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FOREWORD

The research covered by this report was performed under
United States Army Mobility Equipment Research and Development
Contract DAAG53-75-C-0213, funded under Advanced Research Projects
Agency Order 3028, The subject is the detection of deep tunnels in
granite,

The work was conducted by members of the Geoscience Systems
Section of the Electronic Systems Division, Southwest Research Institute,
San Antonio, Texas, Recognition is given to Institute personnel
Wendell R. Peters for assistance in instrumentation development,

James H. King who assisted with instrumentation, fjeld surveying,

and field measurements, Glenn T. Darilek who assisted with the field
survey and layout, Francis X. Herzig who assisted with field measure-
ments and data analysis, and Dr. Thomas E. Owen for many helpful
suggestions,

Appreciation is expressed to the Colorado School of Mines
for the use of the mine test site in Idaho Springs, Colorado, and to the
PreMining Conditions Group of the United States Department of the
Interior, Bureau of Mines for arranging for the use of a test site at
Gold H:ll, Colorado, and site preparation assistance.

The program was under the supervision of Dr, Ernest F. Blase
of ARFA and Mr. Louis Mittelman, Jr, of USAMERDC,




SUMMARY

The purpose of this work was to experimentally explore the
use of earth resistivity measurements using a pole-dipole electrode
array in the detection of deep tunnels in a granite environment,

Measurements both on the ground surface and in drilled holes were
evaluated,

Tests were conducted at two sites over existing mine adits
or tunnels, one at the Colorado School of Mines Experimental Mine
site and one at a Gold Hill, Colorado, site. The mine adits with an
approximate 10 x 10-foot (3 x 3-m) cross section were successfully
detected from the surface at both locations through overburden thick-
nesses ranging from 30 to 81 feet (9.1 to 24. 7 m). Other geological
features of the terrain were also identified by the measurements.
Successful detection was also made from a dry borehole that was 16
1 feet (4.9 m) horizontally displaced from the adit at the adit level.

] Although near surrface geological features produce strong
resistivity anomalies, they can be identified. Small tunnels in granite

| can be detected and located to depths approachiag 100 feet (30. 5 m)

s using a pole-dipole surface electrode array. The method is equally

applicable for use in boreholes; however, field conditions and drilling

problems did not permit adequate testing of the borehole resistivity

measurement technique. A feature of borehole measurements is that

the more homogeneous environment below the ground surface eliminates

many of the complexities in data interpretation. Since the sensors

can be placed at or near the anticipated tunnel depth using a borehole,

the only matter of concern is horizontal detection range from the hcle

which should at least approach that of surface s

urveys,
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INTRODUCTION

Detecting and mapping of underground irregularities from the
carth's surface are of special interest to military groups involved
in locating man-made tunnels used in guerrilla warfare. The problem
is also of interest to highway construction engineers, archeologists,
speleologists, and mining and petroleum exploration crews. As
important as this problem is, no completely satisfactory solution
has been found. A part of the problem lies in the complex structure
of the earth's thin aerated top soil which varies greatly in physical
“iructure from area to area and even within a given area making
exploration data difficult to interpret. Geophysicists, whose general
interests entail much greater penetration depths, usually ignore the
first 5- to 50-foot (1.5- to 15,2-m) layer of soil by assigning a
correction factor to their data to account for errors involved,
Consequently, little detailed information has been published in the
literature concerning the small scale characteristics of the earth's
top layer of soil.

One characteristic used to class.fy the earth's substructure is
its apparent electrical resistivity as meisured from the surface.
Measurements of earth resistivity have bean used for inany years to
map subsurface stratigraphic irregularities, They can oprovide a
quantitative measure of the conducting properties of the subsurface
and can be used to map the depth to horizons having anomalously high
or low conductivity. The method has been used to locate and map faults,
shallow oil strnctures, gravel beds, stratification, mineralized faults,
water table depth, and to locate the depths of transition from fresh to
salt water in fluid saturated formations., Although the reasurement
method is simple, it has not been used extensively to explore the first
few feet below the earth's surface.

Southwest Research Institute completed a series of field tests
in June 1975 to evaluate a high-resolution nole-dipole earth resistivity
survey technique for Jletecting and mapping sinkhole cavities in
connection with highway routing and maintenance problems]!, Analysis
of the test results obtained with this surface-operated geophysical

! L.S. Fountain, F.X. Herzig, and T. E. Owen, '"Detection of Subsurface

Cavities by Surface Remote Sensing Techniques, ' Report No. FHWA-RD-
75-80, SwRI Final Technical Report, Contract No. DOT-FH-11-8496,
Southwest Research Institute Project 14-4250, June 1975,




measurement method showed excellent success in locating small under-
ground solution cavities in Florida limestone and in locating subsurface
cavities and other geologic anomalies along highway rights-or-way in
Alabama and Florida. A graphical analysis was used that allowed the
position of the detected voids to be determined.

This same method had been successfully used to locate solution
cavities in limestone environments by Bates® and Bristow3,

A problem of concern to the United States Army is the detection
of cavities and tunnels in granite at depths of from a few feet (about
I metre) to greater than 150 feet (45. 7 m) below the ground surface.
Cross sections of these targets are in the range 6 x 6 feet (1.8 x 1. 8 m)
to 10 x 10 feet (3 x 3 m). These depths and target dimensions were in
the range of detection capabilities of the earth resistivity method, but
such measurements had not been evaluated in a yranite environment,

It was the purpose of this program to evaluate earth resistivity

search techniques as a possible solution to the detection of deep tunnels
in granite,

The scope of the program covered the buildup of simple instru-
mentation for field data collection; collection of earth resistivity data
both in boreholes and on the earth's surface at two test siies in Colorado;
and simple graphical analysis of the collected da‘a,

2 E.R. Bates, '"Detection of Subsurface Cavities, " Miscellaneous
Paper S-73-40, AD 762538, U, s. Army Engineer Waterways Exper-
iment Station, Vicksburg, Mississippi, June 1973,

3 ¢ Bristow, "A New Graphical Resistivity Technique for Detecting

Air-Filled Cavities, " Studies in Speleology, 1, Part 4, 204-227,
December 1966,
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II. EARTH RESISTIVITY SEARCH METHOD USING THE
POLE-DIPOLE ELECTRODE ARRAY

A. General Background

A variety of electrical resistivity geophysical explo-
ration methods have been explored as possible approaches to sub-
surface cavity detection. The basic resistivity measurement and
analysis concept underlying these various attempts has been essentially
the same in each case: that is, by establishing an otherwise predictable
electrical current distribution within a relatively large volume of
homogeneous earth material, any otssrved perturbations in the current
distributions measured as potentials or electric fields at the ground
surface can be interpreted in terms of possible subsurface structural
or earth material resistivity anomalies. The degree of perturbation
in the current distribution is dependent upon the resistivity contrast
between the anomalous subsurface structures and the surrounding sarth
material: and, equally important, the detectability of such perturbations
is also dependent upon the size and shape of the anomaly and its orienta-
tion relative to the current flow,

The main differences among the various electrical
resistivity geophysical profiling meihods are largely in the electrode
array patterns used to establish the subsurface current distributions
and in measuring the potential differences at the ground surface. The
manner in which the elecirodes are moved or scanned over the area
being surveyed also differs with the different electrode arrays as do
the methods of resistivity data analysis and interpretation.

Detailed descriptions and discussions of various electrical
resistivity methods of subsurface cavity detection are presented in
Appendix A.

The pole-dipole array has had less previous use and has
shown the greatest potential for detecting underground cavities and
predicting their depths and locations. This method will be discussed
in detail below,

B. Pole-Dipole Earth Resistivity Electrode Array

1. Theory and Method

The pole-dipole electrical resistivity survey




methed is based on a four-electrode array configuration in which

the current sink electrode is located ai effective infinity, and the
potential electrodes are scparated from one another by a fixed
minimum distance proportional to the desired resclving power of the
system. The potential electrode pair is located at various positions
along a selected line near the current source electrode as the means
of vertically sounding the subsurface below that electrode. The
current source electrode is then moved ahead along the line at suitable
incremental distances to provide norizontal profile scanning. The
pole-dipole array is illustrated in Figure 1. In order that the

Current |
S
Potential 20
Currnl Sink l:'_'urrem
rﬁh.:r-‘rdr 5101 P}_ FI Saurce

Elecirode

Hemispherical
Equipotential Surfaces
and Resistivity Resolution
Volume

FIGURE 1. POLE-DIPOLE EARTH RESISTIVITY
ELECTRODE ARRAY

equipotential surfaces be hemispherical ard concentric about the

source electrode, the sink electrode mus! be located at effective infinity
which will generally be about 5 to 10 times the largest value of detection
penetration depth of interest in the survey. In a typical survey, the
potential electrode pair is spaced at a fixed separation of 20 feet (6.1 m)
and moved away from th.: source electrode at 10-foot (3-m) intervals to
provide overlapping and redundant resistivity data,




A modified form of this array has been used

to improve the reliability and accurac

y of detecting smalil subsurface
cavities,

The modifications pertain largely to the collection of over-
lapping field data using closer potential electrode spacings. These
overlapping measurements are elaborate enough to provide up to four
different potential electrode pair readings at each measurement station
for refinement of the resistivity interpretation analysis. This modi-
fication also entails measurements on both sides of the source electrode.
This is the method used by SWRI in the work reported in Reference 1 and
in the work covered by this report. For clarity of explanation, the over-

lapping survey procedure is described as follows for a typical 100-foot I
(39. 5-m) penetration depih survey:

a. Place the current source electrode, Cj,
as shown in Figure 1, at the first traverse station;

b. Place the current sink electrode, Cz, at
a minimum distance of 500 feet (152. 4 m), (5 r2), behind Cl on the pre-
established traverse line having already decided that the maximum
potential electrode scan distance from C will be 100 feet (30. 5 m);

c. Place potential electrodes, Pl and P2, at
pre-established station markers at 10 feet (3 m) and 20 feet (6. 1 m),

respectively, on the sink electrode side of C), and obtain

resistance
reading;

d. Repeat step c above with potential electrodes,
P] ad P, at pre-established station markers at 20 feet (6.1 m) and

30 feet (9.1 m), respectively, on the sink elecirode side of C],and obtain
resistance reading. Continue movement of the P} and P; electrodes in

this manner until the final potential reading is obtained at 90 feet (27. 4 m)
and 100 feet (30. 5 m) from Cii

e. Next, place potential electrodes at pre-
established 10-foot (3-m) interval station markers on the opposite side
of C) from Cj,and obtain resistance readings at each station pair out
to the 100-f99i (30. 5-m) limit. This completes the survey procedure
for the first current station position for Cj;

£
of 40 feet (12. 2 m),and obtain
(30. 5-m) scan zones on each s

Move C) up the traverse line a distance
resistance readings over the 100-foot
ide of this current station;




g. Repeat step f above until complete traverse
line is surveyed.

The abave survey procedure gives four overlapping resisti.nce readings
for each 10-foot (3-m) spaced potential electrcde pair station to a depth
of more than 50 feet (15.2 m) as the survey proceeds. This procedure
with both 5- and 10-foot (1. 5- and 3-m) potential electrode spacing was
used in all of the pole-dipole earth resistivity tests performed ¢n this
program. The bi-directional potential scanning doubles the amount of
data per current station over that obtained by earlier procedures. The
four-level data overlap aids in resolving the locations and resistivity
contrasts of the various high- and low-resistivity anomalies which may
be encountered along the traverse. This is accomplished by the multiple
positional aspect observations of possible anomalies as detected from
several survey stations; whereas, in contrast, for less redundant obser-
vations a high-resistivity anomaly and a low-resistivity anomaly
occurring in the same hemispherical shell field of view will tend to
nullify one another and be undetected.

A straightforward graphical analysis
method was devised capable of utilizing and displaying all of the field
data as a means for locating the experimental best-fit positions and depths
of detected subsurface cavities. The success of this analysis approach
is largely achieved through the spatial redundancy of the field data with
the result that target ambiguities and false interpretations are minimized,
and improved cavity size and shape indications are derived.

2, Graphical Data Analysis

The graphical analysis of the pole-dipole resistivity
data can best be illustrated by first examining a sample of field data., The
basic field measurements as performed on this program were recorded on
specially prepared data forms, Figure 2 is a sample data sheet showing
recorded instrument readings, calculated resistivity values, and a graph
of a derived resistivity profile. The first column on the data sheet is the
potential-pair electrode distance from the current source electrode; the
second column lists the distances from current electrode to midpoint
between potential electrodes; the third columr ;s the resistivity instru-
ment reading in ohms (or in volts if AC instrumentation ir used); the
fourth column is the geometrical factor required to calculate apparent
resistivity for the distances listed in the first column using the resistances
recorded in the third column or calculated from the recorded voltage and
earta current for AC instrumentation; and the fifth column is the calculated
valu: of apparent resistivity in ohm-centimeters x 103 (2 m x 10).
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The pole-dipole geometrical factor in column
four is calculated from the relationship,

2rr|r
K= (1)

tg = F]
where r) and rz are the distances of the potential electrodes, P) and F;,
from the current source electrod¢, C), as illustrated in Figure 1. The
basic pricniples on which the geometrical factor, P, is derived are
discussed in Append:x A and applied to several earth resistivity electrode
array configurations

Apparent resistivity is cal!culated from the equaticn
developed in Appendix A

p = KR (2)
where R is the measured resistance.

A graph of the apparent resistivity profile on one
side of the current source electrode is plotted on the data sheet as shown
in Figure 2. Those points on the profile that indicate high or low resis-
tivity perturbations away from the average profile trend are next
identified and marked for transfer to a scaled drawing used to graphically
locate the anomalous underground resistivity structures. Determinations
of the average profile trends are made by visual inspection. A simple
and liberal interpretation of high and low resisti ity perturbations is
permissible since the redundancy of the data anc a required multiplicity
of pe turbations associated with each undergrouad anomaly will delete
the improper interpretations.

An example of the scaled drawings used in the
graphical analysis is set up as shown in Figure 3. Th: distance along
the ground surface representing the survey traverse is marked, and the
consecutive positions of the current probe are shown by the arrows.

The perturbations interpreted from the forward and reverse resistivity
profiles for each current electrode station are denoted on the bracketed
lines drawn above the ground surface line. The high resistivity anornalies
in this example are labeled as A, B, C, and D as taken from the related
data graphs shown at the top of the illustration. The data in this

example are actual field data that show detection of a 10 x 10-foot

(3 x 3-m) mine adit 30 feet (9.1 m) below the surface. With a compass
centered at each current location on the ground surface line, arcs are
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draw1 at distances representing the bounds of the high resistivity
anomuly with respect to the current probe position. The pairs of circulaxr
arcs are labeled A, B, C, and D corresponding to the interpreted
#nomalies. The space where the four sets of arcs intersect is the
graphically derived location of the underground structure responsible
for the high resisiivity perturbations. Indeed, a useful arbitrary guide
for taking advantage of the redundancy of the overlapping field measure-
ments is to require a minimum of three arcs tc intersect at a common
anomaly location before it is interpreted with any confidence as a
probable underground cavity. Moreover, as illustrated in Figure 3

the arcs are drawn only in the 90-degree sectors corresponding to either
the forward or reverse profiles containing the perturbations being used.
The reason for this is that the distortions of the equipotential lines
(represented in a first order manner by the circular arcs) are very weak
if the perturbing anomaly is located in the opposite 90-degree sector.

It should be recognized that the pairs of arcs drawn
for each resistivity perturbation not only describe the resistivity pertur-
bations in the vertical plane along the ground traverse line but applies,
to some extent, to a three-dimensional spherical shell segment extending
laterally on each side of the traverse line. It has been speculated by both
Bristow and Bates that this apparent lateral field of view away from the
traverse line is contained within an angle of auout + 25 degrees on each
side of the traverse line relative to the source corrent electrode location.

Detailed interpretation of tl'e subsurface arc inter-
sections is coraplex, and a knowledge of the geology of the area is almost
a necessity. In many cases the high resistivity anomalies are caused by

bedrock-soil interfaces, especially in locations where the bedrock elevations

are very irregular. A low resistivity indication is usually a soil- or
solution-(soil with a very high water content) filled cavity surrounded by
otherwise higher resistivity structures such as dolomite or granite. A
few test borings in the test area can be a great help in interpreting the
detailed implications of the anomalies.

Errors in data interpretation can be caused by
undergrcand wires, metal fences with metal posts on the surface, buried
pipes, abrupt cliffs, ponds, streams, etc. in the area surveyed. The
effects of these various disturbing features is to distort the e: rth current
patterns from the assumed spherically divergent paths postulated for a
flat homogeneous ground. Interference features of this type should be
avoided where possible or approached with the electrode array oriented
at right angles with respect to the obstacle.

10




8. Application in Boreholes

a. Method

In applying the method in a single vertical
borehole, a resistivity measurement cable string consisting of a current
source electrode and two potential electrodes is located in the borehole;:
the current sink electrode is located at effective infinity on the surface
as was done in the surface survey measurements. Measurements are
then made by moving the fixed-space pair of potential electrodes in
chosen increments away from the current source electrode. Several
sets of measurements can be made in a single borehole. The current
source electrode can first be placed in the bottom of the hole and
resistivity measurements made upward from the boitom of the hole toward
the top. The current source electrode is then placed at another location
up the hole and resistivity measurements made around this new current
source location. This technique is repeated up the hole until the
Mmeasurements are well above the anticipated depth of the target anomaly.
“he sets of data can then be used with the same graphical method as is
used with surface surveys to obtain a depth below surface bearing on a
resistivity anomaly such as might be caused by a subsurface void.

When the method is applied below the
ground surface in a homogeneous earth, the current injected at the
source electrode will diverge with radial symmetry into the earth
medium giving rise to concentric spherical equipotential surfaces
ecauivalent to the hemispherical surfaces described earlier. Resistivity
anomalies occurring within any two closely spaced spherical equipotential
surfaces (a potential difference shell) will be observed although the
azimuthal orientation of such anomalies will not be discernable nntil
supplemental measurements are made in other nearby boreholes. From
a single borehole, howeve:, anomalous geological features can be
detected, resolved in size, and located accurately in depth through the
process of making overlapping and redundant resistivity measurements
along the borehole. This concept is illustrated in Figure 4 where the
anomalous geologic target occupies only a localized volume. Localization
of the anomaly in depth is evident from the intersection of the two
spherical potential shells shown; however, the intersection zone of these
shells is toroidal in shape and oriented syminetrically about the borehole
axis. Thus, if the aximuthal position of the target relative to the borehole
axis is to be determined without ambiguity, it must be done by the inter-
section of at least three cther similar toroidal detection zones responding
to the sarae target as derived from resistivity measurements made in
separate adjacent boreholes.

11
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The geometrical factor used in (he
calculation of apparent resistivity from measurements made in a
borehole changes when the current source is below the surface to
4nr1r2
L R T (3)

This change is because the potential difference shells around the
current source electrode are now spherical in shape.

b, Detection Parameters

Many factors affect the underground
detection effectiveness of any earth resistivity search method. Some
of the more important factors are:

(1) Target shape

(2) Target size

(3) Target distance from traverse
line (distance from borehole or, for surface survey, depth below
surface)

(4) Target distance from current
source

(5) Potential probe spacing

(6) Resistivity contrast betwsen

target and background

A study done by SwRI for the U.S. Bureau
of Mines on another program has evaluated some of these parameters,
as they relate to resistivity measurements from a borehole. A general
summary of the results will be given here to provide some insight into
detection possibilities.

Target shape is a critical factor as is
its size. The distance to which a spherically shaped target may be
dctected is directly proportional to its diameter and inversely pro-
portional to the cube root of the certainty with which the background
signal can be predicted. If the geological background is sufficiently
uniform that the background resistivity signal can be predicted to
within 1%, then signal perturbations of 2% should Le recognizable.
Under such conditions a spherically-shaped target of good resistivity
contrast could be detected at a distance of almost 3 radii from the
borehole to the centroid of the target (or about one target diameter

13
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distance from borehole to nearest surface of the target), A cylindrically
shap~d target having the same strength perturbation signal as the sphere
would be detectable at a greater distance than the sphere. For example,

" if a 10-foot (3-m) diameter spherical void centered 15 feet (4.5 m) from
the borehole produces a given signal above noise, then a long cylindrical
cavity with the same diameter would produce the same signal at approxi-
mately 53 feet (16.2 m). This relationship is expressed as

. . Distance to Sphere ,1/2
Dist t lind = K
1stance to Cylinder ( Sphers Radiac )

Distance to (4)
Sphere

where K is a function of the ratio of target and background conductivity,
In the case of an air-filled void, K = 2,

Potential electrode spacing used in borehole
resistivity measurements plays an important part in resolving targets.
Numerical modeling has shown that for electrode spacing less than half
the target sphere radius, the detection capability is essentially independent
of electrode spacing. For larger spacing the sensitivity falls off linearly
as probe spacing increases. As an example, the perturbation component

of a processed signal for an electrode spacing equal to two target sphere
radii is about one half its largest value.

It is intuitive that an air-filled void within
a homogeneous volume of conducting earth material would impose a
greater resistance to electric currents flowing in the vicinity of the
void than in other parts of the material volume. Conversely, a water-
or mud-filled void will offer a lower resistance tc electric current since
the conductivity of the filling material will generally be greater than that
of the surrounding material. The degree of perturbation in the current
distribution is, therefore, obviously dependent upon the resistivity
contrast between the anomalous subsurface structures an. the surrounding
earth materials, The analysis showed that the ability to detect any target
from a borehole is directly related to the conductivity contrast between
the target and the surrounding materials.

(©5 Instrumentation

s DC Instrument

Earth resistivity measurements were made using
both AC and DC type instruments.

14
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The DC measurements were made using a Keck
Model 1C-69 instrument as shown set up in the field along with acces-
sories in Figure 5. Figure 6 is a photograph showing two metal current
electrodes and two porous-pot potential electrodes used with the instru-
ment,

The commercial instrument is a DC system
obta:ning power for earth current from dry cell batteries. Four 45V
batteries are housed in the instrument case, and there is a receptacle
on the case where additional batteries can be added ~s required. The
battery case shown on the ground to the right of the instrument in Figure
5 ccntains 10 additional NEDA 205, 45V batteries. Switches on the
instrument panel and on the battery pack allow individual batteries to
be switched into the circuil in series as required, Resistance can be
measured with the instrument over the range 0. 001-1000 ohms, and
thedial can be read to one part per thousand.

The Keck resistivity instrument can also be used
to measure self potential that often results from the electrochemical
action between soil solutions and ore bodies. In nearly all cases when
two electrodes are placed on the ground surface a DC potential can be
observed between them. If porous-pot electrodes are used, this
poteutial will be related to natural earth c.rrents. The instrument
co'tains a circuit capable of nulling out this natural earth potential
so that it does not affect the resistivity measurements. The instru-
ment dial used to adjust the indicator circuit for a null is calibrated
to read in millivolts and can be read when a null is obtained. This
self potential data can be of value in aiding interpretation of earth
resistivity measurements collected over solution-filled cavities.

The instrument has a ''forward-reverse' switch on the panel to
change the direction of the current flow into the earth., For precise
resistance determinations, field measurements were made using both
directions of current flow, and the two measurements averaged.

Another reversing switch was added as a modi-
fication to the instrument. This was done to allow faster setup of
electrodes in special electrode arrays. The potential electrodes must
be connected to the instrument in the proper polarity since the unit is a
DC instrument, and DC nulling potentials are used. Once in operation
if the two potential electrodes are reversed, as might occur if alternate
electrodes are moved ahead along the survey traverse, the additional
reversing switch allows the potential electrodes to be reversed inde-
pendently of the current electrodes.

15
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Porous-pot electrodes were used as potential
electrodes, and metal electrodes were used as current electrodes.
Pordus-pot electrodes are non-polarizing electrodes used to eliminate
problems and errors caused by galvanic action between metal electrodes
and the soil.

El.ctrical contact with the earth using a porous-pot
is made through the moist bottom of the pot. The body of the pot is
glazed porcelain except for the pottom. Saturated copper sulphate
solution inside the pot permeates the porous ceramic bottom to form the
electrical ground surface contact. A pure copper electrode immersed
in the solution and passing through the cover on the pot permits con-
nection to the instrument,

Pusher style metal electrodes as shown in Figure 6
were used as current electrodes except in rocky areas where electrodes
must be driven in. The current electrode assembly is 4 feet (1.2 m)
long including a 1-foot (0. 3-m) long, 1/2-inch (13-mm) diameter copper
clad steel electrode at one end attached to a rod having a horizontal
extension that allows an operator to push it into the soil using foot
pressure. No ground contact problems were encountered using the
metal current electrodes.

The cable reel set shown in Figure 5 provided a
convenient means for handling the wire leads used with the current
and potential electrodes. This reel assembly contains four reels of
vinyl insulated 18 gauge wire, each containing 1000 feet (305 m) of
wire. The cable reels are supported in bronze bearings and have hand
cranks for rapid rewinding of the wire. Connections to the instrument
are made through copper disks mounted on each reel and through heavy
carbon brushes contacting the copper disks, The brushes connect to
a quick disconnect connector on the outside of the case. Cable reels
are insulated from the case. A short jumper cable connects the reel
case to the instrument,

2. AC Instrument

Alternating current resistivity measurements
were also used for two reasons: (l) surveys can be made much faster
because there is no requirement to balance out DC earth materials,
and (2) the borehole measurements necessarily used metallic potential
electrodes which would give rise to galvanic potentials in a DC system.




The AC instrumentation was laboratory constructed
and comprised a constant current power source and a high input impedance
autoranging voltmeter with digital readout.

The AC current source operated at a frequency of
97 Hz to prevent signal interference from power line frequencies and
harmonics. The constant current capability was necessary to prevent
electrode contact resistance variations from causing errors.

The input signals to the voltmeter were amplified
using a differential amplifier arrangement and narrowband filtered to
eiiminate noise before it was connected to the voltmeter circuit. The
input impedance was in the range of 25 megohms, thus, keeping errors
caused by potential electrode contact resistance variations to a minimum,

A great advantage in using AC instrumentation for
surface resistivity measurements is faster measurements. With the DC
instrument, time is required to first adjust a self potential dial for a
null reading and, then, to adjust another dial for a null reading to obtain
the desired resistance value. When AC power is used, the polarizing
effects around electrodes are eliminated by the current flow reversals.
Therefore, since most unwanted ground currents are DC no compen-
sation or nulling adjustment is required, Using an autoranging voltmeter
to read potentials, from which resistance is finally calculated, the reading

for the measurement can be made immediately after the electrodes are
placed in contact with the earth.

Electrodes used with AC instrumentation were
all metal. Stainless steel, steel, copper clad steel,

and aluminum were
all used successfully.

Special spring potential electrodes were fabricated
for use in the boreholes. Both berylium copper and stainless steel were
used to construct these electrodes as shown in Figure 7. The electrodes
were assembled on a special section of one-inch (25. 4-mm) PVC pipe.
Additional 10-foot (3-m) sections were fabricated with special end
connectors so that the potential measuring pair of electrodes could be
lowered by hand to any depth in the borehole.

A short cylindrical aluminum electrode was
constructed to be used as a current electrode that could be lowered
to the bottom of a borehole to make electrical contact through a small

amount of water poured into the hole. The electrode is approximately
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8 inches (203 mm) long, 1-1/4 inches (32 mm) in diameter, and weighs
4-1/2 pounds (2 kg). It was made by filling a section of aluminum tubing
with lead and attaching an electrical terminal and an eye connection for
mechanical attachment for raising and lowering it in a hole.

A special waterproof cable was made up for use
with the potential electrodes. It is a Belden 8728 cable with a poly-
urethane jacket. The cable is 20 feet(6. 1 m) long terminated at the
electrode end by an encapsulated higi-input impedance preamplifier
having waterproof leads that attach to the potential electrodes. The
other end of the cable connects to a filter amplifier and voltmeter at

the ground surface. The cable was made waterproof for anticipated
future wet-hole use,
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III. FIELD TESTS

A, Idaho Springs, Colorado, Site

1. Site Description

The test site at Idaho Springs, Colorado, was at
the Colorado School of Mines Expeimental mine. Lccated at an
elevation of about 8000 feet (2. 4 kni) the mine adit extends into the
mountain a distance of about 5 miles (8 km). Its cross section is
approximately 10 x 10 feet (3 x 3 m) cut into almost solid granite,
The mountain slopes upward from the adit entrance at a 30° angle
making it possible to selectany desired overburden thickness when
field tests are made. The very thin soil is a sandy composite of
mostly weathered granite, A good portion of the surface area above
the adit is solid rock. Figure 8 is a view of the test site showing the
entrance to the adit and the very rough steep slope where resistivity
measurements were made. Figure 9 is a photograph showing the
sloping area and the type of surface encountered during the tests.
Figure 10is another photograph taken in the area showing the rock
that comes up to the surface. The hole is a shaft going into the mine.

2. Site Preparation

The entire area over the mine adit that was to
be used in the tests was surveyed, and contour maps were made.
This was done to aid in surface resistivity data interpretation and to
locate a borehole in the road that was to be used for borehole resis-
tivity measurements., Figure 1l is a contour map of the entire area
used, with contour intervals of 20 feet (6. 1 m). From this map traverse
lines were selected to allow resistivity surveys to be made across the
adit where it was 50 and 73 feet (15.2 and 22. 2 m) below the surface.

Figure 12 is a contour map of the surface from the adit level tc the service

road that crossed over it at an elevation of 30 feet ‘9.1 m), The Sections
shown on this map indicate sections through a borehole that will be
discussed later.

Layout plans included two boreholes to be put
into the service road that would miss the adit by distances of 16 and 40
feet (4.9 and 12. 2 m). Drilling difficulties prevented completion of one
of the holes. Only the one that had a miss-distance of 16 feet (4. Y m)
was completed and used in the tests, It was drilled to a depth of 60
feet (18.3 m) which was about 20 feet (6. 1 m) deeper than the floor of
the adit. Heavy rains after the hole was completed washed about 10 feet

Preceding page blank 23




FIGURE 8, VIEW OF THE COLOR ADO SCHOOL OF MINES
TEST SITE SHOWING ADIT ENT RANCE
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(3 m1) of soil into the hole leaving a working depth of 50 feet (15. 2 m).

3, Resistivity Surveys and Results

Three resistivity surveys were made crossing
the mine adit where overburden thickness was 30, 50 and 73 feet
(9.1, 15,2 and 22.2 m). A set of measurements was also made down
the single dry torehole,

The pole-dipole electrode array war with
both AC- and DC-instrumentation. Potential electrode spacings of
both 5 and 10 feet (1.5 and 3 m) were tried. It was generally found
that ten-foot (3 m) potential electrode spacing gave good target
resolution but the five-foot (1.5 m) spacing caused many smaller
anomalies to be detected. Most t averses were run using a fixed
potential electrode spacing of 10 feet (3 m) incremented in distance
from the current electrode in 5-foot (1. 5 m) intervals. 'The results
using AC and DC power were identical. (This comparison was made
on the service road traverse only. )

Excellent results were obtained on the road
traverse where the adit was 30 feet (9.1 m) below the surface. A total
of 4 arc pairs crossed in the volume where the adit was located as
shown in Figure 13, The search in this case was made by starting with
one current electrode (infinity) 850 feet (259. 1 m) from the adit center
line and the near current electrode 100 feet (30.5 m) from the center
line in the opposite direction (refer to the figure). Starting with the
10-foot-spaced (3-m) potential electrodes at 5 and 15 feet (1. 5 and
4.6 m) from the current electrode they were increm=nted in 5-foot
(1. 5-m) intervals to the 10- and 20-foot (3- and 6. 1-m) marks and so
on out to the 65-, 75-foot (19. 8-, 22. 9-m) locations. The current
electrode was then moved closer to the adit center line by an
increment of 30 feet (9.1 m), and the traverse repeated on both the
forward and reverse sides of the current electrode. The figure shows
the locations of other high and low resistivity manifestations near the
road surface. The low resistivity areas labeled ""A'" and ""C" were
known moist areas. The high resistivity anomalies were caused by
near surface and actual outcroppings of granite.

Construction of the graphical sketch in Figure 13
was done as was shown earlier in Figure 3 by observing the graphs
of mieasured data for high and/or low resistivity indications. These
were then labeled and their locations transferred to a graphical sketch
sheet where the bearing arcs were drawn.
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Interpretation of the data taken over the rough broken
rock terrain is difficult, Ground surface effects are very strong, and in
many cases they almost mask the anomaly caused by the mine adit,
However, careful observation of ground surface topography aids in
eliminating many of these effects from the data graphs. Figure 14
shows the interpreted results of a traverse along survey line A
where overburden was 50 feet (15, 2 m) thick, At least six arcs rep-
resenting resistivity highs intersect in the volume of rock where the
mine adit is located. Also, as shown, approximate soil depth variations
couid be determined along with near surface rock. Other below surface
anomalies were not verified, but the low resistivity volume seen near
the mine is most likely caused by water. There was seepage into the
mine in this area.

The results of a traverse that crossed over the
mine adit where it was 73 feet (22. 2 m) below the surface were not as
outstanding. Detection results of the traverse along survey line B
are shown in Figure 15, There were high resistivity anomaliec noted
at locations that fitted the target location; but ¢ great number of high
resistivity anomalies (as large or larger than the mine anomalies) not
associated with the mine adit were detected. Most of these ""highs"
were surface related effects from observed granite outcropping. On
this traverse measurements were made to a distance of 130 feet (39.6 m)
each side of the current electrode, and the current electrode was incre-
mented in 40-foot (12,2 m) intervals. The surface anomalies generally
appear on the graphs of three consecutive traverses, have alout the
same shape, and are offset from curve to curve by a distance of 40
feet (12.2 m)., If arcs are drawn representing these '""highs" they
will intersect at the ground surface. '"Highs" were located sucl.
that there were arc intersections at the mine location. Near-surface
resistivity anomaly interpretations are not shown in the Figure 15 sketch,

Resistivity measurements in the borehole gave
very definite detection indications. Measurements were made with the
current source electrode first at the top of the hole and then at the
bottom of the hole. Both 5- and 10-focet (1. 5- and 3-m) potential
electrode spacings were used. The anomaly appeared larger with
the 5-foot (1. 5-m) electrode spacing.

Data interpretation results are shown in Figure 16.
Three sectional views are shown so that any effects of the surface slopes
could be noted. Tne hole was drilled normal to the plane of the road
surface. Because of the slope of the road, the borehole had an angle
that was 13° from vertical and also angled slightly in toward the mountain,
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Figure 16 (a), Section A, is a plane through the
borehole perpendicular to the service road (see Figure 12 for Sectional
locations). This particular section provides a view of the maximum
surface slope that might affect resistivity measurements. In this
view the mine adit appears horizontal running from left to right on the
page. Detection results are shown in the figure. The locations
pointed out are high resistivity arc crossings that are in the correct
location to Le caused by the mine. The two marked high resistivity
arc crossings at the right of the page are sections of the same
potential shells as those shown at the left of the page. It must be
remembered that when the current source is below the ground surface,
the equipotential shells around it are spherical in shape if the medium
is homogeneous. Homogeneous subsurface conditions were assumed
throughout these tests. Detection from at least three holes is neces-
sary to obtain an absolute location of the detected target,

The high resistivity anomaly caused by the mine
adit was partially countered by the low resistivity anomalies shown.
Had these not been encountered the entire volume around the raine
would have appeared as high resistivity indications. The low resis-
tivity indication surrounding the borehole at the 30- to 40-foot (9, 1-
to 12.2-m) depth was caused by water. Water was found at thjs depth
when the hole was drilled; however, it drained before the measurements
were made,

This sectional view shows that the surface slope
did not affect the arcs that indicated detection. Had they crossed the
surface the high resistivity indication would have been questionable,
The surface effects on equipotential arcs centered at the top of the
borehole are taken care of in the geometrical factor used in calculating
apparent resistivity,

Figure 16 (b) is Section B which is a plane threugh
the borehole and perpendicular to the adit center line. This view shows
the true distance from the borehole to the adit, The slope of the ground
surface in this direction is seen to be relatively flat compared to that
shown in Figure 16 (a), The resistivity high anomalies can be seen
around the mine in this view, Otherwise the results appear the same as
in Figure 16(a),
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In summary, the mine adit was detected from
resistivity measurements made in a borehole that passed the adit at
a distance of 16 feet (4.9 m). Best results were obtained when the
potential electrode spacing in the pole-dipole electrode array was
5 feet (1.5 m),

B. Gold Hill, Colorado, Site

1, Site Description

The town of Gold Hill, Colorado, is located
approximately 15 miles (24 km) northwest of Boulder. The Gold Hill
test site is located about one mile (1. 6 km) west of the town at an
elevation of 8500 feet (2. 6 km). It is the site of an abandoned mine that
has an adit that runs through the mountain a distance of approximately
600 feet (183 m). The cross section of the passage is about 5 x 6 feet
(1.5 x 1.8 m), The ground surface has an average upward slope from
the adit entrance of 23°, The ground surface is covered mostly with
grass and large pine trees. There is very little brush to interfere
with surface surveys, The subsurface structwre is granite overlain
by a sandy mixture of mostly weathered granite, A large amount of
quartz is scattered over the ground surface. Figurel7is a view of the
area looking southeast along survey line Number Three where one
resistivity search traverse was made. The mountain in the background
was the location of the infinity current electrode.

Two faults ran through the test area almost parallel
and about 150 feet (4. 7 m) apart. Resistivity survey traverse lines
crossed these fault lines in several places. Mining had been done along
these faults leaving craters of various sizes along the way. They
averaged about 30 feet (9.1 m) in diameter with dc pths ol about 20 feet
(6. 1 m) to the partially filled in bottom. Figurel8is a view of a
typical crater,

Comparing the Gold Hill test site to the Colorado
School of Mines site, the Gold Hill site was less rugged, and slopes
were not as steep. It also had more top soil making electrode place-
ment easier. The many craters at Gold Hill caused resistivity anomalies
when a traverse came near one, but these were identifiable when the data
were processed. Overall, the Gold Hill site was more accessible and
easier to work,
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2. Site Preparation

The only site preparation necessary was to drill
holes for borehole testing. The United States Bureau of Mines in
Denver, Colorado, had an interest in the results of the tests to be
done at the Gold Hill site. They had used the site for some of their
experiments and obtained permission for work on this program to
be done there. Survey lines were already staked from their previous
work, and these were useable for the resistivity surveys, The
Bureau of Mines al.o needed boreholes for their tests. They performed
the drilling and al'owed the holes to be used for tests on this program,

Two boreholes were planned: one 25 feet (7. 6 m)
from the adit center line and one 50 feet (15.2 m) from the center line.
These were to be drilled at a location where there was about 80 feet
(24. 4 m) of overburden and drilled to a depth of 160 feet (48. 8 m).

After a great deal of equipment trouble, one hole 3 inches (76. 2 mm)

in diameter was completed to a depth of 135 feet (41.2 m) by the time the
field measurements had to be completed. Both holes were finally
completed to 160 feet (48. 8 m) but too late to be used in the current
program,

5. Resistivity Surveys and Results

Figure 19 is a topographical sketch of the test
are:. The adit runs from the road level, Hazel A Portal, into the
mountain (bottom of the page to the top). The Bureau of Mines survey
lines numbered 3, 4, and 7 are shown crossing the adit. The borehole
locations are shown on Line 7. Overburden under Line 3 was 30 feet
(9.1 m); under Line 4, 47 feet (14. 3 m); and under Line 7, 8] feet
(24. 7 m). Resistivity traverses were made along these lines and
down the one partially completed borechole,

Using potential electrode spacing of 5 feet (1.5 m)
incremented in 5-foot (1. 5-m) intervals the mine adit was detected on all
three surface traverses. Not only was the adit detected, but all known
surface features could be distinguished by their resistivity anomalies,
An example of detection results using the graphical construction rnethod
is shown in Figure 20. The traverse shown is along Line 7 on the
topographic map (see Figure 19), The map shows two rather large
patches of granite outcropping starting about 60 feet (i8. 3 m) to the
right of the adit center line. Also, two fault lines cross the traverse.
As can be seen on the resistivity data sketch, Figure 20, there are large
concentrations of high resistivity indications at both granite outcrop |
locations. Also noted are strong low resistivity indications where the !
faults were crossed (arcs not drawn in purposely to recuce clutter),
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The ''lows'' were probably cauzed by moisture concentration and other
conducting materials in the faults,

The mine adit showed up very clearly even at
the 81-foot (24, 7-m) depth. Six arc pairs crossed at the adit location.
An interesting detection result is the detection of the subsurface water
in the volume of earth where the hole was bored. This was a very
positive indication with 8 arc pairs crossing in that location.

Figurec 21 and 22 are included to provide an example
of the data plots from which the interpretation in Figure 20 was made. On
each sheet the current source electrode positions are marked on the
horizontal line labeled SURFACE. The curves immediately to the left
and right of each current electrode position are the data curves plotted
from traverses run to the left and right of that current electrode
position. The traverses on which these data were taken were nominally
200 feet (61 m) on each side of the current electrode. In some cases
when the traverse was directed away from the adit, the traverse was
shorter. In other cases the traverse length was extended io ascertain
that it crossed the adit far enough to allow detection,

Only the anomalies caused by the adit are labeled.
These were determined when the data were studied wnd analyzed. The
small size of the mine anomaly compared to other anomalies will be
noted. On analyzing the data, it will be found that most of the large
anomalies are caused by near surface rock outcropping or by craters
near the traverse line. It must be remembered that the potential
bowls or resistivity shells around the current electrode are shells
somewhst hemispherical in shape (hemispherical in a homogeneous
medium), and resistivity anomalies within several feet of a traverse
line will be detected.

Detection of the adit under 30 feet (9. 1 m) of
overburden was definite. At the 47-foot (14, 3-m) overburden
location, detection indications were strong; but a crater only a few feet
southwest of the adit center line (refer to Figure '9) on this traverse
confused the results, because data arcs pw.ssing tarough the adit also
passed through the crater. Anyone interpreting the data from that
location not knowing the adit was below would have misinterpreted the
results as being caused by the crater,

Borehole resistivity measurements were mostly
unsuccessful. The borehole had hit water at a depth of 40 feet (12. 2 m)
and remained full to that level. It was pumped dry but continued to
refill too fast to allow measurements to be made in a dry hole. Since
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it could not be kept dry,

it was kept full of water to the ground surface
so that all measuremen

ts would be made in water. The cable and

Contact with the walls of the hole was also a problem,
In drilling this hole, the driller used heavy coats of thick

all drill rods tnat were put into the hole to relieve wall fri
drill rod and make drilling easier.

that has a high electrical resistivity
potential electrodes had been design
The net result was bad electrical co
and a liquid filled hole that tended t

ction on the
This left a very heavy coat of grease
on the walls of the hole, The

ed to slide easily into a dry hole.
ntact with the walls of the hole

0 act like a short between electrodes.

The data from the borehole Mmeasurements showed
tion, but it was not positive
to actually prove detection,
curred at the correct distanc

one indication of detec
other overlapping data

resistivity high that oc
electrode,

because there was nc
There was one
e from the current

The time and funds available
ite in which tech
surveys in water-filled holes could ha

did not permit an
niques for performing resistivity
ve been applied,



i CONCLUSIONS

The objective of the program discussed in this report was to
experimentally evaluate earth resistivity profiling as a method of detecting
subsurface voids in a granite environment, The resistivity method useq
a high-resolution electrode array known as a pole-dipole or three-
electrode array, Although the Program scope was limited, a number of

1. Small tunnels with Cross sections in the range 6 x 6 feet
(1.8 x 1.8 m) can be detected at depths below the ground surface of
over 80 feet (24. 4 m). The maximum depth was not determined, L gt
probably about 100 feet (30. 5 m) would be the limit for such small
tunnels with the electrode arrays that were evaluated,

25 Mountainous terrain with varying slopes of over 30°
does not appear to affect detection capabilities,

3. Topographical variations such as rock outcropping,
variable soil depth, faults, and other features can make data inter-
Pretation very complex; but in most cases the resolution of the detection
method allows these features to be mapped.

4. The method is most sensitive to near-surface resistivity
variations,
5., The larger the potential electrode spacing the less

sensitive the method seems to local resistivity variations; also, the
smaller the spacing with respect to the diameter of the subsurface target
the larger the detection indication, Therefore, the optimum potential
electrode spacing would be large enough to eliminate as much background
variation (noise) as possible but small enough to enhance target detection
capability, A Spacing no smaller than one half to one diameter of the
Suspected target should be an appropriate compromise,

6. Subsurface profiling using the three-electrode resistivity
array as described in this report, is a time consuming process. A
two-man crew can complete a single 200-foot (61-m) survey traverse in
about 15 minutes; however, the required redundancy in this tvpe of
Mmeasurement will increase the time in the field., A two-man crew can
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R Drilling is the only known method to “bsolutely determine
the existence of air- or solution-filled subsurface cavities, Resistivity
measurements can greatly minimize the required numbe:r of boreholes
in an area by identifying anomalous areas that could be cavities or tunnels,

8. The three electrode resistivity measurement method of
cavity detection can be used in boreholes, Although this arrangement
had a very limited test on this program, a mine adit having a cross
section of about 10 x 10 feet (3 x 3 m) was detected from a dry borehole
16 feet (4.9 m) away. It is probable that such detection could be made
from hole distances of up to 40 feet (12,2 m). This nse shows promise,
but for better understanding and detection range prediction, both theoret-
ical and experimental studies should be continued.

There are two great advantages to making measurements in a
borehole: (1) the rock environment near the electrodes should be much
more homogeneous than found near the ground surface, thus eliminating
a great deal of ''lithological noise' and enhancing the desired anomaly
indication; (2) if the target tunnel is very deep, a borehole can put the
electrodes within the detection range of the search method,
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V. RECOMMENDATIONS

The three-electrode resistivity method of detecting underground
cavities and tunnels has been proven successful in several environments,
It has detected voids at depths of over 80 feet (24.4 m) and has worked
through sandy loam soil over limestone, sand over limestone, moist
clay over dolomite, and through granite. Sometimes detection was
very good, and other times it was marginal. Several recommendations
to improve detection results can be made based on these field results,
These are 'isted as follows:

A, Additional Experiments and Studies

Specific experiments and analyses should be performed
for the following purposes: (a)to determine the ultimate spatial
resolution that can be obtained; (b) to determine the effective volume
of earth material and field of view affecting the measurements along
a survey path; (c)to improve or develop better methods of field data
interpretation; and (d) to study other electrode arrangements that
might enhance tunnel anomaly indications,

It was stated by both Bates? and Bristow> that, when
using the pole-dipole electrode array in the manner reported herein,
the volume of earth material affecting the potential measurements
does not include all of the material implied by the circular arcs used in
the analysis, Only a sector of the graphical hemispherical potential
shells not greater than about + 25 degrees on each side of the traverse
line is thought to contribute to the Mmeasurement, Results obtained on
this program have roughly validated this limit although no detailed
studies were possible. This is a very important operational and
interpretation feature and should be studied by laboratory modeling
of resistivity measurements in a brine tank or other suitable medium,
by additional field tests over known subsurface targets, and by theoretical
analysis. The same study program could be used to determine the best
spatial resolution and usable detection depth realizable with the method.

Detailed interpretation of the resistivity data as collected
in practice is often complex and difficult. An in-depth study could lead

4 Bates, loc. cit.

———

5 Bristow, loc, cit,

—— ——
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to improved graphical analysis and, possibly, by computer processing,
to automatic data reduction and subsurface mapping,

Other field data collection methods might be used that
would take advantage of the physical shape of a tunnel. Since the tunnel
can be visualized as a long cylinder, an electrode array could probably
be used that would take advantage of that shape. Line arrays could be
laid out and measurements made in the same manner as was described
for the standard pole-dipole measurerient. For example, a current
electrode in the form of a wire 100 feet (30.5 m) long could be laid out
parallel to a suspected tunnel axis and staked to the ground at several
points. Potential electrodes of the same form would then be used to

make potential measurements. Such an array should have a signal avr.raging

effect that would enhance the tunnel anomaly and reduce near surface
clutter not common to the entire length of the line electrodes.

Other electrode arrays such as a dipole-dipole array
should alsc be investigated.

B, Study the Resistivity Contrasts Between Earth
Materials Associated With Cavity Detection

The size of the resistivity anomaly that a given subsurface
target will cause can only be derived if the resistivities of the various

materials are known, Samples of soil, bedrock, and water-soil mixtures

from water- and mud-filled cavities should be collected from areas of
interest and their electrical and electromagnetic properties measured
and analyzed. A great deal of information is available on electrical
properties of rock, but more data are needed on those materials
covering and in the vicinity of the rock.

s Develop State-of-the-Art AC Resistivity Instrumentation

Ground current variations during the course of a survey
traverse can cause errors that appear to be resistivity anomalies when
the data are analyzed. A temperature stable constant-current power
source should be developed to work in a wide range of ambient
temperatures and that can supply ground currents under very dry soil
conditions. It should be capable of supplying a constant current of at
least 10 ma when combined earth resistance and electrode contact
resistance is as high as 50, 000 ohms.
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The voltmeter section of the instrumentation should
be built to have a very high input impedance, in the range of 10 megohms,
to prevent potential measurement errors that might be caused by high
electrode contact resistance. A low impedance meter across the potential
electrodes would allow current to flow in a circuit through the meter,
the electrode contact resistance, and the earth, causing a potential drop
across any electrode contact resistance. This would produce an error
voltage which might be interpreted as measured earth potential. Such
features as narrow-band synchronous detrction should be built into the
meter input circuit to give best possible signal-to-noise ratio. To aid
in making field measurements as fast as possible, an autoranging volt-
meter should be used with a digital readout. Another feature that should
be added especially for borehole opcration is a recorder output so that
continuous data could be recorded as electrodes were moved up and down
the borehole walls.

D. Develop a Mobile, Rolling-Contact-Electrode
Earth Resistivity Survey System

It is recommended that an earth resistivity system
be developed that would allow continuous measurements using a pole-
dipole electrode arrangement in which the electrodes are pulled along
the ground surface using a small tractor-type vehicle. Automatic data
acquisition and processing could readily be built into such a system to
provide direct graphical printouts or other displays of apparent resistivity
variations and depth profiles as the electrodes move along a selected
traverse. With digital data processing the graphical analysis as described
for manual data reduction could provide near real time output information
and hardcopy maps delineating the locations, depths and sizes of the
detected underground cavities,

Another version of continuous measurements for
terrain where a vehicle cannot travel would be a system whereby current
electrodes are placed as usual, but the potential electrodes are rolling
types. Using an electrode spacing of about 5 feet (1. 5 m) it is conceivable
that a rolling-contact array comprising only the two potential electrodes
could be built that could be pushed or pulled along the ground surface by
a man where the terrain would allow, The output from the array could
be continuously recorded for later interpretation. The ability to measure
earth resistivity using rolling electrodes was demonstrated in 1972 by SwRIé.

6 L. S. Fountain, "An Exploratory Study of Soil Resistivity Measurements
Using a Rolling Contact Electrode Array, ' Final Technical Report, SwRI
Internal Research Project 14-9057, April 1972,
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E. Continue the Investigation of Resistivity
Borehole Techniques

This would require the development of better borehole
electrodes, collection of much more ficld data in areas of known targets
such as mine adits or caves, and solving the problem of making measure-
ments in a liquid-filled hole.

F. Undertake the Long-Range Development of a State-of-
the-Art Ground Penetrating Radar for Tunnel Search
Applications

Radar tests have shown very good possibilities for the method, 7
The main problems encountered in the field have been penetration depth
and small target detection and resolution, Radar technology is presently
available to permit the development of a ground penetrating radar system
having significantly improved performance over any that are presently
in use. The detection depth capabilities could be expanded greatly by
increasing transmitter power, by improving receiver design, and by
incorporating advanced radar signal processing techniques.

While the pole-dipole earth resistivity method has
demonstrated an early and successful capability for detecting subsurface
cavities and tunnels, the ground penetrating radar technique holds a
far greater potential for providing more detailed subsurface resolution
and a faster ground scanning rate. The development of a ground penetrating
radar system capable of reliably scanning and accurately mapping under-
ground cavities and other subsurface anomalies is recommended as a
most favorable long range approach to solving problems related to
subsurface cavity detection.

A modular radar system design is recommended, allowing
the selection of signal frequency and matching antenna to best match
the system to the soil and rock medium and penetration depth required
in the selected area. This would include special antenna development for
borehole measurements. Radar that can penetrate through the walls of a
borelkole for a distance range of 30 feet (9.1 m) or more would be of great
value when suspected tunnels are too far below ground surface to be
detected by surface methods.

Fountain, Herzig, Owen, loc. cit,

—
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APPENDIX A

BASIC CONCEPTS OF ELECTRICAL EARTH
RESISTIVITY MEASUREMENTS
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BASIC CONCEPTS OF ELECTRICAL EARTH
RESISTIVITY MEASUREMENTS

The basic resistivity measurements and analysis concepts for
the virious survey methods are essentially the same. If an otherwise
predictable electrical current distribution is established within a rela-
tively large volume of homogeneous earth material, perturbations in the
current distributions as caused by localized geologic anomalies can be
[ measured as potentials at the ground surface. These anomalous poten-

tials can then be interpreted in terms of possible subsurface structural
or earth materials differences.

The basic electrical theory for earth resistivity meas:

is discussed and the geometrical factors for several electrod
are derived below.

‘rements
e arrays

I. GENERAL THEORY

An electric current distribution can be established within the
volume of a conducting earth haifspace by means of a DC or
quency AC voltage applied to two electrodes in contact with t
If the two electrodes are located close together the volume o
material carrying the major portion of the total current will
ly small and can be roughly estimated as a hemispherical v
a diameter about equal to the electrode s
material can be considered conductiv
electrode separation distances the de
ducting paths increise as does the vo
major portion of the total current.
uniformly conducting earth halfspace and in the limit whe re the separa-
tion distance between the two electrodes approaches infinity (i. e., spac-
ing very large compared with the dimensions of the earth material zone
containing the current distribution patterns of interest), the current
flowing away from a point source electrode diffuses radially into the
conducting volume. In this idealized case, the current flow can be con-
sidered as diverging away from the source through an infinite number of
concentric hemispherical shells representing equipotential surfaces

within the medium. At the ground surface, the hemispherical shells
form concentric circles about the current electrede at which potential
differences between such equipotential shells may be measured.,

low fre-

he surface.
[ earih

be relative-
olume having
pacing if the composite earth
ely homogeneous. For la rger

pths of the significant current con-
lume of material carrying the
Under the idealized condition of a

By Ohm's law, the vector potential

gradient between two infini-
tesimally spaced hemispherical shells is
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E=oT

= resistivity of the medium; and
= vector current density.

where 0
b=
J

For a single current source with its current sink at infinity, all current
entering the hemispherical volume from the source must also emerge
from that volume and, therefore, the vector current density divergence
condition

Y e 3 =9 (A-2)

must be satisfied. Substituting from Equation (A-1), the Laplace equa-
tion for the scalar electric potential is found to be

== 1 —_
v - _] = — V ’é =0
p
or (A-3)

p
r —
where: ¢ =f 8 * df = scalar electric potential.
o0

On the busis of the radial (hemispherical) symmetry already described
for a homogeneous conducting earth, Laplace's equation

in spherical
coordinates is siniply

d Z_O_qi =0 =

which, after direct integration, yields the electric field relation

or

and, after integrating again, the electric potential relation

r28—¢=r28=K1 (A-5) 1
|
j
i

r (A-6)




E

where: K], K2 = constants of integration.

At large distances away from the current source electrode (r— % ) the
potential # must be zero and, therefore, K — 0, Further, if the
source current is uniform through a small hemispherical surface about

the source «lectrode then the total current is given by the surface
integral

1=f 5~ d?:é—f E - as T
S S

Substituting from Equation (A-5), the total current becomes

Ky o 1 By & . & _ 2K (A-8)
I=_f e, i fd‘y fsmede—- :
P s rZ p 0 -17/2
where ds = r sin 0 dyde;

Y = azimuthal angle about current source; and
© = polar angle about current source,

Solving for K and substituting into Equation (A-6) gives the scalar elec-
tric potential for any heiispherical shell of radius, r,

about a single
current source carrying a total current, I. That is,

= I
Q(r)— Zﬂ»p—r . (A-9)

The observable potential differenc: between two points,
hemispherical shells concentric akout the current sourc
radii, ry and r2 where rp>rj, is

I 1 1 *
A@:@(rl)-@(r2)=zp—."— I TZ—) = (A-10)

P and P, on
e and located at

This relationship is important in defining the resistivity of the earth 1
medium when the current sink electrode is located effectively at an |

infinite distance away from the current source electrode. In this case, ;
the resistivity is

o 2 JaY/)
P -(‘l_ __l-‘_.l T = K (%0__) (A-11)
rj I‘Z )




where: K 2n - electrode array geometric factor; and

ENVETERUTY

9_0 - a measurable ohmic resistance factor.
I

For the case where the current sink electrode cannot be consid-
ered to be located at an infinite distance away from the source electrode,
the two equipotential shells used in obtaining Equation (A-10) will no
longer be precise hemispheres and the distortion effects on the poten-
tials @(ry) and $¥(r2) caused by the sink electrode must be taken into
account. This can be done readily because of the validity of superim-
posing scalar quantities such us the electric potentials as expressed by
Equation (A-9). Thus, if the total sink electrode current is -1 as it
must be in a two-electrode arrangement and the distances from the sink
electrode to the previously described potentialmeasuring points (located
at distances of r] and r2, respectively, from the source)areR| and Ry,
resnectively, then the combined potentials at the two 1neasuring points
are (for Ry, R2 » rj, rp),

@pp=0(r)) -0 (R}
alhét (A-12)
@ p, = B(rp) - ¢ (R2)

The resulting potential difference between the two potential measuring
points now becomes,

A0 = 0., -0 =-§;l—(—— : gy

1
Pl P2 ri1 "R TR (A-13)

._.
~
v
s
o

and in this more generalized case the resistivity of the medium is ex-
pressed as

B 27 20" af
p = (———I ) = K (—I—- (A-14)

where the geometric factor, K', for this case differs from K expressed
earlier in Equation (A-11) to take into account the current sink elec-
trode distances.

It is pointed out that the relationships given in Equations (A-13)
and (A-14) are general expressions for any electrical resistivity pro-
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filing array which utilizes two current electrodes and two potential
electrodes as long as the distances r) and rp represent the rnagnitudes
of the geometric distances from potential electrodes, P), P2, respec-
tively, to the current source electrode Cj and distances R} and R
represent the magnitudes of the distances from potential electrodes,
Py, P2, respectively, to the current sink electrode, C3.

II. THE WENNER ELECTRODE ARRAY

The Wenner electrode array is one of the most widely used
arrays for measuring earth resistivity. This array is a four-electrode
configuration in which all electrodes are equally spaced along a straight
line. The distance between any two adjacent electrodes isdefinedasthe
array spacing. The Wenner array electrode configuration is illustrated
in Figure A-l. The geometrical factor for the Wenner array is, from
Equation (A-14),

(A-15)

ICURRENT

POTENT IAL \
v &g
CURRENT \. CURRENT

SINK §c, Py P C, @ SOURCE
ELECTRODE y ELECTRODE

i
UL T L, Y
f—— d ___,J__ d — —ota ==

FIGURE A-1. THE WENNER ELECTRODE ARRAY
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The geometrical symmetry of this array makes it simple to set
up and ope1ate in the field and the simple geometric factor facilitates

the interpretation of the observed electrical resistivity measurements.

Referring to Figure A-1, if the current sink electrode were re-
moved to infinity, the hemispherical equipotential shells associated
with potential electrodes P] and P2 would have subsurface penetration
radii of d and 2d, respectively. That is, the subsurface earth material
affecting the measured resistivity is that contained within the volume
bounded by the two hemispherical shells concentrically centered on the
source electrode, Cj. However, the close and symmetrical proximity
of the current sink electrode in the standard Wenner array distorts the
equipotential surfaces away from their concentric hemispherical shapes
and diminishes the depths to which these surfaces penetrate. This
apparent reduction in penetration depth for the standard Wenner array
compared with the single current electrode case, while phenomenolo-
gically correct, is, in part, compensated by the larger potential dif-
ference between electrodes I’} and P) resulting from the contribution
of the current sink electrode. The apparent maximum penetration re-
sponse of the Wenner array is oriented directly below the center of the
symmetrical array configuration in contrast with the location below the
source current electrode when the sink electrode is located at infinity.
In praclice, the standard Wenner array has its optimum response to
large resistivity anomalies when they are located at a subsurface depth
approximately equal to the array spacing dimension. Because of the
relatively large volume of earth material embraced by the equipotential
surfaces terminating at electrodes P and P2 and surrounding the tv.»
current electrodes, the Wenner array tends to provide a larger volume
resistivity average and a lower resolving power for small anomalier
tllan certain other electrode configurations. For this reason, the
Wenner array has been most applicablein geophysical surveys requiring
depth sounding and resistivity measurements relatedtolarge subsurface
earth stratification conditions. While it has also been used as a fixed-
depth horizontal profiling technique (i.e., array spacing held constant
and the eatire array moved horizontally over the ground surface) for
detecting vertical earth structural formations suchas dikes and cavities,
there are other electrode array configurations that exhibit greater depth
sensitivity and resolution for such anomalies.

III. THE POLE-DIPOLE ARRAY
The pole-dipole earth resistivity electrode configuration consists

of a current source electrode (pole) and a potential electrode pair (di-
pole) oriented in a straight line array. The current sink electrode is
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located sufficiently far from the source electrode that its effects on the
potential values observed by the dipole electrode pair are negligible.
The details of this electrode array configuration and a desc ription of

its operation is presented in Section IV and illustrated in Figure 9 in the
main body of this report.

The geometrical factor for the pole-dipole array is derived from
the general expression in Equation (A-14) for the conditions Rl — o
and R2 — o corresponding to the location of the current sink electrode

at an infinite distance from the potential electrodes. Thus, the geomet-
ric factor for the pole-dipole array is,

2T 2Tryr

KP-D = —_—— = —_— (A-l())
i 2o
rl I'Z
Iv, THE L-SHAPED ARRAY

The L -shaped electrode array is comprised of a wide-spaced
current electrode pair located along the lower arm of the "L pattern
and a closely spaced fixed-dim'ensional potential electrode pair oriented
and scanned along the upper perpendicular arm of the "L' at logarith-
mically-spaced intervals. The source current electrode is located
closest to the potential electrode pair at the corner of the "L' and the
sink electrode is located at the outer extreme point on the lower arm of
the "L'. The L-shaped ariay is illustrated in Plan view in Figure A-2.

In general the current sink electrode of this array is not consid-
ered to be located at an infinite distance away from the current source
or potential measurement electrodes. However, if such a condition is
permitted then the electrode configuration of the L-shaped array reduces
essentially to that already described for the pole-dipole array (and for
other similar array configurations such as the half-Schlumberger array
used by previous investigators). The exact geometric factor for the
L-shaped array is, from Equation (A-14)

KL: ZTI'
fa - ¥ 2 2
——c. = r +b L rj2 4+ bl -
r1r2 /x2 /ri2 4 (A-17)

,/ r1Z + b2 / r22 4 pe
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where: b = distance between current electrodes.

As may be noted from Equation (A-17) above when b —=® (he geometric
factor for the L-shaped array approaches that given earlier in Equation
(A-16) for the pole-dipole array.

It has been shown by Zohdy( 8 ) that the L-shaped array configu-
ration has advantages and flexibility in the positioning of the current
sink electrode, especially on long or deep sounding resistivity surveys,
and that its resistivity sensitivity to stratified earth structures is inter-
mediate between that of an ideal equatorial dipole array and an ideal
polar dipole array”. That is, the perpendicular orientation of the cur-

y A.A.R. Zohdy, "Electrical Resistivity Sounding with a L-Shaped
Array,'" U.S. Geological Survey Bulletin 1313-C, 1970,

Note: An ideal equatorial dipole array is one in which the distance

b — 0 and the distance (r2 - r]) = 0 in Figure A-2 and then the poten-
tia;l electrodes are repositioned to be parallel to b., i.e. » at Py and
P,. An ideal polar dipole array is one in which the position of the
potential electrodes, P) and Py, in Figure A-2 remains unchanged but
the sink electrode., C2, is placed on the vertical traverse arm of the
"L'" and the distance between C) and C; is allowed to approach zero.
Compa;isons of these ideal array configurations have been analyzed by
Keller?”,

‘e V. Keller, "Dipole Method for Deep Resistivity Studies, "
Geophysics, 31, 1088-1104, 1966,
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rent and potential electrode pairs in the L.-shaped array has a deeper
probirg depth sensitivity than the polar dipole array (but not as great
as that of an equatorial dipole array), and it has a stronger apparent
resistivity response than the equatorial dipole array (but not as strong
as that of a polar dipole array, )

shown in Figure A-2 and scanned in this fixed orientation along the upper
arm of the "L'". 1In this case, the electrode pair is not responsive to the
current distribution produced by the source electrode, C), under
assumed homogeneous earth conditions because of the location of both
P)' and PZ' on a single equipotential hemispherical shell which would
surround C) if C were at infinity, However, this electrode pair is
otherwise responsive to the current distribution pProduced by the current
sink electrode and can be used as a measure of the perturbing influence
of the current sink electrode on the current distribution produced by the

subsurface cases,

By way of further discussion, the more generalized use of the
L-shaped array using special orientations of the potential electrode pair
as described above, makes it possible to measure the "x" and ty"
components of app arent resistivity, Analysis of these components and
the resultant "tota]" apparent resistivity can yield information on the
anisotropy of the subsurface earth materials, and, more importantly,
can aid in interpreting the possible shape of detected localized anomalies
including elongated cavity structures,

As with the other resistivity Survey methods, the L-shaped
array can be operated either as a vertical resistivity sounding array
Oor as a horizontal profiling array, By combining both of these
functions to gather a large amount of overlapping data, the L-shaped
array can possibly provide a resistivity survey method having special
advantages in certain survey applications, The major advantages to

lo"Master Curves for Electrical Soundings, Corapagnie Generale de
Geophysique, The Hague, European Assoc. Explor, Geophysisists, 1968,
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be gained by this method are in eliminating the need for the infinite dis-
tance current sink electrode and in providing interpretive information
on the anisotropic resistiv.ly signatures of elongated solution cavity
structures or man-made underground miring excavations of interest.

L & A SWITCHED-ELECTRODE EQUATORIAL DIPOLE ARRAY

In a previous investigation pertaining to the detection of shallow
man-made tunnels, Southwest Research Institute tested an unconvention-
al electrical resistivity survey method intended to emphasize the re-
sponse to small subsurface tunnels and to simplify the required resis-
tivity interpretation requirements. T The work on this method was a
limited effort aimed at: (1) establishing the feasibility of the method for
detecting tunnels; (2) evaluating its performance in comparison with a
standard resistivity method (a Wenner array); and (3) evaluating the
method using rolling-contact metallic electrodes.

The switched-electrode equatorial dipole array was first con-
ceived as a vehicle wheelbase-size electrode array whereby the neces-
sary current source, potential measuring instrument, switching circuits,
and data recording and output display equipment would be carried as part
of a single vehicle-mounted survey system. The electrodes of the array
would be mountedas part of te vehicle wheels as a means for continuous
mobile resistivity surveyinj over suitable off-road terrain, With this
method, the penetration depth of the current distribution patterns would
only be comparable with the wheelbase and/or track width dimensions
of the electrode array; however, such depths were considered adequate
for the intended tunnel detection application. The exceptional results
obtained with the simplified test version of this concept in detecting
typical man-made tunnels in the Szn Antonio vicinity were encouraging
enough to suggest the use of this method on a larger scale for sub-
surface cavity detection related to other survey applications,

Figure A-3 illustrates the general electrode configuration re-
quired in the switched-electrode array. On one half of the switching
cycle (solid lines), electrodes E] and E4 comprise a current dipole of
spacing, a, and electrodes E2 and E3 comprise a potential measuring
dipole of spacing, a, separated at a distance, b, from the current
dipoie. On the alternate half of the switching cycle (dotted lines),
electrodes E| .u:d E2 comprise a current dipole of spacing, b, and
electrodes T3 and E4 comprise a potential measuring dipole of spacing,
b, separated at a distance, a, from the current dipole. The spatial
orientation of the equatorial dipole array pattern established on the
alternate switching half cycle is rotated 90 degrees from that
established on the first half cycle.

1 Fountzin, loc. cit.
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The geometric factors for the two half cycles of switched
operation are;

For E; = current fource electrode
E4 = current sink electrode
Ez - potential electrodes,
E3
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and for El = current source electrode
EZ = current sink electrode
E4,
E,J = potential electrodes ,
K'ED: &x = Ta v az+b2
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= B == |
a2 vac+b al+b % il (A-19)

For the case of a square electrode pattern, the two geometric factors
are equal. That is, for a = b,

KED =K', = £ s
ED
VZ 1

The switching process was inco rporated into the original resis-
tivity tunnel detection concept for two reasons.

nate the need for calculating and inte rpreting the
of absolute observed apparent resistivity when o
ations were of interest. This could be achieved
Process by subtracting the resistivit
of operation to obtain a detected res
the possible wide range of magnitud
ferent soils would not be involved j
tion process.

(A-20)

The first was to elimi-
survey data in terms
nly the anomalous vari-
through the switching

y values derived on each half cycle
istivity difference. In this manner,
es of resistivity encountered in dif-
n the survey operator's interpreta -
The second reason for switched -electrode operation was

to provide a change of array orientation as the survey progressed in
order to obtain resistivity responses from more

aspect. As found in the field tests, the wheelbas
hibited significantly different apparent resistiviti
tunnel target for each half of the switching cycle
gated nature of the tunnel related to the array pa
ing the electrode orientation progressively along
chances of missing an arbitrarily oriented tunnel

than one observational
e electrode array ex-

es in the presence of a
because of the elon-

ttern. Thus, by switch-
the traverse, the

target because of an
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inappropriate array aspect would be reduced. In addition to these two
advantages of the switching process, it was also found in the course of
the field tests that, for 90-degree electrode array switching as illus-
trated in Figure A-3, the apparent resistivity anomaly functions obtain-
ed on each half cycle were corr lementary in form. Thus, whenthe dif-
ference between the two resistivities was obtained, it resulted in a
stronger net anomaly than that exhibited by either half cycle alone.

The average difference resistivity obtained by the method of
electrode switching which includes subtractingthe apparent resistivities
observed on each half cycle and filtering the cyclic switching frequency
components is

N, _ L A )
AOa’b =P P —KED —-—10__— KED _.QL (A-Zl)

for the electrode switching arrangement shown in Figure A-3 and for
the case of constant current, I, flowing in each switched current dipole

pair. Substituting the geometric factors from Equations (A-19) and
(A-19) gives

Ap & x Ja? + b2 bag '

a,b - and .
' I JaZ+Z b [al 1b2 -a (A-22)

Because of the difference in array factors the net resistivity is
not zero in Equation (A-23) for the case of a homogeneous earth medi-
um; however, this difference is, on the average, a constant value which
changes relatively slowly along the traverse and could be nulled out by

subtrzcting 4 longer term average of the difference resistivity, Apy b
if desired. ’

Another advantage offered by the rectangular electrode array
lies in the fact that each half of cycle of switched operation offers a
slightly different resistivity penetration depth. Thus, the probing depth
of the composite switched-electrode array is optimized for a wider
range of target depths than either one of the switched arrays alone.

For the case of a square electrode array pattern, the average
difference resistivity obtained by the signal processing technique des-
cribed above is, for a = b,

nJV2 a

g5 S - ' . -23
Apa,a (\/Z )1 aY') AQ) (A )
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Thus, for a square switched-electrode array pattern, the observed dif-
ference resistivity is proportional to the difference between the poten-
tials measured on each half of the switching cycle. This difference
clearly approaches zero for the condition of a homogeneous earth mate-
rial containing no anomalies. However, when an arbitrarily oriented
anomaly such as a cavity is approached along a survey traverse, the
difference between the apparent resistivity responses of the two arrays
will reveal the presence of such a target. Moreover, this target indica-
tion will be further enhanced by any anisotropic resistivity effects such
as those exhibited by an elongated cavity structure.
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