID. 2 
NORMAL 
ANGLE* 4 6  

QUARRY 

FIGURE 16. RADAR SIGNALS WITH PROBE I N  BOREHOLE 2, TARGET SLOT DRY 

<- 
<- 
<-  
<-  
<-  
< -  
<-  

<-  
<-  
<-  

2.6 H 

3.2 H 

3.8 H 

4.4 H 

6.8 H 

6.6 M 

6.2 U 

6.8 H 

7 .4  H 

8.8 n 
I 
I 

I 
I 

I 
I 

1 
I 

I 
I I 

TAPE8 
SUB ANCLES 
RBDAR 
TEXAS PEARL 
ID810 
NORMAL 
ANGLE= 4 6  

QUARRY 

L .  AMP= 20.08 

H . P * F 8 MHZ 
L.P.F.= iea.p1nz 

II 188 288 
TIME (NANOSECONDS) 

300 

FIGURE 1 7 .  RADAR SIGNALS WITH PROBE IN BOREHOLE 3 ,  TARGET SLOT DRY 

36 



L 
t 

t 

I E . 

37 



< -  
<-  
< -  
<-  
< -  
< -  
< -  
<-  

3.8  f OPP ANGLES 

4 . 4  F '  

6.0 F FINCLE- 46 

RADRR DATA T 
AS PERRL PRRY 
10.81 
NORMAL 

6 . 8  F 

7 . 4  F 

8.2 F 

t I 
I 

I 
I I 

0 100 
TIME (NANOSECONDS1 

-*1 c 
( a )  Broadband Response, Returns from 45' and 225O Subtracted 

<- 3 . 8  f 

<- 4 . 4  F 

<- 6.0 F 

<- 6.6  F 
* 

< -  6.2 F 

<- 6.8 F 

< -  7.4 F 

< -  8 . 2  f 

I I 
I 

I 
I i 

0 180 
TIME (NANOSECONDS) 

(b) 100 MHz Low Pass Filter Response, Returns from 4 5 O  and 225' Subtracted 

FIGURE 19. RADAR SIGNALS WITH PROBE IN BOREHOLE 1, 
METAL REFLECTOR IN TARGET SLOT 

38 



< -  3.8  F 

<- 4 . 4  F 

<- 6.0 F 

<- 6.6 F 

<- 6.2  F 

<- 6.8 F 

<- 7.4 F 

<- 8.2 F 

SUB ANGLES 
RFIDRR DATA f 
AC PERRL QRRY 
I D 8 0 1  
NORMFIL 
ANGLE= 90 
L. A M P ~ l 0 0 . 0 0  
EXP AMP-0 ,000 
L .P .r .=O .000 
H.P.F.=1.808 

I 
I I I 

0 180 

Difference of Signals from 90' and 270' 

TINE (NANOSECONDS) 

(a )  

SUB ANGLES 
RADRR DATFI T 
AS PEARL QRRY 

NORMAL 

L .  AMP=100.00 

L.P.F.-B.B00 < -  6.4 F H.P.F.-1 .e00 

<- 4 . 0  P 

<- 4.6  F I D 8 0 1  

< -  6.2 P ANGLE-136 

EXP AMP=0.000 <- 6.8 F 

<- 7.6 P 

<- 8.2 F 

TINE (NANOSECON 

(b) Difference of Signals from 135' and 315' 

FIGURE 20. RADAR SIGNALS WITH PROBE IN BOREHOLE 1, 
METAL REFLECTOR IN TARGET SLOT 



3. Conductive Fluid Tests 

a. 10.1 Ohm-Centimeter Resistivity 

A sodium chloride brine solution was prepared by mixing 
rock salt with fresh water in 55-gallon drums shown in Figure 9. The water 
was poured into the slot, allowed to stabilize in temperature, and then 
sampled for conductivity measurements. 

The radar waveforms shown in Figures 21 and 22 were recorded 
with the radar probe in Borehole No. 1 with a salt solution in the slot which 
later measured to be 10.1 ohm-centimeter resistivity. The two types of borehole 
scans described earlier were performed; Figure 21 shows data recorded using the 
constant-angle vertical scans and Figure 22 shows data recorded using the constant- 
depth azimuthal scan data. In both figures, reflections from the brine-filled 
slot are very clear. 

The radar probe was moved to Borehole No. 2, eight meters 
away from the slot, and the two scans were repeated. Figure 23 shows the results 
of the constant-angle scans. Figure 2 4  shows the results of the constant depth 
scans. The plots indicate almost identical data with the slot reflections ap- 
pearing at approximately 160 nanoseconds. Although this is 35 nanoseconds 
later than expected, a time base shift of that magnitude has obviously oc- 
curred either in the processing or in the recording of the data. The reflec- 
tions are concluded to be from the slot target; there are no other reflecting 
surfaces in the granite near that range. 

b. 16.0 Ohm-Centimeter Resistivity 

The concentration of salt water in the target slot was 
reduced to produce a fluid resistivity of 16.0 ohm-centimeters. The radar 
probe was operated in Borehole No. 1 to obtain the processed data shown in 
Figure 2 5 .  The reflections from the slot target are not significantly dif- 
ferent from those obtained with 10.1 ohm-centimeter resistivity fluid in the 
slot. 

Figure 26 shows the radar response with the probe posi- 
tioned in Borehole 2 ,  eight meters from the target slot. A weak but clear 
signal at approximately 160 nanoseconds is .a reflection from the brine- 
filled slot. 

The data shown in Figure 27 were acquired employing dif- 
ferent recording equipment. The output of the radar system was connected to 
a Nicolet waveform averager. An average of'128 sequential waveforms was then 
digitized and recorded. This process was very slow; however, the results in- 
dicate that with appropriate signal enhancement the slot is detectable by the 
radar at a distance of 12 meters away (Borehole 3). 
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B. Hole-to-Hole Electromagnetic Reflection Tests 

The hole-to-hole electromagnetic system was operated as a bistatic 
radar probe in pairs of holes with the expectation that in addition to the 
direct arrival of the electromagnetic pulse from transmitter to receiver, 
there would also be received pulse signals reflected from the target slot. 
Tests were conducted with air and with two conductivities of water in the 
slot. 

1 
1 1. Dry Target Slot Experiments 

a. Transmitter in Borehole 2 - Receiver in Borehole 3 

In the data shown in Figure 28, the transmitter probe 
was held fixed at 6 . 5  meters depth in Borehole No. 2 while the receiver probe 
was scanned up Borehole No. 3.  The direct arrival signal is quite strong and 
the associated travel time increases with range precisely as expected. Waves 
reflected from the slot should arrive at the receiver at the times indicated 
by the line labeled REFL. 
to this predicted travel time presumably because of scattering and interface 
losses. 

There are not distinct arrival signals corresponding 

b. Receiver in Borehole 1 - Transmitter in Borehole 3 
The two-way pulse reflection distance was shortened by 

four meters by locating the receiver in Borehole 1 and the transmitter in 
Borehole 3 .  Refelctions from the slot should appear along the line marked 
REFL in Figure 29. The signal peaks which trend toward time zero at zero 
depth are the result of pulse energy propagating on the wireline cables. 
These undesirable signals tend to mask reflection signals when the probes 
are operated within a few meters of the surface. Nevertheless, there are 
no obvious signals indicating reflections from the dry target slot. 

C. Receiver in Borehole 4 - Transmitter in Borehole 5 

Figure 30 shows the results of a common depth hole-to-hole 
scan in Boreholes 4 and 5 as shown in F.igure 7. There is a line of signal 
peaks at the proper time for a reflection from the edge of the target slot. 
However, the direct signal to the receiver is very strong and there is the 
possibility of overloading and delayed recovery in the receiver. An exami- 
nation of Figure 31 in which the transmitter is held fixed at the bottom of 
Borehole 5 and the receiver scanned up Borehole 4 shows that apparent reflec- 
tion follows the same time delay pattern as the direct arrival signal, indi- 
cating that the signals are the result of receiver saturation and not a 
reflection. No other indications of reflections are seen in the data 
display. 

2. Target Slot Filled with Conductive Fluid 

a. Transmitter in Borehole 1 - Receiver in Borehole 2 

The data displayed in Figure 32 was recorded with the re- 
ceiver fixed at 6 . 0  meters depth in Borehole 1 and the transmitter scanned up 
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Borehole 2 to the surface. Reflections from a vertical face would follow a 
move-out curve (shown on the display) which is different from the direct arrival 
move-out. Although the time of arrival appears to be late by approximately five 
nanoseconds, the strong signals starting at about 80 nanoseconds at 4.9 meters 
depth appear to be reflections from the fluid-filled target slot. 
of the fluid was measured to have a resistivity of 260 ohm-centimeters. 
20 dB attenuator was installed in the receiver to minimize saturation effects 
of the direct arrival. 

A sample 
A 

b. Transmitter in Borehole 1 - Receiver in Borehole 3 

Figure 33 indicates signals which are appropriate in time 
and move-out for reflections from the target slot. The reflections are shaded 
to highlight their position on the display. The amplitude of these signals is 
12 to 15 dB less than the reflections shown in Figure 32. This is approxi- 
mately the expected attenuation loss caused by the additional path length. 

C. Seismic Experiments 

The initial seismic data acquisition experiments were terminated 
prematurely when the transmitter probe became lodged in Borehole No’. 2. The 
probe was recovered slightly damaged and it was necessary to perform repairs. 
The probes were repaired and modified for controlled-orientation operation 
and a second field trip was organized to acquire seismic data only. Two 
groups of experiments were performed, one with the slot dry and the second 
with the slot filled with fresh water. In addition, several experiments 
were performed to determine the effects of transducer rotational position 
on received signal polarity and amplitude. 

1. Probe Orientation Experiments 

In the initial seismic experiments, the transmitter and receiver 
probes were simply lowered into the boreholes by the hydraulic lines and the 
electrical cables. The orientation position of the transducers was random. 
The relative orientation of the transducers was determined to have a signi- 
ficant effect on the polarity and amplitude of the first arriving components 
of each sesimic wave type. It was a l so  shown that coherence of signals from 
station to station in the boreholes was dependent upon the probe being clamped 
in the borehole in a repeatable fashion. 

Accordingly, the centralizers were improved to hold the probe 
modules very nearly centered in the borehole while the pistons were extended 
to clamp the probes in the borehole. 
as they were lowered or hoisted in the boreholes, five-foot sections of PVC 
pipe were fabricated with rigid couplings on one end. 
through the couplings with mating holes through the opposite end of each pipe 
section. As the pipes sections are assembled, bolts are placed through the 
holes to form a rotationally rigid length of pipe. 
the pipe to the probes were fabricated. 
could be lowered to a depth of 30 feet in the boreholes while maintaining 
accurate control of the azimuthal Orientation of the probes from the surface. 
This method of probe orientation control was used throughout the remainder of 
the seismic experiments. 

To control the orientationat the probes 

Holes were drilled 

Fixtures for attaching 
With the pipes attached, the probes 
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Figures 34, 35, and 36 show the results of the probe rotation 
experiments. Figure 34 shows the output of receiver channel no. 1 for four 
orientations of the transmitter and receiver transducers. The rotational 
positions of the transducers are shown to the right of each waveform. the 
features of interest in each waveform are the amplitude and polarity of 
the first arriving compressional wave and shear wave signals. 

When both transducers are positioned along the line joining the 
two boreholes and pointing in the same direction (Rec O"/Xmtr O " ) ,  the compres- 
sional wave first arrival is positive and approximately6.6millimeters amplitude 
in the displayed waveform. In the second waveform, the receiving transducer 
was rotated 90 degrees (Rec 90°/Xmtr 0") whereby the compressional wave signal 
is reduced to approximately 1.2 millimeters while the shear wave first motion 
remains positive at about the same amplitude observed in ,the first orientation 
condition. 

In the third waveform of Figure 34, the compressional wave 
first motion is negative when the transducers are pointing at one another 
(Rec 180°/Xmtr 0"). The shear wave amplitude is reduced to less than one 
half of the previous two waveforms while the first motion polarity remains 
positive. 

The last waveform in Figure 34 was taken with the receiver 
transducer rotated by another 90-degree angular increment (Rec 270°/Xmtr 0"). 
The compressional wave is diminished and the shear wave signal, although 
approximately the same amplitude as in the second waveform, is reversed in 
polarity . 

Figure 35 illustrates the effect of rotating the transmitter. 
En the first waveform,. the receiver and transmitter transducers are at 90 
degrees and 270 degrees, respectively; i.e. the transducers are pointing in 
opposite directions perpendicular to the line between the boreholes. In the 
second waveform, the transmitter position was rotated 180 degrees. As anti- 
cipated, the direct shear wave signal reversed polarity as did the reflection 
signal at S. The compressional wave signal is small compared with the shear 
wave for this orientation of tfie transducers. With-careful positioning of 
the probes it should be possible to completely null either the compressional 
wave or the shear wave direct arrival. Figure 36 illustrates the estimated 
shear and compressional wave sensitivity patterns of the seismic transducers. 

One of the principle reasons for operating the seismic system 
c mode with the transmitter and receiver modules in separate adja- 

cent boreholds was to reduce or eliminate the interference with echo reception 
terface waves associated with the borehole walls and air column. Even 
this separation of source and receiver, there were significant interface 

waves introduced into the seismic receiver signals. The amplitude of these 
signals was frequently as large as the direct body wave signals and an order of 
magnitude greater than the reflection signals. The highest frequency of these 
interferring signals (approximately 750 Hz) was two to three octaves below the 
frequency of the direct and reflected seismic signals (4.5 to 6 IMz). Because 
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all of the data was recorded below system saturation levels, it was possible to 
remove the interface waves from the displayed data by the use of a high-pass 
d$gital filter in the play-back system. A low-pass'filter was also employed 
to reduce random high frequency signals above 10 KHz occurring in the data 
apparently the resultofmechanical resonances in one or both of the probe 
attachment structures. The seismic waveforms shown in Figure 34 through 44 
were plotted with these filters in the playback program. 

2. Reflection Tests Without Water in Target Slot 

The first reflection tests were performed with the target slot 
dry and with the receiver in Borehole No. 1 and transmitter in Borehole No. 2 
at 4 . 0  and 8 . 0  meters from the target, respectively. A common depth scan was 
performed with the transmitter and receiver p.robes being hoisted in unison from 
6 . 0  meters depth to 1.0 meter in 25-centimeter increments. The receiver trans- 
ducer was at the 180-degree position pointing toward the transmitter. The 
transmitting transducer was at zero degrees pointed in the direction of the 
target slot. 

Figure 37 displays th eceiver output for each depth interval 
with the waveforms nested closely together to emphasize the coherent elements 
in the data. To highlight the more outstanding reflection signals, the positive 
peaks of the signals in successive waveforms have been shaded. 
shows four reflections in addition to the compressional and shear wave direct 
arrivals. Reflections from the slot target should form a vertical line be- 
cause the plane of the target is vertical and parallel to the boreholes and 
the time of arrival for a compressional or shear wave reflection should be 
three times the travel time for the four-meter hole-to-hole distance. There 
are no clear reflections meeting these requirements in Figure 37. 
reflections which tend toward zero depth are related to surface reflections. 
Two reflection trends bhich appear to be from an interface below the bottom of 
the boreholes and are clearly shear wave reflections as indicated by the move- 
out slope of the wavefronts. 
waves as derived from these tests are 6.22km /sec and 3.2km/sec, respectively. 

Figure 37, 

The 

The velocities of compressional waves and shear 

Data displayed in Figure 38 were t n with the receiver probe 
fixed at 6 . 0  meters depth in Borehole 1 while the transmitter probe was hoisted 
to one meter depth in 2s-centimet 
develop distinguishing move-out features required to positively identify ver- 
tical planar target reflections 
and shear wave arrivals are cle 
detected in the previous common depth scan are highlighted. 
target slot reflections are present. 

increments. This offset scan was employed to 

The hyperbolic shape of the direct compressional 
y seen in the display. Two of the reflections 

No evidence of 

\ 

The probes were deployed with the receiver in Borehole 2 
he transmitter in Borehole Data resulting from a common depth scan is 

shown in Figure 39 in which the front arrivals from two surface reflections 
are highlighted. No target reflections are present at four times the four meter 
hole-to-hole travel time delay. 
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Figure 40 shows the results obtained with the receiver probe 

No reflections 
rotated 180 degrees from that used for Figure 39. Reversed polarity surface 
reflections were obtained and are highlighted in Figure 4 0 .  
are evident from the dry target. 

The seismic probes werenext operated in Boreholes 4 and 5 with 
the receiver located four meters and the transmitter eight meters from the slot. 
Data recorded in this experiment are shown in Figure 41; however, no reflections 
are evident in this edge view of the slot. A shear wave surface reflection has 
been highlighted. 

3 .  Reflection Tests with Water in the Target Slot 

The target slot was filled with fresh water and the preceding 
experiments were repeated. With the receiver and transmitter in Boreholes 1 
and 2, respectively, the data shown in Figure 42 were obtained. The trans- 
ducers were oriented in the same positions as those used in Figure 37 (Rec Moo/ 
Xmtr 0'). Several reflections have been highlighted in the waveforms shown 
in Figure 42, however none of these are associated with the target slot. 

Figure 43 shows the seismic waveforms acquired with the receiver 
probe in Borehole 2 and the transmitter probe in Borehole 3. Reflections from 
a greater depth than the boreholes and from the surface are evident, however, no 
reflections from the target slot were obtained. 

The final seismic experiment was performed with the probes in 
Boreholes 1 and 2. The transmitting and receiving transducers were positioned 
at 90 degrees with respect to the line joining the boreholes (Rec 270°/Xmtr 270O); 
that is, parallel to the slot. Data acquired in this experiment are shown in 
Figure 44. Three reflection trends are highlighted in the figure, one reflec- 
tion starting at about 3.5 meters depth and extending to 1.75 meter depth in the 
boreholes occurs at the appropriate time for shear wave reflections from the slot. 
This reflection, obtained with the transducers oriented for shear wave illumina- 
tion of the target and shear wave detection of reflections from the target, is the 
only clearly detectable target s l o t  reflection obtained in the seismic reflection 
tests. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

Two pulse-echo probing techniques were evaluated as potential geothermal 
well fracture zone detection methods. One of these techniques employs an 
electromagnetic pulse transmitter which emits 10 nanosecond wide video pulses 
from a controlled directional antenna. 
band (30 to 300 MHz) receiver operating in the same radar probe. Electro- 
magnetic tests were also conducted with a bistatic radar system which consists 
of separate omnidirectional transmitter and receiver modules. 
are operated in adjacent parallel boreholes. 

Reflections are detected by a broad- 

These probes 

The second probing method evaluated was a bistatic seismic pulse-echo 
The system consists of separate transmitting and receiving probes system. 

employing hydraulic pressure to clamp the transducers firmly against the 
boreholes walls. These seismic probes were operated in borehole pairs using 
borehole scanning methods similar to the bistatic radar. 

Auxiliary tests were also performed at the granite quarry test site to 
measure the electromagnetic and seismic characteristics of the rock. These 
tests to determine the suitability of the test site yielded the following 
average velocity and attenuation values: 

Electromagnetic Velocity - 0.128 meter/nanosecond 
Electromagnetic Attenuation - 1.36 dB/meter (30 to 300 MHz baud) 

Seismic Compressional Wave Velocity - 5.89 kilometerlsecond 
Seismic Shear Wave Velocity - 3.05 kilometer/second 
Compressional Wave Attenuation (approx.) - 0.3 dB/meter 
Shear Wave Attenuation (approx.) - 1.0 dB/meter 

The fracture simulating target for the tests was a flame-cut slot in 
the granite seven to eight centimeters wide, 6.1 meters deep by 21.3 meters 
long. A section of the slot 3.1 meters long was sealed to contain liquid. 
Reflection tests were performed with the test section air filled and liquid 
filled. 

The radar was operated in each of the five boreholes shown in Figure 7. 
With air in the target slot-, reflection signals were detected only when the 
radar probe was operated in Borehole No. 1 four meters from the slot with a 
broadside view. As shown in Figure 15, the reflection signals at 62 nano- 
sconds time delay are about an order of magnitude smaller than the surface 
reflection even in this processed data. 

In the second group of radar tests, radar was operated in Borehole 
No. 1 with an eight foot square metal reflector lowered to the bottom of the 
slot. The processed radar signals shown in Figure 19 and 20 clearly indicate 
a strong reflection where the antenna is directed at the target. The amplitude 
of these reflection signals is approximately 10 to 12 dB above non-target related 
signals for depths of the probe below about five meters. 
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The metal reflector was replaced with a brine solution of 10.1 ohm- 
centimeter resistivity. With the radar operating in Borehole No. 1, 
reflection signals approximately 6 to 10 dB above non-target related 
signals were obtained. 
eight meters from the slot, the slot reflection amplitude diminished 
significantly to yield a signal to noise ratio near unity. 
Figure 24, the reflection is readily distinguished from noise by the per- 
sistant reflection signal timing in succeeding waveform traces. 

When the radar was operated in Borehole No. 2,  

As shown in 

The brine solution was diluted to 16.0 ohm-centimeter resistivity and the 
preceeding tests were repeated. 
the reflection signal to noise ratio when the radar probe was operated in 
Borehole No. 1 and 2. The slot was detected from Borehole No. 3 at 
12 meter distance, however it was necessary to average 128 waveforms at each 
position of the radar antenna to obtain a display signal to noise ratio greater 
than unity. 

There was a slight.increase (1 to 2 dB) in 

The target slot was not detected in any radar tests with the probe 
operating in Boreholes No. 4 or 5 .  

I 

The bistatic pulsed electromagnetic system was operated in several borehole 
pair combinations with the expectation that in addition to the direct transmitter 
to receiver signals there would also be reflections from the tqrget slot. 
Figures 32 and 33 show the target reflection obtained with the probes operating 
in Borehole pairs 1-2 and 1-3 respectively. For these tests, the slot was 
filled with 260 ohm-centimeter resistivity brine. No reflections were detected 
for any hole pair combination with air in the slot. 

Results of early seismic reflection tests indicated a strong preferential 
orientation of the seismic transmitter and receiver probes. The probes were 
modified to allow control from the surface of the transducer orientation for 
all of the subsequent tests. 

Seismic reflection tests were performed with the probes in three bore- 
hole pair combinations; 1-2, 2-3, and 4-5. Repeatability of the signals from 
station to station in the boreholes was such that the waveforms could be nested 
closely. This type of display enhances the recognition of reflection trends 
in the complete data log. In each of the borehole-pair scans there were 
several indications of reflections from geologic structure. However, these 
were shown to be compressional and shear wave reflections from the surface and 
from a horizontal planar discontinuity approximately 9 . 6  meters below the 
surface. 

The seismic reflection tests were performed with various orientation 
of the transducers and with the slot air filled and water filled. In no 
case were reflections detected with the transducers oriented for maximum 
compressional wave transmission and reception. When the transducers were 
oriented parallel to each other and perpendicular to the line between the 
boreholes, shear wave reflections were received from the water filled target 
slot. The amplitude of these reflection signals is approximately 13 dB below the 
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level of the shear wave propagating directly between source and receiver 
modules. This difference in signal amplitude is Consistent with the esti- 
mated shear wave attenuation, spreading loss and reflection loss caused by 
the estimated shear wave attenuation, spreading loss and reflection loss 
caused by the additional eight meter two-way path length from Borehole No. 1 
to the slot. 

If a direct comparison of the detection results of the two methods is 
made, the electromagnetic probing method appears to be somewhat superior 
to the seismic method., 
of two systems of different levels of development. 
is due almost entirely to the directional radiation pattern of the transmitting 
antenna. If this capability were improved and the transmitter power increased, 
the radar sensitivity to conducting fluid filled fractures and fracture zones 
would be greatly enhanced. 

These results arebased however on a comparison 
The success of the radar 

If the level of sophistication of the seismic probe were advanced to 
provide the same degree of signal repeatability and radiation directionality, 
the seismic method could show a similar fracture detection capability. In 
highly conductive fluid saturated rock, radar propagation range may be limited 
whereas seismic propagation would not be affected. 

If a single method must be recommended for further development, the radar 
is the obvious choice. 
creased transmitter power, improved receiver protection from direct signal feed- 
over, and data acquisition system improvements should receive first attention. 

Improvements in the radiation pattern directivity in- 
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